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A B S T R A C T

Hearing loss is caused by many factors including ototoxic drug-induced hair cell damage. 
Ombuoside, an antioxidant isolated from Gynostemma pentaphyllum, has been suggested to serve 
as a new neuroprotective drug. However, the role of ombuoside in protecting inner ear hair cells 
from ototoxic drug-induced damage has not been investigated. Here, we demonstrated the pro
tective potential of ombuoside in mitigating drug-induced ototoxicity in vivo and in vitro. We used 
cisplatin, a highly ototoxic anti-tumor drug, to induce hair cell damage. Our results showed that 
ombuoside significantly increased the survival of cisplatin-treated HEI-OC1 cells. Further mech
anism research suggested that ombuoside protects HEI-OCI cells from cisplatin-induced apoptosis 
by reducing the cisplatin-induced upregulation of apoptosis-promoting proteins Bax, Bak, as well 
as apoptosis indicator proteins cytochrome C and cleaved-caspase-3, and the downregulation of 
apoptosis-inhibiting proteins Bcl-2. Ombuoside also protects the cells from the excessive ROS 
production and mitochondrial membrane depolarization triggered by cisplatin. These results 
demonstrated the potential for ombuoside in protecting hair cells from cisplatin by suppressing 
ROS generation and the mitochondrial apoptotic cascade. Ombuoside showed promise in pro
tecting hair cells from cisplatin-induced apoptosis by suppressing ROS generation and the 
mitochondrial apoptotic cascade. Furthermore, ombuoside co-treatment in mouse cochlear ex
plants and zebrafish lateral neuromasts rescued the decreased number and deformed morphology 
of hair cells resulting from cisplatin exposure. These findings further validated our conclusions 
and indicated that ombuoside is a potential protector against hearing loss caused by ototoxicity as 
a clinical side effect of cisplatin.
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1. Introduction

Hearing loss is a common sensory disorder in humans. The World Health Organization (WHO) has reported that >5 % of the global 
population (corresponding to approximately 70 million people) experiences disabling hearing loss, defined as hearing impairments of 
moderate to high severity. Among these individuals, 34 million are children [1,2]. Hearing loss primarily results from hair cell damage, 
which can be caused by many factors, such as ototoxic drugs, excessive noise, aging, and genetic diseases. More than 600 drugs are 
ototoxic, among which, aminoglycoside antibiotics and platinum-containing chemotherapeutic agents are the most extensively 
researched [3–5]. Cisplatin, a platinum-based compound, is a highly effective anti-tumor drug that is widely used to treat various types 
of cancer. However, it is highly ototoxic [4,6,7]. 40 %–80 % of adults and >50 % of children that received cisplatin treatment suffered 
from permanent hearing loss after cisplatin treatment [4,7].

The ototoxicity that induced by cisplatin can be caused by various factors and mechanisms, including apoptosis, oxidative stress 
damage, autophagy and inflammation [8–10]. At present, the primary cause of cisplatin ototoxicity is believed to be cisplatin induced 
reactive oxygen species (ROS) [8,11–14]. Low levels of ROS produced by cells under normal physiological conditions have strong 
chemical activity in signal transduction [15–17]. To maintain redox homeostasis, cells neutralize excess ROS via the antioxidant 
system. Functional disruption of the intracellular antioxidant system can lead to excessive ROS production and disrupt the cellular 
structure through various mechanisms, including DNA damage, increased lipid peroxidation of the cell membrane, and others [15,17]. 
Cisplatin induces excessive ROS production in the cochlea and promotes the activation of caspase-3. This leads to apoptosis of the hair 
cells and spiral ganglion neurons in the organ of Corti, ultimately resulting in hearing loss [18].

Many efforts have been explored to reduce the adverse effects of cisplatin, including the development of small-molecule drugs, 
improvement of delivery methods, as well as updating of drug delivery systems [8,15,19] Otoprotective drugs such as amifostine, 
N-acetylcysteine, and sodium thiosulfate have been shown to protect against cisplatin-induced hearing loss [20–23]. To date, only 
sodium thiosulfate is approved by the FDA to prevent cisplatin induced hearing loss of children [24]. Cisplatin predominantly triggers 
ototoxicity by inducing the generation of ROS, while antioxidants effectively neutralize these ROS. Hence, it is crucial to identify more 
antioxidants that mitigate the ototoxic adverse effects of cisplatin.

