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Abstract

Background Frailty is a major age-associated syndrome leading to disability. Oxidative damage plays a significant role
in the promotion of frailty. The cellular antioxidant system relies on reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) that is highly dependent on glucose 6-P dehydrogenase (G6PD). The G6PD-overexpressing mouse
(G6PD-Tg) is protected against metabolic stresses. Our aim was to examine whether this protection delays frailty.
Methods Old wild-type (WT) and G6PD-Tg mice were evaluated longitudinally in terms of frailty. Indirect calorime-
try, transcriptomic profile, and different skeletal muscle quality markers and muscle regenerative capacity were also
investigated.
Results The percentage of frail mice was significantly lower in the G6PD-Tg than in the WTgenotype, especially in 26-
month-old mice where 50% of the WT were frail vs. only 13% of the Tg ones (P < 0.001). Skeletal muscle
transcriptomic analysis showed an up-regulation of respiratory chain and oxidative phosphorylation (P = 0.009) as
well as glutathione metabolism (P = 0.035) pathways in the G6PD-Tg mice. Accordingly, the Tg animals exhibited
an increase in reduced glutathione (34.5%, P < 0.01) and a decrease on its oxidized form (�69%, P < 0.05) and in
lipid peroxidation (4-HNE: �20.5%, P < 0.05). The G6PD-Tg mice also showed reduced apoptosis (BAX/Bcl2:
�25.5%, P < 0.05; and Bcl-xL: �20.5%, P < 0.05), lower levels of the intramuscular adipocyte marker FABP4
(�54.7%, P < 0.05), and increased markers of mitochondrial content (COX IV: 89.7%, P < 0.05; Grp75: 37.8%,
P < 0.05) and mitochondrial OXPHOS complexes (CII: 81.25%, P < 0.01; CIII: 52.5%, P < 0.01; and CV: 37.2%,
P < 0.05). Energy expenditure (�4.29%, P < 0.001) and the respiratory exchange ratio were lower (�13.4%,
P < 0.0001) while the locomotor activity was higher (43.4%, P < 0.0001) in the 20-month-old Tg, indicating a major
energetic advantage in these mice. Short-term exercise training in young C57BL76J mice induced a robust activation of
G6PD in skeletal muscle (203.4%, P < 0.05), similar to that achieved in the G6PD-Tg mice (142.3%, P < 0.01).
Conclusions Glucose 6-P dehydrogenase deficiency can be an underestimated risk factor for several human patholo-
gies and even frailty. By overexpressing G6PD, we provide the first molecular model of robustness. Because G6PD is
regulated by pharmacological and physiological interventions like exercise, our results provide molecular bases for
interventions that by increasing G6PD will delay the onset of frailty.
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Introduction

Frailty is a clinical geriatric syndrome characterized by a cu-
mulative decline in multiple body systems that is associated
with high vulnerability to stressors, which results in a dysreg-
ulation of multiple physiological systems. If left untreated, it
progresses to disability, with enormous personal and social
consequences for the patients, their caretakers, and society
in general.1

Importantly, old age, although associated to frailty, does
not define frailty itself. Despite advanced age, some persons
remain vigorous, while others have gradual functional decline
in the absence of apparent diseases.2 A person who is not
pre-frail or frail is considered robust. In this sense, robustness
is opposed to frailty.

In our study, we aimed at delaying the onset of frailty in its
generally accepted broader geriatric context.3

Age-associated damage is of low intensity, but its chronic
nature eventually leads to a global decline in the biological
reserve and in cellular functionality.4 The correlation be-
tween oxidative damage and frailty, and its mitochondrial
root, has been reported in both human5,6 and animal
studies.7,8 This led us to formulate the ‘free radical theory
of frailty’.2 This theory postulates that frailty is associated
with oxidative stress that acts in a dual mode: firstly, it affects
the redox signalling balance that occurs in normal physiology,
and secondly, if oxidative stress persists, it causes a
permanent damage that provokes a failure of cell functions,
especially those involved in homeostasis, that finally leads
to the onset of frailty.2

Glucose 6-P dehydrogenase (G6PD) is the rate-limiting en-
zyme in the pentose phosphate pathway (PPP) and is ubiqui-
tously expressed in mammalian tissues.9 Glucose can be
catabolized via the glycolytic pathway or via the oxidative
PPP to make nicotinamide adenine dinucleotide phosphate
(NADPH), the ultimate donor of reductive power for the large
majority of reactive oxygen species (ROS)-detoxifying en-
zymes. Thus, G6PD plays a central role in the antioxidant
defence.10 Importantly, overexpression of G6PD in Drosophila
melanogaster11 and mice12 leads to higher levels of NADPH
and lower levels of ROS-derived damage concomitant with
extended lifespan. Accordingly, G6PD deficiency, the most
common human enzyme defect, is effectively managed in
the clinical practice by avoiding oxidative stress.13 Because
NADPH is at the core of the anti-ROS defence, we hypothe-
sized that an increase in G6PD activity could protect against
age-associated damage and delay the onset of frailty.

