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Objective: To evaluate the clinical efficacy and safety of hydrogen inhalation in
improving hearing loss in patients with long-term survival of nasopharyngeal carcinoma
after radiotherapy.

Methods: The eustachian tube dysfunction score, pure tone air conduction threshold,
bone conduction threshold, the score of tympanogram and otoscope were prospectively
observed in patients with deafness after radiotherapy only or combined radiotherapy
and chemotherapy for nasopharyngeal carcinoma. Paired t test and one-way analysis of
variance were used to analyze the data before and after treatment.

Results: A total of 17 patients were observed. The median time from radiotherapy to
now was 228 months, and the median time from the diagnose of deafness to now was 92
months. After 4 weeks of hydrogen inhalation, the score of eustachian tube dysfunction,
air conduction and bone conduction hearing thresholds were significantly reduced, P
values were 0.0293, 0.0027, 0.0404, respectively. The mean air-bone gap, the score
of otoendoscopy and tympanogram were also decreased, but the differences were not
significant (P = 0.2079, P = 0.0536, P = 0.1056). Patients with radiotherapy alone and
concurrent chemo-radiotherapy had significantly lower air conduction hearing threshold
after hydrogen absorption (P = 0.0142, P = 0.0495). The results of air and bone hearing
thresholds before, 4 and 12 weeks after hydrogen inhalation showed a descending trend.
The air and bone hearing thresholds before hydrogen inhalation were 74.69 + 27.03 dB
and 45.70 4+ 21.58 dB, respectively. At the 12th week, the mean values of air and bone
hearing thresholds were the lowest, which were 66.88 + 20.88 dB and 40.94 + 18.93
dB, respectively, but there was no significant difference in air and bone hearing thresholds
among all groups (P = 0.6755, P = 0.7712). After hydrogen inhalation treatment, no
adverse reactions such as nosebleed, chest pain, dyspnea, nausea, vomiting, dizziness,
earache and allergic reaction were observed.

Conclusion: This is the first prospective study on the effect of hydrogen inhalation
on hearing improvement in patients with deafness after radiotherapy/chemotherapy for
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nasopharyngeal carcinoma, suggesting that continuous hydrogen inhalation may be an
alternative rehabilitation therapy for these patients.

Keywords: hydrogen inhalation, hydrogen oxygen inhalation, nasopharyngeal carcinoma, radiotherapy,
chemotherapy, hearing loss, hearing impairment

INTRODUCTION

As one of the most common malignant tumors in the
head and neck, nasopharyngeal carcinoma (NPC) is primarily
treated with radiotherapy alone or radiotherapy combined
with chemotherapy. Patients’ 5-year survival rate can be
77.9-87.4% (1-4). Due to the fact that the entire auditory
system including the middle ear, cochlea, auditory nerves,
brainstem and auditory cortex are all located at or close
to the irradiation area for nasopharyngeal cancer treatment,
the radiation from radiotherapy inevitably implicates the
aforementioned anatomical structure of the nasopharynx.
Radiotherapy is usually followed by such complications as
secretory otitis media, ossicular chain necrosis, and cochlea
& auditory nerve damage. Hearing impairment is the most
common late-stage adverse reaction after nasopharyngeal
carcinoma radiotherapy (5, 6). As patients survive longer,
this complication becomes progressively worse and seriously
compromises the quality of life. So far, there has been no
special treatment, making tumor rehabilitation a major challenge
(7, 8).

Hydrogen (H;) is the lightest and smallest gas in nature.
Dole et al. (9) first reported the therapeutic effect of high-
pressure and high-concentration hydrogen on mouse models
with squamous cell carcinoma in 1975. In 2001, Gharib et al.
(10) proved that inhalation of high-pressure hydrogen alleviates
the inflammatory response caused by liver parasite infection. In
2007, Ohsawa et al. (11) found that low-concentration hydrogen
selectively neutralizes hydroxyl radicals (OH) and peroxynitrite
(ONOO-); and possesses antioxidant properties. In recent years,
a large number of preclinical studies and a few clinical studies
have observed the preventive and therapeutic effects of this
gas on different system diseases (12), including the effects on
inhibiting cancer cell growth, invasion and metastasis; and in
reducing adverse reactions of radiotherapy/chemotherapy (12-
15). In respect of the hearing system, some studies have revealed
that molecular hydrogen protects hair cells of the hearing
system through antioxidant effects, and ameliorates hearing

(16-19).
This study observes the changes of hearing-related
indexes before and after hydrogen inhalation by 17

patients with 5-year-long or longer hearing impairment
after nasopharyngeal carcinoma treatment, with a focus
on assessing the effectiveness and safety of hydrogen
in improving hearing. As far as we know, this is the
first report of research findings in this domain. With
the hope to reduce hearing loss after radiotherapy or
chemotherapy, we wish to provide a new, safe and effective
treatment and rehabilitation option for patients with
nasopharyngeal carcinoma.

SUBJECTS AND METHODS

Subjects

From May 2019 to October 2020, a total of 34 nasopharyngeal
carcinoma patients with post-radiotherapy hearing loss from
the Nasopharyngeal Carcinoma Group of the Light of Life
Cancer Rehabilitation Association of Guangdong Province
were enrolled in this study after signing informed consent.
According to the registered clinical trial (ClinicalTrials.gov,
ID: NCT03818347; Registration Date: January 24, 2019),
all the enrolled patients met the following conditions: (1)
Diagnosed with Stage I to IVb nasopharyngeal carcinoma
after pathological examinations; (2) Received conventional
radiotherapy (radiotherapy) or radiotherapy combined with
chemotherapy (chemoradiotherapy) 5 years ago; (3) Hearing and
hearing test results before anti-tumor treatment were normal; (4)
Experienced hearingloss at the age of 60 or lower, which excluded
the probability of presbycusis; (5) Having inhaled hydrogen
for at least 4 weeks. Patients with the following conditions
were excluded from this study: (1) Severe hypertension, diabetic
autoimmune disease, history of head trauma, and experience
of long-time working in noisy environment; (2) Recurrence or
metastasis of existing tumor(s); (3) Middle ear disease or hearing
impairment developed before anti-tumor treatment; (4) Head
and neck radiotherapy due to other reasons; (5) Middle ear
effusion as evidenced by otoscopy.

The three patients who did not keep inhaling hydrogen
daily and 14 patients who failed to complete regular relevant
examinations were excluded from analysis. A total of 17 patients
(34 ears) completed the study eventually.

The 17 patients, including seven males and 10 females, aged
from 47 to 67 years old, with a median of 58 years old. According
to AJCC (American Joint Committee on Cancer) tumor staging
(7th edition), 10 cases were in Stage I, 4 cases in Stage II, 1 case in
Stage III, and 2 cases in Stage IV. Eleven of the cases had received
radical radiotherapy alone; and 6 cases radiotherapy combined
with chemotherapy. During radiotherapy, the radiation dose of
68-72 Gy was applied to nasopharyngeal carcinoma and draining
lymph node areas; 70.0 Gy to positive cervical lymph nodes;
and 50.0-60.0 Gy to negative cervical lymph nodes. The patients
were exposed to radiation 34 to 38 times in total once a day
for five times a week, with dose fractionation set at 1.8-2.0 Gy
each time. Concurrent chemotherapy was performed with the
regimen 40 mg/m2 cisplatin (DDP) given through intravenous
drips once a week. It has been 100 to 355 months (a median of
259 months) since the aforementioned treatment was completed.
Hearing loss occurred 24 to 289 months after the completion
of radiotherapy or chemoradiotherapy, with a median of 117
months. It persisted for 30-186 months, with a median of 90
months (Table 1). The patients received hearing loss treatments
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including: glucocorticoid treatment in 12 cases, acupuncture
in seven cases, Chinese medicine treatment in 16 cases, and
hyperbaric oxygen treatment in one case. None of the patients
showed improvement from the treatments.

