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Abstract

:

The gut microbiome has been shown to play a pivotal role in health and disease. Recently, there has been increased interest within the auditory community to explore the role of the gut microbiome in the auditory system and its implications for hearing disorders such as sensorineural hearing loss (SNHL), otitis media, and tinnitus. Studies have suggested that modulating the gut microbiome using probiotics as well as with diets high in monounsaturated and omega-3 fatty acids is associated with a reduction in inflammation prevalence in auditory disorders. This review aims to evaluate the current literature on modulation of the gut microbiome and its effects on otological conditions. The probiotic conversion of nondigestible carbohydrates into short-chain fatty acids has been shown to provide benefits for improving hearing by maintaining an adequate vascular supply. For acute and secretory otitis media, studies have shown that a combination therapy of probiotics with a decreased dose of antibiotics yields better clinical outcomes than aggressive antibiotic treatment alone. Gut microbiome modulation also alters neurotransmitter levels and reduces neuroinflammation, which may provide benefits for tinnitus by preventing increased neuronal activity. Further studies are warranted to evaluate the efficacy of probiotics, natural health products, and micronutrients on auditory disorders, paving the way to develop novel interventions.
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1. Introduction


The gut microbiome refers to the collection of fungi, viruses, and bacteria residing inside the gastrointestinal (GI) tract [1,2,3,4]. These organisms provide great benefits in maintaining the health and normal physiological function of the human body. The gut microbiota play a crucial role in health and disease [5,6,7,8,9,10,11,12,13,14,15] and can be modulated through our diet to confer health benefits. Much like the ways in which the gut microbiota can impact the nervous system through the gut–brain axis [16], a previous review shed light on the connections between the gut and inner ear through the blood–labyrinth barrier, a semipermeable partition between the intricate blood vessel capillaries and the endolymph and perilymph of the inner ear [17]. Thus, the blood–labyrinth barrier can regulate the flow of circulating cells, oxygen, fluids, metabolites, and ions from the gut into the inner ear [17].



Studies have shown that chronic inflammation is at the root of various auditory disorders, including sensorineural hearing loss (SNHL), otitis media, and tinnitus [16,18]. Recent studies have demonstrated how maintaining a healthy gut microbiome via an increased intake of monounsaturated as well as omega-3 polyunsaturated fatty acids and a decreased intake of saturated fat can help to suppress host inflammatory pathways, including those present in the auditory system [19,20]. Furthermore, these diets facilitate the maintenance of homeostasis by providing protection against oxidative stress, inflammation, platelet aggregation, and modification of hormones and growth factors contributing to disease pathogenesis [16]. Capitalizing on the link between gut dysbiosis and auditory disorders, low-risk and accessible treatments can be implemented to manage these diseases. The use of probiotics, administered orally or intranasally, has been shown to alter neurotransmitter levels and may be helpful for the treatment of auditory disorders. The objective of this review article is to discuss the recent advancements in developing novel therapeutic modalities for auditory disorders such as SNHL, otitis media, and tinnitus based on the modulation of the gut–inner ear axis by targeting the gut microbiome (Table 1).




2. Probiotic and Prebiotic Use in Medicine


According to the World Health Organization (WHO), probiotics refer to live microorganisms, such as bacteria and yeast, that lead to a health benefit when consumed in an adequate quantity [39,40]. In general, their beneficial effects augment and maintainhealthy microbiota [41,42]. Various studies have evaluated the use of probiotics, with the most dominant microbial strains used being Lactobacillus genera, Bifidobacterium genera, Lactococcus spp., Streptococcus thermophilus, and the yeast Saccharomyces boulardii [43]. The mechanism of action of each of these species and their effects on gut health vary; however, it has been suggested that the various fermentation properties and resultant metabolites enhance the inherent immune system [44]. As a result, they are thought to reduce the colonization of pathogenic bacteria by enhancing the phagocytic activity of leukocytes and stimulating antibody production [45].



