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reduces irradiation-induced damage to the inner ear
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Abstract
Background: In addition to the direct effects of irradiation, the induced in�ammatory response may play
an important role in the damage to the inner ear caused by radiotherapy for the treatment of head and
neck cancers. Resolvin E1 (RvE1) has anti-in�ammatory activity, acting by reducing neutrophil in�ltration
and proin�ammatory cytokine expression. Therefore, in this study we sought to con�rm whether the
in�ammation induced by irradiation was involved in damage to the inner ear after radiotherapy and to
investigate the protective effect and underlying mechanism of RvE1 using mouse models.

Methods: A dose of RvE1 was delivered by intraperitoneal injection to mice before irradiation. Changes in
the auditory brainstem response (ABR), relative balance ability, inner ear morphology and the expression
levels of in�ammatory factors in the inner ear were analyzed on days 7 and 14 after irradiation and
compared among different experimental groups.

Results: Changes of ABR and relative balance ability showed the inner functions of experimental mice
presented severe damage after irradiation, but the damage was signi�cantly alleviated after RvE1
pretreatment compared to irradiation alone. Morphological analysis of the inner ear showed severe
damage to the cochlea and vestibule after irradiation. In contrast, damage to the cochlea and vestibule
was signi�cantly reduced in the RvE1-pretreated group compared to that in the irradiation alone group.
Along with these functional and morphological changes, the mRNA expression level of anti-in�ammatory
factors interleukin-2 was signi�cantly increased, while those of proin�ammatory factors interleukin-6 and
tumor necrosis factor-α were signi�cantly decreased in the inner ear of mice after RvE1 pretreatment
compared to irradiation alone.

Conclusions: We believe that in�ammation induced by irradiation is involved in the damage to the inner
ear caused by radiotherapy, and that RvE1 reduces the damage caused by irradiation to the inner ear by
regulating the induced in�ammatory response.

Introduction
Head and neck cancer is one of the most common malignancies. According to epidemiological surveys,
the annual incidence of head and neck cancer in China is 15.22/100,000, which accounts for 4.45% of all
cases of malignant tumors. Radiotherapy is an important treatment for head and neck cancer. Although
radiotherapy can achieve satisfactory therapeutic effects in such cases, damage to adjacent tissues and
organs is inevitable. The inner ear is one organ commonly affected by irradiation, resulting in
sensorineural hearing loss (SNHL) and vestibular dysfunction [1-4]. For the majority of patients with
advanced head and neck cancer, long-term survival can be achieved after multidisciplinary treatments
including radiotherapy [5,6]. Thus, irradiation-induced SNHL and vestibular dysfunction are inevitable
consequences affecting the life of these cancer survivors [7], and protecting the inner ear from damage
following irradiation would improve the quality of life of these cancer survivors. SNHL and vestibular
dysfunction after irradiation are caused by damage to the inner and outer hair cells, spiral ganglion and
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vestibular hair cells. Direct effects of the irradiation dose on the inner ear are not solely responsible for
the damage to the cochlea and vestibule [8,9]. Some studies have reported that the in�ammatory
response induced by irradiation can cause apoptosis of hair cells. Our previous clinical study found an
abnormal increase of interleukin (IL)-6 in the peripheral blood of patients with irradiation-induced inner
ear damage [9], and another study found that a large number of in�ammatory cells appeared in the
vestibular tissue of irradiated guinea pigs [10]. These studies imply that the in�ammation induced by
irradiation may play an important role in damage to the inner ear, but there is a lack of complete
experimental evidence in support of this hypothesis.

Resolvin E1 (RvE1) is biosynthesized from the omega-3 polyunsaturated fatty acid eicosapentaenoic acid
(EPA), and shows remarkable potency in promoting resolution of in�ammation and helping to prevent
progression of an acute in�ammatory response into chronic in�ammation [11,12]. Anti-in�ammatory
effects of RvE1 have been previously studied and reported in many in�ammation-related diseases and in
several animal models of in�ammation such as diabetic nephropathy, periodontitis, asthma, sepsis and
acute respiratory distress syndrome [13-17]. The mechanisms of RvE1 in counteracting in�ammation and
promoting its resolution include suppression of procytokine expression/release, inhibition of leukocyte
recruitment resulting in a reduction in the amount of local and circulatory cytokines that attenuate the
in�ammatory responses, and induction of macrophage phagocytosis of apoptotic polymorphonuclear
neutrophils [15,18].

Radiotherapy induces a local in�ammatory response in irradiated tissues including leukocyte recruitment
and procytokine expression/release [19]. It was unclear whether the in�ammatory response induced by
irradiation was involved in the damage to the inner ear after radiotherapy, and whether RvE1 had a
radioprotective effect on the inner ear by inhibiting the in�ammatory response. Therefore, in this study a
mouse experiment was designed to investigate these problems and the potential mechanism of RvE1 in
protecting against irradiation-induced damage to the inner ear.

Materials And Methods
Animals and Study Groups

One-month-old C57BL/6 female mice weighing 25-27 grams were purchased from the Experimental
Animal Center of Shandong University for this experiment, and all animal procedures in this study were
approved by the Ethics Committee of the Second Hospital of Shandong University (Permit Number: KYLL-
2016(GJ)A-0001).

