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ABSTRACT: Betaine-homocysteine S-methyltransferases (BHMTs) are methionine cycle enzymes that remethylate
homocysteine; hence, their malfunction leads to hyperhomocysteinemia. Epidemiologic and experimental studies
have revealed a correlationbetweenhyperhomocysteinemia andhearing loss.Here,wehave studied the expression
of methionine cycle genes in the mouse cochlea and the impact of knocking out the Bhmt gene in the auditory
receptor.Weevaluatedage-relatedchanges inmousehearingby recordingauditorybrainstemresponsesbefore and
following exposure to noise. Also, we measured cochlear cytoarchitecture, gene expression by RNA-arrays and
quantitative RT-PCR, andmetabolite levels in liver and plasma by HPLC. Our results indicate that there is an age-
dependent strain-specific expressionofmethionine cyclegenes in themousecochleaanda further regulationduring
the response tonoise damage. Loss ofBhmtdidnot cause an evident impact in thehearing acuity of youngmice, but
it producedhigher threshold shifts andpoorer recovery followingnoise challenge.Hearing losswas associatedwith
increased cochlear injury, outer hair cell loss, altered expression of cochlear methionine cycle genes, and hyper-
homocysteinemia. Our results suggest that BHMT plays a central role in the homeostasis of cochlear methionine
metabolism and that Bhmt2 up-regulation could carry out a compensatory role in cochlear protection against noise
injury in the absence of BHMT.—Partearroyo, T., Murillo-Cuesta, S., Vallecillo, N., Bermúdez-Muñoz, J. M.,
Rodrı́guez-de la Rosa, L., Mandruzzato, G., Celaya, A.M., Zeisel, S. H., Pajares,M. A., Varela-Moreiras, G., Varela-
Nieto, I. Betaine-homocysteine S-methyltransferase deficiency causes increased susceptibility to noise-induced
hearing loss associated with plasma hyperhomocysteinemia. FASEB J. 33, 5942–5956 (2019). www.fasebj.org
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Nutritional imbalance is an emerging causative factor for
hearing loss (1), andagrowingnumberof reports associate
deficits in essential nutrients with human auditory dys-
function (2, 3). In particular, epidemiologic studies have
linked alterations in methionine metabolism caused by
folic acid and vitamin B12 deficiencies with age-related (4,
5), noise-induced (6), or sudden hearing loss (7). Further-
more, studies in rodentshaveprovidedsomeof thegenetic
and molecular clues to understand how micronutrient
deficits impact hearing (8–11). Thus, several studies have
shown that decreased folate or vitamin B12 levels are
usually associated with increased homocysteine concen-
tration (6, 7), a well-known independent risk factor for
cardiovascular disease. Interestingly, the relationship be-
tween coronary disease, inner ear atherosclerosis, and
hearing loss was described several years ago (12–14).
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Moreover, clinical trials have demonstrated that supple-
mentation with folic acid decreases plasma homocysteine
levels and concomitantly slows the decline in hearing in
the elderly (15, 16).Age-relatedandnoise-inducedhearing
loss share certain molecular mechanisms that favor injury
expansion; for example, excessive exposure to noise trig-
gers oxidative stress, inflammation, and alterations in co-
chlear 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 because
glutathioneprotects the cochlea fromnoise-induced injury
(19, 20).

Regarding hyperhomocysteinemia, a medical con-
dition characterized by abnormally high levels of
plasma homocysteine, several data strongly imply its
association with the development of neurologic dis-
orders, chronic kidney disease, osteoporosis, gastro-
intestinal disorders, cancer, and congenital defects
(21–25). Lately, epidemiologic studies provided evi-
dence of the association between atherosclerosis in the
inner ear and hearing loss (12, 13), as well as between
hyperhomocysteinemia and impaired cochlear blood
supply (26), 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 trans-sulfuration
pathway, remethylation, and export to the plasma. In-
creased trans-sulfuration and excretion are normally
favored when methionine levels are high, whereas a
need for this essential sulfur amino acid leads to in-
creased 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 acti-
vates cysthationine b-synthase (CBS), the first enzyme
of the trans-sulfuration pathway responsible for homo-
cysteine transformation into cystathionine. This metabo-
lite is then utilized by cystathionine g-lyase to produce
cysteine that contributes to glutathione synthesis. Ado-
Met further contributes to homocysteine methylation
by its inhibitory role on the expression of one of the
enzymes catalyzing this reaction, betaine-homocysteine
S-methyltransferase (BHMT) (27, 28). This enzyme uses
betaine as the methyl donor, and hence not only collabo-
rates in homocysteine recycling but also in the recovery of
one of the methylation equivalents required for phos-
phatidylcholine synthesis through the transmethylation
pathway (1, 29).

Here,we studied the cochlear expressionof genes of the
methionine cycle at different ages and in response to noise
stress. Our hypothesis is that a cochlear methionine well-
balanced metabolism may be essential in the resilience of
this sensory organ during the response to injury. The rel-
evance 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 Bhmt2/2mice, which havemuch higher
homocysteine concentrations in liver and plasma, exhibit

alterations in cochlear homocysteine metabolism and in-
creased susceptibility to noise-induced injury.

MATERIALS AND METHODS

Mouse handling and experimental design

C57BL/6J (Charles River Laboratories, Wilmington, MA,
USA) and mixed HsdOla:MF1 (Envigo, Huntingdon, United
Kingdom)–129S6/SvEvTac (Taconic Biosciences, Rensselaer,
NY, USA) (MF1:129Sv) mouse strains were used for the study of
cochlear expression ofmethionine cycle genes along life.Bhmt2/2

mice (Bhmttm1.2Zei/Bhmttm1.2Zei, Resource Research Identifier
MMRRC_037641-UNC) were generated in 129P2/OlaHsd–
C57BL/6background (30) and thenbackcrossed formore than10
generations onto a C57BL/6J background (99.74% congenic). A
total of 104 Bhmt2/2 and 91 Bhmt+/+ mice generated by crossing
Bhmt2/+ mice were used in this study. Mouse genotypes were
identified using the RedExtract-N-Amp Tissue PCR Kit (Milli-
poreSigma, Burlington, MA, USA) according to the manufac-
turer’s instructions. PCR was performed as follows: 1 cycle of
94°C for 2min; 35 cycles of 94°C for 30 s, 66°C for 2min, 72°C for
2 min; and a final elongation step at 72°C for 7 min. The
wild-type Bhmt band was amplified using 59-GACTTTTAAA-
GAGTGGTGGTACATACCTTG-39 and 59-TCTCTCTGCAG-
CCACATCTGAACTTGTCTG-39 primers, and the knockout
with 59-TTAACTCAACATCACAACAACAGATTTCAG-39 and
59-TTGTCGACGGATCCATAACTTCGTATAAT-39 primers,
producing 1600- and 545-bp amplicons, respectively, as re-
ported by Teng et al. (30).

