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Superparamagnetic iron oxide nanoparticle regulates
microbiota—gut—inner ear axis for hearing protection
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ABSTRACT

Noise-induced hearing loss (NIHL) is a highly prevalent form of sensorineural hearing damage that has

significant negative effects on individuals of all ages and there are no effective drugs approved by the US

Food and Drug Administration. In this study, we unveil the potential of superparamagnetic iron oxide
nanoparticle assembly (SPIOCA) to reshape the dysbiosis of gut microbiota for treating NIHL. This
modulation inhibits intestinal inflammation and oxidative stress responses, protecting the integrity of the
intestinal barrier. Consequently, it reduces the transportation of pathogens and inflammatory factors from
the bloodstream to the cochlea. Additionally, gut microbiota-modulated SPIOCA-induced metabolic
reprogramming in the gut—inner ear axis mainly depends on the regulation of the sphingolipid metabolic

pathway, which further contributes to the restoration of hearing function. Our study confirms the role of the
microbiota—gut—inner ear axis in NIHL and provides a novel alternative for the treatment of NIHL and

other microbiota dysbiosis-related diseases.

Keywords: superparamagnetic iron oxide nanoparticle, hearing loss, gut microbiota, inflammation,
sphingolipid metabolism, microbiota—gut—inner ear axis

INTRODUCTION

Hearing loss is one of the most common sensory de-
ficiency diseases in the world. Noise-induced hear-
ing loss (NTHL) is a progressive sensorineural hear-
ing impairment caused by exposure to a harmful
noise environment and has a profound impact on in-
dividuals of all ages [1]. Noise overexposure usually
triggers cellular calcium dyshomeostasis, decreased
mitochondrial membrane potential, inflammation
and the accumulation of reactive oxygen species in
cochlear hair cells, all of which result in an imbalance
between oxidation and antioxidation, and lead to the
death of hair cells [2,3]. Nowadays the treatment for
NIHL mainly depends on hearing aids and cochlear
implants, but the therapeutic effect is limited by the
number and function of remaining cochlear hair cells
and auditory nerves. Therefore, an urgent require-
ment has emerged to discover and innovate novel in-
terventions for addressing NIHL.

The gut microbiota—a diverse microbial com-
munity located in the gastrointestinal tract—plays
a pivotal role in several essential physiological pro-

cesses that are critical to the overall health of the
host. These processes include energy homeostasis,
metabolism, gut epithelial health, immune activity,
neurobehavioral development and interactions with
other body organs [4-8]. It has been reported that
the compositional variation in the intestinal flora
is involved in the progression of hearing loss [9].
An inflammatory gut microenvironment induced by
pathological stress may result in the disruption of
the gut barrier and the translocation of pathogens,
metabolites and pro-inflammatory factors derived
from gut microbiota through the systemic circula-
tion to other organs, including the inner ear [10].
Apart from the direct negative effects on cells in the
inner ear, environmental noise stress has been re-
ported to be related to gut microbiota dysregulation
[11-13]. Therefore, the gut microbiota may be re-
garded as a potential target for the prevention and
treatment of NIHL.

Currently, interventions for manipulating the gut
microbiota are limited to the use of prebiotics and
fecal microbiota transplantation (FMT) [14]. The
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Figure 1. Schematic illustration of the mechanism through
which SPIOCA regulates the microbiota—gut—inner ear axis
for hearing protection.

former is hindered by variations in the ability of dif-
ferent bacteria to degrade prebiotics, making pre-
cise modulation of the gut microbial community
challenging [15]. The latter carries potential risks
of pathogen transmission during the FMT process
[16]. 1t is of great significance to develop new, safe
and effective strategies for the modulation of the gut
microbiota.