Study Groups: 48 mice were randomly divided into four groups: a wild type group (Sham/WT), RvE1-
pretreated wild type group (RvE1), X-ray irradiation group (Rad), and RvE1-pretreated X-ray irradiation
group (Rad+RvE1). On days 7 and 14 after irradiation, six mice in each group were sacri�ced for
experimental analysis.
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Irradiation method: experimental mice were irradiated with an Elekta Synergy medical linear accelerator
(Elekta, Stockholm, Sweden), 6 MV-X ray, irradiating the inner ear from both sides with the source axis
distance (SAD = 100 cm) technique. The irradiation depth of the ear was determined by thin computed
tomography (CT) scan with a sample mouse. The irradiation �eld was 1 cm × 1 cm in size, which fully
enveloped the inner ear. The thickness of the lead block was 10 cm, and the radiometric rate was 400
cGy/min.

The irradiation groups were irradiated with 20 Gy in one fraction to the inner ear. This dose was
determined according to the results of a preliminary experiment, to ensure robust survival of all
experimental mice along with detectable damage to inner ear functions. Before irradiation, 10% chloral
hydrate (the Second Hospital of Shandong University, Jinan, China) was used for enterocoelia anesthesia
at a dose of 1,000 mg/kg without any signs of peritonitis after administration. On the day of the
experiments, 1 μg RvE1 (Cayman Chemical, Ann Arbor, USA) was dissolved in 1mL isotonic saline and
administered to the mice via intraperitoneal injection 30 minutes before irradiation, according to a
previous report [11,16].

Auditory Brainstem Response (ABR)

After the experimental mice were anesthetized as described above, they were placed in a soundproof
room, the collection electrode was inserted into the top of the skull, the reference electrode was inserted
into the mastoid process, and the ground electrode was inserted into the back midline of the mouse. The
external speaker was moved to the ear lobe, and clicks and pure tones were performed successively. The
selected pure tone frequencies were 4, 8, 16, and 32 kHz, and the results were recorded with a High-
frequency Auditory Signal Processor RZ6 Multi-I/O Processor (Tucker Davis Technologies, Alachua, FL,
USA) for statistical analysis. ABR tests were performed before irradiation and also on days 7 and 14 after
irradiation.

Roller Test

In this test, each mouse was �rst acclimated to the roller activity for 3 days, ten minutes per day, then on
the day of the experiments, the same ten-minute roller activity was performed 30 minutes before the
balance time was o�cially recorded. The roller speed was 10 r/min during training and testing. During the
test, the mice were placed on a rotating roller in turn, and the duration that each mouse stayed on the
roller was recorded for three replicates and averaged. Relative balance ability was calculated from the
balance time of each mouse on day 7 or day 14 divided by the balance time on the �rst day before
treatment. This test was performed with a Mouse Swivel Fatigue Tester (Biowill Co., Huaibei, China)

Hematoxylin-eosin (HE) Staining

Mice were sacri�ced by cervical dislocation, and the cochlea was removed as soon as possible,
transferred to precooled 4% PFA and perfused. The cochlea tissue was placed at 4°C overnight and then
washed three times with 1× PBS for 10 minutes each, followed by 10% EDTA for decalci�cation. One
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week later, cochleae were washed with 1× PBS and processed for para�n embedding. The cochleae were
then embedded and sectioned at 4-μm thickness and stained with H&E.

Whole-mount Staining

Cochleae were decalci�ed in 10% EDTA for 3 days and washed 3 times with 1× PBS for 10 minutes each.
The basal membrane and vestibule were obtained by dissecting the cochleae and then permeabilized
with 0.2% Trition X-100 for 8 minutes. The basal membrane and vestibule were then blocked for 30
minutes with 10% normal goat serum (NGS). The Myosin VIIa (myo7a) antibody (Abcam, Cambridge, MA,
USA), diluted 1:200, was added to the basal membrane and vestibule and left overnight at 4°C. The
membrane and vestibule were then washed and incubated with 1:200 mouse-IgG 594 (Bethyl,
Montgomery, AL, USA) for 1 hour and then with 1:500 phalloidin (Sigma Aldrich, St Louis, MO, USA) for 40
minutes. After washing with 1× PBS 3 times, DAPI (Sigma Aldrich) at a 1:250 dilution was added and
incubated for 10 minutes at room temperature. The specimens were sealed by glycerin, and organs of
Corti, spiral ganglion, utricle and sacculus were imaged using a confocal microscope (LSM700; Carl
Zeiss, Germany).

Scanning Electron Microscopy (SEM)

Cochleae were decalci�ed in 10% EDTA for 3 days and then soaked in precooled 2.5% glutaraldehyde
(Beijing Dingguo Changsheng Biotechnology Co. LTD, Beijing, China). Cochleae were dissected to obtain
the basal membrane and vestibule, which were washed three times with 1× PBS for 10 minutes each.
Then, osmium tetroxide was added in a fume hood. Samples were washed again three times with 1× PBS
and 4 times with sterile distilled water, before dehydrating through an ethanol gradient. Then, the critical
point was selected for drying the sample with carbon dioxide for 2 hours. Dried specimens were sputter
coated with gold for 4 minutes. Following the preparation process, the samples were observed under a
scanning electron microscope (Zeiss sigma 300, Carl Zeiss, Germany).