To the best of our knowledge, a molecular model of vigor-
ousness has not yet been described. Although it has been
shown that life-long overexpression of HSP7014 and the
growth hormone receptor knockout (GHR-KO) mice15 facili-
tate recovery after damage in muscles of old mice and
enhance neuromusculoskeletal healthspan, frailty was not
determined in those studies.

Here, we propose a new molecular model for the promo-
tion of robustness, that is, the G6PD-Tg. We have character-
ized this mouse line9,12 and have found lower levels of
ROS-derived damage and better protection against metabolic
stresses.

Using our previously described test to evaluate frailty,16,17

we now show that overexpression of G6PD in mice results in
a significant delay in frailty. This opens up room for interven-
tion because by promoting G6PD expression, one can delay
the onset of frailty in animals and hopefully in human beings.

The activation of the G6PD by nutritional18 or pharmaco-
logical interventions19,20 could have translational potential
in geriatrics and in gerontological research. In fact, we report
here that a physiological intervention, exercise training in
C57BL/6J mice, induces an increase in the activity of G6PD
in the skeletal muscle of an order of magnitude very similar
to that obtained in the G6PD-Tg animals.

Our results reinforce the importance of pursuing frailty
studies in humans with G6PD deficiency, an enzymopathy
affecting over 400 million people in the world.

Materials and methods

Experimental animals

The animal study was approved by the University of Valencia
Ethics Committee for Research and Animal Welfare (License
References A1444079171882 and A1481561216420). Animals
were housed at the Animal House Core Facility of the Univer-
sity of Valencia.

Cohorts of old (18–26 months) C57BL6 [wild-type (WT)]
and G6PD-Tg mice were used to longitudinally evaluate
frailty. Each frailty criteria had a designated cut-off point to
identify the percentage of mice with the lowest performance.
See references16,17 for details.

Young (7-month-old) and old (19- to 26-month-old)
C57BL6 and G6PD-Tg mice were used to study the skeletal
muscle regeneration capacity.

All the molecular and biochemical determinations were
performed in 21- to 27-month-old WT and G6PD-Tg mice.

High-resolution respirometry was measured in fibre bun-
dles in ~20-month-old WT and G6PD-Tg animals.

Very old (34-month-old) WT and G6PD-Tg mice were used
to quantify the skeletal muscle fibre size in basal conditions.
The exercise training experiments were performed in young
C57BL/6J animals (5-month-old).

Frailty score

A score for frailty was determined at 18- to 20-month-old (WT
n = 24, Tg n = 39–40), 21- to 22-month-old (WT n = 17, Tg
n = 36), 23- to 24-month-old (WT n = 12–14, Tg n = 28–29),
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and 25- to 26-month-old (WT n = 5–11, Tg n = 16–24) animals.
Briefly, we evaluated five functional parameters: body weight,
motor coordination, grip strength, running time, and speed
during a treadmill test. This score was fully described previ-
ously by our research team16 and others.17

Muscle regeneration experiments

The skeletal muscle regeneration was studied in control (WT
n = 4; Tg n = 4) and at 4 days (WT n = 4, Tg n = 4 young; WT
n = 4, Tg n = 6 old animals), 7 days (WT n = 4, Tg n = 4 young;
WT n = 3, Tg n = 5 old animals), and 10 days (WT n = 4, Tg
n = 4 young; WT n = 3, Tg n = 4 old animals) following
cardiotoxin-induced injury as previously described.21

Histology and immunohistochemistry in muscle
cryosections

Gastrocnemius and tibialis anterior muscles were used for
the analyses. Muscle samples were included in optimal cut-
ting temperature compound (OCT), frozen in isopentane
cooled with liquid nitrogen, and stored at �80°C until analy-
sis. Transverse serial cross-sections (10 μm thick) were
obtained using a cryostat maintained at �25°C (HM-560,
Microm H) and mounted onto glass microscope slides.
Cryosections were coloured with haematoxylin–eosin (HE)
solution or immunostained using anti-eMHC antibody
(F1.652, Developmental Studies Hybridoma Bank) (see
Supporting Information for details).

Digital image acquisition and processing

Muscle sections were photographed with Axiovison software
and were digitalized with the microscopic preparation scan-
ner Panoramic Midi 3 (3DHISTECH Ltd., Budapest, Hungary)
at ×20 magnification. Digitalization was performed with a
PNG lossless high-compressed format due to the vast number
of pixels scanned. Panoramic viewer (3DHISTECH Ltd.) was
used for exporting all images in compressed JPEG (90% qual-
ity vs. compression ratio). To quantify myofibre size, at least
300 representative fibres of each sample were outlined, and
their cross-sectional area was determined using ImageJ soft-
ware (see Supporting Information for details).

