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Abstract

Background Skeletal muscle mass is regulated by intracellular anabolic and catabolic activities. Increased catabolic ac-
tivity can shift the balance towards net protein breakdown and muscle atrophy. Mitochondrial oxidative stress activates
catabolism and is linked to muscle loss. Reducing mitochondrial oxidative stress is thus a plausible approach to prevent
muscle atrophy. We tested this concept in age-dependent muscle atrophy by genetically overexpressing the mitochon-
drial antioxidant thioredoxin-2 (TXN2).
Methods We tested the functional role of TXN2 using ageing (n= 7–10 per group) and denervation (n= 3 per group)
models in a transgenic mouse line that overexpresses TXN2. We investigated if overexpression of TXN2 blocks muscle
loss in these models by examination of muscle weight, fibre size, and fibre number in young (~7 months) and aged
(~26 months) TXN2-transgenic mice and controls. We studied the underlying mechanisms by mRNA and protein as-
says including transcriptomic profiling, western blot analysis, immunostaining, as well as succinate dehydrogenase,
dihydroethidium, and terminal deoxynucleotidyl transferase dUTP nick end labelling staining.
Results Overexpression of TXN2 did not significantly alter the baseline skeletal muscle size, weight, fibre type distri-
bution, or expression of mitochondrial respiratory chain components, but it did preserve muscle mass during ageing.
The hindlimb muscle mass in aged TXN-transgenic mice was ~21–24% greater (in tibialis anterior,
gastrocnemius/soleus combined, and tibialis anterior/extensor digitorum longus combined) than in age-matched con-
trols (all P < 0.05). The reduction in both muscle fibre number (872 ± 206 vs, 637 ± 256 fibres in extensor digitorum
longus muscle, P < 0.05) and muscle fibre size (1959 ± 296 vs. 1477 ± 564 μm2 in tibialis anterior muscle, P < 0.05)
seen in young vs. aged control muscles was not significant in young vs. aged TXN-transgenic mice (both P > 0.05).
Transcriptomic analysis revealed that catabolic genes that are up-regulated in ageing muscle, including those
subserving apoptosis and the ubiquitin-like conjugation system, were normalized by TXN2 overexpression. Further,
overexpressing TXN2 suppressed oxidative stress and caspase-9/3-mediated apoptotic signalling in the aged muscle
at the protein level. Although denervation and its effects have been considered a component of age-related muscle at-
rophy, TXN2 overexpression failed to attenuate atrophy in an acute denervation model (TXN-transgenic vs. control
mice, P > 0.05), despite preventing denervation-induced oxidative stress and apoptosis.
Conclusions Mitochondrial oxidative stress appears to play a crucial role in effecting chronic age-dependent, but not
acute neurogenic, muscle atrophy. Increased TXN2 protects muscle against oxidative stress-associated catabolic activity
in ageing muscle and thus is a potential therapeutic approach to attenuate age-related muscle atrophy.
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Introduction

Age-related loss of muscle mass and function, that is, sarco-
penia, is a major health issue in the elderly. Sarcopenia
causes frailty and increases both morbidity and mortality.1

As life expectancy increases, sarcopenia-related health issues
will continue to rise. Successful interventions against sarco-
penia would preserve physical strength and improve both
quality of life and longevity.

Skeletal muscle mass in healthy, mature muscle is main-
tained by balanced anabolic (e.g. protein synthesis) and
catabolic (e.g. protein degradation and apoptosis) activities.
Elevated catabolic activity in acute (e.g. nerve injury/denerva-
tion) or chronic (e.g. ageing) conditions shifts this balance
towards muscle atrophy. Several signalling pathways that
regulate muscle protein synthesis and degradation have been
identified. IGF/Akt/mTOR is a well-known anabolic signalling
pathway that promotes protein synthesis and muscle hyper-
trophy,2 whereas the HDAC/myogenin, FoxO, and IKK/NFkB
signalling pathways appear to facilitate protein degradation
and muscle atrophy.3–7 Closely associated with these molecu-
lar signalling pathways is a biochemical event, oxidative
stress, that serves as a regulator of protein metabolism. It
has been shown that oxidative stress is able to activate cata-
bolic activity by inducing apoptosis and protein degradation
in cultured myotubes.8 Prolonged and excessive reactive oxy-
gen species (ROS) is also linked to oxidative damage and pro-
tein degradation in human skeletal muscle.9–16 For example,
ageing increases oxidative damage to both DNA and
proteins,15 the expression of ROS-metabolizing catalase and
Prx3, as well as proteins central to proteolysis in human mus-
cle biopsies.16 These findings suggest that oxidative damage
may be involved in the pathogenesis of age-related muscle
atrophy and that the up-regulated antioxidant genes are
inadequate to counterbalance the increased ROS production.
Muscle denervation, that is, loss of motor neuron innerva-
tion, is a circumstance promoting skeletal muscle atrophy
through up-regulation of the ubiquitin-proteasome system
via mechanisms involving HDAC/myogenin and FoxO.3,5,7,17

Interestingly, both oxidative stress and denervation occur as
muscle ages, and thus, each of these have thus been consid-
ered potential therapeutic targets for age-related muscle
atrophy.11,18–25

Oxidative stress is subserved by increased levels of intra-
cellular ROS, such as superoxide radical, hydroxyl radical,
and hydrogen peroxide, as well as their derivatives such as re-
active nitrogen species. ROS is produced primarily by the
electron transport chain in the mitochondrial inner mem-
brane during oxidative phosphorylation. Under physiological
conditions, the level of ROS is maintained in homeostasis by
mitochondria-resident antioxidant mechanisms, such as the
thioredoxin cycle and the glutathione peroxidases (GPx).
The mitochondrial redox system is composed of

peroxiredoxins (Prx3/5), thioredoxin-2 (TXN2), and thiore-
doxin reductase. ROS superoxide radical is dismutated by mi-
tochondrial superoxide dismutase (SOD2) and converted into
hydrogen peroxide (H2O2). Approximately, 99.9% mitochon-
drial H2O2 is further detoxified by Prx3/5 (mainly) and GPx
in a healthy cell.26 A sustained, elevated level of ROS is harm-
ful to cellular components (DNA, lipids, and proteins), induc-
ing oxidative damage. Elevated ROS can directly oxidize
proteins, reducing the function of the muscle contractile ap-
paratus, and initiate proteasome-mediated protein degrada-
tion. Increased ROS can also trigger the release of
cytochrome C, which further activates caspases and the apo-
ptotic pathway.27

Because oxidative stress is triggered by ROS derived
primarily from mitochondria, we hypothesized thatmitochon-
dria-targeted antioxidants (MTA) might detoxify ROS most
efficiently, while minimizing side effects from interruption of
ROS-mediated signal transduction. Indeed, a comparison of
mitochondria-targeted, peroxisome-targeted, and nuclei-
targeted expression of catalase—a metabolic enzyme that
degrades H2O2—showed that the best protection against
oxidative stress resulted from mitochondria-targeted
catalase.28 SomeMTAs, such as SS-3129 and XJB-5-131,30 have
been shown to protect muscle mass or function with age,
although another report found that SS-31 treatment affected
neither contractile force nor muscle mass in aged mice.31

Therefore, there remains controversy over the effect of MTAs
on muscle ageing.