2.1. Prebiotics


Prebiotics are micronutrients that foster the growth and activity of a beneficial gut microbiome. They are shown to be useful in diseases affecting the GI system, immune system, and nervous system in humans [46,47,48,49,50,51]. Harmful microbes which stimulate the immune system can be decreased and the cytokine environment can be modulated with prebiotics. Fructo-oligosaccharide (FOS) administration has been shown to modulate the immune response to vaccines in children. In addition, neural pathways and endocrine pathways have been shown to be modulated with prebiotics. FOS and galacto-oligosaccharides (GOS) have regulatory effects on neurotransmitters and synaptic proteins [46]. The beneficial effects of prebiotics may be used for the treatment of auditory disorders. While there are no approved clinical applications for prebiotics in otological conditions, there are preclinical animal model investigations that have shown positive results in reducing oxidative stress and consequently improving hearing function [52].




2.2. Clinical Uses of Probiotics and Prebiotics


Probiotics and prebiotics can be used for the prevention and even the treatment of specific diseases, as they can regulate systemic and local immune system activity [16]. Some probiotics even propagate wound healing and minimize the risk of perioperative infection, which has become an increasingly relevant complication of head and neck procedures [19]. Probiotics and prebiotics have been used as a therapeutic tool for various GI disorders due to their anti-inflammatory and antimicrobial effects. More recently, studies have shown the efficacy of probiotics in otolaryngological conditions such as rhinosinusitis, obstructive sleep apnea, and head and neck cancer; however, there is still a paucity of the literature evaluating their utility in otological disorders [19,53,54].





3. Gut Health and Sensorineural Hearing Loss (SNHL)


Studies have observed that the “leaky gut” has also led to cases of SNHL, particularly when resulting from a high-fat diet, which induces gut dysbiosis and increases the permeability of the blood–labyrinth barrier [55]. Gut dysbiosis is an imbalance in the microbiota in the gut and serves as a predisposing factor for several disorders [17]. Bacterial metabolites can enter the bloodstream from the gut and cross the blood–labyrinth barrier, causing chronic inflammation of the cochlea from the release of pro-inflammatory cytokines and the production of reactive oxygen species [17,55]. Cases of SNHL were especially prevalent as a secondary condition for patients with inflammatory bowel disease [17]. Sujlana and colleagues found that in a cohort of children with profound hearing loss, the administration of probiotic mouthwash decreased the risk of periodontal infection, although further studies are warranted to identify changes in hearing outcomes [56].



3.1. Fatty Acids and SNHL


The probiotic conversion of nondigestible carbohydrates into short-chain fatty acids could reduce hearing loss. A study by Gopinath and colleagues demonstrated that polyunsaturated fatty acids help to maintain an adequate vascular supply to the cochlea and thus promote healthy auditory function [21,22]. These polyunsaturated fatty acids also attenuate inflammatory processes, decrease blood pressure, and improve vascular reactivity and endothelial function. Curhan and colleagues also demonstrated that the consumption of two or more servings per week of fish as well as a greater intake of long-chain omega-3 fatty acids are associated with a lower risk of hearing loss in women [23]. Further studies are warranted to observe the effects of omega-3 fatty acid intake on aging populations to observe potentially improved hearing outcomes, as elderly populations are the most susceptible to hearing loss [22].




3.2. Inflammatory Bowel Disease and SNHL


Addressing the underlying inflammatory bowel disease when applicable can be a first-line defense in treating auditory disorders through methods such as antibiotics or fecal diversion [55]. While some antibiotics have been known to be a risk factor for inflammatory bowel disease, a combination therapy implementing decreased doses of antibiotics alongside probiotic administration can be further explored, based on their positive results in children as well as decreased antibiotic prescriptions following the administration of probiotics. Furthermore, a healthy diet is essential to help preserve hearing by modulating the health of the gut microbiome. Unfortunately, such a diet greatly conflicts with modern nutritional habits that commonly lead to obesity, poor metabolism, and inflammation [26]. Notably, omega-3 fatty acids, polyphenols, and micronutrients have demonstrated some of the greatest health benefits in modulating gut microbiota [57,58]. Currently, the Mediterranean diet has been shown to modulate the gut microbiota by increasing its diversity and stability, along with maintaining the activity of host immune functions [24,25]. Therefore, adopting the Mediterranean diet may help to prevent gut dysbiosis and inflammatory bowel disease, which can improve GI health and potentially improve hearing outcomes [26].





