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G6pd Deficiency Does Not Affect the Cytosolic Glutathione or
Thioredoxin Antioxidant Defense in Mouse Cochlea
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Glucose-6-phosphate dehydrogenase (G6PD) is the first and rate-limiting enzyme of the pentose phosphate pathway; it catalyzes the
conversion of glucose-6-phosphate to 6-phosphogluconate and NADP � to NADPH and is thought to be the principal source of NADPH
for the cytosolic glutathione and thioredoxin antioxidant defense systems. We investigated the roles of G6PD in the cytosolic antioxidant
defense in the cochlea of G6pd hypomorphic mice that were backcrossed onto normal-hearing CBA/CaJ mice. Young G6pd-deficient mice
displayed a significant decrease in cytosolic G6PD protein levels and activities in the inner ears. However, G6pd deficiency did not affect
the cytosolic NADPH redox state, or glutathione or thioredoxin antioxidant defense in the inner ears. No histological abnormalities or
oxidative damage was observed in the cochlea of G6pd hemizygous males or homozygous females. Furthermore, G6pd deficiency did not
affect auditory brainstem response hearing thresholds, wave I amplitudes or wave I latencies in young males or females. In contrast, G6pd
deficiency resulted in increased activities and protein levels of cytosolic isocitrate dehydrogenase 1, an enzyme that catalyzes the conversion of
isocitrate to �-ketoglutarate and NADP� to NADPH, in the inner ear. In a mouse inner ear cell line, knockdown of Idh1, but not G6pd, decreased
cell growth rates, cytosolic NADPH levels, and thioredoxin reductase activities. Therefore, under normal physiological conditions, G6pd defi-
ciency does not affect the cytosolic glutathione or thioredoxin antioxidant defense in mouse cochlea. Under G6pd deficiency conditions, isocit-
rate dehydrogenase 1 likely functions as the principal source of NADPH for cytosolic antioxidant defense in the cochlea.
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Introduction
NADPH (reduced nicotinamide adenine dinucleotide phos-
phate) plays a crucial role in protecting cells from oxidative stress

by serving as a cofactor for several antioxidant enzymes, includ-
ing NADPH-dependent glutathione reductase (GSR) and thiore-
doxin reductase (TXNRD) (Evans and Halliwell, 1999; Stanton,
2012). NADPH also maintains the catalytic activity of catalase by
binding to catalase to prevent the formation of inactive catalase
(Kirkman and Gaetani, 2007). There are two major mechanisms
by which NADPH can be formed (Ying, 2008). In the mitochon-
dria, NADPH is generated from NADH and NADP� by mito-
chondrial transhydrogenase. NADPH is also generated from
NADP� by isocitrate dehydrogenases 2 (IDH2), malic enzyme 3
(ME3), or glutamate dehydrogenase (GLUD1). In the cytosol,
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Significance Statement

Glucose-6-phosphate dehydrogenase (G6PD) is the first and rate-limiting enzyme of the pentose phosphate pathway; it catalyzes
the conversion of glucose-6-phosphate to 6-phosphogluconate and NADP � to NADPH and is thought to be the principal source of
NADPH for the cytosolic glutathione and thioredoxin antioxidant defense systems. In the current study, we show that, under
normal physiological conditions, G6pd deficiency does not affect the cytosolic glutathione or thioredoxin antioxidant defense in
the mouse cochlea. However, under G6pd deficiency conditions, isocitrate dehydrogenase 1 likely functions as the principal source
of NADPH for cytosolic antioxidant defense in the cochlea.
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NADPH is generated from NADP� by glucose-6-phosphate de-
hydrogenase (G6PD), 6-phosphogluconate dehydrogenase (6PGD),
isocitrate dehydrogenase 1 (IDH1), or malic enzyme 1 (ME1). Of
these cytosolic NADPH-producing enzymes, G6PD is thought to
be the principal source of NADPH for cytosolic antioxidant de-
fenses (Stanton, 2012).

G6PD is the first and rate-limiting enzyme of the pentose
phosphate pathway, catalyzing the conversion of glucose-6-
phosphate to 6-phosphogluconate and NADP� to NADPH (Ying,
2008; Stanton, 2012). G6PD is an X-linked gene that consists of 13
exons and spans 18 kb (Nkhoma et al., 2009). G6PD is regulated
by the cytosolic NADPH/NADP� ratio and activated in response
to oxidative stress. G6PD deficiency was first discovered during
the testing of the antimalarial medication primaquine (Riganti et
al., 2012) and is the most prevalent enzymatic disorder of red
blood cells (RBCs) due to increased susceptibility of erythrocytes
to oxidative stress (Beutler, 1994). More than 400 million indi-
viduals worldwide are affected by this condition. Although most
G6PD-deficient individuals are asymptomatic, factors that exert
excessive oxidative stress, including antimalarial medication and
viral infections, can cause acute hemolytic anemia in individuals
with G6PD deficiency (Beutler, 1994; Cappellini and Fiorelli,
2008; Minucci et al., 2009; Riganti et al., 2012). Moreover, G6PD
deficiency accelerates cellular senescence and increases oxidative
stress markers in human fibroblasts (Ho et al., 2000). In adult
cardiomyocytes, G6PD activity is increased following exposure to
hydrogen peroxide, whereas inhibition of G6PD decreases cyto-
solic reduced glutathione (GSH) levels and results in cardiomyo-
cyte contractile dysfunction (Jain et al., 2003). In G6pd hypomorphic
mice, cardiac relaxation and contractile performance were impaired
following ischemia-reperfusion (Jain et al., 2004). This was associ-
ated with depletion of total glutathione. G6pd hypomorphic mice
also display increased levels of oxidative damage markers and
decreased levels of NADPH and GSH in the kidney (Xu et al.,
2010). Together, those and numerous other reports indicate that
G6PD plays critical roles in protecting the RBCs, heart, and kid-
ney from ROS in humans and laboratory animals.

In the cochlea, the major sensory organ of hearing, the
NADPH-dependent antioxidant defense systems also play criti-
cal roles in protecting cells from ROS. Following noise exposure,
the activities of GSR and glutamate-cysteine ligase were elevated
in the organ of Corti and stria vascularis (SV) of the cochlea of
chinchillas (Jacono et al., 1998), whereas mice lacking glutathi-
one peroxidase 1 (Gpx1) displayed more sensory hair cell loss and
greater auditory brainstem response (ABR) threshold elevation
following noise exposure (Ohlemiller et al., 2000). Overexpres-
sion of mitochondrial catalase reduced oxidative DNA damage in
the cochlea and slowed age-related hearing loss in C57BL/6 mice
(Someya et al., 2009). In patients suffering from Meniere’s dis-
ease whose symptoms include fluctuating hearing loss, a signifi-
cant decrease in the blood reduced glutathione (GSH)/oxidized
glutathione (GSSG) ratios was observed (Calabrese et al., 2010).
Importantly, an infant with neonatal hyperbilirubinemia from
hemolysis due to G6PD deficiency and naphthalene exposure
developed profound bilateral sensorineural hearing loss (Worley
et al., 1996). Together, these reports support the idea that G6PD
is likely the principal source of NADPH for the cytosolic antiox-
idant defense in the cochlea. In the current study, we tested the
hypothesis that young G6pd hypomorphic mice on a normal-
hearing CBA/CaJ background would show a decreased NADPH
redox state, decreased glutathione and thioredoxin antioxidant
defenses, and increased oxidative damage in the cytosol of the
cochlea.

