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Clinical trial registration: Imbalances of excitatory and inhibitory signaling within the central auditory pathways are hypothesized to underlie tinnitus pathophysiology. Neuroactive steroids, such as allopregnanolone, are positive allosteric modulators of GABAA receptors that regulate neuronal signaling in part through their binding affinity for and inhibitory action at extrasynaptic GABAA receptors. This pilot, single-arm, proof-of-mechanism trial investigated whether brexanolone, an intravenous formulation of allopregnanolone, may improve tinnitus symptomatology. Adults between 18 and 65 years of age with bilateral, chronic, moderate tinnitus were recruited in this single-arm, open-label study. Ten participants received a 6-h infusion of brexanolone (30 min at 30 mcg/kg/h, 30 min at 60 mcg/kg/h, and 300 min at 90 mcg/kg/h). Primary outcomes were safety and tolerability, including treatment-emergent adverse events. Secondary outcomes were changes from baseline in visual analogue scale scores of tinnitus loudness and annoyance, assessed on day 1 as well as between days 2 and 7. All enrolled participants completed dosing day evaluations, and nine of them completed the final follow-up assessment on day 7. A single, unrelated, non-severe adverse event was reported. A clinically meaningful reduction in perceived tinnitus severity was detected as early as 2 h into the infusion period and remained throughout the post-dose observation week. Brexanolone was well tolerated and appeared to reduce the severity of experienced tinnitus and its related functional consequences relative to baseline. These results provide an important incremental advancement in support of a GABAergic hypothesis of tinnitus manifestation. Further evaluation in randomized placebo-controlled trials is needed to confirm these findings.

Clinicaltrials.gov, identifier NCT05645432.
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Introduction

Tinnitus is the perception of sound (e.g., ringing, buzzing, humming, or clicking) in the absence of a corresponding sound source and is estimated to occur in approximately 1 in 10 adults in the US population (1). Most cases of tinnitus are classified as “subjective” in nature, wherein the tinnitus phenomenon is heard only by the affected individual. In extremely rare cases, termed “objective” tinnitus, the sound is not only heard by the affected individual but can also become audible to an examiner using a stethoscope or other recording device. Tinnitus can result from damage to the auditory system due to various causes, such as sensorineural hearing loss, Ménière’s disease, and chronic noise exposure (2, 3), with other health conditions such as dyslipidemia and insulin resistance more recently gaining recognition as additional risk factors (4, 5). Tinnitus is also commonly classified according to the duration of symptoms and is considered “acute” if experienced for less than 3 months, “sub-acute” if still experienced for more than 3 months, and “chronic” if experienced for periods of 6 months or longer (6). With greater severity, tinnitus can affect quality of life (7), with “bothersome” tinnitus referring to cases in which the characteristic sound becomes very disturbing and may be accompanied by symptoms of anxiety, depression, sleep disturbances, and maladaptive psychological reactions that impede daily function (6).

There are currently no Food and Drug Administration (FDA)-approved pharmacological treatments for tinnitus; however, the γ-aminobutyric acid (GABA) class of drugs, such as alprazolam (8) and clonazepam (9), and the GABA homolog gabapentin (10–12) have been investigated in clinical trials. GABA is an amino acid that functions as an inhibitory neurotransmitter for the central nervous system (13). Disruption in GABAergic signaling affects the balance between excitatory/inhibitory inputs to central auditory pathways. The GABAA receptor is expressed throughout the auditory system, including the auditory nuclei, thalamus, and auditory cortex, and is highly concentrated in the cochlea, where specific receptor subunits associate with long-term maintenance of hair cells and inner ear neurons (14). Reductions in auditory cortex GABA levels occur with older age and correspond to elevated pure-tone hearing thresholds in humans (15). The inhibitory function of the GABAA receptor is also critical for auditory processing, such as sound segmentation and multi-sensory integration, through the regulation of input/output functions, frequency tuning, and temporal response accuracy (16).

Animal models provide evidence linking tinnitus to GABAergic dysfunction (17) and are further supported by clinical observations. A significant decrease in GABAA receptor density of the medial temporal cortex has been observed in patients with severe tinnitus using single-photon emission computed tomography (18). Additionally, GABA concentrations are also reportedly lowered in the auditory cortices of patients with tinnitus (19).

Despite multiple lines of evidence linking tinnitus to reductions in GABAergic inhibition, clinical trials examining the efficacy of drugs that act to increase GABA signaling provide only modest support (20). Considering these results, it is important to note that traditional approaches use GABAergic drugs, such as benzodiazepines, which bind primarily at synaptic GABAA receptors and regulate receptor activation in a “phasic” input-dependent manner (21). In contrast, drugs that potentiate extrasynaptic GABAA receptors exert “tonic” inhibition of network activity, arguably the more effective mechanism for alleviating excess excitatory activity implicated in tinnitus pathophysiology. For instance, gaboxadol, which selectively activates extrasynaptic GABAA receptors, has demonstrated efficacy in animal models [reviewed in Richardson et al. (22)] likely by reducing spontaneous and evoked firing rates of sensory thalamic neurons and thus dampening hyperexcitability to the auditory cortex (23).

