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Non standard abbreviations  

Betaine homocysteine S-methyltransferase (Bhmt, BHMT) 

Betaine homocysteine S-methyltransferase 2 (Bhmt2, BHMT2) 

Cystathionine beta-synthase (Cbs, CBS) 

Glutamate-cysteine ligase, modifier subunit (Gclm, GCLM) 

Glutamate-cysteine ligase, catalytic subunit (Gclc, GCLC) 

Methionine adenosyltransferase II, alpha subunit (Mat2a, MAT2) 

Methionine adenosyltransferase II, beta subunit (Mat2b, MAT) 

Methionine synthase [5-methyltetrahydrofolate-homocysteine methyltransferase] (Mtr, MTR) 

Methionine synthase reductase (Mtrr, MTRR) 

S-adenosylhomocysteine (AdoHcy) 

S-adenosylhomocysteine hydrolase (Ahcy, AHCY) 

S-adenosylmethionine (AdoMet)  
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ABSTRACT 

Betaine homocysteine S-methyltransferases (BHMTs) are methionine cycle enzymes that 

remethylate homocysteine, hence their malfunction leads to hyperhomocysteinemia. 

Epidemiological and experimental studies have revealed a correlation between 

hyperhomocysteinemia and hearing loss. Here, we have studied the expression of methionine 

cycle genes in the mouse cochlea and the impact of knocking out the Bhmt gene in the auditory 

receptor. We evaluated age-related changes in mouse hearing by recording auditory brainstem 

responses and following exposure to noise. Also we measured cochlear cytoarchitecture, gene 

expression by RNA-arrays and RT-qPCR, and metabolite levels in liver and plasma by HPLC. 

Our results indicate that there is an age-dependent strain-specific expression of methionine cycle 

genes in the mouse cochlea and a further regulation during the response to noise damage. Loss of 

Bhmt did not cause an evident impact in the hearing acuity of young mice, but it produced higher 

threshold shifts and poorer recovery following noise challenge. Hearing loss was associated with 

increased cochlear injury, altered expression of cochlear methionine cycle genes and 

hyperhomocysteinemia. Our results suggest that BHMT plays a central role in the homeostasis of 

cochlear methionine metabolism and that Bhmt2 upregulation could carry out a compensatory 

role in cochlear protection against noise injury in the absence of BHMT. 
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INTRODUCTION 

Nutritional imbalance is an emerging causative factor for hearing loss (1) and a growing number 

of reports associate deficits in essential nutrients with human auditory dysfunction (2, 3). In 

particular, epidemiological studies have linked alterations in methionine metabolism caused by 

folic acid and/or vitamin B12 deficiencies with age-related (4, 5), noise-induced (6) or sudden 

hearing loss (7). Furthermore, studies in rodents have provided some of the genetic and 

molecular clues to understand how micronutrient deficits impact hearing (8-11). Thus, several 

studies have shown that decreased folate or vitamin B12 levels is usually associated with 

increased homocysteine concentration (6, 7), a well-known independent risk factor for 

cardiovascular disease. Interestingly, the relationship between coronary disease, inner ear 

atherosclerosis and hearing loss was described several years ago (12-14). Moreover, clinical 

trials have demonstrated that the supplementation with folic acid decreases plasma homocysteine 

levels and concomitantly slows the decline in hearing in the elderly (15, 16). Age-related and 

noise-induced hearing loss share certain molecular mechanisms that favor injury expansion, for 

example excessive exposure to noise triggers oxidative stress, inflammation and alterations in 

cochlear metabolism (17, 18). Specifically, oxidative stress, which encompasses overproduction 

of reactive species and depletion of antioxidants like glutathione, is the main mechanism in 

auditory damage by ototoxic agents. This could be a fundamental factor in their ototoxicity, 

since glutathione protects the cochlea from noise-induced injury (19, 20). 

Regarding hyperhomocysteinemia, a medical condition characterized by abnormally high levels 

of plasma homocysteine, several data strongly imply its association with the development of 

neurological disorders, chronic kidney disease, osteoporosis, gastrointestinal disorders, cancer 

and congenital defects (21-25). Lately, epidemiological studies provided evidence of the 

association between atherosclerosis in the inner ear and hearing loss (26, 27), as well as between 
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hyperhomocysteinemia and impaired cochlear blood supply (28), thus connecting risk factors for 

vascular disease with age-related hearing loss.  

Modifications in homocysteine levels can result from defects in its catabolism through the 

transsulfuration pathway, remethylation and/or export to the plasma. Increased transsulfuration 

and excretion are normally favored when methionine levels are high, whereas a need for this 

essential sulfur amino acid leads to increased remethylation. The balance between these steps is 

essential for the maintenance of methionine concentrations and, in turn, of S-adenosylmethionine 

(AdoMet) levels. In fact, under methionine excess, the consequent increase in AdoMet 

concentrations activates cysthationine β-synthase (CBS), the first enzyme of the transsulfuration 

pathway responsible for homocysteine transformation into cystathionine. This metabolite is then 

utilized by cystathionine ɣ-lyase to produce cysteine that contributes to glutathione synthesis. 

AdoMet further contributes to homocysteine methylation by its inhibitory role on the expression 

of one of the enzymes catalyzing this reaction, betaine homocysteine methyltransferase (BHMT) 

(29, 30). This enzyme uses betaine as the methyl donor, and hence not only collaborates in 

homocysteine recycling, but also in the recovery of one of the methylation equivalents required 

for phosphatidylcholine synthesis through the transmethylation pathway (1, 31). 

Here, we studied the cochlear expression of genes of the methionine cycle at different ages and 

in response to noise stress. Our hypothesis is that cochlear methionine well-balanced metabolism 

may be essential in the resilience of this sensory organ during the response to injury. The 

relevance of the cochlear remethylation pathway has been further studied by analyzing the 

impact of deleting Bhmt on the onset of hearing loss and the response to noise. Our results show 

that Bhmt
-/-

 mice, which have much higher homocysteine concentrations in liver and plasma, 

exhibit alterations in cochlear homocysteine metabolism and increased susceptibility to noise-

induced injury. 

