

  antioxidants-11-01469




antioxidants-11-01469







Antioxidants 2022, 11(8), 1469; doi:10.3390/antiox11081469




Review



Role of Oxidative Stress and Antioxidants in Acquired Inner Ear Disorders



Megumi Kishimoto-Urata, Shinji Urata, Chisato Fujimoto and Tatsuya Yamasoba *[image: Orcid]





Department of Otolaryngology, Graduate School of Medicine, The University of Tokyo, Tokyo 1138655, Japan









*



Correspondence: tyamasoba-tky@umin.ac.jp







Academic Editors: Alessandra Napolitano and Claus Jacob



Received: 14 June 2022 / Accepted: 25 July 2022 / Published: 27 July 2022



Abstract

:

Oxygen metabolism in the mitochondria is essential for biological activity, and reactive oxygen species (ROS) are produced simultaneously in the cell. Once an imbalance between ROS production and degradation (oxidative stress) occurs, cells are damaged. Sensory organs, especially those for hearing, are constantly exposed during daily life. Therefore, almost all mammalian species are liable to hearing loss depending on their environment. In the auditory pathway, hair cells, spiral ganglion cells, and the stria vascularis, where mitochondria are abundant, are the main targets of ROS. Excessive generation of ROS in auditory sensory organs is widely known to cause sensorineural hearing loss, and mitochondria-targeted antioxidants are candidates for treatment. This review focuses on the relationship between acquired hearing loss and antioxidant use to provide an overview of novel antioxidants, namely medicines, supplemental nutrients, and natural foods, based on clinical, animal, and cultured-cell studies.
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1. Introduction


Science, technology, and innovation provide us with treatments for diseases, life extension, and diversification of lifestyles. In otology, they have uncovered the mechanisms of sensorineural hearing loss and improved activities of daily living for patients who experience sensorineural hearing loss. Some medications, aging, and living environments with noise exposure cause drug-induced, age-related, and noise-induced hearing loss, respectively. The causes of these acquired hearing losses are fundamentally different. However, cellular damage due to oxidative stress in these pathologies is a common phenomenon at a molecular level. Therefore, understanding the mechanisms of oxidative stress can provide a basis for the treatment of acquired hearing loss.



Eukaryotes have evolved to utilize the energy generated during oxygen metabolism by incorporating mitochondria. In other words, reactive oxygen species (ROS) were inevitably produced in the process of oxygen metabolism. ROS are essential for biological activity and vice versa. The main physiological functions of ROS are of cellular transmitters [1,2] and signaling molecules [3,4]; however, excess generation of ROS is involved in the oxidation of nucleic acids, proteins, carbohydrates, and lipids, resulting in aging and pathological alterations [5]. To prevent cellular toxicity, mitochondria are equipped with systems to detoxify ROS. An imbalance in ROS production and degradation results in mitochondrial dysfunction and the activation of several apoptotic pathways [6]. Oxidative stress in cells is induced by ROS generated by metabolism, ionization by radiation, and carcinogens that act directly on DNA [7]. A portion of oxygen during metabolism is converted to superoxide by one-electron reduction. Two molecules of superoxide are then converted to one molecule of oxygen and one molecule of hydrogen peroxide by superoxide dismutase (SOD), which is a superoxide disproportionating enzyme. Hydrogen peroxide is reduced to water by catalase and glutathione peroxidase [8]. However, the iron-mediated Fenton reaction produces a high level of activated hydroxyl radicals if hydrogen peroxide is not sufficiently reduced. Hydroxyl radicals are also produced by UV irradiation or direct irradiation of water with radiation. Hydroxyl radicals react with the cell membranes to produce lipid peroxides [8].



Cell death in auditory sensory organs is associated with sensorineural hearing loss (SNHL) [9]. In the auditory pathway, hair cells, which contain the sensory epithelium in the cochlea, are the most vulnerable to oxidative stress related to acquired inner ear disorders, such as drug-induced, age-related, and noise-induced hearing loss. Insults to hair cells are irreversible and permanent. Therefore, it is anticipated that mitochondrion-targeted antioxidants will prevent hearing loss before hair cell loss.



The aim of this review was to describe the relationship between acquired hearing loss and antioxidants. Based on clinical, animal, and cultured-cell studies, we provide updated information on novel antioxidants including medicines, supplement nutrients, and natural foods in addition to details about vitamins, especially the relationship between vitamins in neurodegenerative diseases and inner ear disorders. First, we focus on auditory processing and the pathology of hearing loss. Second, we describe the role of oxidative stress in mitochondrial function. Finally, we provide a clear overview of antioxidants used in the treatment of acquired inner ear disorders.




2. Auditory Processing


Sound travels via the outer and middle ears and is encoded in the cochlea of the inner ear (Figure 1A). The function of the cochlea is the conversion of sound into electrical signals based on frequency [10,11]. The sound impinges upon the eardrum, and the vibrations of the eardrum are transmitted through the three small bones of the middle ear, the malleus, incus, and stapes, initiating oscillatory changes in pressure within the coiled cochlea (Figure 1A). Sound vibrations transmitted to the inner ear are transmitted through the perilymph to the scala vestibuli, scala media, and scala tympani, causing the round window to vibrate (Figure 1A–C). This results in vibration of the basilar membrane (Figure 1B). These vibrations are transmitted as waves that travel from the base to the apex of the cochlea [12]. As the traveling wave propagates from the base to the apex of the cochlea, the basal part vibrates [13,14,15]. The vibrations of the basilar membrane decay faster at higher frequencies. Furthermore, the basilar membrane is wider and more flexible at the apex of the cochlea, resulting in a membrane with a lower characteristic frequency. Therefore, the location on the basilar membrane where the amplitude of the traveling wave reaches its maximum value depends on the frequency of the sound; at higher frequencies, it is at the base of the cochlea, and at lower frequencies, it is at the apex (Figure 1B). In other words, the frequency at which the basilar membrane of the cochlea is most likely to vibrate (its characteristic frequency) is determined as a function of the distance from the oval window, and this is the basis of frequency discrimination in hearing. This localization of characteristic frequencies, called tonotopy, is consistent in each part of the auditory conduction pathway in the cortex, up to the auditory cortex [16].



