
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Pisani et al. Cell Communication and Signaling          (2025) 23:357 
https://doi.org/10.1186/s12964-025-02338-1

Cell Communication 
and Signaling

†Anna Pisani and Valentina Petito contributed equally to this work.
†Anna Rita Fetoni and Franco Scaldaferri share the senior authorship.

*Correspondence:
Fabiola Paciello
fabiola.paciello@unicatt.it
Anna Rita Fetoni
annarita.fetoni@unina.it

Full list of author information is available at the end of the article

Abstract
Background  Although several evidence demonstrates a “gut–microbiota–brain axis”, suggesting a bidirectional 
communication between gut microbiota and the central nervous system, less is known about a possible link between 
the gut and the peripheral nervous system, including the inner ear.

Methods  Here, we investigated the impact of intestinal inflammation and the modulation of gut microbiota through 
fecal microbiota transplantation on hearing sensitivity. Female C57BL/6 mice were assigned to four groups: control 
(Ctrl), DSS-induced colitis (DSS), FMT from patients with active ulcerative colitis (FMT aUC), and FMT from patients 
with ulcerative colitis in remission (FMT rUC). Auditory function was evaluated by auditory brainstem responses (ABR). 
Morphological and molecular analyses on cochlear tissues were performed using immunofluorescence, histological 
staining, and Western blot to assess inflammation, oxidative stress, and blood-labyrinth barrier integrity. Donor 
microbiota composition was characterized by 16S rRNA sequencing, and systemic inflammation was evaluated by 
measuring serum lipopolysaccharide (LPS) levels.

Results  We found that intestinal dysbiosis is associated with functional, morphological, and molecular alterations in 
the cochlea, such as increased oxidative stress, inflammation, and altered blood-labyrinth barrier permeability. This 
leads to macrophage infiltration and immune response activation through the MyD88/NF-κB pathway. Notably, these 
effects were exacerbated by FMT from subjects with aUC, while FMT from patients with rUC provided a protective 
effect on cochlear functions.
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Introduction
Over the past decade, a growing interest in the field 
of neuroscience has been focused on the interaction 
between intestinal microbial communities and the cen-
tral nervous system (CNS), introducing the concept of 
the “gut–brain axis” [1, 2]. Several studies demonstrated 
a bidirectional communication between gut bacteria and 
brain structures, showing that the gastro-intestinal tract 
can influence cognitive functions, and vice versa. Fur-
thermore, great efforts have been made to identify the 
complex network involved in maintaining gastrointesti-
nal and CNS homeostasis, identifying different potential 
communication pathways between the gut microbiota 
and the brain [3, 4].

The gut microbiota is considered a metabolic and 
immune organ, regulating different physiological func-
tions, such as nutrient absorption, metabolism, per-
meability of the epithelial barrier and modulation of 
immunity against pathogens [5]. An imbalance in the 
relationship between gut microbes and the immune sys-
tem can lead to harmful consequences. On one hand, 
intestinal bacteria may promote inflammatory responses 
in other tissues outside the gut, boosting cytokine signal-
ing, as well as reactive oxygen species (ROS) production, 
and leading to inflammatory-oxidative damage [6, 7]. On 
the other side, immune cells can trigger inflammatory 
responses, promoting the secretion of pro-inflammatory 
agents [8–10], and further increasing the level of oxi-
dative stress in the intestinal tract [11, 12]. Moreover, 
an imbalance of microbial-immune system interaction 

results in an increased permeability of the intestinal 
barrier [13, 14]. Consequently, pathogens can then infil-
trate the bloodstream, enabling them to spread to other 
organs, leading to extraintestinal, sometimes life-threat-
ening, damage [14].

Interestingly, gut-derived oxidative stress and inflam-
mation are considered the main detrimental mecha-
nisms of several neuropsychiatric and neurodegenerative 
pathologies, either in the central or in the peripheral 
nervous system. Specifically, mechanisms underlying 
cochlear damage include increased ROS production, the 
rise of inflammatory signaling, macrophage infiltration 
and alteration of the redox balance [15–18].

Considering the similarities between sensory and cog-
nitive neurodegeneration, as well as the functional and 
structural commonalities between the blood-brain bar-
rier (BBB) and the blood labyrinth-barrier (BLB), the 
existence of a “gut-inner ear axis” connecting the gut 
microbiota and the inner ear has been hypothesized [19]. 
Although sensorineural hearing loss has been specu-
lated to be correlated with gastrointestinal or metabolic 
pathologies [20–22], to date no data support a possible 
association between the gut and hearing impairment, and 
the molecular mechanisms underlying the gut-cochlear 
axis. This physiopathological substrate could explain the 
individual variability in susceptibility to cochlear neuro-
degenerative conditions in such patients with acquired 
sensorineural hearing loss.

Thus, in this study, we explored the molecular mecha-
nisms underlying the possible association between gut 

Conclusions  Overall, our findings suggest that gut inflammation, microbiota alteration, or its therapeutic modulation 
can impact inner ear pathology: worsening gut inflammatory status negatively affects hearing sensitivity, while the 
restoration of gut microbiota positively impacts auditory function.

Plain English summary
While the gut-brain axis has been widely studied, less is known about the potential connection between gut 
health and structures of the peripheral nervous system, such as the inner ear. In this study, we examined whether 
gut inflammation and changes in gut bacteria (microbiota) can impact hearing. We used a mouse model to mimic 
intestinal inflammation by administering a chemical (DSS) that induces colitis. Some mice also received fecal 
microbiota transplantation (FMT), a procedure in which gut bacteria from patients with ulcerative colitis (UC) were 
transferred into the mice. We tested two types of FMT: one from patients with active UC (severe inflammation) 
and another from patients with quiescent UC. Our results showed that intestinal inflammation negatively affects 
hearing by causing damage to the inner ear. Mice with colitis exhibited increased inflammation, oxidative stress, 
and weakening of the blood-labyrinth barrier, a structure that normally protects the ear. Mice that received FMT 
from patients with active UC experienced even more severe hearing impairment and inner ear damage. Conversely, 
those that received FMT from patients with quiescent UC showed reduced damage and better hearing, suggesting 
that a healthier gut microbiota may have a protective effect on the auditory system.

These findings suggest that gut health and microbiota composition can influence hearing. While severe 
gut dysbiosis worsens cochlear damage, microbiota modulation through FMT may offer protective effects. This 
highlights the potential of microbiota-based therapies to prevent hearing loss, particularly in individuals with 
inflammatory bowel disease.

Keywords  Cochlea, Gut dysbiosis, Gut microbiota, Inflammation
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microbiota alterations and cochlear pathology. Specifi-
cally, we used an animal model of dysbiosis, intestinal 
inflammation (colitis) and altered intestinal permeability 
induced by dextran sulfate sodium (DSS) administra-
tion. Besides, thanks to fecal microbiota transplantation 
(FMT) from patients with active or inactive ulcerative 
colitis (UC), we investigated the effect of gut microbiota 
alterations or repair on cochlear function.

Materials and methods
Animals and experimental groups
A total of 67 C57BL/6 female mice eight weeks old were 
used for the experimental procedures. Mice were divided 
into 7 experimental groups: (1) “Ctrl” group; n = 12; (2) 
animals receiving a mixture of antibiotics (“ABX” group; 
n = 12); (3) animals receiving ABX and DSS dissolved 
in tap water as a model of gut dysbiosis (“DSS” group; 
n = 11); (4) animals receiving ABX, DSS and fecal sus-
pension from aUC patients (“FMT aUC” group; n = 8); 
(5) animals receiving ABX, DSS and fecal suspension 
from rUC patients (“FMT rUC” group; n = 8); (6) ani-
mals receiving ABX and fecal suspension from aUC 

patients (“ABX + FMT aUC” group; n = 5); and (7) animals 
receiving ABX and fecal suspension from rUC patients 
(“ABX + FMT rUC” group; n = 6). Moreover, to control 
the impact of DSS administration on hearing thresh-
olds, n = 5 animals receiving only DSS were also used 
(“DSS-only” group). The antibiotic mixture (400  µl, by 
gavage) was composed by [23]: Vancomycin (0.125  mg/
die; Hikma S.p.A., Pavia, Italy); Amoxicillin (0.25 mg/die; 
GlaxoSmithKline S.p.A., Verona, Italy); Metronidazole 
(0.25 mg/die; Alfasigma S.p.A., Bologna, Italy); Gentami-
cin (0.25  mg/die; Euroclone S.p.A., Pero, Italy) to allow 
following experiments with FMT (400 µl, by gavage).