Materials and Methods
Animals
Male and female G6pd hypomorphic mice were obtained from the Eu-
ropean Mouse Mutant Archive (RRID: IMSR_EM:00073). These G6pd
hypomorphic mice were characterized previously (Sanders et al., 1997;
Xu et al., 2010). CBA/CaJ mice were obtained from The Jackson Labora-
tory (RRID: IMSR_JAX:000654) (https://www.jax.org/strain/000654).
All animal studies were conducted at the Association for Assessment and
Accreditation of Laboratory Animal Care-approved University of Flor-
ida Animal Facility. Experiments were performed in accordance with
protocols approved by the University of Florida Institutional Animal
Care and Use Committee. Both male and female wild-type (WT) and
G6pd-deficient mice littermates were used in the current study.

Genotyping and DNA sequencing
G6pd genotyping. G6pd � /y hemizygous males were mated with G6pd �/ �

heterozygous females, and their offspring were genotyped with DNA
extracted from a tail clip obtained at weaning. The following primers
were used for genotyping: G6PD-forward, 5�-GGAAACTGGCTGTGC
GCTAC-3�; and G6PD-reverse, 5�-TCAGCTCCGGCTCTCTTCTG-3�.
The PCR cycling parameters were as follows (Nicol et al., 2000): 94°C for
2 min, 20 s at 94°C, 20 s at 58°C, and 30 s at 72°C for 35 cycles with an
extension for 5 min at 72°C. PCR products were incubated with DdeI
enzyme at 37°C for 1 h and then separated on 1.5% agarose gel. The
expected band size for the WT and mutant allele was 214 bp (cleaved) and
269 bp (uncleaved) (see Fig. 1a).

Cdh23 genotyping. Male and female G6pd-deficient mice were back-
crossed for four generations onto the CBA/CaJ mouse strain that does
not carry the recessive AHL-susceptibility allele (Cdh23 753A). To confirm
that G6pd�/y and G6pd� /y males and G6pd�/�, G6pd�/ �, and G6pd� / �

females have the same Cdh23 753G/753G genotype for Cdh23, we isolated
DNA from these animals, amplified by PCR, and then sequenced the
region of DNA containing the 753rd nucleotide in the Cdh23 gene (N �
3 each of G6pd �/y, G6pd � /y, G6pd �/�, G6pd �/ �, and G6pd � / � mice)
(see Fig. 1b). The following primers were used for the PCR: Cdh23-
forward, 5�-GATCAAGACAAGACCAGACCTCTGTC-3�; and Cdh23-
reverse, 5�-GAGCTACCAGGAACAGCTTGGGCCTG-3�. The size of
the amplified PCR product was 360 bp (see Fig. 1b).

ABR hearing test
At 3–5 months of age, ABRs were measured with a tone burst stimulus at
4, 8, 16, 32, 48, and 64 kHz using the TDT neurophysiology workstation
(Tucker-Davis Technologies) in a sound isolation booth as previously
described (Han et al., 2016). Mice were anesthetized with a mixture of
xylazine hydrochloride (10 mg/kg, i.m.) (Phoenix Urology of St. Joseph)
and ketamine hydrochloride (40 mg/kg, i.m.) (Phoenix Urology of St.
Joseph) by intraperitoneal injection and placed on a warm heating pad.
Needle electrodes were placed subcutaneously at the vertex (noninvert-
ing or active), ipsilateral ear (reference), and contralateral ear (ground).
At each frequency, the sound level was decreased in 10 dB steps from 90
to 10 dB SPL. A hearing threshold was defined as the lowest level that
produced a noticeable ABR response. ABR amplitudes and latencies
for wave I were also measured at 8, 16, and 32 kHz at 90 dB SPL for all
animals. A wave I amplitude was determined by measuring the voltage
difference between the highest positive value ( peak) and greatest nega-
tive value (trough) for the first ABR wave as previously described by Chen
et al. (2014). A wave I latency was measured as the amount of time
elapsed from the onset of the stimulus to the peak of the first wave. We
used 10 –14 mice per group for ABR threshold, amplitude, and latency
assessments. Following the ABR hearing measurements, tissues from the
same mice were used to conduct histopathological analyses.

Cochlear histology
Spiral ganglion neuron (SGN) and SV evaluation. Following the ABR
hearing measurements, the animals were killed by cervical dislocation,
and the temporal bone was excised from the head and divided into co-
chlear and vestibular parts (Someya et al., 2010). The cochlea was then
excised, immersed in a fixative containing 4% PFA (Sigma-Aldrich) in
PBS solution for 1 d. Afterward, the cochleae were decalcified in 10%
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EDTA for 1 week, and embedded in paraffin. The paraffin-embedded
specimens were sliced along the mid-modiolar axis into 5 �m sections,
mounted on silane-coated slides, stained with H&E, and observed under
a light microscope (Leica). Rosenthal’s canal was divided into three re-
gions (apical, middle, and basal), and the three regions were used for
evaluation of cochlear histology. We used 3 or 4 mice per group for
histopathological assessment. In each mouse, we evaluated every third
modiolar section obtained from one cochlea for a total of 10 sections.
Tissues from the same animals were used for cochleograms, SGN count-
ing, and SV thickness measurement.

Cochleogram. For assessment of hair cell loss, the cochlea was excised,
immersed in a fixative containing 4% PFA (Sigma-Aldrich) in PBS solu-
tion for 1 d. The number of inner hair cells (IHCs), first-row outer hair
cells (OHC1), second-row outer hair cells (OHC2), and third-row outer
hair cells (OHC3) were counted over 0.24 mm intervals along the entire
length of the cochlea under the microscope at 400� magnification as
previously described (Ding et al., 1999, 2013). The counting results were
then entered into a custom computer program designed to compute a
cochleogram that shows the number of missing IHC and OHC1–3 as a
function of percentage distance from the apex of the cochlea. Frequency-
place map for mouse cochlea was shown on the abscissa in the figures as
previously described (Müller et al., 2005; Ding et al., 2016).

SGN counting. SGNs were counted in the apical, middle, and basal
regions of the cochlear sections using a 40� objective as previously de-
scribed (Someya et al., 2010). Type I and Type II neurons were not
differentiated, and cells were identified by the presence of a nucleus. The
corresponding area of the Rosenthal canal was measured in digital pho-
tomicrographs of each canal profile. The perimeter of the canal was
traced with a cursor using ImageJ software (National Institutes of Health,
RRID: SCR_003070). The computer then calculated the area within the
outline. SGN survival was calculated as the number of SGNs/mm 2. Six to
nine sections of the apical, middle, and basal turns were evaluated in one
cochlea per mouse. We used 4 or 5 mice per group for SGN counting.