Flavonoid is a kind of well-known antioxidants, function effectively as scavengers of free radicals [25,26]. A dietary flavonol, 
quercetin (3,5,7,3′,4′-pentahydroxy flavone) has been documented to reduce oxidative stress in streptozotocin-induced diabetic rats 
and to protect against cisplatin-induced apoptotic cell death in zebrafish [27,28]. The flavonol glycoside ombuoside is isolated from 
Gynostemma pentaphyllum and exhibits multiple pharmacological effects [29–33]. Its low toxicity and broad range of pharmacological 
effects have garnered significant research interest. Moreover, ombuoside improves chronic stress-induced anxiety in mice, suggesting 
its potential as a therapeutic approach for the treatment of anxiety disorders [29,30,32]. Notably, ombuoside mitigates the cytotoxicity 
of L-3, 4-dihydroxyphenylalanine (L-DOPA) in dopaminergic neurons [30,31]. L-DOPA is the most effective and commonly prescribed 
therapy for treating Parkinson’s disease. However, excessive dosages and prolonged usage of L-DOPA might cause adverse effects, 
including motor fluctuations, dyspnea, and emotional disturbances [34,35]. Ombuoside improves the adverse effects of L-DOPA in 
parkinson’s, suggesting that it may be a new neuroprotective drug. This neuroprotective effect may be attributed to its ability to reduce 
L-DOPA-induced ROS levels and apoptosis [30,31]. Since the increasing ROS and apoptosis is the main cause of cisplatin induced 
ototoxic adverse effects, this indicating a potential role of ombuoside in reduce cisplatin-induced ototoxicity. However, the protective 
role of ombuoside against ototoxicity has not been investigated and needs to be explored as yet.

Here, we investigated for the first time the protective effects of ombuoside against cisplatin-induced ototoxicity. Our findings 
provide significant experimental evidence for the potential clinical use of ombuoside in the treatment of drug-induced hearing loss.

2. Materials and methods

2.1. HEI-OC1 cell culture

HEI-OC1 cells derived from the organ of Corti of the transgenic Immortomouse™ were gifted by Professor Huawei Li at Fudan 
University (Shanghai, China). Cultures were grown in high-glucose Dulbecco’s Modified Eagle Medium (DMEM, 11965-084, Gibco) 
with 10 % fetal bovine serum (FBS, 10099-141, Gibco) at 33 ◦C and 5 % CO2, without antibiotics. HEI-OC1 cells were seeded at 5 × 103 

cells per well in 96-well plates or 2 × 105 per well in 6-well plates.

2.2. Zebrafish husbandry

AB strain zebrafish were cultured in circulating water at a constant temperature of 28 ◦C following a 14-h light/10-h dark cycle. The 
transgenic strain Tg(brn3c:GFP) was gifted by Professor Huawei Li at Fudan University (Shanghai, China). The zebrafish used in this 
study were all at 5 days post fertilization.

2.3. Cochlear explant culture

C57BL/6 mice were decapitated with scissors after anesthesia on postnatal day 3 (P3), and the cochlear tissue was dissected in 0.01 
mmol/L phosphate-buffered saline (PBS). The detailed operation was performed as described previously [36,37]. The cochlear ex
plants were cultured in DMEM/F12 medium (SH30023.01, Thermo Scientific) supplemented with N2/B27 (17502-048/17504-44, 
Invitrogen) and ampicillin (P0781, Sigma-Aldrich) at 37 ◦C in 5 % CO2.
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2.4. Drug treatment

Ombuoside was dissolved in Dimethyl Sulfoxide (DMSO) to prepare 10 mmol/L stock solutions, then diluted in the culture medium 
to their respective working concentrations, ensuring that the final DMSO concentration was kept below 1 %. Cisplatin was stored as a 1 
mM solution in PBS and diluted to a final concentration of 30 μM (for HEI-OC1 cells and cochlear explants based on our previous study) 
or 800 μM (for zebrafish based on previous study) in the culture medium for the experiments [37,38].

In the experiment involving the screening of ombuoside concentrations, HEI-OC1 cells were treated with varying concentrations (0, 
5, 10, 20, 30, 40, 80, or 100 μmol/L) of ombuoside for 24h.

HEI-OC1 cells or cochlear explants were divided into such four groups randomly: untreated (control), cisplatin (30 μmol/L), 
ombuoside (30 μmol/L), and ombuoside and cisplatin (30 μmol/L each) co-treatment. The cisplatin groups and ombuoside groups 
were treated with cisplatin or ombuoside, respectively, for 24 h. The co-treated group was pretreated with ombuoside for 2 h, and then 
co-treated with cisplatin and ombuoside for 24 h.

The zebrafish were randomly divided into four groups (90 individuals in each group): untreated (control), cisplatin (800 μmol/L), 
ombuoside (30 μmol/L), and ombuoside (30 μmol/L) and cisplatin (800 μmol/L) co-treatment. The cisplatin groups and ombuoside 
groups were treated with cisplatin or ombuoside for 8 h, respectively. The co-treated group was pretreated with ombuoside for 2 h, and 
then co-treated with cisplatin and ombuoside for 8 h.