All experiments were approved by the Consejo Superior de
Investigaciones Cientı́ficas (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

Hearing was evaluated in Bhmt2/2 and Bhmt+/+ mice by re-
cording the evoked auditory brainstem response (ABR) to sound
with a System III Evoked Potential Workstation (Tucker-Davis
Technologies, Alachua, FL, USA), as reported in refs. 31 and 32.
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 from90 to 20dB SPL. The electroencephalographic activity
was recorded, amplified, and averaged to determine hearing
thresholds, latencies, and amplitudes of the evoked waves.

To evaluate susceptibility to cochlear injury, 2.5-mo-oldBhmt2/2

(n = 23) and Bhmt+/+ (n = 24) mice were exposed to violet swept
sine noise at 105 dB SPL for 30 min, as described by Murillo-
Cuesta et al. (18). Noise level was selected in order to produce a
moderate andpartially reversible hearing loss. The effect of noise
exposureonhearingwasevaluatedbyrecording theevokedABR
before (baseline) and 2, 14, and 28 d after exposure.

Metabolite determinations

Blood samples were obtained by cardiac puncture after barbi-
turate overdose and placed in heparin-coated tubes to separate
the plasma fraction by centrifugation. The liver was also quickly
removed after euthanization. Plasma and liver samples were
kept at280°C until analyzed.

Plasma homocysteine was determined after derivatization
using the Homocysteine in Serum/Plasma – HPLC reagent kit

BHMT DEFICIENCY PREDISPOSES TO NIHL 5943



(Chromsystems Instruments & Chemicals, Gräfelfing, Ger-
many). Derivatized samples (50 ml) were injected into the HPLC
column, and fluorescence was measured at 515 nm after excita-
tion at 385 nm. Hepatic AdoMet and S-adenosylhomocysteine
(AdoHcy) levels were determined by HPLC essentially as de-
scribed by Fell et al. (33). Frozen liver samples (;100 mg) were
homogenized in 3 volumes of 0.4MHClO4 and then centrifuged
at 1000 g at 4°C for 10 min. The supernatant was removed, fil-
tered, and analyzed formetabolite content. Protein concentration
wasdeterminedbyPierce BCAProteinAssayKit (ThermoFisher
Scientific, Waltham, MA USA) using external standards.

Cochlear morphology

Micewereeuthanizedbybarbiturateoverdoseand thenperfused
with PBS and 4% (w/v) paraformaldehyde (Merck, Kenilworth,
NJ, USA). Cochleae were dissected, fixed overnight, decalcified
with EDTA (MilliporeSigma) for 7 d, and then dehydrated and
embedded in paraffin wax (PanReac AppliChem, Barcelona,
Spain), as previously described by Mart́ınez-Vega et al. (10).
Paraffin sections (7mm)were stainedwithhematoxylinandeosin
(MilliporeSigma), and photomicrographs were obtained using
an DP70 digital camera (Olympus, Tokyo, Japan) mounted on a
Zeiss microscope (Carl Zeiss, Oberkochen, Germany).

For counting hair cell numbers, organs of Corti of postfixed
and decalcified cochleae were dissected into half-turns. The
pieces were permeabilized with 1% (v/v) Triton X-100 (Milli-
poreSigma), blocked with 5% (v/v) normal donkey serum
(MilliporeSigma), and incubated overnight at 4°C with rabbit
anti–Myosin VIIA [1:150 (v/v), PT-25-6790; Proteus, Ramona,
CA,USA] andAlexa Fluor secondary antibody at 1:200 (v/v) for
3hat roomtemperature.Thehalf-turnswere then incubatedwith
DAPI [1:1000 (v/v); Thermo Fisher Scientific] andmountedwith
Prolong (Thermo Fisher Scientific), and low-magnification fluo-
rescent images were takenwith a 90i microscope (Nikon, Tokyo,
Japan). The cochleagram was plotted using these images and a
free custom Fiji (https://fiji.sc/#) plugin as reported by Liberman
et al. (34). Fluorescent stack images were taken with confocal
microscope (LSM710; Carl Zeiss) with a glycerol-immersion ob-
jective (340) and image spacing in the z plane of 3 mm. The
number of inner and outer hair cells was quantified at specified
cochlear regions (8, 16, 20, 28, 32, 40, and 48 kHz) using Fiji
software in 200 mm of segments from 3 mice of each genotype.

Protein extraction and Western blotting

Cochleae were dissected and immediately frozen in liquid nitro-
gen for protein or RNA extraction as reported by de Iriarte
Rodrı́guez et al. (17). Whole cochlear protein was prepared using
the ReadyPrep Protein Extraction (Total Protein) (Bio-Rad, Her-
cules, CA,USA), and the concentrationwas determined using the
RCDC Protein Assay kit (Bio-Rad) and bovine serum albumin as
standard. Samples (;100 mg) were loaded on Mini-Protean TGX
10%precast polyacrylamide gels (Bio-Rad) and electrotransferred
toPVDFmembranes (Bio-Rad)with theTrans-Blot Turbo transfer
starter system(Bio-Rad) for incubationwithrabbitpolyclonalanti-
BHMT (1:5000 v/v) (35) and mouse polyclonal anti-CBS (1:2500
v/v, H00000875-A01; Abnova, Taipei, Taiwan) antibodies. Sig-
nals were obtained using Clarity Western ECL Substrate (Bio-
Rad), captured using ImageQuant LAS4000 mini system (GE
Healthcare, Waukesha, WI, USA), and quantified with the
ImageQuantTLsoftware (GEHealthcare) as reportedbyde Iriarte
Rodrı́guez et al. (17). A b-actin signal was used for normalization.

