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A B S T R A C T   

Age-related hearing loss (ARHL) is the most prevalent sensory disorder in the elderly. Currently, no treatment 
can effectively prevent or reverse ARHL. Aging auditory organs are often accompanied by exacerbated oxidative 
stress and metabolic deterioration. Here, we report the effect of deuterated oxygen (D2O), also known as “heavy 
water”, mouse models of ARHL. Supplementing the normal mouse diet with 10% D2O from 4 to 9 weeks of age 
lowered hearing thresholds at selected frequencies in treated mice compared to untreated control group. 
Oxidative stress levels were significantly reduced and in the cochlear duct of treated vs. untreated mice. Through 
metabolic flux analysis, we found that D2O mainly slowed down catabolic reactions, and may delay metabolic 
deterioration related to aging to a certain extent. Experiments confirmed that the Nrf2/HO-1/glutathione axis 
was down-regulated in treated mice. Thus, D2O supplementation can hinder ARHL progression in mouse models 
by slowing the pace of metabolism and reducing endogenous oxidative stress production in the cochlea. These 
findings open new avenues for protecting the cochlea from oxidative stress and regulating metabolism to prevent 
ARHL.   

Introduction 

With the population aging, the incidence rate of ARHL, the third 
most common chronic disease in the elderly [1], has been gradually 
increasing [2]. Patients with ARHL develop insidious, progressive, and 
slow bilateral high-frequency hearing loss, which affects speech recog-
nition and sound source localization, increases risk of Alzheimer’s dis-
ease and reduces the quality of life [2–4]. In addition, ARHL causes a 
series of adverse effects on psychology, physiology and society [5–7]. 

ARHL is accompanied by imbalance of reactive oxygen species (ROS) 
and progressive deterioration of metabolism in the inner ear [8]. ROS, as 
a group of metabolic products including superoxide, hydroxyl radicals, 

and hydrogen peroxide, can peroxidase membrane lipids of cells and 
organelles, and damage both DNA and proteins [9]. Deregulated ROS 
production has been clearly associated with ARHL in both humans and 
mice [10,11]. The latter are widely used as a model for ARHL research 
[12–14]. Other pathways may also serve as important targets to delay 
aging and are implicated in hearing protection in mouse models. For 
example, treatment with the mTORC1 inhibitor rapamycin prevents 
Tsc/mTORC1–dependent hearing impairment [15]. Genetic deletion of 
mTORC1 in the cochlear neurosensory epithelium also protects mice 
against ARHL [15]. In addition, caloric restriction (CR) and long-term 
regular exercise slowed the progression of ARHL by reducing oxida-
tive stress or inflammation in mice [16,17]. However, treatment options 
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to effectively prevent or reverse ARHL in clinical use are basically 
non-existent [18]. Preventing ARHL through environmental interven-
tion or nutrient uptake is an interesting approach that is worth 
exploring, even though the underlying mechanisms are incompletely 
understood. 

D2O has a molecular weight of 20.0275 Da, which is about 11% 
higher than that of H2O [19]. Since the late 1950s, deuterium isotopes 
have been used in investigational drugs for the treatment of pancreatic 
cancer, hypertension, respiratory viral diseases, and skin herpesvirus 
diseases [20–22]. D2O was reported to inhibit ROS production in yeast 
and rodents [23,24]. In addition, yeast longevity experiment showed 
that heavy isotopes modulated metabolism, suppressed endogenous 
generation of ROS, and lead to better long-term sustainability and 
longevity [25]. Therefore, we hypothesized that D2O might protect ro-
dents from ARHL by modifying metabolism in the inner ear. 

To test our hypothesis, we examined the effect of dietary D2O sup-
plementation on the progression of ARHL in DBA/2J mice. With muta-
tions in cadherin 23 (CDH23) and fascin-2 (fscn2), DBA/2J mice develop 
early-onset progressive hearing loss that is already detectable at one 
month of age, and are widely used as model for ARHL research [26–28]. 
We tested hearing performance in these mice by auditory brainstem 
response (ABR) recordings [29] and correlated the results to metabolic 
flux analyses [30]. For comparison, we also examined C57BL/6J and 
CBA/CaJ mice, the two most widely used inbred strains in hearing 
research [31,32]. C57BL/6J mice exhibit a high frequency hearing loss 

by 3–6 months of age that progresses to a profound impairment by 15 
months due to the mutation of CDH23 [33–35]. The CBA/CaJ strain 
does not have this predisposing CDH23 variant, remains resistant to 
ARHL until 15 months of age or older, and are often used as good 
hearing controls [36]. We found that D2O supplementation can slow the 
pace of metabolism and reduce endogenous oxidative stress in the co-
chlea, as shown by a reduced activation of the Nrf2/HO-1/glutathione 
axis that plays a pivotal role in oxidative stress regulation [37]. 