Hydrogen Inhalation Method

The subjects inhaled hydrogen-oxygen mixture, which contained
2.0 L/min hydrogen and 1.0 L/min oxygen (produced by
hydrogen-oxygen nebulizer AMS-H-03, Shanghai Asclepius
Meditec Co., Ltd.), through nasal tubes in quite conditions. Daily
inhalation lasted 3-6h for 4-12 weeks, with eight cases for 12
weeks, six cases for 8 weeks and three cases for 4 weeks. The
test period was divided into three periods for assessment: before
hydrogen treatment, after 4 weeks of hydrogen treatment, and
after 12 weeks of hydrogen treatment.

Eustachian Tube Dysfunction
Questionnaire-7 (ETDQ-7) Survey

Eustachian tube dysfunction questionnaire-7 (ETDQ-7) survey
(20, 21) was adopted. The scale included seven items,
representing seven levels (from 1 to 7 scores) according to the
severity of symptoms. The higher the score, the more severe
the symptoms. Patients were given face-to-face questionnaire
surveys 1-3 days before hydrogen inhalation and 1-3 days after 4
weeks of hydrogen inhalation.

Tympanic Membrane Detection

Scoring was performed according to otoscope-based
examination: 1 score: tympanic membrane turbidity and
thickening; 2 tympanic membrane congestion
and indentation as well as disappearance of light cone; 3
scores: tympanic membrane effusion; and 4 scores: tympanic
membrane perforation.

scores:

Tympanogram Changes

Acoustic impedance tester was used to assess the changes in calm
breathing tympanogram (17, 18). Tympanogram scoring rules
were: 3 scores for type Ad; 2 scores for type A or As; 1 score for
type C; and 0 score for type B.

Pure-Tone Hearing Threshold Testing
Pure-tone hearing threshold testing (with AT235 from a Danish
international hearing health care company) was carried out in
a standard sound-proof chamber. With acoustic standard set at
GB/T16296 and reverberation time at 0.3 £ 0.15s, pure-tone
hearing thresholds in conditions of 0.5, 1, 2, 4, and 8 kHz were
tested in sequence. The average air-conduction threshold, bone-
conduction threshold, and air-bone gap under 0.5-4 kHz were
calculated. The average pure tone hearing threshold (PTA) of four
frequencies divides hearing loss into the following levels: normal
hearing is defined as the mean of pure tone hearing threshold
< 25 dB; 26-40 dB HL was mild hearing loss, 41-55 dB HL
was moderate hearing loss, 56-70 dB HL was moderately severe
hearing loss, 71-90 dB HL was severe hearing loss, and >91 dB
HL was very severe hearing loss. Pure tone hearing threshold test
by hearing detection professional testing.

Safety Assessment

According to Common Terminology Criteria for Adverse Events
(CTCAE-4.0 version) defined by the National Cancer Institute of
U.S. Department of Health and Human Services (22), symptoms
or side effects are graded from Grade 1-5. Safety evaluation
was conducted once every 4 weeks after hydrogen inhalation,
covering symptoms of nose bleeding, cough, chest pain, dyspnea,
nausea, vomiting, dizziness, earache and allergic reaction.

Statistical Analysis

Measurement data were expressed as x £ s. The data before
and after hydrogen inhalation were compared by paired ¢ test.
Different hydrogen uptake durations were compared using one-
way analysis of variance. P<0.05 indicated that the difference is
statistically significant. All analyses and figures were produced
using GraphPad Prism 5.0 (GraphPad software, San Diego,
CA, USA).

RESULTS

Eustachian Tube Function

A total of 17 cases received the survey using 7-item
questionnaires about eustachian tube dysfunction. 34
questionnaires were returned back, with 100% effective response
rate. The score before hydrogen inhalation was 3.25 & 2.00, and
that after 4 weeks of hydrogen inhalation was 2.59 £ 1.65. The
difference between the two groups was statistically significant (P
< 0.05) (Table 2).

Scoring of Tympanic Membrane Under

Otoscope and Tympanogram

Tympanic membrane perforation occurred in five ears before
hydrogen inhalation and persisted after treatment. After 4 weeks
of hydrogen inhalation, the tympanic membrane score based
on otoscopy stabilized in 10 cases, improved in 6 cases, and
worsened in one case. However, the difference compared to
before hydrogen inhalation was not statistically significant (P >
0.05). Tympanogram scores before and after hydrogen inhalation
showed no statistically significant difference (P > 0.05) (Table 2).

Hearing Changes

Hearing Changes After 4 Weeks of Hydrogen
Inhalation

The average air conduction, bone conduction and air-bone gap
before hydrogen inhalation in 17 patients (34 ears) were 77.46 %+
28.12, 46.76 + 20.73, and 30.70 £ 11.12 dB, respectively. After
4 weeks of hydrogen inhalation treatment, both air conduction
threshold and bone conduction threshold were significantly
lower than those before hydrogen inhalation, being 73.35 + 28.20
dB (P = 0.0027) and 44.56 £ 19.50dB (P = 0.0404), respectively
(Figures 1A,B). Among them, the threshold of air conductivity
was significantly improved, with a decrease in 64.71% of the
patients (Table 3). The mean air bone gap(ABG) decreased from
that before treatment (28.78 £ 13.44 dB), but the difference was
not statistically significant (P = 0.2079) (Figure 1C).
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TABLE 1 | Basic information of the 17 patients with hearing loss after nasopharyngeal carcinoma radiotherapy/chemoradiotherapy.

Case Age (Y) Gender Staging at Tumor treatment End of End of End of Hydrogen
no. time of treatment till treatment to treatment to inhalation
treatment now (month) discovery of receiving duration
hearing loss hydrogen (week)
(month) treatment
(month)
1 66 Female | Radiotherapy 300 246 54 12
2 a7 Male 1l Chemoradiotherapy 173 83 90 12
3 63 Female | Chemoradiotherapy 220 114 106 12
4 62 Male Il Radiotherapy 271 115 156 8
5 47 Female | Radiotherapy 120 54 66 12
6 67 Female | Radiotherapy 147 17 30 8
7 64 Female v Chemoradiotherapy 259 114 145 12
8 63 Female Il Chemoradiotherapy 1183 54 59 12
9 60 Male Il Radiotherapy 275 149 126 4
10 53 Male | Radiotherapy 354 168 186 8
11 53 Female | Radiotherapy 355 289 66 4
12 60 Female Il Chemoradiotherapy 183 117 66 8
13 56 Male | Radiotherapy 268 130 138 4
14 67 Female | Radiotherapy 310 196 114 8
15 48 Female I\ Chemoradiotherapy 100 56 44 12
16 54 Male | Radiotherapy 114 24 90 12
17 60 Male | Radiotherapy 228 144 84 8
TABLE 2 | Eustachian tube dysfunction 7-item score, otoscopy score and tympanogram score.
Number of ears Before hydrogen- 4 weeks after P value
oxygen inhalation hydrogen- oxygen
xX*s inhalation x + s
Eustachian tube disfunction 7-item score 3.25+£2.00 259 +1.65 0.0293*
Otoscopy score 34 1.76 £1.26 1.44 £1.24 0.0536
Tympanogrom score 34 0.68 + 0.98 0.97 +1.06 0.1056
*P < 0.05.
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FIGURE 1 | Pure tone hearing threshold tests result before and after hydrogen-oxygen mixed gas inhalation on hearing loss patients with long-term survival after
combined modality treatment of nasopharyngeal carcinoma. (A) Test results of the air conduction hearing threshold. (B) Test results of the bone conduction hearing
threshold. (C) Test results of the air bone gap (ABG) hearing threshold. The parallel red long lines in the figure represent the normal range, the black short lines
represent the average value at each time point. Data are analyzed by paired t test. ‘P < 0.05, “P < 0.01.