Quantitative Real-time Polymerase Chain Reaction (qRT-PCR)

At the indicated days, mice were sacri�ced for dissection of the basal membrane, modiolus, and
vestibule. RNA was extracted from each tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
puri�ed using a mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) according to the manufacturer’s
protocol. To ensure that total RNAs met the requirements for the experiment, the purity and concentration
of RNA were quanti�ed using the Nano Drop ND-1000 Spectrophotometer (Thermo Fisher Scienti�c,
Waltham, MA, USA), and the integrity of RNA was assessed with the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Total cDNA was synthesized using a one-step cDNA synthesis kit
(Vazyme, Nanjing, China). Using cDNA as a template, changes in the expression of in�ammatory factors
(IL-2, IL-6, IL-10, tumor necrosis factor [TNF]-α, and interferon [IFN]-γ) in the tissues were analyzed by qRT-
PCR. The qRT-PCR reactions were carried out using a 7900 HT Fast RealTime PCR system (Applied
Biosystems, Foster City, CA, USA) and the reaction conditions were as follows: pre-denaturation at 95°C
for 5 minutes; denaturation at 95°C for 30 seconds, annealing at 58°C for 30 seconds, extension at 68°C
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for 25 seconds, 40 cycles; 72°C extension for 5 minutes, and hold at 4°C. Relative gene expression was
calculated using the comparative 2-△△Ct method with the housekeeping gene mus-β-actin as a reference.
All primers were synthesized by Invitrogen and sequences were as follows: IL-2 forward primer: 5’-
AGATGAACTTGGACCTCTGCG-3’, reverse primer: 5’-AAAGTCCACCACAGTTGCTG-3’ (175bp). IL-6 forward
primer: 5’-TTCCTCTGGTCTTCTGGAGT-3’, reverse primer: 5’-GAGAGCATTGGAAATTGGGGT-3’ (181bp). IL-
10 forward primer: 5’-AGCCTTATCGGAAATGATCCAGT-3’, reverse primer: 5’-GGCCTTGTAGACACCTTGGT-
3’ (229bp). TNF-α forward primer: 5’-CCTGTAGCCCACGTCGTAG-3’, reverse primer: 5’-
GGGAGTAGACAAGGTACAACCC-3’ (148bp). IFN-γ forward primer: 5’-ACAGCAAGGCGAAAAAGGATG-3’,
reverse primer: 5’-TGGTGGACCACTCGGATGA-3’ (106bp). β-actin forward primer: 5’-
ACGGCCAGGTCATCACTATTG-3’, reverse primer: 5’-AGGGGCCGGACTCATCGTA-3’ (372bp).

Statistical analysis

Statistical analysis was performed using SPSS 20.0 software (IBM SPSS Statistics for Windows, Armonk,
NY, USA). The expression levels of in�ammatory factors, hearing threshold and relative balance ability
were expressed as the mean ± standard deviation (SD) and the differences among different groups were
compared by one-way analysis of variance (ANOVA), wihle multiple comparisons among different
subgroups were tested using the Bonferroni test. All P-values were two-sided, and a value of P <0.05 was
considered statistically signi�cant.

Results
RvE1 alone has no effects on the inner ear

Six mice from each of the Sham/WT, RvE1, Rad and Rad+RvE1 groups were selected for ABR and roller
tests, morphological analysis and the detections of in�ammatory factors on days 7 and 14 of the
experiments. No differences were observed between Sham/WT and RvE1 groups in the functions,
morphology or the levels of in�ammatory factors in the inner ear of experimental mice at either of the two
time points (Fig.1-7). The subgroup comparisons of Sham/WT group with Rad or Rad+RvE1 groups and
those of RvE1 group with Rad or Rad+RvE1 groups showed the same results, which con�rmed that RvE1
alone has no effects on the inner ear. Therefore, the compared data among RvE1, Rad and Rad+RvE1
groups are not described repeatedly in the following sections in order to simplify the �gures and avoid
confusing description while comparing among different groups.

RvE1 protects the inner ear function after irradiation.

During experiments, ABR and roller tests were used to evaluate changes in hearing and relative balance
ability in the inner ear.

During the ABR test, each group was tested using clicks and pure tones at 4, 8, 16, and 32 kHz. On days 7
and 14 after irradiation, there were signi�cant differences in the pure tone thresholds of 16 kHz and 32
kHz and in the click tone between the Sham/WT and the Rad groups and between the Rad and Rad+RvE1
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groups (Fig. 1A). The results also showed that RvE1 pretreatment obviously ameliorated this damage.
There was no signi�cant difference among the different groups at 4 or 8 kHz (Fig. 1A). These results
implied that RvE1 had a bene�cial radioprotective effect on the hearing of the mice, and the
radioprotective effect acted primarily on the medial and basal gyrus rather than the apical gyrus of the
cochlea.

The results of the roller test showed that the relative balance ability of mice in the Rad group had
decreased signi�cantly by days 7 and 14 compared to that in the Sham/WT group (Fig. 1B). However,
after RvE1 pretreatment, the relative balance ability of mice in the Rad+RvE1 group was improved
signi�cantly compared to that in the Rad group, while no differences were evident between the Sham/WT
and Rad+RvE1 groups (Fig. 1B). These results con�rmed that the balance function of the inner ear was
damaged by irradiation, and that RvE1 could mitigate the damage to the inner ear. At the same time,
these also implied that the radioprotective effect of RvE1 acted primarily on the vestibule.

RvE1 has protective effects on irradiated basement membrane hair cells.

