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ABSTRACT: Noise-induced hearing loss (NIHL) is a major occupational health
problem, especially within the mining industry, where workers are frequently exposed to
hazardous levels of occupational noise from drilling, blasting, crushing, and heavy
machinery. While engineering controls, hearing protection devices, and audiological
surveillance are key preventive measures, they may not completely prevent cochlear injury.
This review focuses on the epidemiology, biology, and novel pharmacological preventive
and mitigating otoprotective strategies for mining-associated NIHL. Excessive noise
exposure causes oxidative stress, mitochondrial dysfunction, inflammation, excitotoxicity,
synaptic damage, and hair cell injury, thereby providing a biological rationale for studying
otoprotective therapies. Experimental studies have demonstrated promising effects of
antioxidants, including N-acetylcysteine, D-methionine, and ebselen, as well as anti-
inflaimmatory, metabolic, and regenerative therapies, but human studies remain limited
and inconclusive. Limitations in effective drug delivery to the cochlea, the long-term safety
of repeated drug administration, the lack of validated biomarkers, and the absence or near
absence of mining-specific pharmacological trials are significant barriers. Pharmacological
intervention should thus be considered investigational, additional to, and not a substitute
for comprehensive hearing-conservation programs. Future studies should prioritize
longitudinal occupational research, biomarker-guided risk assessment, mining-specific

clinical trials, and clinically meaningful hearing outcomes.

1. INTRODUCTION

Noise-induced hearing loss (NIHL) is a form of sensorineural hearing loss caused by acute exposure to intense sound or by
prolonged exposure to hazardous noise levels [1]. It develops gradually, and the symptoms go unnoticed until workers begin to
notice tinnitus, communication problems, or reduced ability to hear speech in noisy places. NIHL is among the most prevalent
occupational health conditions worldwide and continues to be an important cause of preventable disability and diminished
quality of life. It is estimated that about 5% of the world's population suffers from disabling hearing loss, and 16% of disabling
hearing loss among adults is due to occupational noise exposure [1, 2]. The condition is largely irreversible, and mammalian
cochlear hair cells have a limited ability to regenerate after injury [3].

The mining industry is a high-risk occupation for NIHL [4]. The results from comparative studies and meta-analyses suggest
that workers in mining occupations are more likely to have hearing loss than those in many other occupations. It can also differ

significantly across underground and surface mines, depending on the equipment, operations, and acoustic environments
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encountered. Preventing NIHL can be difficult in resource-limited mining operations, especially when the various strategies for
noise monitoring, engineering controls, hearing protection devices, worker education, audiometric surveillance, and
occupational record-keeping are not integrated into a coordinated hearing-conservation program. A study conducted at a mining
company in Ghana found that 68.6% of workers were exposed to noise levels classified as unacceptable [5]. Evidence also
indicates that hearing-conservation measures in African mining settings are often implemented separately rather than as part of
a comprehensive program. Such fragmentation may reduce their effectiveness, limit regulatory oversight, and delay the early
identification of occupational hearing loss [6].

Controlling noise at its source remains the most effective approach for preventing NIHL. However, growing understanding of
the roles of oxidative stress, inflammation, excitotoxicity, mitochondrial dysfunction, and delayed cochlear cell death has
increased interest in pharmacological agents as adjunctive protective strategies when hazardous noise exposure cannot be
eliminated. A systematic review of 11 prospective clinical studies involving 701 participants reported potentially beneficial
effects of interventions such as carbogen and ebselen under specific experimental conditions [7]. Importantly, substantial
differences in study design, treatment timing relative to noise exposure, participant characteristics, noise-exposure protocols

and outcome-assessment methods prevented the formulation of definitive clinical recommendations.

There are important limitations to applying existing evidence to mining populations because most pharmacological studies have
been conducted in animal models, military personnel, healthy volunteers, or participants exposed to noise under controlled
experimental conditions. These noise-exposure settings differ substantially from those encountered in mining operations, where
it may be continuous, intermittent, impulsive, or highly variable. Mining workers may also expetience simultaneous exposure
to vibration, dust, heat, chemicals, and potentially ototoxic substances or medications. Consequently, the efficacy, long-term

safety, feasibility, and occupational implications of pharmacological otoprotection among mining workers remain uncertain.