MATERIALS AND METHODS 
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Mouse handling and experimental design 

C57BL/6J (Charles River Laboratories, Sant Cugat del Vallés, Barcelona, Spain) and a mixed 

HsdOla:MF1 (Envigo, Sant Feliu de Codines, Barcelona, Spain) * 129/SvEvTac (Taconic 

Biosciences Inc., Rensselaer, NY, USA) (MF1:129Sv) mouse strains were used for the study of 

cochlear expression of methionine cycle genes along life.  

In addition, Bhmt
-/-

 mice (Bhmt
tm1.2Zei

/Bhmt
tm1.2Zei

, RRID reference: MMRRC_037641-UNC) 

were generated in 129P2/OlaHsd*C57BL/6) background (32) and then backcrossed for more 

than 10 generations onto a C57BL/6J background (99.74% congenic). Bhmt
-/-

 (n=31) and 

Bhmt
+/+

 (n=32) mouse littermates were used in this study.  

No differences were found in the auditory phenotype in preliminary experiments between male 

and female mice, and hence both sexes were included. Mouse genotypes were identified using 

the REDExtract-N-AmpTMTissue PCR Kit (Sigma-Aldrich, St. Louis, MO) according to the 

manufacturer's instructions. PCR was performed as follows: 1 cycle of 94 °C for 2 min; 35 

cycles of 94 °C for 30 sec, 66 °C for 2 min, 72 °C for 2 min; and a final elongation step at 72 °C 

for 7 min. The wild-type Bhmt band was amplified using 5’-

GACTTTTAAAGAGTGGTGGTACATACCTTG-3’ and 5’-

TCTCTCTGCAGCCACATCTGAACTTGTCTG-3’ primers, and the knockout one with 5’-

TTAACTCAACATCACAACAACAGATTTCAG-3’ and 5’- 

TTGTCGACGGATCCATAACTTCGTATAAT-3’ primers, producing 1600 and 545 bp 

amplicons respectively, as reported (32). 

All experiments were approved by the CSIC Bioethics Committee and carried out in full 

accordance with European Community guidelines (2010/63/EU) and Spanish regulations (RD 

53/2013) for the use of laboratory animals. 

Hearing assessment and noise exposure 
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Hearing was evaluated in Bhmt
-/-

 and Bhmt
+/+

 mice by recording the auditory brainstem evoked 

response to sound with a System III Evoked Potential Workstation (Tucker-Davis Technologies, 

Alachua, FL, USA), as reported (33, 34). Briefly, mice were anesthetized with ketamine (100 

mg/kg) and xylazine (10 mg/kg) and placed on a heating pad inside a soundproof acoustic 

chamber. Click and 8, 16, 20, 28 and 40 kHz pure tone stimuli were presented at a decreasing 

intensity range from 90 to 20 dB SPL. The electroencephalographic activity was recorded, 

amplified and averaged to determine hearing thresholds, latencies and amplitudes of the evoked 

waves.  

To evaluate the susceptibility to cochlear injury, 2.5 month-old Bhmt
-/-

 and Bhmt
+/+

 mice were 

exposed to violet swept sine noise at 105 dB SPL for 30 min, as described (18). The effect of 

noise exposure on hearing was evaluated by recording the auditory brainstem evoked response 

before (baseline) and 2, 14 and 28 days after exposure. 

Metabolite determinations  

Blood samples were obtained by cardiac puncture after barbiturate overdose and placed in 

heparin-coated tubes to separate the plasma fraction by centrifugation. The liver was also quickly 

removed after sacrifice. Plasma and liver samples were kept at -80ºC until analysed.   

Plasma homocysteine was determined after derivatization using the Homocysteine in 

Serum/Plasma - HPLC reagent kit (Chromsystems Instruments & Chemicals GmbH, Gräfelfing, 

Germany). Derivatized samples (50 µl) were injected into the HPLC column and fluorescence 

measured at 515 nm after excitation at 385 nm. Hepatic AdoMet and S-adenosylhomocysteine 

(AdoHcy) levels were determined by HPLC essentially as described (35). Frozen liver samples 

(~100 mg) were homogenized in three volumes of 0.4 M of HClO4 and then centrifuged at 1000
 

g at 4° C for 10 min. The supernatant was removed, filtered and analyzed for metabolites 

content. Protein concentration was determined by BCA Protein Assay Kit (Pierce, Rockford, IL, 

USA) using external standards.  
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Cochlear morphology  

Mice were sacrificed by barbiturate overdose and then perfused with PBS and 4% (w/v) 

paraformaldehyde (Merck, Darmstadt, Germany). Cochleae were dissected, fixed overnight, 

decalcified with EDTA (Sigma) for 7 days and then dehydrated and embedded in paraffin wax 

(Panreac, Barcelona, Spain), as previously described (10). Paraffin sections (7 µm) were stained 

with haematoxylin and eosin (Sigma) and photomicrographs were obtained using an Olympus 

DP70 digital camera (Melville, NY, USA) mounted on a Zeiss microscope (Jena, Germany). 

Protein extraction and Western blotting 

Cochleae were dissected and immediately frozen in liquid nitrogen for protein or RNA extraction 

as reported (17). Whole cochlear protein was prepared using the ReadyPrep
TM

 Protein Extraction 

(Total Protein) (Bio-Rad, Hercules, CA, USA) and the concentration determined using the RC 

DC
TM 

Protein Assay kit (Bio-Rad) and bovine serum albumin as standard. Samples (~100 g) 

were loaded on Mini-PROTEAN TGX™ 10% precast polyacrylamide gels (Bio-Rad) and 

electrotransferred to PVDF membranes (Bio-Rad) with the Trans-Blot Turbo™ transfer starter 

system (Bio-Rad) for incubation with rabbit polyclonal anti-anti-BHMT (1:5000) (36) and 

mouse polyclonal anti-CBS (1:2500, H00000875-A01, Abnova) antibodies. Signals were 

obtained using Clarity
TM

 Western ECL Substrate (Bio-Rad), captured using ImageQuant
TM

 

LAS4000 mini system (GE Healthcare, Buckinghamshire, UK) and quantified with the 

ImageQuant
TM

 TL software (GE Healthcare) as reported (17). The β-actin signal was used for 

normalization. 

