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Abstract: Excessive levels of reactive oxygen species (ROS) lead to mitochondrial damage and apoptotic
cell death in gentamicin-induced ototoxicity. 2,3,4’,5-Tetrahydroxystilbene-2-O-β-d-glucoside (THSG),
a bioactive constituent, isolated from Polygonum multiflorum Thunb., exhibits numerous biological
benefits in treating aging-related diseases by suppressing oxidative damage. However, its protective
effect on gentamicin-induced ototoxicity remains unexplored. Therefore, here, we aimed to investigate
the otoprotective effect of THSG on gentamicin-induced apoptosis in mouse cochlear UB/OC-2 cells.
We evaluated the effect of gentamicin and THSG on the ROS level, superoxide dismutase (SOD)
activity, mitochondrial membrane potential, nuclear condensation, and lactate dehydrogenase (LDH)
release, and the expression of apoptosis-related proteins was assessed to understand the molecular
mechanisms underlying its preventive effects. The findings demonstrated that gentamicin increased
ROS generation, LDH release, and promoted apoptotic cell death in UB/OC-2 cells. However,
THSG treatment reversed these effects by suppressing ROS production and downregulating the
mitochondrial-dependent apoptotic pathway. Additionally, it increased the SOD activity, decreased
the expression of apoptosis-related proteins, alleviated the levels of the apoptotic cells, and impaired
cytotoxicity. To the best of our knowledge, this is the first study to demonstrate that THSG could be a
potential therapeutic option to attenuate gentamicin-induced ototoxicity.
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1. Introduction

The World Health Organization has estimated that there are about 466 million people
(approximately 6.1% of the world’s population) with disabling hearing loss [1]. Hearing loss can
occur due to aging, noise exposure, and ototoxic drugs (e.g., aminoglycosides, platinum-based
chemotherapeutic agents, loop diuretics, nonsteroidal anti-inflammatory drugs) that cause
overproduction of reactive oxygen species (ROS) and/or reduction of cochlear blood flow [2–4].
Cochleae are vulnerable to oxidative stress on account of the high metabolic demands of hair cells in
reaction to stimulation [5]. Moreover, ROS contribute to cellular dysfunction, including DNA damage
and lipid peroxidation, leading to cochlear degeneration [6].

Gentamicin, an aminoglycoside antibiotic, is commonly used to treat infections caused by aerobic
Gram-negative and some Gram-positive bacteria [7]. However, it has been reported to exert ototoxic
side effects leading to cochlear and/or vestibular damage [8]. Mechanistically, the ototoxic effects of
gentamicin are mediated by the oxidative stress pathway [9,10], apoptosis [11–13], autophagy [14,15],
and the Akt survival pathway [16–18]. Apoptosis plays an important role in maintaining intracellular
homeostasis and participates in the pathogenesis of hearing loss [19]. Excessive ROS production by
ototoxic drugs is associated with hair cell damage via the apoptotic pathway [20]. In addition, it has
been shown that antioxidants attenuated gentamicin-induced hair cell damage, suggesting a possible
relationship between ROS and gentamicin-induced ototoxicity [21].

Polygonum multiflorum Thunb., also known as “He-Shou-Wu” in the East and “Fo-ti” in the
West, is commonly used in traditional Chinese medicine for its antiaging effects [22–24]. It is also
used in medicinal food to improve health. The stilbene glucoside 2,3,4′,5-tetrahydroxystilbene-2-O-
β-d-glucoside (THSG) is a bioactive component extracted from the root of P. multiflorum Thunb. Several
pharmacological studies have demonstrated that THSG exhibits antioxidative capacity [25], attenuates
inflammation, including reduction of the levels of inflammatory factors in atherosclerotic rat serum
and lysophosphatidylcholine (LPC)-mediated induction of inflammatory factors in microglia [26,27],
and eliminates the apoptotic effects in ischemia/reperfusion injury and LPC-induced injury [28,29].
In addition, it has also been shown that THSG improves blood flow and ameliorates vascular senescence
in spontaneously hypertensive rats [30].