Above the basilar membrane, the organ of Corti is composed of epithelial cells (Figure 1C). The organ of Corti contains one row of inner hair cells that detect most of the afferent information and three rows of outer hair cells that receive projections from efferent nerve fibers (Figure 1D). Vibrations of the basilar membrane open the mechano-electrical transduction channels of the inner hair cells, allowing potassium and calcium ions to flow into the hair cells and generate a receptor current [17]. Depolarization of hair cells by the receptor current activates voltage-gated Ca2+ channels, which release the neurotransmitter glutamate from synaptic vesicles, resulting in the transmission of auditory signals to afferent nerve fibers [18]. Conversely, outer hair cells are endowed with the property of dynamic cell length in response to changes in membrane potentials (Figure 1E). It is postulated that this stretching mechanism, which shortens the cell length through depolarization and expands the cell length through hyperpolarization, enhances sensitivity and frequency selectivity of auditory reception through its fast responsivity [19]. In general, outer hair cells are more sensitive to damage than inner hair cells; however, the underlying mechanism has not been fully elucidated. In addition to hair cells, mitochondria are located in the marginal cells of the stria vascularis to maintain a high potassium concentration in the endolymph and to produce endolymphatic potentials (Figure 1F).




3. Sensorineural Hearing Loss


Hearing loss is categorized as conductive, sensorineural, or mixed. Conductive hearing loss is caused by the interruption of sound waves from the external auditory canal to the middle ear cavity (Figure 1A). The cause of SNHL is inner ear dysfunction. Mixed hearing loss is characterized by conductive and sensorineural hearing losses. SNHL is defined as a loss of sensitivity to sound and is broadly classified into two categories: congenital and acquired. Congenital SNHL occurs in approximately 1 in 1000 children and is classified as syndromic when accompanied by symptoms other than hearing loss and as nonsyndromic when only hearing loss is present. Approximately 70% of all nonsyndromic congenital SNHL cases are hereditary [20]. Chromosomal and mitochondrial genetic abnormalities, discussed later, are the main causes of hereditary hearing loss. Drugs, aging, and noise are well-known causes of SNHL.



3.1. Drug-Induced Hearing Loss


Drug-induced hearing loss is irreversible and is generally caused by the ingestion of ototoxic drugs. The primary mechanism underlying hearing loss is injury to hair cells [21]. Drugs most frequently associated with ototoxicity in clinical practice are aminoglycoside antibiotics and platinum-based anticancer agents [22,23]. Aminoglycoside cytotoxicity is widespread in the kidney and ear, although the mechanisms are different. Cells in the proximal convoluted tubules of the kidney proliferate so that the changes due to aminoglycosides are reversible [24]. In contrast, cochlear hair cells are unable to regenerate, and ototoxic insults are irreversible [25]. The production of ROS via the apoptotic pathway damages hair cells of the organ of Corti [25]. Basal hair cells that encode high-frequency tones are more vulnerable to injury than apical hair cells that encode low-frequency tones [26]. Gentamicin, an aminoglycoside antimicrobial agent, is known to decrease mitochondrial membrane potential in outer hair cells and cause NADPH production in outer hair cells before cell death [27] and apoptosis of inner hair cells and outer hair cells [28]. These results suggest that gentamicin inhibits mitochondrial metabolism. In addition, aminoglycosides tend to accumulate in the mitochondria within hair cells [29], and the accumulation of ROS associated with mitochondrial dysfunction may cause hearing loss [30]. In fact, gentamicin inhibits protein synthesis in ribosomes within the mitochondria [31] and opens the mitochondrial permeability transition pores [27], resulting in reduced mitochondrial function [32,33]. The A1555G mutation in mitochondrial DNA causes hearing loss because the rRNA conformation is altered and rRNA binds aminoglycosides more strongly than normal [31,34]. In addition to the A1555G mutation, other mitochondrial DNA mutations associated with aminoglycoside hypersensitive hearing loss have recently been reported [35]; however, the mechanism of the interaction between aminoglycosides and rRNA remains unclear [36].



Platinum-based anticancer drugs are used to treat squamous cell carcinoma, adenocarcinoma, and undifferentiated carcinomas of the head and neck, lungs, and bladder [37]. Platinum atoms bind to purine bases as DNA cross-linkers, inhibiting cell growth, inactivating the cell cycle, and causing apoptosis of tumor cells [38,39]. However, there are many previous reports on ototoxicity related to cisplatin [40,41]. Cisplatin causes acute phase changes and chronic cytotoxicity in the cochlea. The effects in the acute phase are reversible inhibition of transfer currents and voltage-dependent calcium currents in hair cells [42]. In contrast, long-term toxic reactions elevate ROS levels in the cochlea, leading to cell death by apoptosis [43]. Chronic changes are irreversible and occur in outer hair cells [44,45], stria vascularis [46,47], and spiral ganglion cells [48,49]. Basal hair cells that encode high-frequency tones are more vulnerable to injury than apical hair cells that encode low-frequency tones [50].



The induction of ROS production by cisplatin results in hearing loss. The cochlear sensory epithelium and ROS-producing enzymes NADPH oxidase 3 (NOX3) [51,52] and xanthine oxidase [53] are expressed in spiral ganglion cells. Cisplatin administration elevates ROS levels in the cochlea [54]. In addition, the increased levels of ROS in the cochlea release cytochrome c, an essential factor in the electron transfer system in the mitochondria [41,55]. Increased cytochrome c levels activate the caspase pathway, which induces cell death by apoptosis [56]. It has also been reported that cisplatin treatment upregulates the expression of B-cell/CLL lymphoma 2 (BCL-2)-associated X protein (BAX), an apoptosis-promoting factor, and downregulates the expression of BCL-2, an antiapoptotic protein [57,58].




3.2. Age-Related Hearing Loss


Age-related hearing loss is defined as the progressive SNHL associated with aging. Many factors, including genetic, environmental, and medical, have been implicated as causes, although the exact mechanism is unknown [59,60]. Histologically, loss of hair cells, loss of Lassen ganglion cells, and atrophy of the vascular cords have been observed [61,62,63,64]. Mitochondrial function directly affects the pathogenesis of age-related hearing loss. Mitochondrial DNA has an extremely compact structure, unlike nuclear DNA [65]. In other words, once mitochondrial DNA mutates, it mutates at a faster rate than nuclear DNA. In fact, the mutation rate of mitochondrial DNA is more than 10,000 times faster than that of nuclear DNA [66]. Mitochondrial DNA lacks introns [67] and proteins that protect DNA, such as histones. In addition, the mitochondrial DNA repair system is incompletely equipped [68]. These findings suggest that mitochondrial DNA mutations tend to accumulate. Oxidative damage to mitochondrial DNA is known to affect aging [69,70]. Experiments using the senescence-accelerated mouse-prone 8 strain have also shown that aging causes increased oxidative stress, changes in the expression levels of antioxidant enzymes, and activation of the apoptotic pathway [71]. In another animal study, similar results were obtained: SOD is an antioxidant enzyme that detoxifies ROS by degrading superoxide anions.