Tonic conductance of extrasynaptic GABAA receptors is considered critical to producing the shunting inhibition of neuronal network excitability and, given this capability, it is reasoned to be a target mechanism for tinnitus pharmacology (21). Brexanolone, a molecule chemically identical to the neuroactive steroid allopregnanolone, is a potent positive allosteric modulator of both synaptic and extrasynaptic GABAA receptors (24) and, thus, has the potential to enhance both phasic and tonic inhibition in the brain. Following this rationale, we conducted a proof-of-mechanism study of brexanolone, which is the first clinical trial to investigate the utility of a novel neuroactive steroid mechanism of tinnitus management.



Materials and methods


Design and sample

This phase 2, single-arm, open-label pilot study (NCT05645432) enrolled 18- to 65-year-old adults diagnosed with chronic, idiopathic, bilateral, non-pulsatile, and subjective tinnitus. This study was approved by a local institutional review board and performed in accordance with ethical principles that have their origin in the Declaration of Helsinki; all participants provided informed consent. Participant recruitment began on 10 May 2023, with both recruitment and study completion occurring on 21 November 2023. Originally, a record of a formal diagnosis was required to have been obtained from at least 6 months to no more than 5 years prior to the start of the study; the chronicity criteria were later amended to allow for the enrollment of participants with a diagnosis from up to 10 years prior to beginning of the study. These evaluations were conducted by audiologic professionals outside of the study protocol using standard clinical procedures. During screening, participants were required to have mild to moderate tinnitus symptom severity at screening, defined as a score of 24–68 on the Tinnitus Handicap Inventory (scale range 0 to 100) (25); the use of imaging was not required to exclude confounding conditions, such as retrocochlear or intracranial lesions. Participants were further required to safely discontinue the use of central nervous system (CNS) depressants (e.g., opioids and benzodiazepines), antidepressants, anticonvulsants, CNS stimulants (with the exception of caffeine), aspirin, other nonsteroidal anti-inflammatory drugs, and aminoglycosides at least 14 days or five half-lives (whichever was longer) prior to the baseline assessment, before receiving brexanolone, and through completion of the study. Prior treatment for tinnitus was not exclusionary; however, participants were excluded if they intended to start or discontinue a pharmacological or nonpharmacological therapy (e.g., psychotherapy, sound therapy, masking, transcranial magnetic stimulation) for tinnitus during the study or if they had exposure to another investigational drug or device within 30 days or five half-lives of the investigational drug (whichever was longer) prior to the visit on day 1. Participants could not have a history of neurological disease or other chronic health condition that could account for tinnitus. Participants were given a full audiological examination, which included a pure-tone audiogram, a physical examination with movement tests to evaluate whether tinnitus could be attributed to a somatosensory cause, and the intake of clinical history to evaluate duration and quality of tinnitus. Participants were excluded from the study if they had current unilateral or bilateral hearing loss of 30 dB or greater (mild hearing loss) in one or more tested frequencies (500 Hz, 1,000 Hz, 2,000 Hz, and 4,000 Hz), hearing loss of 60 dB or greater at 6,000 Hz and 8,000 Hz, asymmetry of 30 dB or greater in two or more tested frequencies, or if they used a cochlear implant or hearing aid. We aimed to enroll 20 participants.



Dosing and administration

A single 6-h intravenous infusion of brexanolone was administered at an inpatient facility as a 90 mcg/kg/h infusion dose for 5 h following a 1-h titration period (0–30 min at 30 mcg/kg/h, 30–60 min at 60 mcg/kg/h) monitored by medical staff. This dose was selected to allow adequate time to approach steady-state levels of brexanolone and to rapidly achieve plasma concentrations of brexanolone in the range experienced during therapy for its approved use to treat postpartum depression. Moreover, 90 mcg/kg/h given as a short-term infusion (i.e., 4 h) has previously been well tolerated in an unpublished brexanolone pharmacokinetic/mass balance study. Brexanolone concentrations were expected to elicit target engagement following this dosing paradigm based on modeling by Wald et al. (26).



Procedures

Screening occurred up to 28 days prior to dosing. Vital signs, Columbia–Suicide Severity Rating Scale (C-SSRS) (27), Patient Health Questionnaire (PHQ-9) (28), Clinical Global Impression-Severity (CGI-S) (29), Tinnitus Handicap Inventory (THI) (30), Tinnitus Functional Index (TFI) (31, 32), and audiology diagnostics were administered at screening.

From day-7 through day-1 prior to dosing, the visual analogue scale of tinnitus loudness (VAS-L) and annoyance (VAS-A) (33) were administered remotely two times daily in the morning and in the evening. The VAS-L scale asked participants to answer the question, “How loud is your tinnitus now?” rated on a horizontal scale anchored on the left by “not audible” (score of 0) and on the right by “extremely loud” (score of 100). For the VAS-A, participants were asked, “How much is your tinnitus annoying you now?” and responded using a horizontal scale anchored on the left by “not annoying” (score of 0) and on the right by “extremely annoying” (score of 100).

Prior to dosing on day 1, VAS-L, VAS-A, and tinnitus loudness matching (34) were rated. Perceived tinnitus loudness was assessed using an audiometric testing procedure; tinnitus loudness matching was conducted on MedRx’s Tinnometer device by following the manufacturer’s instructions (35). The procedure involved first modulating a tone by frequency and waveform to most closely match the perceived tinnitus. The volume of the matched tone was then adjusted by the participant to equal the perceived intensity of their tinnitus. Frequency matching was only conducted at baseline, and the same test stimuli were administered to measure intensity matching at the post-infusion and end-of-study (EOS) examinations. During the infusion, VAS-L and VAS-A were rated at 0.5, 1, 2, 3, 4, 5, and 6 h.

