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Introduction
Cisplatin is a highly effective and commonly used chemotherapy agent for the treatment of  a variety of  
cancers, but 40%–60% of  patients treated with cisplatin have irreversible hearing loss (1, 2). Cisplatin nega-
tively affects high-frequency hearing more than lower frequencies primarily due to death of  outer hair cells 
(OHCs) in the cochlear basal turn (3, 4). Hair cells are the most common cochlear cell type to be affected 
by cisplatin, but cells of  the stria vascularis, spiral ganglion neurons, and supporting cells have also been 
reported to suffer deleterious effects (5, 6). Cisplatin-induced hearing loss negatively impacts an individu-
al’s quality of  life, leading to depression and social isolation (7), and impedes the development of  language 
skills in young children treated with cisplatin (1–3). There is a dire clinical need to develop drugs that can 
protect from this highly common side effect of  cisplatin treatment. Currently, there is only 1 FDA-approved 
drug for the treatment of  cisplatin ototoxicity, which has limited application. Sodium thiosulfate (STS), 
brand name Pedmark, was recently approved by the FDA to reduce the risk of  cisplatin-induced ototoxicity 
in pediatric patients 1 month or older with localized, nonmetastatic solid tumors and represents a signif-
icant advancement in the field of  hearing loss prevention (8–11). STS is administered to patients 6 hours 
after cisplatin treatment due to concerns over its interference with cisplatin’s tumor-killing efficacy, even 
though no conclusive data demonstrate direct interference. No difference in hearing outcomes is observed 
with the delay in treatment (10–17). Recently, the antioxidant N-acetylcysteine (NAC) was shown to be 
otoprotective in a phase I clinical trial in children and adolescents diagnosed with localized, nonmetastatic, 
cisplatin-treated tumors (18). No severe adverse events occurred following NAC treatment, which makes it 
a promising compound for the treatment of  cisplatin-induced hearing loss. While the approval of  STS and 
the clinical testing of  NAC are beneficial for the treatment of  cisplatin-induced hearing loss for localized 
solid tumors in pediatric patients, there remains a clear therapeutic need to develop additional drugs that 
can protect from cisplatin ototoxicity for adults and children who do not meet the requirements for Ped-
mark treatment, such as patients with metastatic disease.

The widely used chemotherapy cisplatin causes permanent hearing loss in 40%–60% of patients 
with cancer. One drug, sodium thiosulfate, is approved by the FDA for use in pediatric patients with 
localized solid tumors for preventing cisplatin-induced hearing loss, but more drugs are desperately 
needed. Here, we tested dabrafenib, an FDA-approved BRAF kinase inhibitor and anticancer drug, 
in a clinically relevant multidose cisplatin mouse model. The protective effects of dabrafenib, given 
orally twice daily with cisplatin, were determined by functional hearing tests and cochlear outer 
hair cell counts. Toxicity of the drug cotreatment was evaluated, and levels of phosphorylated 
ERK were measured. A dabrafenib dose of 3 mg/kg BW, twice daily, in mice, was determined to be 
the minimum effective dose, and it is equivalent to one-tenth of the daily FDA-approved dose for 
human cancer treatment. The levels of hearing protection acquired, 20–25 dB at the 3 frequencies 
tested, in both female and male mice, persisted for 4 months after completion of treatments. 
Moreover, dabrafenib exhibited a good in vivo therapeutic index (> 25), protected hearing in 2 
mouse strains, and diminished cisplatin-induced weight loss. This study demonstrates that 
dabrafenib is a promising candidate drug for protection from cisplatin-induced hearing loss.
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Our laboratory has recently demonstrated that dabrafenib (Tafinlar), an FDA-approved BRAF inhib-
itor, was a top hit in a high-throughput cell-based screen of  an inner ear cell line for protection from cis-
platin-induced cell death (6). In addition, dabrafenib protected OHCs in neonatal mouse cochlear explants 
from cisplatin-induced death with an IC50 of  30 nM and a therapeutic index larger than 2,000. Importantly, 
dabrafenib mitigated cisplatin-induced hearing loss and OHCs’ death in adult mice at clinically relevant 
doses (100 mg/kg body weight [BW], once daily) (6, 19). These experiments were performed with cisplatin 
administered once at a single high dose of  30 mg/kg BW in FVB/NJ mice. This high dose of  cisplatin was 
necessary to inflict hearing loss in FVB/NJ mice with threshold shifts of  20–25 dB sound pressure level 
(SPL) at 8, 16, and 32 kHz (6, 20).

BRAF is a member of  the Raf  family of  protein kinases, which is upstream of  MEK and ERK in the 
canonical signal transduction pathway called the mitogen-activated protein kinase (MAPK) pathway (21). 
MAPK proteins are activated when they are phosphorylated, and dabrafenib prevents BRAF from phos-
phorylating downstream MEK. This significantly lowers the activity of  the MAPK pathway. This pathway 
has been extensively studied in the cancer field, and approximately one-third of  all cancers have dysregu-
lated MAPK activity (22). MAPK activation is known to be involved in cell proliferation and cell surviv-
al, but it has a different role in postmitotic cells, including cells in the inner ear (23–34). Our laboratory 
showed that dabrafenib’s mechanism of  protection was through inhibition of  the MAPK pathway, which is 
upregulated in the inner ear following cisplatin administration, but cotreatment with dabrafenib decreased 
MAPK activity and protected hair cells from cisplatin-induced death (6). Importantly, 6 other drugs in the 
BRAF/MEK/ERK pathway protect against cisplatin-induced hair cell death in mouse cochlear explants 
(6). MAPK activation after cisplatin administration was most notably observed in the inner ear supporting 
cells but was also seen in the spiral ganglion neurons and nerve fibers that innervate the hair cells (6).

Dabrafenib was first approved by the US FDA for metastatic melanoma in 2013 and thyroid cancer in 
2018 as well as the EU for non–small cell lung carcinoma in 2017 (35, 36). Patients who receive dabrafenib 
treatment have the activated BRAF V600E or V600K mutations that are present in half  of  all patients with 
metastatic melanoma (36). In June 2022, the FDA granted accelerated approval to dabrafenib in combina-
tion with trametinib for the treatment of  nearly all adult and pediatric patients above 6 years of  age with 
unresectable or metastatic solid tumors with the BRAF V600E mutation who have progressed following 
prior treatment and have no satisfactory alternative therapeutic options (37).

There are many advantages for repurposing dabrafenib, a widely used anticancer drug, as a therapeutic 
compound to protect patients from cisplatin-induced hearing loss: (i) Dabrafenib is a well-tolerated drug 
with a good therapeutic window that is given to patients daily for up to a year. In human patients, relatively 
minor side effects are observed, such as fever, joint pain, skin rash, and papilloma (38). In our hearing stud-
ies, mice did not exhibit any deleterious toxicity or ototoxic side effects from dabrafenib treatment (6). (ii) 
Dabrafenib is given orally, which is an easy administration route for patients inside and outside a clinical 
setting (39). (iii) Dabrafenib does not interfere with cisplatin’s tumor-killing ability in 6 cell lines from 2 
types of  tumors for which cisplatin is the standard of  care: neuroblastoma and lung cancer (6). (iv) Dab-
rafenib is already FDA approved, and FDA-approved drugs have much shorter developmental times as the 
absorption, distribution, metabolism, excretion, and toxicity properties of  the drugs in humans are already 
known (40). Thus, the cost of  developing the drugs is up to 40% less to bring to market compared with 
non–FDA-approved drugs (41). Recently, FDA-approved drugs, such as metformin used to treat diabetes 
and atorvastatin used to lower cholesterol, have been tested for hearing protection and have entered clinical 
trials (42–44). (v) Dabrafenib crosses the blood-brain barrier, which is similar to the blood-labyrinth barrier, 
and has shown protection in our mouse models from cisplatin-induced hearing loss (6, 45).

Recently, Fernandez et al. and Roy et al. developed a clinically relevant mouse model to study cispla-
tin-induced hearing loss (46, 47). In this model, mice are treated with a low dose of  cisplatin, 3 mg/kg 
BW, for 4 days, which is then followed with a 10-day recovery period. This cycle is then repeated for a total 
of  3 times. This new mouse treatment protocol mimics the treatment paradigm used for humans. Previ-
ously, our laboratory has utilized a single, high-dose cisplatin (30 mg/kg) treatment protocol to establish 
the protective effect of  dabrafenib. Dabrafenib significantly protected mice from cisplatin-induced hearing 
loss when given at a dose of  100 mg/kg daily for 3 days via oral gavage (6). However, human patients are 
typically given multiple low doses of  cisplatin over a week and in monthly cycles and not in a high, single 
dose (48). Additionally, cisplatin-treated CBA/CaJ mice in the multicycle protocol have greater hearing 
loss compared with FVB/NJ mice treated with a single high dose. Moreover, there is minimal mouse death 
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in this multicycle protocol from cisplatin treatment while significant mouse death occurs in the single-dose 
protocol (46). The similarity of  this mouse model to the cisplatin protocol that patients receive allows for 
more translational conclusions to be drawn.