To induce acute experimental colitis, mice were admin-
istered 3% (w/v) DSS (MP Biomedicals, Aurora, OH, 
USA) in their drinking water for 7 days following anti-
biotic treatment, then allowed to recover for a further 7 
days. A schematic representation of experimental proce-
dures is shown in Fig. 1. On alternate days body weight, 
fecal consistency, and the presence of occult fecal blood 
were monitored in order to calculate the Disease Activ-
ity Index, DAI [24]. At sacrifice, 2 ml of whole blood was 
collected and centrifugated to separate the corpuscular 

Fig. 1  Experimental design. C57BL/6 mice of 2 months of age at the beginning of the study were randomly assigned to “Ctrl”, “DSS”, “FMT rUC” and “FMT 
aUC” groups. Baseline hearing thresholds were evaluated the day before (D0) the beginning of treatments. Functional (ABR), morphological (immuno-
histochemistry) and molecular evaluations (Western Blot and immunofluorescence) were performed at the end of treatments. ABR: Auditory Brainstem 
Responses; FMT: Fecal Microbiota Transplantation. Created by using Biorender Academic Lab License
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part from the serum. Animals were maintained with free 
access to food and water.

Fecal microbiota transplantation
During DSS week, after preconditioning with antibiot-
ics, FMT was performed on day 10 and day 12 by oral 
gavage. The fecal suspension was obtained from 4  g of 
fecal material from patients with active (aUC) and inac-
tive UC (rUC) being treated at the IBD center within the 
Center for Diseases of the Digestive System (CEMAD) 
of the Fondazione Policlinico Universitario “A. Gemelli” 
IRCCS after administration of informed consent. After 
a 30-minute homogenization with a lysis solution, fecal 
buffer water (1% BSA, 50 mM Tris pH 7.5, 0.15 M NaCl), 
the mixture underwent 3 sequential filtrations of 100 μm, 
70 μm and 40 μm to remove large residues and leave the 
composition of the bacterial population as unaltered 
as possible. At the end of treatment with 3% DSS and 
FMT (day 14), the mice had one week of recovery before 
sacrifice.

Patients
Use of human participants in this study was approved 
by the ethics committee of the Fondazione Policlin-
ico Universitario “A. Gemelli” IRCCS, Rome, Italy (ID 
3708/2021) and was conducted in accordance with the 
Principles of Good Clinical Practice and the Declaration 
of Helsinki. All participants provided written informed 
consent to participate in the study. In particular, two 
patients with active UC and two patients with remission 
UC were enrolled. Disease activity was assessed accord-
ing to Partial Mayo Score (PMS) [25]: UC was considered 
in remission when PMS ≤ 2; active disease was as a PMS 
between 3 and 5, and moderate-severe disease activity 
as a PMS greater than 5. Faeces from each patient were 
equally distributed in the specific treatment group.

Donor fecal microbiota profiling
DNA from 200 mg of donor fecal samples was extracted 
using the QIAamp Fast DNA Stool kit, following the 
manufacturer’s instructions (Qiagen, Germany).

The variable region V3-V4 of the 16S rRNA gene 
(~ 460  bp) was amplified and sequenced on an Illumina 
MiSeqTM platform according to the manufacturer’s 
specifications to generate paired-end reads [26]. Raw 
reads were filtered for their quality, read length and chi-
mera presence by the QIIME pipeline [27]. Bacterial taxa 
were obtained by PyNAST v.0.1. program against Green-
genes 13_08 database with a 97% similarity for bacterial 
sequences [28].

Detection of LPS levels in serum
Detection of trace amounts of bacterial endotoxin (LPS) 
in serum was performed using the Limulus Amebocyte 

Lysate (LAL) kit (Hycult, Uden, The Netherlands). Serum 
samples and standards were incubated in microtiter 
wells; the LAL reagent binds to the endotoxin and reacts 
by developing a yellow color. The enzymatic reaction is 
stopped after 20 min of incubation by the addition of ace-
tic acid. The absorbance at 405 nm is then measured with 
a spectrophotometer. A standard curve was generated by 
plotting the absorbance (linear) against the correspond-
ing concentrations of the endotoxin standards (log); from 
this curve, the concentration of endotoxin in the samples 
can be determined.

Intestinal cytokine analysis
A part of colon tissues was used to extract the proteins: 
RIPA buffer (with protease and phosphatase inhibitors, 
Sigma-Aldrich, Darmstadt, Germany) was added to 
homogenized on ice the tissues by using a polytron. Soni-
cated samples were centrifuged at 10,000 rpm at 4 °C for 
10 min, and the supernatants were removed and stored at 
4 °C prior to the assay of TNF-α, IFN-γ, IL6 and IL33 via 
ELISA (Multiplex Luminex®Assay, R&D Systems, Min-
neapolis, MN, US). The assay was performed according 
to the manufacturer’s instructions. Total soluble protein 
was also determined by using supernatant of sonicated 
samples via bicinchoninic acid protein assay (Bio-Rad, 
Hercules, CA, US) and cytokine levels were normalized 
on total protein amount.

Histological observation and scoring
Colon tissue was fixed in 4% formalin, embedded in par-
affin and hematoxylin and eosin (HE)-stained sections 
were scored blindly on the basis of severity and extent 
of inflammation, as well as presence and extent of ulcer-
ation. Scores ranged from 0 to 4 for each parameter; 
single values were summed up to obtain the overall his-
tological score (maximum possible value equals 16). Pho-
tomicrographs were taken with 40 × magnification on a 
Nikon E400 Eclipse microscope. For accurate quantifica-
tion of H/E infiltrating in colon tissue, we employed an 
unbiased stereological technique by means of the Stereo 
Investigator System (Stereo Investigator software, Ver-
sion 9.14© 2010, MicroBrightField Europe, Magdeburg, 
Germany) as previously described. This technique allows 
quantitative and unbiased evidence of a three-dimen-
sional structure to be obtained, based on the analysis 
performed on two-dimensional histological sections. 
The cellular density of cells was determined by dividing 
the number of cells from three different fields by the area 
of region of interest (ROI) of colon tissue with the Stereo 
Investigator software (Version 9.14© 2010, MicroBright-
Field Europe, Magdeburg, Germany).
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Measuring auditory function (ABR recordings)
To evaluate auditory function, we measured Auditory 
Brainstem Responses (ABRs). In all animals, ABRs were 
evaluated bilaterally at different frequencies (6, 12, 16, 
20, 24 and 32 kHz) before and after treatments, as shown 
in Fig. 1, illustrating our experimental workflow. As pre-
viously reported [29], animals were anesthetized (ket-
amine, 35  mg/kg and medetomidine-domitor, 0.25  mg/
kg) and placed in an anechoic room. To record auditory 
potentials, three stainless steel electrodes were placed 
subcutaneously into the right mastoid (active), vertex 
(reference) and left mastoid (ground). Electrophysiologi-
cal evaluations were performed by using the TDT Sys-
tem 3 (Tucker–Davis Technologies, Alachua, FL, United 
States), which incorporated real-time digital signal pro-
cessing. Monaural presentation of tone bursts, span-
ning from 6 to 32  kHz (1 ms rise/fall time, 10 ms total 
duration, 20/s repetition rate). The recorded responses 
were filtered (0.3–3 kHz), digitized, and averaged across 
more than 500 discrete samples for each frequency and 
sound level used. Threshold values were determined as 
the minimum stimulus level (in dB) at which a consis-
tent waveform-based onset could be observed, indicating 
repeatability.