Sedation was monitored throughout the infusion using the Modified Observer’s Assessment of Alertness Scale (36). Safety was monitored via clinical labs (including renal and hepatic biochemistry panels, hematology, and urinalysis), vital signs, pulse oximetry, electrocardiograms, physical findings, and other observations related to safety. Adverse events (AEs) were monitored throughout treatment and follow-up. Blood samples for pharmacokinetic analysis were collected pre-dose and at 0.5, 1, 2, 3, 4, 5, 6, and 8 h post-dose timepoints. Plasma concentrations of brexanolone were determined using a fully validated liquid chromatography tandem mass spectrometry (LC–MS/MS) method with a deuterated brexanolone-d4 as the internal standard. The plasma samples were subjected to liquid–liquid extraction with methyl-tert-butyl-ether (MTBE) and reconstituted with methanol:water:formic acid (50:50:0.05). Processed samples were chromatographically separated on an ACE Excel C18 (50 × 2.1 mm, 2 μM) column (Mac-Mod Analytical, Inc.) with high-performance liquid chromatography-grade methanol and water (0.1% formic acid) as the mobile phase. Mass spectrometric analysis was performed on a SCIEX API 4500 mass spectrometer equipped with an electrospray ionization source in positive mode (ESI+). The ESI source settings were as follows: IonSpray voltage, 5,500 V; source temperature, 600 °C; collision gas, 8 AU; curtain gas, 30 AU; and nebulizer gas pressure, 50 bar. Multiple reaction monitoring (MRM) transitions and related collision energies were m/z 319.2 > 283.3 (21 V) for brexanolone and 323.3 > 287.3 (21 V) for brexanolone-d4. The linear range of the validated assay was 1–500 ng/mL.

Participants rated VAS-L and VAS-A in diaries at home two times a day for 6 days following dosing. Participants returned to the clinic on day 7 ± 1 for an EOS visit and were administered follow-up assessments using the C-SSRS, PHQ-9, CGI-S, CGI change (CGI-C), VAS-L, VAS-A, THI, and TFI scales, as well as audiometric testing of tinnitus loudness matching at the frequency identified during baseline assessment.

The THI was first published as a three-labeled category scale; however, for this study, numeric values were applied, and the test was scored following the standard set by McCombe et al. (25). The subscales of “Catastrophic,” “Emotional,” and “Functional” were reported for the THI along with the summed “Total Score.” The subscales of “Auditory,” “Cognitive,” “Control,” “Emotional,” “Intrusive,” “Quality of Life,” “Relaxation,” and “Sleep” were reported for the TFI along with a summed “Total Score.” Published values for the minimally clinically important difference (MCID) were used as a reference for the interpretation of change observed on standard tinnitus instruments as follows: 10–15 points in tinnitus loudness or annoyance on the 100-point VAS-L and VAS-A (33), 7 points for the THI total score (37), 7 points for the TFI total score (38), and 5 dB in tinnitus loudness matching (39).



Experimental design and statistical analyses

Descriptive statistics were calculated and summarized for all consented participants who received brexanolone. Primary outcomes were safety and tolerability measures, such as treatment-emergent AEs (TEAEs), defined as any AE (new or worsening from baseline) with an onset at or after the initiation of the infusion. Secondary outcomes were changes from baseline on VAS-L and VAS-A on day 1, as well as between days 2 and 7. Data collected using all additional clinical and audiometric procedures were considered exploratory.

Assessments completed on the dosing day (day 1) were meant to assess acute effects, whereas assessments completed on following days (days 2–7) were meant to assess the durability of the effect; therefore, the selection of “baseline” measurement differed for day 1 and day 2–7 assessments. For the VAS assessments completed at the dosing visit (day 1), baseline was defined as the most recent pre-dose value immediately prior to the start of brexanolone infusion. For the twice-daily VAS assessments completed following dosing (days 2 through 7), baseline was defined as the average of all available pre-infusion values for the participant collected from days 7 to 1. This was calculated by summing the daily arithmetic means and dividing by the total number of non-missing days. If a participant missed either a morning or evening score, then the single available score was used as the mean for that day.

Analyses of change from baseline in VAS-L and VAS-A scores were performed separately using a linear mixed-effects model for repeated measures to assess the effect size of brexanolone in reducing tinnitus loudness and annoyance. Each model included the baseline value and post-baseline timepoints as fixed effects. Within-participant residual errors across timepoints were modeled using an unstructured covariance matrix. The results are reported as least squares (LS) means with corresponding 95% confidence intervals (CI), standard errors (SE), and p-values. For day 1, repeated timepoints were by hours, and for days 2–7, by days.