SOD1 knockout mice develop premature age-related hearing loss due to hair cell loss [72]. Mouse models of age-related hearing loss are known to have high rates of mitochondrial DNA mutations and ROS levels [73]. Increases in ROS levels cause a decrease in the mitochondrial membrane potential and apoptosis of hair cells [73]. However, antioxidants can preserve and restore auditory function. Antioxidants, such as vitamin C, vitamin E, and melatonin, improve mitochondrial DNA mutations and show hearing preservation effects [74]. Experiments using C57BL/6 mice, a widely used animal model of age-related hearing loss, have shown that antioxidants are effective in preserving hearing function [75,76]. In contrast, antioxidant treatment increased the antioxidant effect in the inner ear of CBA/J mice but did not improve age-related changes in hair cells or spiral ganglion cells [77]. Apoptotic signaling in age-related hearing loss occurs through mitochondria-dependent endogenous and exogenous pathways, induced by ligands on cell surface receptors. Endogenous apoptosis is regulated by the BCL-2 family of proteins that localize to the mitochondria. Activation of the endogenous pathway indicates that cytochrome c is released from the mitochondrial intermembrane space (Figure 2). The released cytochrome c binds to apoptosis protease-activating factor 1 to form an apoptosome (Figure 2). Apoptosomes activate pro-caspase-9. Active apoptosomes activate caspase-3 and caspase-7 and proceed to the apoptosis pathway (Figure 2). The extrinsic pathway is activated by binding of cell death receptors on the ligand surface, which recruit adapter molecules, such as the fas-associated death domain protein and caspase-8, which in turn recruit caspase-3, and the cleavage and activation of caspase-7 occur, causing apoptosis [78,79,80]. Deletion of the mitochondrial pro-apoptotic gene brassinosteroid insensitive-1-associated receptor kinase prevents age-related hearing loss [76], suggesting that the endogenous pathway of apoptosis is essential for age-related hearing loss.




3.3. Noise-Induced Hearing Loss


Noise-induced hearing loss is defined as partially irreversible hearing loss associated with intense sound exposure. The main pathogenesis is mechanical damage [81,82,83], mitochondrial free radical formation [84,85], and apoptosis of hair cells and spiral ganglion cells associated with mitochondrial free radical formation [86]. After noise exposure, mitochondrial free radicals are produced, blood flow in the cochlea is reduced, and eventually, both apoptotic and necrotic cell death of corticotrophs is induced [87]. Apoptosis is associated with the pathogenesis of noise-induced hearing loss because the levels of tumor necrosis factor receptor [88], caspase [89], and apoptosis-inducing factors [90] are elevated. ROS levels in the cochlea increase rapidly after exposure to intense sounds and decrease over time [91]. ROS byproducts, 4-hydroxynonenal and nitrotyrosine, appear 7–10 days after exposure to high-intensity sounds. Immunostaining for prostaglandin-like compounds (8-isoprostanes), a marker of oxidative stress after intense sound exposure, has shown high sensitivity to intense sound in outer hair cells, Lassen ganglion cells, and the stria vascularis [92]. The most important signaling system for determining cell fate, the p38-mitogen-activated protein (MAP) kinase (MAPK)-c-Jun N-terminal kinase (JNK) pathway, is activated by intense sound exposure, inducing cell death in the inner ear [93]. Blocking the MAPK-JNK signaling pathway prevents noise-induced inner ear damage [93], suggesting that ROS and apoptosis are likely involved in the pathogenesis of noise-induced hearing loss. However, it is necessary to consider the pathogenesis of noise-induced hearing loss due to apoptosis, without an increase in ROS levels. Indeed, increased calcium concentration and activation of calcineurin in outer hair cells do not produce ROS but rather induce apoptosis. Vasoactive substances are also induced by intense sound, and inner ear damage associated with reduced local blood flow has also been reported [94,95]. A stable blood supply is essential for cochlear metabolic homeostasis, and reduced cochlear blood flow affects the supply of nutrients and the removal of waste products. Intense sounds are expected to release excessive amounts of glutamate, a neurotransmitter, in the inner hair cells. Based on the above, it cannot be denied that calcium homeostasis, inner ear hemodynamics, and glutamate thyroid excitotoxicity may also be involved in the mechanism behind noise-induced hearing loss [96].





4. Role of Oxidative Stress


4.1. Reactive Oxygen Species


ROS is a general term for substances in which oxygen is transformed into more reactive compounds. The four most common types of radicals are hydroxyl radicals, superoxide anions, hydrogen peroxide, and singlet oxygen. Most of these ROS are produced in the mitochondria [97,98]. ROS occur in intracellular DNA; 1 billion ROS are produced per day. The number of DNA lesions is estimated to be ten thousand per day; however, DNA damage is quickly repaired by intrinsic ROS scavengers [99,100,101]. To remove ROS, antioxidant enzymes such as catalase, SOD, and peroxidase detoxify ROS [102,103,104]. Excess ROS that cannot be degraded by antioxidant enzymes are known to cause various diseases, including neurodegenerative diseases such as Parkinson’s disease [105] and Alzheimer’s disease [106,107], carcinogenesis [108,109], lifestyle-related diseases [110,111], and aging [20,112]. Although ROS are considered toxic products of cellular metabolism, they can function as signaling molecules that regulate many physiological processes [3,113]. ROS play an important role in inducing apoptosis [114,115]. Previous studies indicate that oxidative stress induces apoptosis via both the extrinsic cell death receptor pathway and the intrinsic mitochondrial cell death pathway [116,117].