RNA extraction and whole transcriptomic analysis

Total RNA from the quadriceps muscle was extracted using
the TRIzol reagent. RNA integrity number (RIN) was tested
by the 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA), and the RNA concentration was determined by
measuring absorbance at 260 nm using a spectrophotometer

(GeneQuant, GE Healthcare Biosciences). Ten microarrays
were analysed: WT (n = 5) and G6PD-Tg (n = 5). To determine
global differences in genetic profiles between groups, princi-
pal component analysis (PCA) and unsupervised hierarchical
clustering using the Partek software were performed (see
Supporting Information for details).

Real-time polymerase chain reaction analysis

We isolated total RNA from the quadriceps muscle of
sedentary resting (n = 5) and trained mice for 5 days
(n = 7), and we performed an analysis by single real-time
reverse-transcription polymerase chain reaction (RT-PCR)
using TaqMan® Gene Expression Assays probes (Applied
Biosystems®, Foster City, CA, USA) according to the manufac-
turer’s recommendations (see Supporting Information for
details).

GSH and GSSG determination

We determined GSH and GSSG concentrations in gastrocne-
mius muscles by a spectrophotometric procedure that uses
N-ethylmaleimide (NEM) to minimize thiol auto oxidation
during sample preparation.22

Lipid peroxidation determination by
high-performance liquid chromatography

Malondialdehyde (MDA) levels were determined in gastroc-
nemius samples as described previously23 (see Supporting
Information for details).

Carbonylated proteins

Immunoblot detection of protein carbonyl groups in gastroc-
nemius samples was assessed using the ‘Oxyblot Protein
Oxidation Detection Kit’ (Millipore, USA) (see Supporting
Information for details).

Western blotting

Gastrocnemius samples were homogenized in 10 volumes of
lysis buffer and centrifuged at 10 000 g for 10 min (4°C). Sixty
micrograms of protein extract were loaded into Stain-Free
4–20% precast gels (4568095; Bio-Rad) before electropho-
retic migration and transfer onto nitrocellulose membranes
(Bio-Rad; Trans-Blot Turbo Blotting System). Then, the mem-
branes were blocked and incubated overnight at 4°C with
primary antibodies. The membranes were then incubated

G6PD overexpression delays age-associated frailty 3

Journal of Cachexia, Sarcopenia and Muscle 2021
DOI: 10.1002/jcsm.12792



for 1 h with a peroxidase-conjugated secondary antibody (see
Supporting Information for details).

High-resolution respirometry

Mitochondrial respiration was carried out with permeabilized
muscle fibre bundles from the soleus muscle of ~20-month-
old G6PD-Tg (n = 4) and WT mice (n = 6) using the
Oxygraph-2k (see Supporting Information for details).

In vivo metabolic assessment

Respiratory metabolism and spontaneous activity and rearing
were assessed by indirect calorimetry with the OxyletPro Sys-
tem (Panlab, Harvard Apparatus) in ~20-month-old G6PD-Tg
(n = 5) and WT mice (n = 5). Mice were single housed
with ad libitum access to food and water and maintained at
20–22°C under a 12:12 h light:dark cycle (light period
08.00–20.00). All mice were acclimated to monitoring cages
for 16–18 h prior to recording. Oxygen consumption was de-
termined by measuring oxygen concentration in air entering
the chamber compared with air leaving the chamber. Mea-
surement in each chamber was recorded for 1 min at 5 min
intervals for a total of 48 h.

Body composition

Mice (~20-month-old) body composition (bone mineral den-
sity, lean mass, fat mass, and fat in tissue) was analysed with
simple anaesthesia using the method of dual-energy X-ray
absorptiometry (DXA) with Medikors’ InAlyzer (WT n = 6, Tg
n = 5).

Haematological measurements

We used the veterinary ‘Hematology ELEMENT HT5’ and the
‘Skyla VB1’ analyser to provide haematological and biochem-
ical parameters in whole EDTA blood in ~20-month-old G6PD-
Tg (n = 6) and WT mice (n = 8) (Supporting Information, Table
S1).

Exercise training

Young C57Bl/6J mice (5-month-old) were allocated in two dif-
ferent groups: sedentary resting mice (n = 5) and trained
mice for 5 days (n = 7). Mice were trained for five consecutive
days with the following protocol: treadmill downhill running
(�20°) at 10 m/min for 5 min, followed by 25 min at 18 m/
min (PanLab Harvard Apparatus, Columbus Instruments

LE8708). After 2 days of resting, quadriceps muscles were
collected.

Glucose 6-P dehydrogenase activity

Glucose 6-P dehydrogenase activity was determined as de-
scribed previously24 in quadriceps muscle samples of young
trained and sedentary resting mice as well as in old WT and
G6PD-Tg animals (~20-month-old).