Materials and Methods 

Animals and treatment 

DBA/2J and CBA/CaJ mice were purchased from Shanghai SIPPR-BK 
Laboratory Animals Co. Ltd. C57BL/6J mice were purchased from 
Shanghai Slac Laboratory Animals Co. Ltd. All animal experimentation 
was performed in accordance with the guidelines approved by the 
experimental animal care institution of Xinhua Hospital, Medical Col-
lege of Shanghai Jiaotong University. Mice were housed in the group on 
a schedule of 12 h of light and 12 h of darkness, and they had free access 
to food and water. We inspected the ears of the mice, and those with 
infections in the external auditory canal and middle ear were excluded. 
Mice that received 5 weeks of treatment with 10% D2O from postnatal 
week 4 to week 9 will be referred to as D2O treatment group (DG), 
whereas age-matched untreated mice will be referred to as control group 

Fig. 1. Experimental procedure and measurement of drinking water volume and body weight. A) Scheme of D2O administration. B, C) Time course of mouse 
drinking water volume (B) and body weight (C) of D2O-treated group (DG) and control group (CG). Data are shown as mean ± SEM; n = 18 mice for each group. The 
ABR test was repeated at 9, 20 and 40 weeks of age (not shown). 

Fig. 2. Effect of dietary D2O supplementation on auditory thresholds of DBA/2J mice. A) Auditory threshold evaluation by in vivo auditory brainstem recordings 
(ABRs) at 4 weeks of age in C57BL/6J, CBA/Caj, DBA/2J mice (n = 3 mice per group). Data (mean ± SEM) were computed from tone burst responses at 4, 8, 11, 16, 
22 and 32 kHz. B) Auditory threshold evaluation by ABRs at 4, 9, 20 and 40 weeks of age in DBA/2J mice (n = 3 mice in 4W group, n = 8 mice in other groups). C) 
Auditory thresholds at 9 weeks in DBA/2J mice (DG, D2O administration group; CG, control group; n = 8 mice per group). P-values were determined by two-tailed t- 
test. *, P<0.05, **, P<0.01. 
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(CG) (Fig. 1A). One-hundred and twenty (120) male mice of each strain 
were randomly divided into D2O DG and CG, 60 in each group-. CG mice 
received sterilized drinking water, whereas DG mice received 10% 
heavy water (#151882, Sigma-Aldrich, USA). Both fluids were offered 
daily in normal drinking bottles over a 5-weeks period. 

Measurement of ABRs 

Mice were anesthetized with intraperitoneal injections of ketamine 
(70 mg/g) and medetomidine (1 mg/g). The depth of anesthesia was 
periodically verified by the lack of foot pinch response. Body tempera-
ture was maintained at 37 ◦C using a heating pad. For ABR recordings, 
acoustic stimuli consisted of tone bursts of 4, 8, 11,16, 22, and 32 kHz, 
which were delivered in the free field using an MF1-M speaker. ABRs 
were recorded using sub-dermal needle electrodes with gauge 27, 13 

Fig. 3. Effect of dietary D2O supplementation on hair 
cell survival in DBA/2J mice. Shown are whole- 
mounts of the cochlea sensory epithelium from mice 
at 9 weeks. DG, D2O administration group; CG, con-
trol group. Inner hair cells (IHCs) and outer hair cells 
(OHCs) were stained with phalloidin-Alexa 594 (red), 
and images from apical (Apic), middle (Mid) and 
basal (Base) turns were obtained by laser scanning 
confocal microscopy; * indicate missing hair cells; 
scale bar:100 μm. For data quantification, see 
Table 1. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Table 1 
of hair cell survival in the apical, middle and basal turn of the mouse cochlea at 9 
weeks of age. DG, D2O administration group; CG, control group (n = 3 mice per 
group). Shown are mean percent values, rounded to nearest integer, with stan-
dard deviation (in round brackets) and p-values (in square brackets) of DG 
samples relative to CG controls as determined by the Mann-Whitney U test.  

Organ of Corti inner hair cells survival (%) outer hair cells survival (%) 

DG CG DG CG 

Apical Turn 100(0) 99(1) p=0.058 99(1) 98(1) [p=0.289] 
Middle Turn 100(0) 100(0) p=1.00 100(1) 99(1) [p=0.296] 
Basel Turn 99(1) 98(1) p=0.758 98(1) 96(2) [p=0.012]  

Fig. 4. Effect of dietary D2O supplementation on lipid peroxidation in the cochlea of DBA/2J mice. A) Representative confocal images of anti-4-HNE immuno-
fluorescence staining and DAPI fluorescence-in mid-modiolar transversal cryosections of DG and CG samples at 9 weeks of age. Scale bars: 50 μm. SV, stria vascularis; 
CO, Corti’s organ; SGNs, spiral ganglion neurons; IHCs, inner hair cells; OHCs, outer hair cells. B) Histograms of fluorescence emission intensity values for anti-4- 
HNE; A.U., arbitrary units; Experiments were performed in triplicate and p-values (P) were determined by two-tailed t-test. 
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mm needle electrodes (#S83018-R9, Rochester) inserted at the vertex 
(Active), ventrolateral to the left ear (Reference) and hind hip (Ground). 
Potentials were amplified, filtered (0.3–3 kHz), and averaged over 512 
identical stimuli. Hearing threshold levels were determined offline as 
the sound pressure level (SPL) for which a Wave II peak could be visually 
identified above the noise floor (0.1 μV) at the specified frequencies. 