The effect size at each post-baseline time point was calculated relative to the baseline score using the unbiased Hedge’s g method, which adjusts for small sample size. Effect sizes of 0.2, 0.5, and 0.8 were considered small, medium, and large, respectively (40). Exploratory analyses were carried out to examine changes in audiometric measurement of tinnitus loudness matching from pre-dose to post-dose (day 1) and to EOS, as well as changes between screening and EOS in THI, TFI, and CGI-S. All analyses were performed using SAS® software version 9.4 (41). Figures 1, 2 were generated using the ggplot2 package in R version 4.2.2 (42, 43).
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FIGURE 1
 Brexanolone concentration and change scores for VAS-L and VAS-A during the infusion period. Mean ± SD of visual analogue scale for loudness (VAS-L) and annoyance (VAS-A) scores during the brexanolone infusion period, depicted on the left y-axis. Mean ± standard deviation of brexanolone concentrations over the infusion period plus one post-dose timepoint, depicted on the right y-axis. SD, standard deviation; PK, pharmacokinetic data point.
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FIGURE 2
 Change in VAS-L and VAS-A scores over the post-infusion week. Mean ± SD of visual analogue scale loudness (VAS-L) and annoyance (VAS-A) scores during the pre-infusion week and in the post-infusion period. Day 1 indicates dosing day. SD, standard deviation.





Results


Study participants

A total of 10 of the 29 screened participants met the inclusion criteria and enrolled in the study between May and November of 2023. All 10 participants completed dosing; however, one participant withdrew from the study during the follow-up period for reasons unrelated to brexanolone administration. Out of the target sample (n = 20), enrollment ended after the first 10 participants completed all procedures (Table 1). This was due to factors influencing the study timeline, among other corporate priorities. Given the consistency of data supporting a positive trend in the treatment response within this probe trial, the completed portion of the sample was considered sufficient to answer the questions that inspired the study. Ten participants completed all baseline assessments, as well as both the infusion-period VAS scoring and post-infusion tinnitus loudness matching. Nine participants completed the EOS measures.


TABLE 1 Baseline characteristics and tinnitus medical history of efficacy population.


	Characteristic
	n = 10

 

 	Participant demographics


 	Age in years, mean (SD) 	48.8 (9.96)


 	Sex, n (%)


 	Male 	3 (30%)


 	Female 	7 (70%)


 	Race, n (%)


 	Black or African American 	4 (40%)


 	White 	6 (60%)


 	Ethnicity, n (%)


 	Not Hispanic or Latino 	10 (100%)


 	Height in cm, mean (SD) 	170.9 (14.86)


 	Weight in kg, mean (SD) 	94.3 (19.77)


 	BMI in kg/m2, mean (SD) 	32.4 (5.98)


 	Subjective tinnitus history


 	Years with tinnitus diagnosisa, mean (range) 	4.6 (1–9)


 	Initial tinnitus onset relationship, n (%)


 	Loud blast of sound 	1 (10%)


 	Unknown etiology 	9 (90%)


 	Consistency of tinnitus loudness, n (%)


 	Fairly constant day-to-day 	8 (80%)


 	Fluctuates widely 	2 (20%)


 	Percent total awake time aware of tinnitus, mean (SD) 	77.3 (15.19)


 	Percent total awake time annoyed, distressed, or irritated by tinnitus, mean (SD) 	72.3 (19.60)





cm, centimeters; kg, kilogram; m2, square meters; n, sample size; SD, standard deviation.

aLength of time from a formal diagnosis.
 



Change from baseline in visual analogue scales—loudness and annoyance


Visual analogue scale–loudness (VAS-L)

The impact of brexanolone on tinnitus loudness was assessed using the VAS-L scale. At day 1 (pre-dose) baseline, mean ± SD loudness on the VAS-L was reported as 62.2 ± 13.35. The model-based LS mean change from baseline reached a proposed threshold for the MCID (33) by hour 3 (LS mean ± SE: −11.2 ± 4.47, 95% CI: −21.35, −1.05; p = 0.03), and this magnitude of difference was maintained at all subsequently measured timepoints including at the end of the 6-h infusion (−12.8 ± 3.01, 95% CI: −19.64, −5.96; p < 0.01). At hour 6 (end of infusion), the effect size for the change from baseline calculated using Hedge’s g was −0.84 (95% CI: −1.33, −0.35) (Tables 2, 3 and Figure 1).


TABLE 2 VAS scale scores during brexanolone dosing day and in the week following dosing.


	
	VAS-loudness
	VAS-annoyance



	
	Mean (SD)
	Hedges ga
	Mean (SD)
	Hedges ga

 

 	Dosing day


 	Day 1 - Baseline 	62.2 (13.35) 	 	63.8 (16.58) 	


 	0.5 h 	59.1 (19.03) 	−0.14 	56.2 (16.86) 	−0.44


 	1 h 	54.1 (20.70) 	−0.40 	54.0 (17.63) 	−0.55


 	2 h 	55.0 (22.35) 	−0.31 	47.2 (24.60) 	−0.76


 	3 h 	51.0 (23.45) 	−0.44 	46.9 (19.87) 	−0.88


 	4 h 	46.8 (24.21) 	−0.61 	42.5 (24.49) 	−0.97


 	5 h 	46.5 (24.94) 	−0.56 	41.8 (24.28) 	−1.01


 	6 h 	49.4 (15.37) 	−0.84 	41.5 (14.43) 	−1.37


 	Comparison of pre- and post-dosing weeks


 	Average pre-dose week 	66.3 (11.57) 	 	65.9 (13.77) 	


 	Day 2 	48.8 (21.72) 	−0.90 	46.5 (22.00) 	−0.97


 	Day 3 	48.8 (25.92) 	−0.74 	49.9 (21.19) 	−0.84


 	Day 4 	50.7 (21.68) 	−0.82 	52.5 (24.92) 	−0.61


 	Day 5 	49.6 (26.00) 	−0.71 	50.8 (29.96) 	−0.56


 	Day 6 	49.4 (24.74) 	−0.77 	54.4 (29.24) 	−0.45


 	End of Study 	55.0 (23.77) 	−0.51 	58.3 (27.49) 	−0.31





SD, standard deviation; VAS, visual analogue scale.

aResults > |0.5| are considered moderate, and > |0.8| are considered large based on Cohen’s interpretation of Hedge’s g (40).
 