Beyond these synthetic MTAs, genetic overexpression of
ROS-metabolizing enzymes, mitochondria-targeted catalase,
decreased oxidative stress, and extended life span,32 in-
creased skeletal muscle-specific force,28 attenuated the
age-dependent reduction in muscle mitochondrial function
and energy metabolism,33 and prevented cardiac ageing.34

However, catalase can only decompose H2O2, one of the
ROS molecules, which limits its effect in reducing oxidative
stress. For example, the defects in Drosophila that
underexpressed Prx—massive apoptosis, reduced lifespan—
were not offset by mitochondria-targeted catalase.35 In con-
trast to catalase, TXN2 is an endogenous mitochondrial anti-
oxidant that does not directly target H2O2. TXN2 promotes
the decomposition of H2O2 by reducing mitochondrial Prx3
that is extremely effective at scavenging peroxides, and is
the major mitochondrial H2O2 scavenging enzyme.26

To date, two TXNs have been identified—TXN1 and TXN2.
Both are small (~12 kDa), redox-active proteins containing
an evolutionarily conserved redox motif, Trp-Cys-X-Pro-Cys.
TXN1 is located in the cytosol, whereas TXN2 is a
mitochondria-specific protein. TXNs diminish ROS-induced
damage by (i) participating in the decomposition of H2O2 by
reducing Prx and (ii) reducing oxidized proteins by transferring
electrons from TXNs to their target proteins, for example,
NFkB36 and HDAC4.37
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Mitochondrial TXN2 plays an important role in regulating
mitochondrial oxidative stress (MOS) and apoptosis. TXN2 is
essential for cell survival and plays a crucial role in regulating
mitochondrial apoptosis.38,39 In cultured cells and a
haploinsufficiency mouse model, reduction of TXN2 led to
ROS accumulation, cytochrome C release, and apoptosis.38,40

Complete deletion of the TXN2 gene in mice caused massive
apoptosis and early embryonic lethality.41 Cardiac
muscle-specific knockout of TXN2 led to the disruption of
mitochondrial ultrastructure and function, accumulation of
mitochondrial ROS, and cardiomyocyte apoptosis.42 In Dro-
sophila, lack of TXN2 reduced their lifespan, whereas overex-
pression increased the tolerance to oxidative stress.43

Mitochondria isolated from TXN2-transgenic mice were able
to attenuate peroxide-induced necrotic and apoptotic
changes via resisting mitochondrial permeability transition.44

Overexpression of TXN2 was also able to improve the func-
tion of various tissues/organs including the brain, retina,
and heart.42,45–47

However, the functional role of TXN2 in the development
or ageing of skeletal muscle has not been studied. We felt
it plausible to speculate that increasing TXN2 may reduce
oxidative stress-associated muscle loss during ageing. With
a TXN2-transgenic mouse model, we indeed found that
overexpression of TXN2 attenuated muscle mass during
ageing. Mechanistic studies revealed that overexpression
of TXN2 suppressed the up-regulation of oxidative stress
and catabolic activity (e.g. apoptosis) associated with ageing
in skeletal muscle. Overexpression of TXN2 did not, how-
ever, mitigate acute muscle atrophy induced by short-term
denervation. Therefore, MOS and its associated apoptotic
fibre damage appear to play a more prominent role in
ageing muscle loss than in acute denervation-induced
muscle atrophy. Our findings from the current,
cross-sectional study suggest that increasing TXN2 repre-
sents a potential approach to preserve muscle mass during
ageing.

Materials and methods

Animals and muscle denervation

The animal care and experimental procedures followed a pro-
tocol approved by the Veterinary Medical Unit at the VA Palo
Alto Healthcare System. TXN2 transgenic mice, on a C57BL/6
background, were initially generated in the laboratory of Dr.
Dean P. Jones at Emory University. In this transgenic line,
there is ubiquitous overexpression of human TXN2, driven
by a chicken β-actin gene (CAG) promoter. This colony was
further expanded in our animal facility. Hemizygous TXN2
mice were bred with each other to generate homozygous
(Homo, tg/tg), hemizygous (Hemi, tg/+), and control (Ctl,

+/+) mice for use in the current experiments. Genotyping
was performed as described previously,44 with primers: 50-
GCC AAT CAG CTT CTT CAG GAA GGC-30 and 50-CAC CAT
GGC TCA GCG ACT TCT TCT-30. These primers do not identify
endogenous mouse Trx2.

The baseline phenotype was analysed with control, hemi-
zygous, and homozygous female mice at ~7 months old. Mice
were euthanized at the indicated age, and hindlimb muscles
were immediately harvested, weighted, and frozen in liquid
nitrogen for protein analysis. Tibialis anterior (TA) muscle
was embedded in optimal cutting temperature (OCT) com-
pound for histology and immunostaining. Female mice were
used in the age-related studies, and the age groups included
young controls at 7.5 ± 1.5 months (n = 7, bodyweight
34 ± 7 g), young TXN2-transgenic mice at 6.9 ± 1.9 months
(n = 9, bodyweight 40 ± 9 g), aged controls at
26.5 ± 1.3 months (n = 10, bodyweight 27 ± 7 g), and aged
TXN2 transgenic mice at 26 ± 4 months (n = 6, bodyweight
35 ± 10 g).

Denervation was performed in adult mice (9 months old,
n = 3 per group). The procedure of sciatic nerve denerva-
tion was the same as described previously.3 Briefly, the
animals were anaesthetised with ketamine (100 mg/kg)
and xylazine (10 mg/kg). Following an aseptic procedure,
an incision was made, and a 5 mm segment of sciatic nerve
trunk was removed at the mid-thigh level from the anaes-
thetised mice. The mice were carefully monitored post-
surgically. Both innervated (contralateral) and denervated
muscles from the lower legs were harvested 14 days post-
denervation.