Hydrogen-oxygen inhalation(wk)

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828370


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Kong et al.

Hydrogen Improved Deafness After Radiotherapy

TABLE 3 | Air conductance threshold improvement before and 4 weeks after
hydrogen and oxygen inhalation therapy.

Air-conduction Number of ears
hearing threshold

improvement decibel

Percentage (%)

(dB)

<0 12 35.29%
0-10 18 52.94%
11-20 3 8.82%
21-30 1 2.94%

Hearing Improvement in Patients With Different Initial
Treatment Regimens for Tumors

According to the initial methods of tumor treatment, 17 patients
(34 ears) were separated to radiotherapy group (22 ears) and
concurrent chemoradiotherapy group (12 ears). The average
air-conduction threshold, bone-conduction threshold and air-
bone gap of the radiotherapy group before hydrogen inhalation
were 76.70 £ 28.25, 47.05 + 22.30, and 29.66 + 9.86 dB,
respectively. After 4 weeks of hydrogen inhalation, the air-
conduction threshold showed decline with significant difference
(73.98 +30.29 dB, P = 0.0142, Figure 2A); and bone-conduction
and air-bone gap hearing thresholds showed decrease without
significant difference (P = 0.6137 and P = 0.1699, respectively.
Figures 2C,E). Before hydrogen inhalation, the average air-
conduction threshold, bone-conduction threshold and air-bone
gap of patients with concurrent chemoradiotherapy were 78.85
+ 28.55, 47.05 £ 17.72, and 31.81 £ 14.63 dB, respectively.
After hydrogen inhalation, the thresholds of air conduction
and bone conduction were significantly reduced, being 72.19
=+ 25.13 dB and 39.04 & 12.61 dB, respectively. P values were
0.0495 and 0.0134, respectively (Figures 2B,D). The average air-
bone gap between the two groups was increased (33.15 + 18.48
dB) compared to before treatment, but the difference was not
statistically significant (P = 0.7283, Figure 2F).

Hearing Threshold Changes in Patients With Different
Hydrogen Inhalation Durations

Eight of the deaf patients (16 ears) were treated with hydrogen
inhalation for 12 weeks. The results of air conduction threshold
and bone conduction threshold were compared before, 4 weeks
and 12 weeks after hydrogen inhalation treatment, showing
a downward trend. Before hydrogen inhalation, air and bone
hearing thresholds were 74.69 £ 27.03 dB and 45.70 £ 21.58
dB, respectively. At 12 weeks of treatment, the mean values of
air conduction threshold and bone conduction threshold were
the lowest, which were 66.88 & 20.88 dB and 40.94 4 18.93 dB,
respectively. However, there was no significant difference in air
and bone hearing threshold among all groups (P = 0.6755,P =
0.7712, Figures 3A,B).

Patients’ Hearing Changes After Suspension of
Hydrogen-Oxygen Inhalation

Five patients (10 ears) were given hearing checkups 6-9
months after they stopped hydrogen-oxygen gas inhalation.

According to the checkup results, the bone- and air-conduction
hearing thresholds of three ears were stable or showed
continuous improvement; and the hearing thresholds of seven
ears increased in decibels. Average decibels of both air-
and bone-conduction hearing thresholds for the affected ears
were higher than before, but no significant difference was
observed with P value of 0.0596 and 0.3473 respectively (see
Figures 4A,B).

Adverse Reactions Related to
Hydrogen-Oxygen Inhalation

No such common adverse reaction as nose bleeding, chest pain,
dyspnea, nausea, vomiting, dizziness, earache or skin allergy was
observed after hydrogen-oxygen inhalation. Ten patients (58.8%)
complained of mild cough before hydrogen inhalation, and 11
patients (64.7%) complained of cough 4 weeks after hydrogen
inhalation. Earache occurred before hydrogen inhalation in one
of the cases and no change of earache after the treatment.

As time passed, the aforementioned symptoms did not worsen
(Table 4).

DISCUSSION

Hearing Impairment After Radiotherapy
Nasopharyngeal carcinoma (NPC) is the most common
malignant tumor of the head and neck, with more than half of
the world’s cases found in China. And such cases are mostly
seen in southern and southeastern coastal areas of China.
Currently, radiotherapy is the most effective treatment for
NPC. As radiotherapy technology advances, the efficacy has
improved gradually. Early-stage NPC patients’5-year survival
rate may reach as high as 95% (23). As the most common
adverse reaction after radiotherapy, hearing impairment
takes place in the following three circumstances: (1) Hearing
impairment occurs directly after radiotherapy and is usually
temporary. Patients recover from it after several weeks or
months (24). (2) Sudden deafness or sudden hearing loss
occurs without any apparent cause at a certain time point
after the end of radiotherapy (25). (3) Hearing loss occurs
gradually after radiotherapy or chemoradiotherapy after a
“latency period” of varying lengths (26). This is the case with
the group of patients included in this study. The median
interval (shortest at 100 months) from the completion of
radiotherapy or chemoradiotherapy till now is 259 months.
Hearing loss occurred at the median time of 117 months
(ranging from 24 months to 285 month) after the completion
of radiotherapy or chemoradiotherapy. It persisted for a median
time of 90 months (shortest at 30 months). In these cases,
there is neither evidence of the existence or recurrence of
any primary tumor, nor other factor that could have caused
hearing impairment.

Hearing loss is a major late complication for long-term
surviving patients after radiotherapy or radiotherapy combined
with chemotherapy. As a patient survives longer, the incidence
of hearing loss increases, and hearing loss becomes more serious
(27). The hearing loss rate of patients who survive more than
5 years can reach 60.5-94% (6, 28-30). Due to the lack of
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FIGURE 2 | Pure tone hearing threshold tests result before and after hydrogen-oxygen mixed gas inhalation on hearing loss patients with long-term survival after
radiotherapy only and concurrent chemoradiotherapy of nasopharyngeal carcinoma. (A) Test results of the air conduction hearing threshold in RT patients. (B) Test
results of the air conduction hearing threshold in CCRT patients. (C) Test results of the bone conduction hearing threshold in RT patients. (D) Test results of the bone
conduction hearing threshold in CCRT patients. (E) Test results of the air bone gap (ABG) hearing threshold in RT patients. (F) Test results of the air bone gap(ABG)
hearing threshold in CCRT patients. The parallel red long lines rep in the figure represent the normal range. Data are analyzed by paired t test. ‘P < 0.05.

>

Air conduction hearing threshold in patients

1201
1104
1004
904
804
704
60+
504
404
304
20+
10+
0 T T T
0 4 12
The time for hydrogen-oxygen inhalation(ws)

- 0
- 4
-4 12

Hearing threshold (dB)

inhalation. One-way analysis of variance was used for data analysis.

