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Dietary intake of heat-killed 
Lactococcus lactis H61 delays age-
related hearing loss in C57BL/6J 
mice
Hideaki Oike1, Ayako Aoki-Yoshida2,3, Hiromi Kimoto-Nira2, Naoko Yamagishi2, 
Satoru Tomita1, Yasuyo Sekiyama1, Manabu Wakagi1, Mutsumi Sakurai1, Katsunari Ippoushi1, 
Chise Suzuki2 & Masuko Kobori1

Age-related hearing loss (AHL) is a common disorder associated with aging. In this study, we 
investigated the effect of the intake of heat-killed Lactococcus lactis subsp. cremoris H61 (strain H61) 
on AHL in C57BL/6J mice. Measurement of the auditory brainstem response (ABR) demonstrated 
that female mice at 9 months of age fed a diet containing 0.05% strain H61 for 6 months maintained 
a significantly lower ABR threshold than control mice. The age-related loss of neurons and hair cells in 
the cochlea was suppressed by the intake of strain H61. Faecal analysis of bacterial flora revealed that 
the intake of strain H61 increased the prevalence of Lactobacillales, which is positively correlated with 
hearing ability in mice. Furthermore, plasma fatty acid levels were negatively correlated with hearing 
ability. Overall, the results supported that the intake of heat-killed strain H61 for 6 months altered the 
intestinal flora, affected plasma metabolite levels, including fatty acid levels, and retarded AHL in mice.

Age-related hearing loss (AHL) is a universal feature of mammalian aging and a common sensory disorder in 
the elderly1. In the US, approximately one-third of the population between 65 and 74 years of age experiences 
hearing loss, and nearly 50% of the population over 75 years of age has hearing problems (NIDCD: http://www.
nidcd.nih.gov/health/hearing/Pages/Age-Related-Hearing-Loss.aspx). Experimental mouse models also exhibit 
AHL under normal housing conditions, and the onset of AHL and intrinsic hearing ability is different among 
different strains2,3. Therefore, several studies have investigated the genetics and molecular mechanism of AHL 
using mouse models.

AHL exhibits an age-dependent decline of hearing function correlated with the loss of spiral ganglion (SG) 
neurons and sensory hair cells in the cochlea of the inner ear1. Loss of SG neurons and hair cells leads to a pro-
gressive loss of hearing ability, because these post-mitotic cells do not regenerate in mammals. AHL progresses 
from high-frequency sounds to low-frequency sounds during aging and is accompanied by the loss of SG neurons 
and hair cells, beginning from the basal region toward the apical region of the cochlea4. Mitochondrial oxidation 
is thought to be a major cause of cell death in the cochlea, because overexpression of catalase in the mitochondria, 
but not in the nucleus or cytosol, suppresses the loss of SG neurons and hair cells and prevents AHL5. Although 
there is no medication to restore AHL, dietary supplementation of mitochondrial antioxidants, such as coenzyme 
Q10, α -lipoic acid, and N-acetyl-l-cysteine, retards AHL in C57BL/6J mice5. Therefore, prevention of AHL by 
dietary supplementation is preferable in order to maintain hearing ability.

Probiotic bacteria are living microorganisms that confer health benefits to the host, when administered in 
adequate amounts. Several probiotic strains have beneficial effects on health such as reduction of serum choles-
terol levels, anticarcinogenic effects, improvement of intestinal flora, immunomodulatory effects, alleviation of 
infections, and extension of lifespan6–9. Lactic acid bacteria are typical probiotics. Lactococcus lactis subsp. cre-
moris H61 (strain H61), which has been used for the last 60 years in Japan to produce fermented dairy products, 
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is one of the beneficial strains of lactic acid bacteria10. We previously reported that long-term oral intake of a 
diet containing 0.05% heat-killed strain H61 suppressed the age-associated incidence of skin ulcers, hair loss, 
and reduction of bone density and body weight in senescence-accelerated mice10. In a previous study, the intake 
of heat-killed strain H61 for 8 weeks improved skin hydration in the forearms and increased the self-evaluation 
scores for the apparent number of hair follicles and throat dryness in women11. Furthermore, the intake of milk 
fermented by living strain H61 for 4 weeks increased skin hydration and sebum content in young women12 or 
increased the self-evaluation scores for skin elasticity and texture in middle-aged women13. However, the mecha-
nisms underlying the beneficial effects of lactic acid bacteria, including strain H61, on aging are largely unknown.