RNA extraction, quantitative PCR, microarray, and
data analysis

Total RNA was extracted from the gastrocnemius muscle,
and microarray was performed at the Stanford University
core facility. Total RNA was extracted by TRIzol reagent
(ThermoFisher Scientific, USA) and used for quantitative
PCR and microarray analysis. Gene expression levels were
detected by quantitative PCR. Total RNA was converted to
cDNA with SuperScript II First-strand Synthesis System
(ThermoFisher Scientific, USA). The cDNA mixture (about 1/
20) was used as the template for the PCR reactions.
Quantitative PCR was performed by using the Dream Taq
PCR master mix kit (ThermoFisher Scientific, USA) with an
ABI7100 instrument (Applied Biosystems, USA). The expres-
sion of γ-actin was used as the house-keeping gene for nor-
malization. Comparative Ct (ΔΔCt) method was used to
show the fold change of mRNA expression. The primers
used for quantitative PCR are listed in the supporting
information. Gene expression microarray was also per-
formed in the Stanford University core facility. Data
were analysed by GeneSpring GX and DAVID bioinformatics
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software (http://david.ncifcrf.gov/content.jsp?file=citation.
htm). The changes in mRNA expression between young
and aged contro mice were further compared with the
changes between the aged control and aged
TXN2-transgenic mice, and the commonly regulated genes
were then subjected to signal pathway mining by DAVID bio-
informatics. UP_key words were used to organize the al-
tered signalling pathways.

Protein extraction and western blot analysis

Protein expression and post-translational modifications in-
cluding oxidation and phosphorylation were detected by
western blotting analysis following standard procedures.
Briefly, total protein was extracted from gastrocnemius mus-
cle by RIPA buffer (140 mM NaCl, 25 mM Tris–HCl, 1 mM
EDTA, 0.5 mM EGTA, 1 mM PMSF, 1 mM NaF, 1% Triton
X-100, 0.1% SDS, 0.1% protease inhibitors cocktail, and pH
adjusted to 7.4). Protein concentration was quantitated by a
DC protein assay kit (Bio-Rad, USA) following the manufac-
turer’s instructions. Ten micrograms of total protein were
loaded onto 4–12% SDS-PAGE gels and run for 1 h at 120 V,
and then transferred to nitrocellulose membranes at 25 V
for 1 h for antibody detection. Antibodies (Mitoprofile)
against the components in the mitochondrial respiratory
chain were purchased from Abcam, UK. The
anti-nitrotyrosine antibody was from Millipore, USA. The
other antibodies used in this study were purchased from Cell
Signalling Technologies. Primary antibodies were incubated
with the membrane overnight at 4°C. After washed three
times in 1 X PBST (1 × PBS with 0.1% Tween 20), the mem-
brane was incubated with HRP conjugated secondary anti-
body for 2 h at room temperature. Clarity ECL (Bio-Rad,
USA) was used to develop the membrane in ChemiDoc (Bio-
Rad, USA). The grey density of the western blotting bands
was quantitated by ImageJ (http://imagej.nih.gov/ij/index.
html).

Immunohistochemistry, dihydroethidium staining,
and succinate dehydrogenase staining

Immunohistochemistry was performed with a VECTASTAIN
Elite ABC-HRP Kit (Vector Laboratories) following the sup-
plier’s instructions. Briefly, cryosections were fixed in cold
acetone for 10 min at �20°C, followed by 2% paraformalde-
hyde (PFA) for 5 min. Primary antibody, anti-cleaved cas-
pase-3 (Cell Signalling Technologies, USA), was incubated
with tissue sections at 4°C overnight, followed by biotin-con-
jugated secondary anti-rabbit antibody and Avidin-HRP

complex, and the chromogenic signals were generated by 3,
30-diaminobenzidine.

The muscle cell membrane was visualized by wheat germ
agglutinin (WGA) staining. Muscle cryosections were fixed
with 4% PFA for 15 min. After 1 X PBS wash, the fixed
tissue sections were incubated with 10 μg/mL WGA conju-
gates (Alexa 488, green) for 10 min at room temperature.

Succinate dehydrogenase (SDH) staining was performed on
cryosections from OCT-embedded muscle tissues as described
previously.4 SDH activity was visualized by SDH-dependent
formation of purple-blue formazan pigment. Briefly, fresh
muscle tissues were embedded in OCT and frozen in liquid
nitrogen-cooled isopentane. Cryosections (18 μm) without
fixation were incubated within 0.1 M phosphate buffer,
pH 7.6, 5 mM EDTA, pH 8.0, 1 mM KCN, 21.8 mg/mL sodium
succinate, and 1.24 mg/mL nitroblue tetrazolium for 20 min
at room temperature. The tetrazolium was further converted
to formazan pigment after receiving hydrogen, marking the
location and activity of the SDH enzyme. Sections were then
rinsed, dehydrated, and mounted.

Free radicals were stained by dihydroethidium (DHE) fol-
lowing the supplier’s instructions. DHE was stained in cryo-
sections (20 μm) that were cut from freshly prepared, OCT-
embedded snap-frozen tissue blocks. DHE (Invitrogen, USA)
was reconstituted in anhydrous DMSO (Sigma-Aldrich, USA)
at a stock concentration of 10 mM. The staining solution
was prepared freshly before use by 1 to 1000 dilution of
the stock DHE solution with PBS. The DHE/PBS solution was
placed over cryosections and incubated for 10 min in a dark
chamber. The staining was terminated by rinsing in PBS3
times. Slides were mounted in Prolong Gold anti-fading re-
agent (Invitrogen, USA).

All these stainings were performed with TA muscle
cryosections. Fluorescent images were taken by fluorescent
confocal microscopy (Leica, Germany), and chromogenic
staining (3, 30-diaminobenzidine and SDH) was visualized
and imaged by a BZ-9000E microscope (Keyence, Japan).

Muscle fibre cross-sectional area and fibre number

Cross-sections of the same location of each muscle were cre-
ated for the measurement of cross-sectional area (CSA).
Briefly, TA muscle cryosections were fixed with 4% PFA, and
the cell membrane was stained with WGA (ThermoFisher,
USA). The CSA was measured by ImageJ software, as de-
scribed previously.3 Approximately 250 fibres per region,
two (Figure 2), or three regions (Figure 6) per muscle, were
measured. The total muscle fibre number in extensor
digitorum longus (EDL) muscles was counted after WGA
staining, young control: n = 6; aged control: n = 5; young
TXN2-tg: n = 9; aged TXN2-tg: n = 5.
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Plasmid contraction, cell culture, and gene
transfection

TXN2-GFP was constructed by PCR amplification of the
cDNA of mouse TXN2 and ligation into an AAV-RSVeGFPH1
vector (a gift from Dr. Mark A. Kay, Stanford) at the BamHI
site. The primers used were forward: TTTATCGGATCCAT-
GGCTCAGCGGCTCCTCCTG; reverse GTCTTTAGGATCCCCGC-
CAATCAGCTTCTTCAGGAAGGC. The construct was then
transfected into cultured C2C12 cells with lipofectamine2000
(Invitrogen, USA), together with a puromycin-resistant
plasmid at a 10 to 1 ratio. A stable cell line was selected with
puromycin and purified with fluorescence-activated cell
sorting based on GFP signal.