Immunofluorescence staining and confocal imaging 

After the final ABR test, animals (n=6) were anesthetized (ketamine, 
70 mg/g) and sacrificed by cervical dislocation. Both cochleae were 
quickly removed and fixed with 4% paraformaldehyde (PFA, #G1101, 
Servicebio, China), pH 7.5, at 4 ◦C overnight. Cochleae were then 
decalcified for 3 days in 10% ethylene diamine tetraacetic acid (EDTA, 
#G1105, Servicebio, China) at room temperature, dehydrated by 15% 
sucrose solution for 2 days and 30% sucrose solution for additional 2 
days, and embedded in Opti-mum Cutting Temperature Compound 
(OCT, #4583S, SAKURA, USA). Then, the tissue was cut into 8 μm 
sections using a histology cryostat (Leica, CM1950, Germany). 

Specimens were first incubated with a blocking solution (0.5% Triton 
X-100 (#T8787, Sigma-Aldrich, USA) and 10% normal donkey serum 
(#S26-M, Sigma-Aldrich, USA) in 0.1 M PBS, and then with a solution 
containing anti-nuclear factor erythroid 2-related factor 2 (Nrf2, 
#ab89443, Abcam, USA), anti-Heme-oxygenase 1 (HO-1, #ADI- SPA- 
896D Stressgen, Canada) or anti-glutathione (GSH, #ab19534, Abcam, 
USA) primary antibodies diluted 1:100 in 0.01 M PBS overnight at 4 ◦C. 
The anti-GSH antibody was generated using GSH conjugated to Keyhole 
limpet hemocyanin (KLH) as immunogen. The antibody reacts with 
GSH-protein complexes under non-reducing conditions. KLH is a large, 
multi-subunit, oxygen-carrying, metalloprotein found in certain aquatic 
snails; it is used extensively as a carrier protein in the production of 
antibodies for research, biotechnology and therapeutic applications, see 

e.g. Ref. [38]. After washing in 0.01 M PBS for 15 min three times, 
samples were incubated in fluorescently labeled secondary antibodies: 
goat anti-rabbit (HO-1) (Alexa Fluor 488 # A-11034, ThermoFischer 
Scientific) or donkey anti-mouse (GSH, Nrf2) (Alexa Fluor 594, 
#ab150108, Abcam, USA) diluted 1:500 in 0.01 M PBS at room tem-
perature for 2 h. Nuclei were counterstained with 4′,6-dia-
midino-2-phenylindole (DAPI). 

To quantify hair cell survival, cochlear sensory epithelia were 
quickly dissected and fixed with 4% PFA for 2 h. Thereafter, tissues were 
stained with TRITC Phalloidin (#T4104780, YEASEN, China) for 30 min 
at room temperature. 

All samples were mounted onto glass slides with an anti-fade me-
dium (#ZG1028, VECTOR) and analyzed using a confocal microscope 
(SP5, Leica, Germany) equipped with air (20x) and oil–immersion (40x) 
objectives (Leica). 

Detection of lipid peroxidation 

Reactive oxygen species generation and elimination in living things 
are in a state of dynamic equilibrium. Biological macromolecules, 
including lipid peroxidation, can be harmed when this balance is upset 
by a variety of reasons and the concentration of reactive oxygen species 
exceeds physiological limits. For lipid peroxidation, dissected cochleae 
were incubated with a blocking solution (1% BSA, 0.5% Triton X-100 
and 10% normal goat serum in PBS 0.1 M), and then with a solution 
containing a polyclonal a primary antibody selective for 4-hydroxy-2- 
nonenal (4-HNE), (#HNE11-S, Alpha Diagnostic Int., USA; this anti-
body was obtained from rabbits immunized against 4-HNE conjugated 
to KLH) diluted 1:100 in PBS overnight at 4 ◦C. Thereafter, specimens 
were incubated with a fluorescently labeled goat anti-rabbit secondary 
antibody (Alexa Fluor 488, #A32731, ThermoFisher，USA) diluted 
1:400 in 0.01 M PBS at room temperature for 2 h. Finally, samples were 

Fig. 5. Effect of dietary D2O supplementation on Nrf2 expression in the cochlea of DBA/2J, C57BL/6J and CBA/CaJ mice. A) Western blot analysis of Nrf2 expression 
in the cochlea of mice at 9 weeks of age; DG, D2O administration group; CG, control group. B) Histograms (mean ± SEM) of blot optical density values normalized to 
actin. C) Immunofluorescence analysis of Nrf2 (red fluorescence) in the organ of Corti (Co), spiral ganglion neurons (SGNs) and stria vascularis (SV) at 9 weeks of age 
in DBA/2J mice. Scale bars: 200 μm; Co, 20 μm; SGNs, 15 μm; StV, 50 μm. D) Histograms (mean ± SEM) of fluorescence intensity values for Nrf2. Experiments were 
performed in triplicate, and p-values (P) in (B) and (D) were determined by two-tailed t-test. *, P<0.05. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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counter-stained with DAPI (1:1000 in 0.01 M PBS). 

