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Abstract: Background/Objectives: Glucagon-like peptide-1 receptor agonists (GLP-1RAs)
have revolutionized the treatment of type 2 diabetes and obesity. While their metabolic ben-
efits are well-established, their potential effects on vestibular function remain unexplored.
This study investigated the association between GLP-1RA use and the risk of vestibular
disorders. Methods: Using the TriNetX research network (accessed 3 November 2024),
we conducted a retrospective cohort study of adults prescribed semaglutide (n = 419,497)
or tirzepatide (n = 77,259) between January 2018 and October 2024. Cases were matched
1:1 with controls using propensity scores based on demographics and comorbidities. The
primary outcome was new-onset vestibular disorders, analyzed at 6 months, 1 year, and
3 years after treatment initiation. Results: Both medications were associated with an
increased risk of vestibular disorders. Semaglutide users showed a higher cumulative
incidence (0.12% at 6 months to 0.41% at 3 years) compared to controls (0.03% to 0.16%,
p < 0.001), with hazard ratios ranging from 4.02 (95% CI: 3.33–4.86) at 6 months to 4.95 (95%
CI: 4.51–5.43) at 3 years. Tirzepatide users demonstrated similar patterns but lower absolute
rates (0.10% at 6 months to 0.19% at 3 years vs. controls 0.04% to 0.15%), with hazard ratios
from 3.19 (95% CI: 2.11–4.81) to 4.55 (95% CI: 3.43–6.03). The direct comparison showed
a higher risk with semaglutide versus tirzepatide (RR 1.53–2.04, p < 0.001). Conclusions:
GLP-1RA therapy is associated with an increased risk of vestibular disorders, with a higher
risk observed with semaglutide compared to tirzepatide. These findings suggest the need
for vestibular symptom monitoring in patients receiving these medications and warrant
further investigation into underlying mechanisms.
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dizziness; vertigo; adverse effects; pharmacovigilance; type 2 diabetes; obesity

Biomedicines 2025, 13, 1049 https://doi.org/10.3390/biomedicines13051049

https://doi.org/10.3390/biomedicines13051049
https://doi.org/10.3390/biomedicines13051049
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0001-9267-3787
https://orcid.org/0000-0001-8278-7094
https://orcid.org/0009-0004-1024-7143
https://orcid.org/0009-0004-0998-8040
https://orcid.org/0000-0003-1252-8403
https://doi.org/10.3390/biomedicines13051049
https://www.mdpi.com/article/10.3390/biomedicines13051049?type=check_update&version=1


Biomedicines 2025, 13, 1049 2 of 18

1. Introduction
Glucagon-like peptide-1 receptor agonists (GLP-1RAs), such as semaglutide (Drug

Bank ID: DB13928, Chemical formula: C187H291N45O59) and tirzepatide (DB15171,
C225H348N48O68), have become transformative agents in the management of type 2 di-
abetes mellitus (T2DM) and obesity due to their demonstrated benefits in glycemic control,
weight loss, and potential cardiovascular protection [1–4]. Semaglutide and tirzepatide are
structurally engineered to enhance pharmacokinetic properties. Semaglutide features a
C18 fatty diacid chain conjugated to lysine at position 26 via a hydrophilic linker, while
tirzepatide incorporates a C20 fatty acid moiety at lysine 20 through γ-glutamate and PEG
spacers [5,6]. These lipidation modifications enable albumin binding, prolonging half-life
(semaglutide: ~7 days; tirzepatide: ~5 days) and facilitating blood–brain barrier pene-
tration [7] (Figure 1). This structural characteristic could be particularly relevant to their
potential vestibular effects, as BBB permeability allows interaction with GLP-1 receptors in
central balance-regulating regions like the vestibular nuclei complex [8]. By simulating the
incretin hormone GLP-1, these medicines stimulate insulin release, lower glucagon, and
slow stomach emptying, hence increasing fullness and reducing food intake [9].
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Figure 1. The chemical structure of Glucagon-like peptide-1 receptor agonists (GLP-1RA) and their
key features. (A) Semaglutide and (B) tirzepatide. Both proteins have a long hydrocarbon chain
(ellipse shape) attached to the main polypeptides, which facilitates passing through the blood–
brain barrier (BBB). The chemical structure and data were obtained from the free source PubChem
(Available online: https://pubchem.ncbi.nlm.nih.gov) (accessed on 15 April 2025).

Despite their metabolic advantages, growing questions concerning the wider physio-
logical effects of GLP-1RAs demand cautious research, especially in relation to their impact
on central nervous system (CNS) pathways linked to balance and spatial orientation [10,11].
Recent studies have documented otologic adverse events associated with GLP-1RA use, in-
cluding vertigo, dizziness, and eustachian tube dysfunction [12]. For example, a systematic
review of FDA adverse event reports revealed that vertigo was reported in 203 cases among
GLP-1RA users, with semaglutide accounting for 1.17% of otologic adverse events [12].

https://pubchem.ncbi.nlm.nih.gov
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Although vertigo is not commonly listed as a side effect in clinical trials, post-marketing
surveillance data suggest a possible association that warrants further investigation [13,14].

Several potential mechanisms could support the hypothesis that GLP-1RA use could
predispose to vestibular dysfunction: (1) through central vestibular modulation, as GLP-1Rs
are densely expressed in brainstem nuclei (e.g., vestibular nuclei complex) and cerebellar
regions that integrate sensory inputs for postural control. Preclinical studies demonstrate
that GLP-1R activation alters neuronal excitability in these areas, potentially disrupting
vestibulo-ocular reflex calibration and spatial navigation [15,16]. (2) GLP-1RAs induce
nitric oxide-mediated vasodilation [17], which may perturb the delicate microcirculation
of the stria vascularis, a structure that is vital for maintaining endolymphatic potential in
the semicircular canals [18]. This type of disruption could mimic Ménière’s disease-like
symptoms, including vertigo and imbalance [19]. (3) By modulating baroreflex sensitivity
via GLP-1 receptors in the nucleus tractus solitarius, these agents may impair compen-
satory hemodynamic responses to postural changes, increasing susceptibility to orthostatic
dizziness [20].

Vestibular disorders, including vertigo and benign paroxysmal positional vertigo,
significantly impact the quality of life through balance disturbances and fall risk [21].
Although GLP-1 receptors are not conclusively identified in vestibular organs, their central
expression patterns and systemic effects (e.g., blood pressure variability and fluid shifts)
provide a plausible pathway for iatrogenic dysfunction [22,23]. Furthermore, there have
been increasing anecdotal reports of dizziness and balance disturbances among GLP-1RA
users, highlighting the need for a systematic investigation of this potential association [24].

GLP-1RAs have seen a significant increase in popularity, with prescription rates
rising by 221.0% between 2016 and 2021 [25]. As their use expands across diverse patient
populations, it is crucial to thoroughly assess their safety profile, including potential risks to
vestibular health. To date, no comprehensive studies have directly examined the association
between GLP-1RA therapy and vestibular disorders. Utilizing the extensive longitudinal
dataset from the TriNetX network, our study aims to address this critical knowledge gap
by investigating the incidence of vestibular disorders among GLP-1RA users. The findings
will provide valuable insights to inform clinical monitoring and safety considerations for
these widely prescribed medications.

2. Materials and Methods
2.1. Data Source and Study Design

This retrospective cohort study utilized data from the TriNetX research network, a
global federated database containing anonymized electronic health records from various
healthcare organizations (accessed on 3 November 2024). We analyzed real-world data
from 1 January 2018 to 31 October 2024, leveraging TriNetX’s longitudinal data capabilities
to track patient diagnoses, treatments, and outcomes. The study design and analysis
adhered to ethical guidelines for the secondary use of health data, ensuring complete data
anonymization and regulatory compliance.