Both the parental and the TXN2-transfected C2C12 cells
were cultured with DMEM medium supplemented with 10%
foetal bovine serum and 100 IU/mL penicillin and 100 μg/
mL streptomycin. C2C12 myoblasts were induced to differen-
tiation in DMEM supplemented with 5% horse
serum. Cultured cells were incubated with 500 nM
Mitotracker (ThermoFisher, USA) at 37°C for 1 h to visualize
mitochondria. Differentiated myotubes were also treated
with either H2O2 (Sigma, USA) at 40 μm or same volume of
water for 24 h.

Terminal deoxynucleotidyl transferase dUTP nick
end labelling assay

DNA breaks were detected with the Click-iT Plus terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assay (Invitrogen, USA) following the supplier’s instructions.
Briefly, cryosections of TA/EDL muscles were fixed with 4%
PFA for 15 min. EdUTP (dUTP modified with a bioorthogonal
alkyne moiety) nucleotides were incorporated at the 30-OH
ends of fragmented DNA by a TdT (terminal deoxynucleotidyl
transferase) enzyme-mediated reaction, and the alkyne moi-
ety was detected through covalently binding with an Alexa
Fluor. Nuclei and cell membranes were counterstained by
DAPI and WGA, respectively. TUNEL index was calculated as
the percentage of cells that showed TUNEL-positive signal
(at least one of the nuclei being positive) over total cells
in the image. Four images were taken from the stained
cryosections of each gastrocnemius muscle, and three mus-
cles/animals per group were included in the calculation and
statistics.

Statistics

A Student’s t-test was used to evaluate the statistical signifi-
cance of the difference between any two groups, and a
P < 0.05 was considered as statistically significant. Error bars
in bar graphs represent standard errors of the mean. To esti-

mate the adjusted age effect on CSA, a mixed-effects model
was fitted, in which animal age, group, the interaction of
age by group, and by fibre region were included as the fixed
effects. The animal subject was set as the random effect in
the model to adjust the correlation among fibre area mea-
surements from the same animal. Model effects were tested
by the F-test. The multivariate analysis was performed using
SAS Version 9.4 (SAS Institute Inc. NC, USA). In all statistical
analyses, a two-sided α-level of 0.05 was considered statisti-
cally significant.

Results

Overexpression of TXN2 does not significantly alter
the baseline phenotype of skeletal muscle

Increased expression of TXN2 in the skeletal muscle of the
TXN2 transgenic mice (mice with ubiquitous TXN2 overex-
pression) was confirmed (Figure 1A). To examine whether
the increased expression of TXN2 in skeletal muscle changed
the phenotype of adult skeletal muscle, we compared the
muscle mass, fibre composition, and the expression of the
components of the mitochondrial reparation chain between
control (Ctl), hemizygous (TXN2 tg/+), and homozygous
(TXN2 tg/tg) mice (~7 months). Overexpression of TXN2 did
not significantly alter the bodyweight or muscle weight
(Figure 1B and 1C). The muscle fibre types and distribution
pattern of glycolytic and oxidative fibres, revealed by SDH
staining, were also similar between the controls and the
transgenic mice, as demonstrated in TA muscles (Figure 1D).
The protein expression levels of the components of the mito-
chondrial respiratory chain, such as complexes I (CI:
NDUFB8), II (CII: SDHB), III (CIII: UQCRC2), IV (CIV: MTCO1),
and V (CV: ATP5A), also remained the same between the con-
trol, hemizygous, and homozygous TXN2-transgenic mice
(Figure 1E).

Taken together, it appears that increasing TXN2 in skeletal
muscle does not significantly change the baseline phenotype
in adult skeletal muscle.

Overexpression of TXN2 attenuates age-related
muscle loss

We further employed TXN2-transgenic mice to test the hy-
pothesis that increasing mitochondrial antioxidant TXN2
would attenuate age-related muscle loss (Figure 2A). Because
we observed no difference in phenotype between the hemi-
zygous and homozygous muscle, we used homozygous
TXN2 mice in the remaining experiments unless otherwise
specified. We examined the muscle weight in young
(~7 months) and aged (~26 months) mice, with and without
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TXN2 overexpression. The muscle weight (normalized to body
weight) was similar in young mice between the controls and
TXN2 transgenic mice. In the aged mice, the muscle weight
was significantly higher in the TXN2-transgenic than the con-
trol mice, with a ~22% increase in TA/EDL (T/E), ~24% in-
crease in gastrocnemius/soleus (G/S) muscles, and a 21%
increase in TA muscle (Figure 2B and Supporting Information,
Figure S1). In contrast, there was no significant weight differ-
ence of heart or kidney between the controls and the trans-
genic mice at either age (Figure 2C). Muscle fibre number
was counted in EDL muscle. An age-dependent decline
(~27%, P < 0.05) in muscle fibre number, from 872 ± 206 fi-
bres in young EDL muscle to 637 ± 256 fibres in the aged con-
trols, was observed in control mice, but not in the
TXN2-transgenic mice (young vs. aged: 833 ± 201 vs.
878 ± 57 fibres, P > 0.05). The muscle fibre number was sig-

nificantly higher in the aged TXN2-transgenic mice than
age-matched controls (Figure 2D). Also, there was a signifi-
cant age-dependent reduction (~25%, P < 0.05 vs. young)
in mean muscle fibre size (CSA) in the control mice, from
1959 ± 296 μm2 in the young TA muscle to 1477 ± 564 μm2

in the aged, but not in TXN2-transgenic mice that have
1753 ± 286 μm2 in the young and 1435 ± 466 μm2 in the aged
(~18% reduction, P > 0.05 vs. young) (Figure 2E and 2F), indi-
cating that TXN2 overexpression ameliorated the
reduction rate of fibre size during ageing. To be certain of
this finding, we also used a mixed-effects multivariate model
(Table 1) in which each individual fibre was analysed as an
observation. In this analysis, we examined the average mus-
cle fibre CSA of TA muscle in two different regions (randomly
selected, P < 0.01), each containing approximately 250
fibres. Significant age-dependent reduction of fibre CSA in