This review summarizes the epidemiological burden and biological mechanisms of NIHL, with particular attention to
occupational exposure in mining environments. It critically evaluates established, emerging, and novel pharmacological
approaches to the prevention and treatment of NIHL. This review also highlights current developments in inner-ear drug
delivery, the challenges associated with implementation in occupational settings, and the potential contribution of

pharmacologic therapies to comprehensive hearing-conservation programs.
2. MINING-RELATED NOISE EXPOSURE, EPIDEMIOLOGY, AND COCHLEAR INJURY

This section provides an overview of the principal noise sources in mining, the epidemiological burden and occupational health

consequences of noise-induced hearing loss (NIHL), and the biological mechanisms underlying cochlear injury.
2.1 Mining Noise Exposure, Epidemiological Burden, and Occupational Consequences

Mining workers are exposed to noise from drilling, blasting, crushing, grinding, milling, haulage operations, ventilation systems,
conveyors, compressors, and diesel-powered equipment. High-intensity impulsive noise is generated primarily by blasting and
rock drilling, whereas most other noise sources, such as crushers, mills, haul trucks, conveyors, and ventilation systems, produce

continuous or fluctuating noise exposure [8].

The magnitude of the occupational noise exposure in mining is highlighted by findings from Chinese metal mines, where
average noise exposure levels of 93.5 dB(A), 90.4 dB(A), and 86.2 dB(A) were reported among excavation workers, mill
operators, and crusher operators, respectively [9]. Hazardous noise exposure has also been identified among workers operating
haul trucks, load—haul-dump machines, and longwall shearers [10, 11]. Prolonged exposure to noise above recommended
occupational exposure limits can result in permanent sensorineural hearing loss. In contrast, high-intensity impulsive noise can

cause immediate mechanical damage and progressive metabolic injury within the cochlea [12].

Underground and surface mines have different noise-exposure patterns. In underground mines, the continuous operation of
ventilation systems, proximity to machinery, reverberation from rock surfaces, and limited working space can contribute to
workers’ cumulative noise exposure. According to a study of 27 metal-mining enterprises in China, 36.5% of all noise
measurements exceeded 85 dB(A), while the proportion exceeding the occupational limit was greater in underground mining
(42.4%) [9]. Surface mining also presents significant acoustic risks to workers operating near drills, crushers, haulage vehicles,
and other mobile machinery [8, 13]. Therefore, underground and surface mines should be considered separate acoustic

environments, as they have distinct acoustic properties and require different exposure assessment and control measures.
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Average noise level is not the only factor determining the risk of hearing damage. Noise intensity (dB), exposure duration,
frequency content, impulsiveness, distance from the noise source, and recovery time between exposures all affect cochlear
stress. Thus, workers with equal time-weighted average exposures may sustain different degrees of auditory damage.
Furthermore, the effects of multiple short-duration peaks, impulsive noise, and inadequate recovery between shifts may not be
adequately reflected in routine average noise measurements [12].

The prevalence of hearing loss reported among miners depends on the characteristics of the mining workforce, the mining
method, the method used to assess noise exposure and hearing loss, and the criteria and definitions used to identify hearing
loss. In the United States, the prevalence of hearing loss among workers in mining occupations was 24% between 2006 and
2015, compared with 16% among all workers [14]. In a subsequent meta-analysis, the prevalence of hearing loss among miners
was estimated at 22.9%-47%, making mining one of the occupations with the highest reported prevalence of hearing loss [4].
However, comparisons between studies are not straightforward due to variation in audiometric thresholds, diagnostic criteria,

and measured frequency ranges.

In the Asia-Pacific region, coal miners also have hearing loss. This high prevalence is often linked to the continued use of older
machinery, inconsistent enforcement of occupational safety regulations, limited monitoring of hearing-protection use, and
inadequate worker training [13, 15]. Findings from other mining operations also show that inadequate knowledge and training

and unfavorable attitudes toward hearing protection may limit the effectiveness of preventive measures [16, 17].