FIGURE 3 | Patients’ hearing changes at different time points of hydrogen-oxygen inhalation. (A) Diagram of changes of air conduction hearing threshold at different
time point after hydrogen-oxygen gas inhalation; (B) Diagram of changes of bone conduction hearing threshold at different time point after hydrogen-oxygen gas
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targeted treatments, existing treatments are usually based on
symptomatic treatments, with limited effects (31). It has been
reported that hearing improved after sudden deafness was
treated with Intratympanic steroids (32). All the patients in
this study group received a variety of treatments, including
oral steroids or ear drops, acupuncture and hyperbaric oxygen.
But the treatments failed to relieve hearing damage or prevent
the aggravation.

Observation on Hydrogen-Based
Treatment of Hearing Loss

In 2020, we (33) reported about three cases of NPC patients
with hearing loss after radiotherapy. The patients had significant
improvement in hearing after hydrogen inhalation. In a
real-world evidence survey of cancer patients who took
hydrogen inhalation voluntarily as a means of rehabilitation,
a 63-year-old male patient with nasopharyngeal carcinoma
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radiotherapy 19 years ago was observed. After radiotherapy, the
patient experienced hearing loss, which showed no substantial
improvement in spite of symptomatic treatments, and had
to use hearing aid for smooth communication. On January
17, 2019, he started to inhale hydrogen on a daily basis.
After March 2019, his hearing improved tremendously, ridding
him of the hearing aid. The patient’s experience led us to
the unexpected discovery that hydrogen might be effective in
treating hearing loss. Therefore, with a request and support
from the Nasopharyngeal Cancer Group of Light of Life
Cancer Rehabilitation Association in the patients place of
living, we conducted this prospective study. The 17 patients in
the study had clear history of nasopharyngeal carcinoma and
radiotherapy or chemoradiotherapy. In quiet environment, the
patients inhaled hydrogen (mixture of hydrogen and oxygen)
through nasal tubes at least 3h a day for more than 4
weeks. Results indicated that hearing was improved in most
cases. After 4 weeks of hydrogen inhalation, the patients’
eustachian tube function scale scores were significantly lower
than before treatment; and both their air- and bone-conduction
hearing thresholds of the affected ears declined notably. As
the treatment continued, the patients’ hearing decibels of the
affected ears decreased more than before. After hydrogen
inhalation was stopped, hearing in some of the cases continued to
improve. For subgroups with different initial treatments, the air-
conduction hearing thresholds of ears affected by radiotherapy
alone and air- and bone-conduction hearing thresholds of ears
affected by concurrent radiotherapy and chemotherapy were
significantly improved.

It is worth noting that the hydrogen inhalation is very
safe. Few patients in the study experienced hydrogen-specific
adverse reactions.

Hydrogen inhalation by the 17 patients in this study
group was carried out under strict medical supervision and
was not given any other medical intervention during the
entire period. Therefore, it can be concluded that the hearing
improvement found in these patients is undoubtedly attributable
to hydrogen inhalation.

Mechanism of Hydrogen in Improving
Hearing Loss

The mechanism by which hydrogen improves hearing
loss in patients with nasopharyngeal carcinoma after
radiotherapy ~or  chemoradiotherapy = remains unclear.

However, if we connect the biological effect of radiation
(or chemotherapy drugs) with the mechanism of action of
hydrogen, it is not difficult to note that hydrogen represents
a “tit-to-tat” “pathogenesis treatment” for post-radiation
hearing loss.

First of all, hydrogen has anti-oxidant and anti-inflammatory
effects that resist oxidative stress and inflammation caused
by radiotherapy. In the process of radiotherapy, reactive
oxygen species (ROS), especially hydroxyl radicals (OH-) and
peroxy-nitrosamine, are generated in large volume. Excessive
levels of ROS destroy the composition of mitochondrial
electron transport chains; trigger imbalance of intracellular
redox systems (34); and cause lipid peroxidation, protein
misfolding and DNA strand breakage. In the meantime, they
activate the JNK signaling system; up-regulate pro-oxidant
genes; and inhibit antioxidants related to nuclear factor-e2
related factor (Nrf2) (35), thereby causing oxidative stress
and meanwhile inducing matrix metalloproteinases (MMP);
triggering secretion of inflammatory chemokines including
tumor necrosis factors (TNFs), interleukin (IL)—1, IL-6 and IL-8;
and precipitating inflammation. Peroxidation and inflammation
promote cell apoptosis. Subsequently, pro-fibrotic cytokines
such as platelet-derived growth factors (PDGFs), insulin-like
growth factors (IGFs) and basic fibroblast growth factors
(FGFs) are released, promoting differentiation of monocytes
into M2 macrophages; strengthening fibroblasts to proliferate
and differentiate into myofibroblasts; and then amplifying
inflammation and fibrosis formation. Radiation can also induce
the expression of several miRNAs including miRNA-1 and
miRNA-21. And the up-regulation of miRNA-21 expression is
related to fibrosis.

The dose of radical radiotherapy for nasopharyngeal
carcinoma is far higher than the normal tissue tolerance
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Vomiting

Dizziness

0

1(12.5%)

0

1(12.5%)

0

1(5.88%)

0

1(5.88%)

Earache

Allergic reaction

dose. Therefore, oxidative stress, inflammation and fibrosis
that accompany radiotherapy inevitably damage the auditory
system in the radiation field (36-39), leading to middle
ear, inner ear and auditory nerve cell damages. Eventually,
conductive, sensorineural or mixed hearing loss occurs.
Although intensity-modulated radiotherapy helps reduce
the dose to surrounding normal tissues (6, 40, 41), ear
symptoms are still unavoidable for nasopharyngeal cancer
survivors (42-44). The hearing loss of patients receiving
radiotherapy combined with chemotherapy is usually more
severe than that of patients with radiotherapy alone (39).
This might be attributed to the fact that cisplatin, which
is commonly used in chemotherapy, has a strong effect on
inducing ROS generation.

Hydrogen molecule is a weak reducing agent with very
low molecular weight. It can quickly diffuse and pass through
cell membranes and lipid bilayers; reach cell nuclei and
mitochondria where abundant invasive ROS gather; and
selectively neutralize highly reactive toxic ROS (such as e¢OH)
directly (11). Further studies have revealed that hydrogen
regulates the Nrf2 pathway (45). Nrf2 is considered to be an
important regulator of electrophilic/antioxidant homeostasis,
and is especially capable of maintaining the functional integrity
of cells under oxidative stress conditions. Hydrogen helps
activate the Nrf2-Keapl system; induce activation of antioxidant
response elements (AREs); and promote expression of multiple
cytoprotective proteins such as glutathione, catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase and heme-
1 oxygenase; activate transcription factor FoxO1; reduce damage
of OH to mitochondria; and inhibit overproduction of ROS.
Moreover, hydrogen inhibits infiltration of phagocytes to sites
of inflammation and subsequent release of reactive substances;
and down-regulates various pro-inflammatory and inflammatory
cytokines including interleukin (IL)-18, IL-6, TNF-a and
intracellular adhesion molecules (ICAM)-1, thereby achieving
anti-inflammatory effect (46, 47). Hydrogen also weakens
abnormal expression of miRNA induced by radiation and reduces
fibrotic damage (45).

According to the findings of existing studies, hydrogen
treatment helps significantly mitigate hearing loss caused by
cisplatin; reduce Organ of Corti hair cell damage from cisplatin;
improve levels of malondialdehyde (MDA) and isoprostanes F2a
(8-is0-PGF20a) in serum and cochlea tissues (48); significantly
increase the number of residual acoustic hair cells in the cochlea;
and reduce formation of hydroxyl radicals in the cochlea (49).
These facts support the aforementioned mechanism.