Statistical methods

Values are expressed as the mean ± standard deviation (SD).
Normal distribution of the samples was assessed by the
Shapiro–Wilk test. To compare two different groups, the un-
paired Student’s t-test was used, or the Mann–Whitney test
in case of a non-normal distribution. To study two indepen-
dent variables, a two-way analysis of variance (ANOVA) test
was used. For the frailty score and its criteria, differences
were tested using the Pearson’s χ2 test. A one-way ANOVA
was used to determine differences in gene expression be-
tween groups. The effect size in the percentage of muscle
weight lost with age has been determined performing an
F-test. Statistical analysis was performed using Statistica,
SPSS, or GraphPad Prism software, with a significance level
set at P < 0.05, and all graphs were represented with
GraphPad Prism8 Software.

Results

Old G6PD-Tg mice are less frail than their wild-type
congeners

Using a cohort of female mice (WT and G6PD-Tg) aged 18 to
26 months, we established a frailty score based on the eval-
uation of five parameters: body weight, motor coordination,
maximal grip strength, running time, and running speed
achieved during a treadmill test.16,17

Body weight
Mice were weighted every 2 months from 18 to 26 months of
age (Supporting Information, Figure S1). To evaluate the loss
of weight with aging, we used the mean body weight of the
animals at the age of 18 months as initial controls. An animal
was considered as frail for this criterion when at any given
age, it had lost more than 5% of its weight at the age
of 18 months. Compared with the WT, G6PD-Tg mice
maintained better their weight with advancing age. At 25–
26 months of age, more than 72% of WT mice were consid-
ered as frail for this criterion, whereas only 17% in the Tg
group was (Figure 1A).
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Motor coordination
The tightrope test was used to evaluate motor coordination in
mice. The animals that failed the test were considered as frail
for this criterion (Figure S1). The G6PD-Tg animals clearly per-
formed better than the WT at the different ages tested. How-
ever, the differences only reached statistical significance in the
18- to 20- and 23- to 24-month-oldmice. In theWT group, 29%
and 42% of the mice failed the test at these specific ages. Only
the 2.5% and 6.9% of the G6PD-Tg mice failed the motor coor-
dination test at 18–20 and 23–24 months of age (Figure 1B).

Grip strength
Maximal grip strength was recorded using the grip strength
metre, which detects the peak force applied on the device.
The values obtained were divided by animal’s body weight.
G6PD-Tg mice were stronger than WT mice, especially when
they were 23–24 months old (mean scores of 3.9 ± 0.2 in
the WT group vs. 5.0 ± 0.1 in the G6PD-Tg group) (Figure
S1). Consequently, 50% of the WT animals fulfilled this frailty
criterion compared with the 6.9% of the same age G6PD-Tg
mice (Figure 1C).

Figure 1 Valencia Score for frailty in WT and G6PD-Tg mice. (A–E) Percentage of mice considered as frail for each of the five parameters tested in the
WT and G6PD-Tg groups (A–E). (F) The frailty score was calculated as follows: number of tests failed divided by the total number of tests performed,
for each group of mice and ages. Mice were tested at different ages: 18- to 20-month-old (n = 24 WT, n = 39–40 Tg), 21- to 22-month-old (n = 17 WT,
n = 36 Tg), 23- to 24-month-old (n = 12–14 WT, n = 28–29 Tg), and 25- to 26-month-old (n = 5–11 WT, n = 16–24 Tg). Statistical significance was
assessed using Pearson’s χ2 test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Running time
Mice performed an incremental treadmill test until exhaus-
tion to evaluate their endurance capacity (Figure S1).3 We
first determined the maximal running time achieved by the
animals at the end of the test. We did not find any significant
difference in this frailty parameter between the two groups
of mice independently of age. Although a tendency was
found in the 21- to 22-month-old animals (P = 0.07), the
differences between the groups did not reach statistical sig-
nificance (Figure 1D).

Running speed
The maximal running speed achieved at the end of the incre-
mental test was also recorded (Figure S1). Slowness is an im-
portant component when evaluating frailty in the clinical
practice.3 G6PD-Tg animals were significantly faster than
the WT ones when they were 21–22 months old (P < 0.05).
At this specific age, we found that 41% of the WT mice
fulfilled the frailty criterion of slowness while only 13.8% of
G6PD-Tg mice did (Figure 1E).

Frailty score
We established a score for frailty based on the results ob-
tained in each of the five parameters measured.16,17 In each
age group, we divided the total number of tests failed by
the total number of tests performed, and we obtained the
percentage of mice considered as frail. At each age range
(from 18 to 26 months old), the G6PD-Tg mice were less frail
than the WT. The most convincing difference was found in
the older mice (25–26 months), where almost half of the
WT mice were frail vs. only 13% in the G6PD-Tg group
(Figure 1F).