Other factors affecting susceptibility to NIHL include age, sex, smoking, cardiovascular disease, metabolic disease, previous ear
conditions, and the use of ototoxic drugs [12, 18]. These risk factors are also found among broader occupational groups. A
systematic review of 71,865 workers exposed to noise in China revealed an NIHL prevalence of 21.3%, with 30.2% of workers
having high-frequency NIHL [18]. Higher noise levels, longer exposure duration, older age, and combined chemical exposure
were associated with an increased risk of hearing loss. The review included all workers across various industries, and not just

miners. The results indicate that hearing damage is caused by a combination of the workplace and the individual's susceptibility.

Other occupational exposures for miners include solvents, welding fumes, cartbon monoxide, diesel exhaust, metals, vibration,
and ototoxic medication [19]. Combined exposure to noise and some chemicals can lead to greater high-frequency hearing loss
than noise exposure alone [18, 19]. In communities with high levels of tuberculosis (IB) or HIV, ototoxic medications also
raise concern [19, 20]. Therefore, a hearing-conservation program that emphasizes noise exposure may underestimate the

potential effects of co-occurring exposures to chemicals, pharmacologic substances, and other physical hazards.

NIHL may have effects beyond measurable changes in audiometric thresholds. Influenced workers can experience tinnitus,
hearing difficulties in noisy environments, difficulty localizing sound, listening fatigue, and reduced ability to hear alarms or
verbal instructions [21]. These effects are especially valuable in the mining industry, where the ability to warn of moving
machinery, provide spoken safety instructions, and use warning signals is paramount in preventing workplace accidents. One
study estimated that 20.3% of injury cases in the study population were attributable to full-shift noise exposure at or above 88
dB(A) [22]. Thus, hearing-surveillance programs should evaluate tinnitus and functional communication problems and conduct

conventional pure-tone audiometry.
2.2 Cochlear Injury, Synaptopathy, and the Therapeutic Window

The intensity and pattern of exposure influence the biological effects of mining noise. Very loud sounds can mechanically
damage stereocilia, sensory cells, supporting cells, and cochlear membranes. In contrast, chronic occupational exposure can
lead to persistent metabolic and cellular stress. Outer hair cells are especially sensitive and particularly vulnerable to damage,
which can result in early high-frequency hearing loss. Inner hair cells, the stria vascularis, auditory synapses, and spiral ganglion
neurons may also be affected by prolonged noise exposure [23].

Noise exposure increases metabolic demand within the cochlea and promotes the production of reactive oxygen and nitrogen
species. If cellular antioxidant mechanisms are insufficient, the increased production of free radicals can cause lipid peroxidation
and damage proteins, mitochondria, and DNA. Mitochondrial dysfunction also increases the production of reactive species,
reduces adenosine triphosphate production, and disrupts calcium homeostasis. These alterations are compounded by
inflammation, glutamate excitotoxicity, and delayed apoptotic or necrotic signaling, leading to progtressive damage to hair cells,

synapses, and auditory neurons [24].
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At inner-hair-cell synapses, excessive glutamate release may overactivate postsynaptic receptors, causing excitotoxic swelling,
synaptic disconnection, and degeneration of auditory-nerve terminals. Moderate acoustic exposure may reduce ribbon synapses
and afferent terminals even after temporary threshold shifts have resolved. This process, known as cochlear synaptopathy, has
been proposed as one mechanism underlying “hidden hearing loss,” in which individuals experience difficulty understanding
speech in noise despite apparently normal pure-tone thresholds. However, such functional difficulties are not specific to
synaptopathy and may also arise from other peripheral or central auditory abnormalities [25].

Direct histological confirmation of cochlear synaptic loss is not currently feasible in living humans. Extended high-frequency
audiometry and otoacoustic emissions may identify early abnormalities that are not detected by conventional pure-tone
audiometry [26]. Speech-in-noise testing may also reveal functional difficulties associated with apparently normal hearing
thresholds.

A proteomic study of 210 workers in mining-related industries identified 46 upregulated serum proteins in participants with
NIHL. The identified proteins were associated with functions such as transport, cytoskeletal organization, structural integrity,
and cellular stress [27]. Although the findings suggest that systemic molecular changes accompany NIHL, they do not establish
that the proteins originated from the cochlea or that they are specific biomarkers of auditory injury. Further validation is
therefore required before they can be used as specific biomarkers of cochlear injury.