In this study, we hypothesized that the long-term intake of strain H61 contributes to the prevention of AHL. 
To explore this hypothesis, we examined the effect of the intake of heat-killed strain H61 on AHL in C57BL/6J 
mice. Furthermore, we analysed the intestinal flora and plasma metabolites to reveal the mechanism underlying 
the beneficial effects of strain H61.

Materials and Methods
Animals and Diets.  Animals were handled according to the guidelines of the Ministry of Agriculture, 
Forestry and Fisheries for laboratory animal studies, and the study was reviewed and approved by the Animal 
Care and Use Committee of the National Food Research Institute (approval ID: H25-042).

Mice of the popular experimental strain C57BL/6J (male and female, 2 months of age) were obtained from the 
Institute for Animal Reproduction, Charles River, Japan. The mice were housed at 25 ±  1 °C, 50 ±  5% humidity, 
and a 12-h light-dark photocycle and had ad libitum access to water and a standard diet (MF; Oriental Yeast, 
Tokyo, Japan) with or without 0.05% heat-killed strain H61 (The National Institute of Agrobiological Sciences 
Genebank, Tsukuba, Japan), a concentration that was used in a previous study10. The mice were provided the test 
diet at 3 months of age after 1 month of acclimation. Strain H61 was cultured in MRS broth (BD Biosciences, 
Franklin Lakes, NJ, USA) by subculturing 1% inoculum overnight at 30 °C. The bacterial cells were harvested 
and washed once with 0.85% NaCl and then resuspended in distilled water. Heat-killed cells were prepared by 
treatment at 100 °C for 30 min, followed by centrifugation and lyophilisation.

Measurement of Auditory Brainstem Response (ABR).  At 9 months of age, ABRs were measured 
with a tone burst stimulus at 8 kHz and 16 kHz using TDT System 3 equipped with BioSigRP (Tucker Davis 
Technologies, Alachua, FL, USA) as described previously14,15. Mice were anesthetised with sodium pentobar-
bital (70 mg kg−1, i.p.; Kyoritsu Seiyaku, Tokyo, Japan), and the needle electrodes were placed subcutaneously 
at the vertex (active electrode), beneath the pinna of the left ear (reference electrode), and beneath the right ear 
(ground). The sound stimulus consisted of a 5-ms tone burst, with a rise-fall time of 1.5 ms at frequencies of 8 kHz 
and 16 kHz. The responses to 500 sweeps were averaged at each intensity level (5-dB steps) to assess the threshold. 
Hearing threshold was defined as the lowest stimulus intensity that produced reliable peaks in ABR waveforms.

Cochlea Histology and Survival Cell Counting.  The mice were deeply anesthetised with sodium pento-
barbital, and blood was collected from the inferior vena cava. The animals were then sacrificed by cervical dis-
location, and the temporal bone was excised from the head and divided into cochlear and vestibular parts as 
described previously5. The inner ear, including the cochlea, was excised, and some of the samples were frozen 
immediately for quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis, while the rest 
were immersed in a fixative containing 4% formaldehyde (Wako Pure Chemical Industries, Osaka, Japan) in 
phosphate-buffered saline for 24 h. The samples were then decalcified in 10% ethylenediaminetetraacetic acid for 
more than 1 week. The paraffin-embedded specimens were sliced into 4-μm sections, mounted on glass slides, 
stained with haematoxylin and eosin, and observed under a light microscope. The Rosenthal’s canal was divided 
into three regions, apical, middle, and basal, which were used to evaluate cochlear histology. Four mice (two 
males and two females) per feeding group were used for histopathological assessment. In each mouse, we evalu-
ated every third modiolar section obtained from one unilateral cochlea for a total of nine sections. Tissues from 
the same animals were used for neuron counting and hair cell counting.