Moreover, recent studies have reported the protective effect of THSG on oxidative stress-induced
cellular damage. However, the relationship between gentamicin ototoxicity and THSG remains
unknown. In this study, we investigated the otoprotective effect of THSG in the gentamicin-treated
mouse cochlear cell line and elucidated the molecular mechanisms underlying the protective effects of
THSG. The findings demonstrated the potential of THSG to treat gentamicin-induced ototoxicity.

2. Results

2.1. Gentamicin Suppresses Cell Viability and Induces Cell Cytotoxicity in University of Bristol/Organ of
Corti-2 (UB/OC-2) Cells

The assessment of cell viability showed that gentamicin inhibited the cell viability in a
dose-dependent manner. The viability of cells treated with 750 µM gentamicin was reduced to
46.64 ± 4.90% in comparison with the control cells (not treated with gentamicin) (Figure 1A). In addition,
we measured the cellular cytotoxicity by measuring the lactate dehydrogenase (LDH) activity after 48 h
of gentamicin exposure in various concentrations (125–1000 µM). As shown in Figure 1B, gentamicin
significantly increased the release of LDH in a dose-dependent manner. These results showed that
gentamicin could suppress the cell viability and induce cytotoxicity in mouse cochlear UB/OC-2 cells.
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Figure 1. Effect of gentamicin on cell viability, cytotoxicity, and cleaved poly (ADP-ribose) 

polymerase (PARP) expression in mouse cochlear UB/OC-2 cells. The damage to the cells at various 

gentamicin concentrations (48 h) was assessed by (A) 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay and (B) lactate dehydrogenase (LDH) release assay. 

Relative expression levels of cleaved PARP detected by western blotting in cells treated with (C) 750 

μM gentamicin at different exposure times and (D) different concentrations of gentamicin for 48 h. 

All data are expressed as the mean ± standard deviation from three independent experiments. * p < 

0.05, ** p < 0.01, *** p < 0.001 vs. the control group. 

2.2. Gentamicin Promotes Apoptotic Cell Death in UB/OC-2 Cells 

Based on the cell viability in the MTT assay, we chose 750 μM of gentamicin that resulted in 50% 

viability inhibition as an ototoxicity inducer in the subsequent experiments. In order to elucidate the 

mechanisms involved in the toxic effect of gentamicin via activation of apoptosis, we detected the 

relative expression of cleaved poly (ADP-ribose) polymerase (PARP), an indicator of apoptosis. As 

shown in Figure 1C and D, the relative expression levels of cleaved PARP were significantly increased 

after gentamicin treatment in a time-dependent and dose-dependent manner. Taken together, these 

data suggested that gentamicin might induce UB/OC-2 cell apoptosis. 

2.3. THSG Protects UB/OC-2 Cells Against Gentamicin-Induced Oxidative Stress 

In our previous report, no effect on the survival of UB/OC-2 cells treated with THSG at different 

concentrations (5–40 μM) for 48 h was seen [31]. To further investigate whether THSG protects 

gentamicin-treated UB/OC-2 cells from oxidative stress, the levels of ROS were measured by flow 

cytometry using the indicator dye 2′,7′-dichlorofluorescein diacetate (DCFDA). The fluorescence 

Figure 1. Effect of gentamicin on cell viability, cytotoxicity, and cleaved poly (ADP-ribose) polymerase
(PARP) expression in mouse cochlear UB/OC-2 cells. The damage to the cells at various gentamicin
concentrations (48 h) was assessed by (A) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and (B) lactate dehydrogenase (LDH) release assay. Relative expression levels of cleaved
PARP detected by western blotting in cells treated with (C) 750µM gentamicin at different exposure times
and (D) different concentrations of gentamicin for 48 h. All data are expressed as the mean ± standard
deviation from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the control group.

2.2. Gentamicin Promotes Apoptotic Cell Death in UB/OC-2 Cells

Based on the cell viability in the MTT assay, we chose 750 µM of gentamicin that resulted in
50% viability inhibition as an ototoxicity inducer in the subsequent experiments. In order to elucidate
the mechanisms involved in the toxic effect of gentamicin via activation of apoptosis, we detected
the relative expression of cleaved poly (ADP-ribose) polymerase (PARP), an indicator of apoptosis.
As shown in Figure 1C,D, the relative expression levels of cleaved PARP were significantly increased
after gentamicin treatment in a time-dependent and dose-dependent manner. Taken together, these data
suggested that gentamicin might induce UB/OC-2 cell apoptosis.