RNA extraction, RNA array, and quantitative RT-PCR

Gene expression of methionine metabolism genes was de-
termined by RNA-array hybridization and by quantitative

RT-PCR (qRT-PCR), as reported by Sanchez-Calderon et al.
(36). Total cochlear RNAwas extracted by using the RNeasy
kit (Qiagen, Hilden, Germany) and quantified on a Bio-
analyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA).

For RNA-array hybridization, RNA was isolated from 3
independent pools of 4 cochleae obtained from 2 C57BL/6J
E18.5 mice, and the expression profile was analyzed using
GeneChip Mouse Genome 430A2.0 Array (Thermo Fisher
Scientific) as described by Sanchez-Calderon et al. (36). The
results were deposited in the National Center for Bio-
technology Information (Bethesda, MD, USA) Gene Ex-
pression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) and are
accessible through Gene Expression Omnibus Series acces-
sion number GSE11821. Gene expression levels were esti-
mated by 2 methods integrated in the puma Bioconductor
package (37). MultimgMOS associated credibility intervals
with expression levels, and subsequently, the Probability
of Positive Log Ratio (PPLR) method estimated the expres-
sion levels within each condition (https://bioconductor.org/
packages/release/bioc/html/puma.html) (36).

qRT-PCR studies were performed in RNA samples obtained
frompools of 3 cochleae from3C57BL/6J andMF1:129Svmice at
different ages from embryonic to adult stages and also from
Bhmt2/2 andBhmt+/+mice nonexposed to noise or 28 d after noise
exposure. TaqMan Gene Expression Assays (Thermo Fisher Sci-
entific) were used for amplification of homocysteine metabolism
genes {AdoHcy hydrolase (Ahcy), Bhmt, Bhmt2, Cbs, glutamate-
cysteine ligase, catalytic subunit (Gclc), glutamate-cysteine ligase,
modifier subunit (Gclm), methionine adenosyltransferase II, a
subunit (Mat2a), methionine adenosyltransferase II, b subunit
(Mat2b), and methionine synthase [5-methyltetrahydrofolate-
homocysteine methyltransferase] (Mtr)}. Similarly, gene expres-
sion levels of selected cochlear cell–type biomarkers were
measuredbyqRT-PCRbefore and28dafternoise exposure.RNA
binding fox-1 homolog 3 (RbFox3) [neuronal nuclei (NeuN)] nu-
clear factor is expressed in postmitotic neurons and is involved in
themaintenance of neuronal functions (38, 39) andwas used as a
marker of spiral ganglion neurons. Myelin protein zero (Mpz)
codifies for the major component of the peripheral nervous sys-
tem myelin sheath and is expressed in the spiral ganglion and
cochlear nerve Schwann cells (40, 41). The transcription factor sex
determining region Y-box 2 (Sox2) is expressed by Schwan and
supporting cells in the adult cochlea (42–44). Potassium voltage-
gated channel subfamily J member 10 (Kcnj10) encodes an in-
wardly rectifyingpotassiumchannel andwasused as amarker of
the stria vascularis intermediate cells (45). Finally, prestin [solute
carrier family 26 member 5 (Slc26a5)] codifies for the homony-
mous motor protein specifically expressed in outer hair cells for
outer hair cells (46, 47). Hypoxanthine-guanine phosphoribosyl-
transferase (Hprt) or ribosomal protein large P0 were used as
endogenous control genes. The relative quantification values
were determined by the 22DDCtmethod, as reported by Sanchez-
Calderon et al. (36).

Statistical analysis

Statistical analysis was performed with IBM SPSS Statistics
for Windows (IBM, Armonk, NY, USA). Sample size was es-
timated to obtain a 90% statistical power with a significance
level of 0.05, using data from previous experiments and cal-
culating the Cohen’s d value. Data distribution was analyzed
by the Shapiro-Wilk test and visualization of the histograms
and Q-Q and box plots. Either nonparametric Mann-Whitney
U or Kruskal-Wallis tests, or parametric Student’s t test were
applied when data distribution was not normal or normal,
respectively. Statistically significant differences were calcu-
lated between E.18.5 and the other temporal points in the
longitudinal gene expression studies, or between Bhmt2/2

5944 Vol. 33 May 2019 PARTEARROYO ET AL.The FASEB Journal x www.fasebj.org

https://fiji.sc/#
http://www.ncbi.nlm.nih.gov/geo/
https://bioconductor.org/packages/release/bioc/html/puma.html
https://bioconductor.org/packages/release/bioc/html/puma.html
http://www.fasebj.org


and Bhmt+/+ mouse groups in the rest of the experiments.
Association between ABR threshold and other variables was
calculated by the Pearson correlation coefficient. Results were
expressed as themean6 SEM, and differenceswere considered
significant when P # 0.05.

RESULTS

The cochlear expression of methionine
metabolism genes is age regulated

The expression of genes involved in methionine and
homocysteine metabolism, including those belonging to

themethionine cycle, the folate cycle, the trans-sulfuration
pathway, and glutathione synthesis route, was studied
using a combination of RNA array and qRT-PCR tech-
niques in mouse cochleae from embryonic to adult stages
in 2 mouse strains (Figs. 1 and 2 and Table 1).