4. Acute Otitis Media


Viral, bacterial, and fungal infections as well as allergies are the most common causes of acute otitis media (AOM), which is one of the most prevalent health concerns in children [59]. AOM is diagnosed in approximately 80% of children and is commonly associated with dysfunction of the eustachian tube [16]. Antibiotic treatment has been the cornerstone of therapy for AOM, but it has also been associated with adverse effects (AEs) including vomiting, diarrhea, and rash as well as neurological complications later in life such as a predisposition to autism spectrum disorder [60,61]. Studies have continued to suggest that the incorporation of probiotics in treatment can augment antibiotic use by reducing AEs, improving antibiotic function, and enhancing mucosal immunity [62].



4.1. Probiotics and AOM


A study by Scott and colleagues demonstrated that probiotics may be an adequate preventative therapy for reducing the incidence of AOM. Investigators used 17 randomized control trials (RCTs) of children with AOM taking probiotics in comparison to control groups [27]. Eleven groups used Lactobacillus-containing probiotics and six groups used Streptococcus-containing probiotics. The study concluded that in children who were not prone to acquiring AOM, the incidence of developing AOM decreased by two-thirds when taking these probiotics compared to those not taking the probiotics [27]. Furthermore, the probiotics also aided in decreasing the number of children taking antibiotics for other infections. However, the probiotics did not help children who were already prone to acquiring AOM [27]. While the study did not provide a concrete definition for children “prone” to AOM, it suggested that the differences were likely due to clinical, pathological, and immunological factors [27]. Further investigations of these factors should be conducted particularly in immunocompromised children, comparing their outcomes of AOM after taking probiotics versus not, as well as with the results in healthy children. Different combination doses of probiotic and antibiotic therapy should also be considered for further study.



Another treatment being studied is the use of Streptococcus salivarius K12, a heavily studied oral commensal streptococcus that has been found to inhibit the growth of pathogens in the oral cavity and nasopharynx while maintaining a high safety profile [28]. Di Pierro and colleagues administered oral K12 tablets daily to 22 children prone to AOM for 90 days. After being examined for episodes of AOM, the children were also subjected to tone audiometry, tympanometry, endonasal endoscopy, otoscopy, and tonsillar examinations [28]. Not only were the episodes of AOM reduced, but positive results were also seen across the other clinical outcomes. The researchers thus concluded that K12 may play an important role in reducing the occurrence of AOM [28], a promising result that should be further investigated with a greater sample size.



A study of toddlers at daycare centers conducted by Stecksen-Blicks and colleagues investigated the use of probiotics and fluoride-supplemented milk. In this investigation, 248 children aged 1–5 were randomly assigned to one of two groups. The intervention group received milk supplemented with Lactobacillus rhamnosus and fluoride, while the control group received standard milk [29]. While the number of absent sick days did not differ between the two groups, in those who received the full 21-month course, the use of probiotics significantly reduced the otitis media infection duration by 60% based on a decrease in the antibiotic therapy duration [29]. Similarly, the Stecksen-Blicks study demonstrated that milk supplemented with both probiotics and fluoride consumed once daily helped to prevent OM [19].



Rautava and colleagues investigated the daily supplementation of a formula with Lactobacillus rhamnosis GG and Bifidobacterium lactis Bb-12 probiotics for infants between 2 and 12 months [30]. The largest reduction in the number of otitis media episodes was found within the first seven months for children who consumed the probiotic-supplemented formula. Only 22% of infants receiving probiotics experienced AOM, while 50% of those receiving the placebo experienced AOM [30]. In addition, the rate of antibiotic usage was reduced from 60% in placebo subjects to 31% in probiotic subjects, further suggesting the benefits of probiotic consumption in reducing the risk of early AOM [30]. These results suggest that aggressive antibiotic intervention may not necessarily be the most efficacious treatment, further hinting at the benefits of a probiotic/antibiotic combination therapy.