SV thickness measurements. SV thickness was measured in 40� images
of H&E-stained mouse cochlear tissues. In the ImageJ software (National
Institutes of Health, RRID: SCR_003070), the measurement was made by
using a cursor to draw a line from the margin of the stria to the junction
of the basal cells within the spiral ligament halfway between the attach-
ment of Reissner’s membrane and the spiral prominence (Han et al.,
2016). Measurements were made at the basal, middle, and apical regions
of the cochlea for each mouse, and averages of each region were calcu-

lated for each mouse. Six to nine sections of the apical, middle, and basal
turns were evaluated in one cochlea per mouse. We used 4 or 5 mice per
group for SV thickness measurements.

Immunohistochemistry
For confocal-based immunohistochemistry, cochlear sections were
rehydrated before the antigen retrieval process (0.01 M sodium citrate,
pH 6.0, for 30 min at 60°C). Sections were then incubated in diluted
primary antibody (G6pd rabbit polyclonal, Bethyl Laboratories,
RRID: AB_2247325) overnight at 4°C. The following day, the slides were
washed extensively, and appropriate fluorescently labeled secondary an-
tibodies (Jackson ImmunoResearch Laboratories) were applied for 2 h at
37°C. Coverslips were mounted with 60% glycerol in TBS containing
p-phenylenediamine (to inhibit fluorescence quench). Preparations
were viewed and digital images gathered with a Leica SP5 laser scanning
confocal microscope. Figures were assembled using CorelDRAW 12 soft-
ware (RRID: SCR_014235).

Isolation of cytosol
Labyrinth tissues, including bony shell, cochlear lateral wall, cochlear
basilar membrane, cochlear modiolus, utricle, saccule, and three semi-
circular canals, were homogenized using a tissue grinder (Wheaton
Dounce Tissue Grinder, Fisher Scientific) containing 1 ml of Tris buffer
(10 mM Tris, 1 mM EDTA, 320 mM sucrose, pH 7.4) on ice and then
centrifuged at 720 � g for 5 min at 4°C to get a nuclear fraction ( pellet).
The supernatant was centrifuged at 12,000 � g for 10 min at 4°C to get a
cytosolic fraction (supernatant).

Figure 1. Genotyping of G6pd �/y, G6pd � /y, G6pd �/�, G6pd �/ �, and G6pd � / � mice. a, PCR products were separated on a 1.5% agarose gel, and the expected band sizes for the WT and
mutant alleles were 214 and 269 bp. b, The Cdh23 gene in G6pd-deficient mice (N � 3 each) was sequenced. All the mice examined had the Cdh23 753G/753G genotype. Red blocks represent the
Cdh23 753G allele.

Table 1. Fertility of G6pd-deficient micea

Sex WT Hemi Hetero Homo Total

Male
Expected 69 69 0 0 138
Observed 70 68 0 0 138

Female
Expected 32 0 65 32 129
Observed 24 0 76 29 129

aThe expected numbers are based on the predicted Mendelian inheritance. The observed indicates the genotypes
obtained from the wild-type or hemizygous male mice crossed with heterozygous female mice.
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Western blotting
Twenty micrograms of total protein was fractionated by 10% of SDS-
PAGE and transferred to nitrocellulose membranes (Bio-Rad). Mem-
branes were incubated with the primary antibody followed by the
HRP-linked secondary antibody. A chemiluminescent detection reagent
(ECL Prime, GE Healthcare Life Sciences) was used to visualize proteins.
The band intensity was quantified using the ImageJ software (National
Institutes of Health, RRID: SCR_003070), and the levels of each protein
were normalized by loading controls. Primary antibodies used were as
follows: G6pd (rabbit polyclonal, used at 1:1000 dilution, Bethyl Labo-
ratories, RRID: AB_2247325), Pgd (rabbit monoclonal, used at 1:1000
dilution, Abcam, RRID: AB_11144133), Idh1 (rabbit polyclonal, used at
1:1000 dilution, Proteintech, RRID:AB_2123159), Me1 (rabbit poly-
clonal antibody, used at 1:1000 dilution, Santa Cruz Biotechnology,
RRID:AB_10838790), Txn1 (rabbit polyclonal antibody, used at 1:500
dilution, Abcam, RRID: AB_778412), Txnrd1 (rabbit polyclonal anti-
body, used at 1:500 dilution, Abcam, RRID: AB_2210118), and GAPDH
(rabbit polyclonal, used at 1:50,000 dilution, Abcam, RRID: AB_2107448). Sec-
ondary antibodies used were as follows: rabbit (1:5000 dilution, GE
Healthcare Life Sciences, RRID: AB_772206).

Measurement of oxidative damage markers
Oxidative DNA damage marker. DNA was extracted using the DNeasy
Blood and Tissue Kit (QIAGEN) according to the manufacturer’s
instructions. DNA concentration was measured using the NanoDrop
ND-100 Spectrophotometer. The level of the oxidative DNA damage
marker 8-oxoguanine (8-OHdG) was analyzed using the Oxyselect Oxi-
dative DNA Damage ELISA kit (Cell Biolabs) according to the manufac-
turer’s instructions. In brief, the 96 well plate was coated with 8-OHdG
conjugate (1 �g/ml), and DNA extracted from inner ears was converted
to single-stranded DNA at 95°C for 5 min and was cooled down on ice.
DNA samples were digested to nucleosides by incubating with 5–20 units
of nuclease P1 (Sigma-Aldrich) for 2 h at 37°C in a final concentration of
20 mM sodium acetate, pH 5.2, followed by treatment with 5–10 units of

alkaline phosphatase (Sigma-Aldrich) for 1 h at 37°C in a final concen-
tration of 100 mM Tris, pH 7.5. The reaction mixture was centrifuged for
5 min at 6000 � g, and the supernatant was used for the 8-OHdG ELISA
assay. Fifty microliters of samples or 8-OHdG standards was added to the
wells of the 8-OHdG conjugate-coated plate and incubated for 10 min at
room temperature on an orbital shaker. Fifty microliters of the diluted anti-
8-OHdG antibody was added to each well and incubated for 1 h at room
temperature on an orbital shaker. After washing with 1� washing buffer
three times, 100 �l of the diluted secondary antibody-enzyme conjugate was
added to all wells and incubated at room temperature for 1 h on an orbital
shaker. After washing with 1�washing buffer three times, 100�l of substrate
solution was added to each well and incubated for 10 min at room temper-
ature. The reaction was stopped by adding 100 �l of stop solution into each
well. The absorbance was read at 450 nm in a spectrometer (Bio-Tek).