Initially, the cochlear expression of the genes of interest
along age was analyzed by qRT-PCR on the mouse strain
MF1:129Sv. Transcripts from Ahcy, Mat2a, and Mat2b
genes, involved inhomocysteine synthesis, showedhigher
expression levels in the embryonic than in the postnatal
cochlea, these levels decreasing progressively with age
(Fig. 1). Expression of Mtr, responsible for homocysteine
remethylation using folate, displayed a similar pattern,

Figure 1. Age-regulated cochlear expression of genes coding for methionine cycle enzymes in the MF1:129Sv mouse strain. Gene
expression was measured by qRT-PCR in cochlear samples from MF1:129Sv mice from embryonic (E) to postnatal (P) ages,
expressed as days or months. Expression levels were calculated as 22DDCt [relative quantity (RQ)], using Hprt as reference gene
and normalizing with data from E18.5 samples. Values are presented as mean RQ 6 SEM of triplicates from a pool of cochlear
samples from 3 mice of each age. Statistical significance was estimated by Student’s t test, comparing each age group with the
E18.5. **P , 0.01, ***P , 0.001.
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whereas Gclc, implicated in glutathione synthesis, pre-
sented higher expression levels at embryonic stages. In
contrast, Bhmt and Bhmt2, both also involved in homo-
cysteine remethylation to methionine, showed low ex-
pression at fetal stages, an increase in postnatal d 5 and 15,
and a gradual decrease thereon. Finally, Cbs, first enzyme
in the trans-sulfuration 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 (48). In this case, the most
expressed genes were Ahcy, Mat2a, and Mat2b from the

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 qRT-PCR in cochlear samples from C57BL/6J mice from embryonic (E) to postnatal (P) ages
expressed as days or months. RNA was extracted from pools of 3 cochleae from 3 mice of each age. Expression levels were
calculated as 22DDCt [relative quantity (RQ)], using Hprt as reference gene and normalizing with data from E18.5 samples. Values
are presented as mean RQ 6 SEM of triplicates from a pool of cochlear samples from 3 mice per condition. Statistical significance
was estimated by Student’s t test, comparing each age group with the E18.5 B, C) 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 b-actin as the loading control. Values are
expressed as means 6 SEM. Statistical significance was determined by using the Student’s t test, using P15 data as reference. *P ,
0.05, **P , 0.01, ***P , 0.001.
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methionine cycle, followed by Gclc, Gclm, and 5-
methyltetrahydrofolate-homocysteine methyltransferase
reductase from the folate cycle and glutathione synthesis.
In contrast, Bhmt and Bhmt2 (from the methionine cycle)
and Cbs (trans-sulfuration pathway) showed a low ex-
pression in the prenatal cochlea (Table 1). Further analysis
in this strain during aging was again carried out using
qRT-PCR. 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 inperinatal phases.Mat2b expressionwas sustained
postnatally until the age of 1–2 mo, to then decrease.
Cbs and Gclc, which had small expression changes in
MF1:129Sv mice, showed strong changes in C57BL/6J
mice during aging (Fig. 2A). Interestingly, although the

expression profileswere similar in bothmouse 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 (Fig. 2B, 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 2/2 null mouse.

BHMT deficiency causes hyperhomocysteinemia
but not hearing loss

Young (2–3-mo-old) C57BL/6J Bhmt2/2 mice showed
increased concentrations of plasma homocysteine
compared with their wild-type littermates, confirming

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

Symbol Gene name Expression level

Ahcy S-adenosylhomocysteine hydrolase 8.64 6 0.02
Ahcy1 S-adenosylhomocysteine hydrolase-like 1 7.98 6 0.05
Amd1 S-adenosylmethionine decarboxylase 1 8.77 6 0.01
Apip Apoptotic peptidase activating factor 1 (APAF1)

interacting protein
7.22 6 0.12

Bhmt Betaine-homocysteine methyltransferase 2.74 6 0.10
Bhmt2 Betaine-homocysteine methyltransferase 2 1.92 6 0.10
Carm1 Coactivator-associated arginine methyltransferase 1 8.44 6 0.07
Cbs Cystathionine b-synthase 2.10 6 0.29
Cdo1 Cysteine dioxygenase 1, cytosolic 8.26 6 0.05
Cth Cystathionase (cystathionine g-lyase) 4.93 6 0.04
Dnmt1 DNA methyltransferase (cytosine-5) 1 8.42 6 0.02
Dnmt3a DNA methyltransferase 3A 8.21 6 0.04
Dnmt3b DNA methyltransferase 3B 4.96 6 0.10
Gclc Glutamate-cysteine ligase, catalytic subunit 6.95 6 0.03
Gclm Glutamate-cysteine ligase, modifier subunit 7.22 6 0.03
Got1 Glutamate oxaloacetate transaminase 1, soluble 7.15 6 0.04
Got2 Glutamate oxaloacetate transaminase 2, mitochondrial 9.92 6 0.03
Gnmt Glycine N-methyltransferase 0.69 6 0.29
Mat1a Methionine adenosyltransferase I, a subunit 0.00 6 0.33
Mat2a Methionine adenosyltransferase II, a subunit 8.83 6 0.08
Mat2b Methionine adenosyltransferase II, b subunit 7.64 6 0.03
Mcee Methylmalonyl coenzyme A epimerase 7.52 6 0.02
Msrb2 Methionine sulfoxide reductase B2 6.26 6 0.11
Mtap Methylthioadenosine phosphorylase 6.80 6 0.07
Mtfmt Mitochondrial methionyl-tRNA formyltransferase 6.73 6 0.08
Mthfr 5,10-Methylenetetrahydrofolate reductase 7.99 6 0.03
Mtrr 5-Methyltetrahydrofolate-homocysteine methyltransferase

reductase
6.05 6 0.10

Mut Methylmalonyl-Coenzyme A mutase 7.54 6 0.03
Pcca Propionyl Coenzyme A carboxylase, a polypeptide 8.00 6 0.02
Pccb Propionyl Coenzyme A carboxylase, b polypeptide 7.91 6 0.12
Pemt Phosphatidyl ethanolamine methyl transferase 4.08 6 0.08
Rnmt RNA (guanine-7-) methyltransferase 7.24 6 0.04
Shmt1 Serine hydroxymethyl transferase 1 (soluble) 6.37 6 0.04
Sms Spermine synthase 5.12 6 0.06
Srm Spermidine synthase 9.12 6 0.02
Suox Sulfite oxidase 6.33 6 0.07
Tat Tyrosine aminotransferase 2.58 6 0.11