4.2. Nasal Administration of Probiotics


A balanced flora in the nasopharynx helps to prevent colonization by pathogenic strains and the subsequent otitis media that occurs. In addition, nasal spray remedies have been found to produce clinical benefits in both alpha-streptococci strains as well as Streptococcus salivarius strains [16]. A study by Roos and colleagues found preventive effects on AOM in which 42% of subjects did not show recurrence when administered one of five strains of Streptococcus probiotic via a nasal spray, in comparison to only 22% that did not show recurrence in the placebo group [31]. In another study, investigators concluded that in the sub-group of children who were colonized with probiotic flora in the nasopharynx, the colonized children experienced fewer episodes of AOM and subsequently required less antibiotic administration when compared to those without colonization [32]. So far, no studies have yet directly compared the effects of probiotics administered orally versus trans-nasally in reducing AOM. However, the results tend to indicate better outcomes when probiotics are administered trans-nasally [47]. Thus, studies investigating the outcomes with different methods of probiotic administration should be further considered.





5. Secretory Otitis Media


Secretory otitis media (SOM) is another common disease in children that is also associated with effusion in the middle ear cavity and is typically a sequela of AOM. Both orally and nasally administered Streptococcus strains yielded promising results in treating SOM. Oral administration of Streptococcus salivarius K12 also conferred improvements in tone audiometry and the palatine tonsil size [19]. K12 is known to produce two lantibiotics that inhibit the growth of Streptococcus pyogenes, Streptococcus pneumoniae, and Moraxella catarrhalis, all of which are involved in the pathogenesis of AOM and pharyngotonsillitis [28]. Another study demonstrated increased spontaneous recovery in children with SOM when taking Streptococcus sanguinis [16]. In a double-blind, randomized, placebo-controlled study, investigators found significant protection against SOM in children who took the probiotic versus those who took the placebo [16]. Multiple studies also noted decreases in SOM following administration of a probiotic nasal spray containing Streptococcus sanguinis, which modulates the nasal microbiota instead of the gut, and is subsequently a promising area of study [16].




6. Natural Health Products in Treating Otitis Media


Studies have also investigated the use of natural health products for reducing the number of episodes of AOM. Some of these products, which are generally regarded as safe, include echinacea and xylitol. Echinacea, a North American coneflower, is one of the most popular herbal remedies used for the treatment of upper respiratory infections such as the common cold. It is thought that it enhances the immune system and has anti-inflammatory properties; however, the current literature suggests there may only be a minimal benefit in reducing symptom length and severity [63]. Some studies have further evaluated echinacea’s use as a treatment for AOM. One study by Cohen and colleagues found that echinacea combined with propolis and vitamin C significantly reduced the number of AOM episodes by 68% in comparison to the placebo. However, when studying echinacea alone, there was no decreased risk of AOM in children [33,34]. More recent randomized control trials and meta-analyses found that children with upper respiratory infections who took echinacea did in fact have a significantly decreased risk of complications including AOM [45,64,65]. This suggests that there may be a benefit in using echinacea to prevent AOM.



Xylitol and AOM


Xylitol, a natural sugar used in chewing gum and found in fruits, has also been theorized to treat AOM. Evidence has suggested that in vitro use of xylitol is able to inhibit the growth and attachment of Streptococcus pneumoniae and Haemophilus influenzae, common etiologies of AOM, to nasopharyngeal cells [47]. One of the earlier studies, conducted in 1996, demonstrated that compared to controls, there was a 40% reduction in otitis media with chewing gum, a 30% reduction with syrup, and a 20% reduction with a lozenge, all with fewer antibiotics needed for further treatment. However, there were some side effects such as diarrhea and abdominal discomfort [35]. In contrast to the results from researchers studying echinacea, Azarpazhooh and colleagues concluded that xylitol could help reduce the risk of AOM in children with no active upper respiratory tract infection [63].