Cochlear tissues of each group were collected on days 7 and 14 after irradiation. Hair cells were labeled
with Myo7a, and phalloidin was used to label hair cell actin. Morphological changes of the basement
membrane hair cells in the cochlea were observed by HE staining, whole-mount staining and SEM. HE
staining (Fig. 2) and whole-mount staining (Fig. 3) showed obvious loss of basement membrane hair
cells in the apical, medial and basal gyrus of the cochlea on days 7 and 14 after irradiation. The points of
the loss are indicated by arrows in Fig.2 and by asterisks in Fig.3. SEM (Fig. 4) also showed obvious loss
of the cilia of basement membrane hair cells by days 7 and 14 after irradiation; the asterisks indicate the
points of the loss. RvE1 pretreatment did not eliminate the damage, but the degree of damage was
substantially reduced compared to irradiation alone. Therefore, we believe that RvE1 exerts
radioprotective effects on basement membrane hair cells.

RvE1 has a protective effect on spiral ganglion cells after irradiation.

The modiolus of each group was harvested for analysis on days 7 and 14 after irradiation. We observed
morphological changes of spiral ganglion cells by HE staining (Fig. 5). HE staining showed that the loss
of spiral ganglion cells could be obviously observed on days 7 and 14 after irradiation; the points of the
loss are indicated with arrows in Fig.5. Pretreatment with RvE1 did not eliminate the damage, but the
degree of damage was reduced compared to irradiation alone. Therefore, we believe that RvE1 exerted a
radioprotective effect on spiral ganglion cells.

RvE1 has protective effects on vestibular hair cells after irradiation.

The vestibular tissues of each group were harvested on days 7 and 14 after irradiation. The vestibular
hair cells were labeled with DAPI, and vestibular hair cell actin was labeled with phalloidin. Morphological
changes of vestibular hair cells were observed by HE staining, whole-mount staining and SEM. HE
staining (Fig. 5) and whole-mount staining (Fig. 6A) showed there was some loss of vestibular hair cells
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on days 7 and 14 after irradiation. Using SEM (Fig. 6B), we also observed cilia fusion (red asterisks) and
loss (blue asterisks) in vestibular hair cells on days 7 and 14 after irradiation. All the points of damage
are indicated by black arrows in Fig.5, white arrows in Fig.6A and red and blue asterisks in Fig.6B. The
loss of utriculus and sacculus hair cells in Fig.5 represented that of vestibular hair cells. After RvE1
pretreated, the degree of damage was obviously reduced compared to irradiation alone. This indicated
that RvE1 also had a radioprotective effect on vestibular hair cells.

RvE1 alleviates in�ammation of the inner ear caused by irradiation.

To con�rm that the in�ammatory response induced by irradiation was involved in the damage to the inner
ear after radiotherapy, changes in in�ammatory factor expression in the inner ear of mice after irradiation
were analyzed by qRT-PCR. The results showed that the expression level of IL-2 was signi�cantly
decreased only in the modiolus on days 7 and 14 after irradiation, while after pretreatment with RvE1, the
IL-2 level in the modiolus was obviously increased compared to irradiation alone (Fig. 7A). The
expression levels of IL-6 in the basilar membrane and vestibule were signi�cantly increased on days 7
and 14 after irradiation, but after pretreatment with RvE1, IL-6 levels in the basilar membrane and
vestibule were obviously decreased compared to the group that received irradiation alone. Although the
IL-6 level in the modiolus also changed similarly, there were no signi�cant differences among the
different groups (Fig. 7B). The expression level of TNF-α in the modiolus was also signi�cantly increased
on days 7 and 14 after irradiation, and again, after pretreatment with RvE1, the TNF-α level in the
modiolus was obviously reduced compared to the group that received irradiation alone. A similar
signi�cant change was also observed in the vestibule on day 7. No other changes were signi�cant among
the different groups (Fig. 7C). The expression levels of IL-10 and IFN-γ did not show any signi�cant
changes on day 7 or 14 after irradiation among the different groups (Fig. 7D and 7F). These results
implied that RvE1 could cause expression level changes of some in�ammatory factors in inner ear, which
together might be involve in irradiation damage to the inner ear. The results also suggested that RvE1
might protect the inner ear from irradiation damage by regulating the in�ammatory response induced by
irradiation, which was associated with these in�ammatory factors.

Discussion
The inner ear is an important organ at risk (OAR) in patients with head and neck cancers receiving
radiotherapy, and SNHL and vestibular dysfunction are often inevitable. Some studies suggest that the
incidence of post-irradiation SNHL may be as high as 43% [20]. The main cause of irradiation-induced
SNHL is thought to be the direct action of irradiation on cochlear hair cells and the spiral ganglion,
leading to damage to cell and mitochondrial membranes, lysosomal membrane lipid peroxidation and
DNA damage and subsequently resulting in cellular metabolic disorder, hair cell degeneration, necrosis,
and dysfunction [21,22]. Damage to the vasculature can cause endolymphatic edema, which can also
lead to hearing loss, tinnitus, ear distension, vertigo or balance disorders [22,23]. In this study, we also
observed hearing loss in mice, evaluated by ABR, along with HE staining, whole-mount staining and SEM
showing various degrees of damage to the cochlea basal membrane hair cells and spiral ganglion cells
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after irradiation. Post-irradiation vestibular dysfunction has rarely been reported, and our previous study
found an incidence of post-irradiation vestibular dysfunction of up to 60–70% in clinical practice [9], but
the mechanism has not previously been reported. In this study, post-irradiation vestibular dysfunction in
mice was also indicated by the results of relative balance ability tests, and HE staining, whole-mount
staining and SEM all showed that damage to utriculus and sacculus hair cells after irradiation was the
main cause of post-irradiation vestibular dysfunction.