SG neurons were counted in the middle and basal regions of the cochlear sections using a 20×  objective as 
described previously5. The corresponding area of the Rosenthal’s canal was measured on digital photomicro-
graphs using Image J 1.47, (National Institutes of Health, Bethesda, MD, USA). The numbers of neurons were 
expressed as the number of neurons per mm2. Nine sections of the unilateral apical, middle, and basal turns were 
evaluated in one cochlea per mouse.

Outer hair (OH) cells were counted in the middle and basal regions of the cochlear sections using a 40×  
objective. Hair cells were identified by the presence of a nucleus. The OH cell survival percentage was calculated 
as the number of intact OH cells present out of three OH cells observed in each turn of one cochlea in tissue sec-
tions of mice with normal hearing. Nine sections of the unilateral apical, middle, and basal turns were evaluated 
in one cochlea per mouse.

RNA Preparation and qRT-PCR Analysis.  Frozen inner ear samples were immersed in RNAlater® 
solution (Life Technologies, Carlsbad, CA, USA) and stored at − 20 °C for three days. Then, the cochlea was 
excised under a stereoscopic microscope. Total RNA was prepared from the cochlea using TRIzol® RNA isola-
tion reagent (Life Technologies), and cDNA was synthesised using SuperScript™  II reverse transcriptase (Life 
Technologies) with random hexamers. The transcripts were quantified using ABI Prism 7000 Genetic Analyser 
(Life Technologies) with Power SYBR® Green Master Mix (Life Technologies) and the following gene-specific 
primers: 5′ -ctaaggccaaccgtgaaaag-3′  and 5′ -accagaggcatacagggaca-3′  for Actb, 5′ -ggaatgcctacgaactcttca-3′  
and 5′ -ccagctgatgccactcttaaa-3′  for Bak-1, 5′ -gtgagcggctgcttgtct-3′  and 5′ -ggtcccgaagtaggagagga-3′  for 
Bax, 5′ -agttgacggaccccaaaag-3′  and 5′ -agctggatgctctcatcagg-3′  for IL1b, 5′ -tgggatctgtcatcgtgct-3′  and 
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5′ -atcaccatgtttctcttgatcg-3′  for IL17ar, and 5′ -tggagcaacatgtggaactc-3′  and 5′ -gtcagcagccggttacca-3′  for Tgfb1. 
The relative amount of each transcript was normalised to the amount of Actb transcript in the same cDNA.

Analysis of Faecal Flora.  Faeces were collected from mice fed a strain H61-containing or control diet for 
6 months and stored at − 80 °C until further analysis. DNA was extracted from the faeces using the QIAamp® 
DNA Stool Mini Kit (Qiagen, Hilden, Germany). Pyrosequencing of 16S ribosomal RNA genes was performed 
by Macrogen Inc. (Seoul, South Korea). The V1–V3 regions of 16S ribosomal RNA genes were amplified from 
faecal DNA samples by PCR using barcoded fusion primers (27F/518R primer). PCR products were purified 
using Agencourt® AMPure beads (Beckman Coulter Inc., Brea, CA, USA). All amplicons were then pooled at 
equimolar ratios into one mixture for pyrosequencing. Emulsion PCR and sequencing were performed according 
to the manufacturer’s instructions (GS-FLX 454 Titanium; Roche, Basel, Switzerland). The sorted reads corre-
sponding to faecal samples from 20 mice were 90,189 with an average read length of 427 bases. The nucleotide 
sequence data were submitted to the DDBJ Sequenced Read Archive under the BioSample accession numbers 
SAMD00042789–SAMD00042808. All the sequences were clustered into the Operational Taxonomic Unit (OTU) 
to 97% sequence similarity using a 97% identity threshold and CD-HIT-OTU16. The OTUs were classified from 
phylum to genus using the SILVA rRNA database.