All zebrafish experiments (accession number: IACUC-2023-8793-01) and mouse cochlear explant cultures (accession number: 
202300226) were conducted in accordance with the Guiding Principles for the Care and Use of Laboratory Animals approved by The 
First Affiliated Hospital of Shenzhen University (Shenzhen Second People’s Hospital).

2.5. Cell viability assay

The viability of HEI-OC1 cells after drug treatment was measured using the cell counting kit-8 (CCK-8) assay according to the 
manufacturer’s instructions (CK04, Dojindo Laboratories). Briefly, HEI-OC1 cells were seeded at 5 × 103 cells per well in 96-well plates 
and incubated overnight. Post-treatment, a 10 % CCK-8 solution in DMEM was added and incubated at 37 ◦C for 2 h. Optical density 
(OD) at 450 nm was measured using a plate reader.

2.6. Flow cytometry

After drug treatment, the HEI-OC1 cells were digested using ethylenediaminetetraacetic acid (EDTA)-free 0.25 % trypsin (In Hank’s 
Balanced Salt Solution) and collected. Flow cytometry was performed according to the instructions provided with the Annexin V- 
fluorescein isothiocyanate/propidium iodide (FITC/PI) apoptosis detection kit (4A Biotech, Beijing, China). Specifically, the cells were 
resuspended in 1 × binding buffer and incubated with Annexin V-FITC for 5 min in the dark then stained with PI before loading to a BD 
Accuri C6 flow cytometer (BD Biosciences, USA).

2.7. Western blotting

Drug-treated HEI-OC1 cells were digested with EDTA-free 0.25 % trypsin and collected. Proteins were extracted using lysis buffer 
(P0013C, Beyotime) containing protease inhibitors (04693159001, Roche) and phosphatase inhibitors (49068370001, Roche). The 
BCA Protein Assay Kit (Thermo, 23225) was used to measure protein concentrations. Next, 10 μg of protein and loading buffer were 
heated at 95 ◦C for 10 min to denature the proteins, and then separated on 10 % polyacrylamide gels and transferred to PVDF 
membranes. Subsequently, the membranes were blocked for 1 h at room temperature with 5 % nonfat dry milk in 1 × TBST. Following 
blocking, the membranes were incubuted overnight at 4 ◦C in 1 × TBST with 2 % BSA and primary antibodies for Bax (D2E11) rabbit 
monoclonal antibody (mAb) (1:1000, 5023T, Cell Signaling Technology), Bak (D4E4) rabbit mAb (1:1000, 12105T, Cell Signaling 
Technology), B-cell lymphoma-extra large (Bcl-2) (D17C4) rabbit mAb (1:1000, 3498T, Cell Signaling Technology), cytochrome c 
(136F3) rabbit mAb (1:1000, 4280T, Cell Signaling Technology), and beta-tubulin rabbit mAb (1:1000, ab6046, Abcam). After 
washing the membranes with 1 × TBST and then were incubated with secondary antibody was goat anti-rabbit IgG H&L (horseradish 
peroxidase [HRP]) (1:5000, ab6721, Abcam) at room temperature for 1 h. Fianlly, afert washing with 1 × TBST, the membranes were 
incubated with Immobilon® ForteWestern HRP Substrate (WBLUF0100, Millipore), and protein bands were visualized using Amer
sham lmager 680.

2.8. Mitochondrial membrane potential (MMP) and ROS detection

After washing drug-treated HEI-OC1 cells with 1 × PBS, MMP and ROS detection were performed using different kits according to 
the manufacturer’s protocol. MMP was measured using 100 nmol/LMitoTracker® Red (40741ES50, YEASEN) with an incubation 
period of 30 min at 37 ◦C. Total ROS were measured using 5 μmol/L CellRox Green (C10444, Thermo Fisher) for 30 min at 37 ◦C, while 
mitochondrial ROS were assessed using 5 μmol/L MitoSOX Red (M36008, Thermo Fisher) with a 10-min incubation at 37 ◦C, 
respectively. After 1 × PBS washing, the sample was mounted with VECTASHIELD® mounting medium (H-1000, Vector) and imaged 
on a ZEISS LSM 800 confocal microscope.
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2.9. Immunofluorescence

Drug-treated HEI-OC1 cells, cochlear explants, and zebrafish were fixed with 4 % paraformaldehyde for 1 h, washed with PBS, and 
permeabilized with 1 % Triton X-100 for 30 min. The samples were then blocked with 10 % bovine serum albumin for 1 h, followed by 
incubation with primary antibodies overnight at 4 ◦C. After washing three times with PBS, the cells were incubated with fluorescence- 
conjugated secondary antibodies at room temperature for 3h. Cell nuclei of the HEI-OC1 cells, cochlear explants, and zebrafish were 
stained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI, D8417, Sigma) at room temperature for 30min. After immunofluores
cence, the sample was mounted with VECTASHIELD® mounting medium (H-1000, Vector) and imaged on a ZEISS LSM 800 confocal 
microscope by using 488 nm and 561 nm excitation lasers respectively.