TABLE 3 Least squares mean change from baseline in VAS scale scores.


	
	Statistic
	VAS-loudness
	VAS-annoyance

 

 	Dosing day


 	Day 1 – Overall 	LS Means (SE) 	−10.5 (3.64) 	−16.6 (5.90)


 	95% CI 	(−18.76, −2.24) 	(−30.09, −3.19)


 	P-value 	0.0184 	0.021


 	0.5 h 	LS Means (SE) 	−3.1 (2.49) 	−7.6 (4.09)


 	95% CI 	(−8.81, 2.61) 	(−17.01, 1.81)


 	P-value 	0.2468 	0.0996


 	1 h 	LS Means (SE) 	−8.1 (4.44) 	−9.8 (5.19)


 	95% CI 	(−18.15, 1.95) 	(−21.58, 1.98)


 	P-value 	0.1015 	0.0924


 	2 h 	LS Means (SE) 	−7.2 (4.47) 	−16.6 (8.11)


 	95% CI 	(−17.33, 2.93) 	(−35.07, 1.87)


 	P-value 	0.1421 	0.0723


 	3 h 	LS Means (SE) 	−11.2 (4.47) 	−16.9 (5.79)


 	95% CI 	(−21.35, −1.05) 	(−30.01, −3.79)


 	P-value 	0.0342 	0.0171


 	4 h 	LS Means (SE) 	−15.4 (5.04) 	−21.3 (7.98)


 	95% CI 	(−26.82, −3.98) 	(−39.45, −3.15)


 	P-value 	0.0139 	0.0265


 	5 h 	LS Means (SE) 	−15.7 (4.83) 	−22.0 (7.88)


 	95% CI 	(−26.66, −4.74) 	(−39.93, −4.07)


 	P-value 	0.0103 	0.0217


 	6 h 	LS Means (SE) 	−12.8 (3.01) 	−22.3 (5.17)


 	95% CI 	(−19.64, −5.96) 	(−34.56, −10.04)


 	P-value 	0.0022 	0.0036


 	Comparison of pre- and post-dosing weeks


 	Pre- to post-week – Overall 	LS Means (SE) 	−16.0 (7.25) 	−13.9 (7.93)


 	95% CI 	(−33.30, 1.40) 	(−33.54, 5.84)


 	P-value 	0.066 	0.1343


 	Day 2 	LS Means (SE) 	−17.6 (6.77) 	−19.4 (7.27)


 	95% CI 	(−33.76, −1.36) 	(−38.44, −0.38)


 	P-value 	0.0376 	0.0471


 	Day 3 	LS Means (SE) 	−17.5 (8.04) 	−16.0 (8.11)


 	95% CI 	(−36.64, 1.63) 	(−37.65, 5.64)


 	P-value 	0.0671 	0.1125


 	Day 4 	LS Means (SE) 	−15.6 (6.81) 	−13.4 (8.29)


 	95% CI 	(−31.57, 0.35) 	(−33.97, 7.16)


 	P-value 	0.0541 	0.1597


 	Day 5 	LS Means (SE) 	−16.8 (8.06) 	−15.2 (8.72)


 	95% CI 	(−35.93, 2.41) 	(−35.45, 5.14)


 	P-value 	0.0773 	0.1223


 	Day 6 	LS Means (SE) 	−17.0 (7.72) 	−11.5 (9.52)


 	95% CI 	(−35.08, 1.16) 	(−34.14, 11.13)


 	P-value 	0.0627 	0.2671


 	End of study 	LS Means (SE) 	−11.3 (7.33) 	−7.6 (8.08)


 	95% CI 	(−29.24, 6.63) 	(−26.78, 11.56)


 	p-value 	0.1739 	0.3783





CI, confidence interval; LS, least squares mean; SE, standard error; VAS, visual analogue scale.
 

Next, we assessed the durability of VAS-L change during the week following infusion. The mean (SD) VAS-L score for the pre-dose week was 66.3 ± 11.57. Model-based LS mean ± SE changes from baseline ranged from −17.6 ± 6.77 (95% CI: −33.76, −1.36; p = 0.04) on day 2 through −11.3 ± 7.33 (−35.08, 1.16; p > 0.10) at EOS and were considered to be clinically meaningful according to the proposed MCID criteria. At EOS, the effect size (Hedge’s g) for the change from baseline was −0.51 (95% CI: −1.15, 0.13) (Tables 2, 3 and Figure 2).