The direct damaging effect of irradiation on the target organ is the main cause of post-irradiation inner
ear damage, but another cause of post-irradiation inner ear damage is the irradiation-induced
in�ammatory response. Some studies have reported that various in�ammatory factors signi�cantly
increased after radiotherapy, mainly proin�ammatory cytokines such as IL-1, IL-6, IL-8, and TNF-α [24].
Our previous study found that IL-6 was signi�cantly increased in nasopharyngeal carcinoma patients
after radiotherapy and was associated with post-irradiation vestibular dysfunction [9]. These results
supported the hypothesis that the irradiation-induced in�ammatory response participated in vestibular
dysfunction. In this study, we directly observed a signi�cant decrease in the mRNA level of IL-2 and
signi�cant increases in the mRNA levels of IL-6 and TNF-α in mouse inner ears at different time-points
after irradiation. These results con�rmed the potential involvement of the in�ammatory response
associated with these in�ammatory factors in post-irradiation inner ear damage.

RvE1 is a trihydroxy derivative of the polyunsaturated fatty acid EPA, and is found in �sh oil and sea
food. RvE1 possesses a remarkable treatment effect for many in�ammation-related diseases and
conditions when administered via subcutaneous injection, intraperitoneal injection, intraplantar injection
and intrathecal injection [11,13-17,25]. In this study, after RvE1 was administered via intraperitoneal
injection, we observed amelioration of inner ear damage after irradiation and changes of some of the
in�ammatory factors associated the in�ammatory response.

There have been no previous reports regarding whether RvE1 has a radioprotective effect on the inner ear.
However, based on the fact that a local in�ammatory response in irradiated tissues is a universal
occurrence, and further, that RvE1 has remarkable effects in counteracting in�ammation and promoting
resolution of in�ammation, we explored the radioprotective effect of RvE1 on the inner ear via
experiments in a mouse model. As a result, we found that RvE1 considerably ameliorated irradiation-
related damage to the inner ear. In this study, employing RvE1 pretreatment before irradiation, we not only
observed the alleviation of hearing loss and vestibular dysfunction, but also observed the amelioration of
microstructure damage associated with hearing loss and vestibular dysfunction. These results proved
that the local in�ammatory response in irradiated tissues was involved in tissue damage, and at the
same time, also proved that RvE1 had a radioprotective effect on the inner ear.

The molecular mechanisms underlying the anti-in�ammatory activity of RvE1 and its promotion of
in�ammation resolution are complicated [15,17,18,26]. Among these complicated mechanisms, RvE1
modulation of in�ammation-related cytokine expression plays an important role. Therefore, in this study,
we investigated changes in the expression of the in�ammatory factors IL-2, IL-6, IL-10, TNF-α, and IFN-γ
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after RvE1 pretreatment to explore the potential mechanisms via which RvE1 protects against irradiation-
induced damage to the inner ear. Among these in�ammatory factors, IL-2 and IL-10 are anti-in�ammatory
factors, which can inhibit the in�ammatory cascade reaction by downregulating the expression of
proin�ammatory factors [19,27]. IL-6, TNF-α, and IFN-γ are important proin�ammatory factors that
activate the in�ammatory cascade reaction and cause damage to target organs [19,27]. The in�uence of
RvE1 on these in�ammatory factors has been previously reported. Xu et al. reported that RvE1
ameliorated pulpitis by inhibiting the expression of the proin�ammatory cytokines IL-6 and TNF-α in a
chemerin receptor23 (ChemR23)-dependent manner [28]. Rey et al. reported that RvE1 decreased LPS-
induced gene expression of proin�ammatory cytokines (TNF-α and IL-6), suggesting that they exerted
proresolutive activity in microglia [29]. Wang et al. reported that RvE1 treatment improved allogeneic
corneal graft survival by signi�cantly reducing the mRNA expression of proin�ammatory cytokines,
including TNF-α, IL-6 and IFN-γ, in corneal grafts, as well as the protein level of the proin�ammatory
cytokines TNF-α, IL-6 and IFN-γ [30]. However no similar �ndings have been reported in the inner ear.

In this study, the mRNA expression level of IL-2 only increased signi�cantly in the modiolus at different
time-points after RvE1 pretreatment compared to irradiation alone. In contrast, the mRNA expression
levels of IL-6 and TNF-α decreased signi�cantly in more extensive parts of the inner ear after irradiation
along with RvE1 pretreatment. Further analysis found that the changes in expression of IL-2, IL-6, and
TNF-α were also associated with damage to cochlear hair cells, spiral ganglion cells, and vestibular
sacculus and utriculus hair cells. All of these results implied that changes in the expression levels of
these in�ammatory factors in the inner ear together affected the damage caused to the inner ear after
irradiation, therefore the in�ammatory response induced by irradiation might be involved in the damage,
and some proin�ammatory cytokines might play more important roles in this response. Further, RvE1 was
able to ameliorate this kind of damage to the inner ear, and its radioprotective mechanism might be
mediated through its anti-in�ammatory effects via regulation of IL-2, IL-6, and TNF-α.