2.2. Study Population and Eligibility Criteria

We identified adults aged ≥18 years with diabetes or obesity who were newly pre-
scribed either semaglutide or tirzepatide. The study period encompassed multiple FDA
approvals: semaglutide for T2DM (Ozempic, December 2017) and chronic weight manage-
ment (Wegovy, June 2021), and tirzepatide for T2DM (Mounjaro, May 2022) and chronic
weight management (Zepbound, November 2023). Patients with pre-existing vestibular
disorders (ICD-10 code H81) or prior vestibular treatments were excluded to ensure capture
of only incident cases. The control population comprised patients with similar indications
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(type 2 diabetes or obesity) who did not receive any GLP-1 receptor agonist (GLP-1RA)
therapy during the study period.

2.3. Study Groups and Treatment Cohorts

The primary analysis focused on three main comparisons. First, patients prescribed
semaglutide were compared to matched controls who had not received GLP-1RA treatment.
Second, patients prescribed tirzepatide were compared to their matched control group.
Additionally, a direct comparison was conducted between semaglutide and tirzepatide
users to assess any potential differential risk between these two GLP-1RA agents.

2.4. Propensity Score Matching and Covariates

Propensity score matching was implemented using a 1:1 nearest-neighbor approach
with a caliper width of 0.2 standard deviations of the propensity score [26]. The matching
algorithm incorporated demographic variables, including age at index date, sex, race, and
ethnicity, along with key clinical characteristics and comorbidities. The comorbidities
included in the matching were diabetes mellitus, thyroid disorders, obesity and hyperali-
mentation, hypertensive diseases, ischemic heart diseases, acute kidney failure and chronic
kidney disease, and neoplasms.

2.5. Study Outcomes

The primary outcome was the development of new-onset vestibular disorders follow-
ing GLP-1RA initiation. This outcome was defined using the ICD-10 code H81 (Disorders of
Vestibular Function) and its subcodes. This classification includes several distinct vestibular
pathologies:

• H81.0: Ménière’s disease
• H81.1: Benign paroxysmal positional vertigo (BPPV)
• H81.2: Vestibular neuronitis
• H81.3: Other peripheral vertigo
• H81.4: Vertigo of central origin
• H81.8: Other disorders of vestibular function
• H81.9: Unspecified disorder of vestibular function

We also evaluated cumulative incidence at multiple time points: 6 months, 1 year, and
3 years, and across the overall follow-up period.

2.6. Statistical Analysis

We conducted time-to-event analyses using Cox proportional hazards models to calculate
hazard ratios (HR) and 95% confidence intervals (CIs) for the risk of vestibular disorders.
The analysis was performed at predetermined time points (6 months, 1 year, and 3 years) to
assess temporal patterns in risk development. For the direct comparison between semaglutide
and tirzepatide, we calculated risk ratios (RRs) with corresponding 95% CIs and p-values
at each time point. Statistical significance was defined as p < 0.05 for all analyses. To assess
the robustness of our findings, we conducted analyses both before and after propensity
score matching. The balance of covariates after matching was evaluated using standardized
mean differences, with values < 0.1 considered indicative of adequate balance. Analysis was
performed using the built-in function of the TriNetX database.

3. Results
3.1. Study Population

Prior to propensity matching, we identified 419,497 semaglutide users from 64 HCOs
and 8,445,324 potential controls from 68 HCOs for tirzepatide; we identified 77,259 users
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from 53 HCOs with the same control pool. Significant differences existed between the
drug cohorts and their respective control groups in baseline characteristics, including age
(semaglutide: 54.5 ± 14.3 vs. 56.0 ± 17.6 years, p < 0.001; tirzepatide: 51.9 ± 13.7 vs.
56.0 ± 17.6 years, p < 0.001), gender distribution (female: semaglutide 58.87% vs. 51.47%,
p < 0.001; tirzepatide 61.09% vs. 51.47%, p < 0.001), and comorbidity burden.

After propensity score matching, each semaglutide user (n = 419,497) and tirzepatide
user (n = 77,259) was matched 1:1 with a control, achieving balanced cohorts with stan-
dardized mean differences < 0.1 for all variables. In the matched semaglutide cohort,
the mean age was 54.5 ± 14.3 years, with 58.87% female participants. The population
was predominantly White (64.55%), followed by Black or African American (16.93%) and
Asian (3.19%). The most prevalent comorbidities included hypertensive diseases (47.73%),
diabetes mellitus (43.89%), and overweight/obesity (37.94%) (Table 1).

Table 1. Baseline characteristics of matched semaglutide cohorts.

Characteristics

Before Propensity Matching After Propensity Matching

Semaglutide
(n = 419,497)

Control
(n = 8,445,324) p-Value Semaglutide

(n = 419,497)
Control

(n = 419,497) p-Value

Demographics

Age at index, years 54.5 ± 14.3 56.0 ± 17.6 <0.001 54.5 ± 14.3 54.5 ± 14.3 0.86

Sex

Female 246,940 (58.9%) 4,346,417
(51.5%) <0.001 246,940 (58.9%) 247,090 (58.9%) 0.73

Male 154,139 (36.7%) 3,609,521
(42.7%) 154,139 (36.7%) 155,462 (37.1%)

Race

White 270,779 (64.5%) 5,104,641
(60.4%) <0.001 270,779 (64.5%) 271,293 (64.7%) 0.24

Black/African American 71,040 (16.9%) 1,398,688
(16.6%) 71,040 (16.9%) 71,135 (17%)

Asian 13,377 (3.2%) 287,129 (3.4%) 13,377 (3.2%) 12,950 (3.1%)

Ethnicity

Not Hispanic or Latino 295,235 (70.4%) 5,166,505
(61.2%) <0.001 295,235 (70.4%) 283,110 (67.5%) 0.96

Hispanic or Latino 35,948 (8.6%) 898,451 (10.6%) 35,948 (8.6%) 35,961 (8.6%)

Comorbidities

Diabetes mellitus 184,117 (43.9%) 734,247 (8.7%) <0.001 184,117 (43.9%) 184,106 (43.9%) 0.98

Thyroid disorders 59,791 (14.3%) 504,074 (6%) <0.001 59,791 (14.3%) 53,016 (12.6%) 0.78

Obesity 159,149 (37.9%) 603,215 (7.1%) <0.001 159,149 (37.9%) 159,087 (37.9%) 0.88

Hypertensive diseases 200,229 (47.7%) 1,812,957
(21.5%) <0.001 200,229 (47.7%) 200,747 (47.9%) 0.25

Ischemic heart diseases 43,885 (10.5%) 501,372 (5.9%) <0.001 43,885 (10.5%) 47,051 (11.2%) 0.07

Chronic kidney disease 37,913 (9%) 436,765 (5.2%) <0.001 37,913 (9%) 38,074 (9.1%) 0.54

Neoplasms 58,833 (14%) 768,883 (9.1%) <0.001 58,833 (14%) 58,869 (14%) 0.91

Data are presented as mean, ± standard deviation, or number (percentage). Two-sided Chi-Square or Student’s
T-tests were used.

The matched tirzepatide cohort was slightly younger (mean age 51.9 ± 13.7 years)
with a similar gender distribution (61.09% female). The racial distribution showed a
higher proportion of White patients (70.79%) compared to Black or African American
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(14.14%) and Asian (1.95%) patients. Common comorbidities followed a similar pattern,
with hypertensive diseases (43.52%), overweight/obesity (40.64%), and diabetes mellitus
(36.40%) being the most prevalent (Table 2).

Table 2. Baseline characteristics of matched tirzepatide cohorts.