Non-targeted Nuclear Magnetic Resonance (NMR)-based Metabolic Profiling of Plasma 
Analysis.  Blood samples were collected from the inferior vena cava using a heparin-containing syringe 
and then, separated into plasma and cellular fractions by centrifugation. A total of 50 μl of plasma was mixed 
with 200 μl of 200 mM potassium phosphate buffer (pH/pD 7.0) in deuterium oxide (D2O, 99.9%, Cambridge 
Isotope Laboratories, Tewksbury, MA, USA). The solution was heated for 5 min at 90 °C with shaking at 
1,400 rpm using a ThermoMixer® Comfort (Eppendorf, Hamburg, Germany) and subsequently centrifuged at 
21,500 ×  g for 5 min at room temperature. The supernatant was collected and diluted with the same volume of 
D2O containing 2 mM 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS, Sigma-Aldrich, St. Louis, MO, 
USA). For NMR-based metabolic profiling, the 1H NMR spectrum was recorded in 5.0-mm O.D. ×  103.5-mm 
NMR tubes (Norell, Landisville, NJ, USA) on an Avance-500 spectrometer equipped with a CryoProbe and a 
SampleJet (Bruker BioSpin, Ettlingen, Germany), with a proton frequency of 500.23 MHz at 298 K as described 
previously17. To remove broad signals from macromolecules and selectively highlight small molecule metabo-
lites, the Carr-Purcell-Meiboom-Gill (CPMG) spin-echo sequence with presaturation was used employing the 
Bruker pulse program cpmgpr1d18,19. The acquisition parameters were as follows: spectral width, 20 ppm; offset 
frequency, 4.7 ppm; spectral data points, 64 k; proton 90° pulse, 17.5 μs; relaxation delay, 4 s; increment delay, 
20 s; number of scans, 256; receiver gain, 406. A 400-μs spin-echo delay and 80 times of loops were applied as 
described previously20. Solvent signal was removed by the pre-saturation method.

Multivariate analysis based on the 1H NMR spectra was performed as described previously17. Briefly, the 1H 
NMR spectra measured were processed using TopSpin 3.2 (Bruker BioSpin) and subdivided into each 0.04-ppm 
integrated regions (buckets) in the spectral range of 10.00–0.50 ppm using Amix 3.9.14 (Bruker BioSpin). Twenty 
buckets belonging to 5.20–4.40 ppm were excluded, because they contained residual water signals, resulting in 
a dataset of 218 buckets. For normalizing the buckets, the total intensity option provided by Amix was applied, 
because the signal intensity of the internal standard (DSS) was inconsistent among the plasma samples due to 
its interaction with serum albumin21,22. The generated dataset was then appended with the ABR values and used 
for multivariate analysis. Partial least squared (PLS) regression was performed using SIMCA 13.0.3.0 (Umetrics, 
Umea, Sweden). Pareto scaling was applied to the NMR bucket data, whereas mean centring was used for the ABR 
values. PLS models were evaluated by leave-one-out cross-validation.