Regarding the way in which RvE1 regulates the expressions of IL-2, IL-6, and TNF-α, current consensus is
that RvE1 mediates its effects via binding to the ChemR23 and leukotriene B4 receptor1 (BLT1). In
particular, ChemR23 is widely expressed on monocytes, macrophages, dendritic cells and epithelial cells
[31,32] and is upregulated in response to tissue damage or in�ammatory stimuli [33,34]. Within the
in�ammatory microenvironment induced by irradiation, these cells are universally present, and mediated
the release of numerous in�ammatory factors and in�ammatory damage to tissue [19]. However, in this
study it was unclear whether RvE1 regulated the expressions of IL-2, IL-6, and TNF-α in the inner ear via
such ChemR23 and BLT1 receptor-dependent mechanisms. This question is worthy of study in the future.

Conclusions
In summary, post-irradiation damage to the cochlear hair cells, spiral ganglion cells, and vestibular
sacculus and utriculus hair cells led to SNHL and vestibular dysfunction. The in�ammation induced by
irradiation participated in the functional damage to the inner ear following irradiation. RvE1 protected the
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inner ear of mice from post-irradiation damage through its anti-in�ammatory effects, which might be
mediated by regulation of IL-2, IL-6, and TNF-α expression.

Abbreviations
SNHL: sensorineural hearing loss; IL-6: interleukin-6; RvE1: Resolvin E1; EPA: eicosapentaenoic acid; WT:
wild type group; Rad: X-ray irradiation group; Rad+RvE1: RvE1-pretreated X-ray irradiation group; SAD:
source axis distance; CT: computed tomography; ABR: auditory brainstem response; HE: hematoxylin-
eosin; SEM: scanning electron microscopy; myo7a: Myosin VIIa; qRT-PCR: quantitative real-time
polymerase chain reaction; TNF-α: tumor necrosis factor-α; IFN-γ: interferon-γ; IL-2: interleukin-2; IL-10:
interleukin-10; SD: standard deviation; ANOVA: one-way analysis of variance; OAR: organ at risk;
ChemR23: chemerin receptor23; BLT1: leukotriene B4 receptor1.

Declarations
Ethics approval and consent to participate

Not applicable.

Author’s contributions

Sun and Xu designed the study; J Zhang, Liu, Y Zhang, Li and J Wang performed the experiment; Niu and
Y Wang analyzed data and edited the �gures; J Zhang wrote the paper and Sun modi�ed the article. All
authors read and approved the �nal manuscript.

Funding

This work was supported by the National Natural Science Foundation of China (grant no. 81641033), the
Natural Science Foundation of Shandong Province (grant no. ZR2019MH017), and the Clinical Medical
Science and Technology Innovation Plan of Jinan City (grant no. 201704089). And the funding bodies
had no roles in the study.

Availability of data and materials

The materials used and/or analyzed in the current study are available from the corresponding author on
reasonable request.

Competing interests

The authors declare that they have no competing interests.

Consent for publication

Not applicable.



Page 12/22

Acknowledgements

Not applicable

Author details

1Department of Otolaryngology & NHC Key Laboratory of Otorhinolaryngology, the Second Hospital of
Shandong University, Jinan, Shandong Province 250033, China.2Department of Medical Technology, the
Jinan Vocational College of Nursing, Jinan, Shandong Province 250102, China.3Cancer Center, the
Second Hospital of Shandong University, Jinan, Shandong Province 250033, China.4Department of
Hematology, the Second Hospital of Shandong University, Jinan, Shandong Province 250033, China.

References
1. Tuan JK, Ha TC, Ong WS, et al. Late toxicities after conventional radiation therapy alone for

nasopharyngeal carcinoma. Radiother Oncol. 2012;104(3):305-11.

2. Gamble JE, Peterson EA, Chandler JR. Radiation effects on the inner ear. Arch Otolaryngol.
1968;88(2):156-61.

3. Petsuksiri J, Sermsree A, Thephamongkhol K, et al. Sensorineural hearing loss after concurrent
chemoradiotherapy in nasopharyngeal cancer patients. Radiat Oncol. 2011;6:19.

4. Theunissen EA, Bosma SC, Zuur CL, et al. Sensorineural hearing loss in patients with head and neck
cancer after chemoradiotherapy and radiotherapy: a systematic review of the literature. Head Neck.
2015;37(2):281-92.

5. Cooper JS, Pajak TF, Forastiere AA, et al. Postoperative concurrent radiotherapy and chemotherapy
for high-risk squamous-cell carcinoma of the head and neck. N Engl J Med. 2004;350(19):1937-44.

�. Taguchi T, Tsukuda M, Mikami Y, et al. Concurrent chemoradiotherapy with cisplatin, 5-�uorouracil,
methotrexate, and leucovorin in patients with advanced resectable squamous cell carcinoma of the
larynx and hypopharynx. Acta Otolaryngol. 2006;126(4):408-13.

7. Lau SK, Wei WI, Sham JS, et al. Early changes of auditory brain stem evoked response after
radiotherapy for nasopharyngeal carcinoma--a prospective study. J Laryngol Otol.1992;106(10):887-
92.

�. Gibb AG, Loh KS. The role of radiation in delayed hearing loss in nasopharyngeal carcinoma. J
Laryngol Otol.2000;114(2):139-44.