Oxidative protein damage marker. The level of oxidative protein dam-
age marker, protein carbonyl, was analyzed in the cytosol of the cochlea
using the Oxyblot Protein Oxidation Detection kit (EMD Millipore)
according to the manufacturer’s instructions. In brief, 8 �g of cytosolic
fractions was denatured by adding the same volume of 12% SDS for a
final concentration of 6% SDS and was derivatized by adding 2 volumes
of 1� DNPH solution to the tubes and incubated at room temperature
for 15 min. One and a half volumes of neutralization solution was added
to tubes to stop the reaction. 2-Mercaptoethanol (1–1.5 �l; 5% v/v) was
added to the tubes to achieve a final concentration of 0.74 M solution to
reduce the samples. Samples were loaded into a polyacrylamide gel (4%–
20%) (Bio-Rad) and separated at 100 V for 90 min. Proteins on the gel
were transferred to a nitrocellulose membrane (Bio-Rad). The mem-
brane was incubated with the blocking buffer (4% skim milk in PBS) for
1 h. The membrane was incubated with the primary antibody (1:150,
diluted in the blocking buffer) overnight at 4°C. The membrane was
washed with PBS-T containing 0.05% (v/v) Tween 20 (Sigma-Aldrich) in
PBS for 10 min three times. The membrane was incubated with the
secondary antibody (1:300, diluted in the blocking buffer) for 1 h at room

Figure 2. Localization of G6PD protein in the cochlea. a, b, Western blotting analysis of G6PD protein levels in the inner ear tissues from young G6pd �/y and G6pd � /y males (a) and G6pd �/�

and G6pd � / � females (b). GAPDH was used as a cytosolic marker. Data are mean � SEM (N � 4). *p � 0.05. c–j, G6PD staining (green; c, d, g, h), COX IV staining (mitochondrial marker; red; e,
i), and merged staining (f, j) were detected in the organ of Corti regions (c, e, f ), OHCs, IHC, and supporting cells (g, i, j), SGNs (c), or SV (c) from 3-month-old WT (c, e, f, g, i, j) and G6pd � / � (d,
h) females. Arrows indicate hair cells and supporting cells in the organ of Corti region. Scale bars: c, 140 �m; g, 17 �m.
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temperature. The membrane was washed with
PBS-T for 10 min three times. The membrane
was developed with ECL Prime (GE Health-
care). The intensity of bands was quantified us-
ing ImageJ software (National Institutes of
Health, RRID: SCR_003070).

Measurement of antioxidant activities
GSR activity. The activity of GSR was measured
using the Glutathione Reductase Assay kit
(Sigma-Aldrich) according to the manufactur-
er’s instructions. In brief, 20 �l of cytosolic
fractions was added to a well in the 96 well plate
and then 180 �l of mixture containing 50 �l of
1 mM GSSG, 20 �l of assay buffer, 50 �l of 0.75
mM DTNB, and 60 �l of 0.1 mM NADPH was
added to the well. The absorbance was read at
405 nm every 10 s for 2 min in a spectrometer
(Bio-Tek) to calculate the activity. All samples
were run in duplicate.

Thioredoxin reductase activity. The activity
of thioredoxin reductase was measured using
the Thioredoxin Reductase Assay kit (Sigma-
Aldrich) according to the manufacturer’s in-
structions. In brief, 10 �l of cytosolic fractions
was added to wells in the 96 well plate and then
190 �l of mixture containing 180 �l of working
buffer (100 mM potassium phosphate, 10 mM

EDTA, and 0.24 mM NADPH), 6 �l of 100 mM

DTNB, and 4 �l of either 1� assay buffer
(100 mM potassium phosphate, pH 7.0, 10 mM

EDTA) or thioredoxin reductase inhibitor was
added to the wells. The absorbance was read at
412 nm every 10 s for 2 min in a spectrometer
(Bio-Tek) to calculate the activity. All samples
were run in duplicate.

Catalase activity. The activity of catalase was
measured using the Catalase Assay kit (Sigma-
Aldrich) according to the manufacturer’s in-
structions. In brief, 25 �l of cytosolic fractions
(5–10 �g protein/�l) was mixed with 50 �l of
1� assay buffer and 25 �l of 200 mM H2O2

solution and incubated for 2 min at room tem-
perature. The reaction was stopped by adding a
stop solution (15 mM sodium azide in water).
Then, 10 �l of the 100 �l reaction mixture was
mixed with 990 �l of the color reagent (150 mM

potassium phosphate buffer, pH 7.0, contain-
ing 0.25 mM 4-aminoantipyrine and 2 mM 3,5-
dichloro-2-hydroxybenzensulfonic acid) in a
new tube by inversion. After 15 min of incuba-
tion for color development, the absorbance was
measured at 520 nm in a spectrometer (Bio-Tek).
Activity (�M/min/mg protein or U/mg protein)
was calculated using the following equation:
	�M (H2O2) � A520 (Blank) � A520 (Sample).
All samples were run in duplicate.

Superoxide dismutase (SOD) activity. SOD ac-
tivity was measured using the SOD Activity Kit
(Sigma-Aldrich) according to the manufacturer’s
instructions. Briefly, 20 �l of the cytosolic fraction was added to each well of
a 96 well plate followed by 200 �l of the WST working solution. Twenty
microliters of the enzyme working solution was added to each sample, and
the 96 well plate was incubated at 37°C for 20 min. The absorbance was read
at 450 nm in a spectrophotometer. The SOD activity was calculated as the
inhibition rate. All samples were run in duplicate.

Measurement of NADPH
NADPH levels were determined by the method of Zerez et al. (1987).
Briefly, 200 �l of the cytosolic fractions was mixed with 180 �l of a

nicotinamide solution (10 mM nicotinamide, 20 mM NaHCO3, and
100 mM Na2CO3) and underwent three freeze-thaw cycles. To destroy
NADP � in the samples, 90 �l of the mixture was incubated in a heating
block for 30 min at 60°C. Twenty-five microliters of each unheated and
heated sample was mixed with 225 �l of a reaction mixture (100 mM Tris,
5 mM EDTA, 0.5 �M thiazolyl blue tetrazolium bromide, 2 �M phenazine
ethosulfate, and 1.3 U glucose-6-phosphate dehydrogenase, pH 8.0) and
incubated for 5 min at 37°C. The reaction mixture was then transferred to
each well of a 96 well plate, and the reaction was initiated by adding

Figure 3. Assessment of ABR hearing thresholds, wave I amplitudes, and wave I latencies in young G6pd �/y, G6pd � /y,
G6pd �/�, G6pd �/ �, and G6pd � / � mice. a, b, ABR hearing thresholds were measured at 4, 8, 16, 32, 48, and 64 kHz in 3- to
5-month-old G6pd �/y and G6pd � /y males (a) and G6pd �/�, G6pd �/ �, and G6pd � / � females (b) (N � 10 –14). c, d, ABR
amplitudes of wave I were measured at 90 dB at 8, 16, and 32 kHz from 3- to 5-month-old G6pd �/y and G6pd � /y males (c) and
G6pd �/� and G6pd � / � females (d). e, f, ABR latencies of wave I were measured at 90 dB at 8, 16, and 32 kHz from 3- to
5-month-old G6pd �/y and G6pd � /y males (e) and G6pd �/� and G6pd � / � females (f ) (N � 10 –14). Data are mean � SEM.
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1 mM of glucose-6-phosphate. The absorbance was read at 570 nm every
10 s for 3 min in a spectrophotometer (Bio-Tek). The reaction rates were
calculated, and NADPH levels were determined as the ratio of NADPH
(heated sample) to the total of NADP � and NADPH (unheated sample).
All reagents used in this assay were purchased from Sigma-Aldrich. All
samples were run in duplicate.