Although both echinacea and xylitol have produced varying results, it has been suggested that echinacea can be used to prevent AOM in patients who already have active upper respiratory infections and xylitol may be used in patients with isolated AOM infections. Further studies with large cohorts should be conducted to confirm the efficacy and uses of these therapies in regard to AOM.





7. Tinnitus


Tinnitus is an auditory disorder that affects approximately 15–20% of people in their lifetime, especially those with underlying hearing loss, and manifests via an etiology that is not fully understood. Some evidence suggests that tinnitus can be triggered by an increase in auditory neuronal activity. A study reported a significant reduction in gamma-aminobutyric acid (GABA), a major inhibitory neurotransmitter, in the auditory cortex of tinnitus patients, which is associated with an increase in neuronal activity [66]. Serotonin levels were also found to be increased in cases of tinnitus, whereas dopamine levels were decreased [66]. Other evidence has suggested that neuroinflammation remains a major underlying cause of tinnitus, with animal models demonstrating an increase in cytokine TNF-alpha as a marker of inflammation and its subsequent inhibition or genetic mutation alleviating the behavioral phenotypes associated with tinnitus [66]. Current treatments for tinnitus include systemic and intratympanic (IT) steroids, hearing aids, and hearing therapies as well as various antidepressants, anticonvulsants, anesthetics, and surgical interventions. Steroids may cause systemic side effects as well as interact with other medications. Hearing therapies and devices are costly and are not efficacious in treating tinnitus without coexisting hearing loss. Medications are systemically administered and lead to unwanted side effects with variable efficacy [67].



Probiotic Effect on Neurotransmitters and Inflammatory Mediators


Recent studies have shown that the gut microbiome plays a role in regulating the concentration of neurotransmitters like GABA and serotonin, as well as inflammatory mediators like TNF-alpha and IL-6 (Figure 1), potentially contributing to tinnitus [66]. Subsequently, gut dysbiosis leading to decreased GABA has been found to play a role in tinnitus [66]. Thus, one area of further study in the treatment of tinnitus could be to modulate the microbiome to increase GABA and dopamine and decrease TNF-alpha. Luck and colleagues demonstrated that Bifidobacterium dentium, which is a member of the healthy gut microbiota that can be isolated from healthy mouse stool, can generate GABA from glutamate or succinate in the intestine [37]. A similar study by Duranti and colleagues indicated that Bifidobacterium adolescentis can produce GABA from its precursor monosodium glutamate [38]. Developing probiotics that include these Bifidobacterium strains, while observing the associated concentrations of GABA, could therefore be a future field of study in tinnitus patients. As with other auditory disorders, altered neurotransmitter activity can be caused by gut dysbiosis from a high-sugar and high-fat diet and the subsequent increase or decrease in the operational taxonomic units of certain bacteria in the gut [68], which is yet another reason to shift towards healthier diets favoring omega-3 fatty acids. Anti-TNF therapeutics can also be administered, as they have been found to modulate the microbiota by dampening inflammation, inducing T cell apoptosis, and inhibiting vasculitis [69]. Such treatments can also help to reduce the rates of inflammatory bowel disease, which, based on its relationship with the blood–labyrinth barrier, could also protect the integrity of the inner ear and decrease inflammation of the cochlea.