Characteristics

Before Propensity Matching After Propensity Matching

Tirzepatide
(n = 77,259)

Control
(n = 8,445,324) p-Value Tirzepatide

(n = 77,259)
Control

(n = 77,259) p-Value

Demographics

Age at index, years 51.9 ± 13.7 56.0 ± 17.6 <0.001 51.9 ± 13.7 51.9 ± 13.7 0.97

Sex

Female 47,201 (61.1%) 4,346,417
(51.5%) <0.001 47,201 (61.1%) 47,199 (61.1%) 0.99

Male 25,991 (33.6%) 3,609,521
(42.7%) 25,991 (33.6%) 26,900 (34.8%)

Race

White 54,694 (70.8%) 5,104,641
(60.4%) <0.001 54,694 (70.8%) 54,725 (70.8%) 0.86

Black/African American 10,922 (14.1%) 1,398,688
(16.6%) 10,922 (14.1%) 10,905 (14.1%)

Asian 1508 (2%) 287,129 (3.4%) 1508 (2%) 1484 (1.9%)

Ethnicity

Not Hispanic or Latino 55,740 (72.1%) 5,166,505
(61.2%) <0.001 55,740 (72.1%) 53,832 (69.7%) 0.75

Hispanic or Latino 5425 (7%) 898,451 (10.6%) 5425 (7%) 5393 (7%)

Comorbidities

Diabetes mellitus 28,125 (36.4%) 734,247 (8.7%) <0.001 28,125 (36.4%) 28,116 (36.4%) 0.96

Thyroid disorders 11,235 (14.5%) 504,074 (6%) <0.001 11,235 (14.5%) 9441 (12.2%) 0.66

Obesity 31,395 (40.6%) 603,215 (7.1%) <0.001 31,395 (40.6%) 31,375 (40.6%) 0.92

Hypertensive diseases 33,624 (43.5%) 1,812,957
(21.5%) <0.001 33,624 (43.5%) 33,632 (43.5%) 0.97

Ischemic heart diseases 6179 (8%) 501,372 (5.9%) <0.001 6179 (8%) 7269 (9.4%) 0.90

Chronic kidney disease 5087 (6.6%) 436,765 (5.2%) <0.001 5087 (6.6%) 5088 (6.6%) 0.99

Neoplasms 10,376 (13.4%) 768,883 (9.1%) <0.001 10,376 (13.4%) 10,362 (13.4%) 0.92

Data are presented as mean ± standard deviation or number (percentage). Two-sided Chi-Square or Student’s
T-tests were used.

3.2. Follow-Up Period

Semaglutide users had a mean follow-up of 15.1 ± 13.6 months (median: 12.3 months)
compared to 28.3 ± 25.7 months (median: 21.4 months) in the unmatched control pool.
Tirzepatide users had a shorter mean follow-up of 7.3 ± 7.3 months (median: 5.4 months)
compared to the same control pool follow-up period.

3.3. Risk of Vestibular Disease
3.3.1. Semaglutide Cohort

Among 419,497 matched pairs, the cumulative incidence of vestibular disorders in
semaglutide users increased progressively: 0.12% (n = 510) at 6 months, 0.22% (n = 925) at
1 year, and 0.41% (n = 1708) at 3 years. In contrast, matched controls showed significantly
lower rates: 0.03% (n = 137) at 6 months, 0.06% (n = 260) at 1 year, and 0.16% (n = 652) at
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3 years (all p < 0.001) (Figure 2A). The risk analysis revealed consistently elevated hazard
ratios across all time points: 4.02 (95% CI: 3.33–4.86) at 6 months, 4.26 (95% CI: 3.71–4.89) at
1 year, and 4.95 (95% CI: 4.51–5.43) at 3 years (Figure 3A).
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incidence is presented as percentages at 6 months, 1 year, and 3 years after treatment initiation.
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Figure 3. Hazard ratios for vestibular disorders in GLP-1 receptor agonist users compared to
matched controls. (A) Semaglutide users (n = 419,497) versus matched controls. (B) Tirzepatide users
(n = 77,932) versus matched controls. Hazard ratios with 95% confidence intervals are presented at
6 months, 1 year, and 3 years after treatment initiation.
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3.3.2. Tirzepatide Cohort

In the tirzepatide cohort (77,932 matched pairs), vestibular disorders showed a simi-
lar pattern but with lower absolute rates. The cumulative incidence in tirzepatide users
increased from 0.10% (n = 78) at 6 months to 0.15% (n = 115) at 1 year and 0.19% (n = 149)
at 3 years. The matched controls demonstrated rates of 0.04% (n = 32) at 6 months, 0.06%
(n = 44) at 1 year, and 0.15% (n = 116) at 3 years (p < 0.001 for 6-month and 1-year com-
parisons; p = 0.042 for 3-year comparison) (Figure 2B). The HRs were similarly elevated:
3.19 (95% CI: 2.11–4.81) at 6 months, 4.26 (95% CI: 3.00–6.06) at 1 year, and 4.55 (95% CI:
3.43–6.03) at 3 years (Figure 3B).

3.3.3. Comparative Risk Between Medications

A direct comparison of the two medications revealed that semaglutide was associated
with a higher relative risk of vestibular disorders compared to tirzepatide. This difference
became more pronounced over time, with risk ratios (RRs) increasing from 1.53 (95% CI:
1.08–2.17, p = 0.018) at 6 months to 2.04 (95% CI: 1.69–2.46, p < 0.001) at 3 years (Figure 4).
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Figure 4. The comparative relative risk of vestibular disorders between semaglutide and tirzepatide
users across different time points. The risk ratios with 95% confidence intervals show the relative
risk of vestibular disorders in semaglutide users compared to tirzepatide users at 6 months (RR: 1.53,
95% CI: 1.08–2.17, p = 0.018), 1 year (RR: 1.36, 95% CI: 1.02–1.82, p = 0.038), and 3 years (RR: 2.04,
95% CI: 1.69–2.46, p < 0.0001) after treatment initiation.

3.3.4. Distribution of Vestibular Disorder Subtypes

A subtype analysis of diagnosed vestibular disorders revealed differing patterns
between semaglutide and tirzepatide users (Table 3). Among patients who developed
vestibular disorders, BPPV was the predominant manifestation overall (67.3% of cases),
with a significantly higher prevalence among semaglutide users compared to tirzepatide
users (69.8% vs. 58.4%, risk ratio 1.20, p < 0.001). Other peripheral vertigo (12.9% overall)
occurred more frequently with tirzepatide (14.6%) than semaglutide (12.4%, risk ratio 0.85,
p = 0.03). Ménière’s disease constituted 11.1% of all vestibular diagnoses, with comparable
rates between the medication groups (10.8% in semaglutide vs. 12.2% in tirzepatide users,
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p = 0.17). Central origin vertigo showed the most pronounced relative difference, occurring
twice as frequently with tirzepatide (8.6%) compared to semaglutide (4.2%, risk ratio 0.49,
p < 0.001). Vestibular neuronitis was diagnosed in 4.3% of cases overall, with a higher
prevalence in tirzepatide users (5.8% vs. 3.9%, risk ratio 0.67, p = 0.02). Unspecified or
other vestibular disorders accounted for 11.5% of diagnoses, with no significant difference
between the medication groups (11.2% vs. 12.8%, p = 0.13).

Table 3. Distribution of vestibular disorder subtypes by GLP-1RA medication.

Vestibular Disorder Subtype Semaglutide (%) Tirzepatide (%) p-Value

Benign paroxysmal positional vertigo 69.8 58.4 <0.001

Other peripheral vertigo 12.4 14.6 0.03

Ménière’s disease 10.8 12.2 0.17

Vertigo of central origin 4.2 8.6 <0.001

Vestibular neuronitis 3.9 5.8 0.02

Other/unspecified vestibular disorders 11.2 12.8 0.13
Note: Some patients had multiple vestibular disorder diagnoses, so column totals may exceed 100%.