In this work, we developed a pH-responsive su-
perparamagnetic iron oxide nanoparticle assembly
(SPIOCA) with the Food and Drug Administration
(FDA)-approved excipient carboxymethyl cellulose
(CMC) as the coating agent and investigated its
regulatory effects on NIHL and intestinal dysbac-
teriosis. Based on its good biocompatibility and ef-
fectiveness in the modulation of the gut microbiota,
we proposed that SPIOCA exhibits a protecting
effect against NIHL through the modulation of the
microbiota-gut-inner ear axis (Fig. 1). This study
highlights a new strategy for preventing NIHL and
the developed nano-iron oxide holds the potential
as a therapeutic nanomedicine for the treatment
of both NIHL and microbiota dysbiosis-related
diseases.

RESULTS AND DISCUSSION

Preparation and characterization
of SPIOCA

The structural stability of nanomaterials in the
gastrointestinal tract is crucial for preserving their
functionality in regulating the gut microbiota [17].
For orally delivered iron oxide nanomaterials, main-
taining their structural stability in the highly acidic
gastric environment is of utmost importance. To ad-
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dress this requirement, the FDA-approved excipient
CMC—awater-soluble derivative of cellulose—was
employed as a coating agent to prepare SPIOCA
for oral administration using a simple one-pot
co-precipitation method. Particle size control was
achieved by varying the ratios of CMC/ferrous chlo-
ride/ferric chloride (Fig. Sla—c) and the product
obtained with a ratio of 4:2:1 exhibited the most
suitable crystallinity and stability (Fig. S1d). The
morphology of the SPIOCA was characterized by
using a transmission electron microscope (TEM).
Due to the strong interaction between CMC coat-
ings, the iron oxide nanoparticles in SPIOCA exist
in the form of small assemblies. As shown in Fig. 2a,
the resulting iron oxide nanoparticles exhibited reg-
ular spherical shapes with a diameter of ~5.69 nm,
displaying distinct lattice fringes with lattice spac-
ings of 0.252 and 0.296 nm, corresponding to the
(311) and (220) crystal planes of y-Fe, O3, respec-
tively. Selected area electron diffraction (SAED)
revealed diffraction rings of SPIOCA corresponding
to the crystal planes of y-Fe,O3. X-ray diffraction
analysis showed absorption peaks at 30.3° 35.6°
43.5°, 53.3°, 57.3° and 63.1°, corresponding to the
(220), (311), (400), (422), (S11) and (440) crystal
planes of y -Fe, O3, indicating the presence of a mag-
netic spinel phase (Fig. S2a) (JCPDS: 39-1346).
Fourier transform infrared (FTIR) spectroscopy of
SPIOCA exhibited strong peaks at 2876, 1573 and
1024 cm™!, corresponding to the stretching and
bending vibrations of C-H, -C=0 and C-O-C
bonds in CMC (Fig. S2b). Additionally, a stretching
vibration peakat 585 cm ™! corresponding to the Fe—
O bond was observed. In addition, iron, oxygen and
carbon elements are evenly distributed in SPIOCA
(Fig. 2b). These results demonstrate the successful
coordination between iron oxide and CMC. Ther-
mogravimetric analysis (TGA) showed a mass loss
of ~45% for SPIOCA in the temperature range of
150-570°C (Fig. S2c) and this could be attributed
to the thermal decomposition of the CMC coating.
SPIOCA exhibits excellent superparamagnetic be-
havior overall (Fig. S3a) and the surface is negatively
charged due to the coating of CMC (Fig. S3b). The
hydrodynamic diameter of SPIOCA was 430 nm
with a polydispersity index (PDI) of 0.199 and there
were no significant changes in size and PDI after
14 days (Fig. S4a), demonstrating the excellent col-
loidal stability of SPIOCA in an aqueous medium.
The pH-responsive property of SPIOCA was
evaluated in the range of pH 1-9. As shown in
Fig. 2¢, the hydrodynamic diameter of SPIOCA
gradually decreases with the decrease in pH within
the pH range of 1-7. The conformation of SPIOCA
contracted in the acidic solution due to the protona-
tion of CMC (Fig. 2d). The pH-responsive behavior
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Figure 2. Protective effects of SPIOCA on NIHL. (a) TEM image, high-resolution TEM image and SAED pattern of SPIOCA.
(b) HAADF-STEM image and the corresponding elemental maps showing the distribution of Fe, C and 0. (c) The hydrody-
namic diameter of SPIOCA was measured across a pH range of 1-9. (d) Schematic diagram of SPIOCA's pH responsiveness.
(e) Schematic illustration of the animal experiments. (f) ABR thresholds were analysed to determine the effect of SPIOCA
on NIHL (n = 6). (g) Hair cells in the apical, middle and basal turns in mouse cochleae were stained with myosin 7a, phal-
loidin and DAPI (4,6-diamidino-2-phenylindole). Scale bars: 20 wm. (h) Quantification of the number of cochlear hair cells per
200 gem in the apical, middle and basal turns (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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reduces the exposure of the iron oxide core and pro-
tects SPIOCA from degradation in the highly acidic
gastric environment. After 2 hours of incubation
in simulated gastric fluid, SPIOCA released only
5.5 ng/mL of iron ions, with approximately half of
the release observed from bare y-Fe, O3 nanoparti-
cles (Fig. S4b). This indicates that SPIOCA exhibits
superior stability.