Morphological analyses in the cochlea
Surface preparations to obtain both basilar membrane 
preparations and stria vascularis whole mount were 
obtained from 5 cochleae/group.

Morphological analyses in the organ of Corti were 
performed by staining hair cells with F-actin. Surface 
preparation of the organ of Corti was obtained as previ-
ously described [30] and the staining was performed by 
incubating samples with ActinGreen 488 Ready Probes 
Reagent. The samples were mounted with ProLongTM 
mounting medium (details on the antibodies used are 
reported in Table  1) and a confocal microscope system 
(Nikon Ti-E, Confocal Head A1 MP, Tokyo, Japan) was 
used to capture images of the immune-labelled speci-
mens using 20× objective lens.

Longitudinal cochlear cryosections (6  μm thickness) 
obtained by using a Cryostat (SLEE) were used to evalu-
ate the morphology of SGN and immunofluorescence 
evaluations by using 5 cochleae/group.

To study histological alterations in the stria vascu-
laris, lateral wall and spiral ganglion neurons, we per-
formed Hematoxylin and Eosin staining (H&E Staining 
Kit, ab245880, Abcam) as previously described [29]. The 
analyses of stria vascularis total area, as well as hair cells, 
fibrocytes and SGNs count, were performed by using 
ImageJ 1.43u software.

Immunofluorescence analyses
Cochlear samples were extracted and processed as 
described previously [31] and samples/sections were 
incubated overnight at 4  °C with primary antibodies 
including: anti-desmin, anti-IBA-1, anti-Na+/K+-ATPase 
α1, anti-GSH, anti-iNOS, anti-NF-κB, anti-IL-1β and 
anti-occludin. Samples were washed in PBS and incu-
bated at RT for 2 h in the dark with labelled-conjugated 
donkey anti-rabbit and/or anti-mouse secondary anti-
bodies (Alexa Fluor® 488 or 546, Invitrogen). Samples 
were counterstained with DAPI for 20 min in the dark at 
RT and mounted with ProLongTM mounting medium 
(details on the antibodies used are reported in Table 1).

To evaluate the ROS amount, we used dihydroethid-
ium (DHE) staining as described in [30]. To evaluate the 
cochlear blood barrier, we isolated the stria vascularis 
from the other cochlear structures as described previ-
ously [31] and then, samples were incubated with Alexa 
Fluor® 546 donkey anti-mouse IgG (ThermoFisher) for 
2 h at RT. Images were captured with a confocal micro-
scope system (Nikon Ti-E, Confocal Head A1 MP, Tokyo, 
Japan) with a 20× objective lens. To validate the reliability 
of immunofluorescence staining, we performed control 
experiments by excluding the incubation with the pri-
mary antibodies in samples randomly selected (data not 
shown).

Western blot and dot blot
Protein lysates were obtained from 3 to 6 cochleae/
group by using the same protocol previously published 
[31, 32]. For dot blots, lysates (5  µl; 5  µg/µl) were care-
fully applied onto a nitrocellulose membrane pre-wetted 
with TBST. We ensured equal protein loading by stain-
ing the membrane with Ponceau S. The membranes 
were processed as described in [32] and then incubated 
overnight at 4 °C with the following primary antibodies: 
anti-NF-κB; anti-IL-1β; anti-MyD88; anti-ZO-1; anti-
occludin, anti-desmin; anti-3-NT; anti-4-HNE and anti-
GSH; anti-iNOS; anti Na+/K+-ATPase α1 and anti-CD45. 
After three 10-minute rinses in TBST, the membranes 
were incubated for 1 h at RT with horseradish peroxidase 
(HRP)-conjugated mouse or rabbit secondary antibodies. 
Equal protein loading among the experimental samples 
was confirmed by re-probing the membranes with an 
anti-GAPDH antibody. UVItec Cambridge Alliance sys-
tem was used to obtain quantitative analyses of protein 
expression. Details on the antibodies used are reported in 
Table 1.

Statistical analyses
All statistical analyses were performed using GraphPad 
Prism (GraphPad Software). Two-way ANOVA multi-
ple-group comparison was used to compare differences 
between groups. A p-value of < 0.05 was considered 
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statistically significant in all analyses performed. The sta-
tistical tests used are specified in the main text. Bonfer-
roni’s Post-hoc was used for multiple comparisons. Data 
are presented as mean ± SEM.

Results
DSS colitis and its modulation from FMT aUC and FMT rUC
The timeline of experiments and procedures are shown 
in Fig. 1. DSS model of intestinal inflammation was set-
tled, and results were consistent with what was expected. 
Before proceeding to analyses on auditory function, we 
verified that mice treated with FMT from patients with 
active UC (“FMT aUC” group) had more severe colitis 
than mice treated with FMT from patients with UC in 

remission (“FMT rUC” group), as evidenced by a higher 
DAI score (Fig. 2A).

The intestinal inflammation was also evaluated by 
serum LPS levels, and by mucosal pro-inflammatory 
cytokines, such as TNF-α, IFN-γ, IL6 and IL33, finding 
the highest levels in DSS group and with levels in FMT 
aUC mice higher than FMT rUC mice (Fig. 2B-C).

Histologic score, assessed using by Rachmilewitz 
score, strongly confirms the presence of extensive areas 
of inflammation in DSS and FMT aUC group (Fig. 2D). 
Due to the structural complexity of samples studied and 
to ensure rigorous and unbiased quantitative estima-
tion of data generated by H/E, we turned to the stereo-
logical analysis. This analysis demonstrated that the cell 
density (cells/mm2) was   higher in DSS than in control 

Table 1  List of reagents and antibodies used
Reagent type Designation Source Identifiers Additional 

information
Use

Antibody Anti-rabbit IgG
AlexaFluor 546 (rabbit polyclonal)

Thermo Fisher 
Scientific

Cat. No.
#A-10,040

IF (1:400) Secondary antibody for immuno-
fluorescence analyses

Antibody Anti-rabbit IgG
AlexaFluor 488 (rabbit polyclonal)

Thermo Fisher 
Scientific

Cat. No.
#A-21,206

IF (1:400) Secondary antibody for immuno-
fluorescence analyses

Antibody Anti-mouse IgG
AlexaFluor 546 (mouse polyclonal)

Thermo Fisher 
Scientific

Cat. No.
#A10036

IF (1:400) Secondary antibody for immuno-
fluorescence analyses

Nuclear 
Counterstains

DAPI Thermo Fisher 
Scientific

Cat. No. D1306 IF (0.5 mg/mL) Marker of cell nuclei

Antibody ActinGreen Thermo Fisher 
Scientific

Cat. No. R37110 IF (2 drops/ml) High affinity of F-actin probe 
(phalloidin)

Antibody Anti-Occludin
(rabbit monoclonal)

Cell Signaling Cat. No. #91,131 WB (1:1000) Marker of occludin (tight junction 
protein)

Antibody Anti-Iba1/AIF-1
(rabbit monoclonal)

Cell Signaling Cat. No. #17,198 IF (1:200) Marker of macrophages

Antibody Anti-CD45
(rabbit monoclonal)

Cell Signaling Cat. No. #72,787 WB (1:1000) Marker of immune cells

Antibody Anti-iNOS
(rabbit polyclonal)

Invitrogen Cat. No. 
#PA1-036

WB (1:1000) Inflammatory marker (Inducible 
nitric oxide synthase)

Antibody Anti-IL-1b
(rabbit polyclonal)

Santa Cruz Cat. No. Sc-7884 WB (1:200) Inflammatory marker 
(Interleukin-1b)

Antibody Anti-Na+/K+-ATPase a1
(mouse monoclonal)

Santa Cruz Cat. No. 
Sc-21,712

WB (1:200), IF 
(1:50)

Marker of NA+/K+-ATPase pump

Antibody Anti-Desmin (rabbit polyclonal) Sigma-Aldrich Cat. No. #D8281 WB (1:500),
IF (1:50)

Marker of pericytes

Antibody Anti-ZO-1
(rabbit polyclonal)

LSBio Cat. No. 
LS-B2129-50

WB (1:500) Marker of ZO-1 (tight junction 
protein)