The primary antibodies Cleaved-Caspase 3 polyclonal antibody (1:1000 dilution, 9661S, CST) was used in HEI-OC1 cells, GFP 
polyclonal antibody (1:1000 dilution, A11122, Invitrogen) was used in zebrafish, and myosin VIIa rabbit polyclonal antibody (1:400 
dilution, 25–6790, Proteus Biosciences) was used in cochlear explants. The secondary antibody was Alexa Fluor 488-labeled donkey 
anti-rabbit antibody (1:1000 dilution, A21206, Invitrogen).

2.10. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

TUNEL assays were performed on cochlear explants that were first subjected to drug treatment and subsequent immunofluores
cence staining. The In Situ Cell Death Detection Kit (11684795910, Roche) was conducted according to the manufacturer’s protocol. 
The TUNEL of drug-treated cochlear explants were performed after IF. Briefly, cochlear explants stained with 100 μL TUNEL mixture 
for 1 h at 37 ◦C in a dark atmosphere. A positive control was prepared by treating the sample with 100 μL DNase I (EN0521, Thermo) 
before fixation, while a negative control was set up by adding the labeling solution without TUNEL transferase to the sample. The 
sample was mounted with VECTASHIELD® mounting medium (H-1000, Vector) and imaged on a ZEISS LSM 800 confocal microscope 
by using 488 nm and 561 nm excitation lasers respectively.

2.11. Real-time quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was used to detect the relative mRNA levels in different groups of zebrafish treated with drugs. Thirty individuals were 
pooled in each sample. Total RNA was extracted using TRIzol (15596-026, Invitrogen). After removing DNA with DNase I, the cDNA 
was generated by reverse transcription kit (TRT-101, ToYoBo). The 20 μl reverse transcription reaction, containing 1 μg of RNA, 5 μM 
Oligo dT primer, 1 mM deoxynucleotide triphosphate mixture, and 100U of ReverTra Ace, was incubated at 42 ◦C for 60 min, followed 
by 95 ◦C for 10 min. Finally, the target genes were amplified using the cDNA as a template. RT-qPCR was performed using SYBR Green 
Master Mix (QPK-201, ToYoBo): 2 × SYBR Green real-time master mix, 10 μL; cDNA, 1 μL; Forward primer, 1 μL; Reverse primer, 1 μL; 
H2O, 7 μL. The PCR amplification conditions were: 95 ◦C for 2min; 40 cycles × (95 ◦C for 15s; 60 ◦C for 20 s; 72 ◦C for 30s); 65 ◦C for 
0.05s; 95 ◦C, 0.5s. The relative mRNA levels were analyzed using the 2－△△CT method. The primers used for qPCR in this study were 
listed in Supplementary Table 1.

2.12. Statistical analysis

The data were analyzed in GraphPad Prism9 and displayed as mean ± standard error of the mean (SEM). One-way analysis of 
variance (ANOVA) followed by a Dunnett multiple comparisons test was performed for multiple group comparison. A p value ≤ 0.05 
was statistically significant. For each HEI-OC1 cell culture experiments contained at least 3 independent biological replicates. For 
cochlear explant culture and zebrafish experiments, each group contained at least 3 independent cochlear explants or zebrafishes. Each 
experiment was repeated at least three times.

Fig. 1. Ombuoside protects HEI-OC1 cells from cisplatin toxicity. A. HEI-OC1 cells were treated with varying concentrations of ombuoside doses for 
24 h. Cell viability was analyzed by cell counting kit-8 (CCK-8) and compared with untreated cells, N ≥ 5 B. HEI-OC1 cells were pre-treated with 
varying concentrations of ombuoside for 2 h and then co-treated with 30 μmol/L cisplatin for 24 h. Cell viability was evaluated by CCK-8 and 
compared with cells treated with cisplatin alone, N ≥ 4. Data are presented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P 
≤ 0.0001.
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3. Results

3.1. Ombuoside reduces cisplatin-induced damage to HEI-OC1 cells

HEI-OC1 is one of the few cell lines available for studying hearing and has been extensively utilized in studies related to autophagy, 
aging, and cellular protective mechanisms [39]. In this study, we employed HEI-OC1 cells as a model to study drug-induced 
ototoxicity. We first verified whether ombuoside affects the growth of HEI-OC1 cells. The cells were treated with 0, 5, 10, 20, 30, 
40, 80, or 100 μmol/L of ombuoside for 24 h. Only treatment with 80 or 100 μmol/L ombuoside inhibited cell growth (Fig. 1A).