3.3.5. Temporal Patterns of Vestibular Disorder Subtypes

An analysis of time-to-diagnosis for different vestibular disorder subtypes revealed
distinct temporal patterns between the two GLP-1RA medications (Table 4). Among
semaglutide users, BPPV, the most common manifestation, was diagnosed at a median of
2.8 months (IQR: 1.6–5.3) after treatment initiation, significantly earlier than in tirzepatide
users (median: 3.4 months, IQR: 1.9–5.8, p = 0.02). The most pronounced temporal difference
was observed for vestibular neuronitis, which typically occurred 2.1 months earlier with
semaglutide than tirzepatide (median onset: 2.5 vs. 4.6 months, p < 0.001).

Table 4. Median time to diagnose vestibular disorder subtypes by medication.

Vestibular Disorder
Subtype

Semaglutide,
Months

Tirzepatide,
Months p-Value

Benign paroxysmal
positional vertigo 2.8 (1.6–5.3) 3.4 (1.9–5.8) 0.02

Other peripheral vertigo 3.4 (2.1–6.2) 3.9 (2.3–6.5) 0.14

Ménière’s disease 4.1 (2.5–7.3) 4.3 (2.7–7.1) 0.68

Vertigo of central origin 5.2 (3.4–8.6) 3.8 (2.5–6.2) 0.03

Vestibular neuronitis 2.5 (1.3–4.4) 4.6 (2.8–6.7) <0.001

Other/unspecified
vestibular disorders 3.6 (2.1–6.3) 3.8 (2.2–6.5) 0.41

Data are reported as median (interquartile range).

Ménière’s disease showed a similar time-to-onset between medications (median
4.1 months with semaglutide vs. 4.3 months with tirzepatide, p = 0.68), suggesting com-
parable mechanisms affecting inner ear fluid homeostasis. Interestingly, the vertigo of
central origin displayed a reverse pattern, with an earlier onset in tirzepatide users (median:
3.8 months) compared to semaglutide users (median: 5.2 months, p = 0.03), potentially
reflecting differential effects on central vestibular processing pathways.
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4. Discussion
This large-scale, real-world study demonstrates a significant association between

GLP-1 receptor agonist therapy and an increased risk of vestibular disorders. An analy-
sis of 419,497 semaglutides and 77,259 tirzepatide users revealed substantially elevated
vestibular disorder risk compared to matched controls, with hazard ratios of 4.02–4.95 for
semaglutide and 3.19–4.55 for tirzepatide. This association persisted after controlling for
potential confounders through propensity score matching, suggesting an independent
effect of these medications on vestibular function. The cumulative incidence in semaglutide
users increased progressively from 0.12% at 6 months to 0.41% at 3 years, which is signif-
icantly higher than the 0.03% to 0.16% observed in matched controls. Tirzepatide users
showed similar patterns but with lower absolute rates. A direct comparison between the
medications revealed that semaglutide carried a higher relative risk of vestibular disorders
than tirzepatide, with this difference becoming more pronounced over time (relative risk
increasing from 1.53 at 6 months to 2.04 at 3 years).

4.1. Putative Biological/Molecular Mechanisms of GLP-1RA-Associated Vestibular Dysfunction

The increased risk of vestibular disorders linked to GLP-1RAs may involve multiple in-
terconnected pathways. First, direct modulation of vestibular processing may occur through
GLP-1 receptors expressed in the brainstem (vestibular nuclei complex) and cerebellum,
which are critical regions for balance regulation [27], potentially altering vestibulo-ocular
reflex gain [28,29]. Second, fluid homeostasis disruption in the inner ear could arise from
GLP-1RA-induced vasodilation (nitric oxide-dependent) and dysregulation of ion transport
(Na+/K+-ATPase, aquaporins) [30], destabilizing endolymph composition in semicircular
canals and otolith organs [31]. Third, metabolic stress in vestibular hair cells—highly
dependent on mitochondrial bioenergetics—may be exacerbated by GLP-1RA effects on
calcium handling and oxidative balance, particularly in patients with diabetes [32]. Fourth,
autonomic interactions are suggested by baroreflex modulation via nucleus tractus soli-
tarius GLP-1 receptors, which may impair postural compensation [33]. At the same time,
tirzepatide’s reduced risk profile (HR = 3.19–4.55 vs. semaglutide HR = 4.02–4.95) im-
plies that GIP co-activation mitigates sympathetic overdrive [34]. Finally, rapid weight
loss may induce proprioceptive recalibration demands, further compromising vestibular
adaptation [31] (Figure 5).

Furthermore, an in silico analysis was run to unravel the potential molecular players
underlying the possible association between GLP-1RAs and vestibular disorders observed
in our real-world cohort study using “QIAGEN Ingenuity Pathway Analysis (QIAGEN
Inc., Germantown, MD, USA, https://digitalinsights.qiagen.com/products-overview/
discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/) (accessed 4 April
2025) [35]. The network created reveals several critical protein interactions that may explain
how GLP-1RAs could influence vestibular function (Figure 6). The network integrates mul-
tiple processes, including metabolism (SLC2A5), protein trafficking (NEDD4 and RAB8A),
autophagy (SQSTM1; p62), and inflammatory signaling, which converge to influence
vestibular homeostasis. The identification of these putative mechanisms provides a founda-
tion for future experimental studies investigating GLP-1RA effects on vestibular tissues.
Understanding these pathways may ultimately inform clinical approaches to mitigate
vestibular adverse effects while preserving the metabolic benefits of these medications.

https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
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Figure 5. Proposed mechanisms of GLP-1RA-associated vestibular dysfunction. Multiple interconnected
pathways potentially contribute to vestibular symptoms: (1) direct central vestibular modulation via
GLP-1R in brainstem nuclei; (2) inner ear fluid homeostasis disruption; (3) mitochondrial stress in
vestibular hair cells; (4) autonomic dysregulation affecting postural control; and (5) systematic effect due
to rapid weight loss. Created with BioRender.com (E.A.T.) (accessed 13 April 2025).
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proteins involved in cellular signaling, metabolism, and inflammation. Key pathways include
autophagy regulation via Sequestosome-1 (SQSTM1), glucose transport mediated by Solute Car-
rier Family 2 Member 5 (SLC2A5), endocytic trafficking through “Neural precursor cell-expressed
developmentally down-regulated protein 4; (NEDD4) and Ras-related protein Rab-8A (RAB8A),
pyrimidine synthesis involving Carbamoyl-phosphate synthetase 2 (CAD), and nuclear signaling
via “Rel Avian Reticuloendotheliosis Viral Oncogene Homolog A (RELA; NF-κB pathway). Source:
https://digitalinsights.qiagen.com/IPA (accessed 4 April 2025).

4.2. Differential Medication Effects

The differential effects between semaglutide and tirzepatide might be explained by
their distinct molecular mechanisms and receptor interactions. While semaglutide acts
solely as a GLP-1 receptor agonist, tirzepatide’s dual GLP-1/GIP receptor agonism may
provide additional modulation of vestibular pathways through distinct signaling mecha-
nisms. GIP receptor activation may offer protective effects against vestibular dysfunction,
potentially through the modulation of inflammatory processes in neural tissues [36]. Fur-
thermore, pharmacokinetic differences between these agents may play a role, as tirzepatide
has different clearance properties compared to semaglutide, potentially resulting in more
stable receptor engagement and reduced fluctuations in systemic effects [37]. Structural
differences between these molecules (molecular weights and receptor binding profiles) may
also influence their blood–brain barrier penetration and access to vestibular regulatory
centers [38].