Antibody Anti-Myd88
(rabbit polyclonal)

Cell Signaling Cat. No. #3699 WB (1:1000) Marker of the adaptor protein 
Myd88

Antibody Anti- NF-κB (rabbit monoclonal) Cell Signaling Cat. No. #8242 WB (1:1000) Inflammatory marker (transcrip-
tion factors of the nuclear factor κB 
(NF-κB)

Antibody Anti-Glutathione
(mouse monoclonal)

Abcam Cat. No. ab19534 WB (1:1000) Marker of glutathione-protein 
complexes

Antibody Anti-Nitro tyrosine
(rabbit polyclonal)

Sigma-Aldrich Cat. No. #06-284 WB (1:1000) Marker of protein tyrosine nitration

Antibody Anti-4HNE (rabbit polyclonal) Alpha Diagnos-
tic International

Cat. No. 
#HNE11-S

WB (1:1000) Detect the 4-Hydroxy-2-nonenal 
(HNE), a marker of lipid peroxidation

Antibody Anti-GAPDH
(mouse monoclonal)

Abcam Cat. No. ab8245 WB (1:5000) Marker of GAPDH protein (Loading 
control)
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tissue (p < 0.001, Fig.  2E). Our data are consistent with 
the expression of H/E cells in DSS tissue with a higher 
cell density revealed in the same region of interest. We 
also confirmed, through microbiota analysis, a more pro-
nounced dysbiosis in the donor patients affected by active 
UC in comparison to donors with inactive UC (Fig. 3A).

Altered microbiota affects auditory function
To establish a link between gut dysbiosis, altered gut per-
meability, and altered hearing sensitivity, we recorded 
ABRs.

No significant differences in the auditory function were 
observed by comparing the Ctrl vs. ABX group (Fig. 4A), 
indicating that notwithstanding ABX cocktail pre-treat-
ment, the dosage used had no direct ototoxic effect. 

Fig. 2  Characterization of intestinal inflammation. A: Average Disease Activity Index (D.A.I.) on day 15, calculated by assessing weight, fecal consistency, 
body weight and the presence of occult fecal blood. B: Average LPS serum levels in “DSS”, “FMT rUC” and “FMT aUC” groups. LPS: Lipopolysaccharide. C: 
Concentration of pro-inflammatory cytokines in intestinal mucosa on day 15. D: Histological analysis was performed according to Rachmilewitz score. E: 
Stereological analysis of cell density in both DSS tissue vs. control, from 5 different colon mice. Cell density was determined by dividing cell counts by the 
area of the ROI. Bars show the mean of cell counts ± standard deviation (left panel). H/E staining of colon tissues from control mice (Ctrl) or treated with 
DSS (DSS). Magnification 40× (right panel) *p = 0.05;**p < 0.01; ***p < 0.001
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Moreover, no significant differences were observed by 
comparing auditory thresholds in Ctrl and in animals 
receiving only DSS (Fig. S1A). Interestingly, no significant 
differences were observed comparing auditory thresh-
olds of ABX + FMT rUC and Ctrl groups, whereas a sig-
nificant increase of hearing thresholds (of about 10–15 
dB) was found in ABX + FMT aUC animals with respect 
to controls (Fig. S1B), indicating a detrimental effect of 
FMT aUC on hearing sensitivity. A slight increase in 
auditory thresholds (of about 15–20 dB) was observed 

in DSS group compared to untreated mice, specifically in 
mid-high frequency (Fig.  4B; two-way ANOVA, 20  kHz 
p = 0.0117; 24 kHz p = 0.0261; 32 kHz p = 0.0037).

Interestingly, the further modulation of gut dysbiosis 
and intestinal increased permeability induced by FMT 
aUC had a more pronounced effect on ear function. 
Indeed, FMT from aUC donors was associated with a 
greater elevation of auditory thresholds (of about 20–25 
dB), spanning from 12 to 32  kHz compared with base-
line values (Fig. 4B; two-way ANOVA, 12 kHz p = 0.0187; 

Fig. 3  Ecological analysis of the gut microbiota of the two donors. A: α-diversity index (Shannnon Weiner index) of the two donors: one with active UC 
(aUC) and the other with UC in remission (rUC). B: Heatmap of the relative abundance of the major phyla of gut microbiota from the donor aUC and the 
donor rUC. C: Heatmap of the relative abundance of the major genera of gut microbiota from the donor aUC and the donor rUC
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Fig. 4 (See legend on next page.)
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16  kHz p = 0.0014; 20  kHz p = 0.0001; 24  kHz p = 0.002; 
32 kHz p = 0.0036), demonstrating that exacerbating dys-
biosis and inflammatory disease status can consequently 
worsening hearing, thus confirming its impact on audi-
tory function. On the other side, animals receiving FMT 
from donors with rUC showed a lower alteration of audi-
tory thresholds compared to FMT aUC mice, specifi-
cally in the mid-high frequency region (Fig. 4B; two-way 
ANOVA, 20  kHz p = 0.0277; 24  kHz p = 0.0381; 32  kHz 
p = 0.0142) and hearing sensitivity was not significantly 
different with respect to control mice (Fig. 4B; two-way 
ANOVA, p > 0.05).

These results indicate that a worsening gut inflamma-
tory status, such as in FMT aUC, negatively affects hear-
ing sensitivity, while the restoration of gut microbiota 
with FMT rUC positively impacts auditory function.

Gut dysbiosis is associated with morphological damage in 
cochlear structures
To examine in depth the cochlear damage associated with 
altered gut microbiota, we performed a series of mor-
phological analyses, focusing on the principal cochlear 
structures: the organ of Corti, the spiral ganglion neurons 
(SGNs) and the lateral wall, including the stria vascularis 
and the spiral ligament.

Our analyses on surface preparations of the organ of 
Corti showed OHC damage in the DSS group (Fig.  4D) 
compared to controls (Fig. 4C), and we found hair bundle 
disorganization, phalangeal scars and dark spots (indi-
cating missing cells), specifically in the middle-basal 
turn and in the third and second rows of OHCs. No sig-
nificant differences were observed in the IHC number 
(data not shown). This morphological damage worsened 
in animals of the FMT aUC group (Fig.  4F), showing 
moderate OHC damage in all cell rows and all cochlear 
turns, whereas a partial recovery to control values was 
observed in FMT rUC specimens, where lower OHC loss 
was found (Fig. 4E). Hair cell count in the basal, middle 
and apical turns of the cochlea confirmed the correla-
tion between intestinal inflammation, FMT and cochlear 
function. Indeed, in the basal turn, treatment with DSS 
affects OHC survival with respect to control condition 
(Fig. 4G, one way ANOVA, Ctrl vs. DSS p < 0.0001), but 
a recovery of OHC survival was observed in FMT rUC 
animals (Fig.  4G, one way ANOVA, FMT rUC vs. DSS 
p < 0.0001). On the other hand, animals underwent FMT 

aUC showed a low percentage of OHC survival com-
pared with the other experimental groups (Fig.  4G, one 
way ANOVA, Ctrl vs. FMT aUC, and FMT rUC vs. FMT 
aUC: p < 0.0001). In the middle turn, similar results were 
observed (Fig.  4G, one way ANOVA, Ctrl vs. DSS, Ctrl 
vs. FMT aUC, DSS vs. FMT rUC and FMT rUC vs. FMT 
aUC: p < 0.0001; Ctrl vs. FMT rUC: p = 0.0015). In the 
apical turn, no significant effect of DSS was observed 
(Fig. 4G, one way ANOVA, Ctrl vs. DSS p = 0.1223), but 
a detrimental impact of FMT aUC was detected (Fig. 4G, 
one way ANOVA, Ctrl vs. FMT aUC; DSS vs. FMT aUC 
and FMT rUC vs. FMT aUC p < 0.0001).