Visual analogue scale–annoyance (VAS-A)

Concurrently with VAS-L assessments, participants rated tinnitus annoyance using the VAS-A scale. At baseline, the mean ± SD VAS-A was 63.8 ± 16.58. Model-based LS mean change from baseline exceeded the proposed MCID at 2 h after the start of infusion (LS mean ± SE: −16.6 ± 8.11, 95% CI: −35.07, 1.87; p = 0.07) and was maintained at all subsequently measured timepoints, including at the end of the infusion (−22.3 ± 5.17, 95% CI: −34.56, −10.04; p < 0.01). At hour 6, the effect size (Hedge’s g) for the change from baseline was −1.37 (95% CI: −2.63, −0.12) (Tables 2, 3 and Figure 1).

The durability of change in VAS-A was also assessed in the week following infusion. The mean ± SD VAS-A score for the pre-dose week was 65.9 ± 13.77. For the post-dosing day comparisons, model-based LS mean ±SE changes from baseline ranged from −19.4 ± 7.27 (95% CI: −38.44, −0.38, p = 0.05) on day 2 to −7.6 ± 8.08 (95% CI: −26.78, 11.56; p > 0.10) at EOS. At EOS, the effect size (Hedge’s g) for the change from baseline was −0.31 (95% CI: −0.97, 0.36) (Tables 2, 3 and Figure 2).




Change from baseline in tinnitus handicap inventory

The THI assessed the impact of brexanolone on tinnitus-related mental, social/occupational, and physical functioning (25). At baseline (n = 10), the mean ± SD THI overall score was 50.8 ± 12.41 (range: 28–68). At EOS (n = 9), the score decreased to 39.8 ± 15.89 (range: 14–70), with a mean change from baseline of −12.0 ± 15.84, exceeding the proposed MCID threshold (37). Hedge’s g at EOS was −0.79 (95% CI: −1.67, 0.09) (Table 4).


TABLE 4 Results for tinnitus handicap inventory and tinnitus functional index pre- and post-brexanolone infusion.


	Test
	Baseline
	End of study
	



	Mean (SD)
	Mean (SD)
	Hedge’s ga

 

 	THI total 	51.8 (12.7) 	39.8 (15.9) 	0.75


 	Catastrophic 	11.3 (4.12) 	10.7 (4.69) 	0.14


 	Emotional 	16.4 (5.46) 	12.4 (7.54) 	0.53


 	Functional 	24.0 (8.06) 	16.7 (6.08) 	0.89


 	TFI total 	69.9 (12.6) 	56.2 (15.9) 	0.86


 	Auditory 	65.6 (22.4) 	40.4 (29.8) 	0.86


 	Cognitive 	66.7 (15.4) 	58.1 (24.2) 	0.37


 	Control 	77.4 (22.2) 	74.8 (13.8) 	0.11


 	Emotional 	61.5 (16.8) 	44.8 (30.1) 	0.58


 	Intrusive 	81.1 (10.7) 	71.9 (11.9) 	0.74


 	QoL 	62.2 (23.6) 	39.7 (20.7) 	0.91


 	Relaxation 	77.8 (14.1) 	68.5 (23.3) 	0.39


 	Sleep 	69.6 (23.9) 	56.7 (25.5) 	0.47





TFI, tinnitus functional index; THI, tinnitus handicap inventory; QoL, quality of life; SD, standard deviation.

aResults > |0.5| are considered moderate, and > |0.8| are considered large based on Cohen’s interpretation of Hedge’s g (40).
 



Change from baseline in tinnitus functional index

The TFI is sensitive to changes in the functional effects of tinnitus (44); hence, we aimed to explore the impact of brexanolone treatment on TFI scores. At baseline (n = 10), the mean ± SD TFI total score was 67.5 ± 14.01 (range: 46.4–84.4). At EOS (n = 9), the score decreased to 56.2 ± 15.95 (range: 32.0–77.6), with a mean change from baseline of −13.7 ± 18.68, exceeding based on the proposed MCID threshold (38). Hedge’s g at EOS was −0.91 (95% CI: −1.99, 0.18) (Table 4).



Change from baseline in tinnitus loudness matching (pure-tone audiometry)

To assess the change in perceived loudness of tinnitus following the infusion period, audiometric testing was employed. At baseline (prior to infusion), the mean ± SD relative tinnitus loudness was 10.2 ± 5.88 dB in the right ear and 14.0 ± 11.29 dB in the left ear. After the infusion period, there was a − 3.4 ± 7.21 dB and a − 6.4 ± 12.96 dB change from baseline in the right and left ears, respectively. The effect sizes (Hedge’s g) for these changes were −0.55 (95% CI: −1.42, 0.31) and −0.65 (−1.66, 0.35) for the right and left ears, respectively (n = 10 for these analyses).

To test the durability of effects, tinnitus loudness was measured at the EOS visit, where the changes from baseline (n = 9) were −1.9 ± 7.77 dB and a − 7.6 ± 12.70 dB in the right and left ears, respectively, representing effect sizes (Hedge’s g) of −0.36 (95% CI: −1.48, 0.76) and −0.83 (95% CI: −2.04, 0.37), respectively (Table 5). The reduction in perceived intensity exceeded published MCID thresholds (39), indicating meaningful change for the left ear only.


TABLE 5 Comparison of mean relative tinnitus loudness pre-dose, post-dose, and at end of study.