2.3. THSG Protects UB/OC-2 Cells against Gentamicin-Induced Oxidative Stress

In our previous report, no effect on the survival of UB/OC-2 cells treated with THSG at different
concentrations (5–40 µM) for 48 h was seen [31]. To further investigate whether THSG protects
gentamicin-treated UB/OC-2 cells from oxidative stress, the levels of ROS were measured by flow
cytometry using the indicator dye 2′,7′-dichlorofluorescein diacetate (DCFDA). The fluorescence signal
intensity of DCFDA staining was boosted in the gentamicin-treated group compared to the untreated
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group. The DCFDA staining showed that the THSG treatment decreased the fluorescence intensity
markedly in gentamicin-treated cells (Figure 2A). Further, to confirm the effect of THSG on oxidative
stress, we measured the antioxidative enzyme activity of superoxide dismutase (SOD). The results
showed that the SOD activity in the three THSG-treated groups (treated with 5, 10, and 20 µM of THSG)
was significantly higher (42.28 ± 0.72%, 47.90 ± 2.27%, and 54.16 ± 3.32%, respectively) compared to
the gentamicin-treated group (31.67 ± 1.75%) (Figure 2B). These results demonstrated that THSG could
suppress gentamicin-induced ROS production and increase SOD activity in UB/OC-2 cells.
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Figure 2. Effects of 2,3,4’,5-tetrahydroxystilbene-2-O-β-d-glucoside (THSG) on gentamicin-induced
reactive oxygen species (ROS) generation and antioxidant enzyme activities in mouse cochlear UB/OC-2
cells. The cells were treated with various THSG concentrations followed by 750 µM gentamicin to
assess (A) ROS levels by flow cytometry using 2′,7′-dichlorofluorescein diacetate (DCFDA) fluorescent
dye and (B) the superoxide dismutase (SOD) activity. All data are expressed as means ± standard
deviation from three independent experiments. * p < 0.05 vs. the control group; # p < 0.05 vs. the
gentamicin-treated group.
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2.4. THSG Impairs Gentamicin-Induced Mitochondrial-Dependent Apoptotic Pathway and Prevents Cell Death
in UB/OC-2 Cells

To monitor the changes of mitochondrial membrane potential, fluorescence images of UB/OC-2
cells with 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) dye were
observed under a fluorescence microscope. JC-1 dye produces orange-red fluorescence in healthy
mitochondria but green fluorescence at low membrane potential. As shown in Figure 3A, the gentamicin
only group displayed a relatively low ratio of red to green fluorescence. The THSG in gentamicin-treated
groups exhibited an increased ratio of red to green fluorescence compared to the gentamicin-alone
group. The results showed that THSG recovered the gentamicin-induced loss of mitochondrial
membrane potential. As cytochrome c is a key mediator of the apoptosis pathway, we next evaluated
the gentamicin-stimulated cytochrome c release from mitochondria. It was observed that THSG
treatment blocked the release of cytochrome c from mitochondria to the cytosol (Figure 3B). Collectively,
these results showed that THSG evaded gentamicin-induced oxidation stress and downregulated
mitochondria-dependent apoptosis in UB/OC-2 cells.
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Figure 3. Effects of THSG on gentamicin-induced mitochondrial membrane potential and cytochrome c
protein expression in mouse cochlear UB/OC-2 cells. The cells were treated with different concentrations
of THSG for 6 h, followed by 750 µM gentamicin for 24 h. (A) Mitochondrial membrane potential
was determined by the 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
fluorescence dye. Scale bar = 50µm. Images were obtained under a fluorescence microscope. (B) Cytochrome
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c was analyzed by western blotting in cytosolic and mitochondrial fractions. β-actin and COX IV were
loading controls for cytosolic and mitochondrial fractions, respectively. All data are expressed as the
means ± standard deviation from three independent experiments. ** p < 0.01, *** p < 0.001 vs. the
control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the gentamicin-treated group.