We also analyzed other cochlear structures includ-
ing SGNs, stria vascularis and lateral wall, focusing on 
fibrocytes type II, due to their crucial involvement in ion 
homeostasis, immune response and regulating blood flow 
(Fig. S2 A). In line with what was observed in the sensory 
epithelium, we found a decrease in SGN number (Fig. S2 
B-E). Specifically, the deleterious impact of DSS on pri-
mary afferent neurons was more evident in the basal and 
middle cochlear turns (Fig. S2 F-G; one way ANOVA, 
basal turn: Ctrl vs. DSS p < 0.0001; middle turn: Ctrl vs. 
DSS p = 0.0015; apical turn: Ctrl vs. DSS p = 0.0787). The 
FMT aUC group showed a lower number of neurons in 
all cochlear turns, compared to all the other experimental 
groups (Fig. S2 F-H; one way ANOVA, basal turn: FMT 
aUC vs. DSS; FMT aUC vs. Ctrl and FMT aUC vs. FMT 
rUC p < 0.0001; middle turn: FMT aUC vs. DSS; FMT 
aUC vs. Ctrl and FMT aUC vs. FMT rUC p < 0.0001; api-
cal turn: FMT aUC vs. DSS; FMT aUC vs. Ctrl and FMT 
aUC vs. FMT rUC p < 0.0001). On the other end, FMT 
rUC does not worsen the neurotoxic effect of DSS treat-
ment (Fig. S2 F-H; one way ANOVA, basal turn: FMT 
rUC vs. DSS p = 0.0005, FMT rUC vs. Ctrl p = 0.6309; 
FMT rUC vs. FMT aUC p < 0.0001; middle turn: FMT 
rUC vs. DSS p > 0.999, FMT rUC vs. Ctrl p = 0.0248; FMT 
aUC vs. FMT rUC p < 0.0001; apical turn: FMT rUC vs. 
DSS p > 0.999, FMT rUC vs. Ctrl p = 0.1616; FMT aUC vs. 
FMT rUC p < 0.0001).

By evaluating stria vascularis morphology (Fig. S2 
I-L), we found a more pronounced effect of DSS, sig-
nificantly affecting stria vascularis area only in the basal 
turn (Fig. S2 M-O; one way ANOVA, basal turn: Ctrl vs. 
DSS p = 0.018; middle turn: Ctrl vs. DSS p > 0.999; apical 
turn: Ctrl vs. DSS p > 0.999), whereas a deleterious effect 
of FMT aUC was observed in all cochlear turns (Fig. S2 

(See figure on previous page.)
Fig. 4  Functional analysis and morphological evaluations in the organ of Corti: hair cell loss. A, B: Graphs showing ABR threshold values (means ± SEM) 
across all frequencies analyzed. A: Treatment with ABX alone does not significantly affect auditory thresholds compared to the Ctrl group. B: DSS treat-
ment leads to a slight but significant increase of threshold values of approximately 15 dB in the mid-high frequencies (20–32 kHz) compared to the 
Ctrl group. FMT aUC further increases the auditory threshold of about 20–25 dB, in almost all frequencies analysed, while the FMT rUC group shows a 
recovery of hearing function. Symbols indicate significant differences among groups ($#*p < 0.05; $$** p < 0.01; ***p < 0.001). C-F: Representative images 
of surface preparations of the organ of Corti in the middle cochlear turn, hair cell distribution labeled with F-actin (green fluorescence). G: Cochleograms 
(means ± SEM) showing the percentage of outer hair cell (OHC) survival in all cochlear turns. Scale bar: 25 μm. Asterisks indicate significant differences 
among groups (*p < 0.05; ** p < 0.01; ***p < 0.001)
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M-O; one way ANOVA, basal turn: FMT aUC vs. DSS; 
FMT aUC vs. Ctrl and FMT aUC vs. FMT rUC p < 0.0001; 
middle turn: FMT aUC vs. DSS; FMT aUC vs. Ctrl and 
FMT aUC vs. FMT rUC p < 0.0001; apical turn: FMT aUC 
vs. DSS p = 0.0029, FMT aUC vs. Ctrl p = 0.0001; FMT 
aUC vs. FMT rUC p = 0.0016). Finally, the density of type 
II fibrocytes (Fig. S2 P-R) confirm the negative impact of 
DSS on cochlear structures, with a decreased number of 
fibrocytes observed in the basal and middle turn (basal 
turn: Ctrl vs. DSS p < 0.0001; middle turn: Ctrl vs. DSS 
p = 0.0037; apical turn: Ctrl vs. DSS p > 0.999). Once again, 
FMT aUC worsens this damage, affecting fibrocyte num-
ber in all cochlear turns (Fig. S2 P-R one way ANOVA, 
basal turn: FMT rUC vs. DSS p < 0.0001, FMT rUC vs. 
Ctrl p > 0.999; FMT rUC vs. FMT aUC p p < 0.0001; 
middle turn: FMT rUC vs. DSS p = 0.3156, FMT rUC vs. 
Ctrl p = 0.6324; FMT aUC vs. FMT rUC p = 0.0121; api-
cal turn: FMT rUC vs. DSS p > 0.999, FMT rUC vs. Ctrl 
p > 0.999; FMT aUC vs. FMT rUC p = 0.0154).

Collectively, our morphological analyses support func-
tional data, indicating that the slight cochlear damage 
induced by DSS administration can be exacerbated by 
the adjuvant FMT aUC, thus indicating that microbiota 
alterations can impact cochlear structures.

Cochlear damage is due to increased oxidative stress, 
redox imbalance, inflammation and macrophage 
activation
Along with the histological and morphological altera-
tions found in the principal cochlear structures, we 
also observed signs of oxidative stress and redox imbal-
ance, depending on the altered gut microbiome balance. 
Indeed, the DHE assay revealed a strong rise in ROS 
amount in cochlear cryosections of DSS mice, compared 
to control animals (Fig. 5A, B).

Interestingly, we found a decreased red fluorescence 
in the FMT rUC group, specifically in the organ of 
Corti and in the stria vascularis (Fig. 5C), whereas ROS 
amount in SGNs seems to be similar comparing DSS and 
FMT rUC samples (compare panels B and C in Fig.  5). 
Notably, ROS amount in the cochlear neuronal com-
partment of FMT aUC samples seems to be higher with 
respect to DSS treated mice (Fig.  5D), and it was also 
evident compared to Ctrl group (Fig.  5A). Supporting 
these data, our dot blot analyses revealed a higher level 
of protein tyrosine nitration (3-NT; Fig. 5E, I), along with 
high lipid peroxidation (4-HNE; Fig.  5F, J) in the DSS 
vs. Ctrl groups (3-NT: n = 6 cochleae/group, one-way 
ANOVA, p = 0.0057; 4-HNE: n = 6 cochleae/group, one-
way ANOVA, p = 0.0075). No significant differences were 
found in the FMT rUC group compared to the DSS group 
(Fig. 5E, I; 3-NT: n = 6 cochleae/group, one-way ANOVA, 
p > 0.05; Fig. 5F, J; 4-HNE: n = 6 cochleae/group, one-way 
ANOVA, p > 0.05), whereas higher values were observed 

in the FMT aUC group (Fig. 5E, I; n = 6 cochleae/group, 
one-way ANOVA, Ctrl vs. FMT aUC p < 0.0001; DSS vs. 
FMT aUC p = 0.0114; FMT rUC vs. FMT aUC p = 0.0003). 
We further evaluated the levels of nitric oxide (NO) pro-
duction by analyzing inducible NOS (iNOS) amounts. 
Our western blot data show a marked iNOS increase in 
DSS and FMT aUC groups with respect to control values 
(Fig. 5H, L; n = 4 cochleae/group, one-way ANOVA, Ctrl 
vs. DSS p < 0.0001; Ctrl vs. FMT aUC, p < 0.0001; DSS vs. 
FMT aUC p = 0.0451). A significant decrease in iNOS was 
observed in FMT rUC compared to FMT aUC samples 
(Fig.  5H, L; n = 4 cochleae/group, one-way ANOVA, 
p < 0.0001). The western blot results were confirmed by 
immunofluorescence analysis, showing marked iNOS 
fluorescence signal in both DSS and FMT aUC group 
(Fig. 5N, P), compared to what observed in Ctrl and FMT 
rUC (Fig. 5M, O).