Biocompatibility analysis of SPIOCA
in vitro and in vivo

Histological analysis was performed to investigate
the pathological features in the main organs har-
vested from C57BL/6 mice after 2 weeks of oral
administration of SPIOCA. Based on the H&E
(Hematoxylin and Eosin) staining results, there
were no significant lesions observed in the heart,
liver, spleen, lungs, kidneys, stomach or intestinal
tissues of the SPIOCA treatment group compared
with the control group (Fig. SS). To determine
the effect of SPIOCA on the function of the liver
and kidney, the levels of alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase,
urea and creatinine were measured. Compared with
the control group, the values of these indicators re-
mained in the normal range after oral administration
of the nanoparticles (Fig. S6a—e). The cytotoxicity
of SPIOCA against Caco-2 cells was evaluated with
a series of doses from 10 to 200 pg of Fe/mL via a
Cell Counting Kit-8 cell (CCK-8) assay. As shown
in Fig. S6f, no significant cytotoxicity was observed
even at an iron concentration of <200 pg/mL. The
above results suggest that SPIOCA exhibits good
biocompatibility at both the cellular and organismal
levels, and thus is a safe oral agent.

Protection against NIHL

We next investigate the therapeutic efficacy of SPI-
OCA against NIHL in mice. Postnatal day (P)30
C57 mice received an intragastric administration of
SPIOCA (26 mg/kg per day of iron dose) and CMC,
while the control group was given the same volume
of saline. Two weeks later, mice were subjected to
white noise (110 dB) exposure for 2 hours, and
auditory brainstem response (ABR) threshold mea-
surements and immunofluorescence experiments
in cochlear hair cells were performed 2 weeks later
(Fig. 2e). ABR analysis showed that oral administra-
tion of SPIOCA had a protective effect against NIHL
(Fig. 2f). The cochlear outer hair cells (OHCs) are
mechanosensory cells that selectively amplify audi-
tory inputs, whereas inner hair cells are responsible
for transmitting acoustic information to the brain
through ribbon synapses [18,19]. When the ear
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receives sound signals, different sound frequencies
are separated along the cochlea, with each hair
cell being tuned to a narrow frequency range [20].
Dysfunction or loss of OHCs is regarded as a pre-
dominant cause of hearing deficiency. In the present
study, mouse cochlear hair cells were stained with
myosin 7a and phalloidin, and, after noise exposure,
we observed an obvious loss of OHCs in the apical,
middle and basal turns, while pretreatment with SPI-
OCA could promote OHC survival (Fig. 2g and h).
Taken together, these results suggest that SPIOCA
has effective therapeutic effects against NIHL.