To confirm the apoptotic effects of THSG on mitochondrial-dependent apoptosis, the protein
expression of cleaved caspase 9, cleaved caspase 3, and cleaved PARP were analyzed by western
blotting. The results showed that THSG suppressed the cleaved levels of caspase 9, caspase 3, and PARP
after gentamicin treatment (Figure 4A). Additionally, the nuclear staining using Hoechst 33258 dye
showed a lower fluorescence intensity of Hoechst 33258 in the THSG-treated groups than in the
gentamicin-alone group (Figure 4B) indicating reduced nuclear condensation.
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750 µM gentamicin for 48 h. (A) Protein levels of cleaved caspase 9, cleaved caspase 3, and cleaved PARP
were analyzed by western blotting. (B) Nuclear apoptotic changes were assessed using Hoechst 33258
fluorescence dye. Scale bar = 50 µm. Images were obtained using a fluorescence microscope. All data
are expressed as the means ± standard deviation from three independent experiments. * p < 0.05,
** p < 0.01 vs. the control group; # p < 0.05, ## p < 0.01 vs. the gentamicin-treated group.

We analyzed the population of apoptotic cells using Annexin V and propidium iodide (PI)
double staining. The results revealed that the percentage of apoptosis was significantly lower in
the THSG-treated groups as compared to the gentamicin-alone group (Figure 5A). To investigate
the cytotoxic potential of THSG, the LDH cytotoxicity assay was used to check cell cytotoxicity.
As shown in Figure 5B, the release of LDH was reduced in the THSG-treated groups compared to
the gentamicin-alone group. Collectively, these results indicated that THSG treatment could decrease
gentamicin-mediated apoptotic cell death via mitochondrial-dependent apoptosis in UB/OC-2 cells.
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Figure 5. Effects of THSG on gentamicin-induced apoptosis and cytotoxicity in mouse cochlear UB/OC-2
cells. Cells were treated with various THSG concentrations for 6 h, followed by 750 µM gentamicin
for 24 h. (A) The percentage of apoptotic cells was detected by Annexin V and propidium iodide (PI)
staining. (B) Cytotoxicity was monitored by measuring LDH release. All data are expressed as the
means ± standard deviation from three independent experiments. * p < 0.05, *** p < 0.001 vs. the
control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. the gentamicin-treated group.

3. Discussion

To the best of our knowledge, this is the first study describing the protective effect of
THSG against gentamicin-induced ototoxicity in mouse cochlear UB/OC-2 cells via inhibition of
mitochondrial-dependent apoptosis signaling pathways. Our results indicated that gentamicin
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could decrease cell viability, increase cytotoxicity, stimulate ROS generation, reduce mitochondrial
membrane potential, and induce apoptotic cell death in mouse cochlear UB/OC-2 cells. On the contrary,
the administration of THSG could protect mouse cochlear UB/OC-2 cells from gentamicin-induced
cell death by downregulating ROS production, upregulating SOD activity, suppressing mitochondrial
depolarization, and inhibiting the mitochondrial-dependent apoptotic signaling pathway. These results
suggested that THSG could attenuate the cochlear cell damage caused by gentamicin.

In biomedical research, cell lines are used as models for various purposes in vitro. There are few
immortalized cell lines derived from the auditory sensory organ such as the House Ear Institute-Organ
of Corti 1 (HEI-OC1), University of Bristol/Organ of Corti-1 (UB-OC-1) and UB/OC-2 cells. The cell line
UB/OC-2, a conditionally immortalized mouse cochlear cell line derived from E13 embryos [32,33],
has been used to study hereditary hearing loss [34], cell differentiation [35], ototoxicity [36] and
otoprotection [31].