Figure 1 Overexpression of TXN2 does not alter the baseline phenotype of skeletal muscle. (A) TXN2 is overexpressed in skeletal muscle. The expres-
sion of TXN2, both the endogenous and the overexpressed, was confirmed by western blot analysis. TXN2 is increased in the hemizygous (tg/+) and
homozygous (tg/tg) transgenic mice. Beta-actin protein was detected as the loading control. (B & C) Bodyweight (B) and muscle weight (C, gastrocne-
mius, and tibialis anterior) were similar between the control, hemizygous (tg/+), and homozygous (tg/tg) mice (n = 6 each). (D) The distribution pattern
of the oxidative (SDH+) and glycolytic (SDH�) fibres in skeletal muscle, shown by SDH staining, is similar between control, hemizygous, and homozy-
gous mice (n = 3). (E) The components of the mitochondrial electron transporter chain are expressed at a similar level between control, hemizygous,
and homozygous mice (n = 3 per group, representatives showed). Quantitation of the expression of each mitochondrial protein was shown by aver-
aging the plotting profiles (n = 3) from ImageJ. SDH, succinate dehydrogenase; TA, tibialis anterior.
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control mice was identified (P = 0.05) after adjustments of
confounding from other factors, whereas there was no
difference between young and aged-TXN2 transgenic mice,
young TXN2, and young controls, nor any other comparisons
(Table 1).

In sum, increasing TXN2 in skeletal muscle ameliorated
age-related fibre loss and fibre atrophy.

Increasing TXN2 attenuates the transcriptional
up-regulation of apoptosis-related and
atrophy-related genes in aged skeletal muscle

To investigate how TXN2 protects skeletal muscle mass dur-
ing ageing, we performed gene expression arrays on skeletal

muscle from control and transgenic mice at young and aged
ages. Transcriptomic expression profiles were analysed by
GeneSpring and DAVID bioinformatics tools. We found that
increasing TXN2 normalized the altered expression of several
subsets of genes: some age–up-regulated genes were down-
regulated by TXN2 overexpression, whereas some age–down-
regulated genes were up-regulated by TXN2 overexpression
(Figure 3A). The genes for which expression was normalized
by TXN2 in aged muscle were subjected to pathway mining
by DAVID bioinformatics software. As shown by the func-
tional annotation with UP (UniProtKB) keywords (Figure 3A,
right panel), genes involved in the categories ‘oxidoreduc-
tase’ and ‘disulphide bond’ were down-regulated in the aged
control muscle but not in the aged TXN2-overexpressed mus-
cle. Among the signalling pathways that are up-regulated in

Figure 2 Overexpression of TXN2 attenuates age-related muscle loss. (A) A schematic diagram showed the use of TXN2 transgenic mice to overcome
the increased ROS during muscle ageing. (B) TXN2 overexpression attenuated the age-dependent reduction of muscle weight. Gastrocnemius and so-
leus muscles (G/S), and tibialis anterior and EDL muscles (T/E) were weighted and normalized to body weight. Young: n = 7; aged: n = 9; young TXN2:
n = 9; aged TXN2: n = 6, P < 0.05. (C) Overexpression of TXN2 did not affect the weight of the heart and kidney in the control and the TXN2-transgenic
mice at both young and aged ages. Young: n = 7; aged: n = 9; young TXN2: n = 9; aged TXN2: n = 6. (D) TXN2 overexpression attenuated the
age-dependent loss of muscle fibres. Muscle fibre numbers in EDL muscles were counted, young: n = 6; aged: n = 5; young TXN2: n = 9; aged
TXN2: n = 5; P < 0.05. (E) Muscle fibre size, cross-sectional area (CSA), was measured by ImageJ software. Approximately 500 fibres per muscle from
two different regions were measured. Young: n = 7; aged: n = 6; young TXN2: n = 4; aged TXN2: n = 5, P < 0.05. (F) TXN2 overexpression did not alter
the distribution pattern of muscle fibre size between the young and aged, in the control and the TXN2-transgenic mice. Data were shown with the
average percentage of muscle fibre in each categorized fibre size. Young: n = 7; aged: n = 6; young TXN2: n = 4; aged TXN2: n = 5. ROS, reactive oxygen
species.
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the aged muscle but normalized by overexpression of TXN2,
two are involved in catabolic activities: the apoptosis and
ubiquitin-like conjugation pathways. As shown in Figure 3B,
the genes involved in apoptotic and the ubiquitin-like conju-
gation pathways were induced in aged muscle, but that in-
duction was attenuated by the overexpression of TXN2. The
expression pattern of some of the genes involved in these
catabolic pathways was further validated by quantitative
PCR (Figure 3C).

To summarize, TXN2 overexpression partially normalized
the age-dependent regulation of gene expression, helped to
maintain the cellular redox activity, and suppressed the ex-
pression of genes involved in the apoptotic and
ubiquitin-like conjugation pathways that are linked to prote-
olysis in aged muscle. The TXN2-dependent inhibition of the
age–up-regulated catabolic genes appears to contribute to
the protective effect of TXN2 against age-related skeletal
muscle loss.

TXN2 overexpression inhibits oxidative stress and
apoptotic changes in aged skeletal muscle and
cultured myotubes

To further validate the apoptotic and ubiquitin-mediated
changes indicated by the above mRNA expression profiles,
we measured oxidized protein levels to examine the effect
of the overexpressed TXN2 on oxidative stress in skeletal mus-
cle. Western blot analysis (Figure 4A and 4B) shows that oxi-
dized proteins (quantified by nitrotyrosine and 4HNE) were
increased in the aged controls, but not in the aged
TXN2-overexpressing mice (Figure 4A and 4B). Similarly, the
apoptotic markers, cleaved caspase-3, and cleaved caspase-
9, were both increased in aged muscle, but this
age-dependent induction was near-completely blocked by
TXN2 overexpression, indicating that overexpression of TXN2
efficiently suppressed age-dependent induction of mitochon-

drial/intrinsic apoptotic changes (Figure 4A and 4B). Protein
ubiquitination also increased in the aged controls, but not in
the TXN2 transgenic mice. The components of the mitochon-
drial electron transport chain complex, such as CV (ATP5A),
CIII (UQCRC2), and CI (NDUFB8), were up-regulated during
ageing, and this age-dependent up-regulation was suppressed
in the TXN2-transgenic mice. Lastly, a mild but significant in-
duction of TXN2 protein was observed in the aged muscles
as compared with the young controls, perhaps reflecting a cel-
lular homeostatic effort to counteract the age-induced in-
crease in oxidative stress by up-regulating TXN2.

To visualize TXN2’s effect on apoptosis in aged skeletal
muscle, we also performed immunostaining to examine
cleaved/active caspase-3 (Cle. Caspase-3) and TUNEL assay
to detect DNA strand breaks. The expression of age-induced
cleaved caspase-3 was significantly reduced in the aged
TXN2-transgenic mice, compared with age-matched aged
controls (Figure 4C). TUNEL index—the percentage of cells
with TUNEL-positive signals out of total cells examined—
was also induced in aged muscles, but it was significantly re-
duced in aged TXN2-overexpressed muscles, compared with
aged controls (Figure 4D).