Western blotting analyses 

Nine-weeks old C57BL/6J, DBA/2J and CBA/Caj mice (n=10 ani-
mals of each strain) were anesthetized (ketamine, 70 mg/g), sacrificed 
by cervical dislocation, and both cochleae were quickly removed. 
Samples used for GSH analyses were processed under non reducing 
conditions to identify multiple bands at variable molecular weights to 
detect all glutathionylated proteins. Proteins were isolated by SDS-PAGE 
on 10% polyacrylamide gels and transferred to polyvinylidene fluoride 
(PVDF) membranes (Millipore, USA). The membranes were blocked 
(Beyotime, China) at ambient temperature for 1 h and probed with the 
following primary antibodies at 4 ◦C for overnight: anti-Nrf2 (1:1000; # 
ab89443, Abcam, USA); anti HO-1 (1:1000; #ADI-SPA-896D, StressGen 
Biotechnology, Canada); anti-GSH (1:1000; #19534, Abcam, USA), and 
anti-actin (1:2000; #60004, Proteintech, USA). After three washes in 
0.01 M PBS, the membranes were incubated with a secondary antibody, 
either HRP-labeled Goat anti-rabbit IgG, or anti-mouse IgG (1:1000; 
Beyotime, A0208/A0216, China), at 37 ◦C for 1 h. Subsequently, the 
chemiluminescence reagent (Millipore, A: B=1:1, USA) was utilized to 
develop the immunoreactive bands, and images were analyzed using the 
Bio-Rad ChemiDoc XRS+ (Bio-Rad Company, USA). At least three in-
dependent experiments were carried out. Fiji-Image J (NIH) software to 
measure the intensities of the bands. The band densities were normal-
ized to background. Values were expressed as Nrf2 and HO-1/actin 
ratio. For GSH quantification, values were expressed as optical density 
of multiple bands at all molecular weights. 

Metabolic flux analysis 

Eight nine-weeks old DBA/2J mice from DG or CG (n=2 animals 

each sample, which are recorded as D1, D2, D3, D4 and C1, C2, C3, C4 
respectively) were anesthetized (ketamine, 70 mg/g), sacrificed by 
cervical dislocation, and both cochleae were quickly removed. The 
fibrous tissue and blood on the surface of cochlear bony capsule were 
gently removed using 0.9%NaCl solution. Each sample included four 
cochleae (about 50 mg). For each 50 mg sample, we added 1250 μL of 
cold extraction solvent (methanol: acetonitrile: water = 2:2:1, v/v/v). 
The sample was homogenized twice using a homogenizer (FastPrep-24, 
MP, Biomedicals, USA) with the following parameters: 24 × 2 ml tubes 
of size, 6.0 m/s of power, 60 s of time. The homogenate was sonicated 
twice at low temperature (30 min each round), then the mixture was 
centrifuged for 5 min (14000 g, 4 ◦C) and the supernatant was thor-
oughly lyophilized (FreeZone 6 L, Labconco, USA) in a vacuum 
centrifuge. 

Prior to measurement, the samples were re-dissolved in 50 μL of 
methanol/water (1:1, v/v) solvent. Mass spectrometry (MS) measure-
ments of isotopic distribution were performed by Shanghai Applied 
Protein Technology Co., Ltd. using an ultrahigh performance liquid 
chromatography apparatus (Vanquish UHPLC, ThermoFisger Scientif) 
coupled to a Orbitrap (Q Exactive HF-X) For Hydrophilic interaction 
liquid chromatography (HILIC) separation, samples were analyzed using 
a SeQuant ZIC-HILIC column (100 mm × 2.1 mm i.d., 3.5 μm) (Merck, 
Germany). In both electron spray ionization (ESI) positive and negative 
modes, the mobile phase contained A=50 mM ammonium formate in 
water and B=acetonitrile. The gradient was 0–10 min (90–50% B), 
10–12 min (50–90% B), 12–15 min (90% B). The gradients were run at a 
flow rate of 0.4 mL/min, and column temperatures were kept constant at 
45 ◦C. 1 μL aliquot of each sample was injected into the sampler of the 
UHPLC instrument. MS data were acquired in full scan mode: mass 
range, m/z 100 to 1000; scan time, 0.2s. Retention times and mass es-
timates for each compound were confirmed against calibration stan-
dards as well as matched unlabeled cochlea extracts under the same 

Fig. 6. Effect of dietary D2O supplementation on HO-1 expression in the cochlea of DBA/2J, C57BL/6J and CBA/CaJ mice. A) Western blot analysis of HO-1 
expression in the cochlea of mice at 9 weeks of age; DG, D2O administration group; CG, control group. B) Histograms (mean ± SEM) of blot optical density 
values normalized to actin. C) Immunofluorescence analysis of HO-1 expression (green fluorescence) in the organ of Corti (Co), spiral ganglion neurons (SGNs) and 
stria vascularis (SV) at 9 weeks of age in DBA/2J DG and CG mice. Scale bars: 200 μm; Co, 20 μm; SGNs, 15 μm; StV, 50 μm. D) Histograms (mean ± SEM) of 
fluorescence intensity values for HO-1. Experiments were performed in triplicate, and p-values (P) in (B) and (D) were determined by two-tailed t-test. *, P<0.05; **, 
P<0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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conditions. 
Correction for natural abundance of isotope is required prior to 

meaningful interpretation. The correction used both a generally appli-
cable correction matrix, based on Eqn. (1), and an isotopic correction 
matrix that was generated by treating a control group of unlabeled 
samples. Data processing and ion annotation based on mass estimate 
were performed in TraceFinder 5.0 (ThermoFisher Scientific) and Xca-
libur 4.0 (ThermoFisher Scientific). 

(

I0
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⋯
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⋯
In+u

)= (
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1 LM1

0 0 ⋯ 0
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⋯
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I, the fractional abundances of the measured metabolite ions. 
M, the MDV corrected for naturally occurring isotopes, 
n, the number of carbon atoms that are present in the analyzed 

metabolite ion, 
u, additional measured ion abundances beyond n originating from 

natural isotopes in the metabolite. 
L, the correction matrix. 

Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM) and 
were analyzed using the GraphPad Prism 8.0 software. All data were 
obtained in at least n=3 independent experiments. Statistical analysis 
was conducted by Student’s two-tailed t-test (Microsoft Office Excel 
2016); P < 0.05 indicate statistical significance. 

Results 

Dietary D2O supplementation ameliorates ARHL in DBA/2J mice and 
protects cochlear hair cells 

For these experiments, we performed dietary D2O supplementation 
as described in the Materials and Methods (Fig. 1A). Mice that received 5 
weeks of treatment with 10% D2O from postnatal week 4 to week 9 will 
be referred to as D2O treatment group (DG), whereas age-matched un-
treated mice will be referred to as control group (CG). We also measured 
mouse drinking water volume and mouse body weight to determine the 
effect of daily D2O administration on body mass. DG mice presented no 
significant difference of drinking water volume and body weight 
compared to CG mice (Fig. 1B, C). 

To establish a baseline for the hearing performance of each of the 
three mouse strains used in this study (DBA/2J, C57BL/6J and CBA/ 

Fig. 7. Effect of dietary D2O supplementation on glutathionylated protein expression in the cochlea of DBA/2J, C57BL/6J and CBA/CaJ mice. A) Western blot 
analysis of glutathionylated protein expression in DG and CG cochleae at 9 weeks of age. B) Histograms (mean ± SEM) of blot optical density values normalized to 
actin. C) Immunofluorescence analysis of glutathionylated protein (red fluorescence) in the organ of Corti (Co), spiral ganglion neurons (SGNs) and stria vascularis 
(SV) at 9 weeks of DBA/2J mice. Scale bars: 200 μm; Co, 20 μm; SGNs, 15 μm; StV, 50 μm. D) Histograms (mean ± SEM) of fluorescence intensity values for 
glutathionylated protein. Experiments were performed in triplicate and p-values (P) in (B) and (D) were determined by two-tailed t-test. *, P<0.05; **, P<0.01. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. Effect of dietary D2O supplementation on metabolite levels in the cochlea of DBA/2J mice. A) Heat map of metabolites differentially expressed in the cochlea; 
D1-D4: samples from D2O administration group (DG); C1–C4: samples from control group (CG); n = 4 mice per group. B) Volcano plot analysis showing protein 
expressed with different abundance in the cochlea of DG and CG mice. 1H: 1H isotope only, D: Sum of D isotopes. 

Fig. 9. Effect of dietary D2O supplementation on glucose metabolism and tricarboxylic acid cycle (TCA) in the cochlea of DBA/2J mice. A) Heat map of metabolites 
differentially expressed in the cochlea. D1-D4: samples from D2O administration group (DG); C1–C4: samples from control group (CG); n = 4 mice per group. B-G) 
Histograms showing different abundance of metabolite expression in the cochlea of DG and CG mice. 3 PG: 3-Phosphoglyceric acid, PYR: Pyruvate, AKG: 2-Oxoglu-
tarate, SUC: Succinate. P-values (P) were determined by two-tailed t-test. *, P<0.05; **, P<0.01; ***, P<0.001. 1H: 1H isotope only, D: Sum of D isotopes. 
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CaJ), we estimated hearing thresholds (HTs) by analyzing ABRs to pure 
tone stimuli at 4 weeks, 9 weeks, 20 weeks, and 40 weeks of age in a 
frequency range comprised between 4 and 32 kHz. As previously re-
ported [26,39], DBA/2J mice exhibited an early onset (4 weeks), pro-
gressive, high-frequency (>16 kHz) hearing loss (Fig. 2A). At 9 weeks, 
HTs of DBA/2J mice were significantly elevated compared to 4 weeks’ 
HTs, with a minimum of about 50 dB SPL at 11 kHz, reaching 60- and 
90-dB SPL at the lower and upper end of the spectrum, respectively. At 
20 weeks, HTs exceed 80 dB SPL at all frequencies above 8 kHz. At 40 
weeks, haring loss of DBA/2J mice at this age was severe, with HTs in 
exceeding 90 dB SPL at all frequencies (Fig. 2B). HTs of DBA/2J DG 
mice, measured at 9 weeks of age, were significantly lower at 8, 11 and 
16 kHz than HTs of their respective frequency in CG mice (Fig. 2C). 
These findings correlate with a significant difference between the per-
centage of outer hair cell (OHC) survival in the sensory epithelium of 
basal cochlear turns in DG vs. CG mice (Fig. 3 and Table 1). 

Dietary D2O supplementation decreases endogenous oxidative stress in the 
cochlea 

As mentioned in the Introduction, there is compelling evidence for a 
correlation between ARHL and oxidative stress in both humans and mice 
[10,11]. In prior work, 4-HNE assays were used to probe, lipid peroxi-
dation in fixed samples of the rodent cochlea [40,41]. 

4-HNE is a well-known highly reactive by-product of lipid peroxi-
dation that is widely accepted as a stable marker for oxidative stress and 

may contribute to the cytotoxic effects of oxidative stress [42]. 4-HNE 
can react with several functional groups on biological material, partic-
ularly sulfydryl groups to form thioester adduct and then hemiacetals. 
4-HNE may also react with histidine and lysine residues of proteins to 
form stable Michael addition-type of adducts. Antibodies to 4-HNE can 
help to visualize the HNE-adducts [43]. 