P. multiflorum Thunb. containing stilbene glucosides and anthraquinones as the major active
constituents [37] has been widely used in Chinese herbal medicine for its health promoting and
hair-blackening effects [38]. In 1975, Hata et al. [39] isolated THSG, which comprises a polyhydroxy
stilbene, and a glycoside structure from the extract of P. multiflorum Thunb. Several studies have
demonstrated the antioxidative capacity of THSG [25], and its antioxidant potential could be ascribed
to its hydroxyl groups [40]. Lin et al. reported that THSG relieved adriamycin-induced focal segmental
glomerulosclerosis through activation of the nuclear factor erythroid 2-related factor 2 (Nrf2)-Kelch-like
ECH-associated protein 1 (Keap1) antioxidant pathway [41] and protected osteoblasts against
H2O2-induced oxidative damage by regulating Nrf2 and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) signaling pathways [42]. It has also been shown that THSG inhibits
glutamate-induced neurotoxicity via suppression of ROS production [43]. Our previous study
reported that THSG has free radical scavengers and activates the Nrf2 signaling pathway to
mitigate H2O2-induced ototoxicity [31]. Here, this study demonstrated that THSG suppressed
gentamicin-induced ototoxicity by inhibiting ROS production and activating the antioxidant enzyme,
SOD (Figure 2). However, future investigations are required to better clarify the antioxidant
properties of THSG in oxidative stress-induced damage and the protective effects of THSG from
drug-induced ototoxicity.

Aminoglycoside antibiotics are used widely for the treatment of bacterial infections because of
their effectiveness and lower drug prices. However, the use of these agents is limited by their side
effects, such as ototoxicity and nephrotoxicity [8]. Moreover, ROS formation has been shown to be
related to aminoglycoside antibiotics-induced hair cell damage [44]. Therefore, co-administration of
an aminoglycoside antibiotic and an antioxidant agent has been developed as a novel therapeutic
approach for reducing aminoglycoside-induced ototoxicity at low cost without compromising the
antimicrobial activity.

Apoptosis has been conceded to be an important part of aminoglycoside-induced ototoxicity [45].
Deregulation of apoptosis can contribute to protecting hair cells from ototoxicity [20]. Gentamicin is
one of the most commonly used antibiotics that has been reported to cause vestibular dysfunction and
cochlear damage, which may result in balance disorders, tinnitus, and hearing loss [4]. According to the
previous study of El Mouedden et al., gentamicin treatment caused a higher ratio of apoptosis than other
aminoglycosides under the same conditions [46]. In the present study, like several others [16,47,48],
we found that gentamicin exposure in UB/OC-2 cells leads to apoptotic cell death (Figures 1 and 5).

Excess ROS levels may contribute to mitochondrial damage, including impairment of
RNA translation, protein synthesis, and mitochondrial membrane permeability, and cause
mitochondrial-dependent apoptosis [49–51]. We showed that ROS was significantly increased after 2 h
of exposure to gentamicin, and THSG reduced the gentamicin-induced ROS generation (Figure 2A).
The present study depicts early ROS production in gentamicin-induced toxicity that could have been
triggered by lysosomal membrane permeabilization, followed by mitochondrial dysfunction [52].
Studies have shown that gentamicin causes apoptosis through the mitochondrial-dependent intrinsic
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apoptotic pathway but not the extrinsic apoptotic pathway [53–55]. Furthermore, cytochrome c,
a caspase activator, is used to characterize the mitochondrial-dependent apoptotic pathway when
released from mitochondria to cytosol, followed by the activation of caspase 9, caspase 3, and PARP.
The nuclear enzyme PARP is involved in the DNA damage response [56]. Apoptotic cells show
conspicuous changes like nuclear condensation, cell shrinkage, membrane blebbing, and DNA
fragmentation. In our study, treatment with THSG suppressed the disruption of the mitochondrial
membrane potential, restored cytochrome c release, and downregulated the mitochondrial-dependent
apoptotic pathway in gentamicin-treated UB/OC-2 cells (Figures 3 and 4). Moreover, we observed
that THSG decreased the level of apoptotic cells and cytotoxicity in gentamicin-induced cell
damage (Figure 5). These results suggest that THSG might protect mouse cochlear UB/OC-2
cells from gentamicin-induced cell death by inhibiting ROS generation and downregulating the
mitochondrial-dependent apoptosis pathway (Figure 6), but further animal experiments are necessary
to confirm the otoprotecitive effects of THSG.
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Figure 6. The otoprotective mechanism of THSG in alleviating gentamicin-induced UB/OC-2 cell
apoptosis. THSG treatment impairs gentamicin-induced apoptosis by reducing ROS production,
stabilizing mitochondrial membrane potential, and downregulating mitochondrial-dependent apoptotic
protein expression.