In this study, we tested in the single, high-dose cisplatin mouse protocol a 1:4 lower dose of  dabrafenib 
(12 mg/kg, twice daily) than our previous published studies (6) and 3 de-escalating doses of  dabrafenib in 
the multicycle cisplatin mouse regimen. Three different functional hearing tests were performed to deter-
mine dabrafenib’s ability to protect from cisplatin-induced hearing loss: 1) the auditory brainstem response 
(ABR) is utilized to measure overall hearing function in the mice; 2) distortion product otoacoustic emis-
sion is performed to determine whether dabrafenib protects from OHC dysfunction, which occurs with 
cisplatin treatment; and 3) the endocochlear potential (EP) is used to measure whether dabrafenib protects 
the stria vascularis from cisplatin-induced damage. Previous studies have implicated that damage to the 
stria vascularis could be one of  the main reasons hearing loss and hair cell death occur from cisplatin 
treatment (5, 49–51). Additionally, OHC counts are performed to measure dabrafenib’s ability to protect 
from cisplatin-induced hair cell death. We also tested whether phosphorylation of  ERK, downstream of  
BRAF, is upregulated in the cochlear cells with cisplatin treatment in the multidose cisplatin regimen and 
downregulated with dabrafenib cotreatment as we evidenced in the single, high-dose cisplatin protocol 
(6). Finally, total mouse weight measurements and histological studies of  the kidney and liver, 2 main 
organs in which cisplatin accumulates and causes damage, are examined to ensure dabrafenib treatment in 
combination with cisplatin does not cause additional toxicity. Overall, the combined results of  this study 
show that oral treatment with dabrafenib is a promising and effective therapeutic strategy to protect from 
cisplatin-induced hearing loss.

Results
Dabrafenib protects against cisplatin-induced hearing loss in a single, high-dose cisplatin mouse model. Previous stud-
ies from our lab demonstrated that the BRAF inhibitor dabrafenib, administered by oral gavage at 100 mg/
kg BW, once daily for 3 consecutive days, protected FVB/NJ adult mice against a single, high-dose cisplatin 
(30 mg/kg) intraperitoneal injection that causes permanent hearing loss in this mouse strain (6, 20). In the 
current study, we first tested a lower dose of  12 mg/kg dabrafenib using the single-dose cisplatin protocol 
to compare it with the previously used 100 mg/kg dabrafenib dose (6). Dabrafenib was administered twice 
daily by oral gavage, for 3 consecutive days, with the first dose given 45 minutes before cisplatin injection 
(Figure 1A). Dabrafenib provided significant protection from cisplatin-induced hearing loss by ABR func-
tional hearing measurements at 8, 16, and 32 kHz frequencies, with the greatest protection observed at 32 
kHz (Figure 1B). The average protection achieved was 10 dB SPL at 8 kHz, 10 dB at 16 kHz, and 16 dB at 
32 kHz. Twice-daily 12 mg/kg dabrafenib (40% of  the human equivalent dose) (19) provided equivalent 
hearing protection to the previously tested once-daily 100 mg/kg dose (Figure 1B). Interestingly, mice 
administered both dabrafenib and cisplatin experienced a significant reduction in weight loss, beginning on 
day 9 and persisting through day 21, compared with the cisplatin alone–treated cohort, while those treated 
with dabrafenib alone exhibited no change in weight compared with carrier alone (Figure 1C). Addition-
ally, no mouse death occurred in cohorts treated with dabrafenib and cisplatin, while 20% of  mice treated 
with cisplatin alone died (Figure 1D).

Dabrafenib protects against cisplatin-induced hearing loss using a multicycle, low-dose cisplatin treatment regimen. 
Human patients treated with cisplatin are not administered a single high dose (48). We therefore sought to 
test the efficacy of  dabrafenib to protect from cisplatin ototoxicity in a clinically relevant mouse model fol-
lowing a protocol initially developed by Roy et al. in 2013 and optimized by Fernandez at al. in 2019 (Fig-
ure 2A) (46, 47). The doses of  dabrafenib tested in this study are 15, 3, and 0.6 mg/kg. We chose 15 mg/
kg as it is close to the lowest effective dose tested of  dabrafenib in the high, single-dose cisplatin protocol 
(12 mg/kg, Figure 1, B and C) and 2 additional 1:5 deescalating doses (3 and 0.6 mg/kg) to determine the 
drug’s minimum effective dose. Dabrafenib at doses of  15 or 3 mg/kg BW provided significant protection 
from cisplatin-induced hearing loss in this clinically relevant mouse model. As shown in Figure 2B and 
Supplemental Figure 2, mice cotreated with 15, 3, and 0.6 mg/kg dabrafenib and cisplatin had significantly 
lower ABR threshold shifts compared with cisplatin alone–treated mice, with an ABR average threshold 
shift reduction at 32 kHz of  27, 34, and 20 dB, respectively. Mice treated with 3 mg/kg dabrafenib had 
significantly higher ABR wave 1 amplitudes at 16 kHz compared with cisplatin alone at 90, 80, and 70 
dB SPL, while 15 mg/kg had significantly higher wave 1 amplitude at 80 dB SPL and 0.6 mg/kg at 90 dB 
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SPL (Figure 2C). Additionally, mice cotreated with 15 or 3 mg/kg dabrafenib and cisplatin had lower ABR 
threshold shifts for both males and females at the 8, 16, and 32 kHz frequency regions. Male mice treated 
with 0.6 mg/kg had significantly lower threshold shifts at 8 and 32 kHz and females at 16 and 32 kHz 
(Figure 2, D and E). Furthermore, the hearing protection of  mice given 15 or 3 mg/kg dabrafenib did not 
diminish 4 months after the completion of  the 42 days of  treatment, with significant protection maintained 
at all frequencies tested. The 0.6 mg/kg dabrafenib treated mice lost their protection at this time point (Fig-
ure 2F). No statistically significant difference in ABR threshold shifts was observed between the 15 mg/kg 
dabrafenib cotreated group and the 3 mg/kg dabrafenib cotreated group (Figure 2F).

Distortion product otoacoustic emission (DPOAE) threshold shifts were also calculated immediately 
after and 4 months following the completion of  cycle 3. As shown in Figure 3A, mice cotreated with 15 or 3 
mg/kg dabrafenib and cisplatin had significantly lower DPOAE threshold shifts compared with the cisplatin 
alone–treated mice, with a reduction in average DPOAE threshold shifts at 16 kHz of  19 and 13 dB SPL, 
respectively. Cotreatment of  cisplatin and dabrafenib at 0.6 mg/kg had significantly lower DPOAE threshold 
shift at 8 kHz only immediately after the completion of  cycle 3 (Figure 3A). Males and females were analyzed 

Figure 1. Dabrafenib protects against cisplatin-induced hearing loss following a single high dose of cisplatin. (A) Schedule of administration of dab-
rafenib and cisplatin in FVB mice: 30 mg/kg cisplatin was administered once on day 1 while 12 mg/kg dabrafenib was administered for 3 days, twice a 
day. Auditory testing was performed before treatment began and 21 days after cisplatin administration. (B) ABR threshold shifts following protocol in A. 
(C) Weight change over 21 days following protocol in A. (D) Kaplan-Meier survival curves of mouse cohorts following protocol in A. Carrier alone (black), 
cisplatin alone (yellow), dabrafenib alone (blue), and dabrafenib plus cisplatin (purple). Data shown as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 
compared with cisplatin alone by 2-way ANOVA with Bonferroni’s post hoc test.
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separately, and dabrafenib-cotreated mice with cisplatin had significantly lower DPOAE threshold shifts in 
both sexes (Figure 3, B and C). The 3 mg/kg dabrafenib cotreatment with cisplatin had significantly lower 
DPOAE threshold shifts at all 3 tested frequencies in females, while males had significantly lower threshold 
shifts at 8 kHz. The 15 mg/kg dabrafenib cotreatment with cisplatin had significantly lower DPOAE thresh-
old shifts at the 16 and 32 kHz frequencies in females and 16 kHz in males. The 0.6 mg/kg dabrafenib cotreat-
ment with cisplatin had significantly lower DPOAE threshold shifts at 8 kHz in females only (Figure 3, B and 
C). DPOAE threshold shifts measured at 4 months after the completion of  cycle 3 showed mice cotreated 
with 3 mg/kg dabrafenib and cisplatin had significantly lower threshold shifts at 16 and 32 kHz, while 15 mg/
kg dabrafenib- and cisplatin-treated mice had significance at 32 kHz (Figure 3D).