RNA extraction, RNA array and RT-qPCR  

Gene expression was determined by RNA-array hybridization and by reverse transcription 

coupled to quantitative PCR (RT-qPCR), as reported (38). Total cochlear RNA was extracted by 

using the RNeasy kit (QIAGEN, Hilden, Germany) and quantified on a Bioanalyzer 2100 

(Agilent Technologies, Santa Clara, CA, USA).  
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For RNA-array hybridization, RNA was isolated from three independent pools of four cochleae 

obtained from two C57BL/6J E18.5 mice and the expression profile analysed using GeneChip® 

Mouse Genome 430A2.0 Array (ThermoFisher Scientific, Waltham, MA, USA) as described 

(37). The results were deposited in NCBI's Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) and are accessible through GEO Series accession number 

GSE11821. Gene expression levels were estimated by two methods integrated in the puma 

Bioconductor package (38). Multi-mgMOS associated credibility intervals with expression 

levels, and subsequently the PPLR method estimated the expression levels within each condition 

(https://bioconductor.org/packages/release/bioc/html/puma.html) (37). 

RT-qPCR studies were performed in RNA samples obtained from pools of three cochleae of 

three C57BL/6J and MF1:129Sv mice, at different ages from embryonic to adult stages, and also 

from Bhmt
-/-

 and Bhmt
+/+

 mice, non-exposed or 28 days after noise exposure. TaqMan Gene 

Expression Assays (Applied Biosystems) were used for amplification of homocysteine 

metabolism genes (Ahcy, Bhmt, Bhmt2, Cbs, Gclc, Gclm, Mat2a, Mat2b and Mtr). 

Hypoxanthine-guanine phosphoribosyltransferase (Hprt) or Ribosomal protein large P0 (Rplp0) 

were used as endogenous control genes. The relative quantification values were determined by 

the 2
-ΔΔCt

 method, as reported (38).  

Statistical analysis  

Data were analysed with IBM SPSS Statistics for Windows (IBM Corp, Armonk, NY, USA). 

Statistical significance was determined by Student’s t test for unpaired samples between E.18.5 

and the other temporal points in the longitudinal gene expression studies, between Bhmt
-/-

 and 

Bhmt
+/+

 mouse groups, or between noise-exposed and non-exposed mice. All results were 

expressed as the mean ± SEM, and differences were considered significant when p ≤ 0.05 

RESULTS 

The cochlear expression of methionine metabolism genes is age-regulated  

http://www.ncbi.nlm.nih.gov/geo/
https://bioconductor.org/packages/release/bioc/html/puma.html
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The expression of genes involved in methionine and homocysteine metabolism, including those 

belonging to the methionine cycle, the folate cycle, the transsulfuration pathway and glutathione 

synthesis route, was studied using a combination of RNA array and RT-qPCR techniques in 

mouse cochleae from embryonic to adult stages in two mouse strains (Table 1 and Figures 1 

and 2).  

Initially, the cochlear expression of the genes of interest along age was analysed by RT-qPCR on 

the mouse strain MF1:129Sv. Transcripts from Ahcy, Mat2a and Mat2b genes, involved in 

homocysteine synthesis, showed higher expression levels in the embryonic than in the postnatal 

cochlea, these levels decreasing progressively with age (Figure 1). Expression of Mtr, 

responsible for homocysteine remethylation using folate, displayed a similar pattern, whereas 

Gclc, implicated in glutathione synthesis, presented higher expression levels at embryonic 

stages.  In contrast, Bhmt and Bhmt2, both also involved in homocysteine remethylation to 

methionine, showed low expression at fetal stages, an increase in postnatal days 5 and 15, and a 

gradual decrease thereon. Finally, Cbs, first enzyme in the transsulfuration pathway, showed a 

similar profile but with a stable gene expression along the oldest ages studied.  

Expression patterns of these genes at the E18.5 stage were also confirmed by RNA-arrays using 

C57BL/6J mouse cochleae, a well-known inbred strain that shows early age-related hearing loss 

(39). In this case, the most expressed genes were Ahcy, Mat2a and Mat2b, from the methionine 

cycle, followed by Gclc, Gclm and Mtrr, from the folate cycle and glutathione synthesis. On the 

contrary, Bhmt and Bhmt2 (from the methionine cycle) and Cbs (transsulfuration pathway) 

showed a low expression in the prenatal cochlea (Table 1). Further analysis in this strain during 

aging was again carried out using RT-qPCR. Similar age-related transcription profiles were 

obtained for most of the methionine metabolism genes, except for of Cbs and Gclc. Thus, Ahcy, 

Mat2a and Mtr showed high expression levels in embryonic stages that decrease with age, and 

Bhmt and Bhmt2 presented high levels in perinatal phases. Mat2b expression was sustained 
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postnatally until the age of 1-2 months to then decrease. Cbs and Gclc, which had small 

expression changes in MF1:129Sv mice, showed strong changes in C57BL/6J mice during aging 

(Figure 2 A). Interestingly, although the expression profiles were similar in both mouse strains, 

the relative levels of Bhmt and Bhmt2 transcription increased by 10 and 5 times respectively, in 

C57BL/6J cochleae. Next, we measured cochlear protein levels of BHMT and CBS by Western 

blotting. The results confirmed that the levels of theses enzymes were age-regulated, with 

BHMT decreasing and CBS increasing over time (Figure 2 B and C). 

These data along with previous reports linking BHMT deficiency with hearing loss (8, 10) 

prompted us to study the hearing phenotype of the Bhmt 
-/-

 null mouse. 

