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Abstract

Aminoglycoside antibiotics, including gentamicin (GM), induce delayed ototoxic effects such as hearing loss after prolonged
use, which results from the death of hair cells. However, the mechanisms underlying the ototoxicity of aminoglycosides warrant
further investigation, and there are currently no effective drugs in the clinical setting. Herein, the therapeutic effect of the flavonoid
compound rutin against the ototoxic effects of GM in zebrafish hair cells was investigated. Animals incubated with rutin (100400
umol/L) were protected against the pernicious effects of GM (200 umol/L). We found that rutin improves hearing behavior in
zebrafish, and rutin was effective in reducing the number of Tunel-positive cells in the neuromasts of the zebrafish lateral line
and promoting cell proliferation after exposure to GM. Subsequently, rutin exerted a protective effect against GM-induced cell
death in HEI-OC1 cells and could limit the production of cytosolic reactive oxygen species (ROS) and diminish the percentage
of apoptotic cells. Additionally, the results of the proteomic analysis revealed that rutin could effectively inhibit the expression
of necroptosis and apoptosis related genes. Meanwhile, molecular docking analysis revealed a high linking activity between the
molecular docking of rutin and STAT1 proteins. The protection of zebrafish hair cells or HEI-OCI1 cells from GM-induced oto-
toxicity by rutin was attenuated by the introduction of STAT1 activator. Finally, we demonstrated that rutin significantly improves
the bacteriostatic effect of GM by in vitro experiments, emphasising its clinical application value. In summary, these results
collectively unravel a novel therapeutic role for rutin as an otoprotective drug against the adverse effects of GM.
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Gram-negative bacteria and mycobacteria and can be used in
combination with f-lactam antibiotics to enhance efficacy [1].
The toxicity of aminoglycosides is chiefly related to ototoxic-
ity and nephrotoxicity. Ototoxicity refers to the toxic effects
of drugs or certain physical factors on the cochlea, vestibular
system, and other parts of the cochlea, triggering structural and
functional damage to the cochlea, such as ototoxic deafness [2].
Even marginal hearing loss hinders language, cognitive, and
social development, leading to reduced psychosocial function,
especially in young children. Therefore, the ototoxicity of ami-
noglycosides severely limits their clinical use [3].
Aminoglycoside antibiotics primarily elicit hearing loss
by damaging hair cells on the basilar membrane of the inner
ear. Aminoglycoside-induced generation of reactive oxygen
species (ROS) is one of the central mechanisms of sensory
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cell death. Aminoglycosides can penetrate hair cells through
vascular striations, mechano-electrical transducer channels,
and cytosolization [4]. Following infiltration, they generate
large amounts of intracellular ROS through mitochondrial
calcium overload and other pathways, which in turn, dis-
rupt normal equilibrium and lead to the oxidation of DNA,
lipids, proteins, and other important cellular constituents,
ultimately resulting in cell death. The pathway of hair cell
death is intricate and encompasses necrosis, as well as cas-
pase-dependent and caspase-independent apoptosis [5].

Gentamicin (GM) is a commonly administered amino-
glycoside in clinical practice owing to its favorable efficacy
against Gram-negative bacteria and tuberculosis [6]. To date,
GM has not been completely replaced by less ototoxic and
equally effective drugs in the clinical setting. Hence, there is
an urgent need to discover an effective drug for the preven-
tion of gentamicin-induced ototoxicity [7].

Rutin, also termed rutoside or quercetin-3- O -rutinoside, is a
naturally occurring bioflavonoid found in vegetables and fruits
[8]. Numerous studies have demonstrated its powerful antioxi-
dant capacity, especially its excellent free radical scavenging
activity [9]. Prince et al. evaluated the inhibition of lipid per-
oxidation and the antioxidant status of rutin in diabetes mellitus
in a rat model and described that oral administration of rutin
for 45 days exerted a significant antioxidant effect in mice with
streptozotocin (STZ)-induced experimental diabetes [10]. At the
same time, Nafees et al. observed that rutin could alleviate the
damage induced by inflammation and oxidative stress in Wistar
rats by regulating the MAPK pathway [11].

Importantly, a previous study has reported that rutin mitigated
cisplatin-induced hair cell death in neonatal cochlear explants
in vitro. The potential mechanism involved the alleviation of
mitochondrial damage, the scavenging of reactive oxygen spe-
cies (ROS), the suppression of the MAPK signaling pathway, and
the activation of the PI3K/AKT signaling pathway [12]. However,
reports on the ototoxicity of rutin against GM are scarce.

The zebrafish is an ideal animal model for studying human
auditory hair cell function. Zebrafish have hair cell-rich neuro-
mast located on the lateral line of the ear sac and body surface,
which are very convenient for live labeling staining and obser-
vation [13]. This study employed zebrafish as a model organism
to examine the potential protective effects of rutin against GM-
induced ototoxicity in hair cells and its mechanism of action by
conducting in vivo and in vitro experiments.