Gene expression was determined using the whole-transcriptome GeneChip Mouse Genome 430A 2.0
Array. RNA was isolated from 3 independent cochleae pools from C57BL/6J E18.5 mouse embryos (n =
6). Gene expression data of methionine cycle and related metabolic pathways were analyzed by puma
Bioconductor package to obtain an expression level for the different probe sets on each array. Previously
collected expression data from the different replicates were combined with the Probability of Positive Log
Ratio (PPLR) method to give a single expression level (mean 6 SD), as it is included in the table.
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previous reports (49) (Fig. 3A). To establish whether
hyperhomocysteinemia affected auditory function, hear-
ing was assessed by ABR in Bhmt2/2 and wild-type mice
(Fig. 3B–D). There was no correlation between plasma
homocysteine levels and ABR thresholds (Pearson’s cor-
relation coefficient r = 0.283; P = 0.153). Mice from both
genotypes showed similar ABR wave patterns (Fig. 3B)
and hearing thresholds in response to click andpure tones
(Fig. 3C). There were no differences in the auditory phe-
notype ofmale and femalemice, and therefore, both sexes
were included in thestudy (Fig. 3C). Similarly, theanalysis
of wave latencies and amplitudes in response to 70–dB
SPL click stimulation (Supplemental Fig. S1 and Table 2)
did not showsignificant differences between genotypes at
the ages studied.

The C57BL/6J mouse strain presents early age-related
hearing loss (48); therefore, the oldest age studied for
Bhmt2/2andwild-typemicewas5–6moold.Weobserved
an increase in high-frequency (20- and 40-kHz) thresholds
when compared with 2–3-mo-old mice in both Bhmt2/2

and wild-type mice. However, no significant differences
between genotypes were detected at this age. Therefore,
the high levels of plasma homocysteine did not seem to
affect cochlear function, at leastduring the first 6moofage.

In accordance with ABR results, no gross alterations in
cochlear morphology and cytoarchitecture were observed
in the Bhmt2/2 compared with wild-type mice at the ages
studied. However, the expression levels of cochlear cell
type–specific markers, including RbFox3 (NeuN) for audi-
tory neurons (38, 39),Mpz for Schwann cells (40, 41), Sox2
for supporting cells (42–44), andKcnj10 for stria vascularis
intermediate cells (45), but not prestin (solute carrier
family26member5) for outerhair cells (46, 47),were lower
in 3-mo-oldBhmt2/2 thanwild-typemice (Fig. 4A,B). This
differential expression suggests the existence of cellular
alterations in the Bhmt2/2 cochlea that could precede
functional or morphologic changes. Accordingly, the co-
chlear expression of methionine metabolism genes in 5–6-
mo-old mice showed significantly higher levels of Mat2a,
Mat2b, Mtr, Cbs, Gclc, and Gclm in Bhmt2/2 than in the
Bhmt+/+ mice (Fig. 4C).

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 (Fig. 5A). Baseline differences
in plasma homocysteine levels in Bhmt2/2 and wild-type
micewere also apparent at 2 and 28 d after noise exposure
(Fig. 5B). Increased values, but a larger dispersion, were
observed after noise exposure in the null mice compared
with baseline data. Therefore, there was no correlation
between plasma homocysteine levels andABR thresholds
after noise exposure (baseline, r= 0.194, P= 0.568; 2 d after
noise exposure, r = 0.527, P = 0.180; 28 d after noise ex-
posure, r = 0.500, P = 0.208). Because 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 Bhmt2/2 mice following

this stress were evaluated. Concordantly, the hepatic
methylation index (AdoMet/AdoHcy) was greatly re-
duced in the null mice following noise exposure (Fig. 5C).

No significant differences were observed between
genders when genotypes were analyzed independently,
nor before or after noise damage (Mann-Whitney U test,
P . 0.05 in all the cases). Bhmt2/2 mice showed higher
hearing thresholds in response to click and tone bursts

Figure 3. Homocysteine levels and auditory phenotype of the
Bhmt2/2 mouse. A) Plasma total homocysteine (tHcy) level was
measured by HPLC in 2–3-mo-old Bhmt+/+ (blue, n = 5) and
Bhmt2/2 (orange, n = 6) mice. Values are expressed as means
6 SEM. Statistical significance was determined using the Mann-
Whitney U test. **P , 0.01. B) Hearing evaluation was carried
out by ABR recording in both genotypes. Representative waves
in response to click at decreasing intensities from 5-mo-old
Bhmt+/+ and Bhmt2/2 mice, with hearing thresholds high-
lighted in bold. C, D) Hearing thresholds were evaluated in
response to click and 8-, 16-, 20-, 28-, and 40-kHz pure tone
frequencies in 2–3-mo-old (Bhmt+/+, n = 25 males and 17
females; Bhmt2/2, n = 43 males and 35 females) and 5–6-mo-
old (n = 6 Bhmt+/+ and 7 Bhmt2/2) mice. Data are expressed as
means 6 SEM. No statistically significant differences were found
using the Mann-Whitney U test.
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stimuli at all times after noise exposure, and a poorer re-
covery of auditory function, thanwild-typemice (Fig. 5D).
At 2 d after noise, mice from both genotypes showed an
increase in ABR thresholds, although thresholds in
response to click, 8, and 40 kHz were significantly
higher in Bhmt2/2 than in wild-type mice. At 2 wk
following noise damage, ABR thresholds in response
to 16, 20, and 28 kHz were over 60 dB SPL in Bhmt2/2

but not in wild-type mice, and significant differences
were found in most of the ABR thresholds between
genotypes. At 4 wk after noise exposure, permanent
threshold shifts in the response to 16 kHz were 42 6 3
and 216 7 for null andwild-typemice, respectively. In
addition, Bhmt2/2 mice showed altered ABR record-
ings, with general lower wave amplitudes and peaks
III and IV not clearly detectable when compared with
wild-type mice. Standard analysis of peak latencies
and amplitudes at different click sound levels did not
show statistically significant differences between ge-
notypes before or after noise exposure (Mann-Whitney
U test, P . 0.05 for all the conditions). The correlation
factor (range 0–1, being 1 the optimal correlation) was
used to compare the similarity in the waveform of the
ABR before and after noise exposure (50); 28 d after
noise exposure, the correlation factor was lower in
Bhmt2/2 mice (mean = 0.31, SD = 0.1) than in wild-type
mice (mean = 0.59, SD = 0.41).