To investigate redox imbalance, we also evaluated the 
other face of the coin by studying the endogenous anti-
oxidant system, focusing on protein glutathionylation. 
Indeed, glutathionylation is a mechanism through which 
protein functions can be regulated by the redox status, 
and it can be considered an indicator of oxidized gluta-
thione (GSSG)/reduced glutathione (GSH) ratio, reflex-
ing tissue redox balance. Our results indicate a significant 
decrease of glutathionylated proteins in the cochlea of 
DSS animals compared to controls (Fig.  5G, K; n = 6 
cochleae/group; one way ANOVA, p < 0.0001) and the 
level of glutathionylated proteins was further affected by 
FMT aUC treatment (Fig.  5G, K; n = 6 cochleae/group; 
one way ANOVA, p = 0.0182) indicating additional detri-
mental effect mediated by FMT from aUC donors. GSH 
was also markedly increased in FMT rUC with respect to 
FMT aUC group (Fig.  5G, K; n = 6 cochleae/group; one 
way ANOVA, p = 0.0002), suggesting that reestablishing 
microbiota balance can exert a protective effect against 
cochlear oxidative stress. Data were also confirmed by 
immunofluorescence analysis, with a basal level of GSH 
expression in all cochlear structures in Ctrl specimens 
(Fig.  5Q), that was significantly reduced in both DSS 
and FMT aUC groups (Fig. 5R, T). No differences were 
observed comparing GSH fluorescence between Ctrl and 
FMT rUC cochlear cryosections (Fig. 5Q, S).

Collectively, these data demonstrate that colitis-asso-
ciated dysbiosis induces oxidative stress in the cochlea 
and that reverting microbiota composition by FMT rUC 
exerts otoprotective effects.

Cochlear damage is associated with NF-κB and MyD88 
activation
Considering that the crosstalk between oxidative stress 
and inflammation has been recently thought to be one of 
the crucial pathological mechanisms involved in senso-
rineural hearing loss in several models, we also studied 
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Fig. 5  Cochlear oxidative stress and redox imbalance associated with gut dysbiosis. A-D: Representative images of cochlear cryosections stained with 
DHE (red fluorescence) to detect ROS amount. Scale bar: 100 μm. E-G: Representative dot blot images showing 3-NT (E), 4-HNE (F) and GSH (G) levels in 
all experimental groups. I-K: Histograms (means ± SEM) showing the results of the densitometric analyses normalized to Ponceau S. H, L: Representative 
images of iNOS western blot bands (H) with the results (means ± SEM) of the densitometric analysis (L). M-T: Representative images of cochlear cryosec-
tions showing iNOS (M-P, green fluorescence) and GSH (Q-T, red fluorescence) expression in the principal cochlear structures, in all experimental groups. 
DAPI staining indicates cell nuclei. Scale bar: 100 μm. Asterisks indicate significant differences among groups (*p < 0.05; **p < 0.01; ***p < 0.001)
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inflammatory markers. Specifically, we focused on NF-κB 
and IL-1β, which are well-known inflammatory agents 
playing a key role in several diseases [15].

Our western blots showed a marked increased level of 
NF-κB in the DSS group, compared to controls (Fig. 6A, 
C; n = 4 cochleae/group; one-way ANOVA, p = 0.0277) as 
well as in FMT aUC group, compared with the FMT rUC 
and Ctrl group (Fig. 6A, C; n = 4 cochleae/group; one-way 

ANOVA, Ctrl vs. FMT aUC p = 0.0006; FMT rUC vs. 
FMT aUC, p = 0.0033).

We also found increased levels of the inflamma-
tory marker IL-1β in the same samples (Fig.  6B, E; 
n = 4 cochleae/group; one-way ANOVA, Ctrl vs. DSS 
p = 0.0483; Ctrl vs. FMT aUC p = 0.0009; FMT rUC vs. 
FMT aUC, p = 0.0098), indicating that our model of gut 
inflammatory status was associated with cochlear inflam-
mation. Notably, our immunofluorescence analyses 

Fig. 6  Cochlear damage associated with gut microbiota alteration involves inflammation through MyD88/NF-kB pathway. A, B: Representative western 
blot images showing the expression of NF-κB, MyD88 (A) and IL-1β (B) in all experimental groups. C-E: Bar graphs showing the results of densitometric 
analyses for NF-κB (C), MyD88 (D) and IL-1β (E), normalized to total protein level (GAPDH). F: Schematic representation of MyD88/NF-κB/ IL-1 pathway. 
Created by using Biorender Academic Lab License. G-N: Representative images of cochlear cryosections showing NF-B (G-J, red fluorescence) and IL-1β 
(K-N, green fluorescence) expression in the principal cochlear structures, in all experimental groups. DAPI staining indicates cell nuclei. Scale bar: 100 μm. 
Data are expressed as mean ± SEM. Asterisks indicate significant differences among groups (*p < 0.05; ** p < 0.01; *** p < 0.001)
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confirmed an increase of both NF-κB and IL-1β in the 
SGNs, organ of Corti and stria vascularis of DSS group, 
compared to control (Fig.  6G-H and K-L). Similarly, a 
high NF-κB and IL-1 labeling was found in cochlear 
cryosections collected from FMT rUC groups, whereas a 
decreased fluorescence signal was observed in FMT aUC 
specimens (Fig. 6I-J, M-N).

To gain more insight into the role of the innate 
immune response, we also evaluated MyD88 protein lev-
els. Indeed, MyD88 is a downstream adaptor protein of 
toll-like receptors (TLR), a family of receptors involved 
in pathogen recognition and host defense. When TLRs 
recognize pathogens, MyD88 is responsible for a cas-
cade of molecular events leading to the activation of the 
inflammatory response (i.e., NF-κB activation and trans-
location into the nucleus). Consistently, our western blot 
data showed a trend of MyD88 protein level similar to 
what observed for NF-κB and IL-1β, with a significant 
increase in DSS group with respect to controls (Fig. 6A, 
D; n = 5 cochleae/group; one-way ANOVA p = 0.0323), 
a further enhancement in FMT aUC group (Fig.  6A, D; 
n = 5 cochleae/group; one-way ANOVA, Ctrl vs. FMT 
aUC p < 0.0001; DSS vs. FMT aUC p = 0.0008) and a sig-
nificant reduction in FMT rUC, returning to control lev-
els (Fig.  6A, D; n = 5 cochleae/group; one-way ANOVA, 
Ctrl vs. FMT rUC p > 0.05; FMT aUC vs. FMT rUC 
p < 0.0001). These data indicate that gut dysbiosis can 
trigger the immune response in the cochlea, whereas 
positively modulating the gut microbiome with FMT 
rUC can reduce cochlear signs of inflammation.

To further sustain our hypothesis of cochlear inflam-
mation caused by immune system activation, we per-
formed immunofluorescence and western blot analyses 
to determine macrophage activation and infiltrating leu-
kocytes by using antibodies against IBA-1 and CD45.

Regarding IBA-1, our immunofluorescence analysis in 
stria vascularis whole mounts revealed an increase of 
IBA-1 positive cells in DSS and FMT aUC groups with 
respect to Ctrl and FMT rUC groups (Fig. 7A-D, G; one 
way ANOVA, Ctrl vs. DSS p < 0.0001; Ctrl vs. FMT aUC 
p < 0.0001; DSS vs. rUC p = 0.0175; FMT rUC vs. FMT 
aUC p = 0.0002).

Moreover, our western blot data indicate an increase 
of CD45 in DSS cochleae compared to Ctrl (Fig.  7H, I; 
n = 5 cochleae/group; one way ANOVA, p < 0.0001) and 
in FMT aUC compared to FMT rUC samples (Fig. 7H, I; 
n = 5 cochleae/group; one way ANOVA, p = 0.0005).

Collectively, our results indicate that the immune sys-
tem activation is associated with the inflammatory sig-
naling cascade in the cochlea, probably through the 
MyD88-NF-κB pathway.

