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Abstract
Introduction: Cruciferous vegetables are a rich source of sulforaphane (SFN), which acts as a natural HDAC inhibitor
(HDACi). Our previous study found that HDACi could restore histone acetyltransferase/histone deacetylase (HAT/
HDAC) balance in the cochlea and attenuate gentamicin-induced hearing loss in guinea pigs. Here, we investigated the
protective effect of SFN on cisplatin-induced hearing loss (CIHL).
Methods: Thirty rats were randomly divided into 3 equal groups: the control group, cisplatin group, and SFN+cisplatin
group. Rats were injected with SFN (30 mg/kg once a day) and cisplatin (7 mg/kg twice a day) for 7 days to investigate the
protective role of SFN on CIHL. We observed auditory brainstem response (ABR) threshold shifts and immunostained
cochlear basilar membranes of rats. For in vitro experiments, we treated HEI-OC1 cells and rat cochlear organotypic
cultures with SFN (5, 10, and 15 μM) and cisplatin (10 μM). Immunofluorescence, cell viability, and protein analysis were
performed to further analyze the protective mechanism of SFN on CIHL.
Results: SFN (30 mg/kg once a day) decreased cisplatin (7 mg/kg twice a day)-induced ABR threshold shifts and outer hair
cell loss. CCK-8 assay showed that cisplatin (10 μM) reduced the viability of HEI-OC1 cells to 42%, and SFN had a dose-
dependent protective effect. In cochlear organotypic cultures, we found that SFN (10 and 15 μM) increased cisplatin
(10 μM)-induced myosin 7a+ cell count and restored ciliary morphology. SFN (5, 10, and 15 μM) reversed the cisplatin
(10 μM)-induced increase in HDAC2, -4, and -5 and SFN (15 μM) reversed the cisplatin (10 μM)-induced decrease in
H3-Ack9 [acetyl-histone H3 (Lys9)] protein expression in HEI-OC1 cells. Neither cisplatin nor cisplatin combined with
SFN affected the expression of HDAC7, or HDAC9.
Conclusion: SFN prevented disruption of the HAT/HDAC balance, protecting against CIHL in rats.
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Introduction

Sulforaphane (SFN; 1-isothiocyanato-4-methylsulfinylbutane)
is a nutritious substance found abundantly in cruciferous
vegetables.1 Glucoraphanin, a precursor of SFN, is found
in cooked broccoli sprouts and broccoli; myrosinase me-
tabolizes glucoraphanin into active SFN in gastrointestinal
microflora, followed by metabolization into sequential
metabolites, such as dithiocarbamates.2,3 A previous study
showed that SFN exhibited anti-oxidant and anti-inflammatory
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effects in lipopolysaccharide-treated RAW 264.7 mac-
rophage cells.4 Additionally, SFN has been reported to
trigger G1/S arrest in ductal carcinoma cells (ZR-75-1),5

as well as exert anti-cancer effects via the Nrf2 pathway
preclinically in vivo and in vitro.6 Recently, a study showed
that SFN regulated gene expression via epigenetic mech-
anisms, especially by inhibiting the activity of histone
deacetylase (HDAC) in human lung cancer cells and
NOD/SCID mice.7

Gene expression is known to be regulated by lysine
acetylation, a reversible post-transcriptional modifica-
tion. Basically, histone acetyltransferases (HATs) mediate
the conjunction of acetyl groups to histones and, in turn,
promote gene expression. Conversely, acetyl group de-
letion by HDACs represses transcription and inhibits
gene expression. HDACs are divided into 5 groups based
on sequence homology to the original yeast enzymes and
domain organization.8 Class I includes HDAC1, -2, -3,
and -8. Class IIa contains HDAC4, -5, -7, and -9. Class
IIb contains HDAC6 and -10. Class III includes HDACs
with catalysis dependent on coenzyme I (NAD+) and not
Zn2+ and cannot be inhibited by HDAC inhibitors
(HDACis). Class IV includes only HDAC11. The histone
acetylation levels are regulated by the HAT/HDAC
balance.9