Materials and Methods
Animals
Wild-type (AB) and Tg (Brn3C: GFP) transgenic zebrafish

used in the research were donated by Professor Dong Liu
at Nantong University (Nantong, China). All zebrafish
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were raised and maintained at 28 +0.5°C on a 14 h/10 h
light/dark cycle. The breeding program was carried out
according to The Zebrafish Book (ZFIN, https://zfin.org/).

Drug Preparation

GM (Solebol, Beijing, China) was dissolved in dimethyl sul-
foxide at a concentration of 2 mmol/L. Rutin (Original Bio,
Shanghai, China) was dissolved in dimethyl sulfoxide at a
concentration of 30 mmol/L. 2-NP, an aselective enhancer of
STATI transcription, was sourced from Med Chem Express
(MCE, Beijing, China) and dissolved in DMSO using an
ultrasonic bath. The stock solution was then diluted to work-
ing concentrations (Rutin, 25-400 umol/L; GM, 80 or 200
pmol/L; 2-NP, 200umol/L) in fish water or culture medium.
All the reagents are prepared before each use.

Cells

HEI-OCI1 cells used were maintained in high-glucose Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum under an atmosphere of 10% CO, at
34 °C. HEI-OC1 cells were cultured in a humidity-con-
trolled incubator without antibiotics.

Drug Treatments

Zebrafish larvae at 5 dpf were treated with the pre-defined
drugs in a 24-well plate. Larvae were exposed to rutin for 3 h
and then co-treated with rutin and GM (200 pmol/L) for 12 h.

For cell viability assays, HEI-OC1 cells were incubated
with different concentrations of rutin (0-200 umol/L) for
24 h or a single dose (100 umol/L) of rutin for 0-48 h, or
exposed to rutin for 6 h and then co-treated with rutin and
GM (80 umol/L) for 24 h; For cellular ROS and apop-
totic detection, HEI-OCI1 cells exposed to rutin (0-100
pmol/L)for 6 h and then co-treated with rutin and GM
(80 umol/L) for 24 h; For proteomic analysis, HEI-OC1
cells were incubated with 100 umol/L Rutin for 24 h; To
explore the role of STAT1, Zebrafish and HEI-OC1 cells
were incubated with 200 or 80 umol/L GM for 24 h or
initially treated with 400 or 100 pmol/L rutin or 2-NP (200
pmol/L) for 6 h.

Zebrafish Hearing Behavior Assay

In this study, we used the startle response assay to exam-
ine zebrafish hearing. For the behavioral experiments, one
zebrafish larvae at 5 dpf was placed in 300uL of fish media
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per well of a 96-well plate. For each experimental condition,
a group of 13 larvae (1 column) was used. The well plate
every two seconds. Locomotor activity was subsequently
tracked and quantified (as distance travelled) for 60 addi-
tional seconds utilizing the Zebrabox system from View-
Point Behavior Technology.

Whole Mount Immunohistochemistry

The immunohistochemical assay was carried out according
to the methodologies outlined in previous studies [14—16].
The antibodies used in this study were as follows: anti-Myo-
sin VIla antibody (1:200, Abcam, UK) with Alexa Fluor
488 antibody (1:200; Sigma-Aldrich), anti-BrdU antibody
(1:200; Abcam, USA), and Alexa Fluor 594 antibody (1:200;
Sigma-Aldrich). Nuclei were counter-stained using DAPI
(1:200; Thermofisher).

FM1-43 Staining

A living cell fluorescent dye FM1-43 (Macklin, Shanghai,
China) was used to determine the functionality of existing
hair cells. The collected 5dpf zebrafish embryos were anes-
thetized with 0.03% MS-222 (Sigma-Aldrich) and immersed
in 5 uM FM1-43 solution for 45 s in the dark. After discard-
ing the dye, the larvae were washed three times with PBS
and images were taken under a fluorescence microscope
(Nikon AIR confocal microscope). Fluorescence intensity
was quantified using ImageJ, and the background fluores-
cence intensity was subtracted.

TUNEL Staining

The TUNEL staining is used for measuring apoptotic DNA
fragmentation. TUNEL staining (Servicebio, Beijing, China)
was performed according to the manufacturers instructions.

CCK-8 Assay

Cell activity was assayed using the Cell Counting Kit kit
kit-8 (CCK-8, Servicebio, Jinan, China) according to the
instructions of the reagent vendor.