For metabolite identification, the 1H-13C heteronuclear single quantum coherence (HSQC) spectrum was 
measured for representative samples on the same instrument with a carbon frequency of 125.78 MHz, applying 
the following parameters: 90° pulse values, 17.5 μs (proton) and 15 μs (carbon); relaxation delay, 2 s; spectral 
width, 130 ppm (f1) and 12 ppm (f2); offset frequency, 70 ppm (f1) and 5.5 ppm (f2); data points, 256 increments 
of 2 k; scans, 256. The spectrum was processed with NMRPipe and analysed using NMRDraw23 to generate a peak 
table; metabolite annotation was performed by applying the peak table to a SpinAssign program through the 
PRIMe web service (Platform for RIKEN Metabolomics; http://prime.psc.riken.jp/)24. Other public databases, 
such as the Human Metabolomics Database (http://www.hmdb.ca/)25 and the Biological Magnetic Resonance 
Data Bank (http://www.bmrb.wisc.edu/)26 were also referred. Other 2D NMR spectra, including the double quan-
tum filtered correlated spectroscopy (DQF-COSY) spectrum, total correlation spectroscopy (TOCSY) spectrum, 
and 1H-13C heteronuclear multiple-bond connectivity (HMBC) spectrum, were also recorded to facilitate metab-
olite annotation.

Measurement of Non-esterified Fatty Acids (NEFAs).  Blood NEFA was measured using a LabAssay™  
NEFA kit (ACS-ACOD method; Wako Pure Chemical Industries) according to the manufacturer’s instructions.

Statistical Analysis.  All statistical analyses were carried out using R 3.2.0 (http://www.R-project.org/) or 
SIMCA 13.0.3.0. Data were expressed as mean values ±  standard error (SE). A p-value of less than 0.05 was con-
sidered statistically significant.

Results
Intake of Strain H61 Retards the Onset of AHL in C57BL/6J mice.  To elucidate the effect of the 
intake of strain H61 on AHL in mice, we quantified ABR thresholds in C57BL/6J mice fed on a diet containing 
0.05% heat-killed strain H61 or a control diet for 6 months. The average ABR threshold at 16 kHz in the strain 
H61-fed mice was 47 ±  4 dB SPL (Fig. 1A; n =  10). This value was significantly lower (better hearing ability) 
than the threshold of control mice (70 ±  5 dB SPL; n =  10, p =  0.003 by t-test). Although the intake of strain 
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H61 maintained a lower ABR threshold at 16 kHz compared with control mice in both genders, the statistical 
differences were more significant in female mice (Fig. 1B and C; p =  0.067 and p =  0.0097 in males and females, 
respectively; n =  5). The ABR thresholds at 8 kHz were lower and not significantly different in the two feeding 
groups (53 ±  5 and 44 ±  3 dB SPL in control and H61 groups, respectively, n =  10, p =  0.18 by t-test), indicating 
that AHL did not develop at 8 kHz in mice at 9 months of age. These results indicated that the intake of strain H61 
retarded AHL, more profoundly in females than males, especially at 16 kHz. Therefore, we used 16 kHz as the 
threshold for the subsequent correlation analyses between hearing ability and faecal flora or plasma metabolites.

To confirm the histological relevance of the differences in ABR thresholds between the feeding groups, the 
numbers of surviving SG neurons and sensory hair cells in the cochlea sections were counted (Fig. 1D–G). The 
survival of SG neurons and OH cells in the basal area of the cochlea, which detects higher frequency sound, was 

Figure 1.  Lactococcus lactis strain H61 retards the onset of age-related hearing loss (AHL) and protects 
cell death in the cochlea in C57BL/6J mice. (A–C) Auditory brainstem response (ABR) hearing thresholds 
were measured at 8 kHz and 16 kHz in mice at 9 months of age fed on a diet containing strain H61 for 6 
months and in control mice of the same age. Each panel shows the results obtained for males ((B) n =  5), 
females ((C) n =  5), or both ((A) n =  10) (D–G) Histological sections containing spiral ganglion (SG) neurons 
(D) or hair cells (F) in the basal area of the cochlea (Scale bar, 50 μm). Arrows indicate the outer hair (OH) 
cells. Density of SG neurons (E) or survival rate of OH cells (G) in the basal and middle cochlear regions was 
counted. Mean ±  standard error, *significance at p <  0.05, **significance at p <  0.01.
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significantly increased in mice fed a diet containing strain H61 (Fig. 1E,G). However, the survival numbers of SG 
neurons and OH cells were higher in the middle region than in the basal region of the cochlea, and the values did 
not differ between the feeding groups. These results were consistent with those of the hearing test and showed that 
AHL starts with high-frequency sound but does not progress with low-frequency sound.