Second, hydrogen has cytoprotective activity that improves
cell apoptosis induced by radiotherapy. Apoptosis plays an
important role in progression of radiation injury. Hydrogen
significantly inhibits ectopic expression of death promoter Bcl-
2 related X protein (bax) and expression of caspase-3, and
meanwhile, promotes expression of the anti-apoptotic protein
Bcl-2, thereby achieving cytoprotective activity (50, 51).

Third, hydrogen improves blood perfusion and alleviates
vascular damage as a result of radiotherapy. Vascular injury
and endothelial dysfunction play key roles in development
of radiation injury (52). Within a few minutes of exposure
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to ionization radiation (IR) and as ROS is generated in
excessive amount, vascular protectant nitric oxide (NO) is
eliminated, triggering nitrosylation of protein tyrosine residues
and lipid peroxidation. Ultimately, vasomotor response is
weakened, and vascular stenosis appears (53, 54). After
radiation, NADPH oxidases (NOXs), especially NOX2 and
NOX4 that are abundantly expressed in vascular endothelial
cells, are up-regulated. This promotes excessive production of
ROS; changes calcium homeostasis and calcium metabolism
disorders; and triggers antifibrinolysis-coagulation cascade
action, leading to blood clotting and vascular occlusion (55—
57). Radiation facilitates migration of monocytes to inner
membranes, induces expression of inflammatory adhesion
molecules, enhances adhesive capacity of monocytes, recruits
monocyte chemotactic protein-1 into inner membranes, absorbs
low-density lipoproteins, and promotes arteriosclerosis (58),
which eventually leads to arterial stenosis and lower blood
perfusion. Since the neck is usually included in the irradiation
scope of radiotherapy for patients with nasopharyngeal cancer,
carotid artery damage (59) and cochlear vascular damage are
inevitable, causing blood supply disorders. This may also directly
incur damage to outer hair cells and spiral ganglion cells of the
cochlea (60).

Evidence suggests that hydrogen protects damaged blood
vessels and improves blood perfusion, including inhibiting
degradation of cyclic guanosine monophosphate (cGMP)
through phosphodiesterase, increasing c¢GMP levels and
promoting protein kinase activation. It can also increase
intracellular calcium levels and stimulate vascular endothelial
growth factors, thereby increasing production of nitric oxide.
Moreover, hydrogen functions to open the potassium channel
sensitive to adenosine triphosphate and activate downstream
mitogen-activated protein kinase pathways, thus promoting
angiogenesis (61). Further experimental studies indicate
that hydrogen prevents arterial intimal hyperplasia and
atherosclerosis by inhibiting ROS and TNF-o/NF-kB pathways
(62, 63); inhibits macrophage-derived foam cell apoptosis;
stabilizes atherosclerotic plaques (64); reduces vascular stenosis;
and promotes formation of vascular collaterals using the FIk1-
Notch signal stimulated by paracrine VEGFs, thereby improving
local microcirculation (61).

Discussion on Hydrogen Therapy

There are multiple ways to introduce hydrogen into the body,
including oral and intravenous injection of hydrogen water.
However, since hydrogen has short half-life in the body and
cannot be retained in the body’s tissues for a long time, non-
inhalation methods may not deliver satisfactory results. The
therapeutic effects of this study group appeared at least 2
weeks after hydrogen inhalation in all the cases. From patients
with long-term hydrogen inhalation, it has been observed
that as hydrogen inhalation was continued for longer time,
the patients air- and bone-conduction hearing thresholds
decreased more significantly. Fransson AE and his team also
found repeated administration of H, inhalation may further
improve the therapeutic effect (65). After hydrogen inhalation

was stopped, the patients’ bone- and air-conduction hearing
thresholds rose. Given that hearing loss in this study group
lasted for months or even years, it is speculated that the disease
had “aged”. The effect of hydrogen depends on sufficient dose
and time. It seems that only inhalation of hydrogen can meet
these requirements.

The concentration level and flow rate of inhaled hydrogen
are also important. The hydrogen inhaled by this study group
has a flow rate of 3L/min and concentration level at 67%.
These are the maximum levels that can be provided by
the only hydrogen inhalation equipment approved by the
Chinese authority.

So far, there has been no evidence as to whether inhalation
of pure hydrogen is better or inhalation of hydrogen-oxygen
mixture is. If high-concentration pure hydrogen is to be inhaled,
oxygen intake is inevitably affected. Inhaling a mixture of
hydrogen and oxygen helps at least prevent hypoxia. Studies have
revealed that during inhalation of hydrogen-oxygen mixture,
hydrogen molecules, which are extremely small and permeable,
can “carry” larger molecules of oxygen to the deep areas of tissues
and improve oxygen supply (66). The mixture inhaled by this
study group contains 33% oxygen, which exceeds the oxygen level
in normal air.

CONCLUSION

Hearing loss is a common and persisting adverse reaction
for nasopharyngeal carcinoma patients with radiotherapy. The
hearing loss of such patients is usually long-lasting, chronical
and gradual, thus affecting the quality of life in a serious
manner. Unfortunately, there has been no special treatment
available so far. Hydrogen inhalation can improve the hearing
of long-term surviving patients with nasopharyngeal carcinoma
after radiotherapy, and achieves more significant efficacy as the
duration of treatment is extended. Its mechanism of action might
be associated with hydrogen’s functions in controlling oxidative
stress and inflammation; protecting cells; and improving blood
perfusion. This study represents the first effort to adopt hydrogen
inhalation as an independent measure for improving hearing loss
in the patients with long-term survival of nasopharyngeal cancer.
If this study would be supported by more experiments and
verification in the future, hydrogen inhalation would be proven
a safe and effective means of rehabilitation for the challenge in
the medical world.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Fuda Cancer Hospital,

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828370


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Kong et al.

Hydrogen Improved Deafness After Radiotherapy

Jinan University, China. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

KX developed the idea for and was involved in the design of this
study. XK and TL reviewed available data sources and drafted the

REFERENCES

10.

11.

12.

13.

14.

15.

. Lin C, Lin SW, Weng SE Lin YS. Risk of developing sudden sensorineural

hearing loss in patients with nasopharyngeal carcinoma: a population-based
cohort study. Head Neck. (2014) 36:203-8. doi: 10.1002/hed.23278

. Lee AW, Sze WM, Au JS, Leung SE, Leung TW, Chua DT, et al

Treatment results for nasopharyngeal carcinoma in the modern era:the
Hong Kong experience. Int ] Radiat Oncol Biol Phys. (2005) 61:1107-
16. doi: 10.1016/j.ijrobp.2004.07.702

. Langendijk JA, Leemans CR, Buter J, Berkhof J, Slotman BJ. The additional

value of chemotherapy to radiotherapy in locally advanced nasopharyngeal
carcinoma: a meta-analysis of the published literature. J Clin Oncol. (2004)
22:4604-12. doi: 10.1200/JC0O.2004.10.074

. Zhang MX Li ], Shen GP, Zou X, Xu JJ, Jiang R, et al. Intensity-modulated

radiotherapy prolongs the survival of patients with nasopharyngeal carcinoma
compared with conventional two-dimensional radiotherapy: a 10-year
experience with a large cohort and long follow-up. Eur ] Cancer. (2015)
51:2587-95. doi: 10.1016/j.ejca.2015.08.006

. Wang J, Chen YY, Tai A, Chen XL, Huang SM, Yang C, et al. Sensorineural

hearing loss after combined intensity modulated radiation therapy and
cisplatin-based chemotherapy for nasopharyngeai carcinoma. Translational
oncology. (2015) 8:456-62. doi: 10.1016/j.tranon.2015.10.003

. WeiY, Zhou T, Zhu ], Zhang Y, Sun M, Ding X, et al. Long-term outcome of

sensorineural hearing loss in nasopharyngeal carcinoma patients: comparison
between treatment with radiotherapy alone and chemoradiotherapy.
Cell  Biochem Biophys. (2014) 69:433-7. doi: 10.1007/s12013-014-
9814-x

. Zhu W, Chen F Li J, Wang W, Zhang H, Yang G, et al. Dosimetric

parameters associated with conductive or sensorineural hearing loss
5 years after intensity-modulated radiation therapy in nasopharyngeal
carcinoma. Acta Otolaryngol. (2019) 139:263-8. doi: 10.1080/00016489.2019.
1566778

. Lee AW, Lin ] C, Ng W T. Current management of nasopharyngeal cancer.