Cochlear morphology was assessed 28 d after noise
injury (Fig. 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, mainly in the basal cochlear turn. Cel-
lular damage was more severe in Bhmt2/2 than in wild-
type mice, especially in outer hair cells (Fig. 6A). Hair
cell count on whole-mount preparations confirmed in-
creased outer hair cell loss at the basal turn of the organ
of Corti (Fig. 6B) and significantly fewer outer hair cells
in the 40-kHz region (;60% distance from the apex) in
Bhmt2/2 mice compared with wild-type mice (Fig. 6C).
qRT-PCR studies also showed decreased Sox2 expres-
sion in both genotypes.

Finally, the expression of methionine metabolism,
apoptosis, and inflammation genes was studied in the
cochlea of Bhmt+/+ and Bhmt2/2 mice exposed to noise

(Fig. 7). At 2 d after noise damage, Bhmt2/2 showed
significantly lower expression of Cbs than wild-type
mice (Fig. 7A) along with a higher expression of genes
related to apoptosisHepatitis A virus cellular receptor 1
(Havcr1) [Kidney injury molecule-1 (Kim-1)] and in-
flammation (Il6) (Fig. 7B). Interestingly, 28 d after noise
exposure, Cbs levels recovered, becoming similar in
both mouse genotypes, whereas, at this time, a signifi-
cant increase in the Bhmt2 transcript was detected in
Bhmt2/2 mice (Fig. 7A). These data suggest that recovery
from noise exposure may require homocysteine remethy-
lation, a role that, in the absence of BHMT, could be as-
sumed by increased Bhmt2 transcription, given that the
change inMtr levels is negligible.

DISCUSSION

Sensorineural hearing loss has a multifactorial etiology
involving genetic predisposition, age, and multiple envi-
ronmental factors, which include noise, ototoxic sub-
stances, and the nutritional status (51). The first step to
develop prevention and repair strategies for intervention
before damage becomes irreversible is to further un-
derstand the molecular basis of genetic-environmental
inter-relationships. Previous studies inmouse strains have
shown that low levels of folic acid caused early onset and
accelerate the progression of age-related hearing loss, al-
though strain-specific hearing loss patterns were found
(10, 11). Here, we have studied the expression of methio-
nine metabolism enzymes in the cochlea along age in 2
reference mouse strains to gain insight into the molecular
bases for these differences. Hearing acuity and homo-
cysteine remethylation seemed to be related according to
this early work, with this link being carried out by reme-
thylation enzymesMTRandBHMTs,which rely on folate,
betaine, or S-methylmethionine for their function, re-
spectively (1). Indeed, there is increasing evidence linking
hyperhomocysteinemia and sensorineural hearing loss
in studies conducted in both patient cohorts and ex-
perimental animals (1). Therefore, we have also studied
here the knockout mouse for Bhmt that shows hyper-
homocysteinemia (49) and how this genetic mutation im-
pacts in hearing and in the response to the stressor noise.

TABLE 2. ABR latencies and amplitudes

ABR parameter

2–3 mo 5–6 mo

Bhmt+/+ Bhmt2/2 Bhmt+/+ Bhmt2/2

Interpeak latency (ms)
I–II 0.958 6 0.060 0.949 6 0.039 1.014 6 0.086 0.983 6 0.150
II–IV 1.909 6 0.151 1.727 6 0.020 1.475 6 0.108 1.628 6 0.072
I–IV 2.867 6 0.162 2.676 6 0.054 2.488 6 0.176 2.611 6 0.151

Amplitude (mV)
I 2.10 6 0.55 2.24 6 0.49 1.56 6 0.21 1.85 6 0.56
II 2.06 6 0.26 1.961 6 0.18 0.83 6 0.42 2.04 6 0.75
IV 1.53 6 0.37 1.846 6 0.21 1.36 6 0.34 1.19 6 0.28

Interpeak latencies and amplitudes of ABR waves in response to 70 dB SPL click stimulation in Bhmt+/+

and Bhmt2/2 mice of 2–3 (n = 5–6 per genotype) and 5–6 (n = 4 per genotype) mo of age. Data are expressed
as means 6 SEM.
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Figure 4. Cell-type biomarkers and methionine metabolism gene expression in the Bhmt2/2 mouse cochlea. A) Cochlear
expression of genes encoding for the cell type–specific markers at the spiral ganglia (RbFox3, auditory neurons, and Mpz;
Schwann cells), organ of Corti [Sox2, supporting cells, and prestin; outer hair cells (OHCs)], and stria vascularis (Kcnj10;
intermediate cells) in 3-mo-old mice. Expression levels were calculated as relative quantity (RQ) 22DDCt in Bhmt2/2 mice (orange,
n = 3) relative to the control group, Bhmt+/+ (blue, n = 3), with ribosomal protein large P0 (Rplp0) as reference gene. 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 cell; 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-mo-old mice from both genotypes. Hprt1 was used as reference gene. D) Schematic view of
the main metabolic reactions involved in homocysteine (Hcy) metabolism. In the methionine cycle, Hcy is remethylated by the
vitamin B12–dependent methionine synthase (MTR) or BHMTs using 59-methyltetrahydrofolate (5-MTHF) and BHMT or
BHMT2 as methyl donors, respectively. Methionine adenosyltransferases (MATs) use methionine (Met) to synthesize AdoMet.
Methyltransferases (MTs) transform AdoMet into AdoHcy, which is hydrolyzed by AHCY to produce Hcy in a reversible reaction.
Hcy is catabolized by CBS to cystathionine. This metabolite is then utilized by cystathionine g-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 into 5,10-methylenetetrahydrofolate (5,10-MeTHF) and then 5-MTHF in a reaction
catalyzed by methylenetetrahydrofolate reductase (MTHFR). Enzymes and metabolites appear in square and rounded boxes,
respectively. Orange arrows indicate the main changes in the cochlear expression levels of methionine metabolism genes and in
the plasma Hcy levels in the Bhmt2/2 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. Values are presented as the
means6 SEM of technical triplicates from pooled cochlear samples of 3 mice per genotype. Statistical significance was determined
by using the Student’s t test. *P , 0.05, **P , 0.01, ***P , 0.001
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Genome expression profiling has been used to identify
age-regulated genes in several tissues (52), but the mouse
cochlear expression of methionine metabolism genes, to
our knowledge, has been not described. Here, we report a
comparative study in 2 mouse strains, which differ in the
onset andprogressionof age-relatedhearing loss, showing
that methioninemetabolism 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 contrast,
Bhmt and Bhmt2 transcript levels increased in early post-
natal cochlear stages, showing similar profiles but with
increased expression in C57BL/6J mice. Liu et al. (53)
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 2 genes is
increased in the C57BL/6J mouse strain, which is prone
to suffer stress damage and early onset of hearing loss
(10, 48). CBS is the first enzyme in the trans-sulfuration