The sensory cells of hearing in the organ of Corti of
the cochlea include a row of inner hair cells (IHCs, which
convert mechanical acoustic input into receptor potential,
which releases neurotransmitters and triggers the action
potentials transferred from spiral ganglion neurons to the
auditory center of the brain) and 3 rows of outer hair cells
(OHCs, which are known to primarily elevate cochlear
performance, especially at low sound intensity). Our
previous study on guinea pigs demonstrated that the
HDACi sodium butyrate increased the histone acetyla-
tion level in the organ of Corti. Also, sodium butyrate and
gentamicin (a drug with ototoxic side effects)-treated
ears showed less auditory brainstem response (ABR)
threshold shifts and hair cell loss compared with
gentamicin-treated ears. Additionally, sodium butyrate
blocked gentamicin-induced increase in HDAC1 expres-
sion in OHCs.10

Studies have shown that SFN is a natural HDACi,
which attenuates class IIa HDACs as well as HDAC2
enzyme activities.11,12 The intake of 68 g of broccoli
sprouts (rich in SFN) or six supplements (almost 3 g freeze-
dried broccoli sprouts) has been shown to decrease HDAC
activity in human subjects.13 Additionally, HDACi has
been found to have beneficial effects against in breast
cancer cell lines,14 allergic rhinitis,15,16 noise-induced
hearing loss in guinea pigs and mice,17,18 and cisplatin-
induced hearing loss (CIHL).19 Here, we elucidated the
protective mechanism exerted by SFN, during the pre-
vention of CIHL.

Materials and methods

Animals

Wistar rats (5-week-old; 150–200 g) were obtained from
the Air Force Military Medical University, Xi’an, China.
They were raised in a sterile environment at 22°C with
food/water ad libitum and in a 12-h light/dark cycle. Thirty
rats were randomly divided into three equal groups: the
control group (Con group, intraperitoneal injection of
0.5 mL saline once a day); cisplatin group (Cis group,
intraperitoneal injection of 7 mg/kg cisplatin twice a day);
and SFN+cisplatin group (SFN+Cis group, intraperitoneal
injection of 30 mg/kg SFN once a day, and 1 h later,
7 mg/kg cisplatin was injected twice a day). The treatment
period was for 7 days. On day 14, the rats were anesthetized
(4% chloral hydrate, 400 mg/kg, Sigma-Aldrich, China),
subjected to the ABR measurements, and obtained the
ABR thresholds at baseline (Figure 1). Next, the rats were
sacrificed by cervical dislocation. Ethical approval for this
study was obtained from the National Institutes of Health
guidelines and approved by the Committee on Animal
Research of the Air Force Military Medical University
(KJ-2017-XJR4723).

Drugs and reagents

Jiangsu Haosen (Lianyungang, China) provided cisplatin.
SFN (S4441), fluoresceinyl-aminomethyldithiolano-phalloidin
(1:60), DAPI (1:1000), 5% bovine serum albumin (BSA),
10 × Basal Medium Eagle, 2% sodium carbonate, 0.1%
sodium bicarbonate and horseradish peroxidase (HRP)–
conjugated anti-mouse and anti-rabbit IgG antibodies
(1:200) were procured from Sigma-Aldrich, China. Anti-
HDAC2, -4, -5, -7, and -9 and anti-H3 Ack9 [acetyl-histone
H3 (Lys9)] were purchased fromCell Signaling Technology,
USA (1:1000). Alexa Fluor 488/594 conjugated donkey
anti-rabbit and Alexa Fluor 594/488 conjugated donkey
anti-mouse were purchased from Invitrogen/Life tech-
nologies, China (1:200). Myosin7a was purchased from
Proteus BioSciences (1:1000, USA). Anti-GAPDH was
purchased from R&D Systems, USA (1:1000). Collagen
gel type I was purchased from Corning (1:1:9 ratio, USA);
1% albumin bovine V was purchased from Amresco
(USA); HEI-OC1, an inner ear cell line, was provided by
Professor He Zu-hong, Huazhong University of Science

Figure 1. Road map of the animal experiment.
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and Technology,Wuhan, China; Hanker’s culture medium
was purchased from Solarbio, China.