Molecular structure differences may further explain the differential risk profiles.
Semaglutide (molecular weight: 4113.6 Da) contains a C18 fatty diacid side chain at-
tached via a spacer to Lys26, while tirzepatide (molecular weight: 4813.5 Da) incorporates
a 20-carbon fatty diacid moiety conjugated to a lysine residue. These lipophilic modifica-
tions not only extend circulation time via albumin binding but also influence blood–brain
barrier penetration [39]. The calculated Log p values (a measure of lipophilicity) are approxi-
mately −5.8 for semaglutide and −6.8 for tirzepatide (https://pubchem.ncbi.nlm.nih.gov/)
(accessed 13 April 2025). The slightly higher lipophilicity of semaglutide aligns with our
observation of increased vestibular risk (HR 4.02–4.95 for semaglutide vs. 3.19–4.55 for
tirzepatide). This difference in lipophilicity could contribute to the differential risk profile
through several mechanisms: (1) the higher LogP value of semaglutide may facilitate
greater BBB penetration and higher CNS concentrations, potentially increasing the expo-
sure of vestibular nuclei to the drug; (2) greater lipophilicity could enhance interactions
with neuronal cell membranes in vestibular pathways, potentially affecting ion channel
function and neuronal excitability; and (3) while both drugs exhibit high albumin binding
(>99%), subtle differences in lipophilicity might affect tissue distribution patterns and
receptor accessibility in vestibular structures. However, we must emphasize that the ob-
served differential risk is likely multifactorial. The dual GIP/GLP-1 receptor agonism of
tirzepatide appears to be the primary protective factor, as GIP receptor activation may
counterbalance some of the autonomic and vestibular effects of GLP-1 receptor stimulation.
The modest lipophilicity differences likely play a contributory rather than a dominant role
in the observed clinical difference [40].

In our ongoing mechanistic studies, we are examining tissue distribution patterns of
these compounds in vestibular structures to better understand the relationship between
physicochemical properties and vestibular effects.

https://digitalinsights.qiagen.com/IPA
https://pubchem.ncbi.nlm.nih.gov/
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4.3. Metabolic Comorbidities and Vestibular Function

The high prevalence of comorbid conditions in our cohort suggests potential interac-
tions between metabolic disorders and vestibular function. Diabetes, present in 43.9% of
semaglutide users and 36.4% of tirzepatide users, has been independently associated with
vestibular dysfunction through mechanisms, including microangiopathy, oxidative stress,
and mitochondrial impairment [41]. Similarly, hypertension, observed in 47.7% of semaglu-
tide and 43.5% of tirzepatide users, can compromise labyrinthine blood flow and has been
linked to an increased risk of vestibular disorders [42]. The metabolic shifts caused by GLP-
1RA treatment may affect cellular energy metabolism and alter inflammatory mediators
in vestibular tissues. Since mitochondrial dysfunction has been implicated in vestibular
disorders like Ménière’s disease and age-related vestibular decline [43], it is plausible
that GLP-1RA effects on mitochondrial pathways could influence vestibular function in
susceptible individuals, particularly those with pre-existing metabolic conditions.

4.4. Contrasting Perspectives and Alternative Explanations

Several alternative explanations for our findings merit consideration. Increased health-
care utilization among GLP-1RA users could lead to surveillance bias, with more frequent
clinical encounters resulting in higher detection rates for vestibular symptoms. The ob-
served association might also reflect ascertainment bias related to known side effects of
GLP-1RAs, as common symptoms like nausea and dizziness may prompt investigations
that uncover pre-existing vestibular conditions [44]. However, our exclusion of patients
with pre-existing vestibular diagnoses mitigates this concern. Rapid weight loss itself,
rather than direct GLP-1RA effects, may contribute to vestibular symptoms [45]. However,
several findings challenge this explanation: (1) the median time to vestibular diagnosis
(3.2 months) typically preceded substantial weight reductions; (2) previous studies of
bariatric surgery patients with more dramatic weight loss (20–30%) show no compara-
ble increase in vestibular events; and (3) this hypothesis fails to explain the differential
risk between semaglutide and tirzepatide, as both medications produce similar weight
reduction profiles.

The possibility of confounding by indication should also be considered, as patients
prescribed GLP-1RAs may have more severe metabolic disease or different risk profiles
than those managed with other approaches. While our propensity score matching con-
trolled for known metabolic comorbidities, residual confounding cannot be eliminated in
observational studies.

Our findings align with emerging case reports and pharmacovigilance signals suggest-
ing vestibular effects of GLP-1RAs. Recent analyses of adverse event reporting systems
have found disproportionate reporting of dizziness and balance disorders with GLP-1RAs
compared to other antidiabetic medications [46]. Conversely, large clinical trials of these
medications, such as the SUSTAIN, PIONEER, and SURPASS trial programs, have not re-
ported significant increases in vestibular disorders [47–50]. However, this discrepancy may
reflect differences between controlled trial populations and real-world usage, limitations in
adverse event categorization, or insufficient follow-up duration in trials.

4.5. Strengths and Limitations

Our study’s strengths include its substantial sample size from 64 healthcare organiza-
tions, robust propensity score matching methodology, and real-world setting. However,
several limitations warrant consideration when interpreting our findings. First, we could
not account for variations in GLP-1RA dosing regimens or treatment durations, which
may influence vestibular symptom onset and severity. Higher doses (e.g., semaglutide
2.4 mg vs. 1.0 mg) or extended exposure times might modify risk profiles, but these data
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were unavailable in the TriNetX platform. The differential follow-up periods between
treatment groups (median 12.3 months for semaglutide versus 5.4 months for tirzepatide)
further complicate long-term risk assessment, particularly for tirzepatide. This shorter
observation period reflects its recent market entry and may underestimate cumulative risks.
Additionally, reliance on ICD-10 codes may underreport vestibular events and their sever-
ity, as diagnostic coding practices vary across healthcare systems, and milder vestibular
symptoms may not generate formal diagnoses.

Despite comprehensive propensity matching, unmeasured confounders, including
lifestyle factors and medication adherence, could influence results. While rapid weight
loss associated with GLP-1RAs could theoretically influence vestibular function, several
observations suggest this is unlikely to explain our results fully, as the association persisted
even in subgroup analyses of patients without significant weight loss (>5% body mass
reduction; adjusted HR = 3.89, 95% CI: 2.45–5.12). Also, vestibular disorders emerged early
in treatment (median onset: 3.2 months), preceding typical timelines for substantial weight
loss effects (6–12 months). Additionally, previous studies of bariatric surgery-induced
weight loss (~20–30% body mass) report no comparable increase in vestibular events,
suggesting that pharmacological mechanisms may dominate.

To evaluate potential detection bias, the authors compared healthcare utilization
between GLP-1RA users and non-users. We found that both groups had similar baseline
rates of otolaryngology/neurology visits (12.3 vs. 11.8 per 100 person-years, p = 0.34).
Sensitivity analyses restricting outcomes to diagnoses made during emergency visits (less
subject to surveillance bias) retained significance (HR = 2.95, 95% CI: 2.11–4.13). The
specificity of the signal (e.g., no increase in non-vestibular ENT diagnoses like hearing loss)
further argues against pure detection bias.

4.6. Clinical Implications

The current findings suggest the need for vigilant monitoring of vestibular symptoms
in GLP-1RA recipients, particularly given the early onset risk observed within the first
six months of therapy. Early identification of symptoms can facilitate timely referrals for
vestibular rehabilitation or other interventions that mitigate symptom severity and func-
tional impact [51]. When selecting between GLP-1RA agents, clinicians should consider
individual patient risk factors for vestibular dysfunction, including age, history of balance
disorders, polypharmacy with vestibulo-toxic medications, and the presence of comorbidi-
ties that may compound risk. The lower vestibular risk associated with tirzepatide may
make it preferable for higher-risk patients, though this potential benefit must be weighed
against other clinical considerations. Patient education regarding potential vestibular
symptoms is essential, as early recognition and reporting can facilitate prompt intervention.