	Relative tinnitus loudness



	
	Pre-dose
	Post-dose
	
	End of study



	Mean (SD)
	Mean (SD)
	Hedge’s ga
	Mean (SD)
	Hedge’s ga

 

 	Right ear 	10.2 (5.88) 	6.8 (5.92) 	−0.55 	8.9 (3.95) 	−0.36


 	Left ear 	14.0 (11.29) 	7.6 (6.88) 	−0.65 	7.4 (4.53) 	−0.83





SD, standard deviation. Pre-dose and post-dose sample size n = 10; EOS visit sample size was n = 9.

aResults > |0.5| are considered moderate, and > |0.8| are considered large based on Cohen’s interpretation of Hedge’s g (40).
 

Interpretation of effects on tinnitus loudness matching according to the proposed MCID guidance (39) was considered mixed, given that the reduction in perceived loudness (decibels, dB) exceeded the recommended for left ear measurements only.



Clinical global impression scales

At the EOS visit, CGI-C scale ratings were reported as minimally improved for 3 (30%) participants, and much improved, no change, or minimally worse for 2 (20%) participants each.



Safety

A single, mild treatment-emergent adverse event (TEAE) of tinnitus (reported term: worsening tinnitus) was reported at the safety follow-up assessment on day 15 following brexanolone administration, 8 days after the participant’s EOS visit. The event was recorded for completeness but was not considered by the investigator to be related to brexanolone treatment. There were no clinically meaningful mean changes from baseline through EOS in clinical laboratory parameters, vital signs, or electrocardiogram findings. One participant had two decreases in systolic blood pressure (SBP) that met protocol criteria for clinical significance (≥30 mmHg SBP change from baseline) but were not accompanied by clinical symptoms and were not reported as AEs. This participant’s systolic blood pressure (SBP) was 136 mm Hg at baseline, decreased to 103 mm Hg at hour 3, 106 mm Hg at hour 4, and returned to 139 mm Hg (similar to baseline) at hour 5.



Pharmacokinetics

The geometric mean Tmax for brexanolone was 6.04 (%coefficient of variation (CV) = 0.398) h. The geometric mean Cmax was 78.1 (%CV = 25.6%) ng/mL and the geometric mean area under the concentration vs. time curve from time 0 to 6 h was 362 (%CV = 29.1) ng * hour / mL. Brexanolone concentrations for each time point are depicted in Figure 1 and Supplementary Table 1.




Discussion

The current study was the first to evaluate the potential of brexanolone, a drug analog of the endogenous neuroactive steroid allopregnanolone that has balanced affinity at synaptic and extrasynaptic GABAA receptors, for the management of tinnitus symptomatology. In this proof-of-mechanism study, brexanolone was observed to be safe and well-tolerated at the planned dose and duration by adult participants with tinnitus. Additionally, preliminary support for the hypothesized effect of brexanolone in the reduction of tinnitus experience in a small group of 10 participants with moderate tinnitus was obtained. Rapid and sustained reductions in measures of perceived tinnitus severity (Figures 1, 2 and Tables 2–4) were observed in the context of a lessening burden of tinnitus on activities of daily living (Table 4). Specifically, an exposure-dependent reduction in subjective tinnitus severity was observed over a single 6-h infusion of brexanolone, with progressive reduction in VAS ratings of loudness and annoyance observed over 1-h increments of monitoring. Change in VAS scores coincided with a reduction in tinnitus loudness matching, as measured by an audiometric testing procedure, lending confidence that changes in subjective ratings reflected detectable differences in psychoacoustic properties of tinnitus experience. Importantly, reductions in both VAS ratings and volume matching persisted for 1 week post-infusion and were accompanied by improvement on standard tinnitus severity indexes, including the THI and TFI. The exposures achieved in tinnitus patients (Supplementary Table 1) were sufficient to test the hypothesis that balanced GABA positive allosteric modulator activity can play a role in the treatment of tinnitus.

There is compelling evidence linking tinnitus to a disruption of excitatory and inhibitory inputs within the central auditory pathways. The GABAA receptor is highly expressed in the auditory system (14), and GABAergic drugs, including the benzodiazepine derivatives, alprazolam (8) and clonazepam (9), and the GABA homolog, gabapentin (10, 12), were the focus of early exploration of pharmacological intervention. However, these medications have not demonstrated a robust evidence base for efficacy in tinnitus trials (21, 45), and the American Academy of Otolaryngology has further discouraged clinical use due to the unfavorable risk–benefit profile of benzodiazepines (46), acknowledging both inconsistent effects in randomized, placebo-controlled trials and risks such as abuse liability, dependence, and sedation (2, 45). The emergence of novel GABAergic drugs, distinguished both by mechanistic action and a balanced binding affinity at both synaptic and extrasynaptic GABAA receptors, offers a new opportunity to revisit the GABA hypothesis of tinnitus and extend converging evidence from neurochemical, anatomical, physiological, and pharmacological perspectives to clinical investigation (21). The results of the current study provide the first clinical evidence to support the hypothesis that drugs with the potential to engage extrasynaptic, in addition to synaptic, GABAA receptors offer a promising new pathway for drug development in tinnitus. This hypothesis is based, in part, on the potential of these drugs to enhance tonic inhibition, which regulates network-level activity in the auditory system—a property that distinguishes neuroactive steroids from GABAergic drugs that bind selectively at synaptic sites.