Cochlear injury may persist after noise exposure ends because oxidative stress, inflammation, mitochondrial dysfunction, ionic
imbalance, and delayed cell death signaling may remain active [24]. This persistence creates a potential post-exposure therapeutic
window during which early intervention could limit secondary injury. These mechanisms provide a biological rationale for
investigating both pre-exposure protection and early post-exposure treatment. As shown in Figure 1, mining noise may cause
both overt hair-cell injury and less apparent synaptic dysfunction. At the same time, persistent cellular damage provides the

biological basis for evaluating drug-based protection as part of a comprehensive prevention strategy.
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Figure 1. Pathway linking mining-related noise exposure with cochlear injury, auditory dysfunction, and wider health
consequences. The figure presents major noise sources, exposure determinants, protective modifiers, hair-cell damage,
cochlear synaptopathy, eatly auditory outcomes, the potential therapeutic window, and the proposed adjunctive role of

pharmacological otoprotection.
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3. CURRENT PREVENTION AND CLINICAL MANAGEMENT

Prevention of occupational noise-induced hearing loss (NIHL) in mining should follow the hierarchy of controls: elimination
or substitution, engineering controls, administrative measures, and hearing protection. Exposure can be reduced through quieter
equipment, automation, process redesign, machinery replacement, preventive maintenance, and noise-control requirements in

mine planning [28, 29].

Engineering controls reduce noise at its source or interrupt its transmission. These measures include the installation of barriers,
equipment enclosures, vibration isolation systems, damping materials, silencers, insulated cabins, remote-controlled machinery,
and the separation of noisy processes. Engineering controls should be prioritized over administrative controls, which include
task rotation, restricting access, limiting time spent in noisy areas, and providing quiet recovery spaces. Evidence from South
African mines indicates that administrative measures and hearing protection are still used more frequently than engineering

solutions that control noise at its source [29].

If exposure to hazardous noise is likely to continue, workers should wear hearing protection devices (HPDs), such as earplugs,
earmuffs, or a combination of both. These devices must be appropriately selected and correctly fitted to provide effective
hearing protection. Selection should consider measured noise levels, frequency characteristics, worker comfort, communication
requirements, workplace conditions, and compatibility with other personal protective equipment. Manufacturer-reported
attenuation ratings may overestimate the level of protection achieved under actual workplace conditions because performance
is influenced by individual fit, device use, and environmental factors [30, 31]. Therefore, quantitative fit testing, correct fitting

procedures, routine maintenance, worker training, and timely replacement of HPDs are essential [32].

A comprehensive hearing-conservation program should include noise assessment, engineering and administrative controls,
appropriate HPD selection and fit testing, worker education, audiometric surveillance, record keeping, clinical referral, and
regular program evaluation. Training should inform workers about the cumulative and permanent effects of noise exposure,
the proper use of HPDs, eatly symptoms of hearing damage such as tinnitus and difficulty understanding speech, and the
importance of promptly reporting these symptoms. Mining hearing-conservation programs may be weakened by poor
coordination, limited worker participation in program planning, insufficient emphasis on engineering controls, and inadequate
collaboration among relevant stakeholders [28]. These gaps are concerning because the global burden of occupational NIHL
has more than doubled between 1990 and 2021 and is expected to continue rising, particularly in lower- and middle-income

regions [33].

Baseline and periodic audiometry can detect changes in hearing thresholds and identify workers who need specialist assessment,
but they cannot prevent cochlear injury. Results must be evaluated in conjunction with age, occupational history, job type,
medication history, vibration exposure, ototoxic substances, and non-occupational noise exposure. Wearable sensors and
artificial intelligence systems can also help monitor exposure and provide real-time early warnings. However, these technologies

have yet to be validated under actual mining conditions and incorporated into existing hearing-conservation programs [29].

The goal of clinical management is to minimize disability and support continued participation in work. Hearing aids, assistive
listening devices, communication training, quieter workstations, captioned communication, and modified duties are possible
interventions. Counseling, amplification, sound therapy, and cognitive behavioral therapy are among the interventions currently
supported by the strongest evidence for reducing tinnitus-related distress and may be considered for tinnitus management [34].
Patients with severe or profound hearing loss who derive limited benefit from hearing aids may be considered for cochlear

implantation, particularly as the indications for this procedutre have broadened in recent years [35, 306].