BHMT deficiency causes hyperhomocysteinemia but not hearing loss 

Young (2-3 month-old) C57BL/6J Bhmt
-/-

 mice showed increased concentrations of plasma 

homocysteine compared with their wild type littermates, confirming previous reports (40) 

(Figure 3 A). To establish if hyperhomocysteinemia affected auditory function, hearing was 

assessed in 2-3 and 5-6 month-old Bhmt
-/- 

and wild type mice (Figure 3 B, C). These ages were 

selected because C57BL/6J mice present an early increase of auditory thresholds in response to 

high frequencies (39). Mice from both genotypes showed similar auditory brainstem response 

wave patterns (Figure 3 B) and hearing thresholds in response to click and pure tones (Figure 3 

C) at 5-6 months of age, with a slight increase in 20 and 40 kHz thresholds compared to 2-3 

month-old mice. In addition, the analysis of wave latencies and amplitudes in response to 70 dB 

SPL click stimulation (Table 2) did not show significant differences between genotypes. 

Therefore, the high levels of plasma homocysteine did not seem to affect cochlear function, at 

least in the first 6 months of age.  

No gross alterations in cochlear morphology and cytoarchitecture were observed in the Bhmt
-/- 

compared to wild type mice at the ages studied. However, the expression of cochlear cell type 

specific markers, including RbFox3 (NeuN) for auditory neurons of the spiral ganglion, MyeP0 
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for Schwann cells (41), Sox2 for Deiters supporting cells (42), Prestin (Slc26a5) for outer hair 

cells (43) and the potassium voltage-gated channel Kcnj10 for the stria vascularis intermediate 

cells (44), showed lower expression levels in 3 month-old Bhmt
-/- 

 compared to wild type mice 

(Figure 4 A and B), suggesting the existence of  mild premature cellular alterations. 

Accordingly, the cochlear expression of methionine metabolism genes in 5-6 month-old mice 

showed significant higher levels of Mat2a, Mat2b, Mtr, Cbs, Gclc and Gclm in Bhmt
-/- 

 than in 

the Bhmt
+/+

 mice (Figure 4 C).    

In summary, although no evident functional or histological differences between genotypes were 

detected, the Bhmt
-/- 

mouse cochlea presents a metabolic scenario that could potentially affect the 

response to injury.   

BHMT deficiency predisposes to increased hearing injury in response to noise exposure   

Mice from both genotypes were exposed to noise and subsequently plasma homocysteine levels, 

liver AdoMet and AdoHcy concentrations and hearing were evaluated at the indicated time 

points (Figure 5 A). Baseline differences in plasma homocysteine levels in Bhmt
-/-

 and wild type 

mice were also apparent at 2 and 28 days after noise exposure (Figure 5 B). Increased values 

and a larger dispersion were observed after noise exposure in the null mice, compared to baseline 

data. Since the liver is the main contributor to plasma homocysteine levels, the effect of noise 

exposure on key metabolite levels of the hepatic methionine cycle of Bhmt
+/+

 and Bhmt
-/- 

mice 

following this stress were evaluated. Concordantly, the hepatic methylation index 

(AdoMet/AdoHcy) was greatly reduced in the null mice following noise exposure (Figure 5 C).  

Not surprisingly given the correlation between hyperhomocysteinemia and hearing loss, Bhmt
-/- 

mice showed higher hearing thresholds in response to click and tone bursts stimuli at all times 

after noise exposure, and a poorer recovery of auditory function, compared to wild type mice 

(Figure 5 D). Two days after noise, ABR thresholds in response to 16, 20 and 28 kHz were over 

60 dB SPL in the Bhmt
-/- 

but not in the wild type mice. Two weeks following noise damage, 
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temporary threshold shifts in the response to 16 kHz were 38±2 and 9±6 dB, whereas 28 days 

after noise, permanent threshold shifts were 45±3 and 6±7 for null and wild type mice, 

respectively. In addition Bhmt
-/- 

mice showed a poorer auditory brainstem response, with smaller 

waveforms and some peaks (especially III and IV) not clearly detectable, compared to wild type 

mice. Standard analysis of peak latencies and amplitudes at different click sound levels did not 

show statistical significant differences between groups (data not shown). The correlation factor 

(range 1-0) was used to compare ABR waves before and after noise (45). 28 days after noise 

exposure, the correlation factor was lower in Bhmt
-/-

 mice (mean=0.31, SD=0.1) than in wild 

type mice (mean=0.59, SD=0.41).   

Cochlear morphology was assessed 28 days after noise injury (Figure 6).  Both genotypes 

showed loss of outer hair cells in the organ of Corti, fibrocytes type I in the spiral ligament and 

basal cells in the stria vascularis after noise exposure, and the cellular damage was more severe 

in Bhmt 
-/- 

than in wild type mice (Figure 6 A). Accordingly, analysis of cochlear expression of 

cellular markers confirmed noise-induced cellular injury in supporting cells with a significant 

decrease in Sox2 transcripts in both genotypes (**, p<0.01) (Figure 6 B). Noise exposure 

intensified the traits observed in the Bhmt
-/-

 cellular phenotype (Figure 4). 

Finally, the expression of methionine metabolism, apoptosis and inflammation genes was studied 

in the cochlea of Bhmt
+/+

 and Bhmt
-/- 

mice exposed to noise (Figure 7).  Two days after noise 

damage, Bhmt
-/- 

 showed significantly lower expression of Cbs compared to wild type mice 

(Figure 7 A) along with a higher expression of genes related to apoptosis (Kim1) and 

inflammation (Il6) (Figure 7 B). Interestingly, 28 days after noise exposure, Cbs levels 

recovered, becoming similar in both mouse genotypes, whereas, at this time, a significant 

increase in the Bhmt2 transcript was detected in Bhmt
-/- 

mice (Figure 7 A). These data suggest 

that recovery from noise exposure may require homocysteine remethylation, a role that, in that 
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absence of BHMT, could be assumed by increased Bhmt2 transcription given that the change in 

Mtr levels is negligible.  