To investigate the protective effects of ombuoside against cisplatin-induced damage, HEI-OC1 cells were pretreated with 0, 5, 10, 
20, 30, or 40 μmol/L of ombuoside for 2 h and then exposed to ombuoside and 30 μmol/L cisplatin co-treatment for 24 h. The CCK8 
results showed cell survival rates of 52.85 ± 0.5533 %, 57.19 ± 0.8988 %, 58.52 ± 0.8542 %, 59.73 ± 1.007 %, 65.25 ± 2.085 %, and 
62.28 ± 0.9170 %, respectively, for 0, 5, 10, 20, 30, and 40 μmol/L of ombuoside (Fig. 1B). Thus, ombuoside significantly increased 
the survival of cisplatin-treated HEI-OC1 cells, with the 30 μmol/L dose demonstrating the most protective effect. These results suggest 
the protective role and optimal concentration of ombuoside against cisplatin-induced cytotoxicity in HEI-OC1 cells.

3.2. Ombuoside reduces cisplatin-induced apoptosis in HEI-OC1 cells

Flow cytometry showed a survival rate of cells treated with 30 μmol/L cisplatin alone of 52.17 ± 0.3844 %. However, when co- 
treated with ombuoside, the survival rate increased to 84.73 ± 0.3283 % (Fig. 2A and B) Therefore, ombuoside significantly 
reduced cisplatin-induced death and apoptosis of HEI-OC1 cells.

To further investigate the impact of ombuoside on cisplatin-induced apoptosis, we analyzed the apoptotic signaling pathway using 
western blotting. After cisplatin treatment, expression of apoptosis-promoting signaling proteins, including Bax, Bak, increased 
significantly, while those of apoptosis-inhibiting indicator proteins Bcl2, decreased significantly (Fig. 2C and D). When co-treated with 
ombuoside, the expression of Bax and Bak, significantly decreased compared with that in cells treated with cisplatin alone, whereas the 
expression of Bcl2 increased (Fig. 2C and D). Additionally, we observed a significant increase in the expression of cytochrome c, an 
indicator of apoptosis. Cytochrome c activates caspase-8, caspase-9, and caspase-3 in the endogenous apoptotic pathway [40,41]. 
Caspase-3, a key factor in caspase cascade-induced apoptosis, may be one of the final executors of apoptotic events. Our results showed 
that the signals of cytochrome c and caspase-3 significantly increased after cisplatin treatment but decreased significantly when 
co-treated with ombuoside (Fig. 2C–D, Fig. 3A–D, and Fig. 3Q). Additionally, staining with DAPI is adequate to assessing apoptosis at a 
morphological level, including chromatin condensation, nuclear deformation [42]. Moreover, DAPI staining showed that the number 

Fig. 2. Ombuoside protects HEI-OC1 cells against cisplatin-induced apoptosis. A. Cell apoptosis analysis by flow cytometry. Negative auto
fluorescence control (using untreated cells without dyes) and positive controls (using fixed untreated cells stained with AX or PI) were employed to 
set the parameters of the cytometer. Comparison between cells treated with cisplatin alone and co-treated with ombuoside, N = 3. The upper right 
quadrant (Q2) represents apoptotic cells. B. Quantification of apoptotic cells in Fig. 2A, N = 3. Data are presented as mean ± SEM. ****P ≤ 0.0001. 
C. Western blot showing the expression of apoptosis-associated proteins in HEI-OC1 cells treated with cisplatin alone and co-treated with ombuoside 
using tubulin as a reference. (The non-adjusted blot image is included in supplementary material) D. Quantification of protein expression in Fig. 2C. 
Data are presented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001.
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of apoptotic cells in cisplatin treatment was significantly higher than that in co-treated with ombuoside (Figs. S1A–E). These results 
suggest that ombuoside protects HEI-OC1 cells from cisplatin-induced cell death by inhibiting the apoptotic pathway.