Here, to determine whether dietary D2O supplementation affected 
oxidative stress levels in the cochlea, we performed confocal fluores-
cence imaging of fixed cochlear sections immunolabelled with an anti-4- 
HNE antibody (see Materials and Methods). The fluorescence emission 
of 4-HNE immunoreactivity (Fig. 4A and B) in the stria vascularis (SV), 
spiral ganglion neurons (SGNs) and Corti’s organ (Co) were significantly 
lower in DBA/2J DG mice compared to their CG, suggesting D2O sup-
plementation reduced ROS production and/or potentiated the response 
of the endogenous antioxidant defense system. 

The nuclear factor erythroid 2-related factor 2 (NRF2) is a tran-
scription factor (encoded by the Nrf2 gene) that is activated in response 
to oxidative stress [44]. The activated NRF2 proteins translocate to the 
nucleus, where they induce the expression of numerous antioxidant 
response element (ARE) genes, including the gene that encodes heme 
oxygenase-1 (HO-1) [45]. The NRF2/ARE/HO-1 axis has a protective 
role in noise-induced oxidative damage of cochlea [40]. Therefore, we 
also examined the effects of dietary D2O supplementation on the 
expression levels of NRF2 and HO-1 proteins by western blots (Fig. 5A 
and B and Fig. 6A and B) and immunofluorescence with antibodies se-
lective for NRF2 (Fig. 5C and D) and HO-1 (Fig. 6C and D). At 9 weeks of 

Fig. 10. Effect of dietary D2O supplementation on amino acid metabolism in the cochlea of DBA/2J mice. A) Heat map of metabolites differentially expressed in the 
cochlea. D1-D4: samples from D2O administration group (DG); C1–C4: samples from control group (CG); n = 4 mice per group. (B–K) Histograms showing the 
different abundance of metabolite expression in the cochlea of DG and CG mice. Glu: Glutamic acid, Gln: Glutamine, Leu: Leucine, Ile: Isoleucine, Arg: Arginine, Ser: 
Serine, Thr: Threonine, Tyr: Tyrosine, Met: Methionine. P-values (P) were determined by two-tailed t-test. *, P<0.05; **, P<0.01; ***, P<0.001. 1H: 1H isotope only, 
D: Sum of D isotopes. 
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age, expression levels of both proteins were significantly reduced in DG 
compared to CG mice, and the decrease was also evident in SGNs, Co, 
and SV of DBA/2J mice (Figs. 5 and 6). 

Protection from oxidative damage may involve upregulation of 
glutathione (GSH), a small peptide composed of three amino acids 
(cysteine, glutamic acid, and glycine) [46]. GSH is an important anti-
oxidant whose levels depend on the concerted activity of glutathione 
synthetase (GS), glutathione reductase (GR), glutathione peroxidase 
(GPX) and glutathione-S-transferase (GST) [46], and the genes encoding 
these enzymes are all under control of the NRF2/ARE pathway [37]. The 
Western blot results in Fig. 7A, B show a decrease of glutathionylated 
protein at different molecular weights under non-reducing conditions in 
DG mice at 9 weeks of age. Immunofluorescence image analysis, pre-
sented in Fig. 7C and D, confirmed that glutathionylated protein levels 
(red fluorescence) decreased in SGNs, Co, and SV in DGs compared to 
their respective CG in DBA/2J mice. 

Together, these results suggest that dietary D2O supplementation 
diminished endogenous ROS levels, thereby reducing the need for NRF2- 
dependent protection mechanisms. 

Dietary D2O supplementation mainly slowed down catabolic reactions and 
may delay the metabolic deterioration related to aging 

Given that heavy isotopes modulated metabolism of yeast [25], we 
asked whether dietary D2O supplementation might counteract meta-
bolic deterioration associated with ARHL in mice. To this end, we 
compared metabolism of different substrates, including 25 amino acids 
and key intermediate products involved in glycolysis and tricarboxylic 
acid cycle by metabolic flux analysis in the inner ear. To assess the effect 
of deuterium incorporation on the metabolome, we also compared two 
forms of metabolites: one for only 1H isotopic forms, and the other using 
the sum of all D-isotopic forms of each metabolite (Figs. 8–10). Heat map 
and Volcano plot analysis in Fig. 8 showed all metabolites differentially 
expressed in the cochlea between in DG and in CG. Volcano plot analysis 
in Fig. 8B showed most of up-regulated metabolites in DG than in CG are 
with D-isotope. 

The metabolism of amino acids includes 1) synthesis of proteins, 
peptides, and other nitrogen-containing substances; 2) decomposition 
into α-ketoacids, amines and carbon dioxide. α-ketoacids can be con-
verted into sugars, lipids or some non-essential amino acids, or be 
oxidized into carbon dioxide and water through the tricarboxylic acid 
cycle coupled to energy release. The essential amino acids are those 8 
that cannot be synthesized and are required by the body, including Leu, 
Lys, Met, Phe, Ile, Trp, Thr and Val. Ten out of 25 amino acids (Leu, Ile, 
Thr, Tyr, Gln, Glu, Arg, Ser, Met, and ornithine) showed no difference in 
1H and increased in D on DG vs CG (Fig. 9). Five amino acids (Phe, His, 
Trp, citrulline, homoserine) were not affected, showing no difference in 
both 1H and D. Eight amino acids (Lys, Cys, Pro, L-Argsuc, cytine, Val, 
Asn, and Gly) showed both 1H and D increase in DG mice. Only Asp 
showed 1H and D decrease in DG mice. Ala showed 1H decrease and D 
increase in DG mice. In brief, 19 out of 25 amino acids showed D in-
crease in DG mice. 