4.2. Mitochondrial Function


Mitochondrial DNA mutations are associated with both syndromic and non-syndromic hearing losses. Syndromic hearing loss is associated with systemic neuromuscular diseases such as mitochondrial disease with stroke (MELAS), mitochondrial encephalomyopathy, chronic progressive exophthalmoplegia, lactic acidosis, and mitochondrial encephalomyopathy with ragged red fibers [118,119,120]. Nonsyndromic hearing loss is maternally inherited. The clinical manifestations are progressive and symmetric, mainly affecting high-frequency bands [121]. Mitochondria were acquired by eukaryotes during evolution and have their own circular DNA. Mitochondrial DNA is composed of 37 genes, and structural abnormalities such as point mutations, deletions, and duplications have been reported. Recently, new mutations were discovered through the development of next-generation sequencing technology [122,123]. DNA is transcribed into mRNA and then translated into proteins via tRNA, which carries amino acids corresponding to three-letter sequences (codons) on the mRNA, and taurine is added to the commentary portion of the codons. In MELAS, this taurine modification is disordered, such that certain codons are not recognized correctly. As a result, proteins cannot be synthesized normally, and mitochondrial function is impaired [124,125,126]. These taurine modifications of mitochondrial tRNA are performed [127] by mitochondrial translation optimization 1 (MTO1) [128] and GTP-binding 3 (GTPBP3) [129]. MTO1 and GTPBP3 are both mitochondrial DNA-encoded rRNA, and the A1555G mutation has been associated with nonsyndromic hearing loss [130,131,132]. MTO1 mutations present symptoms similar to those of MELAS, but the molecular mechanism remains unclear [133]. The A3243G mutation in tRNA, which is related to MELAS, causes SNHL [134,135]. The subunit of mitochondrial oxidative phosphorylation (OXPHOS) enzyme complex I is mitochondrial DNA, and mitochondria with the A3243G mutation have reduced enzyme activity [136]. Reduced OXPHOS activity leads to increased ROS production inducing apoptotic cell death [137]. The mutation rate of mitochondrial DNA is higher in the spiral ganglion than in the organ of Corti, and there is a correlation between the mutation rate and the degree of histological injury, suggesting that OXPHOS activity is related to clinical symptoms as well as activity within organs [138].





5. Antioxidant Treatments


Antioxidants are defined as substances that inhibit ROS generation and control oxidative stress. Antioxidants are broadly classified into endogenous antioxidant enzymes produced in vivo and exogenous antioxidants that are supplied from outside the body. Exogenous antioxidants consist of water- and lipid-soluble components. Bipolar antioxidants, such as alpha-lipoic acid, act as antioxidants and restore the antioxidant effects of glutathione, vitamin A, vitamin C, and vitamin E.



5.1. Intrinsic Antioxidants


Endogenous antioxidant enzymes include SOD, glutathione peroxidase (GPX), and catalase (Figure 2). The superoxide anion ROS is neutralized to H2O2 by SOD. H2O2 is subsequently decomposed into water and oxygen by GPX and catalase, thereby eliminating ROS. N-acetyl-L-cysteine (NAC), a precursor of glutathione, also exhibits antioxidant properties [139]. Ebselen, a mimetic of GPX, also has antioxidant properties [140]. Excessively produced ROS also activate the transcription factor NF-κβ. As activated NF-κβ is involved in immunity and inflammation and regulates disease onset and exacerbation, antioxidants and n-3 polyunsaturated fatty acids, which contribute to the supplementation and stabilization of radicals, are also used for treatment [141,142,143,144]. Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcriptional activator that plays a protective role against oxidative stress. NRF2 is associated with gentamicin-induced, age-related, and noise-induced hearing loss [145,146]. Activating transcription factor (ATF), a member of the ATF/CREB transcription factor family, was activated in the spiral ganglion and spiral ligament in a noise-induced hearing loss mouse model. Inhibition of ATF3 reduces the expression level of NRF2 and induces ROS accumulation in House Ear Institute-Organ of Corti 1 (HEI-OC1) cells. Nitric oxide (NO) is an important ubiquitous signaling molecule produced by nitric oxide synthase (NOS). NO alters the glucose metabolic pathway from glycolysis to the pentose phosphate pathway and produces reducing equivalents such as NADPH and glutathione (GSH). Endothelial NOS (eNOS)-NO signaling plays an important role in oxidative stress. In HEI-OC1 cells, NO not only protects against H2O2-induced oxidative stress but also inhibits pyruvate kinase M2 (PKM2). Silencing PKM2 diverts the above-mentioned glucose metabolic pathway [147]. In the auditory pathway, eNOS is expressed in the organ of Corti, stria vascularis, spiral ligament, and spiral ganglion cells in guinea pigs [148]. NADPH oxidases (NOX) produce superoxide free radicals by transferring one electron to oxygen from NADPH (Figure 2). The p22phox protein is a subunit of NOX and is an essential component for the stabilization of NOX. NOX2, 3, and 4 are expressed in the organ of Corti, stria vascularis, and spiral ganglion cells in mice [149]. Sirtuin proteins (SIRT) are a family of signaling proteins that regulate mitochondrial function. SIRT3 is a mitochondrial deacetylase that is expressed in both inner and outer hair cells. SIRT3−/− mice are vulnerable to noise exposure, and in SIRT3−/− mice administered with nicotinamide riboside, an NAD precursor, hearing levels are not protected against noise exposure [149].




5.2. Extrinsic Antioxidants


5.2.1. Water-Soluble Antioxidants


Known water-soluble antioxidants include methionine, vitamin C, carnitine, riboflavin (vitamin B2), niacin, folic acid, polyphenols, and catechins.



Methionine, an essential amino acid, lowers blood cholesterol levels and removes ROS [140]. Riboflavin and niacin remove lipid peroxides in the presence of GSH [139,150]. Vitamin C acts on hydroxyl radicals and reduces toxicity [151]. Most animals can synthesize their own vitamin C; however, humans and several rodents, such as guinea pigs, are not able to manufacture it themselves because of the absence of the enzyme L-gulonolactone oxidase. Carnitine is a vitamin-like substance that is involved in mitochondrial energy metabolism. Folic acid exerts its antioxidant effect by decreasing blood levels of homocysteine [152]. Polyphenols exert their antioxidant effects by donating hydrogen atoms or electrons to ROS [153]. Ferulic acid reacts with ROS and phenols to exert antioxidant effects. Catechins exert their antioxidant function by inhibiting the oxidation of low-density lipoproteins [153].