3.3. Ombuoside reduces cisplatin-induced oxidative stress in HEI-OC1 cells

Cisplatin-induced ROS production leads to cell apoptosis [39,43]. To investigate the potential of ombuoside to reduce 
cisplatin-induced apoptosis by inhibiting ROS production, we assessed the intracellular and mitochondrial ROS levels in HEI-OC1 cells 
using CellROX Green and MitoSOX Red staining. We observed few CellROX Green-positive cells and MitoSOX Red-positive cells in both 
the control and ombuoside-treated groups. Intracellular and mitochondrial ROS levels increased significantly after cisplatin treatment. 
However, cells co-treated with ombuoside and cisplatin exhibited significantly decreased intracellular and mitochondrial ROS levels 
(Fig. 3E–H, 3I–L, Fig. 3R and S). Accumulation of ROS causes mitochondrial depolarization, leading to the release of cytochrome c, 
which ultimately activates caspase-8, caspase-9, and caspase-3 in the endogenous apoptotic pathway. The loss of mitochondrial 
membrane potential (ΔΨm) is a signal of mitochondrial damage [44,45]. We used MitoTracker Red staining to detect the mito
chondrial membrane potential. In the control group, the mitochondrial membrane of HEI-OC1 cells showed obvious probe aggregation 
and displayed strong red fluorescence signal. The red fluorescence reduced significantly in cells exposed only to cisplatin, indicating 
the mitochondrial membrane experienced depolarization. While co-treated with ombuoside, the mitochondrial damage caused by 
cisplatin exposure was alleviated, as evidenced by increased red fluorescence compared with cisplatin exposure only (Fig. 3M–P, 
Fig. 3T). These results suggest that ombuoside reduces cisplatin-induced apoptosis via the mitochondria-related apoptotic pathway.

Fig. 3. Ombuoside protects HEI-OC1 cells against cisplatin-induced reactive oxygen species (ROS) and mitochondrial membrane potential (MMP). 
A–D. Immunofluorescence detection of apoptotic cells by staining for cleaved caspase 3 (green) and nuclei (blue)by 4′,6-diamidino-2-phenylindole 
(DAPI), N = 3.E–H. Detection of mitochondrial ROS (mtROS) levels using MitoSOX Red vmtROS (red), N = 3. I–L. Measurement of intracellular total 
ROS (green) using a CellROX Green probe, N = 3. M − P Measurement of the MMP using MitoTracker® Red probe (red), N = 3. Scale bar: 50 μm. Q- 
T. Quantification of positive cell in Fig. .3A–P. The percentage value was obtained from the ratio of positive cell number to total cell number in the 
same view field at the same magnification by manually counting. Data are presented as mean ± SEM. ****P ≤ 0.0001.
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3.4. Ombuoside protects cochlear explants from cisplatin-induced hair cell damage

In the untreated group, cochlear explants contained a neatly arranged layer of inner hair cells and three layers of outer hair cells. 
The arrangement of inner and outer hair cells in the ombuoside group was well-organized, with no significant difference in the number 
of hair cells (base: 70.0 ± 2.45, middle: 84.5 ± 0.96, apex: 79.3 ± 1.45) (Fig. 4C–G, K), compared with that in the untreated group 

Fig. 4. Ombuoside protects against cisplatin-induced damage in cochlear hair cells. A–L. Myosin VII (green) and DAPI (blue) immunofluorescence 
staining in the apex (A–D), middle (E–H), and base (I–L) regions of the cochlea according to drug treatment, N ≥ 3. M–O. Counts of myosin VII- 
positive hair cells every 100 μm along the apex (M), middle (N), and base (O) regions of cochlear explants, N ≥ 3. Data are presented as mean 
± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. Scale bar: 50 μm.
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(base: 67.0 ± 3.60, middle: 73.4 ± 3.53, apex: 81.0 ± 3.51) (Fig. 4A–E, I). Therefore, ombuoside alone did not affect the shape and 
number of hair cells in the cochlear explants. In the cisplatin-treated group, the arrangement of the inner and outer hair cells in the 
cochlear explants was disrupted in the base, middle, and apex areas. Additionally, the number of hair cells was significantly reduced 
(base: 22.0 ± 1.87, middle: 23.2 ± 2.18, apex: 31.2 ± 2.58) (Fig. 4B–F, J). In contrast, co-treatment with ombuoside significantly 
reduced the hair cell loss (base: 35.2 ± 1.65, middle: 41.5 ± 3.96, apex: 45.4 ± 3.88) (Fig. 4D–H, L) caused by cisplatin, resulting in a 
significantly increased number of hair cells in the co-treatment group compared with that in the cisplatin group. These results indicate 
that ombuoside protected against cisplatin-induced hair cell damage.

Fig. 5. Effects of ombuoside and cisplatin on apoptosis in cochlear explants. A–L. Detection of apoptotic cells in cochlear explants using terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (red), and hair cells stained with myosin VII (green) in the apex (A–D), middle (E–H), 
and base (I–L) regions of the cochlea, N = 4. M–O. Counting of TUNEL-positive hair cells every 100 μm along the apex (M), middle (N), and base (O) 
regions of cochlear explants, N = 4. Data are presented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. Scale bar: 25 μm.
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Cisplatin-induced hair cell injury is primarily associated with hair cell apoptosis. We investigated whether ombuoside protected 
hair cells by inhibiting apoptosis. Hair cells were stained with myosin VIIa and apoptotic cells were detected using terminal deoxy
nucleotidyl transferase dUTP nick end labeling (TUNEL). The TUNEL assay revealed that cisplatin induced apoptosis of hair cells and 
treatment of cochlear explants with ombuoside significantly reduced apoptosis (Fig. 5). These results suggest that ombuoside reduced 
cisplatin-induced ototoxicity by inhibiting apoptosis in cochlear explants.