Semin Radiat Oncol. (2012) 22:233-44. doi: 10.1016/j.semradonc.2012.03.008

. Dole M, Wilson FR, Fife WP. Hyperbaric hydrogen therapy: a possible

treatment for cancer. Science. (1975) 190:152-4. doi: 10.1126/science.1166304
Gharib B, Hanna S, Abdallahi OM, Lepidi H, Gardette B, De Reggi
M. Anti-inflammatory properties of molecular hydrogen: investigation on
parasite-induced liver inflammation. C R Acad Sci III. (2001) 324:719-
24. doi: 10.1016/S0764-4469(01)01350-6

Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K,
Yamagata K, et al. Hydrogen acts as a therapeutic antioxidant by
selectively reducing cytotoxic oxygen radicals. Nat Med. (2007). 13(6):688-
694. doi: 10.1038/nm1577

Ge L, Yang M, Yang NN, Yin XX, Song WG. Molecular hydrogen: a preventive
and therapeutic medical gas for various diseases. Oncotarget. (2017) 8:102653—
73. doi: 10.18632/oncotarget.21130

Wang D, Wang L, Zhang Y, Zhao Y, Chen G. Hydrogen gas inhibits lung
cancer progression through targeting SMC3. Biomed Pharmacother. (2018)
104:788-97. doi: 10.1016/j.biopha.2018.05.055

Yang Y, Liu PY, Bao W, Chen SJ, Wu FS, Zhu PY. Hydrogen
inhibits endometrial cancer growth via a ROS/NLRP3/caspase-
1/GSDMD-mediated ~ pyroptotic =~ pathway. BMC  Cancer.  (2020)
20:28. doi: 10.1186/s12885-019-6491-6

Li S, Liao R, Sheng X, Luo X, Zhang X, Wen X, et al. Hydrogen gas in cancer
treatment. Front Oncol. (2019) 9:696. doi: 10.3389/fonc.2019.00696

manuscript. Y-YL, ZY, and KX critically revised the manuscript.
All authors read and approved the final manuscript.

ACKNOWLEDGMENTS

To Prof. Zongyuan Zeng who participated in technical editing of
the manuscript.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Kikkawa YS, Nakagawa T, Horie

RT, Tto J.
auditory  hair cells from free radicals.
20:689-94. doi: 10.1097/WNR.0b013e32832a5c68

Hydrogen protects
Neuroreport.  (2009)

. Lin Y, Kashio A, Sakamoto T, Suzukawa K, Kakigi A, Yamasoba T. Hydrogen

in drinking water attenuates noise-induced hearing loss in guinea pigs.
Neurosci Lett. (2011) 487:12-6. doi: 10.1016/j.neulet.2010.09.064

. Zhou Y, Zheng H, Ruan E Chen X, Zheng G, Kang M, et al. Hydrogen-

rich saline alleviates experimental noise-induced hearing loss in guinea pigs.
Neuroscience. (2012) 209:47-53. doi: 10.1016/j.neuroscience.2012.02.028

. Chen L, Yu N, Lu Y, Wu L, Chen D, Guo W, et al. Hydrogen-

saturated saline protects intensive narrow band noise-induced hearing
loss in guinea pigs through an antioxidant effect. PLoS ONE. (2014)
9:¢100774. doi: 10.1371/journal.pone.0100774

McCoul ED, Anand VK. Christos PJ. Validating the clinical assessment of
eustachian tube dysfunction: the Eustachian tube dysfunction questionnaire
(ETDQ-7). Laryngoscope. (2012) 122:1137-41. doi: 10.1002/lary.23223
Tarabichi M, Poe DS, Nogueira JF, Alicandri-Ciufelli M, Badr-El-Dine M,
Cohen MS, et al. The eustachian tube redefined. Otolaryngol Clin North Am.
(2016) 49:XVII-XX. doi: 10.1016/j.0tc.2016.07.013

US Department of Health and Human Services, National Institutes of
Health(NIH) and National Cancer Institute (NCI). Common terminology
criteria for adverse events (CTCAE) version 4.0 [EB/OL]. Bethesda, NIH
Publication.

Au KH, Ngan RKC, Ng AWY, Poon DMC, Ng WT, Yuen KT, et al.
Treatment outcomes of nasopharyngeal carcinoma in modern era after
intensity modulated radiotherapy (IMRT) in Hong Kong: a report
of 3328 patients (HKNPCSG 1301 study). Oral Oncol. (2018) 77:16-
21. doi: 10.1016/j.oraloncology.2017.12.004

Low WK, Toh ST, Wee ], Fook-Chong SM, Wang DY. Sensorineural hearing
loss after radiotherapy and chemoradiotherapy: a single, blinded, randomized
study. J Clin Oncol. (2006) 24:1904-9. doi: 10.1200/JCO.2005.05.0096

Young YH, Lou PJ. Post-irradiation sudden deafness. J Laryngol Otol. (1999)
113:815-7. doi: 10.1017/50022215100145281

Yilmaz YE Aytas FI, Akdogan O, Sari K, Savas ZG, Titiz A, et al.
Sensorineural hearing loss after radiotherapy for head and neck tumors: a
prospective study of the effect of radiation. Otol Neurotol. (2008) 29:461-
3. doi: 10.1097/MAO.0b013e31816c7c9e

Zheng Y, Han E, Xiao W, Xiang Y, Lu L, Deng X, et al. Analysis of late toxicity
in nasopharyngeal carcinoma patients treated with intensity modulated
radiation therapy. Radiat Oncol. (2015) 10:17. doi: 10.1186/s13014-014-0326-z
McDowell L], Rock K, Xu W, Chan B, Waldron J, Lu L, et al. Long-term late
toxicity, quality of life, and emotional distress in patients with nasopharyngeal
carcinoma treated with intensity modulated radiation therapy. Int ] Radiat
Oncol Biol Phys. (2018) 102:340-52. doi: 10.1016/j.ijrobp.2018.05.060

Huang TL, Chien CY, Tsai WL, Liao KC, Chou SY, Lin HC,
et al. Long-term late toxicities and quality of life for survivors of
nasopharyngeal carcinoma treated with intensity-modulated radiotherapy
versus non-intensity-modulated radiotherapy. Head Neck. (2016)
38:E1026-32. doi: 10.1002/hed.24150

Lan XH,Tang AZ, Zhou Y. The audiologic study of the long-term survivors
with Nasopharyngeal carcinoma after radiotherapy. Can J Speech-Lang Pathol
Audiol. (2012) 20:336-8. doi: 10.3969/j.issn.1006-7299.2012.4.009

Michels TC, Dufty MT, Rogers DJ. Hearing Loss in Adults: Differential
Diagnosis and Treatment. Am Fam Physician. (2019) 100:98-108.