Amelioration of cochlear inflammation

To delineate the protective mechanisms of SPIOCA,
we performed genome-wide transcriptional profil-
ing of the mouse cochlea by using RNA-sequencing
(RNA-seq). Principle component analysis (PCA)
showed that the noise-exposed group displayed a
shift clustering that was distinct from the control
group, while the SPIOCA-treated group was more
closely clustered to the control group (Fig. 3a).
RNA-seq identified 69 significantly altered genes,
68 of which were upregulated and 1 was downreg-
ulated in the cochlea of the noise-exposed group
versus the control group, and the altered expression
of all 69 genes was reversed by SPIOCA treatment
(Fig. 3b). Gene Ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
pathway analysis were conducted to determine
the functions and pathways involved in SPIOCA
regulation. Among the top 30 enrichments, we
found that immuno-inflammatory responses and
related pathways such as the NOD-like receptor
signaling pathway, interleukin (IL)-17 signaling
pathway, tumor necrosis factor (TNF) signaling
pathway, NF-«kB signaling pathway and Toll-like
receptor signaling pathway were regulated by
SPIOCA treatment (Fig. 3c and d). TLR4 is an
important receptor for recognizing lipopolysaccha-
ride (LPS) and activation of TLR4 contributes to
inflammatory signaling [21]. Its activation could
upregulate the production of pro-inflammatory
cytokines in mouse cochlea [22]. NLRP3 is an
innate cytosolic immune signaling receptor and its
activation leads to caspase 1-mediated proteolytic
activation of the IL-18 family of cytokines, thus
resulting in an inflammatory, pyroptotic cell death
[23]. It has been reported that NLRP3 inhibition
alleviates inflammatory phenotypes in the inner
ear and protects against inflammation-mediated
sensorineural hearing loss [24]. Here we found that
SPIOCA could reverse noise-induced activation of
TLR4 and NLRP3 in mouse cochlea (Fig. 3e~h and
Fig. $7), which demonstrated that SPIOCA protects
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Figure 3. Cochlear inflammation of mice in different groups. (a) PCA plot showing the clustering of cochleae in different
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Figure 3.(Continued) expressed genes. (e) Immunofluorescence of TLR4 in cochlear duct. Scale bars: 50 m. (f) Quantification
of TLR4 expression in cochlear stria vascularis (SV), organ of Corti (OC), spiral ganglion neuron (SGN). (g) Immunofluorescence
of NLRP3 in cochlear duct. Scale bars: 50 um. (h) Quantification of NLRP3 expression in Cochlear SV, OC, SGN. *P < 0.05;

**P<0.01;, ***P < 0.001; ****P < 0.0001.

against NIHL mainly by the inhibition of cochlear
immuno-inflammatory responses.

Modulation of the gut microbiome

SPIOCA is mainly distributed in the gastrointestinal
tract after oral administration (Fig. S8). The internal
inflammatory responses in various diseases have
been reported to be associated with alterations
in the gut microbiota [25-28]. Here, we investi-
gated whether the suppressive effect on cochlear
inflammation is linked to the regulation of the gut
microbiota. The gut microbiota composition after
intragastric SPIOCA administration was analysed
using 16S rRNA gene amplicon sequencing in the
colonic contents. Non-metric multidimensional
scaling (NMDS) analysis was used to visualize the
differences in the fecal microbiota structure among
different groups. Plots representing the noise group
were distributed in the left-hand space, while the
control group and SPIOCA group were located in
the right-hand space, indicating that noise exposure
significantly altered the gut microbiota composition.
However, SPIOCA administration mitigated the
drastic shift in gut microbiota (Fig. 4a). SPIOCA
treatment also significantly inhibited the noise-
induced increase in bacterial richness (observed
operational taxonomic unit (OTU) richness) and
diversity (Shannon index) (Fig. 4b and c). Firmicutes
and Bacteroidetes are the dominant microflora in gut
microbiota and the Firmicutes/Bacteroidetes (F/B)
ratio has been associated with several pathological
conditions [29]. We observed that the F/B ratio was
significantly higher in mice in the noise-exposed
group compared with the control group, while it was
decreased in the SPIOCA-treated group (Fig. 4d-f).
Verrucomicrobiota is involved in maintaining intesti-
nal integrity [30] and we found that noise exposure
remarkably reduced the abundance of Verrucomi-
crobiota, while there was an improvement in the
SPIOCA group, indicating that SPIO CA might have
a protective effect on gut barrier integrity (Fig. 4g).
It has been reported that the expansion of facultative
anaerobic Enterobacteriaceae is a common marker of
microbiota dysbiosis and the bacteria-derived endo-
toxin may result in systemic inflammation [31,32].
In the current study, we found that SPIOCA sig-
nificantly suppressed the increased abundance of
Enterobacteriaceae in NIHL mice (Fig. 4h). We next
analysed the significantly changed gut microbiota
composition at the family and genus levels, and
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the significant microbial changes between different
groups are shown in Fig. 4i and j. We observed that
SPIOCA treatment could remarkably reduce noise-
induced increases in the abundance of maleficent
bacteria such as Escherichia-Shigella, Kiebsiella and
Ureaplasma. The increased relative abundance of
these bacteria has been proven to be closely asso-
ciated with upregulated intestinal inflammation,
intestinal barrier disruption and internal infections
[33-35]. Note that, unlike excessive exposure to
iron ions leading to dysbiosis of the gut microbiota
[36], SPIOCA demonstrates a positive modulatory
effect on the gut microbiota. The linear discriminant
analysis effect size (LEfSe) is used to assess the
alterations of microbiota composition in each group
and the enriched taxa in the mouse microbiota are
represented in a cladogram (Fig. 4k). The greatest
difference from the phylum to the genus level in
microbiota was identified using a linear discrimi-
nant analysis (LDA) score, which showed that the
relative abundance of Bacteroides was enriched in
the SPIOCA group (Fig. 41). Collectively, these
results suggested that the benefits of SPIOCA can be
attributed to the modulation of the gut microbiome.