Intracellular ROS Detection

Staining of ROS in HEI-OCI1 cells was performed using
a fluorescent probe for 2°,7’-dichlorofluorescein diacetate
(DCFH-DA, Solepol, Beijing, China). DCFH-DA was diluted
in serum-free medium to a final concentration of 5 pmol/L.
Then, the cell culture medium was discarded and the appro-
priate volume of diluted DCFH-DA was added to cover the

cells. The cells were incubated at 37 °C for 30 min. The cells
were then washed three times with serum-free medium to
remove unbound DCFH-DA. finally, the stained cells were
analysed using confocal fluorescence microscopy.

Flow Cytometric Analysis

Cell apoptosis was determined by using the Annexin
V-PE/7-AAD apoptosis detection kit (BD Biosciences,
USA) following the manufacturer’s instructions.

RNA Extraction and qPCR

The steps for real-time fluorescence quantitative PCR were
consistent with those reported previously [12]. Real-time
quantitative PCR (qRT-PCR) was performed using the
following kits: RNA Extraction Kit (Invitrogen, Beijing,
China), Super Script II Reverse Transcriptase Kit (Inv-
itrogen, USA) and Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, USA). The primers used
in the experiments are listed in Table 1.

Proteomic Analysis

Proteins were extracted from rutin-treated and solvent-
treated HEI-OC1 cells and analyzed proteomically using
mass spectrometry (n=15). KEGG and GO enrichment
analyses were subsequently carried out for relevant differ-
ential genes.

Binding of Rutin to Predicted Targets

The SDF structure files of the compound rutin were obtained
from the PubChem website (https://pubchem.ncbi.nlm.nih.
gov/). Subsequently, the SDF file was converted into a PDB
file using OpenBabel 2.3.2 software. The receptor proteins
STAT1 were sourced from the Protein Data Bank database
(www.wwpdb.org). To prepare the receptor proteins for dock-
ing studies, water and ligands were removed using PYMOL
2.3.4 software. The docking analysis was conducted using
AutoDock Vina (1.1.2), an open-source molecular docking
software developed by Scripps. The receptor proteins were
further modified using Tools software, and the Grid Box com-
mand under the Grid program was utilized to define the bind-
ing site. The lattice spacing was set to 1, with the center of
the pocket designated as the binding site center. Three-dimen-
sional structures of the binding pockets were visualized using
PyMOL software.

Antimicrobial Susceptibility Testing

Antimicrobial susceptibility test disks with 20 ug GM were
purchased from Oxoid (Hants, UK). The Escherichia coli-,
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Table 1 The primers sequences

. Primer name Species Direction Primer sequence

of relevant genes designed for

qPCR STAT1b-F zebrafish 5-3' CCTGAGAGACTTGTCCAGCA
STAT1b-R zebrafish 5'-3 TGATTCCTCCGTCTCGACAG
Bax-F zebrafish 5'-3 GGAGGCGATACGGGCAGT
Bax-R zebrafish 5'-3’ TTGCGAATCACCAATGCTGTG
caspa-F zebrafish 5'-3’ CGGTGAGCCTGATGAGCCAATG
caspa-R zebrafish 5'-3’ TTCCATTCTGCACATGCCGGTAAG
b-actin-F zebrafish 5'-3’ TACAGCTTCACCACCACAGC
b-actin-R zebrafish 5'-3’ AAGGAAGGCTGGAAGAGAGC
Bax-F mouse 5'-3’ TCAGGATGCGTCCACCAAGAAG
Bax-R mouse 5'-3’ TGTGTCCACGGCGGCAATCATC
Bcl-2-F mouse 5'-3 ATCGCCCTGTGGATGACTGAGT
Bcl-2-R mouse 5'-3 GCCAGGAGAAATCAAACAGAGGC
Caspase-1-F mouse 5'-3' GCCTGTTCCTGTGATGTGGAG
Caspase-1-R mouse 5'-3' TGCCCACAGACATTCATACAGTTTC
STAT1-F mouse 5'-3 GATCAGCTGCAAACGTGGTTC
STAT1-R mouse 5'-3 GCTTTTTAAGCTGCTGACGGA
GAPDH-F mouse 5'-3' TTCCTACCCCCAATGTATCCG
GAPDH-R mouse 5'-3' CATGAGGTCCACCACCCTGTT

Klebsiella pneumoniae-, and Salmonella enterica strain was
kindly provided by the microbiology laboratory, Shandong
Provincial Hospital. GM-disks were treated with different
concentrations of rutin (0—200 uM/L) and then placed in bac-
terial media for drug sensitivity experiments. The Petri dish
was incubated at 37 °C for 12 h, and the bacteriostatic zone
diameter around the samples was measured using a scale.

Data Analysis and Statistics

Each experiment was repeated at least three times and consid-
ered valid with the trials showing similar results. Results were
presented as the mean + standard deviation (SD). Students
unpaired t-test was used to compare the results between the
GM-treated and control groups or GM with Rutin-treated and
GM-treated groups. The significant difference was determined
by either Student’s t-test with p <0.05.