8. Conclusions and Future Directions


This review discussedthe modulation of the gut microbiome to improve outcomes in auditory disorders including SNHL, AOM, SOM, and tinnitus. The most effective ways of modulating the gut microbiome to treat auditory disorders included diet, probiotic use, and natural health products. In SNHL, probiotic conversion of nondigestible carbohydrates into short-chain fatty acids could reduce hearing loss by maintaining an adequate vascular supply to the cochlea as well as attenuating inflammatory processes, decreasing blood pressure, and improving vascular reactivity and endothelial function [39,40]. Omega-3 fatty acids, polyphenols, and micronutrients have demonstrated some of the best health benefits in their modulation of the gut microbiota [42,43,44]. Furthermore, combination therapy consisting of probiotic administration alongside a decreased antibiotic dosage has demonstrated positive results in children [42]. In both AOM and SOM, the incorporation of probiotics such as Lactobacillus and Streptococcus strains to maintain homeostasis in the gut microbiome will help in decreasing antibiotic usage, thus reducing adverse events [50]. Much like in SNHL, studies have suggested that providing a combination therapy of probiotics with a decreased dose of antibiotics yields stronger outcomes than aggressive antibiotic treatment alone [54]. Health products such as combinations of echinacea with propolis and vitamin C, as well as xylitol, have also been able to confer benefits by preventing otitis media [58,59,62]. In treating tinnitus, strains of Bifidobacterium have been found to generate GABA from their precursors, and increased GABA can be used to counter the drop in the neurotransmitter seen in gut dysbiosis [64].



The modulation of the gut microbiome to develop therapeutic strategies for auditory disorders is still in its infancy stage, and future efficacy studies are warranted. While monounsaturated and omega-3 fatty acids have been found to lower the risk of SNHL in certain populations, the phenomenon has yet to be studied in-depth in elderly populations, which are most susceptible to hearing loss [40]. Many of the studies demonstrated the benefits of combination doses of probiotics and antibiotics in preventing gut dysbiosis that leads to auditory disorders and antibiotic adverse events; however, there was little elaboration on the exact dosages of these combinations. Specific doses of probiotics and antibiotics should be tested in future studies to investigate which combinations present as the most efficacious against each disorder. Future studies should also evaluate whether antibiotics and probiotics decrease the efficacy of each other if they are administered close to one other. This review also introduced the question of oral probiotics in comparison to those administered intranasally; therefore, another direction could be to study how modulating the microbiome of the nasopharynx impacts auditory disorders in comparison to alterations of the gut microbiome. Prebiotics are in the preclinical stage of research and further studies are warranted to determine their efficacy in humans, specifically for audiological disorders. Evaluation of the interplay between probiotics and prebiotics can help clinicians understand their utility as a combination therapy. Lastly, probiotics can be studied and developed to utilize strains of Bifidobacterium for increasing levels of GABA in the gut microbiome and help treat tinnitus by maintaining gut homeostasis. Targeting gut dysbiosis holds great potential for the development of effective interventions for auditory disorders by altering neurotransmitter levels and attenuating inflammation that damages sensory structures in the cochlear compartment.
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Figure 1. Microbiota–gut–brain bidirectional relationship. Taken from Mitrea et al. (2022) [70] under the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the originalpublication in this journal is cited. 
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Table 1. Gut microbiome modulatory mechanisms and their effects on auditory disorders.
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Auditory Disorders

	
Treatment

	
Outcome

	
Authors






	
Sensorineural Hearing Loss (SNHL)

	
Polyunsaturated fatty acid consumption

	
Maintained adequate vascular supply to the cochlea and promotes auditory function

	
Gopinath et al., 2010 [21]; Fiorini et al., 2016 [22]




	
Two or more weekly servings of fish and increased intake of long-chain omega-3 fatty acids

	
Lower risk of hearing loss in women

	
Curhan et al., 2014 [23]




	
Implementation of the Mediterranean diet

	
Increased the diversity and stability of the gut microbiome, along with maintaining activity of host immune functions and preventing inflammatory bowel disease

	
Garcia-Mantrana et al., 2018 [24]; De Filippis et al., 2016 [25]; Rinninela et al., 2019 [26]




	
Acute Otitis Media (AOM)

	
Lactobacillus and Streptococcus-containing probiotics administered to children

	
In children not prone to acquiring AOM, the incidence decreased by two-thirds. Also decreased the number of children taking antibiotics for other infections

	
Scott et al., 2019 [27]




	
Streptococcus salivarius K12 probiotics administered to children

	
Decreased incidence of AOM, as well as improved results in tone audiometry, tympanometry, endonasal endos