4. PHARMACOLOGICAL STRATEGIES FOR PREVENTION AND MITIGATION OF NOISE-INDUCED
HEARING LOSS

Pharmacological strategies for noise-induced hearing loss (NIHL) aim to reduce secondary cochlear injury by targeting multiple
pathological pathways as given in Table 1 [37].
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Table 1. Selected pharmacological agents investigated for prevention or mitigation of NIHL
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occupational human evidence

4.1 Antioxidant and Metabolic Approaches

One of the most widely studied pharmacological strategies for NIHL involves the use of antioxidants. This damage includes
lipid peroxidation, mitochondrial dysfunction, impairment of endogenous antioxidant systems, and hair-cell death [24].
Although several antioxidants have shown positive experimental results, they have not yet been translated into routine
occupational practice due to variations in dosage, bioavailability, treatment timing, noise-exposure characteristics, and methods
used to measure hearing protection [45].

In experimental models, N-acetylcysteine (NAC) has been shown to limit oxidative injury, hair-cell loss, and hearing-threshold
shifts [46]. In humans, however, the findings have been inconsistent. In a prospective, double-masked, crossover study, oral
NAC administered at 1,200 mg daily for 14 days reduced temporary high-frequency threshold shifts in 53 noise-exposed male
workers. The observed effect also appeared to be influenced by glutathione S-transferase genotype [40]. However, a
randomized, double-masked, placebo-controlled study involving 566 military personnel failed to demonstrate an overall benefit
for the primary outcome measure, standard threshold shift following weapons training, although some secondary analyses
indicated a potential benefit [39]. In addition, a systematic review of randomized controlled trials found no overall protective
effect [38]. These inconsistent findings likely reflect substantial heterogeneity in NAC dosage, treatment duration, and timing
of administration, noise-exposure conditions, genetic susceptibility, and the audiometric criteria used to define hearing-
threshold changes. Consequently, the optimal dosing regimen, appropriate target population, and clinical value of long-term
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prophylactic use remain unclear. Nevertheless, NAC appears to have an acceptable safety profile when used over short

treatment periods.

Ebselen has also been shown to be effective in controlled human studies. In a randomized phase 2 trial, a dose of 400 mg twice
daily reduced temporary threshold shift at 4 kHz following controlled sound exposure, whereas lower and higher doses did not
show the same benefit [47]. However, the study assessed temporary rather than permanent hearing loss and cannot be directly
extrapolated to recurrent, long-term mining exposure.

D-methionine has shown protective effects in experimental models, particularly when administered before noise exposure [41].
Some animal research has also investigated early post-exposure administration. Still, human evidence remains insufficient to
establish clinical efficacy, optimal dosing, treatment duration, or long-term safety during repeated occupational exposure [24,
48, 49]. Other antioxidant and metabolic approaches include alpha-lipoic acid, vitamins C and E, magnesium, coenzyme Q10,
and glutathione-related compounds. Some experimental and small human studies suggest reductions in oxidative damage or
temporary changes in hearing thresholds. However, limited sample sizes, short follow-up periods, variable formulations, and

poor inner-ear bioavailability prevent firm conclusions about their ability to prevent permanent occupational NIHL [7, 46].

Resveratrol has antioxidant, anti-inflaimmatory, and anti-apoptotic properties and has reduced hearing impairment and cochlear

injury in animal models. However, its clinical relevance remains limited by the absence of convincing human evidence [50].
4.2 Anti-Inflammatory, Anti-Excitotoxic, and Cell-Survival Therapies

Inflammatory, excitotoxic, and cell-death pathways also represent potential therapeutic targets in NIHL. Corticosteroids may
benefit some patients with acute acoustic trauma by reducing cochlear inflammation and edema. However, their uncertain
preventive efficacy and potential systemic adverse effects limit their suitability for repeated occupational use [43].

More selective agents targeting tumor necrosis factor, interleukin-1, cyclooxygenase-2, p38 signaling, and nuclear factor-kappa
B have produced protective effects in experimental models. Nevertheless, inflammation may contribute to both cochlear injury

and tissue repair, meaning that prolonged suppression could interfere with recovery [45, 49].