Result

Rutin Improves Hearing Behavior in Zebrafish

First, in order to explore the effect of rutin on hearing
damage caused by GM, we conducted an auditory-behav-
ioral experiment in zebrafish (Fig. 1a). The results showed

that GM treatment alone caused zebrafish to be less sen-
sitive to sound (vibration) and move less in one corner
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of the well plate compared to the control. Whereas, after
the addition of rutin pretreatment, the range of zebrafish
movement was expanded (Fig. 1b).

Similarly, the results of quantitative analysis showed
that rutin significantly reversed the GM-induced reduction
in the number of stress reflexes per minute and distance
traveled in zebrafish (Fig. Ic, d).

Rutin Protects the Auditory hair Cells of Zebrafish
from GM-induced cell Death

To quantify the number of hair cells following GM expo-
sure, confocal immunofluorescence analysis was utilized.
Hair cells were labeled with Myosin VIla (green), whilst
nuclei were labeled with DAPI (Fig. 2al). The results
displayed that GM (200 umol/L) promoted a significant
loss of hair cells in the zebrafish lateral line (Fig. 1a, b).
To assess the impact of rutin in protecting zebrafish hair
cells against GM-induced hair cell injury, zebrafish lar-
vae (5 pdf) were pre-treated with O umol/L to 400 umol/L
of rutin for 3 h and then co-treated with rutin and GM
(200 pmol/L) for 12 h (Fig. 2a). The results revealed that
pre-treatment and co-treatment with rutin effectively
increased the number of surviving hair cells following GM
treatment (Fig. 2b). Moreover, a Tg (brn3c: GFP) trans-
genic zebrafish line that expressed a membrane-bound
GFP in hair cells was established (Fig. 2all). Likewise,
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Fig. 1 Rutin improved the
hearing behavior of zebrafish.
5 dpf zebrafish were incubated
with 200 pmol/L GM for 12 h
or pre-treated with 100 umol/L
to 400 umol/L of rutin for 3 h
and then co-treated with rutin
and GM (200 pmol/L) for 12 h.
(a) The schematic diagram

of experimental process. (b)
Representative displacement
graph of the hearing behavior
in zebrafish. Quantification of
the number of startle reflexes
per minute (c) and the speed
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co-treatment with rutin increased the survival rate of GM-
exposed hair cells in a dose-dependent manner (Fig. 2c¢).
In addition, to explore the potential of rutin in promoting
the functional recovery of damaged hair cell clusters, hair
cell mechanotransduction was performed using FM1-43, a
fluorescent dye that infiltrates MET channels (Fig. 2alll) [17].
Interestingly, the fluorescence intensity of FM1-43 in hair cells
within each neuromast decreased after GM stimulation and
was reversed by rutin in a dose-dependent manner (Fig. 2d).

Rutin Prevents hair cell Death and Promotes cell
Proliferation in Neuromasts

To determine the mechanism by which rutin prevents
GM-induced hair cell death, a Terminal deoxynucleotidyl

transferase (TdT) dUTP Nick-End labeling (TUNEL) assay
was carried out. The results exhibited a large number of
TUNEL-positive cells following 12 h of GM treatment
in neuromasts, whereas co-treatment with rutin markedly
reduced the number of TUNEL-positive cells (Fig. 3a, b).
To determine the impact of the oto-protective function of
GM in cell proliferation, a 5-Bromo-2-deoxyUridine (BrdU,
proliferation marker) immunofluorescence assay was per-
formed. Immunofluorescence analysis determined that BrdU-
positive cells were largely situated at the edge of the neuromast
(supporting cells are usually in this area) in the control group,
whilst GM treatment significantly reduced the proportion of
BrdU-positive cells. In contrast, zebrafish co-treated with rutin
and GM exhibited a significantly increased number of BrdU-
positive cells compared with GM treatment alone (Fig. 3a, c).
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Fig.2 Rutin alleviates gentamicin (GM)-induced damage to the lat-
eral line neuromast hair cells (hair cells) of zebrafish. 5 dpf zebrafish
were incubated with 200 pmol/L GM for 12 h or pre-treated with
100 umol/L to 400 pmol/L of rutin for 3 h and then co-treated
with rutin and GM (200 pmol/L) for 12 h. Control animals were
exposed to the vehicle alone (DMSO). (a) I hair cells were labeled
with Myosin VIla (green), whilst nuclei were labeled with DAPI;
II Green fluorescent protein (GFP) expression from the 7g(Brn3C:
GFP) transgenic zebrafish depicting the hair cells; III FM1-43 stain-
ing displaying functional hair cells in the neuromasts in the different

Rutin Reverses GM-induced HEI-OC1 cell Damage
by Inhibiting ROS Production and Apoptosis