DISCUSSION 

Sensorineural hearing loss has a multifactorial etiology involving genetic predisposition, age and 

multiple environmental factors, which include noise, ototoxic substances and the nutritional 

status (46). The first step to develop prevention and repair strategies of intervention, before 

damage becomes irreversible, is to further understand the molecular basis of genetic-

environmental interrelationships. Previous studies in mouse strains had shown that low levels of 

folic acid caused an early onset and accelerate the progression of age-related hearing loss, 

although strain-specific hearing loss patterns were found (10, 11). Here, we have studied the 

expression of methionine metabolism enzymes in the cochlea along age in two reference mouse 

strains to gain insight into the molecular bases for these differences. Hearing acuity and 

homocysteine remethylation seemed to be related according to this early work, this link being 

carried out by remethylation enzymes MTR and BHMTs, which rely on folate, betaine or S-

methylmethionine for their function (1). Indeed, there is increasing evidence linking 

hyperhomocysteinemia and sensorineural hearing loss in studies conducted in both patient 

cohorts and experimental animals (1). Therefore, we have also studied here the knockout mouse 

for Bhmt that shows hyperhomocysteinemia (40) and how this genetic mutation impacts in 

hearing and in the response to the stressor noise.  

Genome expression profiling has been used to identify age-regulated genes in several tissues 

(47) but the mouse cochlear expression of methionine metabolism genes, up to our knowledge, 

has been not described. Here, we report a comparative study in two mouse strains, which differ 

in the onset and progression of age-related hearing loss, showing that methionine metabolism 

genes are well represented in the cochlea and are age-regulated. In both strains, Ahcy, Mat2a, 

Mat2b and Mtr expression levels were high in embryonic stages and decreased with age. In 
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contrast, Bhmt and Bhmt2 transcript levels increased in early postnatal cochlear stages, showing 

similar profiles but with increased expression in C57BL/6J mice. Liu et al. (48) proposed that 

Bhmt2 levels and activity are dietary-dependent and adapt to guarantee a lower dependence on 

folate for homocysteine recycling. Out of the genes studied, the age-modulated profiles of Cbs 

and Gclc showed strong differences with the genetic background. Interestingly, the postnatal 

expression of these two genes is increased in the C57BL/6J mouse strain, which is prone to 

suffer stress-damage and early onset of hearing loss (10, 39). CBS is the first enzyme in the 

transsulfuration pathway and directs homocysteine flux towards cysteine and glutathione 

synthesis. This enzyme contains a heme at the N-terminal domain that regulates the enzyme in 

response to redox conditions (49). Moreover, Cbs heterozygosity is associated with increased 

cochlear damage and hearing loss (9). On the other hand, glutamate-cysteine ligase catalytic subunit 

is the catalytic subunit of the rate limiting enzyme in the glutathione synthesis, a tripeptide 

essential for cell detoxification and antioxidant defense (50). Therefore, the increased expression 

of these enzymes may be related to their specific functions as compensatory mechanisms that the 

C57BL/6J mouse cochlea needs to maintain redox balance and thiol status. Furthermore, the 

increased expression of both Bhmt and Bhmt2 genes along age suggests the additional cochlear 

need to increase homocysteine recycling to avoid hyperhomocysteinemia. Complementary 

clinical and basic studies have indicated that hyperhomocysteinemia is a biomarker for human 

age-associated diseases, particularly cardiovascular disorders and cognitive decline (51, 52). In 

addition, studies in patients and animal models have shown that the lack of essential 

micronutrients and cofactors in the methionine metabolism, such as folic acid, leads to 

hyperhomocysteinemia and an accelerated progression of hearing loss (1, 4-9, 11, 53).  

Here, we have studied the impact of the gene deletion and loss of function of BHMT in hearing. 

Bhmt showed the highest cochlear expression of the methionine metabolism genes studied; 

furthermore its expression in Connexin 30 knockout mice has been related to stria vascularis 
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permeability and hearing loss (8). In our hands and as reported, Bhmt
-/-

 mice showed 

hyperhomocysteinemia and reduced hepatic methylation index (32, 40). However, no evident 

signs of hearing loss were observed up to 6 months of age, compared to wild type mice. Young 

Bhmt
-/-

 mice did not present gross anatomical alterations in the inner ear but the expression of 

cell-type specific markers suggested that a subtle cellular functional loss is ongoing. 

Interestingly, this is an extended phenomenon in all cell types studied, that included neurons, 

glial, support cells, and outer hair cells. The stria vascularis was also affected, as Kcnj10 

regulates potassium influx and the composition of the endolymph, being directly related with its 

function (44). In the same line of evidence, cochlear methionine metabolism in Bhmt
-/-

 mice 

presents a different gene expression profile. Bhmt deficiency in the cochlea caused a generalized 

expression increase of the genes involved in the synthesis of glutathione, of Mtr that fulfills an 

analogous function to that of Bhmt in homocysteine remethylation, and of Mat2 subunits that are 

responsible for the extrahepatic synthesis of AdoMet, the major cellular methyl donor (1). 

Therefore, although a hearing loss phenotype was not evident, the cochlea of the Bhmt
-/-

 mouse 

showed notable alterations in methionine metabolism as compared to the C57BL/6J wild type. 

Interestingly, the tendencies observed in C57BL/6J compared to MF1:129Sv mouse strain 

appear reinforced in the Bhmt
-/-

 mouse, suggesting a chronic subclinical damage.  

BHMT human variants have been identified and some of them have been shown to play a role in 

the etiology of diseases like certain cancers (54, 55). However, so far there are no published 

studies showing association of the BHMT human variants with progressive hearing loss or 

susceptibility to noise damage. 