Inhibition of intestinal inflammation and
restoration of the gut and the
blood-labyrinth barrier

The microbiota—gut-brain axis plays a crucial role
in the bidirectional association between the gut
and the brain, contributing to the pathogenesis of
various neurological disorders [37]. Gut microbial
dysbiosis-induced increase in pro-inflammatory cy-
tokines that are produced by the pro-inflammatory
microbiome leads to the increased permeability
of the intestinal barrier, and then the circulating
pro-inflammatory factors disrupt the blood-brain
barrier (BBB) integrity and result in neuroinflam-
mation [38]. The blood-labyrinth barrier (BLB)
in the inner ear, which resembles the BBB, protects
the cochlea from invasion by pathogens, toxins and
mediators of inflammation [39]. The properties of
the BLB make the inner ear particularly susceptible
to influences from gut microbiota. Here we ob-
served that noise exposure resulted in the elevation
of inflammatory factors such as TNF-«, IL-17 and
LPS in both colon tissues and serum, which was
attenuated by SPIOCA treatment (Fig. Sa—f). Fur-
thermore, by immunostaining F4/80 and reactive
oxygen species (ROS) in colon tissue, we found that
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SPIOCA could effectively reduce the inflammation
and oxidative stress induced by noise exposure
(Fig. Sg and h, and Fig. S9a and b). HE staining
showed that there was no significant change in differ-
ent groups (Fig. 5i), indicating that the noise stress
was not severe enough to induce pathological lesions
in colon tissue. However, we observed a thinner mu-
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cus layer and reduced expression of tight junction
proteins such as occludin and ZO-1 after noise expo-
sure in the colon section, and these were alleviated
by SPIOCA treatment (Fig. S5j-1 and Fig. S9c and
d), suggesting that SPIOCA exerted a protective
effect on noise-induced gut barrier disruption. It
is reported that inflammatory factors can cause
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significant disruption of BLB [40] and the increased
inflammatory factors in the circulation may damage
the cochlea through the broken BLB. We further
found that noise exposure disrupted the integrity of
BLB through the dextran leakage experiment, while
there was an improvement after SPIOCA treatment
(Fig. S10). Taken together, our results suggest that
SPIOCA protects against noise-induced cochlear
inflammation by inhibiting the pro-inflammatory
factors via the microbiota—gut-inner ear axis.