5.2.2. Lipid-Soluble Antioxidants


Lipid-soluble antioxidants inhibit lipid oxidation reactions in the cell membranes. Β-carotene, vitamin E, astaxanthin, and coenzyme q10 (CoQ10) are widely known and used as supplements. Other potential antioxidants include carotenoids such as α-carotene, γ-carotene, lycopene, and xanthophylls, which are lipid-soluble pigments found in plant collagen. The pro-vitamin A activity of β-carotene removes the singlet oxygen. Vitamin E contributes to the stability of biological membranes. Astaxanthin removes singlet oxygen and is a pro-oxidant; CoQ10 removes lipid radicals in cellular and mitochondrial membranes and inhibits oxidative damage [154]. CoQ10 also reduces oxidized vitamin E radicals after ROS removal [154]. Idebenone is an analog of CoQ10 [155], and Q-TER is a water-soluble CoQ10 analog.




5.2.3. Amphoteric Antioxidants


Antioxidants with both water- and fat-soluble properties include Ginkgo biloba and alpha-lipoic acid. Ginkgo biloba (EGB761) has antioxidant properties and acts as a scavenger of peroxyl radicals [156]. In fact, in vitro experiments using mouse cochlear neural stem cells revealed that EGB761 regulates apoptosis factors, such as BCL-2, BAX, and Caspase-3, and eventually alleviates hydrogen peroxide-induced oxidative stress [147]. Alpha-lipoic acid not only has its own antioxidant properties but also restores antioxidant capacity by reducing glutathione, vitamin A, vitamin C, and vitamin E, which have lost their antioxidant properties [157].





5.3. Antioxidants in Acquired Inner Ear Disorders


Oxidative stress plays an important role in SNHL. Accumulation of ROS is considered to be the main cause of acquired hearing loss. The protective effects of antioxidants have been investigated, and it is postulated that antioxidants are effective in many cases of SNHL of an unknown etiology.



5.3.1. Medicines


Drug-Induced Hearing Loss


Edaravone [158], a radical scavenger, was found to improve the auditory brainstem response (ABR) threshold in intraperitoneal (i. p.) gentamicin-treated hearing loss in guinea pigs. NAC was administered for 6 weeks to 53 patients who developed gentamicin-induced hearing loss with hemodialysis [159]. Hearing level on pure tone audiogram (PTA) was improved in the gentamicin-treated group compared to that of the non-treated control group [159]. Ebselen is not a strong antioxidant, although it protects against outer hair cell damage caused by gentamicin ototoxicity. Scanning electron microscopy revealed preservation of the ultrastructure of outer hair cells in ebselen-treated guinea pigs [160]. To confirm the effects of Q-TER on gentamicin ototoxicity, Hartley albino guinea pigs were i. p. administered injection of Q-TER, and the ABR thresholds at 2, 4, 6, 8, 12, 16, and 20 kHz were attenuated by 15 days after treatment. This effect was much clearer in the high-frequency region. Immunohistochemical analysis revealed that the outer hair cell survival rate was also increased compared to that in the sham group [161]. Six guinea pigs were injected i. p. with 200 mg of D-methionine to confirm the effects in vivo on gentamicin ototoxicity. Once-daily administration of D-methionine improved the threshold shift at 3 kHz [162]. L-carnitine, a micronutrient, mitigates gentamicin-induced hearing loss in newborn Guinea pigs by blocking the apoptosis pathway by JNK [163]. L-carnitine preserved not only the ABR thresholds by broadband click stimulation (10 ms duration, 50 µs sample rate) but also the stereocilia structure on the outer hair cells. The efficacy of ebselen has been confirmed in platinum-based drug-induced hearing loss in Wistar rats [164]. The ABR threshold of 49 Wistar rats treated with ebselen for 3 days considerably improved at 4, 8, 16, and 32 kHz, and the ABR threshold shift was within 10 dB [165]. The effects of CoQ10 on cisplatin-induced ototoxicity were confirmed using in vitro and ex vivo experiments with HEI-OC1 cells and rat cochlear explants, respectively. Pretreatment with CoQ10 prevented apoptosis of both inner and outer hair cells in cochlear explants and attenuated ototoxicity via the upregulation of MAPK expression in the HEI-OC1 cells [166]. D-Methionine, an essential amino acid, protects against cisplatin-induced ABR threshold shifts and outer hair cell loss [167]. However, the effect of NAC remains controversial because of the discrepancy in outcomes between mice experiments [168] and human studies [169].




Age-Related Hearing Loss


Various antioxidants have been investigated for age-related hearing loss, and their protective effects have been confirmed in animal experiments. However, the role of antioxidants in human studies remains controversial. Vitamin C has different effects on humans and animals. CoQ10 significantly prevented age-related changes in both animal experiments and human studies. In fact, administration of alpha lipoic acid and/or CoQ10 inhibits Bak expression in the spiral ganglion cells and outer hair cells and prevents Bak-dependent apoptosis in the cochlea of C57BL6/J mice [76]. In a clinical study, 46 patients diagnosed with age-related hearing loss were administered CoQ10 for at least 8 weeks, and the PTA thresholds at 125, 250, 500, 1000, 2000, 4000, and 8000 Hz were improved compared with those at pretreatment [170]. Sixty presbycusis patients were administered Q-TER for 30 days, and the PTA thresholds at 500, 1000, 2000, 4000, and 8000 Hz improved in all patients, and transiently evoked otoacoustic emissions significantly improved [171]. A/J mice are widely used as age-related hearing loss models because of early-onset hearing loss due to hair cell degeneration and reduction in the number of synaptic ribbons. In p22phox deficient A/J mice (nmf333), outer hair cells, synaptic ribbons, and spiral ganglion cells were restored, indicating that NOX inhibitors are candidates for the treatment of age-related hearing loss [149]. Animal studies have reported the effects of NAC at the molecular level, and human studies have shown that folic acid prevents the progression of age-related hearing loss; however, the effects of NAC and folic acid have so far been elusive.