Next, we investigated the response of the Bhmt
-/-

 mouse to an otic stressor, noise. There are 

several lines of work pointing to the existence of relationships between noise exposure and 

cardiovascular pathology, atherosclerosis and poor hearing or vascular disease and age-related 

hearing loss (12-14, 56). Homocysteine is considered an independent risk factor for 
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cardiovascular disease, but also an agonist of N-Methyl-D-aspartate receptors, which are 

overexcited in poor hearing (57, 58). Furthermore, hyperhomocysteinemia compromises the 

integrity of the blood-brain barrier (59), which could explain the reported association between 

decreased Bhmt expression and stria vascularis malfunction (8). Therefore, the defense response 

of the cochlea could be affected by hyperhomocysteinemia at different levels. In this line of 

evidence, our data show indeed that BHMT deficiency predisposes to increased hearing injury in 

response to noise. Bhmt
-/-

 mice presented higher threshold shifts after noise exposure than their 

wild type littermates at all the times studied. Permanent threshold shifts recorded 28 days after 

noise exposure also indicated a poorer recovery from damage. Accordingly, Bhmt
-/-

 mice showed 

increased inflammation (Il6), further otic cell loss (Sox2) and increased expression of apoptotic 

markers (Kim1). Still cellular alterations did not match an extreme hearing loss phenotype, 

suggesting that the aforementioned mechanisms, altered barrier integrity and neuropathy, maybe 

contributing. Bhmt
-/-

 mice showed higher plasma homocysteine and lower hepatic methylation 

index than did the wild type mice at all the times studied. These parameters are not modified 

following noise exposure in either genotype, although data from knockout mice showed higher 

dispersion. Interestingly, noise-exposed Bhmt
-/-

 mouse cochlea showed a short-term decrease in 

Cbs and long-term increase in Bhmt2 transcripts. Cbs downregulation impairs glutathione 

synthesis and hydrogen sulfide production, which could be the cause for diminished recovery 

following damage, due to impaired response to oxidative stress and deficient cell signaling. On 

the other hand, the late Bhmt2 upregulation could be the result of a higher need for methionine 

for cochlear recovery (increased methylation needs) and occur as an attempt to compensate the 

loss of contribution of BHMT to homocysteine remethylation.   

In conclusion, our data show a direct association between hyperhomocysteinemia and the degree 

of damage that noise exposure can cause in the mouse cochlea. Therefore, plasma homocysteine 

levels could be proposed as a prognostic value before potential exposure to noise in the 
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workplace or leisure context. Likewise, our data suggest that nutritional interventions to control 

homocysteine levels could have a protective value for human hearing. 
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TABLES 

Symbol Gene name 
Expression 

level 

Ahcy S-adenosylhomocysteine hydrolase 8.64 ± 0.02 

Ahcy1 S-adenosylhomocysteine hydrolase-like 1 7.98 ± 0.05 

Amd1 S-adenosylmethionine decarboxylase 1 8.77 ± 0.01 

Apip APAF1 interacting protein 7.22 ± 0.12 

Bhmt Betaine-homocysteine methyltransferase 2.74 ± 0.10 

Bhmt2 Betaine-homocysteine methyltransferase 2 1.92 ± 0.10 

Carm1 Coactivator-associated arginine methyltransferase 1 8.44 ± 0.07 

Cbs Cystathionine beta-synthase 2.10 ± 0.29 

Cdo1 Cysteine dioxygenase 1, cytosolic 8.26 ± 0.05 

Cth Cystathionase (cystathionine gamma-lyase) 4.93 ± 0.04 

Dnmt1 DNA methyltransferase (cytosine-5) 1 8.42 ± 0.02 

Dnmt3a DNA methyltransferase 3A 8.21 ± 0.04 

Dnmt3b DNA methyltransferase 3B 4.96 ± 0.10 

Gclc Glutamate-cysteine ligase, catalytic subunit 6.95 ± 0.03 

Gclm Glutamate-cysteine ligase, modifier subunit 7.22 ± 0.03 

Got1 Glutamate oxaloacetate transaminase 1, soluble 7.15 ± 0.04 

Got2 Glutamate oxaloacetate transaminase 2, mitochondrial 9.92 ± 0.03 

Gnmt Glycine N-methyltransferase 0.69 ± 0.29 

Mat1a Methionine adenosyltransferase I, alpha subunit 0.00 ± 0.33 

Mat2a Methionine adenosyltransferase II, alpha subunit 8.83 ± 0.08 

Mat2b Methionine adenosyltransferase II, beta subunit 7.64 ± 0.03 

Mcee Methylmalonyl CoA epimerase 7.52 ± 0.02 

Msrb2 Methionine sulfoxide reductase B2 6.26 ± 0.11 

Mtap Methylthioadenosine phosphorylase 6.80 ± 0.07 

Mtfmt Mitochondrial methionyl-tRNA formyltransferase 6.73 ± 0.08 

Mthfr 5,10-methylenetetrahydrofolate reductase 7.99 ± 0.03 

Mtrr 5-methyltetrahydrofolate-homocysteine methyltransferase reductase 6.05 ± 0.10 

Mut Methylmalonyl-Coenzyme A mutase 7.54 ± 0.03 

Pcca Propionyl-Coenzyme A carboxylase, alpha polypeptide 8.00 ± 0.02 

Pccb Propionyl Coenzyme A carboxylase, beta polypeptide 7.91 ± 0.12 

Pemt Phosphatidyl ethanolamine methyl transferase 4.08 ± 0.08 

Rnmt RNA (guanine-7-) methyltransferase 7.24 ± 0.04 

Shmt1 Serine hydroxymethyl transferase 1 (soluble) 6.37 ± 0.04 

Sms Spermine synthase  5.12 ± 0.06 

Srm Spermidine synthase 9.12 ± 0.02 

Suox Sulfite oxidase 6.33 ± 0.07 

Tat Tyrosine aminotransferase 2.58 ± 0.11 

 

Table 1. Transcription levels of methionine metabolism genes in the cochlea of E18.5 mice. 