3.5. Ombuoside protects zebrafish hair cells from cisplatin-induced damage

We used zebrafish as the animal model to validate the potential protective effects of ombuoside against cisplatin-induced injury in 
vivo. The structure and function of zebrafish hair cells in the lateral line are similar to those of mammalian inner ear hair cells [46–48]. 
Additionally, many homologous genes related to human deafness are expressed in the hair cells of the zebrafish lateral line. The hair 
cells of zebrafish neuromasts are located on the surface of the fish body, thus, they are easy to manipulate and observe in vivo [48,49]. 
These characteristics make zebrafish an important research model for hair cell development. We treated Tg(brn3c:GFP) transgenic 
zebrafish, which were marked with green fluorescent proteins specifically expressed in hair cells, with cisplatin and/or ombuoside. 
Compared with the control group by IF, zebrafish treated with ombuoside showed no difference in the morphology or number of 
floral-shaped lateral neuromasts formed by hair cell aggregation (control: 10.38 ± 1.08 vs. ombuoside: 9.23 ± 0.89). After cisplatin 
treatment, the number of hair cells decreased drastically (3.05 ± 0.29), and the cells became irregular in shape. Co-treatment of 
cisplatin with 30 μmol/L ombuoside showed a protective effect on the hair cells of zebrafish neuromasts, resulting in a higher number 
of hair cells (5.84 ± 0.27) and more regularly shaped cells, compared with those in the cisplatin group (Fig. 6A–E).

Furthermore, RT-qPCR confirmed that the apoptosis-promoting genes noxal, baxb, and tp53 were significantly upregulated after 
cisplatin treatment. Conversely, the expression of the apoptosis-inhibiting gene bcl2a was significantly decreased. When co-treated 
with ombuoside, the expression of noxal, baxb, and tp53 was significantly decreased, whereas that of bcl2a was upregulated, 
compared with that in the cisplatin-treated group (Fig. 6F). These results revealed the protective effects of ombuoside against cisplatin- 
induced ototoxicity in vivo.

Fig. 6. Ombuoside protects zebrafish hair cells from cisplatin-induced damage. A–D. Tg(brn3c:GFP) Zebrafish larvae at 5 dpf were pre-exposed in 
ombuoside for 2 h, and then co-treated with 800 μmol/L cisplatin for 8 h. Confocal microscopy was used to detect the green fluorescent protein 
(GFP) expression of hair cells, N ≥ 8. E. Assessment of the number of hair cells per neuromast in Fig. .6A–D, N ≥ 8.F. Relative expression of 
apoptosis-associated mRNA in zebrafish treated with cisplatin alone or co-treated with ombuoside, N = 3. Data are presented as mean ± SEM. *P ≤
0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. Scale bar: 10 μm.
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4. Discussion

In this study, we demonstrated the protective effects of ombuoside against cisplatin-induced hair cell death. Ombuoside protected 
HEI-OCI cells from cisplatin-induced apoptosis. The abnormal expression of apoptosis-associated proteins, excessive ROS production, 
and mitochondrial membrane depolarization triggered by cisplatin can be significantly reduced by ombuoside. In mouse cochlear 
explants in vitro and zebrafish lateral neuromasts in vivo, the number of hair cells decreased and their shape deformed due to cisplatin. 
However, this effect was significantly attenuated by ombuoside treatment. These results suggest that ombuoside has a strong potential 
to safeguard hair cells from cisplatin-induced apoptosis by inhibiting ROS production and the mitochondrial apoptotic pathway. This 
suggests that ombuoside is a potential ear protector against drug-induced hearing loss.