Noise-Induced Hearing Loss


GSH is a strong antioxidant that prevents ROS production. Pigmented guinea pigs treated with GSH preserved their hearing after noise exposure (4 kHz octave band noise, 115 dB SPL for 5 h). ABR thresholds at 2, 4, 8, 12, 16, and 20 kHz of GSH-treated animals were improved, and the results were consistent with those of histological examination on cytocochleogram [172,173]. i. p. injected Q-TER protects hearing level against acoustic trauma (6 kHz pure tone noise, 120 dB SPL for 1 h), and ABR thresholds at 2, 4, 8, 12, 16, and 20 kHz gradually improved after noise exposure. Interestingly, the effect of Q-TER at 21 days after noise exposure was similar to that of CoQ10, but the threshold shift 1 h after noise exposure for Q-TER treatment was milder than that for CoQ10 treatment [174]. The effect of D-methionine on noise-induced hearing loss was investigated in adult chinchilla lanigera. They had developed acoustic trauma (4 kHz octave band noise, 105 dB SPL for 6 h), and both ABR thresholds at 2, 4, 6, and 8 kHz and hair cell loss were improved by 21 days after noise exposure [175]. Although the effects of resveratrol [176], a type of polyphenol, ferulic acid [177], which has antioxidant properties similar to those of phenols, and vitamin C [178,179] were confirmed in animal experiments for noise-induced hearing loss, further experiments are necessary to determine their effects. Ebselen mitigates both physiological and pathological changes in noise-induced hearing loss in guinea pigs, and the authors found that the effect is independent of ebselen concentration [180,181], suggesting that the optimal dose of antioxidants is important for treatment. Administration of Annexin, a medical compound of EGB761 and cilostazol, mitigated stereocilia deformation on the outer hair cells and restored the density of efferent cochlear nerve terminals in the root canal after noise exposure in mice [182]. In contrast, NAC, which is effective for age-related hearing loss, has been controversial for the treatment of noise-related hearing loss in both animal experiments [183] and clinical studies [184]. In CBA/J mouse experiments, L-NAME, an inhibitor of eNOS, exacerbated noise-induced hearing loss due to outer hair cell loss, and the number of synaptic ribbons in inner hair cells labeled with CTBP-2 was restored by the administration of L-arginine, a precursor of NO [147]. The NRF2-activating drug 2-cyano-3,12 dioxooleana-1,9 dien-28-imidazole (CDDO-lm) may be a key medication because CDDO-lm protects the hearing level of mice with noise-induced hearing loss by upregulating the expression of genes associated with NRF2, such as Nqo1, Ho-2, Gclc, Gclm, and Txnrd1 [146].





5.3.2. Vitamins


In recent years, natural dietetic antioxidants have drawn attention, owing to their potential effects on human health. Large-scale human prospective cohort studies have been performed to confirm the effects of antioxidants for neurodegenerative disorders such as Parkinson’s disease and Alzheimer’s disease.



Neurodegenerative Disorders


Parkinson’s disease is distinguished by a significant loss of dopaminergic neurons in the substantia nigra pars compacta as well as the appearance of insoluble protein inclusions known as Lewy bodies. The main pathologies of Alzheimer’s disease are the formation of amyloid-β plaques surrounded by neurons and deposition of hyperphosphorylated tau protein inside the neurons. A meta-analysis of human studies conducted to determine the effects of vitamin C, E, and β-carotene suggested that dietary intake of vitamin E protects against Parkinson’s disease, but not vitamin C and β-carotene intake [185]. Vitamins are not an antioxidant, but it has been widely known as a treatment for Parkinson’s disease. Vitamin D increases dopamine levels and protects dopaminergic neurons against oxidative stress in rats [186]. Low serum vitamin D levels in Parkinson’s disease patients have been reported [186,187]. However, it is still an enigma whether the level of vitamin D is associated with Parkinson’s disease risk. Some reports indicate that scales for symptom severity of Parkinson’s disease (Hoehn and Yahr stage) statistically improved after the administration of vitamin D supplements in a randomized, double-blind, placebo-controlled trial [188]. However, no difference in baseline serum vitamin D levels was observed between high- and low-risk groups according to the Parkinson Associated Risk Syndrome Study [189]. In an animal study including mice with overexpressed human tau proteins, vitamin E intake delayed the development of tau pathology and improved motor function [190]. Additionally, an in vivo study of 341 patients in the Chicago Health and Aging Project revealed that a treatment of higher intake of dietary vitamin E slows the progression of Alzheimer’s disease. Several previous reports indicate the effect of vitamin E on Alzheimer’s disease patients; however, the association between vitamin C and Alzheimer’s disease remains controversial [107,191].




Inner Ear Disorder


Antioxidants are expected treatments for SNHL because of analogies of an anatomical structure and pathology between inner ear disorder and neurodegenerative disorders. Dopaminergic neurons, the main target of Parkinson’s disease, innervate the axon terminal of type I spiral ganglion neurons and the axon terminal of the medial olivocochlear nerve [192]. Accumulation of the tau protein, the main cause of Alzheimer’s disease onset, occurs in the stria vascularis by blast exposure [193]. Therefore, vitamins, especially C and E, are potential treatments for SNHL. Indeed, previous reports indicate that vitamins enable improvements in hearing levels among patients with sudden hearing loss [194,195]. In an animal study, vitamin E protected the microstructure of sensory hair cells against cisplatin ototoxicity. Nevertheless, prospective studies reveal that dietary vitamin (A, C, and E) intake is incapable of delaying the progression of age-related hearing loss [196,197,198].





5.3.3. Natural Foods


There are many antioxidants in natural foods, such as fermented papaya [199], fermented milk products [200], extract of hibiscus [201], rosemary essential oil [202], green tea [203], and brown seaweeds [204]. The antioxidant effects of these ingredients have been shown in clinical, animal, and cultured-cell studies.