Gene expression analysis was performed using the whole-transcriptome GeneChip® Mouse 

Genome 430A 2.0 Array (ThermoFisher Scientific, Waltham, MA, USA) in cochlear samples of 

C57BL/6J mice at E18.5 stage.  Gene expression data of methionine cycle and related metabolic 

pathways were analysed by puma Bioconductor package to obtain an expression level for the 
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different probe sets on each array. Previously collected expression data from the different 

replicates were combined with the PPLR method to give a single expression level (mean ± SD), 

as it is included in the table. 

 

  Bhmt
+/+

 Bhmt
-/-

 

  2-3 month 5-6 month 

Interpeak 

latency  

(ms) 

I-II 0.958 ± 0.060 0.949 ± 0.039 1.014 ± 0.086 0.983 ± 0.150 

II-IV 1.909 ± 0.151 1.727 ± 0.020 1.475 ± 0.108 1.628 ± 0.072 

I-IV 2.867 ± 0.162 2.676 ± 0.054 2.488 ± 0.176 2.611 ± 0.151 

Amplitude 

(nV) 

I 2102 ± 545 2240 ± 495 1557 ± 207 1853 ± 563 

II 2061 ± 263 1961 ± 182 828 ± 420 2041 ± 750 

IV 1533 ± 371 1846 ± 212 1360 ± 335 1187 ± 279 

 

Table 2. ABR latencies and amplitudes. Interpeak latencies and amplitudes of ABR waves in 

response to 70 dB SPL click stimulation in Bhmt
+/+

 and Bhmt
-/- 

mice of 2-3 (n=5-6 per genotype) 

and 5-6 (n=4 per genotype) months of age. Data are expressed as mean ± SEM.
 

FIGURE LEGENDS 

Figure 1. Age-regulated cochlear expression of genes coding for methionine cycle enzymes 

in the MF1:129Sv mouse strain. Gene expression was measured by RT-qPCR of cochlear 

samples from MF1:129Sv: mice from embryonic (E) to postnatal (P) ages, expressed in days (d) 

or months (m). Expression levels were calculated as 2
-ΔΔCt

 (RQ), using Hprt as reference gene 

and normalizing with data from E18.5 samples. Values are presented as mean RQ ± SEM of 

triplicates from a pool of cochlear samples from 3 mice per condition. Statistical significance 

was estimated by Student t-test, comparing each age group with the E18 (* p<0.05, ** p<0.01, 

*** p<0.001).  

Figure 2. Cochlear gene expression and protein levels of the methionine cycle enzymes in 

the C57BL/6J mouse strain. A. Gene expression was measured by RT-qPCR in cochlear 

samples from C57BL/6J mice from embryonic (E) to postnatal (P) ages expressed in days (d) or 

months (m). Expression levels were calculated as 2
-ΔΔCt

 (RQ), using Hprt as reference gene and 
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normalizing with data from E18.5 samples. Values are presented as mean RQ ± SEM of 

triplicates from a pool of cochlear samples from 3 mice per condition. Statistical significance 

was estimated by Student t-test, comparing each age group with the E18.5 (*p<0.05, **p<0.01, 

***p<0.001. B. Cochlear protein levels in C57BL/6J mice were analyzed by Western blotting 

using antibodies against BHMT and CBS. Representative immunoblots for each antibody are 

shown (B) together with the quantification (C, n=3 per age). Data were normalized using β-actin 

as the loading control. Values are expressed as mean ± SEM. Statistical significance was 

determined by using the Student t-test, using P15 data as reference (* p<0.05, ** p<0.01, *** 

p<0.001).  

Figure 3. Homocysteine levels and auditory phenotype of the Bhmt
-/-

 mouse. A. Plasma total 

homocysteine (tHcy) level was measured by HPLC in 2-3 month-old Bhmt
+/+

 (blue, n=5) and 

Bhmt
-/-

 (orange, n=6) mice. Values are expressed as mean ± SEM. Statistical significance was 

determined using the Student t-test (** p<0.01). B. Hearing evaluation was carried out by 

auditory brainstem response recording in both genotypes. Representative waves in response to 

click at decreasing intensities from 5 month-old Bhmt
+/+

 and Bhmt
-/- 

mice, with hearing 

thresholds highlighted in bold. C. Hearing thresholds were evaluated in response to click and 8, 

16, 20, 28 and 40 kHz pure tone frequencies in 2-3 month-old (n=5-6 per genotype) and 5-6 

month-old (n=4 per genotype) mice. Data are expressed as mean ± SEM. Statistical significance 

was determined by using the Student t-test (* p<0.05, ** p<0.01).   

Figure 4. Cell type biomarkers and methionine metabolism gene expression in the Bhmt
-/- 

mouse cochlea. A. Cochlear expression of genes encoding for the cell type specific markers at 

the spiral ganglia (RbFox3, auditory neurons and MyeP0, Schwann cells), organ of Corti (Sox2, 

supporting cells and Prestin, OHC) and stria vascularis (Kcnj10, intermediate cells), in 3 month-

old mice. Expression levels were calculated as Relative Quantity (RQ) 2
-ΔΔCt

 in Bhmt
-/- 

mice 

(orange) relative to the control group, Bhmt
+/+

 (blue), with Rplp0 as reference gene. Values are 
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presented as the mean ± SEM of triplicates from pooled cochlear samples of three mice per 

genotype. Statistical significance was determined by using the Student´s t-test (*p<0.05, **p < 

0.01, ***p < 0.001). B. Schematic drawing of the adult mouse cochlear scala media. BM, basilar 

membrane; DC, Deiter's cells; HC, Hensen's cells; IHC, inner hair cells; Li, spiral limbus; OHC, 

outer hair cells; RM, Reisner's membrane; SG, spiral ganglion; SL, spiral ligament; SM, scala 

media; ST, scala tympani; StV, stria vascularis; SV, scala vestibuli; TM, tectorial membrane. C. 

Expression levels of methionine metabolism genes in 5-6 month-old mice from both genotypes. 