Considered in the context of the extant literature on clinical trial outcomes in tinnitus, we find these results encouraging. Positive treatment responses are uncommon in tinnitus clinical trials. A meta-analysis of treatment effect sizes compiled by Witkin et al. (21) presents a near equivalent balance in the number of tested drug mechanisms that have resulted in improving and worsening symptoms relative to placebo. Where improvement has been observed, effects are generally modest, with a standardized mean difference (SMD) of 1.0 achieved by only a single mechanism (amitriptyline), followed by 3 effects in the SMD = 0.5–0.8 range (acamprosate, gabapentin + lidocaine, dexamethasone + melatonin). Notably, the standardized effect for clonazepam in this meta-analytic review was −0.01 (95% CI = −1.17, 1.16), with gabapentin alone fairing only slightly better (SMD = −0.16, 95% CI = −0.64, 0.31); thus, neither mechanism offered confident support for GABAergic modulators as a stand-alone treatment. The current study evaluated change from baseline in outcome measures using Hedge’s g, lending further interpretability of change indices in terms of standardized effect sizes. On VAS measures of tinnitus loudness and annoyance, large effects (> 0.80) were obtained at the end of infusion relative to pre-infusion baseline. When evaluated as a measure of average change aggregated over week-long pre-dose baseline and follow-up periods, medium effects were observed (> 0.50), with attenuation of the initial response observed on later days of the follow-up period (Figure 2); however, VAS ratings remained well below baseline (improved) at all measured timepoints during the follow-up period and were accompanied by medium-large effects on TFI and THI at EOS (Table 4), suggesting improvement in activities of daily living. Audiometric measures of tinnitus volume matching provided a complementary assessment of reduction in tinnitus intensity from pre- to post-infusion periods on day 1, with medium effect sizes for right and left ear measures. The volume matching procedure is commonly administered unilaterally using the side on which tinnitus is loudest, and bilateral testing in our study yielded a discrepant pattern of response from post-infusion to the end of follow-up, with a larger effect size on the left side (large effect size, Table 5).

Although no placebo control was used in the current study, it should be noted that several trials reported no appreciable change from baseline in their placebo arms on the same outcome measures used in this study: Johnson et al. (8) for VAS and loudness matching; Jalali et al. (47) for VAS, loudness matching, and THI; and Bahmad et al. (9) for VAS. Moreover, although effect sizes varied according to outcome measure and by time of assessment relative to brexanolone dosing (post-infusion, EOS), it is important to also note that measured outcomes consistently showed improvement and exceeded published MCID thresholds, indicating clinically meaningful change for the VAS (33), THI total score (37), TFI total score (38), and for tinnitus loudness matching audiometry (39).

As this was a small, single-arm, single-infusion, open-label, proof-of-mechanism study, results should be interpreted with caution. Although our trial was designed to investigate the potential of brexanolone to attenuate tinnitus symptomatology, alternative explanations for change observed across outcome measures over the trial period cannot be ruled out, including placebo effect, the influence of participants’ expectation bias, or other non-specific effects of clinical attention and study-related activity. Apart from the absence of a placebo control, it is important to recognize several other limitations in our study design that may affect the generalizability of our results. First, the sample size was small and excluded participants with very mild or very severe tinnitus at baseline; nonetheless, the moderate to large Hedge’s g effect sizes observed across various outcome measures are encouraging. Second, the 7-day follow-up period limited the evaluation of long-term durability of the initial treatment response. Attenuation of initial effects became evident toward the end of the follow-up period, particularly on the VAS measures, and suggests that repeat treatment might be necessary for clinical management. Indeed, both the durability of effect and potential for complications should be investigated following longer dosing and a more substantial follow-up period. Finally, although the use of intravenous administration was considered appropriate for this proof-of-mechanism study, this administration method may not be feasible for drugs intended for routine clinical management of tinnitus. Of note, the sponsor (Sage Therapeutics) does not intend to develop brexanolone for tinnitus treatment but used this particular compound to test a hypothesis that could lead to the development of orally bioavailable compounds optimized for synaptic and extrasynaptic GABAA activity.



Conclusion

Brexanolone was well tolerated and showed no prohibitive safety findings within the parameters of use in this single-infusion trial of adults with tinnitus. Overall, clinically meaningful improvements relative to baseline were observed in subjective perception of tinnitus loudness and annoyance within hours of initiating brexanolone infusion; these improvements were extended to a reduction in audiometric measures of tinnitus loudness and participant-reported functional improvements measured 1 week following the infusion. Contrasted with results of clinical trials evaluating the efficacy of benzodiazepine drugs, the rapidity and duration of response to brexanolone in our open-label trial are encouraging, especially when weighed against the lack of robust placebo response observed in double-blind drug trials. Accordingly, the present study provides initial clinical support for the hypothesis that extrasynaptic GABAA modulation could provide treatment for some forms of tinnitus.
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SUPPLEMENTARY FIGURE 1 | Diagram of study selection.



SUPPLEMENTARY FIGURE 2 | Data from the analysis of VAS loudness (A) and annoyance (B) over the infusion period. Mean is represented by the middle open circle, median as the line, and the interquartile ranges as whiskers.



SUPPLEMENTARY FIGURE 3 | Data from the analysis of VAS loudness (A) and annoyance (B) over the post-dosing week. Mean is represented by the middle open circle, median as the line, and the interquartile ranges as whiskers.
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