Measurement of total GSH and GSSG
Labyrinth tissues were homogenized using a tissue grinder (Wheaton
Dounce Tissue Grinder, Fisher Scientific) containing 1 ml of homoge-
nization buffer (10 mM Tris, 20 mM EDTA, 320 mM sucrose, pH 7.4) on
ice and then centrifuged at 12,000 � g for 10 min at 4°C. The superna-
tants are the cytosolic fractions. One hundred microliters of the cytosolic
fraction was used for the measurements of cytosolic glutathione contents.
Total glutathione (GSH � GSSG) and GSSG levels were determined by the
method of Rahman et al. (2006). The rates of 5�-thio-2-nitrobenzoic
acid (TNB) formation were calculated, and the total glutathione
(tGSH) and GSSG concentrations in the samples were determined by
using linear regression to calculate the values obtained from the stan-
dard curve. The GSH concentration was determined by subtracting
the GSSG concentration from the tGSH concentration. All samples
were run in duplicate. All reagents used in this assay were purchased
from Sigma-Aldrich.

Measurement of G6PD and 6PGD activities
The activities of G6PD and 6PGD were measured as previously de-
scribed (Shan et al., 2014). In brief, 20 �l of the cytosolic fractions was
added to 180 �l of a buffer solution (50 mM Tris, 1 mM MgCl, pH 8.1)

in two separate tubes. In one tube, glucose-
6-phoshate (0.2 mM), 6-phosphogluconate
(0.2 mM), and NADP � (0.1 mM) were added
to obtain total (G6PD � 6PGD) activity. In a
separate tube, only 6-phosphogluconate (0.2
mM) and NADP � (0.2 mM) were added to
measure 6PGD activity. Enzymatic activity was
measured by the rate of increase in the absor-
bance at 340 nm in a microplate reader (Mo-
lecular Devices) from the conversion of
NADP � to NADPH. Measurements were ob-
tained every 20 s for 10 min. G6PD activity was
then calculated by subtracting 6PGD activity
from total enzyme activity.

Measurement of IDH1 activity
The activities of IDH1 were measured by the
Kornberg method (Kornberg, 1955). In brief,
20 �l of the cytosolic fractions of each sample
was added in each well of a 96 well plate, and
then 180 �l of a reaction mixture (33 mM

KH2PO4 � K2HPO4, 3.3 mM MgCl2, 167 �M

NADP �, and 167 �M (�)-potassium Ds-
threo-isocitrate monobasic) was added to
each well. The absorbance was immediately
read at 340 nm every 10 s for 10 min in a
microplate reader (Molecular Devices). All
samples were run in duplicate. The reaction
rates were calculated, and the IDH1 activity
in the sample was defined as the production
of 1 �M of NADPH per second.

Measurement of ME1 activity
The activities of ME1 were measured as previ-
ously described (Lee et al., 1980). Briefly, 20 �l
of each sample was added to a 96 well plate with
0.1 M of Tris-HCl, 0.25 mg/ml of malic acid,
and 0.34 mM of NADP � at pH 8.0. The absor-
bance was observed as an increase at 340 nm in
a microplate reader (Molecular Devices). The
reaction rates were calculated, and ME1 activ-
ity was defined as the production of 1 �M of
NADPH per second.

Cell line
Mouse inner ear cell lines (HEI-OC1, RRID: CVCL_D899) were a gift
from Dr. Federico Kalinec (Department of Head and Neck Surgery, Uni-
versity of California–Los Angeles). HEI-OC1 cells were maintained in
high-glucose DMEM (Invitrogen) composed of heat-inactivated 10%
FBS (HyClone FBS, GE Healthcare Life Sciences) as described previously
(Kalinec et al., 2003).

Gene knockdown
To generate siRNA-mediated knockdown cells, HEI-OC1 cells (3 � 10 5

cells per well) were plated on a 6 well plate the day before transfection.
siRNA (Origene) targeted to mouse G6pd or Idh1 and scrambled
siRNA (control) were transfected with lipofectamine RNAi max (In-
vitrogen) according to the manufacturer’s instructions. After 5 d of
incubation, the expression of G6PD or IDH1 protein was examined
by Western blotting.

Cell growth rate
After transfection, cells were incubated for 5 d. The G6pd or Idh1 knock-
down cells were replated onto a 12 well plate. Cells were allowed to grow
from 24 to 96 h in fresh medium. Cell growth rate was determined by the
neutral red assay as previously described (Repetto et al., 2008). Briefly,
cells were incubated in DMEM with 50 �g/ml of neutral red (Sigma-
Aldrich) at 37°C for 2–3 h. Cells were then treated with 200 �l of neutral

Figure 4. Cochleograms of young G6pd �/y, G6pd � /y, G6pd �/� and G6pd � / � mice. a, b, Cochleograms were recorded and
averaged in the cochlear tissues of 3- to 5-month-old G6pd �/y, G6pd � /y (a) (N � 4) and G6pd �/�, and G6pd � / � females (b)
(N � 4). Graphs show percentage loss of IHCs (left panels) and OHCs (right panels) as function of percentage distance from the
apex. Data are mean � SEM. Bottom, x-axis shows the frequency-place map for the mouse cochlea (Müller et al., 2005).
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red solubilization solution (50% ethanol, 49%
deionized water, and 1% glacial acetic acid;
Sigma-Aldrich) per well. The 12 well plate was
incubated at room temperature on a plate
shaker overnight. The optical density values
of the neutral red extract in each well were
measured at 540 nm in a microplate reader
spectrophotometer.

Statistical analysis
Two-way ANOVA with Bonferroni’s post hoc
tests (GraphPad Prism 4.03, RRID: SCR_002798)
were used to analyze the ABR thresholds, wave
I amplitude, and latency. One-way ANOVA
with post-Tukey multiple-comparison test
(GraphPad Prism 4.03) was used to analyze
SGN densities, SV thickness, and cochleo-
grams. Student’s t test was used to analyze the
antioxidant enzyme activities, oxidative dam-
age markers, GSH/GSSG, NADPH/totalNADP�,
and Western blot analyses.