Fermentation is a traditional method of food preparation that extends the shelf life and enhances the flavor of food matrices, such as fruits and milk. Recent studies suggest that fermented foods are important components of the human diet owing to their high concentration of health-promoting chemicals, as fermented foods contain a higher fiber content, amino acids, essential fatty acids, vitamins, and minerals [205]. Fermented papaya preparation (FPP) attenuates H2O2-induced DNA damage and reduces H2O2-induced p38 phosphorylation, leading to reduced apoptosis. In an in vitro study, FPP reduced amyloid-β precursor protein levels by reducing oxidative stress [206]. The effects of FPP include decreased plasma ROS levels and increased telomere length in the bone marrow [207]. The main components of fermented milk products are proteins and fat; however, these compounds contain antioxidants, such as SOD, catalase, glutathione peroxidase, CoQ10, vitamins (A, C, D3, and E), and minerals [200]. In a clinical study, Fardet et al. suggested that dairy milk may have protective effects against cardiovascular diseases and cancer [208]. Hibiscus leaves contain protein, fat, carbohydrate, minerals, vitamins (B1, B2, and C), and β-carotene [209]. The antioxidant effects of hibiscus leaf extract against free radicals and ROS have been shown by in vivo [210] and in vitro [211] experiments. Systemic antioxidant potential and ascorbic acid and hippuric acid levels in plasma were increased and malondiadehyde urine concentration, which is a biomarker for oxidative stress, was reduced in a randomized, open-label, two-way crossover study [212]. The biological antioxidant properties of rosemary are widely known as free radical terminators and ROS chelators. It is also well-established that polyphenol is the main component of rosemary that produces an antioxidant effect [213]. In vivo and in vitro experiments demonstrate that rosemary extract has the potential as a treatment for Alzheimer’s disease via antioxidant and anti-inflammatory effects, reducing β-amyloid accumulation and regulating acetylcholine activity [214]. Alternatively, memory function was not improved in patients with Alzheimer’s disease who were treated with rosemary extract in a double-blind, randomized, placebo-controlled study [215].



However, there are no reports on the relationship between acquired inner ear disorders and antioxidants such as fermented milk products, extract of hibiscus, and rosemary essential oil. In the following section, we will describe the therapeutic potential of green tea and brown seaweed for acquired inner ear disorders.



Green Tea


The antioxidant effects of green tea have been extensively investigated. Green tea contains various components with antioxidant activity such as polyphenols, including catechins, minerals (Ca, Mg, Cr, Mn, Fr, Cu, Zn, Mo, Se, Na, P, Co, Sr, Ni, K, F, and Al), and vitamins (B, C, and E). In vitro and animal studies have revealed the effects of polyphenols in green tea against hearing loss. Noise-exposed guinea pigs treated with polyphenol developed hearing loss, but the threshold of ABR and the expression levels of caspase-9 and caspase-3 proteins were low and hair cell loss was significantly decreased compared with those of the non-treated group [216]. Epigallocatechin-3-gallate (EGCG), a polyphenol abundant in green tea, provided protection from adverse events associated with gentamicin-induced ototoxicity. An in vivo and in vitro study revealed that the morphology of hair cells and physiological mechanotransduction currents from hair cells were maintained by regulation of the Notch signaling pathway [217].




Brown Seaweeds


Brown seaweed contains polysaccharides, minerals (Ca, Na, P, and K), polyunsaturated fatty acids, and vitamins (A, B1, B12, C, D, E, riboflavin, niacin, pantothenic acid, and folic acid). Hydrogen peroxide scavenging activity in brown seaweed extracts was higher than that of the commercial oxidants such as vitamin E, butylated hydroxyanisol, and butylated hydroxytoluene in an in vitro study [218]. Dieckol, a pholorotannin polyphenolic compound from brown seaweed, can protect sensory hair cell structure in cochlear explants against gentamicin-induced ototoxicity [219].





5.3.4. New Antioxidants


Next, we discuss the novel antioxidants: SIRT3-inhibitor [220], pyrroloquinoline quinone [221], components from the culture broth of Coprinopsis echinospora [222], Indian sandalwood oil [223], Twendee-X [224], and vitamin C efflux protein (VCEP) [225]. Whether these new compounds are effective in the treatment of hearing loss remains an enigma. Below, we provide the details including the therapeutic potentials of the compounds. In cultured cochlear cells from C57BL/6 mice, administration of the SIRT3 inhibitor 3-TYP aggravated cochlear damage through the loss of ribbon synapses and hair cells, increase in the apoptosis of hair cells, and ROS production [220]. Pyrroloquinoline quinone (PQQ) is a vitamin expected to act as a redox cofactor. PQQ administration restores mitochondrial respiratory function of H2O2-treated HEI-OC1 cells. PQQ-treated cells show decreased mitochondrial potential, promoted mitochondrial fusion, and accelerated mitochondrial movement via the SIRT1 pathway [221], suggesting that PQQ is a promising treatment for age-related hearing loss. Ki Dae-Won et al. reported that the extract from Coprinopsis echinospora acquired from mushrooms exhibits potent free radical scavenging activity. The authors identified three new compounds: copriqunolinone, spirobenzofuranone, and hydrate of deoxyspirobenzofuran. The antioxidant property of Indian sandalwood oil is stronger than that of vitamin E, as demonstrated by in vitro research on the human keratinocyte cell line and ex vivo studies on human skin explants [226]. A recent clinical study revealed that skin treated with Indian sandalwood oil was protected against blue light exposure [223]. Twendee-X is a relatively new antioxidant containing CoQ10, vitamin C, vitamin B2, L-glutamine, L-cystine, crystalline cellulose, magnesium stearate, fumaric acid, succinic acid, micro silicon dioxide, calcium carboxymethyl cellulose, and niacin. Twendee-X decreases phosphorylated tau protein levels in Alzheimer’s disease model mice [227] and attenuates neurotoxicity due to β-amyloid oligomer in a cell line [228]. Furthermore, cognitive function of older participants was improved by Twendee-X intake in a randomized, double-blind, placebo-controlled prospective interventional study. VCEP is a membrane transporter that delivers vitamin C from the blood to the brain through the blood–brain barrier (BBB). The activity of antioxidants in the brain is limited because the BBB prevents the passage of potentially harmful substances. Indeed, almost all the antioxidants except ferulic acid and astaxanthin cannot be transferred to the brain. The BBB is similar to the barrier system in the cochlea. The blood–cochlear barrier is located in the stria vascularis. Therefore, VCEP may play an important role for drug delivery to the cochlea.




5.3.5. Clinical Studies


To understand the effects of antioxidants on SNHL, we searched a database of clinical studies registered at the National Institutes of Health until 3 June 2022. A query-based Clinical Trials search (https://www.clinicaltrials.gov/ accessed on 3 June 2022) was performed to identify the most relevant studies reported in English. The following query was used: ((antioxidant OR antioxidants) AND (hearing loss OR sensorineural hearing loss)). We screened all 34 records and removed 28 studies that were not relevant to the subject matter. Three studies were completed in 2017, 2014, and 2010. All three reports are available on the website, and the last study was only published in print [229]. The first study used β-carotene (18 mg/day), vitamins C (500 mg/day) and E (267 mg/day), and magnesium (315 mg/day) for noise-induced hearing loss. Micronutrients were administered for 4 days until the 4-h music exposure.