The protective effect of TXN2 against apoptotic changes in
muscle was further validated in cultured muscle cells. We
engineered a GFP-tagged TXN2 gene construct and estab-
lished a stable C2C12 myogenic cell line expressing
TXN2-GFP (Figure 5A). The mitochondria-specific distribution
of TXN2-GFP was visualized by co-localization of TXN2-GFP
with MitoTracker, a mitochondria-specific marker (Figure
5B). Further, we treated cultured control and TXN2-GFP myo-
tubes with H2O2 (40 μM) for 24 h. Myotubes with overex-
pressed TXN2 demonstrated less protein ubiquitination and
less activation of the apoptotic marker cleaved caspase-3 af-
ter H2O2 exposure than was seen in control cells (Figure 5C
and 5D).

TXN2, then, is a potent inhibitor of oxidative stress and ap-
optotic changes in muscle cells both in vivo and in vitro.

Table 1 Mixed-effects multivariate model for muscle fibre area (CSA) of mice

Mixed-effects model estimatesa

Effect contrastb Difference of fibre area Standard error P valuec

Age: Young vs. Aged 327.62 161.53 0.04
Group: Ctl vs. TRX2 129.69 161.50 0.42
Region: 1 vs. 3 267.08 15.38 <0.01
Age*group
Ctl_Young vs. Ctl_Aged 400.61 206.10 0.05
TRX2_Young vs. TRX2_Aged 254.63 248.77 0.31
Ctl_Young vs. TRX2_Young 202.68 241.54 0.40
Ctl_Aged vs. TRX2_Aged 56.70 214.53 0.79

aAnimal subject was set as a random effect to adjust the intra-correlation among fibre size measures from the same animal; difference of
fibre area presented in the table were the average differences of muscle fibre cross-sectional area (CSA) between compared groups.

bThe fixed effects (covariates) in the model included Age [young, aged], Group [Ctl, TRX2], Region [1, 3], and interaction of Age × Group.
Ctl, control group. CSA from two different regions (1 and 3) of TA muscle were measured.

cP values obtained from F-test on effects.
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Overexpressing TXN2 does not attenuate muscle
loss in acute neurogenic muscle atrophy induced by
denervation

Because denervation occurs in aged skeletal muscle and is
understood to be a subevent that contributes to ageing
muscle atrophy20–25,48 and because muscle denervation in-
creases oxidative stress,49–52 we opted to explore whether
the protective effect of TXN2 against muscle loss in aged
muscle may be in part related to attenuation of

denervation-induced oxidative stress and muscle atrophy.
To test this, we performed hindlimb denervation by section-
ing the sciatic nerve in control and the TXN2-overexpressing
mice and studied them after 14 days (Figure 6A). The weight
and fibre size of the innervated and denervated muscles in
control and TXN2-transgenic (hemizygous and homozygous)
mice were compared. As shown in Figure 6B and 6C, denerva-
tion led to a similar degree of muscle atrophy in control and
TXN2-transgenic mice. This was evident in both a lack of im-
pact upon muscle weight (both the gastrocnemius and TA

Figure 3 Global gene expression profiling reveals that overexpression of TXN2 partially normalizes age-dependent gene expression. (A) Schematic di-
agram to show the gene profiling and data analysis. Transcriptomic profiling was performed with young, aged, and aged TXN2-overexpressed muscles
(n = 3). GeneSpring software was used to analyse the statistics and fold changes. DAVID bioinformatics tool was used to mine the signalling pathways.
Left panes showed the top, significantly altered signalling pathways categorized by UP keywords. TXN2 overexpression partially normalized altered
signallings that were either up-regulated or down-regulated during ageing. (B) Genes participated in apoptotic and ubiquitin-like conjugation path-
ways. Fold changes in gene expression were listed. (C) The mRNA expression of genes involved in apoptosis and Ubl signalling was further validated
by quantitative PCR, fold changes were shown. n = 3, P < 0.05.
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Figure 4 Overexpression of TXN2 suppresses age-induced oxidative stress and apoptosis in skeletal muscle. (A & B) TXN2 overexpression suppressed
the age-dependent induction of protein oxidation and ubiquitination, apoptotic markers, and the components in the mitochondrial electron trans-
porter chain. (A) Western blot analysis was performed to examine the protein expression. (B) The grey density of the detected protein bands was quan-
titated and normalized to total protein (pons) to show the protein expression levels. Arbitrary unit (a.u.). n = 3 for young and young-TXN2, n = 4 for
aged and aged-TXN2., *P < 0.05. (C) Overexpression of TXN2 reduced the age-dependent induction of cleaved caspase-3 in skeletal muscle fibres. Gas-
trocnemius muscle was used for immunohistochemistry. Grey density was quantitated by ImageJ. Representative images were shown. The arrows in-
dicated the positively stained cells, while the arrowheads indicated the positively stained nuclei. Scale bar = 50 μm. ns, no statistical difference; n = 3,
*P < 0.05. (D) Overexpression of TXN2 significantly reduced the DNA damage in aged muscle. Nuclear DNA breaks were shown by TUNEL assay per-
formed on TA and EDL muscles. The TUNEL index was defined as the percentage of muscle fibres with positive nuclear staining over the total muscle
fibres per image. Representative images were shown, and the arrows indicated the positively stained cells. Approximately 80–120 fibres per image,
four images per sample, and three samples per group were counted. Scale bar = 50 μm. ns, no statistical difference; *P < 0.05.
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muscles) and upon fibre size (CSA). Therefore, TXN2 overex-
pression does not attenuate muscle loss following 14 days
of denervation.

In vivo overexpression of TXN2 attenuates
denervation-induced oxidative stress and apoptosis
but does not suppress the activation of
HDAC-myogenin and mTORC1-FoxO signalling

The failure of TXN2 overexpression to attenuate
denervation-induced muscle atrophy suggests that the
underlying mechanisms of muscle atrophy in denervation
and ageing differ. It has been reported that ROS is induced
in denervated muscle.52 We found that denervation
up-regulated ROS in control mice but not in TXN2-transgenic
mice. (Figure 7A and 7B). This observation was further vali-
dated by the quantitative measurement of protein oxidation.
The levels of DNP, nitrotyrosine, and 4HNE were induced in
the denervated muscles of control mice, but they were not
induced by denervation in the TXN2-overexpressing mice
(Figure 7C). Also, the apoptotic markers, cleaved caspase-3,

and caspase-9, were all up-regulated in denervated control
muscles and were all successfully suppressed by TXN2
overexpression (Figure 7C). Therefore, TXN2 overexpression
appears able to block oxidative stress and apoptosis after
denervation, but it does not block muscle atrophy. This
indicates that oxidative stress and its associated apoptotic
changes may not be the major factors in acute denervation-
induced muscle atrophy.