Glucose metabolism can be divided into catabolism and anabolism. 
The catabolism of glucose mainly includes anaerobic glycolysis and 
aerobic oxidation. Anaerobic glycolysis produces various metabolites 
and releases less energy. Aerobic oxidation produces carbon dioxide and 
water, and release more of energy. The tricarboxylic acid cycle is the 
common metabolic pathway of the three nutrients (carbohydrates, 
lipids, and amino acids), and it is also the hub of carbohydrate, lipid and 
amino acid metabolism. Eighteen kinds of key intermediate products 
involving glycolysis and tricarboxylic acid cycle were detected in our 
experiments (Fig. 10): glucose, lactate, 3 PG, SUC, PYR, and AKC 
showed that 1H was unchanged, and D was increased in DG mice; F6P 
and DHAP showed 1H remained unchanged and D decreased in DG 
mice. 

The overall metabolites with 1H form displayed only slight changes, 

while most of deuterate labeled metabolites were accumulated more in 
DG than in CG mice (Fig. 8B, the data we used is DG vs CG, and the fold 
change value and P value obtained are reported), indicating that D2O 
dietary supplementation did not distort the entire metabolome and did 
suppress catabolism of deuterated metabolites. Together, metabolic flux 
analysis showed D2O mainly slowed down catabolic reactions involving 
glucose and amino acids, and thus may delay metabolic deterioration 
related to aging, to a certain extent. 

Dietary D2O supplementation also ameliorates ARHL in C57BL/6J and 
CBA/CaJ mouse models and decreases endogenous oxidative stress in the 
cochlea 

Given the great differences in hearing threshold and hearing loss 
among ARHL individuals [2], studying potential hearing-protective ef-
fect in different mouse strains with different hearing loss progression 
might increase the translatable value of candidate drugs. Therefore, we 
used two other ARHL mouse models (C57BL/6J mice and CBA/CaJ 
mice) to examine the effect of D2O on ARHL progression. We adminis-
tered 10% D2O dietary supplementation starting at 4 weeks of age, and 
performed ABR tests at 9 weeks of age. We found significantly lower HTs 
at 32 kHz in C57BL/6J mice, and at 4 kHz in CBA/CaJ mice, respectively 
(Fig. S1). There was no difference of the percentage of inner hair cell 
(IHC) and OHC survival in the sensory epithelium between in DG vs. CG 
mice (Fig. S2 and Table S1). 

In the cochleae of C57BL/6J and CBA/CaJ mice, 4-HNE, used as 
endogenous ROS markers, were clearly reduced in the cochlea of DG 
mice compared to control mice (Fig. S3). On the other hand, immuno-
blotting and immunofluorescence data showed that the expression of 
Nrf2, HO-1, and glutathione in DG cochleae were all decreased 
compared to CG cochleae (Fig. S4). The Nrf2/HO-1 pathway and 
glutathione metabolism pathway were also inhibited in DG cochlea 
(Figs. 5–7). 

These results suggest that D2O might ameliorate different types of 
ARHL. 

Discussion 

ARHL is a complex disease with multiple factors [1,47], whose un-
derlying mechanisms remain unclear. Here, we report D2O dietary 
supplementation ameliorates ARHL in the DBA/2J mouse model of 
ARHL. D2O suppressed endogenous oxidative stress production and 
reduced activation of the Nrf2/HO-1/glutathione axis. Metabolic flux 
analysis showed that D2O decelerated the consumption of nutrients such 
as glucose and amino acids, mainly slowed down the catabolic reaction, 
and may delay metabolic deterioration related to aging to a certain 
extent. Thus, D2O supplementation can reduce ARHL progression in 
mouse models by slowing the pace of metabolism and reducing endog-
enous oxidative stress production in the inner ear. 

As mentioned in the Introduction, the redox environment of the 
inner ear is intimately connected with the aging process [11]. Antioxi-
dant uptake can slow down ARHL progression in experimental models, 
and the efficacy of some antioxidants was confirmed in clinical studies 
[48–50]. When endogenous ROS increase with aging, antioxidant genes 
are up-regulated to constitute a defense against ROS and establish a 
detoxification system to maintain ROS balance. Heavy isotopes have 
been proposed to potentially confer chemical resistance to ROS [23,24]. 
Differently from the effects of other antioxidants, the reduced expression 
of the antioxidant genes in this study showed that D2O dietary supple-
mentation may bypass the Nrf2/HO-1/glutathione axis, directly sup-
pressing internal ROS generation in the cochlea, and eventually reduce 
hearing impairment in ARHL mice. Therefore, D2O likely acts on com-
mon upstream, downstream, or in parallel to these genetic regulations in 
protecting from hearing loss [25]. 