pathway and directs homocysteine flux toward cysteine
andglutathione synthesis. This enzyme contains ahemeat
the N-terminal domain that regulates the enzyme in re-
sponse to redox conditions (54). Moreover, Cbs heterozy-
gosity is associated with increased cochlear damage and
hearing loss (9). On the other hand, Gclc is the catalytic
subunit of the rate-limiting enzyme in the glutathione syn-
thesis, a tripeptide essential for cell detoxification and anti-
oxidant defense (55). Therefore, the increased expression of
these enzymes may be related to their specific functions as
compensatory mechanisms that the C57BL/6J mouse co-
chlea 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 hy-
perhomocysteinemia. Complementary clinical and basic
studies have indicated that hyperhomocysteinemia is a
biomarker for human age-associated diseases, particularly
cardiovascular disorders and cognitive decline (56, 57). In
addition, studies inpatients andanimalmodelshave shown
that the lack of essential micronutrients and cofactors in
the methionine metabolism, such as folic acid, leads to

Figure 5. Hearing loss and homocysteine levels
in Bhmt 2/2 mice exposed to noise. A) Scheme
of the experimental workflow. Bhmt+/+ and
Bhmt2/2 mice (3 mo old) were exposed to
violet sweep sine (VSS) noise (105 dB SPL,
2–20 kHz, 30 min). Hearing was assessed by
recording ABR before and following exposure
to noise. B) Plasma total homocysteine (tHcy)
level was measured before and 2 and 28 d after
exposure to noise in Bhmt+/+ (blue) and
Bhmt 2/2 (orange) mice (n = 3–6 mice of
each genotype per moment). C) AdoHcy and
AdoMet concentration (expressed as micro-
grams per gram 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 (AdoHcy/
AdoMet) calculated. D) ABR thresholds in
response to click and 8-, 16-, 20-, 28- and 40-
kHz pure tone frequencies were determined in
Bhmt+/+ (n = 22) and Bhmt 2/2 (n = 23) mice
before (baseline) and 2, 14, and 28 d after
noise exposure. Data are shown as means 6
SEM. Statistical significance was determined by
using the Kruskal-Wallis test. *P , 0.05, **P ,
0.01.
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hyperhomocysteinemia and an accelerated progression of
hearing loss (1, 4–9, 11, 58).

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 themethioninemetabolism
genes studied; furthermore, its expression in connexin
30–knockout mice has been related to stria vascularis
permeability and hearing loss (8). In our hands and as
reported, Bhmt2/2 mice showed hyperhomocysteinemia
and reduced hepaticmethylation index (30, 49). However,
no evident signs of hearing loss were observed at the ages
studied compared with wild-type mice.

Young Bhmt2/2 mice did not present gross anatomic
alterations in the inner ear, but the altered expression of
cell type–specific markers suggested the presence of
functional loss in the populations of neurons and glial and

supporting cells. The stria vascularis was also affected
because Kcnj10 regulates potassium influx and the com-
position of the endolymph, which is a central factor for
cochlear ionic homeostasis (45).

Previous work from our group indicated that folate
deficiency induced impaired homocysteine remethylation
through BHMT and hyperhomocysteinemia, which in
consequence prompted cochlear expression changes di-
rected toward reduction of homocysteine production and
elimination through the trans-sulfuration pathway (10).
Similar to folate deficiency, Bhmt-knockout mice showed
decreased homocysteine remethylation and hyper-
homocysteinemia. In the same line of evidence, cochlear
methionine metabolism in Bhmt2/2 mice presents a dif-
ferent gene expression profile compared with wild-type
mice. Bhmt deficiency in the cochlea caused a generalized