Figure 2. Dabrafenib-treated mice have significantly lower ABR threshold shifts compared with cisplatin alone–treated mice. (A) Schedule of adminis-
tration of dabrafenib and cisplatin in a translational, multicycle treatment protocol using CBA/CaJ mice. Each cycle consisted of 4 days of treatment with 3 
mg/kg cisplatin in the morning and 15, 3, or 0.6 mg/kg dabrafenib in the morning and evening. A 10-day recovery period followed the 4 days of treatment. 
This cycle was repeated for a total of 3 times. Auditory testing occurred before treatment began, immediately after cycle 3 (day 42), and 4 months after 
cycle 3 (day 165). (B) ABR threshold shifts recorded immediately after the completion of cycle 3 (day 42) in protocol shown in A. (C) Amplitudes of ABR 
wave 1 at 16 kHz from B. (D) ABR threshold shifts of female and (E) male mice recorded immediately after the completion of cycle 3. (F) ABR threshold 
shifts recorded 4 months after the completion of cycle 3 (day 165). Carrier (black), cisplatin alone (yellow), 15 mg/kg dabrafenib alone (purple), 3 mg/kg 
dabrafenib alone (orange), 15 mg/kg dabrafenib plus cisplatin (blue), 3 mg/kg dabrafenib plus cisplatin (red), and 0.6 mg/kg dabrafenib plus cisplatin 
(green). Data shown as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared with cisplatin alone by 2-way ANOVA with Bonferroni’s post hoc test.
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The last functional test was EP to determine whether cisplatin caused functional damage to the stria 
vascularis after the multicycle cisplatin protocol. Figure 4A shows an example EP recording depicting the 
microelectrode insertion and withdrawal from the scala media through the basilar membrane (organ of  
Corti) (52, 53). Before any treatment began, EP from 6 mice were recorded with an average potential of  103 
mV with no difference between males and females (Figure 4B). EP was recorded again in carrier and cispla-
tin alone–treated mice immediately and 4 months after the completion of  cycle 3. There was no change in 
EP for mice treated with cisplatin at all time points tested (Figure 4C).

Dabrafenib protects against cisplatin-induced OHC loss. After all functional tests were performed, cochle-
ae were dissected for analysis of  OHCs. At day 42, mice cotreated with 15 and 3 mg/kg dabrafenib and 
cisplatin had significantly more OHCs at the basal region compared with cisplatin alone–treated mice, 
while 15, 3, and 0.6 mg/kg dabrafenib also had significantly more OHCs at the middle region (Figure 
5, A and B). Cisplatin alone–treated mice had a mean ± SEM of  36 ± 7 and 4 ± 1 OHCs following cis-
platin treatment at the 16 and 32 kHz regions per 160 μm, respectively. At the 16 and 32 kHz regions, 
mice treated with 15 mg/kg dabrafenib had 47 ± 4 and 23 ± 4 OHCs following treatment, while mice 
treated with 3 mg/kg dabrafenib had 51 ± 6 and 25 ± 5 OHCs per 160 μm, respectively. The 0.6 mg/kg 
dabrafenib-treated mice had slightly fewer OHCs compared with mice at the higher dabrafenib doses, 47 
± 10 at 16 kHz and 21 ± 11 at 32 kHz. At day 165, 15 and 3 mg/kg treated mice had significantly more 
OHCs at the basal and middle region of  the cochlea compared with the cisplatin alone–treated mice. 
The dose of  0.6 mg/kg dabrafenib conferred protection from OHC loss at the middle region but not at 
the basal region (Figure 5, C and D). At the 16 and 32 kHz regions, cisplatin alone–treated mice had 27 
± 5 and 10 ± 3 OHCs per 160 μm, while mice treated with 15 mg/kg dabrafenib had 50 ± 4 and 30 ± 5 

Figure 3. Dabrafenib-treated mice have significantly lower DPOAE threshold shifts compared with cisplatin alone–treated mice. (A) DPOAE threshold 
shifts recorded immediately after the completion of cycle 3 (day 42) in protocol shown in Figure 2A. (B) DPOAE threshold shifts of female and (C) male 
mice recorded immediately after the completion of cycle 3. (D) DPOAE threshold shifts recorded 4 months after the completion of cycle 3 (day 165). Carrier 
(black), cisplatin alone (yellow), 15 mg/kg dabrafenib alone (purple), 3 mg/kg dabrafenib alone (orange), 15 mg/kg dabrafenib plus cisplatin (blue), 3 mg/
kg dabrafenib plus cisplatin (red), and 0.6 mg/kg dabrafenib plus cisplatin (green). Data shown as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 com-
pared with cisplatin alone by 2-way ANOVA with Bonferroni’s post hoc test.
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OHCs, respectively. The mice treated with 3 mg/kg dabrafenib had 51 ± 1 OHCs at the 16 kHz region 
and 31 ± 5 at the 32 kHz region, while 0.6 mg/kg dabrafenib-treated mice had 45 ± 8 OHCs at 16 kHz 
and 15 ± 8 at 32 kHz.

Dabrafenib mitigates cisplatin-induced phosphorylation of  ERK. Cochleae were collected from mice at the 
end of  treatment cycles 1 and 3, day 4 and 32, respectively, to examine cisplatin and dabrafenib’s effect 
on phosphorylation of  the downstream target ERK. On day 4, cisplatin-treated mice had increased ERK 
phosphorylation in the organ of  Corti region of  the middle turn compared with other cohorts. Cotreatment 
of  3 mg/kg dabrafenib with cisplatin mitigated phosphorylation of  ERK in the organ of  Corti; similarly, 
elevated phosphorylation of  ERK was not observed in carrier- and 3 mg/kg dabrafenib–treated mice (Fig-
ure 6A). Changes in ERK phosphorylation were not observed in other regions of  the cochleae, including 
the stria vascularis, spiral limbus, spiral ligament, and spiral ganglion neurons, on day 4. Increased ERK 
phosphorylation was not observed in any cohort on day 32, including cisplatin-treated mice (Figure 6B). 
Together, the data demonstrate cisplatin induces phosphorylation of  ERK in the organ of  Corti early in 
cycle 1 and that dabrafenib cotreatment mitigates this change in MAPK signaling.

Dabrafenib does not increase systemic toxicity when combined with cisplatin. Throughout the multicycle treat-
ment protocol, mice are weighed daily to analyze weight loss for each cohort. Cisplatin-treated mice lost 
up to 21% body weight throughout the treatment regimen. Carrier-treated and dabrafenib (3 and 15 mg/kg) 
alone–treated mice did not exhibit weight loss, but rather steadily gained weight. All 3 doses of  dabrafenib 
(15, 3, and 0.6 mg/kg) showed significantly less weight loss on multiple days in mice cotreated with cispla-
tin compared to cisplatin alone (Figure 7A). Dabrafenib at 3 mg/kg demonstrated the best protection from 
weight loss, with cotreated mice losing only 15% of  original body weight throughout both cycles 2 and 3 
(Figure 7A). Mice were again weighed on day 165, and all cohorts exhibited similar weights, with no sig-
nificant difference between groups (Supplemental Figure 1A; supplemental material available online with 
this article; https://doi.org/10.1172/jci.insight.171140DS1). There was no significant mouse death in any 
treatment group throughout the protocol (Figure 7B and Supplemental Figure 1B).

Additionally, mouse livers and kidneys were collected to analyze the toxic effect of  cisplatin and 
dabrafenib on these organs. Kidneys were stained with hematoxylin and eosin (H&E) and Periodic acid–
Schiff  (PAS) with Figure 8A showing representative images for each group immediately after cycle 3 
(54, 55). Samples were then analyzed by a trained and experienced pathologist without knowing the 
experimental conditions to determine the amount of  damage in each group. There was no significant 
kidney damage in any cohort at both days 42 and 165 (Figure 8, B and C, and Supplemental Figure 3). 
Livers were stained with H&E and Masson’s trichrome stain, with Figure 8D showing representative 
images at day 42 (56, 57). There was no significant difference in the amount of  liver damage between all 

Figure 4. EP remains unchanged after cisplatin treatment. (A) Representative EP measured from a CBA/CaJ mouse. The times of insertion into the endo-
lymph and withdrawal are shown below the trace. (B) Average EP measurements from mice before the treatment protocol in Figure 2A began. Additional-
ly, males and females are graphed individually. (C) Average EP measurements of mice treated with carrier or cisplatin at different time points throughout 
protocol. Groups from left to right are as follows: untreated mice before protocol began, carrier-treated mice measured immediately after cycle 3 (day 42), 
cisplatin-treated mice measured immediately after cycle 3, and cisplatin-treated mice measured 4 months after cycle 3 (day 165). Data shown as means ± 
SEM; all groups compared with one another by 2-way ANOVA with Bonferroni’s post hoc test.
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experimental groups as indicated by the histology score at both days 42 and day 165 (Figure 8, E and F, 
and Supplemental Figure 4).