ABR measurement

We used a sound proof chamber to determine auditory
thresholds by ABR. A thermostatic heating pad was used to
maintain the animals’ body temperature at 38 ± 1°C. We
subcutaneously inserted the reference electrode into the
mastoid region of the test ear; the active needle electrode
into the apex; and the ground electrode into the contra-
lateral mastoid. We used the TDT III auditory evoked
potential workstation. The SigGenRZ and BioSigRZ
software (Tucker-Davis Technologies, USA) was used for
the experimental data generation, presentation, and data
acquisition of sound stimulation. We used tone bursts
(4, 8, 16, 24, and 32 kHz; 0.5 ms rise/fall time, no plateau,
alternating phase) or broad-band clicks (10 ms) presented
at 21.97/s to stimulate ABR. The stimulation sound played
by RZ6 D/A converter was presented through a high
frequency MF1 Multi-Field Magnetic loudspeaker about
2 cm in front of the test ear. We reduced the stimulation
in 5 dB steps until the response disappeared. The differ-
ential potential was sampled over 10 ms, filtered (low-pass,
4 kHz; high-pass, 100 Hz), and averaged (512 sweeps of
alternated stimulus polarity) to obtain the average trajec-
tories at each intensity. The intensity of the last appearance
of wave I was used to determine the threshold of ABR.

Indirect immunofluorescence staining

We washed the organ of Corti thrice with 0.01% PBS,
followed by treatment with 1% Triton X-100 in 0.01% PBS
for 30 min at 37°C. Next, we washed the specimens thrice
with 0.01% PBS and treated with 5%BSA at 37°C for 30min
and incubated with myosin7a at 4°C for 48 h. Then, the
specimens were treated with the corresponding secondary
antibodies at 4°C for 24 h. The specimens were visualized
by incubation with fluoresceinyl-aminomethyldithiolano-
phalloidin for 8 min and DAPI for 5 min at 37°C. The
specimens were rinsed with 0.01% PBS and visualized
using a Fluoview 500 confocal microscope and analyzed
with the Image J software (NIH, USA).

Cochlear organotypic culture

First, neonatal rats were treated with 4% chloral hydrate
(400 mg/kg). The cochlea was dissected, and we used only
the basilar membranes for culturing. In Hanker’s culture
medium, we used the tip tweezers to open the bone wall of
the internal auditory canal to expose the basilar membrane
of the cochlear fundus gyrus. We placed the collagen so-
lution (18 μL; 10× BME, 2% sodium carbonate, collagen
gel type I) at the center of a culture dish (Corning; 35 mm ×
10 mm). Then, serum-free Basal Medium Eagle (1 mL; 1%
albumin bovine V, 1% ITS (insulin, transferrin, selenium)

liquid media supplement, 5 mg/mL glucose, 0.1% sodium
bicarbonate, 2 mM glutamine, and 0.1% penicillin) was
added to the culture dish. The Petri dishes were cultured in
a 5% CO2 incubator at 37°C. Four hours later, serum-free
medium containing varying concentrations of SFN (5, 10,
and 15 μM) and/or cisplatin (10 μM) was added and kept
for another 48 h.

HEI-OC1 cell culture

The HEI-OC1 cells were grown till semi-confluency under
10% CO2 in DMEM supplemented with 10% heat-
inactivated FBS at 33°C. Next, we added varying con-
centrations of SFN (5, 10, and 15 μM) and/or cisplatin
(10 μM). The cells were treated with fresh, pre-warmed
control, or treatment-containing medium. Forty-eight hours
later, we collected cells for protein extraction and quan-
tification. The procedure was repeated at least thrice.

Western blot analysis

We used a protein extraction kit to extract protein, followed
by quantification using the Bio-Rad protein assay kit. The
protein samples were electrophoresed (12.5% SDS-PAGE)
and then transferred to a nitrocellulose membrane. After
blocking with 2.5% nonfat milk at 37°C for 1 h, the
membranes were treated overnight with anti-HDAC-2, -4,
-5, -7, and -9, anti-H3 Ack9, and anti-GAPDH antibodies at
4°C. After treatment with the HRP-conjugated secondary
antibodies at 37°C for 1 h, the bands were visualized using
an ECL detection kit.

Cell viability

We added CCK-8 solution (10 μL) and cell culture medium
(100 μL) to eachwell containing 3 × 103 cells/well in a 96-well
plate and kept for 1 h in a CO2 incubator. The control well
contained cell culture medium and CCK-8 solution except
the cells. We measured absorbance at 450 nm (Bio-Rad).

Statistical analysis

We used two-sided, one-way ANOVAwith LSD’s post hoc
test for data analysis and presented as means ± standard
deviations. The data were normally distributed. The threshold
of significance was set as p < 0.05. GraphPad Prism 8 was
used for data analysis.