Regenerative capacity of muscle stem cells in
G6PD-Tg vs. wild-type animals

The activity of G6PD increases dramatically during the regen-
eration of skeletal muscle,25 a process highly dependent on
satellite cells.26 Thus, we analysed the regenerative capacity
of satellite cells in young WT and Tg animals in response to
cardiotoxin-induced muscle injury. We found a loss of the
muscle architecture in the injured tibialis anterior muscle at
4 days post-injury, due to the necrosis of myofibres and the
activation of an inflammatory response (data not shown).
The cross-sectional area of the newly forming myofibres at
7 and 10 days post-injury in both WT and G6PD-Tg mice
was lower than in basal conditions, as expected in
regenerating, not fully matured myofibres (Figure 2A). The
frequency distribution of regenerating fibres by size was not
different between G6PD-Tg and WT mice (Figure 2B). Signs
of advanced muscle regeneration, as indicated by the appear-
ance of large central-nucleated fibres, can be seen in Figure
2C. All those changes confirmed that the cardiotoxin injection

was effective in the induction of muscular damage followed
by regeneration.26 The expression of embryonic myosin
heavy chain (eMHC), an early marker of muscle regeneration,
indicates new myofibre formation.26 Newly regenerating
myofibres were stained with an anti-eMHC antibody at 4 days
post-injury (Figure 2F). No significant differences were found
between WT and G6PD-Tg mice in the size of positive
myofibres for eMHC staining (eMHC+) (Figure 2D) or in the
frequency distribution according to their size (Figure 2E).
However, the observed trend of increased eMHC+ fibre size
in young Tg animals, together with the fact that frailty is a ge-
riatric syndrome, prompted us to undertake a further study in
old mice.

As in young animals, we did not find significant differences
in myofibre cross-sectional area between WT and G6PD-Tg
old mice at 7 or 10 days post-injury (Figure 3A). The fre-
quency distribution of fibre size was not significantly different
between the groups either (Figure 3B). Signs of advanced
muscle regeneration are shown in Figure 3C. Newly
regenerating myofibres in tibial anterior muscles were posi-
tive for eMHC expression at 4 days post-injury (Figure 3F).
As reported in young animals, no significant differences were
found between WT and G6PD-Tg old mice in eMHC+ fibre size
(Figure 3D) or in the frequency of distribution according to
their size (Figure 3E).

Transcriptomic analysis

We performed a global gene expression analysis in skeletal
muscle and found a different expression pattern between
G6PD-Tg vs. WT animals. Figure 4A shows the PCA in
G6PD-Tg and WT muscle samples according to their tran-
scriptome. The PCA score plot showed a 47% variability be-
tween the G6PD-Tg and WT groups, and two different
clustered groups could be therefore clearly appreciated.

The transcriptomic analysis showed 1653 differentially
expressed genes. Of these, 779 genes were up-regulated
(47%) and 874 were down-regulated (53%) in the Tg animals
when compared with WT. The different pattern of gene
expression observed in the PCA was confirmed by dendro-
gram from unsupervised hierarchical clustering analysis.
Figure 4B shows in blue and red the statistically significant
down-regulated and up-regulated genes, respectively. WT
mice are clustered in the upper zone, and G6PD-Tg mice
are clustered in the lower zone. Differentially expressed
genes were analysed using the Pathway Studio software.
The most representative metabolic pathways identified, in
terms of enrichment P value, were as follows: (i) the mito-
chondrial respiratory chain and oxidative phosphorylation
(P value 0.009, nine genes up-regulated in the G6PD-Tg vs.
WT) (Figure 4C) and (ii) the glutathione metabolism pathway
(P value 0.035, nine genes up-regulated and two genes
down-regulated in the G6PD-Tg vs. WT) (Figure 4D). Two
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Figure 2 Tibialis anterior muscle regeneration in young WT and G6PD-Tg mice. (A) Quantification of the myofibre size, evaluated by the cross-sectional
area, in TA muscle sections in basal conditions and regeneration at 7 and 10 days after cardiotoxin-induced injury in 7-month-old mice (n = 4 WT; n = 4
Tg, for each group). (B) Quantification of fibre cross-sectional area frequency of distribution in muscle sections in basal conditions and regeneration at
7 and 10 days after cardiotoxin-induced injury (n = 4 WT; n = 4 Tg, for each group). (C) Representative images of haematoxylin–eosin staining. (D)
Quantification of the eMHC+ myofibre size, evaluated by the cross-sectional area, in tibial anterior sections in regeneration at 4 days after
cardiotoxin-induced injury (n = 4 WT; n = 4 Tg, for each group). (E) Quantification of eMHC

+ fibre cross-sectional area frequency of distribution
(n = 4 WT; n = 4 Tg, for each group). (F) Representative images of eMHC immunostaining. Scale bars, 50 μm. Data bars represent mean ± SD. Dots
represent individual data. Statistical significance was assessed using the two-way ANOVA test: **P < 0.01, ****P < 0.0001.
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relevant biological processes were also identified: (i) apopto-
sis (P value 3.53 × 10�7, 26 genes down-regulated and 30
genes up-regulated in the G6PD-Tg vs. WT) (Figures 4E and
S2) and (ii) the oxidative stress response (P value
5.08 × 10�7, 7 genes down-regulated and 13 up-regulated

in the G6PD-Tg vs. WT) (Figure 4F). The heatmap for the
fold-change values of differently expressed genes for Figure
4C–4E is available in the centre of the figure.