Discussion
Due to the promising clinical potential of  dabrafenib in our high, single-dose cisplatin regimen, we sought to 
test the drug in a multidose cisplatin model, which is more relevant for human treatment (46). Human patients 
with cancer typically receive a week of  daily cisplatin infusions in cycles spaced a few weeks apart (48). In this 

Figure 5. Dabrafenib protects from cisplatin-induced OHC death. (A) Representative myosin VI–stained confocal images of the 8, 16, and 32 kHz regions of 
the cochlea collected immediately after the completion of cycle 3 (day 42) of protocol shown in Figure 2A. (B) Number of OHCs per 160 μm at the 8, 16, and 
32 kHz regions of cochlea collected immediately after the completion of cycle 3. (C) Representative myosin VI–stained confocal images of the 8, 16, and 32 
kHz regions of the cochlea collected 4 months after the completion of cycle 3 (day 165). (D) Number of OHCs per 160 μm at the 8, 16, and 32 kHz regions of 
cochlea collected 4 months after the completion of cycle 3. Carrier (black), cisplatin alone (yellow), 15 mg/kg dabrafenib alone (purple), 3 mg/kg dabrafenib 
alone (orange), 15 mg/kg dabrafenib plus cisplatin (blue), 3 mg/kg dabrafenib plus cisplatin (red), and 0.6 mg/kg dabrafenib plus cisplatin (green). Data 
shown as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared with cisplatin alone by 2-way ANOVA with Bonferroni’s post hoc test. n = 4–5.
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work, we took advantage of  the model developed by Roy et al. and optimized by Fernandez et al. to test dab-
rafenib’s protection against cisplatin-induced hearing loss (46, 47). Employing a clinically relevant cisplatin 
protocol and three 1:5 dilutions of  the drug dabrafenib (15, 3, 0.6 mg/kg), we conclude that dabrafenib has an 
average protection of  19 dB at 8 kHz, 25 dB at 16 kHz, and 34 dB at 32 kHz, after cisplatin treatment with a 
low dose, 3 mg/kg twice daily (Figure 2). Importantly, the dose of  3 mg/kg BW dabrafenib, twice daily, was 
found to be as effective as the 15 mg/kg BW dose and is approximately one-tenth of  the equivalent dabrafenib 
dose given to human patients with cancer (19, 58). At 15 and 3 mg/kg, dabrafenib exhibited the same hearing 
protection with no statistically significant difference between the groups. Thus, 3 mg/kg was determined to be 
the minimal effective dose in this model. The lowest dose tested of  0.6 mg/kg dabrafenib, which is equivalent 
to one-fiftieth of  the human equivalent dose, still demonstrated protection of  12 dB at 8 kHz, 15 dB at 16 
kHz, and 20 dB at 32 kHz, yet it is not as effective as 3 or 15 mg/kg dabrafenib (19). The multidose protocol 
demonstrated a therapeutic window of at least 25 for dabrafenib in vivo. Protection was observed with a dose 
as high as 15 mg/kg and as low as 0.6 mg/kg. Higher doses of  dabrafenib were not tested; however, previous 
data obtained from the single, high-dose cisplatin protocol demonstrated 100 mg/kg dabrafenib daily was well 
tolerated (6). A wide therapeutic index is important for the clinical application of  dabrafenib to give clinicians 
flexibility with dosage without toxicity to the patient.

Our previous results with the single, high-dose cisplatin injection in mice showed that phosphorylation 
of  the downstream ERK1/2 kinase is upregulated after cisplatin or noise damage in the inner ear support-
ing cells, and it is downregulated upon dabrafenib treatment (6). We observe in this study a similar pattern 
of  upregulation in ERK1/2 phosphorylation after the first cycle of  cisplatin in the multidose cisplatin 
protocol on day 4 (Figure 6A), but interestingly, no upregulation in phosphorylated ERK1/2 was detected 
after cycle 3 of  cisplatin on day 32 (Figure 6B). It may be that the MAPK cascade stress pathway is an early 
molecular pathway activated by cisplatin damage, and it can be suppressed after continuous damage by 
feedback loop activation of  other kinases in the pathway (59–61).

Figure 6. Dabrafenib attenuates ERK phosphorylation in the cochlear organ of Corti during the multicycle cisplatin treatment protocol. (A) Represen-
tative images of cochlear cryosections stained with DAPI (blue) and phosphorylated ERK (green) on day 4 of the protocol in Figure 2A. Mice were sacrificed 
45 minutes following the last cisplatin injection of cycle 1. Total n = 3 mice from each experimental group were tested. (B) Representative images of 
cochlear cryosections on day 32. Mice were sacrificed 45 minutes following the last cisplatin injection of cycle 3. Experimental groups from left to right are 
as follows: carrier alone, cisplatin alone, 3.0 mg/kg dabrafenib alone, and 3.0 mg/kg dabrafenib + cisplatin. Total n = 3 mice from each experimental group 
were tested. Scale bars: 60 μm.
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Protection from weight loss in the cisplatin and dabrafenib–cotreated groups, employing either the 
single-dose protocol or the multidose regimen, is an unexpected and exciting phenomenon in our studies. 
Dabrafenib significantly reduced the weight loss typically seen in mice during cisplatin treatment and thus 
helped maintain the general well-being of  the animals (Figure 7A). At this stage, we do not know the 
molecular mechanism for the reduction in weight loss or whether it is involved in modulating the brain 
appetite pathways (62, 63). It would be exciting to investigate this advantage further. Preliminary data from 
our laboratory indicate that treatment with dabrafenib can protect the kidneys from cisplatin-induced acute 
kidney injury in the single-dose cisplatin protocol. This protection can contribute to the healthier state of  
the animals with dabrafenib cotreatment throughout the multidose cisplatin protocol as well. The weights 
of  the different experimental animal groups were not different at the endpoint of  our experiments at day 
165, which agrees with our histological analysis that no significant damage is seen in the kidneys or livers 
of  the animals at days 42 and 165 for all cohorts.

Toxicity of  dabrafenib with cisplatin treatment was tested in this study in the kidneys and livers of  the 
treated animals. Combining 2 drugs could pose some systemic toxicity issues; therefore, we wanted to ensure 
that the combination of  dabrafenib and cisplatin was not toxic to major organs that can be damaged from 

Figure 7. Dabrafenib-treated mice have less weight loss during the multicycle cisplatin protocol. (A) Weight loss over the 42-day treatment protocol 
shown in Figure 2A. Carrier (black), cisplatin alone (yellow), 15 mg/kg dabrafenib alone (purple), 3 mg/kg dabrafenib alone (orange), 15 mg/kg dabrafenib 
plus cisplatin (blue), 3 mg/kg dabrafenib plus cisplatin (red), and 0.6 mg/kg dabrafenib plus cisplatin (green). (B) Kaplan-Meier survival curves of mouse 
cohorts going to day 42 following protocol in Figure 2A. Data shown as means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 compared with cisplatin alone by 
2-way ANOVA with Bonferroni’s post hoc test.