Gut dysbiosis and gut microbiota alteration affect blood-
labyrinth barrier permeability and vascular integrity
To establish a mechanistic connection between our 
model of intestinal disease, microbiota alterations and 
cochlear damage caused by oxidative stress, inflamma-
tion, and immune cell infiltration, we focused on the 
blood-labyrinth-barrier (BLB), a semipermeable capil-
lary network controlling exchanges between the blood 
and the intrastrial space. Thus, we performed western 
blot analyses to investigate tight junctions (TJs), a class 
of proteins including ZO-1, claudins and occludins, 
involved in paracellular permeability. Specifically, we 
used ZO-1 and occludin as markers of cell-cell junctions 
in cochlear specimens. By studying ZO-1 we found a sig-
nificant decrease of protein levels in DSS and FMT aUC 
groups compared to FMT rUC and Ctrl groups (Fig. 8A, 
C; n = 3 cochleae/group; one way ANOVA, Ctrl vs. DSS 
p = 0.0139; FMT aUC vs. FMT rUC p = 0.0257; FMT aUC 
vs. Ctrl p = 0.0007).

By evaluating occludin, we found a significant decrease 
of protein levels in DSS groups compared to control val-
ues (Fig. 8B, D; n = 4 cochleae/group; one way ANOVA, 
p = 0.0019) and a decreased level in FMT aUC compared 
to FMT rUC samples (Fig.  8B, D; n = 4 cochleae/group; 
one way ANOVA, p = 0.0116). Results of WB analyses 
were also confirmed by immunofluorescence analy-
ses showing decreasing occluding label in marginal cell 
monolayer of stria vascularis explants in DSS and FMT 
aUC groups (Fig. 8F, H), compared to both Ctrl and FMT 
rUC groups (Fig.  8E, G). These data indicate an altera-
tion of BLB permeability, probably responsible for the 
cascade of molecular events leading to macrophage infil-
tration and oxidative/inflammatory cochlear damage. We 
also focused on Na+/K+-ATPase α1 expression level, an 
abundant protein in the BLB playing an essential role in 
the barrier integrity. Immunofluorescence experiments 
in cochlear cryosections showing the lateral wall with 
the stria vascularis revealed a strong decreased Na+/
K+-ATPase α1 labeling in DSS and FMT aUC groups, 
compared with Ctrl and FMT rUC groups (Fig.  8I-L). 
Western blot performed on total cochlear lysates con-
firmed these data (Fig.  8M, N; n = 3 cochleae/group; 
one way ANOVA, Ctrl vs. DSS p = 0.0039; FMT aUC vs. 
FMT rUC p = 0.0001) giving additional evidence of BLB 
alteration.

The intrastrial fluid–blood barrier also includes many 
pericytes and peri-vascular-resident macrophage-like 
melanocytes. Barriers without these cells lose TJ pro-
teins, become leaky, and are associated with tissue 
edema. Thus, to confirm our hypothesis of altered BLB 
permeability, we also performed immunofluorescence 
and western blot experiments to evaluate the expres-
sion level of desmin, a marker of cochlear pericytes. 
The immunofluorescence analyses performed on stria 
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vascularis whole mount, show pericytes polygonal cell 
body with long, slender processes in control (Fig. 9A) and 
FMT rUC specimens (Fig. 9C).

In contrast, desmin labelling was very faint and discon-
tinuous in DSS (Fig.  9B) and FMT aUC (Fig.  9D) stria 
vascularis samples. Western blot analyses in cochlear 
lysates confirmed immunofluorescence data, showing 
a significant reduction of desmin level in DSS and FMT 
aUC specimens with respect to Ctrl and FMT rUC speci-
mens (Fig. 9I, J; n = 3 cochleae/group; one way ANOVA, 
Ctrl vs. DSS p < 0.0001; Ctrl vs. FMT aUC p < 0.0001; 
FMT rUC vs. FMT aUC p = 0.0039). Prompted by the 
presence of BLB structural alterations, we also studied 

vascular permeability by visualizing IgG extravasated 
around the vessels. Our immunofluorescence results 
showed a higher gradient of mouse IgG diffusing outside 
the vessel in DSS and FMT aUC groups (see arrows in 
Fig.  9F, H), whereas no signs of IgG extravasation were 
visible in Ctrl and FMT rUC groups (Fig. 9E, G).

Collectively, these data demonstrate an intrastriatal 
fluid–blood barrier damage or model of gut disease with 
altered intestinal permeability, caused by the altered 
expression of tight- and adherents-junction proteins, 
leading to loss of BLB integrity, extravasation, and, thus, 
increased pathogens permeability.

Fig. 7  Cochlear damage associated with gut microbiota alteration involves macrophage/lymphocyte infiltration. A-D: Representative images of freshly 
explanted stria vascularis marked with IBA-1 (green fluorescence), desmin (red fluorescence) and stained with DAPI (blue fluorescence) to identify cell 
nuclei. Arrows indicate macrophages surrounding blood vessels E: Scheme illustrating perivascular macrophages (PVM) and pericytes around blood ves-
sels. F: Representative confocal image (60×) of a PVM (green fluorescence) in the FMT aUC group. Scale bar: 25 μm. G: Histograms showing the number of 
IBA-1 positive cells in stria vascularis whole mount. H: Representative western blot images showing the expression of CD45 in all experimental groups. I: 
Bar graphs showing the results of densitometric analyses for CD45, normalized to total protein level (GAPDH). Data are expressed as mean ± SEM. Asterisks 
indicate significant differences among groups (*p < 0.05; ** p < 0.01; *** p < 0.001)
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Discussion
In animal models, exposure to loud noise proved to cause 
gut microbiota alterations, host immune responses and 
long-lasting defects in glucose regulation. Moreover, 
noise exposure can affect the gut-brain axis, altering gut 
microbial community composition, disrupting the intes-
tinal epithelial barrier, and accelerating age-related neu-
roinflammation, leading to an increased susceptibility to 
neurodegenerative processes in senescent mice [33].

Although several studies have suggested the exis-
tence of a gut-brain axis, no study has documented a 
connection between gut inflammation, gut microbiota 
alteration and the inner ear. Here, we collected experi-
mental evidence demonstrating that gut inflammation 

and intestinal dysbiosis are associated with inner ear 
pathology. For this purpose, we used a well-known ani-
mal model of intestinal colitis caused by DSS [10–12, 24] 
together with a well-established modality of modulation 
of intestinal microbiota: FMT. DSS is able to arise colitis 
in mice causing a brick in the intestinal barrier, with an 
important traslocation of microbial products and abnor-
mal immune activation [34]. DSS is also the main cause 
of gut microbiota changes, with an increase of relative 
abundances of Bacteriodetes and Proteobacteria, and a 
decrease of relative abundance of Firmicutes, Lactoba-
cillus, Butyricicoccus, Lachnoclostridium, Olsenella and 
Odoribacter [35–37]. Most microbes in the Firmicutes 
phylum have anti-inflammatory functions by modulating 

Fig. 8  Gut microbiota state affects tight junctions and vascular integrity of stria vascularis. A-D: Representative western blot images showing ZO-1 (A) and 
occludin (B) levels in all experimental groups. C-D: Bar graphs representing results of densitometric analyses normalized to GAPDH. Data are expressed 
as mean ± SEM. E-H: Representative images of stria vascularis whole mount marked with occludin (green fluorescence) and stained with DAPI (blue fluo-
rescence) to identify cell nuclei. Scale bar: 10 μm. I-L: Representative images of cochlear cryosections showing stria vascularis labeled with Na+/K+-ATPase 
(green fluorescence) and DAPI (blue fluorescence). Scale bar: 25 μm. M: Representative western blot images of Na+/K+-ATPase level in all experimental 
groups. N: Bar graphs (mean ± SEM) representing the densitometric analyses normalized to total protein level (GAPDH). Asterisks indicate significant dif-
ferences among groups (*p < 0.05; **p < 0.01; ***p < 0.001)
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colon pH which inhibits pathogen growth. They also pro-
duce Short Chain Fatty Acids (SCFAs) from non-digest-
ible carbohydrates, that have important trophic functions 
for gut health, such as the reduction of oxidative status in 
the colon [38]. An increase in the population of microbes 
in the Bacteroidetes phylum is known to produce signifi-
cantly high LPS levels which in turn regulate pro-inflam-
matory mediators through the NF-κB and AKT pathways 
in colonic macrophages [39, 40].