Peng Y, Xiong S, Cheng Y, Qi YF Yang Y. Clinical investigation of
different routes of administration of dexamethasone on sudden deafness.

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828370


https://doi.org/10.1002/hed.23278
https://doi.org/10.1016/j.ijrobp.2004.07.702
https://doi.org/10.1200/JCO.2004.10.074
https://doi.org/10.1016/j.ejca.2015.08.006
https://doi.org/10.1016/j.tranon.2015.10.003
https://doi.org/10.1007/s12013-014-9814-x
https://doi.org/10.1080/00016489.2019.1566778
https://doi.org/10.1016/j.semradonc.2012.03.008
https://doi.org/10.1126/science.1166304
https://doi.org/10.1016/S0764-4469(01)01350-6
https://doi.org/10.1038/nm1577
https://doi.org/10.18632/oncotarget.21130
https://doi.org/10.1016/j.biopha.2018.05.055
https://doi.org/10.1186/s12885-019-6491-6
https://doi.org/10.3389/fonc.2019.00696
https://doi.org/10.1097/WNR.0b013e32832a5c68
https://doi.org/10.1016/j.neulet.2010.09.064
https://doi.org/10.1016/j.neuroscience.2012.02.028
https://doi.org/10.1371/journal.pone.0100774
https://doi.org/10.1002/lary.23223
https://doi.org/10.1016/j.otc.2016.07.013
https://doi.org/10.1016/j.oraloncology.2017.12.004
https://doi.org/10.1200/JCO.2005.05.0096
https://doi.org/10.1017/S0022215100145281
https://doi.org/10.1097/MAO.0b013e31816c7c9e
https://doi.org/10.1186/s13014-014-0326-z
https://doi.org/10.1016/j.ijrobp.2018.05.060
https://doi.org/10.1002/hed.24150
https://doi.org/10.3969/j.issn.1006-7299.2012.4.009
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Kong et al.

Hydrogen Improved Deafness After Radiotherapy

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Lin Chung Er Bi Yan Hou Tou Jing Wai Ke Za Zhi. (2008) 22:442-5.
doi: 10.3969/j.issn.1001-1781.2008.10.004

Chen J, Kong X, Mu E Lu T, Du D, Xu K. Hydrogen-oxygen therapy can
alleviate radiotherapy-induced hearing loss in patients with nasopharyngeal
cancer. Ann Palliat Med. (2019) 8:746-51. doi: 10.21037/apm.2019.11.18
Kam WW, Banati RB. Effects of ionizing radiation on mitochondria. Free
Radic Biol Med. (2013) 65:607-19. doi: 10.1016/j.freeradbiomed.2013.07.024
Faraonio R, Vergara P, Di Marzo D, Pierantoni MG, Napolitano M, Russo T,
etal. p53 suppresses the Nrf2-dependent transcription of antioxidant response
genes. ] Biol Chem. (2006) 281:39776-84. doi: 10.1074/jbc.M605707200

Hus MM, Young YH. Lin KL. Eustachian tube function of patients with
nasopharyngeal carcinoma. Ann Oto Rhinol Laryngol. (1995) 104:453-
5. doi: 10.1177/000348949510400607

Low WK, Burgess R, Fong KW. Wang DY. Effect of Radiotherapy on
Retro-Cochlear Auditory Pathways. The Laryngoscope. (2005) 115:1823-
6. doi: 10.1097/01.mlg.0000175061.59315.58

Wang SZ, Chen ZC, McNamar JP, Wang SY. Cheng QF. The relationship
between the protective effect of amifostine and decreased intercellular
adhesion molecule expression. Am ] Otolaryngol Head Neck Med Surg. (2005)
26:118-22. doi: 10.1016/j.amjoto.2004.11.002

Xiao J, Luo ZQ, Shi DZ, Huang YJ, Tan YF. Short-term results of
audiological change of nasopharyngeal carcinoma patient after radiotherapy
and chemotherapy. Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi.
(2008) 43:906-9.

Lee N, Xia P, Quivey JM, Sultanem K, Poon I, Akazawa C, et al. Intensity-
modulated radiotherapy in the treatment of nasopharyngeal carcinoma: an
update of the UCSF experience. Int ] Radiat Oncol Biol Phys. (2002) 53:12—
22. doi: 10.1016/S0360-3016(02)02724-4

Hsin CH, Chen TH, Young YH, Liu WS. Comparison of otologic
complications ~ between intensity-modulated and  two-dimensional
radiotherapies in nasopharyngeal carcinoma patients. Otolaryngol Head
Neck Surg. (2010) 143:662-8. doi: 10.1016/j.0tohns.2010.07.012

Young YH, Ko JY, Sheen TS. Post-irradiation dizziness in
nasopharyngeal ~ carcinoma  survivors.  Otol  Neurotol.  (2004).
25:366-70. doi: 10.1097/00129492-200405000-00027

Chi FH. Young YH Inner ear deficits in irradiated nasopharyngeal carcinoma
survivors. Laryngoscope. (2015) 125:2565-71. doi: 10.1002/lary.25329

Hsin CH, Chen TH, Liang KL, Tseng HC, Liu WS. Postirradiation
otitis media with effusion in nasopharyngeal carcinoma patients
treated by intensity-modulated radiotherapy. Laryngoscope. (2013)
123:2148-53. doi: 10.1002/lary.23215

LeBaron TW, Kura B, Kalocayova B, Tribulova N, Slezak J. A new approach
for the prevention and treatment of cardiovascular disorders: molecular
hydrogen significantly reduces the effects of oxidative stress. Molecules. (2019)
24:2076. doi: 10.3390/molecules24112076

Nogueira JE, de Deus JL, Amorim MR, Batalhdo ME, Ledo RM, Carnio
EC, et al. Inhaled molecular hydrogen attenuates intense acute exercise-
induced hippocampal inflammation in sedentary rats. Neurosci Lett. (2020)
715:134577. doi: 10.1016/j.neulet.2019.134577

Nogueira JE, Passaglia P, Mota CMD, Santos BM, Batalhdo ME, Carnio
EC, et al. Molecular hydrogen reduces acute exercise-induced inflammatory
and oxidative stress status. Free Radic Biol Med. (2018) 129:186-
93. doi: 10.1016/j.freeradbiomed.2018.09.028

Qu J, Li X, Wang J, Mi W, Xie K, Qiu J. Inhalation of hydrogen
gas attenuates cisplatin-induced ototoxicity via reducing oxidative stress.
Int ] Pediatr Otorhinolaryngol. (2012) 76:111-5. doi: 10.1016/j.ijporl.2011.
10.014

Kikkawa YS, Nakagawa T, Taniguchi M, Ito J. Hydrogen protects auditory
hair cells from cisplatin-induced free radicals. Neurosci Lett. (2014) 579:125-
9. doi: 10.1016/j.neulet.2014.07.025

Zhao YS, An JR, Yang S, Guan P, Yu FY Li W, et al. Hydrogen and oxygen
mixture to improve cardiac dysfunction and myocardial pathological changes
induced by intermittent hypoxia in rats. Oxid Med Cell Longev. (2019)
2019:7415212. doi: 10.1155/2019/7415212

Mo XY Li XM, She CS, Lu XQ, Xiao CG, Wang SH, et al. Hydrogen-
rich saline protects rat from oxygen glucose deprivation and reperusion-
induced apoptosis through VDACI via Bcl-2. Brain Res. (2019) 1706:110-
5. doi: 10.1016/j.brainres.2018.09.037