Since the apoptosis of SG neurons and hair cells in the inner ear is mediated by Bak1, but not Bax5, we exam-
ined the mRNA expression levels of these two genes by qRT-PCR. The expression of Bak1 was significantly down-
regulated in the H61 group (n =  8–10, p =  0.021 by t-test), whereas Bax was expressed at equivalent levels in both 
feeding groups (Supplementary Figure 1A; n =  8–10, p =  0.59). These results suggested that the intake of strain 
H61 protected against the Bak-dependent apoptosis of SG neurons and hair cells in the cochlea.

Intake of Strain H61 Alters Bacterial Flora.  We hypothesised that the intake of strain H61 affected 
the gut flora and humoral factors in the blood, leading to retarded AHL. Therefore, we analysed bacterial 16S 
ribosomal RNA gene sequences in the faeces to examine changes in the gut flora. The results revealed that the 
bacterial ratios in the faeces were altered by the intake of heat-killed strain H61 (Fig. 2A). Only the prevalence 
of Lactobacillales was significantly altered in the strain H61-fed group (Fig. 2B; n =  8–9, p =  0.0063 by t-test). 
Additionally, the ratio of Lactobacillales was positively correlated with hearing ability, defined as the ABR thresh-
old at 16 kHz (Fig. 2C; n =  17, R =  − 0.73, p =  0.0008). The genus Lactobacillus consists of four OTUs; however, a 
single OTU, Lactobacillus johnsonii, mainly contributed to the increase of Lactobacillales and positive correlation 
with the ABR threshold (Supplementary Figure 2A,B; n =  15, R =  − 0.47, p =  0.056). Moreover, two other OTUs, 
classified as Bacteroidetes (n =  18, R =  − 0.50, p =  0.025) and unknown phylum (n =  19, R =  − 0.67, p =  0.0017), 
showed a positive correlation with hearing ability at 16 kHz (Supplementary Figure 2B).

Non-targeted NMR-based Metabolic Profiling of Plasma.  Next, we performed a metabolome analy-
sis on plasma samples using 1H NMR to identify metabolites that are quantitatively affected by the intake of strain 
H61. We used blood samples from strain H61-fed and control female mice (n =  5 for each feeding group), because 
strain H61 significantly retarded AHL in this gender (Fig. 1B,C). As expected, the 1H NMR spectra showed some 
differences between the feeding groups (Fig. 3A). The following metabolites were predominantly detected: glu-
cose (Glc), lactate (LA), ethanol (EtOH), acetate (HOAc), citrate (CA), alanine (Ala), glutamine (Gln), lysine 
(Lys), valine (Val), leucine (Leu), isoleucine (Ile), glycine (Gly), creatine, and taurine (Supplementary Figure 3). 
Signals from the –CH3 and –CH2– moieties of the fatty acid groups (FAGs) of lipid compounds, including both 
saturated and unsaturated chains, were also observed.

To identify the responsible metabolites for the changes in ABR values, PLS regression was performed based on 
the dataset generated from the 1H NMR spectrum. The resulting model suggested a strong correlation between 
the ABR value and the spectrum (Fig. 3B). The first two latent variables (PLS1 and PLS2) that were obtained from 
the PLS model provided a cumulative determination coefficient (R2) of 0.93 with a cumulative cross-validation 
determination coefficient (Q2) of 0.52. PLS1 and PLS2 explained 22% and 33% of the total variance, respectively. 