Regulation of sphingolipid metabolism
in gut—inner ear axis

Microbial metabolites may influence neurodegen-
erative disorders by modulating many signaling
pathways [41-43]. In the present study, untar-
geted metabolomics analysis was performed to
determine the metabolic alterations in response to
SPIOCA administration in colonic contents, serum
and brain samples by using gas chromatography and
mass spectrometry. Orthogonal partial least squares-
discriminant analysis showed a significant separation
of clusters between different groups (Control vs.
Noise and Noise vs. SPIOCA) (Fig. S1la-f). Heat-
map analysis showed a significant change in metabo-
lites among three groups, with a total of 23 metabo-
lites in mouse colonic contents, 23 metabolites in
serum and 56 metabolites in brain tissues (Fig. S11g-
i). The metabolomic map displays the significantly
enriched pathways that were regulated by SPIOCA
administration in mouse colonic contents, serum
and brain tissues (Fig. 6a-c). Interestingly, the
sphingolipid signaling pathway was prominently in-
fluenced by SPIOCA in all three samples (Fig. 6a—c).
Sphingolipids are both structural lipids embedded
in eukaryotic membrane bilayers and a fundamental
class of signaling molecules mediating multiple
biological functions [44]. Sphingolipids are readily
synthesized by gut microbes of the genera Bac-
teroides [45] and our results presented in Fig. 41 also
showed that Bacteroides was significantly enriched in
the SPIOCA group, indicating a moderating effect
of SPIOCA on sphingolipid metabolism. Among
all sphingolipids, S1P is the most well-characterized
intercellular signaling molecule and it plays a pivotal
role in regulating various physiological functions
through S1P receptors (S1PRs) (Fig. 6d). It has
been reported that, among the five specific G
protein-coupled SI1PRs (SIPR1-SIPRS), only
SIPRI-SIPR3 is expressed in the cochlea and
that SIPR2 inhibition promotes the ototoxicity of
gentamicin, thus highlighting the important role of
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S1PR2 in auditory function [46]. Here, we observed
that noise exposure suppressed the expression of
S1PR2 in both cochlear hair cells and spiral ganglion
neurons, which was reversed by SPIOCA treatment
(Fig. 6e-h). Meanwhile, numerous studies have
demonstrated that SIP-S1PR signaling is involved
in mediating immune and inflammatory processes
[47-50]. In line with this, our results also showed
that SPIOCA could suppress the immune and
inflammatory responses in the cochlea triggered
by noise, indicating that SPIOCA-mediated sphin-
golipid metabolism in the gut-inner ear axis plays a
significant role in preventing NIHL.

CONCLUSION

In summary, we developed an orally administered
iron oxide nanomaterial (SPIOCA) with pH re-
sponsiveness and excellent biocompatibility, and
evaluated its protective effects against noise-induced
gut microbiota dysbiosis and hearing loss. Oral
administration of SPIOCA can inhibit the harmful
bacteria proliferation induced by noise, thereby pro-
tecting against intestinal barrier damage caused by
gut inflammation and oxidative stress, and avoiding
systemic inflammatory responses. This is closely
related to the inhibition of cochlear inflammation
induced by noise, thus preserving hearing function.
Additionally, SPIOCA specifically induced an in-
crease in the abundance of sphingolipid-producing
thus
metabolism in the gut-inner ear axis and protecting

Bacteroides, regulating the sphingolipid
hearing.

This study demonstrates a novel mechanism
whereby the gut microbiota influences cochlear
inflammation, providing valuable insights into
the field of hearing protection. Additionally, it
reveals, for the first time, the positive restorative
effect of iron oxide nanomaterials on dysbiotic gut
microbiota. By targeting the modulation of gut
microbiota, SPIOCA has the potential to become an
effective nanomedicine for the treatment of NIHL.
Nevertheless, further in-depth research is still re-
quired to elucidate the mechanisms underlying
the impact of SPIOCA on gut microbiota changes.
The SPIOCA developed in this work is simple to
prepare, and all components are FDA-approved
for clinical use, making it a promising treatment
for other diseases associated with gut microbiota
dysbiosis.
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