4.7. Future Research Directions

A multifaceted research approach is necessary in the future to address the existing
knowledge gaps. Prospective trials with standardized vestibular examinations would offer
a complete definition of GLP-1RA effects on vestibular function, ideally involving objective
vestibular testing, patient-reported outcome measures, and prolonged follow-up periods.
Mechanistic studies examining the pathways related to GLP-1RA use with vestibular
dysfunction are needed, particularly the role of GIP co-agonism in decreasing vestibular
risk. Personalized risk stratification would be made possible by the identification of clinical
or genetic elements causing GLP-1RA-associated vestibular diseases. Additionally, research
on multiple dosage regimens and titration schedules can discover techniques that limit
vestibular risk while retaining metabolic advantages. As GLP-1RA usage continues to grow
worldwide, multidisciplinary cooperation between endocrinologists, otolaryngologists,
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and vestibular experts will ultimately be crucial to better understanding and treating this
developing safety issue.

5. Conclusions
The present findings highlight a significant association between GLP-1RA use and

vestibular disorders, with semaglutide demonstrating a higher risk profile than tirzepatide.
These results should inform clinical decision-making and emphasize the importance of
monitoring for vestibular symptoms in patients receiving GLP-1RA therapy. As these
medications increasingly become mainstays in diabetes and obesity management, a com-
prehensive understanding of their non-metabolic effects becomes essential for optimizing
patient outcomes.
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GIP Gastric inhibitory polypeptide
GLP-1RAs Glucagon-like peptide-1 receptor agonists
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HR Hazard ratio
NEDD4 Neural precursor cell-expressed developmentally down-regulated protein 4
RAB8A Ras-related protein Rab-8A
RELA Rel Avian Reticuloendotheliosis Viral Oncogene Homolog A
RR Risk ratio
SLC2A5 Solute Carrier Family 2 Member 5
SQSTM1 Sequestosome-1
T2DM Type 2 diabetes mellitus

References
1. Wen, S.; Nguyen, T.; Gong, M.; Yuan, X.; Wang, C.; Jin, J.; Zhou, L. An Overview of Similarities and Differences in Metabolic

Actions and Effects of Central Nervous System Between Glucagon-Like Peptide-1 Receptor Agonists (GLP-1RAs) and Sodium
Glucose Co-Transporter-2 Inhibitors (SGLT-2is). Diabetes Metab. Syndr. Obes. Targets Ther. 2021, 14, 2955–2972. [CrossRef]
[PubMed]

2. Yeh, T.L.; Tsai, M.C.; Tsai, W.H.; Tu, Y.K.; Chien, K.L. Effect of glucagon-like peptide-1 receptor agonists on glycemic control, and
weight reduction in adults: A multivariate meta-analysis. PLoS ONE 2023, 18, e0278685. [CrossRef] [PubMed]

3. Olukorode, J.O.; Orimoloye, D.A.; Nwachukwu, N.O.; Onwuzo, C.N.; Oloyede, P.O.; Fayemi, T.; Odunaike, O.S.; Ayobami-Ojo,
P.S.; Divine, N.; Alo, D.J.; et al. Recent Advances and Therapeutic Benefits of Glucagon-Like Peptide-1 (GLP-1) Agonists in the
Management of Type 2 Diabetes and Associated Metabolic Disorders. Cureus 2024, 16, e72080. [CrossRef] [PubMed]

4. Arredouani, A. GLP-1 receptor agonists, are we witnessing the emergence of a paradigm shift for neuro-cardio-metabolic
disorders? Pharmacol. Ther. 2025, 269, 108824. [CrossRef]

5. Kalra, S.; Sahay, R. A Review on Semaglutide: An Oral Glucagon-Like Peptide 1 Receptor Agonist in Management of Type 2
Diabetes Mellitus. Diabetes Ther. 2020, 11, 1965–1982. [CrossRef]

6. Zhao, F.; Zhou, Q.; Cong, Z.; Hang, K.; Zou, X.; Zhang, C.; Chen, Y.; Dai, A.; Liang, A.; Ming, Q.; et al. Structural insights into
multiplexed pharmacological actions of tirzepatide and peptide 20 at the GIP, GLP-1 or glucagon receptors. Nat. Commun. 2022,
13, 1057. [CrossRef]

7. Myšková, A.; Sýkora, D.; Kuneš, J.; Maletínská, L. Lipidization as a tool toward peptide therapeutics. Drug Deliv. 2023, 30,
2284685. [CrossRef]

8. Dong, M.; Wen, S.; Zhou, L. The Relationship Between the Blood-Brain-Barrier and the Central Effects of Glucagon-Like Peptide-1
Receptor Agonists and Sodium-Glucose Cotransporter-2 Inhibitors. Diabetes Metab. Syndr. Obes. Targets Ther. 2022, 15, 2583–2597.
[CrossRef]

9. Zheng, Z.; Zong, Y.; Ma, Y.; Tian, Y.; Pang, Y.; Zhang, C.; Gao, J. Glucagon-like peptide-1 receptor: Mechanisms and advances in
therapy. Signal Transduct. Target. Ther. 2024, 9, 234. [CrossRef]

10. Smith, N.K.; Hackett, T.A.; Galli, A.; Flynn, C.R. GLP-1: Molecular mechanisms and outcomes of a complex signaling system.
Neurochem. Int. 2019, 128, 94–105. [CrossRef]

11. Kabahizi, A.; Wallace, B.; Lieu, L.; Chau, D.; Dong, Y.; Hwang, E.S.; Williams, K.W. Glucagon-like peptide-1 (GLP-1) signalling in
the brain: From neural circuits and metabolism to therapeutics. Br. J. Pharmacol. 2022, 179, 600–624. [CrossRef]

12. Pak, K.Y.; Cutri, R.M.; Nadeem, W.; Kothari, D.; Wong, Y.T.; Wu, A.W.; Miller, M.E. GLP-1 Receptor Agonist Induced Eustachian
Tube Dysfunction: Database and Systematic Review of Otolaryngologic Adverse Events. Otol. Neurotol. 2025, 46, 19–22. [CrossRef]
[PubMed]

13. Disogra, R.M.; Mcelhannon, M. Auditory and Vestibular Side Effects of Pharmaceuticals and Nutraceuticals Used for Diabetes
Management: An Overview and Guide for Audiologists and Diabetes Care and Education Specialists. ADCES Pract. 2022, 10,
16–26. [CrossRef]

14. Back, H.-M.; Choi, S.-A.; Kim, M.G. Adverse events of GLP-1 receptor agonists for weight loss: Twitter and a national pharma-
covigilance database. Drug Targets Ther. 2023, 2, 41–48. [CrossRef]

15. Trapp, S.; Cork, S.C. PPG neurons of the lower brain stem and their role in brain GLP-1 receptor activation. Am. J. physiol. Regul.
Integr. Comp. Physiol. 2015, 309, R795–R804. [CrossRef]

16. Wang, X.-Y.; Liu, Y.; Cao, L.-X.; Li, Y.-Z.; Wan, P.; Qiu, D.-L. Glucagon-like peptide-1 facilitates cerebellar parallel fiber glutamate
release through PKA signaling in mice in vitro. Sci. Rep. 2023, 13, 7948. [CrossRef]

17. Yaribeygi, H.; Farrokhi, F.R.; Abdalla, M.A.; Sathyapalan, T.; Banach, M.; Jamialahmadi, T.; Sahebkar, A. The Effects of Glucagon-
Like Peptide-1 Receptor Agonists and Dipeptydilpeptidase-4 Inhibitors on Blood Pressure and Cardiovascular Complications in
Diabetes. J. Diabetes Res. 2021, 2021, 6518221. [CrossRef]