Protein polyubiquitination is a necessary step for 26S
proteasome-mediated protein degradation, and an increased
level of ubiquitinated proteins is a sign of accelerated protein
degradation when the proteasome functions normally. We
found that protein polyubiquitination increased in the dener-
vated muscles in both control and TXN2-transgenic mice
(Figure 7C).

We further examined upstream signals that are known to
regulate protein metabolism and muscle mass, such as
HDAC4/myogenin, FoxO, and mTORC1, at either the protein
or mRNA levels. The activity of the mTORC1 signalling path-
way, shown here by the ratio of the phosphorylated S6 pro-
tein to the total S6 protein (pS6/S6), is induced in the
denervated muscle, and this denervation-dependent induc-

Figure 5 Overexpression of TXN2 suppresses H2O2-induced oxidative stress and apoptosis in cultured myotubes. (A) Establishing a stable C2C12 cell
line expressing TXN2-GFP fusion protein. A schematic diagram showed the construct that expresses TXN2-GFP fusion protein (top left) and a represen-
tative image showed the establishment of the TXN2-GFP expressing stable cell line (bottom left). Scale bar = 10 μm. (B) A representative image showed
that the TXN2-GFP proteins (green) expressed in mitochondria. Mitochondria were visualized by the staining of MitoTracker (red). Scale bar = 2 μm.
(C & D) Overexpression of TXN2 in differentiated myotubes inhibited H2O2-induced protein ubiquitination and the activation of caspase-3 (cleaved
caspase-3). Differentiated myotubes with and without TXN2 were treated with H2O2 at 40 μM for 24 h. Protein lysates were then subjected to western
blot analysis (C) and grey density was quantitated by ImageJ (D). Shown with n = 2, with three repeats, *P < 0.05.
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tion was not blocked in the TXN2-transgenic mice (Figure 7C).
The mRNA expression of HDAC4, myogenin, FoxO1, and
FoxO3 were also all significantly up-regulated in the dener-
vated muscle in the control mice, as shown by quantitative
PCR in Figure 7D, and overexpression did not suppress the
denervation-dependent induction of these genes. Therefore,
overexpressing TXN2 does not attenuate the activation of
mTORC1-FoxO and HDAC4-Myogenin signalling pathways up-
stream of protein degradation in the denervated muscle, and
this may explain the finding that TXN2 overexpression does
not attenuate denervation atrophy.

To summarize, overexpressing TXN2 is sufficient to suppress
oxidative stress and the associated apoptosis in denervated
muscle. However, these do not appear to be the dominant up-
stream signals that activate protein degradation in acute
denervation-induced neurogenic muscle atrophy, as overex-
pression of TXN2 does not prevent muscle loss in this model.

Discussion

Understanding the mechanisms that underlie muscle atrophy
may help to develop interventions against age-related muscle

loss and neurogenic muscle atrophy. Both oxidative stress
and denervation occur in aged skeletal muscle and have been
considered potential therapeutic targets in preventing
age-related muscle loss. Using a transgenic mouse model that
overexpresses the mitochondrial antioxidant TXN2, we report
here that increased TXN2 attenuates oxidative stress and ap-
optotic changes in both denervated and aged skeletal muscle.
However, while increased TXN2 attenuated muscle atrophy in
our ageing model, it did not reduce muscle atrophy in the
acute denervation model. This indicates that oxidative stress
and its associated apoptotic changes play a more prominent
role in age-related muscle atrophy than in acute
denervation-induced atrophy and that TXN2-dependent at-
tenuation of age-related muscle loss occurs primarily via inhi-
bition of oxidative stress/apoptosis and unlikely via blockade
of acute denervation-related pathways. TXN2-based therapy
is thus a potential approach to reduce age-related atrophy
and its associated morbidities.

This study represents the first to investigate the functional
role of TXN2 in young and aged skeletal muscle. Constitu-
tively expressed TXN2 did not alter the skeletal muscle phe-
notype during development. Therefore, increased levels of
TXN2 appear not to alter the effect of physiological levels of
ROS that are present up to early adulthood. This may be be-

Figure 6 Overexpression of TXN2 does not attenuate the denervation-dependent reduction of muscle mass and size. (A) A schematic diagram to show
the use of TXN2 transgenic mice to attenuate denervation-induced muscle atrophy through suppressing ROS generated in the denervated muscle. The
sciatic nerve was sectioned and the hindlimb muscles were harvested 14 days post-denervation. (B) Overexpression of TXN2 did not attenuate
denervation-dependent loss of muscle weight. Relative muscle weight was calculated as the ratio of the denervated muscle over the innervated muscle
in control (Ctl), hemizygous (tg/+), and homozygous (tg/tg) mice. Both gastrocnemius muscle (Gastroc.) and tibialis anterior (TA) muscles were mea-
sured. n = 3, ns, no statistic difference. *P < 0.05. (B) Overexpression of TXN2 did not attenuate the denervation-dependent reduction of muscle fibre
size. Representative images of the cross-section of innervated (Inn) and denervated (Den) from control and TXN2-transgenic mice were shown (left).
The cross-sectional area was measured by ImageJ software in the controls and the TXN2 homozygous mice. Approximately 250 fibres per region, three
regions per sample, and three samples per group were measured. ns, no statistic difference, *P < 0.05.
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Figure 7 Overexpression of TXN2 attenuates denervation-induced oxidative stress and apoptosis, but not the signalling pathways upstream of the
ubiquitin-proteasome system. (A & B) Overexpression of TXN2 prevented denervation-induced ROS production in skeletal muscle tissues. ROS were
stained with DHE (A) and the fluorescent intensity was quantitated by ImageJ software (B). Fold change of ROS was calculated as the ratio of dener-
vation over innervation in control, hemizygous, and homozygous mice. n = 3 per group, *P < 0.05. (C) TXN2 overexpression suppressed the
denervation-dependent up-regulation of protein oxidation, apoptotic markers, but not myogenin and mTORC1 pathways. Left panel: western blot anal-
ysis was performed to examine the levels of protein expression. Right panel: the grey density of the detected protein bands was quantitated by ImageJ
to show the levels of protein expression after normalized to the total protein (pons). a.u., arbitrary unit, n = 3 per group, *P< 0.05. (D) Overexpression
of TXN2 did not suppress denervation-induced gene expression of HDAC4, myogenin, and FoxO. Total RNAs were harvested from innervated and de-
nervated (14 days) gastrocnemius muscles and subjected to quantitative PCR analysis. Fold change was calculated as the ratio of the denervated over
the innervated. n = 3 per group, *P < 0.05.
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cause TXN2 functions as an indirect antioxidant by reducing
Prx3, which is different from many other antioxidants (e.g.
catalase and Trolox) that directly counteract ROS. Overex-
pressed TXN2 seems to suppress the excessive amount of
ROS induced in ageing muscle, thereby attenuating
age-dependent reduction of muscle mass and fibre size.