Results
Localization of G6PD in mouse cochlea
To investigate the roles of G6PD in the
cytosolic antioxidant defense in mouse co-
chlea, G6pd hypomorphic mice were back-
crossed for four generations onto the
CBA/CaJ mouse strain, a normal-hearing
strain that does not carry the recessive
early-onset hearing loss-susceptibility
allele (Cdh23 753A) (Zheng et al., 1999;
Noben-Trauth et al., 2003). We geno-
typed G6pd�/y and G6pd� /y males and
G6pd�/�, G6pd�/ �, and G6pd� / � fe-
males by PCR genotyping (Fig. 1a) and
then sequenced the Cdh23 gene in the
DNA obtained from tails of young mice.
We confirmed that all G6pd�/y and
G6pd� /y males and G6pd�/�, G6pd�/ �,
and G6pd� / � females had the same WT
genotype (Cdh23 753G/753G) (Fig. 1b).
G6pd-deficient mice on the CBA/CaJ
background appeared phenotypically
normal, are viable and fertile (Table 1), and no significant
changes were observed in body weight between G6pd�/y and
G6pd� /y males or between G6pd�/�, G6pd�/ �, and G6pd� / �

females (data not shown).
To confirm the genotyping results, we measured G6PD protein

levels in the cytosol of the inner ear tissues from 3- to 5-month-old
G6pd�/y and G6pd� /y males and G6pd�/�, and G6pd� /� females
(Fig. 2a,b) by Western blotting. G6pd�/y hemizygous males dis-
played a 91% decrease in G6PD protein levels (Fig. 2a), whereas
G6pd�/� homozygous females displayed an 83% decrease in
G6PD protein levels in the cytosol (Fig. 2b). These results were
consistent with the previous report that G6pd hemizygous male
mice show 
15% of WT G6PD activity in the kidney (Xu et al.,
2010). To investigate the subcellular localization of G6PD in the
cochlea of young WT female mice, G6PD was immunostained
with anti-G6PD antibody and observed by confocal microscopy.
Figure 2c–f shows an area of the cytological structures of the
cochlear duct at low magnification: G6PD immunostaining was
detected as a very strong signal in the cytosol of the IHC, OHCs,
and some supporting cells of the organ of Corti, including inner
and outer pillar cells (Fig. 2c,g). There was also a signal for G6PD

Figure 5. Histological analysis of cochlear SGN density and SV thickness in young G6pd �/y, G6pd � /y, G6pd �/�, and
G6pd � / � mice. a– h, SGNs in the apical (a, b), middle (c, d), and basal regions (e, f ) of cochlear tissues from 3- to 5-month-old
G6pd �/y and G6pd � /y males. The densities of SGNs were counted and quantified in the cochlea of G6pd �/y and G6pd � /y males
(g) and G6pd �/� and G6pd � / � females (h) (N � 4). i–p, SVs in the apical (i, j), middle (k, l ), and basal regions (m, n) of
cochlear tissues from 3- to 5-month-old G6pd �/y and G6pd � /y males. The thickness of SVs was measured in the cochlea of
G6pd �/y, G6pd � /y males (o) and G6pd �/� and G6pd � / � females ( p) (N � 4). Data are mean � SEM. Scale bar, 20 �m.

Figure 6. Assessment of oxidative DNA and protein damage in the inner ear tissues of
young G6pd �/y and G6pd � /y mice. a, b, Levels of 8-OHdG as an oxidative DNA damage
marker (a) and protein carbonyl (b) as an oxidative protein damage marker were mea-
sured in the inner ear tissues from 3- to 5-month-old G6pd �/y and G6pd � /y males
(N � 4). Data are mean � SEM.
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immunostaining in SGN and SV (Fig. 2c). When comparing sig-
nal intensities for the G6PD immunolocalization between WT
and G6pd� / � cochlear tissues from a young female, the SGNs
from the G6pd� / � mice clearly showed a lower level of G6PD
than the WT (Fig. 2c,d,g,h).

G6pd deficiency does not affect hearing function in mice
If G6PD plays critical roles in the cytosolic antioxidant defense in
the cochlea, then a defect in G6PD may result in increased oxida-
tive damage in the cochlea and affect hearing function at a
younger age. To test this hypothesis, we measured ABR thresh-
olds, wave I amplitudes, and wave I latencies in G6pd�/y and
G6pd� /y males and G6pd�/� and G6pd� / � females at 3–5
months of age. There were no differences in the ABR thresholds at
4, 8, 16, 32, 48, or 64 kHz between WT and G6pd-deficient males
or females (Fig. 3a,b). In agreement with the ABR threshold re-
sults, there were no differences in wave I amplitudes or latencies
at 8, 16, or 32 kHz between WT and G6pd-deficient males or
females (Fig. 3c–f). Together, these physiological analysis results
show that G6pd deficiency does not affect hearing function in young
mice that are on the CBA/CaJ background.

G6pd deficiency does not increase oxidative damage in
mouse cochlea
To investigate whether G6pd deficiency results in increased oxi-
dative damage in cochlear hair cells, mean cochleograms were
prepared from 3- to 5-month-old G6pd�/y and G6pd� /y males
and G6pd�/� and G6pd� / � females. There were no differences
in the numbers of IHCs or OHCs between G6pd�/y and G6pd� /y

males or G6pd�/� and G6pd� / � females
(Fig. 4a,b). We also counted the numbers
of SGNs in the apical, middle, and basal
regions of the cochlea from young
G6pd�/y and G6pd� /y males and
G6pd�/� and G6pd� / � females. There
were no differences in the densities of
SGNs between G6pd�/y and G6pd� /y

males or between G6pd�/� and G6pd� / �

females (Fig. 5a– h). To investigate
whether G6pd deficiency results in SV de-
generation in the cochlea, we measured
the thickness of SV in the apical, middle,
and basal regions of the cochlea from
young G6pd�/y and G6pd� /y males and
G6pd�/� and G6pd� / � females. In agree-
ment with the hair cell and SGN counting
results, there were no differences in the
thickness of SV in the apical, middle, or
basal regions of the cochlea between
G6pd�/y and G6pd� /y males or between
G6pd�/� and G6pd� / � females (Fig.
5i–p).

If G6PD plays critical roles in protect-
ing the cytosolic cellular components
against ROS, then a defect in G6PD may
result in early signs of oxidative damage in
the cochlea. To test this hypothesis, we
measured levels of the oxidative DNA
damage marker 8-OHdG in the cochlea
from young G6pd�/y and G6pd� /y males.
Because there were no sex differences in
cochlear hair cell loss, SGN densities, or
SV thickness between WT and G6pd-

deficient mice, all the oxidative damage analyses were conducted
in male mice. There were no differences in the levels of 8-OHdG
in the cochlea between G6pd�/y and G6pd� /y males (Fig. 6a). We
also measured levels of protein carbonyl, a marker of oxidative
protein damage, in the cytosol of the cochlea from young
G6pd�/y and G6pd� /y mice. There were no differences in the
levels of protein carbonyl in the cochlea between G6pd�/y and
G6pd� /y mice (Fig. 6b). Together, these histological and bio-
chemical analysis results show that G6pd deficiency does not
increase oxidative damage in the HCs, SGNs, or SV in the cochlea
of mice.