9. Sun D, Zhao M, Yin J, et al. Vestibular function disorders and potential mechanisms in irradiation
nasopharyngeal carcinoma patients. Acta Otolaryngol.2016;136(8):759-63.

10. Tseng CC, Wang SJ, Young YH. Comparison of head elevation versus rotation methods for eliciting
cervical vestibular-evoked myogenic potentials via bone-conducted vibration. Int J
Audiol.2013;52(3):200-6.



Page 13/22

11. Xu ZZ, Zhang L, Liu T, et al. Resolvins RvE1 and RvD1 attenuate in�ammatory pain via central and
peripheral actions. Nat Med. 2010; 16(5):592-7.

12. de Molon RS, Thurlings RM, Walgreen B, et al. Systemic Resolvin E1 (RvE1) Treatment Does Not
Ameliorate the Severity of Collagen-Induced Arthritis (CIA) in Mice: A Randomized, Prospective, and
Controlled Proof of Concept Study. Mediators In�amm. 2019; doi: 10.1155/2019/5689465.

13. Ji RR, Xu ZZ, Strichartz G, et al. Emerging roles of resolvins in the resolution of in�ammation and
pain. Trends Neurosci. 2011; 34(11):599-609.

14. Balta MG, Loos BG, Nicu EA. Emerging Concepts in the Resolution of Periodontal In�ammation: A
Role for Resolvin E1. Front Immunol. 2017; 8:1682.

15. Yaribeygi H, Atkin SL, Simental-Mendía LE, et al. Anti-in�ammatory effects of resolvins in diabetic
nephropathy: Mechanistic pathways. J Cell Physiol. 2019; doi:10.1002/jcp.28315.

1�. Siddiquee A, Patel M, Rajalingam S, et al. Effect of omega-3 fatty acid supplementation on resolvin
(RvE1)-mediated suppression of in�ammation in a mouse model of asthma. Immunopharmacol
Immunotoxicol. 2019; 41(2):250-7.

17. Mayer K, Sommer N, Hache K, et al. Resolvin E1 Improves Mitochondrial Function in Human Alveolar
Epithelial Cells during Severe In�ammation. Lipids. 2019; 54(1):53-65.

1�. Norling LV, Headland SE, Dalli J, et al. Proresolving and cartilage-protective actions of resolvin D1 in
in�ammatory arthritis. JCI Insight. 2016;1(5):e85922. doi: 10.1172/jci.insight.85922.

19. McKelvey KJ, Hudson AL, Back M, et al. Radiation, in�ammation and the immune response in cancer.
Mamm Genome. 2018;29(11-12):843-65.

20. Eleonoor AR, Theunissen, Sophie CJ, et al. Sensorineural hearing loss in patients with head
and neck cancer after chemoradiotherapy and radiotherapy: a systematic review of the literature.
Head Neck. 2015;37(2):281-92.

21. Fong RS, Beste DJ, Murray KJ. Pediatric sensorineural hearing loss after temporal bone radiation.
Am J Otol.1995;16(6):793-6.

22. Kim CS, Shin SO. Ultrastructural changes in the cochlea of the guinea pig after fast neutron
irradiation. Otolaryngol Head Neck Surg.1994;110(4):419-27.

23. Nomura R, Hattori T, Yanagita N. Radiation tolerance of the cochlear nerve at the gamma-knife in
rabbits. Auris Nasus Larynx.1997;24(4):341-9.

24. Mujica-Mota MA, Lehnert S, Devic S, et al. Mechanisms of radiation-induced sensorineural hearing
loss and radioprotection. Hear Res. 2014;312:60-8.

25. Hamlett ED, Hjorth E, Ledreux A, et al. RvE1 treatment prevents memory loss and neuroin�ammation
in the Ts65Dn mouse model of Down syndrome. 2020; doi: 10.1002/glia.23779.

2�. Hecker M, Sommer N, Foch S, et al. Resolvin E1 and its precursor 18R-HEPE restore mitochondrial
function in in�ammation. Biochim Biophys Acta Mol Cell Biol Lipids. 2018;1863(9):1016-28.

27. Jiang X, Wang J, Deng X, et al. Role of the tumor microenvironment in PD-L1/PD-1-mediated tumor
immune escape. Mol Cancer. 2019; 18(1):10.



Page 14/22

2�. Xu H, Chen J, Ge J, et al. Resolvin E1 Ameliorates Pulpitis by Suppressing Dental Pulp Fibroblast
Activation in a Chemerin Receptor 23-dependent Manner. J Endod. 2019; 45(9):1126-34.

29. Rey C, Nadjar A, Buaud B, et al. Resolvin D1 and E1 promote resolution of in�ammation in microglial
cells in vitro. Brain Behav Immun. 2016; 55:249-59.

30. Wang H, Zhao Q, Luo D, et al. Resolvin E1 Inhibits Corneal Allograft Rejection in High-Risk Corneal
Transplantation. Invest Ophthalmol Vis Sci. 2018; 59(10):3911-9.

31. Arita M, Oh SF, Chonan T, et al. Metabolic inactivation of resolvin E1 and stabilization of its anti-
in�ammatory actions. J Biol Chem. 2006; 281:22847–54.

32. Ohira T, Spear D, Azimi N, et al. Chemerin-ChemR23 signaling in tooth development. J Dent Res.
2012;91:1147–53.

33. Cash JL, Bass MD, Campbell J, et al. Resolution mediator chemerin15 reprograms the wound
microenvironment to promote repair and reduce scarring. Curr Biol. 2014;24:1406–14.