HEI-OC1 cells were initially exposed to progressively
increasing concentrations of rutin (0-200 uM/L) for 24 h to
determine the ototoxicity of rutin. The results showed that
rutin not only exhibited no cytotoxicity towards HEI-OC1
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treatment groups. The scale bar represents 5 pm. (b) Quantification
of the number of hair cells (MyosinVIla') per neuromast after dif-
ferent treatments, presented as mean+SD (n=10). ***P<0.001;
*#%%¥P <0.0001; ns: no significant difference. (¢) Quantification of
the number of surviving cilia per neuromast after the different treat-
ments represented as mean=+ SD (n=10). *P <0.05; ****P <0.0001.
(d) The FM1-43 fluorescent intensity per neuromast was calculated
for each group and represented as mean+SD (n=10). ***P <(0.001;
*#%%P <(0.0001; ns: no significant difference

cells but also improved cell viability irrespective of concen-
tration, and its effect was optimal at a concentration of 100
uM/L (Fig. 4a). Specifically, 100 uM/L of rutin significantly
increased the cell viability of HEI-OCI1 cells between 0 and
48 h compared to the control group (Fig. 4b). Therefore,
100 uM of rutin was selected for the ensuing experiments.
Then, the effect of rutin on GM-induced ototoxicity was
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Fig.3 Rutin promotes cell proliferation and protects against gen-
tamicin (GM)-induced hair cell (hair cells) death in neuromasts. 5 dpf
zebrafish were incubated with 200 pmol/L. GM for 12 h or pre-treated
with 100 umol/L to 400 umol/L of rutin for 3 h and then co-treated
with rutin and GM (200 pmol/L) for 12 h. (a) Confocal microscopy
images delineating neuromast hair cells. TUNEL (pink) labeling was
used to examine hair cell apoptosis, and BrdU (pink) reflects hair cell

assessed. The results uncovered that GM (80 uM) signifi-
cantly reduced the cell viability of HEI-OC1 cells, while
rutin (25 to 200 uM) reversed this effect (Fig. 4c).

Apoptosis was evaluated by fluorescence-activated cell
sorting (FACS) of cells stained with AnnexinV antiserum
and the DNA intercalator 7-AAD to identify apoptotic
cells (AnnexinV- positive and 7-A AD-positive). Compared
with the control group, the number of apoptotic cells was
high following GM treatment, and this effect was reversed
by treatment with rutin (Fig. 4d).

ROS were detected using DCFH-DA, and the fluores-
cence intensity was calculated. GM exposure significantly
increased intracellular ROS levels in HEI-OC1 cells,
whereas rutin pretreatment significantly attenuated this
effect (Fig. 4e, f).

Of note, GM significantly up-regulated the expres-
sion of pro-apoptotic genes (Caspace-1 and bax) and

GM 2..|M Rutin 100pM+GM 200puM Rutin 200uM+GM 200uM Rutin 400uM+GM 200uM

Brdu* cells per NM o
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proliferation. Cell nuclei were labeled with DAPI (blue). The scale
bar represents 5 pm. (b) The numbers of TUNEL-positive cells per
neuromast were calculated for each treatment group and presented as
mean+SD (n=10). ****P <0.0001. (¢) The numbers of proliferated
cells (BrdU") per neuromast were calculated for each treatment group
and expressed as mean =+ SD (n=10). ****P <(.0001

down-regulated that of anti-apoptotic (bcl-2) in HEI-OC1
cells, and this effect was reversed by treatment with rutin

(Fig. 4g).

Rutin Inhibits the Necroptosis Signaling Pathway
in HEI-OC1 Cells

To further elucidate the mechanism of rutin, proteomics
combined with bioinformatics analyses were conducted. As
illustrated in Figs. 4a and 389 proteins were differentially
expressed after treatment with rutin in HEI-OC1 cells, of
which 146 proteins were significantly upregulated and 243
were downregulated (Fig. 5a). Notably, the results of GO
analysis showed that various biological processes related
to immune response were inhibited compared to controls,
such as leukocyte activation involved in immune response
(G0:0002366), cell activation involved in immune response
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Fig.4 Effects of rutin on gentamicin (GM)-induced ototoxicity
in HEI-OC1 cells. (a) Cell viability after 24 h treatment with rutin
(0-200 pmol/L). (b) Cell viability following treatment with or with-
out rutin (100 umol/L) for different durations (048 h). (c¢) HEI-OC1
cells were pre-treated with O pmol/L to 200 umol/L of rutin for 6 h
and then co-treated with rutin and GM (80 pmol/L) for 24 h. CCK
analysis analyzing cell viability. (d) Flow cytometry analysis of cell
apoptosis via Annexin V-PE/7-AAD staining after co-incubation with
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GM and rutin. (e) Reactive oxygen species (ROS) levels in GM and
rutin (100 pmol/L) treated for 24 h were detected using DCFH-DA.
The scale bar represents 5 pm. (f) DCFH-DA fluorescenceintensity
quantification. (g) The expression level of apoptosis-related genes
was determined via quantitative real-time PCR. Student’s t-test was
used to compare expression levels between the groups’ P<0.05 (*),
P<0.01 (*¥*), P<0.001 (*¥**), and P<0.001 (*¥**%*); ns: no signifi-
cant difference. Each experiment was performed in triplicate
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Fig. 5 Quantitative proteomics analysis revealing the mechanism by and the control group. (b) GO enrichment analysis of differentially
which rutin mediates hair cell death. Proteomics analysis of rutin- expressed proteins. (¢) KEGG enrichment analysis of differentially
treated HEI-OC1 cells compared with control. (a) Volcano plots of expressed proteins. (d) Pathway diagram of cell necroptosis. Green
differential protein abundances between the rutin-treated groups represents downregulated genes, and red denotes upregulated genes