DSS induces in mice a disease that is very similar to UC 
in human. UC is inflammatory chronic conditions of the 
gastrointestinal tract, characterized by alternating peri-
ods of remission and active intestinal inflammation [41, 
42]. During the active stage of the disease, UC is char-
acterized by dysbiosis condition, i.e. a main imbalance 
between pro-inflammatory and anti-inflammatory phyla 
and genera [43]. This dysbiosis exacerbates immune dys-
function in UC [44, 45].

These findings explain what was observed also in our 
mice: the increase of pro-inflammatory cytokines and of 
histologic score also in mice treated with FMT aUC is 
due to higher relative abundance of Bacteroides and Pre-
votella, and lower abundance of Lattobacillus, Fecalibac-
terium and Akkermansia.

The choice of two different patient donor profiles, 
one more physiological like the rUC (confirmed also by 
α-diversity index in Fig.  3), and one more dysbiotic like 
aUC, allowed us to access the modulatory effect of gut 
microbiota composition on ear function. To investigate 
whether a reverse gut-ear axis exists, we first evaluated 

auditory function by recording ABRs and we found 
an increase in auditory threshold in mice with colitis 
induced by DSS and by FMT from aUC donors. To bet-
ter understand the link between gut inflammation, gut 
microbiota alteration and inner ear impairment, we 
focused on the common hallmarks of intestinal inflam-
mation and cochlear damage: oxidative stress and inflam-
mation. Indeed, a pathological shift in gut bacteria is 
associated with an inflammatory response, leading to a 
state of chronic inflammation and oxidative stress [46]. 
Redox imbalance occurring during inflammation can 
amplify dysbiosis, affecting the microbial diversity in the 
gut and promoting the outgrowth of specific bacterial 
taxa [47]. Moreover, intestinal inflammation associated 
with leukocyte infiltration is linked to the generation of 
ROS. Interestingly, in the cochlea, we found high lev-
els of ROS, protein nitrosylation, and lipid peroxidation 
along with decreased endogenous antioxidant defenses 
and increased inflammatory markers in mice exhibiting 
gut microbiota alterations (DSS and FMT aUC groups). 
This oxidative-inflammatory damage was partially coun-
teracted by boosting overall gut diversity with FMT from 
rUC donors, suggesting an oxidative-inflammatory state 
of the gut-inner ear axis.

Cochlear oxidative stress can also induce the secre-
tion of inflammatory cytokines (such as TNF-α and 
IL-1β) through NF-κB activation, a redox-sensitive tran-
scription factor of crucial importance in inflammation. 
Indeed, the transcription of NF-κB-dependent genes has 
been shown to influence the levels of ROS, and in turn, 

Fig. 9  Cochlear vascular dysfunction and blood-labyrinth barrier increased permeability. A-D: Representative images of freshly explanted stria vascularis 
marked with desmin (green fluorescence) to visualize pericytes and stained with DAPI (blue fluorescence) to identify cell nuclei. E-H: Representative 
images of stria vascularis whole mount stained with Alexa Fluor 546 mouse IgG to visualize the capillary network. Arrows in F and H indicate mouse im-
munoglobulin fluorescence out of the vessels. Scale bar: 25 μm. I, J: Representative western blot images showing desmin expression level (I) and densi-
tometric analysis (J) with respect to total protein level (GAPDH). Asterisks indicate significant differences among groups (*p < 0.05; **p < 0.01; ***p < 0.001)
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NF-κB activity is also affected by oxidative stress status 
[15]. In the cochleae of mice with gut dysbiosis, we also 
found altered levels of MyD88, one of the most impor-
tant adaptor proteins in TLR signal transduction, activat-
ing downstream molecules such as NF-κB [48]. Several 
studies have shown the in vivo requirement of TLR sig-
naling in mediating oxidative stress injury, and increas-
ing evidence has shown that the activation of NOX 
isoforms is involved in the link between oxidative stress 
and TLR-dependent signaling pathways [49]. In addition, 
TLR response can trigger the secretion of pro-inflamma-
tory markers, leading to a consequent increased expres-
sion of iNOS, and promoting the generation of NO [50]. 
Interestingly, we found an increased level of iNOS in the 
cochleae of mice with intestinal inflammation, thus pro-
viding experimental data supporting the hypothesis that 
oxidative stress/MyD88/NF-κB signaling triggers the 
upregulation of inflammatory markers in the cochlea of 
such mice.

Finally, we explored the hypothesis that, in our experi-
mental model, the inflammatory markers released in 
the systemic circulation from the gut would affect BLB 
permeability, allowing the spread of macrophages and 
immune cells to the inner ear, leading to oxidative stress, 
inflammation and hearing impairment.

Previous studies have shown that gut microbiota can 
affect the permeability of the BBB, which is crucial to 
brain development and function. Interestingly, the struc-
ture regulating inner ear fluid homeostasis, the BLB, has 
a similar organization. BLB consists of several TJs and 
adherent junction proteins, including ZO-1, occludin, 
and VE-cadherin. Endothelial cells and pericytes that are 
integrated into the structure of the cochlear vessels are 
crucial components of the BLB, maintaining the integ-
rity of the barrier between the blood and intrastrial space 
[51].

 Gut-associated inflammatory factors, such as 
interferon-γ and pro-inflammatory cytokines, are 
responsible for breaking the integrity of the BBB when 
they enter the systemic circulation through the disrup-
tion of the gut mucosal barrier [52]. Therefore, we inves-
tigated a similar possible effect on the gut-cochlear axis. 
Our data showed a significant decrease in proteins with 
an essential role in the BLB structure, such as ZO-1 and 
occludin, together with signs of extravasation, altered 
pericyte structure, and leukocyte and macrophage infil-
tration, marked with CD45 and IBA-1 respectively, in the 
cochlea of mice with altered microbiota. These findings 
support the hypothesis of a direct impact of gut dysbiosis 
and disrupted intestinal barrier on BLB permeability.

It is known that the collapse of this barrier integrity 
causes a reduction in endocochlear potential, resulting 
from the continued active redistribution of K+ ions from 
the endolymphatic space [53]. Notably, we also found 

signs of extravasation and altered Na+/K+-ATPase lev-
els, playing a crucial role in maintaining the integrity of 
BLB and the endocochlear potential, suggesting not only 
BLB hyperpermeability but also possible functional dam-
age of the stria vascularis, which is also supported by the 
morphological damage in type II fibrocyte density we 
observed in the lateral wall.

Collectively, we provided for the first time to our 
knowledge, experimental evidence supporting the impact 
of the intestinal inflammatory status on cochlear func-
tions, with increased BLB permeability, macrophage and 
immune cell infiltration in cochlear structures, probably 
boosting oxidative stress/inflammatory pathway, leading 
to hearing impairment. Although our data provided for 
the first time experimental results of a link gut-cochlea, 
some limitations of the study regard the lack of direct 
evidence of cause-effect mechanisms of all morphologi-
cal and molecular alterations we reported in the cochlea. 
Further studies are needed to support our hypothesis of 
the primary role of altered BLB permeability, leading to 
macrophage cochlear infiltration driving oxidative stress 
and inflammation. In summary, FMT rUC showed pro-
tective effects by improving DAI score, relieving colon 
pathological damages, and reducing cytokine expression. 
The effects of gut microbiota modulation were reflected 
far from the intestine, also in the cochlea: FMT interven-
tion could increase SCFAs production by reducing oxida-
tive status and by inhibiting the activation of the NF-κB 
signaling pathway.

Our data pave the way to further experimental studies 
exploring the complex relationship between gut dysbio-
sis and cochlear pathologies, with intriguing implications 
from a translational point of view.
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