Figure 2.  Intake of Lactococcus lactis strain H61 alters faecal flora in mice. (A) Average compositions 
of bacterial flora in mice at 9 months of age fed on a diet containing strain H61 for 6 months and in control 
mice of the same age (n =  10). (B) Ratio of Lactobacillales (Log 2 values, mean ±  SE, n =  8–9, **p <  0.01) in 
the faeces. (C) Correlation between the ratio of Lactobacillales and the auditory brainstem response (ABR) 
hearing threshold at 16 kHz (n =  17).
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Figure 3.  Nuclear magnetic resonance (NMR)-based metabolome analysis of plasma samples from female 
mice at 9 months of age fed on a diet containing Lactococcus lactis strain H61 for 6 months and from control 
female mice of the same age. (A) 1H NMR spectral comparison between representative female mice fed on 
strain H61 (red) and control female mice (blue). The whole spectrum is shown in the top panel, and magnified 
regions (a–c) are shown below. For comparison of signal intensities, the spectra were recorded by applying the 
same acquisition conditions, including receiver gain, number of scans, and relaxation delay; the two spectra are 
overlaid as are. Spectral ranges of the top six buckets with the highest variable importance in the projection (VIP) 
scores (shown in (C)) are indicated over the magnified spectra. (B–D) Partial least squared (PLS) regression based 
on the ABR threshold at 16 kHz and metabolic profiling; observed versus predicted plot of auditory brainstem 
response ((B) n =  5, M: control, H: H61), variable importance plot (C), and loading plot of PLS1 and PLS2 (D).
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The variable importance in the projection (VIP) score plot revealed variables responsible for predicting ABR 
values and highlighted the importance of buckets 0.82–0.86 (FAG), 3.22 (phosphocholine), 1.90 (HOAc), and 
1.22–1.26 (FAG; Fig. 3A,C); however, bucket 3.22 (phosphocholine) had an unacceptable error in the VIP score. 
The loading plot indicated higher signal intensity in bucket 1.90 (HOAc), which explained the lower ABR thresh-
old for this bucket (better hearing ability), whereas the other buckets contributed to a higher ABR threshold 
(Fig. 3D).

Plasma Fatty Acid Levels are Correlated with the ABR Threshold.  The NMR-based metabolome 
analysis suggested that fatty acids negatively contribute to ABR threshold. Therefore, we measured plasma NEFA 
levels from female mice using an enzyme-based commercial kit. Plasma NEFA levels were significantly lower in 
the H61-fed group than in the control group (Fig. 4A; n =  5, p =  0.0039 by t-test). Furthermore, plasma NEFA 
levels were negatively correlated with hearing ability at 16 kHz (Fig. 4B; n =  10, R =  0.69, p =  0.027), results that 
were consistent with those of the NMR analysis.

Discussion
In the present study, we demonstrated that the intake of heat-killed strain H61 retarded AHL in C57BL/6J mice. 
To our knowledge, this is the first report on the anti-aging effect of the intake of lactic acid bacteria on the hearing 
system, which might reflect wider changes in the body, as our previous study showed that strain H61 suppressed 
some symptoms of skin, hair, and bone aging in senescence-accelerated mice27. However, these symptoms in skin 
and bones could not be evaluated in this study, because C57BL/6J mice at 9 months of age were too young to show 
any signs of aging. We also found that the intake of strain H61 altered the bacterial flora in the faeces, and that 
the ratio of Lactobacillaceae was correlated with hearing ability. Moreover, non-biased metabolome analysis of 
the blood by 1H NMR indicated a negative correlation between plasma fatty acid levels and hearing ability. These 
results suggested that the intake of strain H61 alters the gut flora and changes the levels of bacterial products and 
metabolites in the blood, affecting the oxidative state of the inner ear, reducing the number of apoptotic cells in 
the cochlea, and leading to retard AHL. However, the direct causes that retard AHL remained to be elucidated, 
because correlations between hearing ability and floral changes or plasma fatty acids are indirect evidences.