34. Herová M, Schmid M, Gemperle C, et al. ChemR23, the receptor for chemerin and resolvin E1, is
expressed and functional on M1 but not on M2 macrophages. J Immunol. 2015;194:2330–7.

Figures



Page 15/22

Figure 1

. One-way analysis of variance for hearing threshold and relative balance ability showed the changes
among the different groups after irradiation and resolvin E1-pretreatment. *, P ≤ 0.05; **, P ≤ 0.01; A.
Hearing changes after irradiation and resolvin E1-pretreatment. Irradiation-induced hearing loss, which
was obvious on days 7 and 14 after irradiation; resolvin E1 (RvE1) mitigated the irradiation-induced
hearing loss. The red asterisk indicates a comparison between the Sham/WT and Rad groups. The black
asterisk indicates a comparison between the Rad and Rad+RvE1 groups. B. Relative balance ability
changes after irradiation and resolvin E1-pretreatment. The relative balance ability in Sham/WT, RvE1,
Rad and Rad+RvE1 groups were respectively 1.154 ± 0.171, 1.149 ± 0.133 0.869 ± 0.085, and 1.039 ±
0.115 on day 7 and 1.137 ± 0.151, 1.134 ± 0.161, 0.927 ± 0.066, and 1.048 ± 0.094 on day 14. Irradiation
induced damage in relative balance ability (compared between the Sham/WT and Rad groups) on days 7
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and 14 after irradiation (P=0.0045 and P=0.0107), and RvE1 mitigated this damage (comparison between
the Rad and Rad+RvE1 groups, P=0.0155 on day 7 and P=0,0270 on day 14).

Figure 2

Hematoxylin-eosin staining showed the changes to the hair cells of the basement membrane after
irradiation and resolvin E1-pretreatment. The arrows indicate the points of the loss of basement
membrane hair cells. The loss could be observed in the apical, medial and basal gyrus of the cochlea on
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days 7 and 14 after irradiation. Pretreatment with resolvin E1 (RvE1) clearly reduced this damage. An
obvious reduction in the number of hair cells can be observed at the points indicated by the arrows in the
Rad+RvE1 group compared to the Rad group.

Figure 3

Whole-mount staining showed changes to the hair cells of the basement membrane after irradiation and
resolvin E1-pretreatment. The asterisks indicate the points of the loss of hair cells, and the number of
asterisks represents the frequency of damage. The loss was observed on days 7 and 14 after irradiation,
but this damage was markedly reduced by pretreatment with resolvin E1.
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Figure 4

Scanning electron microscopy showed changes to the hair cells of the basement membrane after
irradiation and resolvin E1-pretreatment. The asterisks indicate the points of the loss of hair cells, and the
number of asterisks represents the frequency of damage, which could be observed on days 7 and 14 after
irradiation. However, pretreatment with resolvin E1 obviously reduced this damage.
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Figure 5

Hematoxylin-eosin staining showed changes to the spiral ganglion cells and hair cells of the utriculus
and sacculus after irradiation and resolvin E1-pretreatment. The arrows indicate the points of the loss of
spiral ganglion cells and utriculus and sacculus hair cells, and the number of arrows represents the
frequency of damage, which could be observed on days 7 and 14 after irradiation. Meanwhile,
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pretreatment with resolvin E1 mitigated the damage. The loss of utriculus and sacculus hair cells
represents that of vestibular hair cells.

Figure 6

Whole-mount staining (A) and scanning electron microscopy (B) showed changes to the vestibular hair
cells after irradiation and resolvin E1-pretreatment. The arrows (Fig.6A) indicate the points of the loss of
vestibular hair cells. The red asterisks (Fig.6B) indicate the points of cilia fusion and blue asterisks
(Fig.6B) indicate the points of cilia loss of vestibular hair cells, while the numbers of arrows and asterisks
represent the frequencies of damage, which could be observed on days 7 and 14 after irradiation.
Pretreatment with resolvin E1 obviously reduced this damage of cells.



Page 21/22

Figure 7

One-way analysis of variance for in�ammatory factor expression showed the changes among the
different groups after irradiation and resolvin E1-pretreatment. *, P ≤ 0.05; **, P ≤ 0.01; A. The expression
level changes of IL-2 among the different groups. The expression level of IL-2 in the modiolus was
signi�cantly decreased on days 7 and 14 after irradiation (compared between the Sham/WT and Rad
groups). B. The expression level changes of IL-6 among the different groups. The expression levels of IL-6
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in the basal membrane and vestibule were signi�cantly increased on days 7 and 14 after irradiation
(compared between the Sham/WT and Rad groups). C. The expression level changes of TNF-α among
the different groups. The expression levels of TNF-α in the modiolus and vestibule were signi�cantly
increased on day 7 after irradiation (compared between the Sham/WT and Rad groups), and a similar
signi�cant change was observed only in the modiolus on day 14 after irradiation (compared between the
Sham/WT and Rad groups). D and E. The expression level changes of IL-10 and IFN-γ among the
different groups. The expression of IL-10 and IFN-γ did not signi�cantly change among the different
groups. All these signi�cant changes after irradiation could be ameliorated by resolvin E1 (RvE1)
pretreatment (compared between the Rad and Rad+RvE1 groups).