The second used alpha-lipoic acid (1200 mg/day) for cancer patients undergoing treatment with cisplatin, and the administration of alpha-lipoic acid continued until 3 months after the final treatment. The third used NAC (1200 mg/day) for noise-exposed workers, and the supplement was administered for 2 weeks [229]. The threshold shift was not significant in the first study, suggesting that the micronutrients may prevent noise-induced hearing loss. The hearing levels of NAC-treated cancer patients were not significantly different, but the results of pure tone audiometry and distortion-produced optoacoustic emissions were statistically improved in noise-exposed workers.






6. Conclusions


Medications, supplemental nutrients, and natural foods have a potential role in the prevention/therapy of hearing loss (Table 1). Ideally, our goal is to prevent the onset of disease via the ingestion of daily nutrients, such as supplements and/or natural foods. The relationship between vitamins and neurodegenerative disorders has been widely confirmed; however, it is practically impossible to completely prevent disease onset and suppress disease progression (see Section 5.3.2 Vitamins). We have addressed the limitations of antioxidant treatments with medications, supplemental nutrients, and natural foods. First, the health benefits of a diet rich in vegetables, fruits, or other antioxidant-rich foods may be due to other substances in the same foods, other diets, or other lifestyles rather than by antioxidants. Second, the dynamics of bioavailability differ among antioxidants. Third, their chemical composition may affect their effectiveness. In fact, vitamin E supplements contain only α-tocopherol, but foods contain eight different chemical forms of vitamin E [230]. Fourth, long-term evaluation of effectiveness of antioxidant treatment is impossible, because dietary intake is dependent on lifestyle. Last, the system of oxidative stress is likely highly complex. Indeed, selenoprotein P impairs thermogenesis in brown adipose tissue by excessive antioxidant effect, suggesting that optimized oxidative stress is necessary to maintain body temperature and that antioxidants have an antagonistic effect [231].



The effects of antioxidants on acquired inner ear disorders are poorly understood because almost all the reports discussed here are animal studies. Further clinical research is required to clarify the mechanism underlying acquired inner ear disorders and the effects of antioxidants on hearing loss.
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Figure 1. Anatomy of the auditory system. (A) Schematic of the auditory system from the external ear to the cochlea nerve. (B) Schematic of the theory of traveling sound waves. The sound wave travels from the oval window (stapes) to the round window (white arrows). The sound is attenuated based on the distance from the source, and the sensory epithelium on the basilar membrane is stimulated depending on the sound frequency (red wavy line in the upper panel). High-frequency sounds stimulate the basal portion of the sensory epithelium of the basilar membrane, whereas low-frequency sounds evoke sensory hair cells in the apical portion. (C) Anatomy of the inner ear. Sound waves pass through the space filled with endolymph: the scala vestibuli connected to the oval window to the scala tympani to the round window. The organ of Corti is located in the scala media, and the stria vascuralis (red) is part of the lateral wall of the scala media. (D–F). Representative schematic of the inner ear (D), outer hair cells (E), and stria vascularis (F). Mitochondria are located at the top and around the nucleus in the inner ear (D), whereas mitochondria are not only located at the top but are also arranged along the outer wall of the outer hair cells (E). Mitochondria in the stria vascularis are located in the fine membranous processes of the marginal cells (F). 
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Figure 2. Schematic of cell toxicity due to oxidative stress. AIF, apoptosis-inducing factor; BAK, brassinosteroid insensitive-1-associated receptor kinase; BAX, BCL-2-associated X protein; BCL-2, B-cell/CLL lymphoma 2; CAT, catalase; GPX, glutathione peroxidase; NOX, NADPH oxidase; SOD, superoxide dismutase. 
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Table 1. Summary of antioxidants for their potential role in the prevention/therapy of hearing loss.
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Antioxidants

	
Potential Role in the Prevention/Therapy of Hearing Loss (References)






	
Medicine

	
Edaravone

	
Preserved ABR waves against ototoxic drugs in an animal experiment [158].




	
NAC

	
Protected hair cell strucure against cisplatin-induced ototoxicity in animal experiments [168,183], and ABR threshold was preserved against drug- and noise-induced hearing loss in human studies [159,184,229].




	
Ebselen

	
Preserved hair cells and ABR threshold against drug- and noise-induced hearing loss in animal experiments [160,164,165,180,181].




	
Q-ter

	
Has a potential to preserve hearing level against noise-induced hearing loss in a clnical study [171] and ameliorated ABR threshold after ototoxic drug and noise exposure [161,174].




	
Methionine

	
The hair cell structure and ABR threshold were preserved against drug- and noise-induced hearing loss in animal experiments [162,167,175].




	
L-carnitine

	
Prevented changes in hearing threshold and cochlear damage in newborn guinea pigs exposed to gentamicin in utero [163]




	
CoQ10

	
Prevented ototoxic apoptosis of the hair cells in a culture experiment [166], and PTA threshold was improved in a human study [170].




	
Vitamin C

	
ABR threshold was preserved against ototoxic drugs in an animal experiment [179].




	
GSH

	
Improved ABR threshold shift after noise exposure, and sensory epithelium was preserved in animal experiments [172,173].




	
Resveratrol

	
Prevented ABR threshold shift after noise exposure in an animal experiment [176].




	
Anenexin

	
Protected stereocillia, hair cells, and cochlear nerve ater noise exposure in an animal experiment [182].




	
Natural foods

	
Green tea

	
Hair cell loss against noise exposure was decreased (216), and mechanotransduction currents from hair cells against ototoxic drugs were maintained [217].




	
Brown seaweeds

	
Enabled to prevent cell damage due to ototoxic drugs in culture experiments [218,219]




	
New antioxidants

	
SIRT3-inhibitor

	
Aggravates cochlear damage due to loss of ribbon synapses and hair cells, increase in apoptosis of hair cells, and ROS production [220].




	
Pyrroloquinoline quinone

	
Pyrroloquinoline quinone-treated cells showed decreased mitochondrial potential, promoted mitochondrial fusion, and accelerated mitochondrial movement [221].








NAC, N-acetyl-L-cysteine; CoQ10, coenzyme q10; GSH, glutathione; SIRT, Sirtuin proteins; CoQ, coenzyme q10, ABR, auditory brainstem response, PTA: pure tone audiogram; ROS, reactive oxygen species.
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