Agents targeting glutamate receptors, calcium overload, c-Jun N-terminal kinase, caspases, and Bcl-2-family signaling have also
reduced synaptic and hair-cell injury in animal models. Clinical translation remains limited by narrow therapeutic windows,

systemic adverse effects, and the involvement of multiple overlapping cell death mechanisms [45, 46].

Neurotrophic agents, ferroptosis inhibitors, autophagy modulators, regenerative therapies, and other plant-derived compounds
remain at an early experimental stage. Although several have reduced synaptic or cellular injury in preclinical models, limited

human evidence, uncertain long-term safety, and narrow therapeutic windows remain major barriers to clinical translation [51].
4.3 Human Evidence and Current Clinical Position

Pharmacological prevention of noise-induced hearing loss has been investigated in humans using a variety of interventions,
including anti-inflammatory compounds, metabolic agents, and antioxidants. Among these interventions, ebselen has
demonstrated one of the more consistent signals of benefit in controlled human studies; however, its effects have been limited
mainly to temporary hearing changes rather than long-term hearing preservation. In general, evidence for most pharmacological
interventions remains inconsistent because of variations in study populations, noise exposure conditions, treatment timing,

dosage regimens, and outcome assessment methods [7, 42].

The clinical relevance of pharmacological therapy depends largely on the timing of administration and characteristics of
occupational exposure. In mining environments, pre-exposure prophylaxis may require repeated dosing, sustained adherence,
and long-term safety monitoring; therefore, it may be more feasible when hazardous noise exposure is predictable. Findings
from acute acoustic trauma studies, including corticosteroid-based approaches, cannot be directly translated to repeated

workplace exposure, which results in the gradual development of occupational NIHL [43].

At present, no pharmacological treatment has been shown to reverse established NIHL, regenerate human cochlear hair cells,
or repair extensive cochlear synaptic damage [37]. Future clinical trials should prioritize clinically meaningful outcomes,
including permanent threshold shifts, speech-in-noise performance, tinnitus severity, functional communication, and long-term
safety, rather than relying primarily on temporary threshold shifts. Pharmacological therapy is still investigational and should

not replace exposure control, hearing protection, audiological surveillance, or rehabilitation.
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5. TRANSLATIONAL CHALLENGES, DRUG DELIVERY, AND FUTURE DIRECTIONS
5.1 Drug Delivery and Safety

Pharmacological prevention of noise-induced hearing loss (NIHL) needs therapeutic agents to be delivered to the cochlea
during a biologically relevant treatment window. The most convenient method in the workplace is systemic administration,
especially orally. But factors such as absorption, metabolism, bioavailability, treatment adherence, and inter-individual
differences may affect its effectiveness. The limitations are particularly relevant to the mining industry, where people might be
continuously exposed to noise for many years and therefore need long-term preventive measures. Intratympanic administration
is an invasive technique requiting clinical intervention. It can achieve higher drug levels in the cochlea but is not practical for
regular or repeated prophylactic use to lower the risk of noise-induced hearing loss in miners. New delivery systems, such as
nanoparticles, liposomes, and hydrogel formulations, could improve drug targeting to the cochlea, increase drug stability, and
enable more gradual drug release. However, their long-term safety, manufacturability, and clinical applicability remain uncertain
[51-53].

Long-term safety is a large concern before pharmacological interventions can be incorporated into workplace hearing-
conservation programs. For mining purposes, these interventions would probably need to be repeated over long periods rather
than be short-term treatments. Hence, the potential adverse effects on the liver, kidneys, cardiovascular system, and brain, as
well as potential drug interactions, should be carefully weighed against the potential benefits of hearing preservation [42, 49].

5.2 Integration into Mine Hearing-Conservation Programs

Pharmacological interventions would be incorporated into mining practice if there were clearly defined protocols for dosage
regimens, worker eligibility, medical screening, adherence monitoring, adverse event reporting, and occupational exposure
documentation. Accurate data on workplace noise exposure, work tasks, hearing protection measures, and individual factors
would also be required to assess treatment efficacy. This is followed, where appropriate, by engineering controls, administrative
controls, exposure monitoring, audiological surveillance, and effective hearing-protection programs, as shown in Figure 2,

which presents the hearing-loss prevention hierarchy of controls.