(G0O:0002263), immune effector process (GO:0002252) and  this, the necroptosis signaling pathway was investigated to

so on (Fig. 5b). identify potential target proteins of rutin. As anticipated,
Next, KEGG analysis determined that rutin inhibited sev-  rutin treatment significantly down-regulated multiple pro-
eral signaling pathways related to cell death, such as necrop-  teins associated with the necroptosis signaling pathway com-

tosis, apoptosis, and cellular senescence (Fig. 5¢). Following  pared to controls, including signal transducer and activator
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of transcription 1 (STAT1), apoptosis regulator BAX (BAX),
ferritin heavy chain (FTH1), apoptosis-associated speck-
like protein containing a CARD, and apoptosis-associated
speck-like protein containing a CARD, heavy chain (FTH1),
apoptosis-associated speck-like protein containing a CARD
(ASC), caspase 1, and others (Fig. 5d). Among these, STAT1
was located upstream of the necroptosis signaling pathway.

Rutin Protects hair Cells from GM-induced
Ototoxicity by Targeting STAT1

To evaluate the affinity of the rutin for its target, molecu-
lar docking analysis was performed. The binding poses and
interactions of rutin with STAT1 were determined using
Autodock Vina v.1.2.2, and binding energy for each interac-
tion was generated. The results showed that rutin was bound
to its protein targets, and the hydrophobic pocket of STAT1
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was successfully occupied by rutin. In other words, rutin had
a low binding energy of -8.391 kcal/mol, indicating highly
stable binding (Fig. 6a).

To further validate that STATI is a target of rutin,
STAT1 activator 2-NP was employed, and the mRNA lev-
els of necroptosis- (statlb or STATI, caspa or caspase-1,
and Bax) related genes were quantified via qPCR both
in vivo and vitro. The results showed that genes related
to programmed necrosis were significantly up-regulated
after exposure of zebrafish or HEI-OC1 cells to GM, and
this up-regulation was reversed after pretreatment with
rutin. Moreover, the down-regulation of necroptosis-
related genes by rutin was significantly attenuated by the
introduction of 2-NP to embryo culture water or cell cul-
ture medium (Fig. 6b, d). Similarly, the protective effect
of rutin on the hair cells of zebrafish was significantly
suppressed by the addition of 2-NP treatment (Fig. 6¢).
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Fig.6 Rutin protected hair cells by inhibiting the necroptosis path-
way. (a) Binding mode of rutin to the target (STAT1) via molecular
docking. Cartoon representation and overlay of the crystal structures
of small molecule compounds and their targets were illustrated using
the Molecule of the Month feature. (b) 5 dpf zebrafish were incubated
with 200 umol/L GM for 12 h or initially treated with 400 umol/L
rutin or a STAT1 agonist, namely 2-NP (200 umol/L), for 3 h. The
expression level of necroptosis pathway-related genes in zebrafish
was determined via quantitative real-time PCR. (¢) Quantification of
the number of surviving cilia per neuromast after different treatments,
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expressed as mean=+SD (n=10). ****P <(0.0001. (d) HEI-OCI cells
were incubated with 80 umol/L GM for 24 h or initially treated with
100 pmol/L rutin or 2-NP (200 umol/L) for 6 h. The expression level
of necroptosis pathway-related genes in mice was determined via
quantitative real-time PCR. (e) Flow cytometry analysis of HEI-OC1
cell apoptosis using Annexin V-PE/7-AAD staining after co-incuba-
tion with GM, rutin, or 2-NP. (f) Quantification of flow cytometric
analyses. The Student’s t-test was used for the comparison; P<0.01
(*¥*), P<0.001 (***), and P<0.001 (*¥***); ns: no significant differ-
ence. Each experiment was performed in triplicate
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Finally, flow cytometry was performed to assess cell
apoptosis. The results unveiled that 2-NP attenuated the
inhibitory effect of rutin on GM-induced apoptosis in
HEI-OCI1 cells (Fig. 6e, f).