Figure 6. Cochlear morphology of Bhmt2/2 mice exposed to noise. A) Representative microphotographs of hematoxylin and
eosin–stained paraffin sections (7 mm) 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 nonexposed or exposed to noise from both genotypes 28 d after
exposure. Nonexposed 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 evident in Bhmt2/2 mice (asterisks in n and p). Scale bar (a, e, i, m), 100 mm. Close-up scale bars, 25 mm.
B) Representative confocal maximal-projection images of the organ of Corti of the apical (8 kHz), middle (20 kHz), and basal
(40-kHz) turns of 2–3-mo-old Bhmt+/+ and Bhmt2/2 mice 7 d after exposure to noise, immunolabeled for hair cells myosin VIIA
(green). Asterisks indicate the absence of outer hair cells. Scale bar, 50 mm. C) Number of outer (filled circles) and inner (empty
circles) hair cells per 200 mm of basilar membrane quantified in the 8-, 16-, 20-, 28-, 32-, 40- and 48-kHz regions (distance from
apex corresponding to the frequencies indicated) in 2–3-mo-old Bhmt+/+ (n = 3) and Bhmt2/2 (n = 3) mice, 7 d after exposure to
noise. Values are presented as means 6 SEM. D) Cochlear gene expression levels were measured by qRT-PCR and expressed as
relative quantity (RQ) 22DDCt in both Bhmt2/2 (orange, n = 3) and Bhmt+/+ (blue, n = 3) mice exposed to noise (dark color)
compared with nonexposed controls (light color) 28 d after exposure. Cochlear cell–type biomarkers used were RbFox3 (NeuN)
for auditory neurons, Mpz for Schwann cells, Sox2 for supporting cells, and Kcnj10 for the stria vascularis. ribosomal protein large
P0 (Rplp0) was used as reference gene. Values are presented as means 6 SEM of technical triplicates from pooled cochlear
samples of 3 mice per genotype and condition. Statistical significance was determined by using the Student’s t test. **P , 0.01,
***P , 0.001. Results were considered significant when P , 0.01.
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expression increaseof the trans-sulfurationpathwaygenes
involved in the synthesis of cysteine and hydrogen
sulfide, and therefore glutathione; ofMtr, which fulfills
an analogous function to that of Bhmt in homocysteine
remethylation; and of Mat2 subunits, responsible for
the extrahepatic synthesis of AdoMet, themajor cellular
methyl donor (1). Therefore, although a hearing loss
phenotype was not evident, the cochlea of the Bhmt2/2

mouse showed notable alterations in methionine me-
tabolism as compared with the C57BL/6J wild type.
Interestingly, the tendencies observed in C57BL/6J
compared with MF1:129Sv mouse strain appear rein-
forced in the Bhmt2/2 mouse, suggesting chronic sub-
clinical 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 (59, 60). However, so far there
arenopublished studies showingassociationof theBHMT
human variants with progressive hearing loss or suscep-
tibility to noise damage.

Next, we investigated the response of the Bhmt2/2

mouse to an otic stressor, noise. There are several lines of

work pointing to the existence of relationships between
noise exposure and cardiovascular pathology, athero-
sclerosis, and poor hearing, or vascular disease and
age-related hearing loss (12–14, 61). Homocysteine is
considered an independent risk factor for cardiovascular
disease, but also an agonist of NMDA receptors, which
are overexcited in poor hearing (62, 63). Furthermore,
hyperhomocysteinemia compromises the integrity of
the blood-brain barrier (64), which could explain a re-
ported association between decreased Bhmt expression
and stria vascularis malfunction (8). Therefore, the de-
fense 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. Bhmt2/2 mice presented higher threshold shifts
after noise exposure than theirwild-type littermates. ABR
thresholds after noise exposure showed increased values
and a smaller dispersion in the null mice compared with
wild-type mice and baseline data. Permanent threshold
shifts recorded 28 d after noise exposure also indicated
poorer recovery from damage. Quantification in whole

Figure 7. Gene expression response to noise in
Bhmt2/2 mice. A) Cochlear expression of
genes coding for methionine metabolism
enzymes in Bhmt+/+ (blue, n = 3) and Bhmt2/2

mice (orange, n = 3) 2 and 28 d after noise
exposure (105 dB SPL, 2–20 kHz, 30 min).
Expression levels are represented as 22DDCt or
the n-fold difference relative to the Bhmt+/+

mice. B) Expression of apoptosis and inflam-
matory genes in the cochlea of Bhmt+/+ and
Bhmt2/2 mice 2 d after noise damage. Hprt1
was used as reference gene. Values are
presented as means 6 SEM of triplicates from
pooled samples of 3 mice per condition.
Statistical significance was determined by using
the Student’s t test. **P , 0.01, ***P , 0.001.
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mounts confirmedhigher outer hair cell loss in theBhmt2/2

than wild-type mice.
Accordingly, Bhmt2/2 mice showed increased expres-

sion of inflammation (Il6) and apoptotic markers (Kim1)
2 d after noise exposure. Still, cellular alterations did not
match an extremehearing loss phenotype, suggesting that
the aforementionedmechanisms, altered barrier integrity,
and neuropathy may be contributing. Bhmt2/2 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 fol-
lowing noise exposure in either genotype, although data
from knockout mice showed higher dispersion. In-
terestingly, noise-exposed Bhmt2/2 mouse cochlea
showed a short-term decrease in Cbs and long-term in-
crease in Bhmt2 transcripts. Cbs down-regulation impairs
trans-sulfuration pathway flux and therefore glutathione
synthesis and hydrogen sulfide production. Decrease in
glutathione impairs the antioxidant defenses, whereas
diminution of hydrogen sulfide alters the cochlear micro-
vasculature. Both changes could contribute to a di-
minished recovery following damage, due to impaired
response to oxidative stress and deficient cell signaling. A
recovery of Cbs expression levels is observed 28 d after
noise exposure, contributing to increased glutathione
synthesis and antioxidant defense. On the other hand, the
late Bhmt2 up-regulation could be the result of a higher
need for methionine for cochlear recovery (increased
methylation needs) and may occur as an attempt to com-
pensate the loss of contribution of BHMT to homocysteine
remethylation.

In summary, our data show a direct association be-
tween hyperhomocysteinemia and the degree of dam-
age that noise exposure can cause in the mouse cochlea.
Therefore, plasma homocysteine levels could be pro-
posed as a prognostic value before potential exposure to
noise in the 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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J. M., Mart́ınez-Vega, R., Milo, M., Varela-Nieto, I., and Rivera, T.
(2017) The expression of oxidative stress response genes is
modulated by a combination of resveratrol and N-acetylcysteine to
ameliorate ototoxicity in the rat cochlea. Hear. Res. 358, 10–21

33. Fell, D., Benjamin, L. E., and Steele, R. D. (1985) Determination of
adenosine and S-adenosyl derivatives of sulfur amino acids in rat liver
by high-performance liquid chromatography. J. Chromatogr. A 345,
150–156

34. Liberman, M. C., Liberman, L. D., and Maison, S. F. (2014) Efferent
feedback slows cochlear aging. J. Neurosci. 34, 4599–4607
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