The complete lists of the genes involved in these metabolic
pathways and biological processes are shown in Table S2.

Figure 3 Tibialis anterior muscle regeneration in old WT and G6PD-Tg mice. (A) Quantification of the myofibre size, evaluated by the cross-sectional
area, in tibial anterior muscle sections in regeneration at 7 and 10 days after cardiotoxin-induced injury (19- to 26-month-old) (n = 3 WT; n = 5 Tg and
n = 3 WT; n = 4 Tg, respectively). (B) Quantification of fibre cross-sectional area frequency of distribution in tibial anterior sections in regeneration at 7
and 10 days after cardiotoxin-induced injury (n = 3 WT; n = 5 Tg and n = 3 WT; n = 4 Tg, respectively). (C) Representative images of haematoxylin–eosin
staining. (D) Quantification of the eMHC+ myofibre size, evaluated by the cross-sectional area, in tibial anterior sections in regeneration at 4 days after
cardiotoxin-induced injury (n = 4 WT; n = 6 Tg). (E) Quantification of eMHC

+ fibre cross-sectional area frequency of distribution (n = 4 WT; n = 6 Tg). (F)
Representative images of eMHC immunostaining. Scale bars, 50 μm. Data bars represent mean ± SD. Dots represent individual data.
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Figure 4 Skeletal muscle transcriptomic analysis in old G6PD-Tg and WT mice. (A) Principal component analysis (PCA) showing changes in the
transcriptomic profile between 21-month-old G6PD-Tg and WT mice (percentage of variability: 46.7%). (B) Unsupervised hierarchical clustering of
the 1653 differentially expressed genes in G6PD-Tg and WT samples. (C) Genes up-regulated in G6PD-Tg vs. WT from the mitochondrial respiratory
chain and oxidative phosphorylation pathway. (D) Genes differentially expressed in G6PD-Tg vs. WT from the glutathione metabolism pathway. (E)
Genes differentially expressed in G6PD-Tg vs. WT from the apoptotic biological process. (F) Genes differentially expressed in G6PD-Tg vs. WT from
the oxidative stress response biological process. (C–F) The fold change is indicated next to the genes’ name, and the heatmap for the fold-change
values of differently expressed genes is available in the centre of the figure.
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Improved reactive oxygen species detoxification in
skeletal muscle of G6PD-Tg old mice

Low levels of the reduced (GSH) to oxidized (GSSG) glutathi-
one ratio indicate a lower oxidative stress and improved
ROS detoxification.12 Figure 5A shows that the GSH levels
were significantly higher (34.5%, P < 0.01) whereas those
of GSSG (�69%, P < 0.05) were significantly lower in the
muscles of the G6PD-Tg animals when compared with the
WT ones (Figure 5B). Consistently, the GSSG/GSH ratio
(Figure 5C) was significantly lower in the G6PD-Tg group.

We next measured protein carbonylation and two prod-
ucts of lipid peroxidation (MDA and 4-HNE), both markers
of ROS-derived damage in 21-month-old WT and G6PD-Tg
mice. We did not detect any changes in either MDA levels
or protein carbonylation (Figure S3), but the levels of 4-HNE
were significantly lower (�20.5%, P < 0.05) in G6PD-Tg mus-
cles (Figure 5D). These results indicate that G6PD overexpres-
sion does protect against oxidative stress (glutathione redox
ratio) and macromolecular damage through a reduction in
the accumulation of oxidized lipids.

Structural and functional impact of glucose 6-P
dehydrogenase overexpression in skeletal muscle
mitochondria and apoptosis

The impact of G6PD overexpression on mitochondrial
morphology and functional adaptations was investigated in
skeletal muscle in 21- to 25-month-old WT and 23- to 27-
month-old G6PD-Tg animals. We found an increase in the
protein levels of cytochrome c oxidase IV (COX IV), one of
the nuclear encoded subunits of cytochrome c oxidase (COX
IV: 89.7%, P < 0.05), in the Tg mice when compared with
WT (Figure 6A and 6B). This result is consistent with the
transcriptomic analysis where we found that five of the nine
OXPHOS genes up-regulated in the microarrays in the Tg mice
encoded COX subunits (Table S2.2). Next, we determined the
abundance of mitochondrial OXPHOS complexes in tibialis
and gastrocnemius extracts immunoblotted with antibodies
specific for protein components of each mitochondrial
complex: NADH dehydrogenase (Complex I), succinate dehy-
drogenase (Complex II), cytochrome b–c1 (Complex III), cyto-
chrome c oxidase (Complex IV), and ATP synthase (Complex