Rutin improves the bacteriostatic effect of GM

To investigate whether rutin interfered with the effi-
cacy of GM, we performed the disc susceptibility tests
of Escherichia coli, Klebsiella pneumoniae, and Sal-
monella enterica (Fig. 7a). The results showed that
rutin at any concentration (30-200 uM/L) significantly
increased the bacteriostatic effect of GM against gram-
negative bacteria (Fig. 7b-d). Specifically, rutin showed
the best antibacterial effect against Escherichia coli
and Klebsiella pneumoniae at a concentration of 100
uM/L, and Salmonella at a concentration of 30 uM/L,
respectively.

a Escherichia coli

Fokkok

The diameters of
inhibition zones (cm)
The diameters of
inhibition zones (cm)

Fig.7 Rutin improves the bacteriostatic effect of GM. (a) Typical
images of bacteriostatic drug sensitivity experiments under GM alone
or co-incubation with rutin. (b-d) Quantitative analysis of inhibi-
tory ring diameter under different treatments. The Student’s t-test

Discussion

The high homology between the zebrafish genome and the
human genome, as well as the biological characteristics
of zebrafish, make it an ideal model animal for modeling
various human diseases [18]. The inner ear of the zebrafish
possesses vestibular and auditory functions, such as
marching through the water to maintain balance, sensing
the vibrations of water waves, catching prey, or avoiding
danger [19]. The organ that receives these stimuli is called
the neuromast, which comprises a ring of supporting cells
surrounding a cluster of sensory hair cells. The zebrafish
neuromast hair cells are structurally and functionally com-
parable to mammalian inner ear hair cells. The neuromasts
are located in the zebrafish ear sac and the lateral line of
the body surface and can be observed under a microscope
[20]. In the current study, zebrafish were exposed to GM in
order to explore the protective effect of rutin on hair cells.

Salmonella enterica
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was used for the comparison; P<0.01 (¥*), P<0.001 (***), and
P<0.001 (***%); ns: no significant difference. Each experiment was
performed in triplicate
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The Startle Response Assay used to assess zebrafish
hearing involves exposing the fish to sudden sound stimuli
to observe their startled reaction. This assay takes advan-
tage of zebrafish’s rapid response to abrupt sound stim-
uli, often manifested as a sudden burst of swimming or
a freeze response [21]. We found that rutin significantly
improved hearing behavior in zebrafish. In here, we used
the startle response assay to examine zebrafish hearing.
And, the results collectively signaled that rutin could sig-
nificantly attenuate GM toxicity in zebrafish hair cells.

To further corroborate this result, in vitro experiments
were conducted using hair cell-like HEI-OC1 cells. HEI-
OCl1 is a widely used progenitor hair cell line derived from
mouse auditory organs and has been extensively used in
earlier studies to investigate the protective mechanism
of hair cells [22]. The results unveiled that rutin could
effectively protect HEI-OC1 cells from GM-induced oto-
toxicity. These findings conjointly suggest that rutin is a
promising otoprotective agent for routine use against GM-
induced ototoxicity.

In addition, prior studies have documented that rutin
exerts antibacterial effects by inhibiting cytoplasmic mem-
brane function, bacterial cell wall synthesis, and nucleic acid
synthesis [23]. Therefore, the experiments are necessitated
to confirm the influence of rutin on the efficacy of GM while
protecting hair cells. Fortunately, we have found that rutin
can be very effective in enhancing the bacteriostatic effect
of GM against gram-negative bacteria. This suggests that the
combination of rutin and GM is well worth trying in clini-
cal applications: Combination therapy with rutin and GM
may lead to more effective eradication of bacterial infec-
tions compared to GM monotherapy. This can be particularly
beneficial in treating multidrug-resistant bacterial strains or
chronic infections that are difficult to eradicate with con-
ventional antibiotics alone. Rutin’s ability to enhance the
bacteriostatic effect of GM may help reduce the development
of antibiotic resistance, thereby preserving the effectiveness
of gentamicin for longer durations and reducing the risk of
treatment failure due to resistant bacterial strains. Combina-
tion therapy with rutin may allow for the use of lower dos-
ages of GM while still achieving therapeutic efficacy. This
can help minimize the risk of GM-related side effects and
toxicity, which are often dose-dependent.

Next, potential molecular mechanisms underlying the
protective effect of rutin were explored. According to a
study, rutin enhances fibroblast proliferation at a low con-
centration and has very low cytotoxicity at high concentra-
tions [24]. In this study, the cytotoxicity of rutin towards
either zebrafish hair cells or HEI-OC1 cells was minimal.
On the contrary, rutin significantly increased the number of
proliferating cells in zebrafish lateral line neuromasts and
facilitated the proliferation of HEI-OCI1 cells, insinuating
that it may assist in stimulating the proliferation of hair cell
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precursor cells and, in turn, promoting hair cell regenera-
tion. The generation of human hair cell progenitors poses a
major challenge in sensory hair cell regeneration research
[25]. Therefore, more cases are required in future studies to
confirm this generalization.