G6pd deficiency does not affect the cytosolic glutathione or
thioredoxin antioxidant defense in the cochlea
GSR, a key member of the glutathione antioxidant defense sys-
tem, requires NADPH for regeneration of GSH from GSSG (Ka-
merbeek et al., 2007; Deponte, 2013). To investigate whether
G6pd deficiency affects the cytosolic glutathione antioxidant de-
fense in the cochlea, we measured the activities of GSR and the
levels of GSSG in the inner ear tissues from G6pd�/y and G6pd� /y

males at 3–5 months of age. Because there were no sex differences
in cochlear hair cell loss, SGN densities, or SV thickness between
WT and G6pd-deficient mice, all the biochemical analyses were
conducted in male mice. There were no significant differences in
the activities of GSR, the ratios of GSH/GSSG, or GSSG levels in
the cytosol of the cochlea between G6pd�/y and G6pd� /y mice
(Fig. 7a– d). Thioredoxin reductase 1 (TXNRD1), a key member
of the cytosolic thioredoxin antioxidant defense system, also
requires NADPH for regeneration of reduced thioredoxin

Figure 7. Assessment of glutathione and thioredoxin antioxidant defenses in the cytosol of the inner ear tissues from young
G6pd �/y and G6pd � /y mice. a–i, The activities of GSR (a), the ratios of GSH/GSSG (b), the levels of GSH (c) and GSSG (d), the
activities of TXNRD1 (e), the levels of TXN1 and TXNRD1 (f ), and the activities of SOD (g) and catalase (h) were measured in the
cytosol of the inner ear tissues from 3- to 5-month-old G6pd �/y and G6pd � /y mice (N � 4 – 6). Data are mean � SEM.
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(redTXN) from oxidized thioredoxin
(oxiTXN) (Evans and Halliwell, 1999). To
investigate whether G6pd deficiency af-
fects the cytosolic thioredoxin antioxidant
defense in the cochlea, we measured the
activities of cytosolic TXNRD1 and the
protein levels of cytosolic TXN1 and TX-
NRD1 in the inner ear from young
G6pd�/y and G6pd� /y mice. There were
no differences in the activities of TXNRD1
or the levels of TXN1 or TXNRD1 protein
in the cytosol of the cochlea between
G6pd�/y and G6pd� /y mice (Fig. 7e,f).
NADPH also maintains the catalytic ac-
tivity of catalase by binding to catalase to
prevent the formation of inactive catalase
(Ying, 2008). We measured the activities
of catalase that decomposes hydrogen
peroxide into water (Evans and Halliwell,
1999) and SOD that decomposes super-
oxide into oxygen and hydrogen peroxide
(Evans and Halliwell, 1999) in the cytosol
of the inner ear tissues from G6pd �/y

and G6pd � /y mice at 3–5 months of age.
There were no differences in the activities
of catalase or SOD in the cytosol of the
cochlea between young G6pd�/y and
G6pd� /y mice (Fig. 7g,h). Collectively,
these results show that G6pd deficiency
does not affect the cytosolic glutathione
or thioredoxin antioxidant defense in
mouse cochlea.

The question then becomes, under
G6pd deficiency conditions, which NADPH-
producing enzyme can act as the major
source of NADPH for the cytosolic gluta-
thione or thioredoxin antioxidant defense
in the mouse cochlea? Because there are
four enzymes that produce NADPH
within the cytosol (G6PD, 6PGD, ME1,
and IDH1), we investigated the effects of
G6pd deficiency on the NADPH redox
state and the activities G6PD, 6PGD,
ME1, and IDH1 in the cytosol of the inner ears. First, we con-
firmed that young G6pd� /y mice displayed an 80% decrease in
G6PD activities in the cytosol of the inner ears (Fig. 8a). How-
ever, contrary to our expectations, there were no differences in
the levels of NADPH or NADP�, or NADPH/total NADP
(NADPH � NADP�) ratios between young G6pd�/y and
G6pd� /y mice (Fig. 8b– d), indicating that G6pd deficiency does
not affect or decrease the cytosolic NADPH redox state in mouse
cochlea. Next, we measured the activities and protein levels of
cytosolic 6PGD, ME1, and IDH1 in the inner ears from young
G6pd�/y and G6pd� /y mice. Interestingly, G6pd deficiency in-
creased the activities and protein levels of IDH1 (Fig. 8i,j), but not
6PGD or ME1 in the cytosol of the inner ears (Fig. 8e–h). To
further investigate whether IDH1 is the major source of NADPH
for cellular survival, we measured cell growth rates in the mouse
inner ear HEI-OC1 cell lines that were transfected with siRNA
targeted to mouse G6pd or Idh1. First, we confirmed that siRNA-
mediated knockdown of G6pd resulted in a 72.6% decrease in
protein levels in the HEI-OC1 cells (Fig. 9a), whereas siRNA-

mediated knockdown of Idh1 resulted in an 80.0% decrease in
protein levels in the HEI-OC1 cells (Fig. 9b). Knockdown of G6pd
did not affect cell growth rates after 24, 48, 72, or 96 h of incuba-
tion (Fig. 9c). However, knockdown of Idh1 resulted in reduced
cell growth after 72 and 96 h compared with control cells (Fig.
9d,e). We also measured the levels of NADPH and NADP� and
NADPH/total NADP ratios in the cytosol of G6pd or Idh1 knock-
down HEI-OC1 cells. Knockdown of Idh1, but not G6pd, de-
creased cytosolic NADPH levels and NADPH/total NADP ratios
in the HEI-OC1 cells (Fig. 9f,k). Last, we measured the activities
of cytosolic GSR and TXNRD in G6pd- or Idh1-knockdown HEI-
OC1 cells. Although there were no differences in the activities
of GSR between control, G6pd and Idh1 knockdown HEI-OC1
cells (Fig. 9l ), knockdown of Idh1, but not G6pd, decreased
cytosolic TXNRD activities by 37.2% in the HEI-OC1 cells
(Fig. 9m). Collectively, these tissue and cell line results suggest
that, under G6pd deficiency conditions, IDH1 could act as the
major source of NADPH for the cytosolic antioxidant defense
in cochlear tissues.

Figure 8. Assessment of G6PD, 6PGD, ME1, and IDH1 activities in the cytosol of the inner ear tissues from young G6pd �/y

and G6pd � /y mice. a–j, The activities of G6PD (a), levels of NADPH (b) and NADP � (c), NADPH/total NADP (d), the levels
(e) and activities (f ) of 6PGD, the levels (g) and activities (h) of ME1, and the levels (i) and activities (j) of IDH1 were
measured in the cytosol of the inner ear tissues from 3- to 5-month-old G6pd �/y and G6pd � /y mice (N � 9). Data are
mean � SEM. *p � 0.05.
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Discussion
Among the cytosolic enzymes that generate NADPH from
NADP�, it is widely thought that G6PD is the principal and
essential source of NADPH for the cytosolic glutathione and thi-
oredoxin antioxidant defenses in the RBCs. It is estimated that
�400 million people worldwide are affected by G6PD deficiency
(Nkhoma et al., 2009; Stanton, 2012). Because the G6PD locus