1 1

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(24):e171140  https://doi.org/10.1172/jci.insight.171140

cisplatin. These organs were chosen as it is known that, in addition to the ear, cisplatin accumulates and 
can cause damage in these tissues (5). No significant damage was recorded by H&E, PAS, and Masson’s 
trichrome staining in the kidneys or livers of  the mice at days 42 and 165 with the cotreatments. Dabrafenib 

Figure 8. Dabrafenib and cisplatin do not cause significant damage to the kidneys or liver. (A) Representative H&E and PAS images of the kidney at 20× 
original magnification. Treatment groups from left to right are as follows: carrier alone, cisplatin alone, 3 mg/kg dabrafenib alone, 3 mg/kg dabrafenib plus 
cisplatin, 15 mg/kg dabrafenib alone, and 15 mg/kg dabrafenib plus cisplatin. (B) Kidneys collected immediately after cycle 3 and (C) 4 months after cycle 
3 were stained with H&E and PAS and scored in a blinded manner by an experienced pathologist. Score of 0 indicates no visible damage while a score of 4 
indicates very severe damage. (D) Representative H&E- and Masson’s trichrome– stained images of the liver at 20× original magnification. (E) Histology 
scores of liver samples collected immediately after cycle 3 and (F) 4 months after cycle 3 (165 days) blindly scored by experienced pathologist. 0 = normal, 
1 = mild damage, 2 = moderate damage, 3 = severe damage, and 4 = very severe (fulminant) damage. Data shown as means ± SEM; all groups compared 
with one another by 2-way ANOVA with Bonferroni’s post hoc test.
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alone, being an FDA-approved drug, was not expected to cause significant damage to the kidneys and liv-
ers of  the mice in the doses tested in this study, but the toxicity and ototoxicity of  the cotreatments were 
unknown. This demonstration of  no significant toxicity or ototoxicity of  the drug cotreatments is vital for 
future clinical trials.

Cisplatin has been shown to accumulate in the inner ear by the Breglio et al. study and may cause 
long-term hearing loss and possible reduced protection when drug administration does not continue after 
the cessation of  cisplatin treatment (5, 44, 46). For that reason, it is important to test if  dabrafenib will 
protect not only at day 42 when the cisplatin cycles are completed, but also at longer time points, such 
as 4 months after the treatments. Our results show that dabrafenib-cotreated mice still have significantly 
better hearing ability compared with cisplatin alone mice. The hearing protection is sustained for up to 
4 months following the end of  cisplatin treatment, which indicates the protection dabrafenib offers from 
cisplatin ototoxicity is stable and not acute. Mice only need to be treated with dabrafenib while cisplatin 
is administered, and more treatments following the cessation of  cisplatin are not required to confer pro-
tection. This limits the amount of  drug patients would need to receive to get optimal hearing protection 
from dabrafenib.

In the present study, there was no decrease in EP following cisplatin administration, which is contrary 
to what other studies have found (5, 49–51). We tested EPs at 2 time points following the cisplatin treat-
ment protocol: once after the completion of  cycle 3 and once 4 months after cycle 3. In Breglio et al. 2017, 
the same mouse model and treatment protocol were used, and they observed a 25–30 mV reduction in EP 
magnitude at the end of  cycle 1 and 60 days following cycle 3 (5). These 2 time points were not measured 
in the current study. However, they also show that there was no decrease in EP when measured at the end 
of  cycle 3; this is difficult to interpret as greater damage to the stria would be expected as cisplatin treatment 
continued in cycle 3. Breglio et al. 2017 state that the hearing loss and OHC dysfunction can be partially 
explained by the drop in EP that they observed (5). Based on the present study and others (64, 65), the drop 
in EP does not seem to be a major causative factor of  cisplatin-induced hearing loss and consequent hair 
cell loss and dysfunction. Hair cell death can occur with a drop in EP, but the decrease in EP observed by 
Breglio and colleagues is probably not enough to cause hair cell death. Hair cell survival is still observed 
even when EP is decreased to 18 mV (64), and the study in question shows a decrease to approximately 
60–65 mV (5), Additionally, a recent study shows that DPOAEs are normal even when the EP is reduced 
to 40 mV from 80–100 mV in healthy animals (65). We did not observe any decrease in EP at 4 months 
following the completion of  cycle 3, which demonstrates that cisplatin does not permanently decrease EP, 
even though it is retained indefinitely in the stria vascularis (5). This, along with the other studies men-
tioned (64, 65), suggests that any decrease in EP that has been observed following cisplatin administration 
is not a main causative factor that drives hearing loss and OHC death. Furthermore, these data also suggest 
that dabrafenib’s protective effect is likely not occurring through protection of  the stria vascularis, because 
strial function appears to be normal despite the fact that cisplatin is retained in stria.

Dabrafenib’s mechanism of  protection is not fully understood; however, there are several different cel-
lular pathways that dabrafenib could be exhibiting its protective effect through. Activation of  the MAPK 
pathway is typically associated with cell survival, proliferation, and differentiation, but it has a different 
role in postmitotic cells, like the inner ear cells. A multitude of  studies have demonstrated that activation 
of  this critical pathway induces cell death (25–27, 32). We observe activation of  the MAPK pathway in 
the organ of  Corti, and dabrafenib could be preventing hair cell death through inhibition of  this pathway. 
Additionally, activation of  the cellular stress MAPK pathway can lead to an increase in reactive oxygen 
species (ROS) production. Many studies have implicated ROS as a major contributing factor leading to 
hair cell death and hearing loss following cisplatin treatment (66–69). Inhibition of  the MAPK pathway 
could be preventing this increase in ROS production, which would prevent hair cell death and lower cel-
lular stress. Furthermore, one final potential mechanism that dabrafenib could be exhibiting its protective 
effect through is the inflammatory and immune cell response. It is well understood that cisplatin causes 
an increase in cytokines and chemokines, which leads to an increase in immune cells in the cochlea (29, 
70–73). These immune cells have been implicated as a possible contributing factor to the hearing loss that 
occurs following cisplatin treatment (74–77). The MAPK pathway has been shown to alter the immune 
response and could be exerting its protection from hearing loss through prevention of  immune cells’ infil-
tration (78, 79). Further studies will explore these potential pathways to understand how dabrafenib pro-
tects from cisplatin-induced hearing loss.
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To conclude, we present in this work promising preclinical results for dabrafenib as a therapeutic can-
didate for cisplatin-induced hearing loss. It has a low effective dose of  one-tenth of  the human equivalent 
dose (3 mg/kg administered twice day), a good toxicity profile, and a therapeutic index of  at least 25 in the 
multidose cisplatin regimen. It protects both female and male mice, reduces hearing loss in 2 strains of  mice 
(FVB/NJ and CBA/CaJ), and offers protection from weight loss that occurs during cisplatin chemotherapy 
with persistence of  hearing protection for at least 4 months after cisplatin treatments. While dabrafenib, an 
anticancer drug itself, does not interfere with cisplatin’s tumor-killing activity in various lung cancer and 
neuroblastoma cell lines (6), further animal tumor model studies are needed to establish the best cancer 
patient population for future clinical trials for hearing protection (13).

Methods
Mouse model. For the single-dose cisplatin protocol, FVB/NJ breeding mice were purchased from The Jack-
son Laboratory, bred in the animal facility at Creighton University, and used at 6–8 weeks old for the 
single-dose cisplatin experiment. For the multicycle cisplatin protocol, 8-week-old CBA/CaJ mice were 
purchased from The Jackson Laboratory with an equal number of  males and females. The CBA/CaJ mice 
were given 1 week to acclimate to the Animal Resource Facilities (ARF) at Creighton University. Animals 
were anesthetized by Avertin (2,2,2-tribromoethanol) via intraperitoneal injection at a dose of  500 mg/kg, 
and complete anesthesia was determined via toe pinch. For all experiments, mice were randomly assigned 
to experimental groups, maintaining a balance of  males and females in each group.

Single-dose cisplatin treatment in mice. We dissolved 10 mg of  cisplatin (479306, MilliporeSigma) powder 
in 10 mL of  sterile saline (0.9% NaCl) at 37°C for 40 to 60 minutes. We administered 30 mg/kg once to 
FVB mice via intraperitoneal injection on day 1 of  the protocol (Figure 1A) (6, 20). One day before cispla-
tin injection, mice received 1 mL of  saline by subcutaneous injection and were given 1 mL of  saline twice 
a day throughout the protocol until body weight started to recover. The cages of  cisplatin-treated mice were 
placed on heating pads until body weights began to recover. Food pellets dipped in DietGel Boost were 
placed on the cage floor of  cisplatin-treated mice. DietGel Boost (72-04-5022 Clear H2O) is a high-calorie 
dietary supplement that provides extra calorie support for mice. The investigators and veterinary staff  care-
fully monitored for changes in overall health and activity that may have resulted from cisplatin treatment.

Multicycle cisplatin treatment in mice. We dissolved 4.5 mg of  cisplatin (479306, MilliporeSigma) powder 
in 25 mL of  sterile saline (0.9% NaCl) at 37°C for 40 to 60 minutes. We administered 3 mg/kg cisplatin to 
mice via intraperitoneal injection once a day in the morning. This repeated for 4 total days with a 10-day 
recovery period in which no cisplatin was administered to the mice. Mice were treated with 3 mg/kg cispla-
tin for a total of  12 days (4 days per cycle with 3 cycles) (Figure 2A) (46, 47). Cisplatin-treated mice were 
injected by subcutaneous injection twice a day with 1 mL of  warm saline to ameliorate dehydration. This 
continued until body weight started to recover. The cages of  cisplatin-treated mice were placed on heating 
pads throughout the duration of  the experiment until mice began to recover after the third treatment cycle 
of  the protocol. Food pellets dipped in DietGel Boost were placed on the cage floor of  cisplatin-treated 
mice. The investigators and veterinary staff  carefully monitored for changes in overall health and activity 
that may have resulted from cisplatin treatment.