The permanent hearing loss caused by aminoglycosides
has been hypothesized to be predominantly associated with
the apoptotic death of outer hair cells [26]. Upon exposure
to gentamicin, there is an increase in reactive oxygen spe-
cies (ROS) within the inner ear cells, leading to oxidative
stress [27]. Elevated ROS levels can cause damage to cellu-
lar components such as lipids, proteins, and DNA, ultimately
resulting in hair cell dysfunction and death. Furthermore,
GM can trigger necrotic or apoptotic pathways in inner ear
hair cells. This may involve the activation of specific signal-
ing pathways that lead to cell death, such as the JNK (c-Jun
N-terminal kinase) pathway or the caspase cascade. Necrotic
cell death is characterized by cellular swelling and rupture,
while apoptotic cell death involves a series of biochemical
events leading to cell shrinkage and fragmentation [28-30].
In this study, CCK-8, Tunel staining, flow cytometry, and
gqPCR assays determined that rutin inhibits GM-induced
apoptosis in hair cells. And, herein, rutin alleviated GM-
induced ROS production in HEI-OC1 cells.

Inhibition of necroptosis and apoptosis using pharma-
cological interventions is a viable strategy to ameliorate
aminoglycoside-induced damage [31]. Necroptosis is a
pro-inflammatory mode of programmed cell death that is
hallmarked by the intentional disruption of host membranes
and the release of pro-inflammatory cytosolic components
into the milieu [14, 23]. According to the results of the
KEGG analysis on proteomics, rutin may protect hair cells
from GM-induced ototoxicity by modulating the necropto-
sis pathway, a process mediated by STAT1. Here, drawing
from the findings of our proteomic analysis, we posited that
STAT1 could be a target of rutin. Subsequently, we con-
ducted molecular docking studies, revealing a strong affinity
between STAT1 and rutin. This evidence supports the notion
that STAT1 may serve as a direct target of rutin, albeit to a
certain extent [16]. Meanwhile, in vivo and in vitro experi-
ments exposed that STAT1 may be a direct target of rutin.
It should be noted that in pharmacological experiments, a
drug typically does not act on only one target; rather, its
efficacy may result from the combined action of multiple
molecules and pathways. Therefore, the strengthened evi-
dence presented in this study can only suggest that STAT1
is one of the significant targets of rutin in protecting against
ototoxicity. This protein emerges as a promising target for
the prevention and management of ototoxicity induced by
aminoglycosides.

It should be noted that this study solely demonstrates
rutin’s ability to inhibit STATT to exert its protective effect.
However, further exploration is warranted to elucidate the
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specific molecular pathways and mechanisms underlying
subsequent activation. In the cellular apoptotic signaling
pathway, STAT1 plays a crucial regulatory role. Upon cel-
lular stimulation by external factors such as viral infection
or cellular damage, signaling molecules like interferons
induce the phosphorylation and activation of STAT1. Acti-
vated STAT1 forms dimers and translocates to the nucleus,
where it binds to specific DNA sequences, regulating the
transcription of target genes including apoptotic factors
such as Bax and Caspases. Increased expression of these
factors triggers the apoptotic signaling pathway within the
cell, leading to cell apoptosis. Additionally, activated STAT1
can also cross-talk with other signaling pathways such as
NF-kB and JAK-STAT, further modulating cell survival and
death decisions [32-34]. Therefore, STAT1 plays a critical
regulatory role in apoptotic signaling, exerting significant
influence over the balance between cell survival and death.
Additionally, the binding activity between rutin and STAT1
needs further experimental validation, such as drug-protein
co-precipitation, drug-protein immunoprecipitation, surface
plasmon resonance, and other [35].

Finally, it is worthwhile emphasizing that mammalian
models were not used in this study to evaluate the ototoxic
antagonism of rutin. Zebrafish, unlike mice, do not possess
a complex cochlear structure and blood-cochlear barrier,
resulting in either ototoxic or protective drugs easily impact-
ing their surface hair cells [36—41]. Therefore, additional
experiments using mammalian models are needed in the
future to explore the potential of rutin as a hair cell protec-
tor and determine the optimal dose.

Conclusion

To the best of our knowledge, this is the first study to estab-
lish the protective effect of rutin against GM-induced oto-
toxicity. Taken together, this study provides compelling evi-
dence that rutin may enhance hair cell survival by inhibiting
STAT1-dependent apoptotic or necroptosis.
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