contains nearly 400 allelic variants, the
variants are divided into five classes based
on the phenotypic severity of the G6PD
deficiency by the World Health Organiza-
tion: Class 1 is classified as severe defi-
ciency (�1% of WT G6PG activity); Class
II is classified as severe deficiency (�10%
of WT G6PD activity); Class III is classi-
fied as mild deficiency (10%– 60% of WT
G6PD activity); Class IV is classified as
nondeficient variant (60%–90% of WT
G6PD activity); and Class V is classified
as nondeficient variant, but increased
activity (�110% of WT G6PD activity).
Most G6PD-deficient individuals are
Class III. In individuals with G6PD de-
ficiency, hemolytic anemia or break-
down of RBCs is most often triggered by
antimalarial drugs or viral infections
due likely to increased susceptibility of
the RBCs to ROS (Beutler, 1994). In
agreement with those clinical reports,
inhibition of G6PD leads to cardiomyo-
cyte contractile dysfunction and de-
creased levels of cytosolic GSH in adult
cardiomyocytes (Jain et al., 2003).
Ischemia-reperfusion also impairs cardiac
contractile performance in G6pd hypo-
morphic mice (Jain et al., 2004). To-
gether, these reports strongly suggest that,
under stress conditions, G6PD is the prin-
cipal and essential source of NADPH for
the cytosolic antioxidant defenses in the
RBCs and hearts. However, in the current
study, we unexpectedly found that G6pd
deficiency did not result in decreased cy-
tosolic NADPH redox state or decreased
activities of cytosolic GSR, TXNRD, CAT,
or SOD in the mouse cochlea under nor-
mal physiological conditions. In agree-
ment with these biochemical analysis
results, G6pd homozygous mice did not
display increased levels of oxidative
DNA or cytosolic protein damage mark-
ers compared with WT mice in the inner
ears. Importantly, no histological ab-
normalities were observed in the IHCs,
OHCs, SGNs, or SV in the cochlea of
G6pd hemizygous males or G6pd
homozygous females, both of which dis-
played normal hearing function. There-
fore, contrary to our expectations, our
findings suggest that, under normal
physiological conditions, G6PD is not
essential for the maintenance of the cy-
tosolic NADPH redox state or the cyto-

solic glutathione or thioredoxin antioxidant defense in the
cochlea.

We have also demonstrated that, under G6pd deficiency con-
ditions, IDH1, but not 6PGD or ME1, could function as the
major source of NADPH for the cytosolic glutathione and thiore-
doxin defense in mouse cochlea. Within the cytosol of a cell,
NADPH is generated from NADP� by four enzymes: G6PD,

Figure 9. Assessment of cell growth, NADPH redox state, and glutathione and thioredoxin antioxidant defense in
HEI-OC1 cell lines deficient for G6pd or Idh1. a, b, Western blotting analysis of G6PD protein levels (a) in control and G6pd
knockdown HEI-OC1 cell lines. Western blotting analysis of IDH1 protein levels (b) in control and Idh1 knockdown HEI-OC1
cell lines. c, d, Cell growth rates were measured in G6pd knockdown HEI-OC1 cell lines at 0, 24, 48, 72, and 96 h (c). Cell
growth rates were measured in Idh1 knockdown HEI-OC1 cell lines at 0, 24, 48, 72, and 96 h (d). e–m, Cell growth rates (e),
levels of NADPH (f, i) and NADP � (g, j), NADPH/total NADP (h, k), and activities of GSR (l ) and TXNRD1 (m) were measured
in control, G6pd-, Idh-knockdown HEI-OC1 cell lines at 72 h. Data are mean � SEM (N � 3). *p � 0.05.
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6PGD, IDH1, or ME1 (Ying, 2008). 6PGD catalyzes the conver-
sion of 6-phosphogluconate to ribulose 5-phosphate and NADP�

to NADPH in the pentose phosphate pathway. However, given
that G6PD acts upstream of 6PGD and generates 6-phosphogluconate,
NADPH generated by 6PGD most likely depends on G6PD activ-
ity. Hence, it is unlikely that 6PGD can function as the major
source of NADPH for the cytosolic glutathione or thioredoxin
antioxidant defense under G6pd deficiency conditions. ME1 cat-
alyzes the reversible oxidative decarboxylation of malate to pyru-
vate and NADP� to NADPH for fatty acid biosynthesis. ME1
activity is activated by elevated levels of thyroid hormones or by
higher proportions of carbohydrates in the diet. Although it has
been shown that cytosolic ME2 does not play an essential role in
reducing oxidative stress in Arabidopsis (Li et al., 2013), currently
there is little or no information on the roles of cytosolic ME1 in
the cytosolic glutathione or thioredoxin antioxidant defense in
mammals. Cytosolic IDH1 catalyzes the oxidative decarboxyl-
ation of isocitrate to �-ketoglutarate and CO2 and reduces
NADP� to NADPH (Ying, 2008). IDH1 is highly expressed in the
liver and involved in lipid metabolism, glucose sensing, and cy-
tosolic antioxidant defense against ROS (Reitman et al., 2010).
Park and colleagues have shown that Idh1 deficiency leads to
increased oxidative damage, lipid peroxidation, and intracellular
peroxide generation in mouse fibroblast cell lines (Lee et al.,
2002). Idh1 deficiency also results in decreased cell viability under
hydrogen peroxide treatment, whereas cells overexpressing Idh1
are more resistant to hydrogen peroxide. In human melanocytes,
Idh1 knockdown decreased cell viability and increased apoptosis
(Kim et al., 2012). This was associated with reduced GSH/GSSG
ratios. In mouse hepatocytes, Idh1 deficiency resulted in in-
creased ROS levels and decreased NADPH levels compared with
WT hepatocytes (Itsumi et al., 2015). In agreement with these
reports, we found that G6pd deficiency increased the activities
and protein levels of IDH1 (Fig. 8g,h), but not 6PGD or ME1 in
the cytosol of the inner ear tissues (Fig. 8c–f). In mouse inner ear
cell lines, knockdown of Idh1, but not G6pd, results in reduced
cell growth rates (Fig. 9d). Importantly, knockdown of Idh1,
but not G6pd, decreased cytosolic NADPH levels and TXNRD
activities in mouse inner ear cell lines (Fig. 9f,h). Therefore,
these results and the previous reports suggest that, under G6pd
deficiency conditions, IDH1, but not 6PGD or ME1, could act
as the major source of NADPH for the cytosolic antioxidant
defense in cochlear tissues. In summary, under normal phys-
iological conditions, it is likely that G6PD is not essential for
the maintenance of the cytosolic glutathione or thioredoxin
antioxidant defense in the cochlea. However, under high levels
of oxidative stress or on other genetic backgrounds, such as the
C57BL/6 strain that is homozygous for the recessive AHL-
susceptibility allele Cdh23 753A, we speculate that G6pd defi-
ciency may result in increased oxidative damage in the HCs or
SGNs of the cochlea.

Note Added in Proof: The first author’s name, Karessa White,
was accidentally incorrectly listed in the Early Release version
published 4 May 2017. The author’s name has now been cor-
rected.
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