o 5 5 5 5 Most effective,
1. Elimination / Substitution et

Replace noisy equipment; remote/automated A at the source
machinery operation; mine design changes

2. Engineering Controls
Equipment damping, mufflers, acoustic
enclosures, vibration isolation

3. Administrative Controls
Rotation schedules, exposure-time limits,
noise zoning, audiometric surveillance programs

4. Personal Protective Equipment
Earplugs, earmuffs, fit-tested hearing
protection devices (HPDs)

Least effective alone;

5. Pharmacological Otoprotection (adjunct) dependent on individual
Antioxidants, GPx-mimetics, anti-inflammatory compliance/biology
agents - investigational, not a substitute for 1-4

Figure 2. Hierarchy of occupational controls for mining-related NIHL prevention, illustrating pharmacological otoprotection
as a complementary rather than replacement strategy.

The potential protective effects of pharmacological interventions must be interpreted carefully because observed improvements

may result from the drug intervention itself, concurrent improvements in workplace controls, or changes in hearing-
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conservation practices. Therefore, controlled occupational trials are required to distinguish the specific contribution of

pharmacological interventions from other preventive measures [29].
5.3 Emerging Biomarkers for Early Detection of Cochlear Injury

Early detection of noise-induced cochlear injury remains a major challenge in occupational hearing conservation. Conventional
pure-tone audiometry may not detect early neural or synaptic damage. Other assessments, including auditory brainstem
responses, speech-in-noise testing, otoacoustic emissions, extended high-frequency audiometry, and molecular biomarkers, are
therefore receiving increasing attention. These methods may help identify cochlear changes that occur before clinically

significant heatring loss becomes evident.

However, no currently available biomarker provides a validated and specific diagnosis of cochlear synaptopathy, particularly
for large-scale occupational screening. Further validation in mining populations is therefore required before these approaches

can be incorporated into routine hearing-conservation programs [54, 55].
5.4 Gene-Based and Regenerative Therapeutic Approaches

Advances in molecular biology have increased interest in gene-based, neurotrophin-mediated, and regenerative approaches to
NIHL. Experimental strategies targeting synaptic repair, cell-survival pathways, and cochlear regeneration have shown
promising results in preclinical models. These strategies include gene delivery, neurotrophic factor use, and approaches to
restoring damaged cochlear structures. However, their translation into occupational medicine remains challenging due to
limitations in delivery efficiency, immune responses, off-target effects, treatment timing, and uncertain long-term safety profiles

56, 57].
6. FUTURE RESEARCH

Future studies should move beyond short-term measures of temporary threshold shift and assess clinically relevant outcomes,
including permanent threshold shifts, speech-in-noise perception, tinnitus severity, auditory nerve function, long-term safety,
treatment adherence, and cost-effectiveness. During clinical trials conducted in mining populations, attention should be given
to the level and duration of noise exposure, the type of work activity, the use of hearing protection devices, and possible co-
exposute to other ototoxic agents. This information is crucial for making the study's findings more applicable and translatable
to real-world work environments. More personalized approaches to NIHL prevention will require implementing standardized
trial designs, incorporating new NIHL biomarkers, and identifying workers most likely to respond to NIHL prevention efforts.
Pharmacological, gene-based, and regenerative therapies remain experimental and are not routinely used in occupational

settings. These methods should be used in addition to, not instead of, an integrated hearing-conservation program.
7. CONCLUSION

Noise-induced hearing loss is a significant but largely preventable occupational health issue among miners. It results from
repeated exposure to hazardous noise, inadequate hearing-conservation measures, co-exposure to chemical and physical
hazards, and individual susceptibility factors. Antioxidants, metabolic agents, corticosteroids, anti-inflammatory drugs, synaptic
repair agents, and advanced drug-delivery systems have demonstrated promising experimental outcomes; however, only a

limited number of human proof-of-concept studies have been conducted, and the reported findings remain inconsistent.

The current lack of well-designed clinical trials specifically targeting miners, together with uncertainties regarding optimal
dosage, drug-delivery challenges, and long-term safety, limits the potential for widespread occupational application. Therefore,
pharmacological therapies should be regarded as investigational supportive approaches rather than substitutes for established
hearing-conservation strategies, including noise exposure control, hearing protection, audiological surveillance, and

rehabilitation.
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