The test diets were administrated to C57BL/6J mice from the age of 3 months to the age of 9 months, because 
C57BL/6J mice show early onset of ALH, and hearing loss at high-frequency sounds (16–28 kHz) is prominent in 
middle-aged mice27,28. Our results demonstrated the significant increase of the ABR threshold at 16 kHz in mice 
at 9 months of age and the loss of SG neurons and hair cells in the basal cochlea region, indicating the beginning 
of AHL at this frequency. However, the ABR threshold at 8 kHz was lower, and loss of cochlear cells was not 
detected in the middle region, suggesting that AHL did not progress at this frequency. The intake of strain H61 
significantly improved the AHL at 16 kHz and cochlear cell numbers in the basal area, but did not affect the AHL 
at 8 kHz and cochlear cell numbers in the middle region, suggesting that strain H61 retarded onset of AHL rather 
than improving hearing ability non-specifically.

Oral intake of probiotic bacteria retards mammalian age-dependent disorders in many tissues, including 
intestine, skin, and immune cells, improves memory, and prolongs lifespan in rodents6,29–32. These beneficial 
effects are partly achieved by improving the intestinal environment and suppressing inflammation6. Aging is 
associated with systemic low-grade chronic inflammation and increased levels of cytokines and proinflamma-
tory markers33,34. As a result, many genes associated with inflammation and immune response are upregulated 
with age in the mouse cochlea35. The intake of heat-killed strain H61 might alter the immune response and 
reduce inflammation through changing the intestinal flora, since it affects the production of interferon-γ  and 
IL-12 secreted by immune cells in mice10. Though, we did not identify any differences in the expression level 

Figure 4.  Correlation between plasma non-esterified fatty acid (NEFA) levels and auditory brainstem 
response (ABR) threshold in female mice. (A) Concentration of plasma NEFA in female mice fed on 
Lactococcus lactis strain H61 for 6 months and in female control mice (n =  5, **p <  0.01 by t-test).  
(B) Correlation between plasma NEFA levels and the ABR threshold at 16 kHz (n =  10).
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of inflammation associated genes in the inner ear35 (IL1b, IL17ar, and Tgfb1; Supplementary Figure 1B) in the 
present study, we demonstrated that the intake of strain H61 increased the ratio of Lactobacillales, indicating 
an improvement in the intestinal environment and immune response36. L. johnsonii has been shown to reduce 
the prevalence of Clostridium perfringens in poultry37. The immunomodulatory activity of Lactobacillales might 
reduce chronic inflammation and retard aging of the inner ear indirectly. Notably, the PLS regression analysis 
indicated that plasma acetate levels positively contributed to AHL retarding. These changes might reflect alter-
ations in gut bacterial composition, because short chain fatty acids (SCFAs), containing acetate, propionate and 
butyrate moieties, are the major products of anaerobic bacterial fermentation. SCFAs produced by bacteria might 
retard AHL progression, since they reduce inflammation through the activation of GPCRs (GPR41 and GPR43) 
or leukocyte function, including the production of cytokines, eicosanoids, and chemokines38. SCFAs also affect 
lipid metabolism and appetite39. In this study, the intake of strain H61 reduced plasma NEFA levels, and hear-
ing ability was negatively correlated with plasma NEFA levels. NEFAs are middle or long chain fatty acids; the 
detection kit used in this study is based on the reaction of a bacterial acyl-CoA oxidase that oxidises carbon chain 
lengths of 4–20 and is mostly active toward lauroyl-CoA, rather than acetyl- or succinyl-CoA40. The intake of 
strain H61 might affect lipid metabolism and reduce plasma NEFA levels, leading to reduced inflammation.

In summary, we demonstrated that oral supplementation of strain H61 retards AHL in mice. Previous reports 
have indicated that mitochondrial antioxidants also prevent AHL in middle-aged mice5,41. Prevention is impor-
tant in the case of progressive disorders, such as AHL. Lactic acid bacteria have been used for centuries to ferment 
food, and they possess a wide range of anti-aging effects. Therefore, our findings might aid the development of 
anti-aging supplements that promote a healthy life style and prevent progressive disorders.
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