Results

SFN reduced CIHL and hair cell damage in vivo

The rats were intraperitoneally injected with saline, cis-
platin, or SFN+cisplatin to investigate whether SFN had
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protective effect on CIHL in vivo. After administration
of cisplatin, the ABR threshold shifts increased signifi-
cantly, including 4, 8, 16, 24, 32 kHz, and broad-band
clicks. However, the ABR thresholds increased less, and
the shifts were statistically significant when the rats were
injected with SFN before cisplatin as compared to rats
injected with cisplatin only (Figure 2(a), p < 0.001).
Phalloidin staining showed less outer hair cell loss in
the middle turn of the basilar membrane when the rats
were injected with SFN before cisplatin as illustrated in
Figure 2(b). The percentage of missing outer hair cells was
significantly less in the SFN+Cis group compared to the
Cis group in the middle turn of the basilar membrane
(Figure 2(c), p < 0.01).

SFN protects auditory cells from cisplatin-induced
damage in vitro

We used increasing concentrations of SFN (5, 10, and
15 μM), to investigate protective effect. In cochlear or-
ganotypic culture, cisplatin (10 μM) induced considerable
damage and loss of inner and outer hair cells, while the
damage was less severe when the cells were incubated with

cisplatin combined with SFN as illustrated in Figure 3(a).
Myosin 7a+ cell numbers were significantly higher in the
SFN+Cis group (10, 15 μM) comparing to the cisplatin
(10 μM) group (Figure 3(a)’, p < 0.05). In HEI-OC1 cells,
cisplatin (10 μM) promoted HEI-OC1 cell death, observed
as round, floating cells in the culture medium. However,
incubated with SFN (5, 10, and 15 μM) prevented
cisplatin-induced HEI-OC1 cell death (Figure 3(b)).
CCK-8 assay showed that cisplatin (10 μM) reduced the
viability of HEI-OC1 cells to 42%, and SFN had a dose-
dependent protective effect (Figure 3(c), p < 0.0001).
Increasing doses of SFN attenuated hair cell damage
in vitro.

SFN can prevent the cisplatin-induced imbalance of
HAT/HDAC expression in HEI-OC1 cells

After treatment with cisplatin (10 μM), the acetylated H3-
Ack9 expression decreased significantly (Figure 4(a) and
(b), p < 0.0001). The addition of SFN 15 μM significantly
inhibited the decrease of H3-Ack9 expression (Figure 4(a)
and (b), p < 0.001). The addition of SFN (5, 10, and 15 μM)
significantly inhibited the increase of HDAC2, HDAC4,

Figure 2. Sulforaphane reduced cisplatin-induced hearing loss and hair cell damage in rats in vivo. A: The auditory brainstem response
thresholds increased less, the shifts were statistically significant, including 4, 8, 16, 24, 32 kHz, and broad-band clicks, when the rats
were injected with sulforaphane before cisplatin as compared to rats injected with cisplatin only (***p < 0.001; n = 60 ears). B: The
middle turn of the organ of Corti phalloidin staining indicated that outer hair cell loss was less in the sulforaphane +Cis group (red:
phalloidin, blue: DAPI. Scale bar = 25 μm). C: The percentage of missing outer hair cells was significantly less in the sulforaphane +Cis
group compared to the Cis group in the middle turn of the basilar membrane (n = 30 ears, **p < 0.01).
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and HDAC5 expression induced by cisplatin (10 μM)
(Figure 4(a), (c)–(e), p < 0.0001). There was no observed
difference between the different SFN concentrations.
Neither cisplatin nor cisplatin combined with SFN af-
fected the expression of HDAC7 (Figure 4(a) and (f)) or
HDAC9 (Figure 4(a) and (g)). These results indicated
that SFN exerted a protective effect against CIHL by
preventing the disruption of the HAT/HDAC balance
(Figure 4).