Figure 5 Markers of oxidative stress in muscles of 21-month-old WT and G6PD-Tg mice. (A) GSH levels (n = 8 WT, n = 9 Tg). (B) GSSG levels (n = 6 WT,
n = 5 Tg). (C) GSSG/GSH×100 (n = 5 WT, n = 5 Tg). (D) Marker of oxidative damage to lipids: 4-HNE levels (n = 6 WT, n = 7 Tg). (E) Membrane
representing 4-HNE protein blot (top panel) and its corresponding loading control (bottom panel). Bars represent the mean ± SD. Dots represent in-
dividual data. Statistical significance was assessed using the unpaired Student’s t-test. *P < 0.05, **P < 0.01.
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Figure 6 Mitochondrial skeletal muscle parameters in WT and G6PD-Tg animals. (A) Protein levels of COX IV (n = 7 WT, n = 7 Tg), Grp75 (n = 7 WT,
n = 7 Tg), fatty acid binding protein 4 (FABP4) (n = 6 WT, n = 6 Tg), Bax/Bcl2 (n = 7 WT, n = 7 Tg), Bcl-xL (n = 7 WT, n = 6 Tg), and HSP70 (n = 7 WT, n = 6
Tg) (21-month-old mice). COX IV, Grp75, FABP4, and Bax/Bcl2 were referenced to their stain-free loading control. Bcl-xL and HSP70 were referenced to
α-actin. (B) Membranes representing COX IV, Grp75, Bax, Bcl2, FABP4, Bcl-xL, HSP70, and α-actin western blots. (C) Multi-protein OXPHOS levels
determined in tibialis anterior muscle (n = 11 WT, n = 12 Tg) (top panel) and gastrocnemius muscle (n = 6 WT, n = 7 Tg) (bottom panel) (21- to 27-
month-old mice). (D) Representative image of SUIT 8 Oroboros respiratory experiment. (E) Oxygen flow of skeletal muscle bundles (n = 6 WT, n = 4
Tg) (20-month-old mice). Data bars represent the mean ± SD, and dots the individual data. Statistical significance was assessed using the unpaired
Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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V). G6PD-Tg mice exhibited higher expression of Complex II
(81.25%, P < 0.01) and Complex III (52.5%, P < 0.01) in
tibialis and Complex V (37.2%, P < 0.05) in gastrocnemius,
when compared with the WT (Figure 6C). Original gels and
stained membranes are shown in Figure S4.

Mitochondrial respiration was carried out with perme-
abilized muscle fibre bundles from soleus muscle in ~20-
month-old G6PD-Tg (n = 4) and WT mice (n = 6) using the
Oxygraph-2k. Overexpression of G6PD did not significantly al-
ter the mitochondrial respiration values, although a slightly
higher mitochondrial respiration was observed when the
Complex IV activity was assayed in the Tg animals when
compared with the WT (Figure 6D and 6E).

We also determined the protein levels of GRP75 (Figure 6A
and 6B), a mitochondrial chaperone involved in the refolding
of redox-modified proteins.27 It was significantly increased in
the G6PD-Tg compared with WT mice (37.8%, P < 0.05).
GRP75 is a well-known inhibitor of apoptosis through the
modulation of the apoptosis indicator BAX/BCL-2 ratio.28

The BAX/BCL-2 ratio was also significantly reduced (�25.5%,
P < 0.05) in the Tg animals (Figure 6A and 6B). It was accom-
panied with an increase in Bcl-xL (20.5%, P < 0.05), a mem-
ber of the Bcl-2 family of proteins that acts as an
anti-apoptotic protein. Although we did not find changes in
Hsp70 protein levels, a chaperone with anti-apoptotic proper-
ties, our results altogether show lower activity of apoptotic
processes in mice overexpressing G6PD. These data indicate
that G6PD overexpression is associated with an up-regulation
of survival/anti-apoptotic factors (Figure S2).

To evaluate the accumulation of intramuscular fat, we
measured the expression of FABP4,29 a marker of mature ad-
ipocytes, and found significantly lower levels of its expression
(�54.7%, P < 0.05) in the skeletal muscle of Tg animals when
compared with the WT ones (Figure 6A and 6B).