Compound administration by oral gavage. The compound dabrafenib mesylate was purchased from Med-
ChemExpress and administered to FVB/NJ and CBA/CaJ mice via oral gavage. Dabrafenib was dis-
solved in a mixture of  10% DMSO, 5% Tween 80, 40% PEG-E-300, and 45% saline. For the single-dose 
cisplatin experiment, 12 mg/kg dabrafenib was given to mice once in the morning and once at night. This 
continued for a total of  3 days (Figure 1A). For the multicycle cisplatin protocol, 15, 3, or 0.6 mg/kg dab-
rafenib was administered once in the morning and once at night for 4 total days with a 10-day recovery 
period in which no dabrafenib was administered to the mice. This cycle was repeated for a total of  3 times 
(Figure 2A). Mice treated with cisplatin and dabrafenib were given dabrafenib 1 hour before treatment 
with cisplatin in the morning.

ABR threshold and wave 1 amplitude measurements. ABR waveforms in anesthetized mice were record-
ed in a sound booth by using subdermal needles positioned in the skull, below the pinna, and at the 
base of  the tail, and the responses were fed into a low-impedance Medusa digital biological amplifier 
system (RA4L; TDT; 20 dB gain). At the tested frequencies (8, 16, and 32 kHz), the stimulus intensity 
was reduced in 10 dB steps from 90 to 10 dB to determine the hearing threshold. ABR waveforms were 
averaged in response to 500 tone bursts with the recorded signals filtered by a band-pass filter from 300 
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Hz to 3 kHz. ABR threshold was determined by the presence of  at least 3 of  the 5 waveform peaks (6, 
20). Baseline ABR recordings before any treatment were performed when mice were 6–7 weeks old for 
the single-dose cisplatin experiments and 9 weeks old for the multidose cisplatin protocol. All begin-
ning threshold values were between 10 and 40 dB at all tested frequencies. In the single-dose cisplatin 
experiment, posttreatment recordings were performed 21 days following cisplatin treatment. For the 
multicycle cisplatin protocol, posttreatment recordings were performed 42 days after the start of  the 
3-cycle protocol (aged 18 weeks) with half  the mice kept alive, and ABR was performed again on these 
mice 4 months after the completion of  the 42-day treatment protocol. All thresholds were determined 
independently by 2–3 experimenters for each mouse, who did not know the treatment the mice received. 
ABR wave 1 amplitudes were measured as the difference between the peak of  wave 1 and the noise floor 
of  the ABR trace.

DPOAE measurements. DPOAEs were recorded in a sound booth while mice were anesthetized. DPOAE 
measurements were recorded using the TDT RZ6 processor and BioSigTZ software. The ER10B+ micro-
phone system was inserted into the ear canal in a way that allowed for the path to the tympanic membrane 
to be unobstructed. DPOAE measurements occurred at 8, 16, and 32 kHz with an f2/f1 ratio of  1.2. Tone 
1 was ×0.909 of  the center frequency, and tone 2 was ×1.09 of  the center frequency. DPOAE data were 
recorded every 20.97 ms and average 512 times at each intensity level and frequency. At each tested fre-
quency, the stimulus intensity was reduced in 10 dB steps starting at 90 dB and ending at 10 dB. DPOAE 
threshold was determined by the presence of  an emission above the noise floor. Baseline DPOAE record-
ings occurred when CBA/CaJ mice were 10 weeks old with testing repeated on day 42 (immediately after 
cycle 3) and on day 165 (4 months after cycle 3). DPOAE threshold shifts were determined by subtracting 
the baseline DPOAE recording from the postexperimental recording.

Tissue preparation, immunofluorescence, and OHC counts. Cochleae from adult mice were prepared and 
examined as described previously (80–82). Cochleae samples were immunostained with anti–myosin VI 
(1:400; 25-6791, Proteus Bioscience) or anti–phosphorylated ERK antibody (1:400; 9101L, Cell Signaling 
Technology) with secondary antibodies purchased from Invitrogen coupled to anti-rabbit Alexa Fluor 488 
(1:400; A11034). All images were acquired with a confocal microscope (LSM 700 or 710, Zeiss). OHC 
counts were determined by the total number of  OHCs in a 160 μm region (6, 20, 82). Counts were deter-
mined for the 8, 16, and 32 kHz regions. Cochleae from each experimental group were randomly selected 
to be imaged for OHC counts.

EP measurements. Mice were anesthetized using a combined regimen of  ketamine (16.6 mg/mL) and 
xylazine (2.3 mg/mL) and supplemented as needed to maintain a surgical level via intraperitoneal injec-
tion. For recording the EP, a round-window approach was used. A glass capillary pipette electrode (10 MU) 
was mounted on a hydraulic micromanipulator and advanced until a stable positive potential was observed. 
Signals were filtered and amplified under current-clamp mode using an Axopatch 200B amplifier (Molecu-
lar Devices) and acquired by software pClamp 9.2. The sampling frequency was 10 kHz (52, 53, 64).

Kidney histology examination. Following cisplatin and dabrafenib treatment, mice were sacrificed, and 
kidneys were extracted and put into 4% paraformaldehyde (PFA). The kidneys were later embedded in 
paraffin, sectioned (3 μm), and stained with H&E and PAS. Sections were observed under a microscope 
(Nikon Eclipse Ci) for histological examination. A semiquantitative pathological scoring system was used 
as described in Pabla et al., 2015, and Hu et al., 2010 (54, 55). The grading system uses scores 0–4 that 
indicate the percentage of  damage in each section. Sections were analyzed by an experienced pathologist 
in a double-blind manner. The grades are: grade 0 (minimal) = < 10% damage with no visible lesions 
and normal morphology; grade 1 (mild) = 11%–25% damage with mild tubule dilation, swelling of  cells, 
presence of  luminal debris or cast, and nuclear condensation with partial loss of  brush borders in one-
third of  tubules; grade 2 (moderate) = 26%–50% damage with clear dilation of  tubules, loss of  brush bor-
ders, nuclear loss, and presence of  casts in less than two-thirds of  tubules; grade 3 (marked) = 51%–75% 
damage with severe dilation of  most tubules, total loss of  brush borders, and nuclear loss in two-thirds 
of  tubules; and grade 4 (severe) = > 75% damage with complete loss of  tissue morphology, severe tubule 
dilation, and loss of  nucleus and brush borders.

Liver histology examination. Following cisplatin and dabrafenib treatment, mice were sacrificed, and liv-
ers were extracted and put into 4% PFA. The livers were later embedded in paraffin, sectioned (3 μm), 
and stained with H&E and Masson’s trichrome stain. Sections were observed under a microscope (Nikon 
Eclipse Ci) for histological examination. The grading system uses a score of  0–4 that indicates the amount 
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of  damage in each section. Sections were analyzed by an experienced pathologist in a double-blind manner. 
The grades are grade 0 (normal), grade 1 (mild damage), grade 2 (moderate damage), grade 3 (severe dam-
age), and grade 4 (very severe/fulminant damage). Criteria that determined the scoring of  each liver sample 
was the presence of  fibrosis, lobular disarray, hepatocyte swelling, hepatocyte nuclear changes, hepatocyte 
necrosis, lobular inflammation, portal inflammation, sinusoidal and central vein congestion, and Kupffer 
cell hyperplasia (56, 57).

Statistics. Statistical analysis was performed using Prism (GraphPad Software). Two-way ANOVA with 
Bonferroni’s post hoc test was used to determine mean difference and statistical significance. Statistical 
significance was determined when P < 0.05.

Study approval. All animal experiments included in this study were approved by Creighton University’s 
Institutional Animal Care and Use Committee in accordance with policies established by the Animal Wel-
fare Act and Public Health Service.

Data availability. All data needed to evaluate the conclusions in the paper are present in the paper or 
supplement. The raw data are available in the Excel file provided in the supplement titled “Supporting 
Data Values.”