Hprt1 was used as reference gene. Values are presented as the mean ± SEM of technical 

triplicates from pooled cochlear samples of three mice per genotype. Statistical significance was 

determined by using the Student t-test (*p<0.05, **p < 0.01, ***p < 0.001). D. Schematic view 

of the main metabolic reactions involved in homocysteine (Hcy) metabolism. In the methionine 

cycle, homocysteine (Hcy) is remethylated by the vitamin B12 dependent methionine synthase 

(MTR) or betaine homocysteine methyltransferases (BHMTs), using 5′-methyltetrahydrofolate 

(5-MTHF) and betaine (BHMT) or S-methylmethionine (BHMT2) as methyl donors, 

respectively. Methionine adenosyltransferases (MATs) use methionine (Met) to synthesize S-

adenosylmethionine (AdoMet). Methyltransferases (MTs) transform AdoMet into S-

adenosylhomocysteine (AdoHcy), which is hydrolyzed by S-adenosylhomocysteine hydrolase 

(AHCY) to produce Hcy in a reversible reaction. Hcy is catabolized by cystathionine β-synthase 

(CBS) to cystathionine. This metabolite is then utilized by cystathionine γ-lyase (CTH) to 

produce cysteine (Cys), which can be used for the synthesis of reduced glutathione (GSH) by 

glutamate-cysteine ligase (GCL) and glutathione synthase (GSS). Oxidized glutathione (GSSG) 

is reduced by glutathione reductase (GR) using NADPH. The correct function of these pathways 

depends on a continuous supply of essential nutrients like Met, vitamins B12 and B6 and 

tetrahydrofolate (THF). In the folate cycle, THF is converted in 5,10-methylenetetrahydrofolate 

(5,10-MeTHF) and then in 5-MTHF in a reaction catalyzed by methylenetetrahydrofolate 



28 
 

reductase (MTHFR). Enzymes and metabolites appear in square and rounded boxes, 

respectively. Orange arrows indicated the main changes in the cochlear expression levels of 

methionine metabolism genes and in the plasma Hcy levels in the Bhmt
-/- 

mice. The lack of 

BHMT leads to an accumulation of Hcy and favors its secretion to the plasma and conversion to 

Cys and GSH by an increase in the expression of Cbs and Gcl, respectively. 

Figure 5. Hearing loss and homocysteine levels in Bhmt 
-/-

 mice exposed to noise. A. Scheme 

of the experimental workflow. Three month-old Bhmt
+/+

 and Bhmt
-/-

 mice were exposed to violet 

sweep sine (VSS) noise (105 dB SPL, 2-20 kHz, 30 min). Hearing was assessed by auditory 

brainstem responses (ABR) before and following exposure to noise. B. Plasma total 

homocysteine (tHcy) level was measured before and 2 and 28 days after exposure to noise in 

Bhmt
+/+

 (blue) and Bhmt 
-/-

 mice (orange) (n= 3-6 mice of each genotype per moment). Data are 

shown as mean ± SEM. C. S-adenosylhomocysteine (AdoHcy) and S-adenosylmethionine 

(AdoMet) concentration (expressed as µg/g of total protein) was measured in liver samples (n=5-

7 mice of each genotype, per moment) at the same temporal points, and the methylation index 

(AdoCy/AdoMet) calculated. B. ABR thresholds in response to click and 8, 16, 20, 28 and 40 

kHz pure tone frequencies were determined in Bhmt
+/+

 (n=4) and Bhmt 
-/-

 (n=3) mice before 

(baseline), 2 and 28 days after noise exposure. Data are shown as the mean ± SEM. Statistical 

significance was determined by using the Student t-test (*p < 0.05, **p < 0.01). 

Figure 6. Cochlear morphology of Bhmt
-/- 

mice exposed to noise. A. Representative 

microphotographs of hematoxylin-eosin stained paraffin sections (7 µm) of the basal turn of the 

cochlea (a, e, i, m) and details of the organ of Corti (b, f, j, n), spiral ganglion (c, g, k, o) and 

lateral wall (d, h, l, p) from mice either non-exposed or exposed to noise, from both genotypes, 

28 days after exposure. Non-exposed control mice showed normal cytoarchitecture in the organ 

of Corti (arrowheads in b point to inner and outer hair cells), spiral ligament and stria vascularis. 

After noise exposure, cell loss was observed both genotypes, being the cellular phenotype more 
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evident in Bhmt
-/- 

mice (asterisks in n and p). Scale bar: a, e, i, m, 100 m. Close-ups: 25 m. B. 

Cochlear gene expression levels were measured by RT-qPCR and expressed as Relative Quantity 

(RQ) 2
-ΔΔCt

 in both Bhmt
-/- 

(orange) and Bhmt
+/+

 (blue) mice exposed to noise (dark color) 

compared to non-exposed controls (light color), 28 days after exposure. Cochlear cell type 

biomarkers used were RbFox3 (NeuN) for auditory neurons, MyeP0 for Schwann cells, Sox2 for 

supporting cells, and Kcnj10 for the stria vascularis. Rplp0 was used as reference gene. Values 

are presented as mean ± SEM of technical triplicates from pooled cochlear samples of three mice 

per genotype and condition. Statistical significance was determined by using the Student t-test 

(**p < 0.01; ***p <0.001). 

Figure 7. Gene expression response to noise in Bhmt
-/-

 mice. A. Cochlear expression of genes 

coding for methionine metabolism enzymes in Bhmt
+/+

 (blue) and Bhmt
-/- 

mice (orange) 2 and 28 

days after noise exposure (105 dB SPL, 2-20 kHz, 30 min). Expression levels are represented as 

2
-ΔΔCt

 or the n-fold difference relative to the Bhmt
+/+

 mice. B. Expression of apoptosis and 

inflammatory genes in the cochlea of Bhmt
+/+

 and Bhmt
-/- 

mice 2 days after noise damage. Hprt1 

was used as reference gene. Values are presented as mean ± SEM of triplicates from pooled 

samples of three mice per condition. Statistical significance was determined by using the 

Student´s t-test (**p < 0.01).  
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