4. Materials and Methods

4.1. Cells and Materials

The UB/OC-2 cells were purchased from Ximbio (London, UK). Gentamicin was obtained from
Standard Chem & Pharm Co., Ltd (Tainan, Taiwan). THSG was purchased from MedChemExpress
Company (Monmouth Junction, NJ, USA). MTT was obtained from VWR International (Radnor, PA, USA).
LDH cytotoxicity assay kit, DCFDA, Hoechst 33258 dye, JC-1 dye, Annexin V, and PI were purchased
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from Enzo Life Sciences (Farmingdale, NY, USA). Primary antibodies targeting PARP, cytochrome c,
β-actin, COX IV, cleaved caspase 9, cleaved caspase 3 were purchased from Cell Signaling Technology
(Beverly, MA, USA). HRP-conjugated secondary antibodies were obtained from PerkinElmer Life
Sciences (Boston, MA, USA). SOD activity assay kit and the cell fractionation kit were purchased from
Abcam (Cambridge, MA, USA).

4.2. Cell Culture

The UB/OC-2 cells were grown in MEM GlutaMAXTM medium (Gibco, NY, USA) supplemented
with 10% fetal bovine serum (Hyclone Laboratories Inc., Logan, UT, USA) and 50 units/mL interferon-γ
(R&D system, Minneapolis, MN, USA). The cells were incubated in a humidified atmosphere with 5%
CO2 and 95% air at 33 ◦C.

4.3. Cell Viability Assay

The UB/OC-2 cells in 24-well plates (2 × 104 cells/well) were treated with various concentrations
of gentamicin (125–1000 µM) for 48 h, and then MTT solution was added to each well at a final
concentration of 0.16 mg/mL for 4 h at 33 ◦C. The formazan crystals were dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and, finally, a microplate reader (Infinite 200
PRO Series Multimode Reader; TECAN, Zürich, Switzerland) was used to measure the absorbance of
each well at 570 nm.

4.4. LDH Cytotoxicity Assay

The UB/OC-2 cells in 96-well plates (5 × 103 cells/well) were treated with gentamicin alone
or gentamicin with THSG for 48 h. LDH release was performed according to the manufacturer’s
instructions for the LDH cytotoxicity assay kit. The absorbance of each well was measured at 490 nm
using an Infinite 200 PRO Series Multimode Reader.

4.5. Western Blotting Analysis

The UB/OC-2 cells in a 6 cm dish (6 × 105 cells/well) were treated with various concentrations of
THSG (5, 10, and 20 µM) for 6 h, followed by 750 µM gentamicin treatment for 48 h. After treatment,
UB/OC-2 cells were washed with ice-cold phosphate-buffered saline (PBS) twice, and the total proteins
were extracted by lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA). The proteins were
resolved using 10–15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride (PVDF) membranes (Millipore, Burlington, MA, USA). The membranes
were blocked with 3% (w/v) bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) in
Tris-buffered saline with Tween 20 (TBST; VWR International, Radnor, PA, USA) for 1 h at 37 ◦C and then
incubated in related primary antibodies in TBST with 3% (w/v) BSA overnight at 4 ◦C. The membranes
were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. Subsequently,
protein signal was developed by using enhanced chemiluminescence (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) with a KETA C Chemi imaging system (Wealtec Corporation, Sparks, NV, USA).

4.6. ROS Detection Assay

The UB/OC-2 cells in 6-well plates (4 × 105 cells/well) were treated with various concentrations of
THSG (5, 10, 20 µM) for 6 h, followed by 750 µM gentamicin for 2 h. The cells were incubated with
10 µM DCFDA for 30 min at 33 ◦C, and then they were collected in PBS. The fluorescence intensity was
analyzed using the BD Accuri™ C6 flow cytometry system (BD Biosciences, San Jose, CA, USA).