Discussion

Cisplatin is used alone or combined with other chemo-
therapeutics for the treatment of cancer. Cisplatin-induced
nephrotoxicity and ototoxicity are not uncommon. From
ABR measurements and phalloidin staining of hair cells,
we found that SFN reduced CIHL in vivo. In the most
accepted model for hair cell mechanotransduction, a
cluster of myosin motors located at the stereocilia upper
tip link density keeps the tip link under tension at rest.
Myosin7a localizes to the upper tip link density.20 An
early functional study in Myosin7a mutant mice showed
that Myosin7a was essential to keep tip links under
tension at rest.21 Myosin7a is implicated in Usher type I
syndrome,22 characterized by deafness, vestibular dys-
function, and retinopathy leading to blindness. Myosin7a

is critical for the development and arrangement of hair
bundles.23 Cisplatin is known to induce a decrease in
Myosin 7a+ cell count in rats cochlear organotypic culture.24

Based on the cochlear organotypic culture, HEI-OC1 cell
culture, and CCK-8 detection of cell viability, we found
that SFN protected hair cell count, increased Myosin 7a+

cell count, prevented HEI-OC1 cell death, and increased
cell viability in vitro.

SFN, as a natural HDACi, has the potential to decrease
HDAC activity to protect ethanol-exposed neural crest
cells25; inhibit HDAC activity to prevent vestibular
schwannoma growth in vitro and in vivo26; trigger DNA
damage; and hinder DNA repair in colon cancer cells by
alter HAT and HDAC activities.27 Our previous study
showed that the HDACi suberoylanilide hydroxamic
acid could decrease high HDAC1 and HDAC4 levels
and increase low H3-Ack9 levels to alleviate the noise-
induced hearing loss.18 We also showed that the HDACi
sodium butyrate decreased high HDAC1 levels and in-
creased low H3-Ack9 levels to alleviate gentamicin-
induced hearing loss.10 The present study showed that
SFN minimized the cisplatin-induced expression of HDAC2,
-4, and -5. Additionally, SFN prevented the decrease of
cisplatin-induced expression of H3-Ack9. The literature
showed that SFN could downregulate HDAC2 expression
to induce preventive and therapeutic effects on breast

Figure 3. Sulforaphane protected against cisplatin-induced hair cell damage in vitro. A: Cochlear organotypic culture, with myosin7a
staining. A’: Myosin 7a+ cell counting. After cisplatin (10 μM) treatment, the number of myosin 7a+ cells decreased significantly. Myosin
7a+ cell numbers were significantly higher in the sulforaphane +Cis group (10 and 15 μM) comparing to the cisplatin (10 μM) group.
B: HEI-OC1 cells culture. Cisplatin (10 μM) induced HEI-OC1 cell death. However, incubated with sulforaphane (5, 10, and 15 μM)
prevented cisplatin-induced HEI-OC1 cell death. C: HEI-OC1 cell viability. After treatment with cisplatin (10 μM), HEI-OC1
cell viability decreased to 42%, while sulforaphane (5, 10, and 15 μM) significantly prevented the decrease induced by cisplatin
(Scale bar = 25 μm. Red indicates myosin7a, blue indicates DAPI. *p < 0.05, ****p < 0.0001, versus cisplatin group; 3 in each
group, n = 15).
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cancer.28,29 Both SFN and its metabolites produced an
increase in acetylated histone H3.30 The inhibition of
HDAC5-lysine-specific demethylase 1 axis with SFN
blocked breast cancer growth.12 SFN decreased the en-
zyme activities of HDAC2, -4, -5, -7, and -9 of primary
vascular smooth muscle cells.31 However, in this study,
we did not find the expression changes of HDAC7 and
HDAC9 in HEI-OC1 cells.

Although SFN can inhibit the growth of breast cancer
cells, it has no inhibitory effect on normal breast epithelial
cells.12 The negative effects of SFN on auditory cells need
further study. Also, we need to further study the signal
pathway of SFN affecting the balance of HAT/HDAC in
auditory cells. In vivo study, the results should be further
divided into left ear and right ear.

Conclusions

SFN decreased cisplatin-induced ABR threshold shifts
and outer hair cell loss. SFN had a dose-dependent pro-
tective effect on HEI-OC1 cells. In cochlear organotypic
cultures, SFN increased cisplatin-induced myosin 7a+ cell
count and restored ciliary morphology. SFN reversed the
cisplatin-induced increase in HDAC2, -4, and -5 and de-
crease in H3-Ack9 protein expression in HEI-OC1 cells.
SFN prevented the HAT/HDAC imbalance, protecting
against CIHL in rats.
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difference between the different sulforaphane concentrations. The addition of sulforaphane or treatment with cisplatin (10 μM) and the
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