Author contributions
TT conceived the project. MAI, RDL, RGK, MTM, and TT designed and performed in vivo experiments. 
HL and DZZH performed and analyzed the EP measurements. CKP and MAI performed staining and 
preparation of  histological samples. WJH analyzed and scored kidney and liver tissues. MAI performed 
cochlear dissection and confocal imaging. TT, MAI, and RDL contributed to experimental design and data 
analysis. TT, RDL, and MAI wrote the manuscript with input from all coauthors. Co–first authors contrib-
uted equally to the study and are listed in alphabetical order by last name.

Acknowledgments
We thank Daniel F. Kresock, Kristina Ly, Christy Howe, Janee Gelineau-van Waes, Pat Steele, Ann Bryen, 
and the Creighton University ARF staff  for assistance with the mouse studies. We thank Emily Schmidt 
for assisting with collecting data. The research was funded by the National Institutes of  Health (NIH) 
National Institute on Deafness and Other Communication Disorders grant 1R01DC018850, American 
Hearing Research Foundation 2020 grant to TT, and NIH 1F32DC020102 grant to MAI. This investigation 
was conducted in facilities constructed with support from the Research Facilities Improvement Program 
(G20 RR024001-01) from the National Center for Research Resources, NIH. The research was partially 
conducted at the Auditory and Vestibular Technology Core at Creighton University (RRID:SCR_023866). 
This facility is supported by the Creighton University School of  Medicine and grants GM103427 and 
GM139762 from the National Institute of  General Medical Science (NIGMS), a component of  the NIH. 
The Integrated Biomedical Imaging Facility was constructed with support from grants from the Nation-
al Center for Research Resources (RR016469) and the NIGMS (GM103427), NIH. This investigation is 
solely the responsibility of  the authors and does not necessarily represent the official views of  the National 
Center for Research Resources, NIGMS, or NIH.

Address correspondence to: Tal Teitz, Department of  Pharmacology and Neuroscience, School of  Medi-
cine, Creighton University, 2500 California Plaza, Omaha, Nebraska 68178, USA. Phone: 402.280.2324; 
Email: talteitz@creighton.edu.

	 1.	Xu H, et al. Common variants in ACYP2 influence susceptibility to cisplatin-induced hearing loss. Nat Genet. 2015;47(3):263–266.
	 2.	Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular mechanisms of  action. Eur J Pharmacol. 2014;740:364–378.
	 3.	Ding D, et al. Review: ototoxic characteristics of  platinum antitumor drugs. Anat Rec (Hoboken). 2012;295(11):1851–1867.
	 4.	Steyger PS. Mechanisms of  aminoglycoside- and cisplatin-induced ototoxicity. Am J Audiol. 2021;30(3s):887–900.
	 5.	Breglio AM, et al. Cisplatin is retained in the cochlea indefinitely following chemotherapy. Nat Commun. 2017;8(1):1654–1659.
	 6.	Ingersoll MA, et al. BRAF inhibition protects against hearing loss in mice. Sci Adv. 2020;6(49):eabd0561.
	 7.	Phillips OR, et al. The long-term impacts of  hearing loss, tinnitus and poor balance on the quality of  life of  people living with 

and beyond cancer after platinum-based chemotherapy: a literature review. J Cancer Surviv. 2023;17(1):40–58.
	 8.	Dhillon S. Sodium thiosulfate: pediatric first approval. Paediatr Drugs. 2023;25(2):239–244.
	 9.	Brock PR, et al. Sodium thiosulfate for protection from cisplatin-induced hearing loss. N Engl J Med. 2018;378(25):2376–2385.
	10.	Orgel E, et al. Sodium thiosulfate for prevention of  cisplatin-induced hearing loss: updated survival from ACCL0431. Lancet 

Oncol. 2022;23(5):570–572.



1 6

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(24):e171140  https://doi.org/10.1172/jci.insight.171140

	11.	Freyer DR, et al. Effects of  sodium thiosulfate versus observation on development of  cisplatin-induced hearing loss in children 
with cancer (ACCL0431): a multicentre, randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2017;18(1):63–74.

	12.	Freyer DR, et al. Prevention of  cisplatin-induced ototoxicity in children and adolescents with cancer: a clinical practice guide-
line. Lancet Child Adolesc Health. 2020;4(2):141–150.

	13.	Freyer DR, et al. Special considerations in the design and implementation of  pediatric otoprotection trials. J Cancer Surviv. 
2023;17(1):4–16.

	14.	Brock P, et al. Sodium thiosulfate as cisplatin otoprotectant in children: the challenge of  when to use it. Pediatr Blood Cancer. 
2023;70(5):e30248.

	15.	Neuwelt EA, et al. Toxicity profile of  delayed high dose sodium thiosulfate in children treated with carboplatin in conjunction 
with blood-brain-barrier disruption. Pediatr Blood Cancer. 2006;47(2):174–182.

	16.	Neuwelt EA, et al. Bone marrow chemoprotection without compromise of  chemotherapy efficacy in a rat brain tumor model. 
J Pharmacol Exp Ther. 2004;309(2):594–599.

	17.	Dickey DT, et al. Protection against cisplatin-induced toxicities by N-acetylcysteine and sodium thiosulfate as assessed at the 
molecular, cellular, and in vivo levels. J Pharmacol Exp Ther. 2005;314(3):1052–1058.

	18.	Orgel E, et al. Intravenous N-acetylcysteine to prevent cisplatin-induced hearing loss in children: a nonrandomized controlled 
phase I trial. Clin Cancer Res. 2023;29(13):2410–2418.

	19.	Nair AB, Jacob S. A simple practice guide for dose conversion between animals and human. J Basic Clin Pharm. 
2016;7(2):27–31.

	20.	Teitz T, et al. CDK2 inhibitors as candidate therapeutics for cisplatin- and noise-induced hearing loss. J Exp Med. 
2018;215(4):1187–1203.

	21.	Lavoie H, et al. ERK signalling: a master regulator of  cell behaviour, life and fate. Nat Rev Mol Cell Biol. 2020;21(10):607–632.
	22.	Dhillon AS, et al. MAP kinase signalling pathways in cancer. Oncogene. 2007;26(22):3279–3290.
	23.	Wajapeyee N, et al. Oncogenic BRAF induces senescence and apoptosis through pathways mediated by the secreted protein 

IGFBP7. Cell. 2008;132(3):363–374.
	24.	Kolch W. Meaningful relationships: the regulation of  the Ras/Raf/MEK/ERK pathway by protein interactions. Biochem J. 

2000;351(pt 2):289–305.
	25.	Cagnol S, Chambard J. ERK and cell death: mechanisms of  ERK-induced cell death--apoptosis, autophagy and senescence. 

FEBS J. 2010;277(1):2–21.
	26.	Jo S, et al. MEK inhibitor, U0126, attenuates cisplatin-induced renal injury by decreasing inflammation and apoptosis. Kidney 

Int. 2005;67(2):458–466.
	27.	Lahne M, Gale JE. Damage-induced activation of  ERK1/2 in cochlear supporting cells is a hair cell death-promoting signal 

that depends on extracellular ATP and calcium. J Neurosci. 2008;28(19):4918–4928.
	28.	Maeda Y, et al. Time courses of  changes in phospho- and total- MAP kinases in the cochlea after intense noise exposure. PLoS 

One. 2013;8(3):e58775.
	29.	Kaur T, et al. Adenosine A1 receptor protects against cisplatin ototoxicity by suppressing the NOX3/STAT1 inflammatory 

pathway in the cochlea. J Neurosci. 2016;36(14):3962–3977.
	30.	Alagramam KN, et al. Noise exposure immediately activates cochlear mitogen-activated protein kinase signaling. Noise Health. 

2014;16(73):400–409.
	31.	Celaya AM, et al. Deficit of  mitogen-activated protein kinase phosphatase 1 (DUSP1) accelerates progressive hearing loss. Elife. 

2019;8:e39159.
	32.	Wang D, et al. U0126 pretreatment inhibits cisplatin-induced apoptosis and autophagy in HEI-OC1 cells and cochlear hair cells. 

Toxicol Appl Pharmacol. 2021;415:115447.
	33.	Youm I, et al. siRNA-loaded biodegradable nanocarriers for therapeutic MAPK1 silencing against cisplatin-induced ototoxicity. 

Int J Pharm. 2017;528(1–2):611–623.
	34.	Lee JS, et al. Epicatechin protects the auditory organ by attenuating cisplatin-induced ototoxicity through inhibition of  ERK. 