Evidence suggests that cisplatin induces hair cell apoptosis, leading to ototoxicity [8,14,18]. Our results revealed that cisplatin 
treatment significantly induced apoptosis in hair cells, which was alleviated by simultaneous exposure to ombuoside. This provides 
evidence of the protective potential of ombuoside against cisplatin-induced hair cell damage. Various apoptotic pathways are involved 
in cisplatin-induced ototoxicity, including mitochondria-mediated apoptosis pathways [8,18]. The Bcl-2-family proteins, including the 
pro-apoptotic factors Bax, Bad, and Bid, as well as the anti-apoptotic factors Bcl-2, Bcl-x, and Bcl-w, are vital regulator of the 
mitochondria-mediated apoptosis pathways [40,41]. Bcl-2 inhibits apoptosis by preventing the release of cytochrome c, a central 
regulator of apoptosis, from the mitochondria into the cytoplasm. Conversely, Bad and Bax promote the release of cytochrome c from 
mitochondria and subsequently activate the caspase-mediated apoptotic pathway, resulting in cell apoptosis [50,51]. Our results 
showed that cisplatin treatment upregulated the expression of the pro-apoptotic proteins Bad and Bax, and significantly down
regulated the expression of the anti-apoptotic protein Bcl-2. However, co-treatment with ombuoside effectively reduced the effect of 
cisplatin on the expression of these apoptotic regulatory factors and reduced cisplatin-induced apoptosis in hair cells. Ombuoside 
protects PC12 cells from L-DOPA-induced neurotoxicity by inhibiting L-DOPA-induced continuous phosphorylation of ERK1/2 and 
JNK1/2, elevating caspase-3 expression and decreasing SOD activity, thereby acting as a neuroprotective drug [32]. In this study, we 
demonstrated that ombuoside can protect against ototoxicity. It effectively protects hair cells from cisplatin-induced apoptosis by 
inhibiting the activation of mitochondria-mediated apoptotic pathways.

Apoptosis of hair cells is the primary mechanism underlying cisplatin-induced ototoxicity. Excessive ROS disrupt normal hair cell 
function by triggering the mitochondrial release of cytochrome c and activating the caspase pathway, leading to hair cell apoptosis [12,
13,15]. Our results suggest that pretreatment with ombuoside significantly reduces cisplatin-induced ROS production of HEI-OC1 
cells, thereby reducing apoptosis. Our findings are consistent with ombuoside serving as a ROS scavenger, suggesting that the anti
oxidant properties of ombuoside may be the primary mechanism underlying its anti-apoptotic effects. As reported, antioxidants 
regulate ROS level by scavenging free radicals, we postulate that ombuoside may also functions in reducing intracellular ROS con
centrations by eliminating excessive free radicals generated by cisplatin, thereby mitigating apoptosis.

Currently, the two main protective measures for reducing cisplatin-induced ototoxicity involve inhibiting the apoptotic pathway 
and enhancing the antioxidant protection system. The exogenous administration of antioxidants is a viable strategy to protect against 
cisplatin-induced ototoxicity. Flavonoids are a type of naturally occurring polyphenolic compounds ubiquitously present in photo
synthetic cells [52]. These compounds serve as potent natural antioxidants, capable of neutralizing free radicals and mitigating 
oxidative stress-induced cellular damage. Such as hesperidin [53], quercetin [27], resveratrol [54], rutin [55], also exerted protective 
effects in cisplatin-induced rat ototoxicity models. Although various flavonoid drugs have been found to alleviate cisplatin-induced 
ototoxicity, none of them have been used in clinical treatment so far. Discovering more flavonoid drugs with this effect can provide 
more options for treatment plans aimed at reducing cisplatin-induced ototoxicity. In this study, we demonstrated that ombuoside 
prevented the excessive production of mitochondrial ROS caused by cisplatin, thereby alleviating mitochondrial dysfunction and cell 
apoptosis. Although ombuoside significantly alleviated cisplatin-induced damage, the number of hair cells was still reduced compared 
with those in the controls without cisplatin treatment. Therefore, we can take some measures to protect cochlear hair cells from 
drug-induced ototoxicity and maximize the protective effects of ombuoside, such as explore effective mitochondria-targeted antiox
idants that can be co-administered with ombuoside, and administering intratympanic injections rather than ocular drug delivery. 
Despite the promising initial findings, further detailed in vivo animal experiments are needed to confirm the results of this study, and 
distortion product otoacoustic emission (DPOAE) or auditory brainstem response (ABR) will utilize to accurately assess the role of 
ombuoside in preventing cisplatin-induced ototoxicity. Future research on the precise mechanisms underlying the protective effect of 
ombuoside in alleviating cisplatin-induced ototoxicity in hair cells will help us to better understand the molecular mechanisms of hair 
cell survival and facilitate the development of improved therapeutic strategies for deafness induced by hair cell injury.

5. Conclusion

We demonstrated the significant protective effects of ombuoside against cisplatin-induced ototoxicity by blocking the ROS pro
duction and mitochondrial apoptotic pathways. Our findings revealed that ombuoside is a potential protective agent against hearing 
loss caused by ototoxic injuries. Further, they suggest that ombuoside, a natural flavonoid, can be used as a preventive or therapeutic 
agent for ototoxic injury-induced hearing loss. These results have significant implications for future clinical practice.
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