Although it has long been believed that MOS contributes
to age-related muscle loss, the significance and the down-
stream effectors of oxidative stress in the ageing muscle re-
main controversial. Our data contribute the following key
information to this field: (i) oxidative stress/apoptosis ap-
pears to be a key contributor to age-related muscle loss as
both global mRNA profiling and focused signalling protein
analysis show that oxidative stress/apoptosis increased in
aged skeletal muscle and was suppressed by inhibition of ox-
idative stress, coincident with attenuation of ageing muscle
loss; (ii) the major downstream effector of oxidative stress
in ageing muscle appears to be mitochondrial apoptosis, as
mitochondrial apoptotic signalling—cleaved caspase-9/3—
was activated in aged skeletal muscle, and suppression of
MOS by overexpressed mitochondrial TXN2 attenuated apo-
ptosis and muscle fibre loss. Apoptotic muscle fibre death
may result from a progressive accumulation of nuclear and
cellular apoptotic changes over time, which ultimately leads
to gradual, perhaps segmental, muscle fibre death, and loss
during ageing.53,54 Beyond apoptotic changes, our data also
suggest that inhibition of protein oxidation and ubiquitina-
tion by TXN2 may help attenuate muscle protein degrada-
tion/atrophy and fibre loss in ageing.

In acute muscle denervation, overexpression of TXN2
inhibited oxidative stress and apoptosis, but not muscle atro-
phy. Interestingly, deficiency in BAX/BAK, or BAX alone, also
suppressed denervation-induced oxidative stress and
apoptosis,55,56 but BAX/BAK deficiency was able to attenuate
muscle atrophy.56 This inconsistency may suggest that the
downstream signallings of BAX/BAK and TXN2 are different,
and BAX/BAK may have effectors other than mitochondrial
apoptosis. It is also possible that the protective effect against
muscle atrophy in BAX/BAK-deficient mice was observed at
7 days after denervation, whereas in TXN2 mice, the dener-
vated muscles were examined at 14 days. It remains unclear
but possible that oxidative stress and apoptosis may change
the rate of muscle atrophy during denervation at early time
points.

The aetiology of age-related muscle loss is complex, but it
is well-documented that denervation is a subevent in ageing
muscle and contributes to ageing muscle loss.57 Denervation
occurs in aged muscle, and denervation-dependent changes
are in many respects similar to the changes seen in aged skel-
etal muscle—for example, increased ROS, oxidative stress,
and apoptosis.51,52 It has thus been hypothesized that
age-related muscle loss is due in part to denervation and
likely that MOS/apoptosis are signalling pathways common
to each of these processes.49 We, however, did not

observe that TXN2 overexpression attenuates acute,
denervation-induced muscle atrophy. Similarly, the antioxi-
dant Trolox, when used to quench increased ROS in an acute
muscle denervation model, did not attenuate muscle
atrophy.52 Failure to attenuate denervation-associated
muscle atrophy by TXN2 overexpression and Trolox informs
us that oxidative stress and associated apoptosis do not
play a major role in acute muscle atrophy following
denervation. Muscle loss in acute muscle denervation is
likely mediated predominately by the ubiquitin-proteasome
system–dependent protein degradation58,59 rather than the
oxidative stress-induced mitochondrial apoptosis. Consistent
with this interpretation, signalling pathways upstream of
ubiquitin-proteasome system, such as the FoxO3,7 and
HDAC/myogenin pathways,4,5 were not significantly affected
by TXN2 in the denervated muscle model (Figure 7).

Perhaps oxidative stress and apoptosis only emerge as ma-
jor players in muscle atrophy resulting from chronic,
long-term denervation. Because muscle ageing may in fact
represent a form of chronic, long-term muscle denervation,
the current findings cannot rule out the significance of
chronic denervation in age-related muscle atrophy. In line
with this, we cannot neither rule out nor prove the possibility
that TXN2, or other antioxidants, benefits aged muscle
through attenuating an effect resulting from long-term de-
nervation in aged muscle. Future studies with denervation
experiments in aged TXN2 mice would shed some light on
this issue.

Lastly, although most reports support the view that oxida-
tive stress is necessary for ageing muscle loss and functional
decline, some studies argue that mitochondrial ROS per se
may not be sufficient to induce age-related muscle atrophy.
For example, muscle-specific deletion of SOD2 increased mi-
tochondrial superoxide release and oxidative damage, elic-
ited NMJ disruption and contractile abnormalities, but it did
not accelerate age-related muscle atrophy.60,61 Rather, this
model exhibited a 10–15% increase in muscle mass, associ-
ated with increased central nuclei and branched fibres.61 This
appears to contradict the data from antioxidant overexpres-
sion and treatment.29,30 One may address this controversy
by appreciating the distinct composition of ROS in SOD
knockout muscle and normal ageing muscle. Because SOD2
converts superoxide to H2O2, lack of SOD2 increases the accu-
mulation of superoxide radicals but decreases the production
of H2O2. Different species of ROS likely produce different ef-
fects on muscle: some may serve mainly as signalling mole-
cules supporting regeneration, while others may primarily
subserve protein oxidation and degradation.62 ROS could be
a double-edged sword,63 and its net effects in ageing muscle
may depend on both the levels and the composition of ROS.
Given the possibility that the pathogenic effect of ROS may
differ with the particular type of ROS species, it may be fruit-
ful to investigate this type of ROS-species-specific effect in fu-
ture work.
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In summary, we have investigated the functional role of
TXN2 in skeletal muscle during ageing and denervation,
and we show that the causal factors in age-related muscle
atrophy are different from those in acute
denervation-induced muscle atrophy. Oxidative stress and
apoptotic signalling play an important role in ageing muscle
loss but not in acute denervation. It remains unclear if
TXN2 protects the ageing muscle entirely by suppression
of ROS-induced oxidative stress, as it also directly reduces
other substrates (e.g. NFkB and HDAC4), beyond Prx3. Al-
though the detailed mechanism of action of TXN2 remains
to be elucidated, our findings with TXN2 overexpressing
mice support the concept of mitochondrial-targeted antiox-
idants as promising candidates to attenuate age-related
muscle loss.
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