4.7. Determination of SOD Activity

The UB/OC-2 cells were treated with various concentrations of THSG (5, 10, 20 µM) for 6 h,
followed by 750 µM gentamicin for 48 h. After the treatments, the cells were lysed, and the activity of
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the antioxidant enzyme, SOD, was detected using a SOD activity colorimetric assay kit according to the
manufacturer’s protocol. The cell pellet was resuspended in 0.1 M Tris/HCl (pH 7.4) containing 0.5%
Triton X-100, 5 mM β-ME, 0.1 mg/mL PMSF. The sample extract (20 µL) was added to 20 µL enzyme
working solution and 200 µL WST working solution and incubated at 37 ◦C for 20 min. The absorbance
was measured at 532 nm.

4.8. Hoechst 33258 Staining

The UB/OC-2 cells in 6-well plates (3 × 105 cells/well) were treated with various concentrations of
THSG (5,10, and 20 µM) for 6 h, followed by 750 µM gentamicin for 48 h. Hoechst 33258 dye (20 µg/mL
in culture medium) was added to each well for 1 h at 33 ◦C. Fluorescence images were obtained using
an Olympus BX41 microscope (Tokyo, Japan) at the excitation wavelength of 352 nm.

4.9. JC-1 Staining

The UB/OC-2 cells in 6-well plates (4 × 105 cells/well) were treated with various concentrations of
THSG (5, 10, and 20 µM) for 6 h and subsequently with 750 µM gentamicin for 24 h. The cells were
incubated for 10 min at 33 ◦C with JC-1 dye (5 µg/mL in culture medium). Fluorescence images were
obtained using an Olympus BX41 microscope at the excitation wavelength of 515 nm.

4.10. Cell Fractionation

The UB/OC-2 cells in 10 cm culture dishes (2 × 106 cells) were treated with various concentrations
of THSG (5, 10, and 20 µM) for 6 h and subsequently with 750 µM gentamicin for 48 h. Cytosolic and
mitochondrial fractions were executed according to the manufacturer’s instruction. The cells were
harvested and resuspended in a buffer containing 0.015% ethylenediaminetetraacetic acid (EDTA)
and 0.36% Tris to 2 × 107 cells/mL. The same amount of buffer containing 0.015% EDTA, 0.36% Tris,
and 0.001% digitonin was added to the reaction, and then the mixture was incubated for 7 min at room
temperature. The samples were centrifuged at 10,000× g for 1 min, and the supernatant (cytosolic
extract) was transferred to new tubes. The pellets were resuspended in a buffer containing 0.03%
EDTA and 0.75% Tris and incubated for 10 min at room temperature. The samples were centrifuged at
10,000× g for 1 min, and the supernatant (mitochondrial extract) was transferred to new tubes. Finally,
the extracts were stored at −80 ◦C until use.

4.11. Annexin V and PI Double Staining Assay

The UB/OC-2 cells in 6-well plates (4 × 105 cells/well) were treated with various concentrations of
THSG (5, 10, and 20 µM) for 6 h and subsequently with 750 µM gentamicin for 24 h. After collection,
the cells were incubated with saturating concentrations of Annexin V-FITC and PI (2 µg/mL) in
binding buffer for 15 min at room temperature. The results were analyzed by the BD Accuri™ C6 flow
cytometry system.

4.12. Statistical Analysis

Data were expressed as the mean ± standard deviation of at least three independent experiments.
The statistical differences among the groups were analyzed by Student’s t-test. A p-value of less than
0.05 was considered to be statically significant.

5. Conclusions

In summary, this study, to the best of our knowledge, is the first to demonstrate that THSG
provides significant protection from gentamicin-induced ototoxicity. Treatment with THSG counteracted
gentamicin-induced cytotoxicity and apoptosis through reduction of ROS production, stabilization of
mitochondrial membrane potential, downregulation of mitochondrial-dependent apoptosis-related
proteins, and upregulation of SOD activity. These findings suggest that THSG could be a potential
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therapeutic option for the prevention of ototoxicity after gentamicin exposure or as a potential food
supplement with antioxidant effects to reduce the prevalence of hearing loss.
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