52. Wang B, Wang H, Zhang M, Ji R, Wei J, Xin Y, et al. Radiation-induced
myocardial fibrosis: mechanisms underlying its pathogenesis and therapeutic
strategies. J Cell Mol Med. (2020) 24:7717-29. doi: 10.1111/jemm.15479

53. Venkatesulu BP, Mahadevan LS, Aliru ML, Yang X, Bodd MH,
Singh PK, et al. Radiation-induced endothelial vascular injury:
a review of possible mechanisms. JACC Basic Transl Sci. (2018)
3:563-72. doi: 10.1016/j.jacbts.2018.01.014

54. Wang Z, Yang B, Chen X, Zhou Q, Li H, Chen S, et al. Nobiletin
regulates ROS/ADMA/DDAHII/ eNOS/NO pathway and alleviates vascular
endothelium injury by iron overload. Biol Trace Elem Res. (2020) 198:87-
97. doi: 10.1007/s12011-020-02038-6

55. Zhang Y, Murugesan P, Huang K, Cai H, NADPH. oxidases and oxidase
crosstalk in cardiovascular diseases: novel therapeutic targets. Nat Rev Cardiol.
(2020) 17:170-94. doi: 10.1038/541569-019-0260-8

56. Ping Z, Peng Y, Lang H, Xinyong C, Zhiyi Z, Xiaocheng W, et al. Oxidative
stress in radiation-induced cardiotoxicity. Oxid Med Cell Longev. (2020)
2020:1-15. doi: 10.1155/2020/3579143

57. Farhood B, Goradel NH, Mortezaee K, Khanlarkhani N, Salehi E, Nashtaei
MS, et al. Intercellular communications-redox interactions in radiation
toxicity; potential targets for radiation mitigation. J Cell Commun Signal.
(2019) 13:3-16. doi: 10.1007/512079-018-0473-3

58. Stewart FA, Hoving S, Russell NS. Vascular damage as an underlying
mechanism of cardiac and cerebral toxicity in irradiated cancer patients.
Radiat Res. (2010) 174:865-9. doi: 10.1667/RR1862.1

59. Li CS, Schminke U, Tan TY. Extracranial carotid artery disease in
nasopharyngeal carcinoma patients with post-irradiation ischemic stroke.Clin
Neurol Neurosurg. (2010) 112:682-6. doi: 10.1016/j.clineuro.2010.05.007

60. Young YH, Sheen TS. Preservation of tubal function in patients with
nasopharyngeal carcinoma, post-irradiation. Acta Otolaryngol. (1998)
118:280-3. doi: 10.1080/00016489850155026

61. KC Xu. Hydrogen-Oxygen Inhalation for Treatment of COVID-19. Singapore:
World Sci. (2020) p. 23-25

62. Qin ZX Yu P, Qian DH, Song MB, Tan H, Yu Y, et al. Hydrogen-rich saline
prevents neointima formation after carotid balloon injury by suppressing ROS
and the TNF-alpha/NF-kappaB pathway. Atherosclerosis. (2012) 220:343-
50. doi: 10.1016/j.atherosclerosis.2011.11.002

63. Ohsawa I, Nishimaki K, Yamagata K, Ishikawa M, Ohta S.
Consumption  of hydrogen water prevents atherosclerosis in
apolipoprotein E knockout mice. Biochem Biophys Res Commun. (2008)
377:1195-8. doi: 10.1016/j.bbrc.2008.10.156

64. Song G, Zong C, Zhang Z, Yu Y, Yao S, Jiao P, et al. Molecular
hydrogen stabilizes atherosclerotic plaque in low-density lipoprotein
receptor-knockout mice. Free Radic Biol Med. (2015) 87:58-
68. doi: 10.1016/j.freeradbiomed.2015.06.018

65. Fransson AE, Videhult Pierre P, Risling M, Laurell GFE. Inhalation of
molecular hydrogen, a rescue treatment for noise-induced hearing loss. Front
Cell Neurosci. (2021) 15:658662. doi: 10.3389/fncel.2021.658662

66. Zhou ZQ, Zhong CH, Su ZQ Li XY, Chen Y, Chen XB, et al. Breathing
hydrogen-oxygen mixture decreases inspiratory effort in patients with
tracheal stenosis. Respiration. (2019) 97:42-51. doi: 10.1159/000492031

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kong, Lu, Lu, Yin and Xu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

March 2022 | Volume 9 | Article 828370


https://doi.org/10.3969/j.issn.1001-1781.2008.10.004
https://doi.org/10.21037/apm.2019.11.18
https://doi.org/10.1016/j.freeradbiomed.2013.07.024
https://doi.org/10.1074/jbc.M605707200
https://doi.org/10.1177/000348949510400607
https://doi.org/10.1097/01.mlg.0000175061.59315.58
https://doi.org/10.1016/j.amjoto.2004.11.002
https://doi.org/10.1016/S0360-3016(02)02724-4
https://doi.org/10.1016/j.otohns.2010.07.012
https://doi.org/10.1097/00129492-200405000-00027
https://doi.org/10.1002/lary.25329
https://doi.org/10.1002/lary.23215
https://doi.org/10.3390/molecules24112076
https://doi.org/10.1016/j.neulet.2019.134577
https://doi.org/10.1016/j.freeradbiomed.2018.09.028
https://doi.org/10.1016/j.ijporl.2011.10.014
https://doi.org/10.1016/j.neulet.2014.07.025
https://doi.org/10.1155/2019/7415212
https://doi.org/10.1016/j.brainres.2018.09.037
https://doi.org/10.1111/jcmm.15479
https://doi.org/10.1016/j.jacbts.2018.01.014
https://doi.org/10.1007/s12011-020-02038-6
https://doi.org/10.1038/s41569-019-0260-8
https://doi.org/10.1155/2020/3579143
https://doi.org/10.1007/s12079-018-0473-3
https://doi.org/10.1667/RR1862.1
https://doi.org/10.1016/j.clineuro.2010.05.007
https://doi.org/10.1080/00016489850155026
https://doi.org/10.1016/j.atherosclerosis.2011.11.002
https://doi.org/10.1016/j.bbrc.2008.10.156
https://doi.org/10.1016/j.freeradbiomed.2015.06.018
https://doi.org/10.3389/fncel.2021.658662
https://doi.org/10.1159/000492031~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Effect of Hydrogen Inhalation Therapy on Hearing Loss of Patients With Nasopharyngeal Carcinoma After Radiotherapy
	Introduction
	Subjects and Methods
	Subjects
	Hydrogen Inhalation Method
	Eustachian Tube Dysfunction Questionnaire-7 (ETDQ-7) Survey
	Tympanic Membrane Detection
	Tympanogram Changes
	Pure-Tone Hearing Threshold Testing
	Safety Assessment
	Statistical Analysis

	Results
	Eustachian Tube Function
	Scoring of Tympanic Membrane Under Otoscope and Tympanogram
	Hearing Changes
	Hearing Changes After 4 Weeks of Hydrogen Inhalation
	Hearing Improvement in Patients With Different Initial Treatment Regimens for Tumors
	Hearing Threshold Changes in Patients With Different Hydrogen Inhalation Durations
	Patients' Hearing Changes After Suspension of Hydrogen-Oxygen Inhalation

	Adverse Reactions Related to Hydrogen-Oxygen Inhalation

	Discussion
	Hearing Impairment After Radiotherapy
	Observation on Hydrogen-Based Treatment of Hearing Loss
	Mechanism of Hydrogen in Improving Hearing Loss
	Discussion on Hydrogen Therapy

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