Toxicol Lett. 2010;199(3):308–316.
	35.	Rheault TR, et al. Discovery of  dabrafenib: a selective inhibitor of  Raf  kinases with antitumor activity against B-Raf-driven 

tumors. ACS Med Chem Lett. 2013;4(3):358–362.
	36.	Odogwu L, et al. FDA approval summary: dabrafenib and trametinib for the treatment of  metastatic non-small cell lung cancers 

harboring BRAF V600E mutations. Oncologist. 2018;23(6):740–745.
	37.	Gouda MA, Subbiah V. Expanding the benefit: dabrafenib/trametinib as tissue-agnostic therapy for BRAF V600E-positive adult 

and pediatric solid tumors. Am Soc Clin Oncol Educ Book. 2023;43(43):e404770.
	38.	Dummer R, et al. Five-year analysis of  adjuvant dabrafenib plus trametinib in stage III melanoma. N Engl J Med. 

2020;383(12):1139–1148.
	39.	Robert C, et al. Improved overall survival in melanoma with combined dabrafenib and trametinib. N Engl J Med. 

2015;372(1):30–39.
	40.	Hazlitt RA, et al. Progress in the development of  preventative drugs for cisplatin-induced hearing loss. J Med Chem. 

2018;61(13):5512–5524.
	41.	Kumar R, et al. Exploring the new horizons of  drug repurposing: a vital tool for turning hard work into smart work. Eur J Med 

Chem. 2019;182:111602.
	42.	Chen H, et al. Metformin decreases the risk of  sudden sensorineural hearing loss in patients with diabetes mellitus: a 14-year 

follow-up study. Diab Vasc Dis Res. 2019;16(4):324–327.
	43.	Fernandez K, et al. Lovastatin protects against cisplatin-induced hearing loss in mice. Hear Res. 2020;389:107905.
	44.	Fernandez KA, et al. Atorvastatin is associated with reduced cisplatin-induced hearing loss. J Clin Invest. 2021;131(1):e142616.
	45.	Mittapalli RK, et al. Mechanisms limiting distribution of  the threonine-protein kinase B-RaF(V600E) inhibitor dabrafenib to the 

brain: implications for the treatment of  melanoma brain metastases. J Pharmacol Exp Ther. 2013;344(3):655–664.
	46.	Fernandez K, et al. An optimized, clinically relevant mouse model of  cisplatin-induced ototoxicity. Hear Res. 2019;375:66–74.



1 7

R E S E A R C H  A R T I C L E

JCI Insight 2023;8(24):e171140  https://doi.org/10.1172/jci.insight.171140

	47.	Roy S, et al. Sound preconditioning therapy inhibits ototoxic hearing loss in mice. J Clin Invest. 2013;123(11):4945–4949.
	48.	Rajkumar P, et al. Cisplatin concentrations in long and short duration infusion: implications for the optimal time of  radiation 

delivery. J Clin Diagn Res. 2016;10(7):XC01–XC04.
	49.	Tsukasaki N, et al. Acute changes in cochlear potentials due to cisplatin. Hear Res. 2000;149(1):189–198.
	50.	Gu J, et al. The disruption and hyperpermeability of  blood-labyrinth barrier mediates cisplatin-induced ototoxicity. Toxicol Lett. 

2022;354:56–64.
	51.	Zhang N, et al. Cisplatin-induced stria vascularis damage is associated with inflammation and fibrosis. Neural Plast. 

2020;2020:8851525.
	52.	Liu H, et al. Molecular and cytological profiling of  biological aging of  mouse cochlear inner and outer hair cells. Cell Rep. 

2022;39(2):110665.
	53.	Li Y, et al. Endolymphatic potential measured from developing and adult mouse inner ear. Front Cell Neurosci. 2020;14:584928.
	54.	Pabla N, et al. Mitigation of  acute kidney injury by cell-cycle inhibitors that suppress both CDK4/6 and OCT2 functions. Proc 

Natl Acad Sci U S A. 2015;112(16):5231–5236.
	55.	Hu M, et al. Klotho deficiency is an early biomarker of  renal ischemia-reperfusion injury and its replacement is protective. 

Kidney Int. 2010;78(12):1240–1251.
	56.	Taghizadeh F, et al. Alleviation of  cisplatin-induced hepatotoxicity by gliclazide: involvement of  oxidative stress and caspase-3 

activity. Pharmacol Res Perspect. 2021;9(3):e00788.
	57.	Un H, et al. A novel effect of  aprepitant: protection for cisplatin-induced nephrotoxicity and hepatotoxicity. Eur J Pharmacol. 

2020;880:173168.
	58.	Robert C, et al. Five-year outcomes with dabrafenib plus trametinib in metastatic melanoma. N Engl J Med. 2019;381(7):626–636.
	59.	Yue J, López JM. Understanding MAPK signaling pathways in apoptosis. Int J Mol Sci. 2020;21(7):2346.
	60.	Lake D, et al. Negative feedback regulation of  the ERK1/2 MAPK pathway. Cell Mol Life Sci. 2016;73(23):4397–4413.
	61.	Braicu C, et al. A comprehensive review on MAPK: a promising therapeutic target in cancer. Cancers (Basel). 2019;11(10):1618.
	62.	Morris DL, Rui L. Recent advances in understanding leptin signaling and leptin resistance. Am J Physiol Endocrinol Metab. 

2009;297(6):1247–E1259.
	63.	Kim J, et al. Allomyrina dichotoma larvae regulate food intake and body weight in high fat diet-induced obese mice through 

mTOR and Mapk signaling pathways. Nutrients. 2016;8(2):100.
	64.	Liu H, et al. Organ of  Corti and stria vascularis: is there an interdependence for survival? PLoS One. 2016;11(12):e0168953.
	65.	Strimbu CE, et al. Manipulation of  the endocochlear potential reveals two distinct types of  cochlear nonlinearity. Biophys J. 

2020;119(10):2087–2101.
	66.	Ramkumar V, et al. Oxidative stress and inflammation caused by cisplatin ototoxicity. Antioxidants (Basel). 2021;10(12):1919.
	67.	Guo X, et al. Forskolin protects against cisplatin-induced ototoxicity by inhibiting apoptosis and ROS production. Biomed 

Pharmacother. 2018;99:530–536.
	68.	Tan WJT, Song L. Role of  mitochondrial dysfunction and oxidative stress in sensorineural hearing loss. Hear Res. 

2023;434:108783.
	69.	Sheth S, et al. Mechanisms of  cisplatin-induced ototoxicity and otoprotection. Front Cell Neurosci. 2017;11:338.
	70.	So H, et al. Evidence that cisplatin-induced auditory damage is attenuated by downregulation of  pro-inflammatory cytokines 

via Nrf2/HO-1. J Assoc Res Otolaryngol. 2008;9(3):290–306.
	71.	Dhukhwa A, et al. Targeting inflammatory processes mediated by TRPVI and TNF-α for treating noise-induced hearing loss. 

Front Cell Neurosci. 2019;13:444.
	72.	Al Aameri RFH, et al. Targeting CXCL1 chemokine signaling for treating cisplatin ototoxicity. Front Immunol. 2023;14:1125948.
	73.	Wang X, et al. Cisplatin-induced ototoxicity: from signaling network to therapeutic targets. Biomed Pharmacother. 

2023;157:114045.
	74.	Wood MB, Zuo J. The contribution of  immune infiltrates to ototoxicity and cochlear hair cell loss. Front Cell Neurosci. 

2017;11:106.
	75.	Hough K, et al. Macrophages in the cochlea; an immunological link between risk factors and progressive hearing loss. Glia. 

2022;70(2):219–238.
	76.	Nakanishi H, et al. NLRP3 mutation and cochlear autoinflammation cause syndromic and nonsyndromic hearing loss 

DFNA34 responsive to anakinra therapy. Proc Natl Acad Sci U S A. 2017;114(37):E7766–E7775.
	77.	Bedeir MM, et al. Multiplex immunohistochemistry reveals cochlear macrophage heterogeneity and local auditory nerve 

inflammation in cisplatin-induced hearing loss. Front Neurol. 2022;13:1015014.
	78.	Arthur JSC, Ley SC. Mitogen-activated protein kinases in innate immunity. Nat Rev Immunol. 2013;13(9):679–692.
	79.	Lucas RM, et al. ERK1/2 in immune signalling. Biochem Soc Trans. 2022;50(5):1341–1352.
	80.	Wu X, et al. Hearing threshold elevation precedes hair-cell loss in prestin knockout mice. Brain Res Mol Brain Res. 

2004;126(1):30–37.
	81.	Yamashita T, et al. Normal hearing sensitivity at low-to-middle frequencies with 34% prestin-charge density. PLoS One. 

2012;7(9):e45453.
	82.	Hazlitt RA, et al. Development of  second-generation CDK2 inhibitors for the prevention of  cisplatin-induced hearing loss. J 

Med Chem. 2018;61(17):7700–7709.


	Graphical abstract