18. Hosoya, M.; Kitama, T.; Iwabu, K.; Nishiyama, T.; Oishi, N.; Okano, H.; Ozawa, H. Development of the stria vascularis in the
common marmoset, a primate model. Sci. Rep. 2022, 12, 19811. [CrossRef]

https://doi.org/10.2147/DMSO.S312527
https://www.ncbi.nlm.nih.gov/pubmed/34234493
https://doi.org/10.1371/journal.pone.0278685
https://www.ncbi.nlm.nih.gov/pubmed/36696429
https://doi.org/10.7759/cureus.72080
https://www.ncbi.nlm.nih.gov/pubmed/39574978
https://doi.org/10.1016/j.pharmthera.2025.108824
https://doi.org/10.1007/s13300-020-00894-y
https://doi.org/10.1038/s41467-022-28683-0
https://doi.org/10.1080/10717544.2023.2284685
https://doi.org/10.2147/DMSO.S375559
https://doi.org/10.1038/s41392-024-01931-z
https://doi.org/10.1016/j.neuint.2019.04.010
https://doi.org/10.1111/bph.15682
https://doi.org/10.1097/MAO.0000000000004373
https://www.ncbi.nlm.nih.gov/pubmed/39666743
https://doi.org/10.1177/2633559X221128010
https://doi.org/10.58502/DTT.23.0003
https://doi.org/10.1152/ajpregu.00333.2015
https://doi.org/10.1038/s41598-023-34070-6
https://doi.org/10.1155/2021/6518221
https://doi.org/10.1038/s41598-022-24380-6


Biomedicines 2025, 13, 1049 17 of 18

19. Oberman, B.S.; Patel, V.A.; Cureoglu, S.; Isildak, H. The aetiopathologies of Ménière’s disease: A contemporary review. Acta
Otorhinolaryngol. Ital. 2017, 37, 250–263. [CrossRef]

20. Zhao, X.; Wang, M.; Wen, Z.; Lu, Z.; Cui, L.; Fu, C.; Xue, H.; Liu, Y.; Zhang, Y. GLP-1 Receptor Agonists: Beyond Their Pancreatic
Effects. Front. Endocrinol. 2021, 12, 721135. [CrossRef]

21. Özgirgin, O.N.; Kingma, H.; Manzari, L.; Lacour, M. Residual dizziness after BPPV management: Exploring pathophysiology and
treatment beyond canalith repositioning maneuvers. Front. Neurol. 2024, 15, 1382196. [CrossRef]

22. Gupta, T.; Kaur, M.; Shekhawat, D.; Aggarwal, R.; Nanda, N.; Sahni, D. Investigating the Glucagon-like Peptide-1 and Its Receptor
in Human Brain: Distribution of Expression, Functional Implications, Age-related Changes and Species Specific Characteristics.
Basic Clin. Neurosci. 2023, 14, 341–353. [CrossRef] [PubMed]

23. Ribeiro-Silva, J.C.; Tavares, C.A.M.; Girardi, A.C.C. The blood pressure lowering effects of glucagon-like peptide-1 receptor
agonists: A mini-review of the potential mechanisms. Curr. Opin. Pharmacol. 2023, 69, 102355. [CrossRef] [PubMed]

24. Richards, J.R.; Khalsa, S.S. Highway to the danger zone? A cautionary account that GLP-1 receptor agonists may be too effective
for unmonitored weight loss. Obes. Rev. 2024, 25, e13709. [CrossRef]

25. Dzaye, O.; Berning, P.; Razavi, A.C.; Adhikari, R.; Jha, K.; Nasir, K.; Ayers, J.W.; Mortensen, M.B.; Blaha, M.J. Online searches for
SGLT-2 inhibitors and GLP-1 receptor agonists correlate with prescription rates in the United States: An infodemiological study.
Front. Cardiovasc. Med. 2022, 9, 936651. [CrossRef]

26. Wan, F. Propensity Score Matching: Should we use it in designing observational studies? BMC Med. Res. Methodol. 2025, 25, 25.
[CrossRef]

27. Muscogiuri, G.; DeFronzo, R.A.; Gastaldelli, A.; Holst, J.J. Glucagon-like Peptide-1 and the Central/Peripheral Nervous System:
Crosstalk in Diabetes. Trends Endocrinol. Metab. 2017, 28, 88–103. [CrossRef]

28. Heppner, K.M.; Kirigiti, M.; Secher, A.; Paulsen, S.J.; Buckingham, R.; Pyke, C.; Knudsen, L.B.; Vrang, N.; Grove, K.L. Expression
and distribution of glucagon-like peptide-1 receptor mRNA, protein and binding in the male nonhuman primate (Macaca mulatta)
brain. Endocrinology 2015, 156, 255–267. [CrossRef]

29. Katsurada, K.; Yada, T. Neural effects of gut- and brain-derived glucagon-like peptide-1 and its receptor agonist. J. Diabetes
investig. 2016, 7, 64–69. [CrossRef]

30. Drucker, D.J. Mechanisms of Action and Therapeutic Application of Glucagon-like Peptide-1. Cell Metab. 2018, 27, 740–756.
[CrossRef]

31. Nakashima, T.; Pyykkö, I.; Arroll, M.A.; Casselbrant, M.L.; Foster, C.A.; Manzoor, N.F.; Megerian, C.A.; Naganawa, S.; Young,
Y.-H. Ménière’s disease. Nat. Rev. Dis. Primers 2016, 2, 16028. [CrossRef] [PubMed]

32. Luna-Marco, C.; de Marañon, A.M.; Hermo-Argibay, A.; Rodriguez-Hernandez, Y.; Hermenejildo, J.; Fernandez-Reyes, M.;
Apostolova, N.; Vila, J.; Sola, E.; Morillas, C.; et al. Effects of GLP-1 receptor agonists on mitochondrial function, inflammatory
markers and leukocyte-endothelium interactions in type 2 diabetes. Redox Biol. 2023, 66, 102849. [CrossRef]

33. Greco, C.; Santi, D.; Brigante, G.; Pacchioni, C.; Simoni, M. Effect of the Glucagon-Like Peptide-1 Receptor Agonists on Autonomic
Function in Subjects with Diabetes: A Systematic Review and Meta-Analysis. Diabetes Metab. J. 2022, 46, 901–911. [CrossRef]

34. Nauck, M.A.; D’Alessio, D.A. Tirzepatide, a dual GIP/GLP-1 receptor co-agonist for the treatment of type 2 diabetes with
unmatched effectiveness regrading glycaemic control and body weight reduction. Cardiovasc. Diabetol. 2022, 21, 169. [CrossRef]
[PubMed]

35. Krämer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics
2014, 30, 523–530. [CrossRef] [PubMed]

36. Frias, J.P.; Bastyr, E.J., 3rd; Vignati, L.; Tschöp, M.H.; Schmitt, C.; Owen, K.; Christensen, R.H.; DiMarchi, R.D. The Sustained
Effects of a Dual GIP/GLP-1 Receptor Agonist, NNC0090-2746, in Patients with Type 2 Diabetes. Cell Metab. 2017, 26, 343–352.e342.
[CrossRef]

37. Coskun, T.; Sloop, K.W.; Loghin, C.; Alsina-Fernandez, J.; Urva, S.; Bokvist, K.B.; Cui, X.; Briere, D.A.; Cabrera, O.; Roell, W.C.;
et al. LY3298176, a novel dual GIP and GLP-1 receptor agonist for the treatment of type 2 diabetes mellitus: From discovery to
clinical proof of concept. Mol. Metab. 2018, 18, 3–14. [CrossRef]

38. Knudsen, L.B.; Secher, A.; Hecksher-Sørensen, J.; Pyke, C. Long-acting glucagon-like peptide-1 receptor agonists have direct access
to and effects on pro-opiomelanocortin/cocaine- and amphetamine-stimulated transcript neurons in the mouse hypothalamus. J.
Diabetes Investig. 2016, 7, 56–63. [CrossRef]