In three mouse models with different deafness mechanism and ge-
netic background, D2O conferred resistance to ARHL by decreasing 
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oxidative stress production without exception, which also supports the 
above speculation. Similarly, CR works as an effective environmental 
intervention to reduces ROS, extend lifespan, and protect from ARHL in 
different models through different intracellular pathways [51–53]. 
Thus, both D2O uptake and CR are effective environmental intervention 
for hearing protection against aging. However, it is unknown whether 
D2O suppresses oxidative stress production by reducing free radical 
damages to intracellular targets, or by decreasing oxidative phosphor-
ylation, a major source of intracellular ROS, or both [54]. 

Most of deuterate labeled metabolites accumulated more in DG than 
in CG mice, suggesting that D2O dietary supplementation may slow 
down catabolic reactions. There are significant kinetic differences, 
because the increase of charge weight increases the stability of chemical 
bonds containing heavy isotopes (for example, D-C is 5–10 times more 
stable than H–C).Thus, heavy isotopes may greatly reduce the reactivity 
of chemical bonds, making them less vulnerable to chemical damage 
[22], a phenomenon known as kinetic isotope effect (KIE). In addition, 
D2O can increase the stability of proteins and other molecules by 
strengthening the formation of hydrophobic bonds [55]. Therefore, D2O 
reduces the rate of all hydrolysis reactions, which are mostly catabolic. 
Energy mainly comes from catabolism, hence decreased catabolism may 
lead to reduced energy availability. Similarly, CR protects against ARHL 
and extends the life span [16,52,53]. Consistent with the findings, we 
inferred that D2O may mimic the effects of CR by retarding age-related 
metabolic deterioration, inhibiting oxidative stress production and 
slowing down ARHL by KIE. Compared with CG, nineteen out of 25 
amino acids (Leu, Ile, Thr, Tyr, Gln, Glu, Arg, Ser, Met, ornithine, Lys, 
Cys, Pro, L-Argsuc, cytine, Val, Asn, Gly and Ala) showed increased in D 
of DG, including three branched chain amino acids (BCCA: Leu, Ile, Val). 
Several studies have concluded that BCAA have a positive effect on 
aging by activating mTOR [56–59]. Gln has universality and importance 
in metabolism [60,61]. Gln reduction with age is caused by changes in 
several metabolic activities, including energy production (such as 
oxidative phosphorylation) and waste disposal (such as catabolic amino 
acid metabolism) [25]. Gln in D was considerably higher in the DG 
group than in the CG group, and the reduction of Gln with aging was 
eased, suggesting that D2O may be one of the effectors in delaying aging. 
Compared to CG, the upstream glycolytic intermediates GAP were lower 
in DG. However, the downstream glycolytic intermediates 3 PG and PYR 
as well as various TCA cycle intermediates like AKG and SUC were all 
significantly elevated. Glycolysis appears to be localized to the region 
between GAP and PYR in light of these findings. Taken together, these 
considerations suggest that controlling metabolism deterioration in 
aging is an ideal therapeutic modality for ARHL. 

It remains unknown whether dietary D2O supplementation causes 
metabolic blockade and developmental delay or reduced survival. D2O 
can hinder the growth and metabolism of many multicellular organisms, 
but it extends the longevity of yeast or the fertility of fruit flies [25,62]. 
However, no mouse mortality and adverse event occurred in this study, 
and there was no significant difference in body weight between exper-
imental and control mice. Previous studies have shown that moderate 
body deuteration has few side effects and that both mice and rats 
tolerated D2O well [63–65]. Therefore, it may be one of the goals of 
future work to determine the best dosage and duration of D2O intake. 
One limitation of our study is that the actual D-label in vivo has not been 
determined. In other studies, D2O enrichment was estimated by nuclear 
magnetic resonance (NMR) [66] of blood samples. We hope that 
follow-up studies will provide a solid and reliable basis for the clinical 
translation of D2O-based treatment of ARHL. 

Conclusion 

In this study, we showed that dietary D2O supplementation can slow 
the pace of metabolism and reduce endogenous oxidative stress pro-
duction in the cochlea, bypassing the Nrf2/HO-1/glutathione axis. 
Importantly, we concluded that D2O supplementation modified 

oxidative stress levels in the inner ear, and showed protective effects 
against ARHL in different mouse models. Adjusting metabolic flows 
appears to be a possible target to delay hearing loss due to aging. 
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ARHL age-related hearing loss 
SGNs spiral ganglion neurons 
ROS  
reactive oxygen species 
SPL sound pressure level 
PFA paraformaldehyde 
EDTA ethylene diamine tetraacetic acid 
ABRs auditory brainstem responses 
SEM standard error of the mean 
HTs hearing thresholds 
Co Corti’s organ 
SV stria vascularis 
4-HNE 4-hydroxy-2-nonenal 
Nrf2 nuclear factor erythroid 2 
ARE antioxidant response element 
HO-1 heme oxygenase-1 
GSH glutathione 
GS glutathione synthetase 
GR glutathione reductase 
GPX glutathione peroxidase 
GST glutathione-S-transferase 
3 PG 3-Phosphoglyceric acid 
PYR Pyruvate 
AKG 2-Oxoglutarate 
SUC Succinate 
Glu Glutamic acid 
Gln Glutamine 
Leu Leucine 
Ile Isoleucine 
Arg Arginine 
Ser Serine 
Thr Threonine 
Tyr Tyrosine 
Met Methionine 
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