39. Kim, M.K.; Kim, H.S. An Overview of Existing and Emerging Weight-Loss Drugs to Target Obesity-Related Complications:
Insights from Clinical Trials. Biomol. Ther. 2025, 33, 5–17. [CrossRef]

40. Liu, Q.K. Mechanisms of action and therapeutic applications of GLP-1 and dual GIP/GLP-1 receptor agonists. Front. Endocrinol.
2024, 15, 1431292. [CrossRef]

41. D’Silva, L.J.; Lin, J.; Staecker, H.; Whitney, S.L.; Kluding, P.M. Impact of Diabetic Complications on Balance and Falls: Contribution
of the Vestibular System. Phys. Ther. 2016, 96, 400–409. [CrossRef]

https://doi.org/10.14639/0392-100X-793
https://doi.org/10.3389/fendo.2021.721135
https://doi.org/10.3389/fneur.2024.1382196
https://doi.org/10.32598/bcn.2021.2554.2
https://www.ncbi.nlm.nih.gov/pubmed/38077175
https://doi.org/10.1016/j.coph.2023.102355
https://www.ncbi.nlm.nih.gov/pubmed/36857807
https://doi.org/10.1111/obr.13709
https://doi.org/10.3389/fcvm.2022.936651
https://doi.org/10.1186/s12874-025-02481-w
https://doi.org/10.1016/j.tem.2016.10.001
https://doi.org/10.1210/en.2014-1675
https://doi.org/10.1111/jdi.12464
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1038/nrdp.2016.28
https://www.ncbi.nlm.nih.gov/pubmed/27170253
https://doi.org/10.1016/j.redox.2023.102849
https://doi.org/10.4093/dmj.2021.0314
https://doi.org/10.1186/s12933-022-01604-7
https://www.ncbi.nlm.nih.gov/pubmed/36050763
https://doi.org/10.1093/bioinformatics/btt703
https://www.ncbi.nlm.nih.gov/pubmed/24336805
https://doi.org/10.1016/j.cmet.2017.07.011
https://doi.org/10.1016/j.molmet.2018.09.009
https://doi.org/10.1111/jdi.12463
https://doi.org/10.4062/biomolther.2024.228
https://doi.org/10.3389/fendo.2024.1431292
https://doi.org/10.2522/ptj.20140604


Biomedicines 2025, 13, 1049 18 of 18

42. Agrawal, Y.; Carey, J.P.; Della Santina, C.C.; Schubert, M.C.; Minor, L.B. Diabetes, vestibular dysfunction, and falls: Analyses from
the National Health and Nutrition Examination Survey. Otol. Neurotol. 2010, 31, 1445–1450. [CrossRef]

43. Holmes, S.; Male, A.J.; Ramdharry, G.; Woodward, C.; James, N.; Skorupinska, I.; Skorupinska, M.; Germain, L.; Kozyra, D.;
Bugiardini, E.; et al. Vestibular dysfunction: A frequent problem for adults with mitochondrial disease. J. Neurol. Neurosurg.
Psychiatry 2019, 90, 838. [CrossRef]

44. Bettge, K.; Kahle, M.; Abd El Aziz, M.S.; Meier, J.J.; Nauck, M.A. Occurrence of nausea, vomiting and diarrhoea reported as
adverse events in clinical trials studying glucagon-like peptide-1 receptor agonists: A systematic analysis of published clinical
trials. Diabetes Obes. Metab. 2017, 19, 336–347. [CrossRef]

45. Kawao, N.; Takafuji, Y.; Ishida, M.; Okumoto, K.; Morita, H.; Muratani, M.; Kaji, H. Roles of the vestibular system in obesity and
impaired glucose metabolism in high-fat diet-fed mice. PLoS ONE 2020, 15, e0228685. [CrossRef] [PubMed]

46. Gao, L.; Yu, S.; Cipriani, A.; Wu, S.; Huang, Y.; Zhang, Z.; Yang, J.; Sun, Y.; Yang, Z.; Chai, S.; et al. Neurological Manifestation of
Incretin-Based Therapies in Patients with Type 2 Diabetes: A Systematic Review and Network Meta-Analysis. Aging Dis. 2019, 10,
1311–1319. [CrossRef] [PubMed]

47. Fontana, M.P.; Menegoni, F.; Vismara, L.; Galli, M.; Romei, M.; Bergamini, E.; Petroni, M.L.; Capodaglio, P. Balance in patients
with anorexia and bulimia nervosa. Eur. J. Phys. Rehabil. Med. 2009, 45, 335–340. [PubMed]

48. Pratley, R.E.; Aroda, V.R.; Lingvay, I.; Lüdemann, J.; Andreassen, C.; Navarria, A.; Viljoen, A. Semaglutide versus dulaglutide
once weekly in patients with type 2 diabetes (SUSTAIN 7): A randomised, open-label, phase 3b trial. Lancet Diabetes Endocrinol.
2018, 6, 275–286. [CrossRef]

49. Rosenstock, J.; Wysham, C.; Frías, J.P.; Kaneko, S.; Lee, C.J.; Fernández Landó, L.; Mao, H.; Cui, X.; Karanikas, C.A.; Thieu, V.T.
Efficacy and safety of a novel dual GIP and GLP-1 receptor agonist tirzepatide in patients with type 2 diabetes (SURPASS-1): A
double-blind, randomised, phase 3 trial. Lancet 2021, 398, 143–155. [CrossRef]

50. Rudofsky, G.; Amadid, H.; Braae, U.C.; Catrina, S.B.; Kick, A.; Mandavya, K.; Roslind, K.; Saravanan, P.; van Houtum, W.;
Jain, A.B. Oral Semaglutide Use in Type 2 Diabetes: A Pooled Analysis of Clinical and Patient-Reported Outcomes from Seven
PIONEER REAL Prospective Real-World Studies. Diabetes Ther. Res. Treat. Educ. Diabetes Relat. disorders 2025, 16, 73–87. [CrossRef]

51. Hall, C.D.; Heusel-Gillig, L.; Tusa, R.J.; Herdman, S.J. Efficacy of gaze stability exercises in older adults with dizziness. J. Neurol.
Phys. Ther JNPT 2010, 34, 64–69. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/MAO.0b013e3181f2f035
https://doi.org/10.1136/jnnp-2018-319267
https://doi.org/10.1111/dom.12824
https://doi.org/10.1371/journal.pone.0228685
https://www.ncbi.nlm.nih.gov/pubmed/32012199
https://doi.org/10.14336/AD.2019.0303
https://www.ncbi.nlm.nih.gov/pubmed/31788342
https://www.ncbi.nlm.nih.gov/pubmed/19221547
https://doi.org/10.1016/S2213-8587(18)30024-X
https://doi.org/10.1016/S0140-6736(21)01324-6
https://doi.org/10.1007/s13300-024-01668-6
https://doi.org/10.1097/NPT.0b013e3181dde6d8
https://www.ncbi.nlm.nih.gov/pubmed/20588090

	Introduction 
	Materials and Methods 
	Data Source and Study Design 
	Study Population and Eligibility Criteria 
	Study Groups and Treatment Cohorts 
	Propensity Score Matching and Covariates 
	Study Outcomes 
	Statistical Analysis 

	Results 
	Study Population 
	Follow-Up Period 
	Risk of Vestibular Disease 
	Semaglutide Cohort 
	Tirzepatide Cohort 
	Comparative Risk Between Medications 
	Distribution of Vestibular Disorder Subtypes 
	Temporal Patterns of Vestibular Disorder Subtypes 


	Discussion 
	Putative Biological/Molecular Mechanisms of GLP-1RA-Associated Vestibular Dysfunction 
	Differential Medication Effects 
	Metabolic Comorbidities and Vestibular Function 
	Contrasting Perspectives and Alternative Explanations 
	Strengths and Limitations 
	Clinical Implications 
	Future Research Directions 

	Conclusions 
	References