Body composition and metabolic measurements in
old G6PD-Tg and wild-type mice

Using metabolic cages, we quantified the energy expenditure
(EE), the ambulatory activity, and the respiratory exchange
ratio (RER) to determine relative use of carbohydrates or
lipids for EE in old mice (~20-month-old) (Figure 7A, 7C, and
7E).30 G6PD-Tg animals exhibited lower RER than their WT
counterparts indicating oxidation of lipids (WT: L:
0.89 ± 0.03, D: 0.95 ± 0.02; G6PD-Tg: L: 0.77 ± 0.03, D:
0.82 ± 0.02)31 (Figure 7B, right panel). The EE-area under
the curve (EE-AUC) was also significantly diminished in the
Tg mice vs. the WT ones (Figure 7D, right panel). Moreover,
old G6PD-Tg mice exhibited a clear increase in locomotor ac-
tivity, which, comparatively, was absent in the WT animals
(Figure 7F, right panel).

Using DXA, we did not find changes in body composition
(fat, lean, and bone data) (Figure S5) or in blood biochemical

and haematological parameters that could explain the re-
ported differences as a function of the genotype (Table S1).

However, when we assessed the cross-sectional area of
muscle fibres from very old mice (34-month-old) (Figure 7G
and 7H), we found that G6PD-Tg mice had a larger muscle fi-
bre size compared with the WT (1005.5 vs. 901.5 μm2, re-
spectively, P < 0.05). Moreover, we weighted different
muscles longitudinally in 6-, 11-, and 23-month-old Tg and
WT mice (Figure S5b). We found that the percentage of
muscle weight lost in gastrocnemius muscle, in 6 vs.
23 months old, was significantly lower in G6PD-Tg when com-
pared with WT mice (P < 0.004) (Figure 7I).

Exercise training as a physiological intervention to
increase glucose 6-P dehydrogenase activity

Exercise training is a cost-effective, clinically proven interven-
tion that can delay and even prevent frailty.32 We found a sig-
nificant increase in the mRNA levels of G6PD (127.6%,
P< 0.01) in C57BL/6J young mice after a short period (5 days)
of eccentric exercise training (Figure 8A). This was accompa-
nied with a robust increase in the activity of G6PD in skeletal
muscle (rest: 0.46 ± 0.16 nmol/min × mg of protein vs. 5 days
trained: 1.41 ± 0.78 nmol/min × mg of protein) (Figure 8B).
Very interestingly, the improvements in the G6PD activity
achieved with the exercise training were very similar to that
obtained in the mouse harbouring a copy of the complete hu-
man G6PD gene (G6PD-Tg: 0.99 ± 0.50 nmol/min × mg of pro-
tein, WT: 0.41 ± 0.12 nmol/min × mg of protein; P < 0.01)
(Figure 8C).

Discussion

Delaying the onset of frailty by the overexpression
of glucose 6-P dehydrogenase

Frailty has such a relevance in both clinical medicine that
finding interventions to delay it is of utmost importance. Sev-
eral models have been proposed to accelerate the onset of
frailty.8,33 However, to our knowledge, a defined molecular
model to delay frailty and promote vigorousness has not
yet been proposed. Improvements in ‘neuromuscular
healthspan’ have been reported with resveratrol,34 caloric
restriction,35 rapamycin,36 or exercise.16 Moreover, the
HSP70 overexpressing mice14 and the GHR-KO mice15 have
shown to delay primary sarcopenia or even senescence, but
frailty has not been assessed in these models.

The early frailty models were based on the idea that
promoting inflammation by knocking-out anti-inflammatory
cytokines [such as interleukin (IL)-10] could accelerate the
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Figure 7 Impact of G6PD overexpression on whole-body skeletal muscle physiology and in vivometabolism in old mice. (A) Respiratory exchange ratio
over 48 h (RER) (n = 6 WT, n = 5 Tg). (B) (left) RER average data from the two light (L1 + L2) and dark (D1 + D2) cycles (n = 6 WT, n = 5 Tg). (right) Area
under the RER curve. (C) Energy expenditure (EE) over 48 h (n = 6 WT, n = 5 Tg). (D) (left) EE average data from the two light (L1 + L2) and dark
(D1 + D2) cycles (n = 6 WT, n = 5 Tg). (right) Area under the EE curve. (E) Voluntary ambulatory activity over 48 h section (n = 6 WT, n = 5 Tg). (F)
(left) Voluntary ambulatory activity average data from the two light (L1 + L2) and dark (D1 + D2) cycles (n = 6 WT, n = 5 Tg). (right) Area under the
voluntary ambulatory activity curve. (G) Cross-sectional area measurement of muscles fibres (μm2) of very old mice, that is, 34 months of age
(n = 8 WT, n = 7 Tg). Data bars represent the mean ± SD. (H) Representative images of haematoxylin–eosin colouration used to quantify
cross-sectional area. (I) Percentage of gastrocnemius muscle weight lost from 6- to 23-month-old G6PD-Tg and WT mice. The effect size has been de-
termined using the F-test. **P < 0.01. Average data from the two dark and light cycles are represented as box plots with individual values. Mean ± SD
area curves are given. Statistical significance was assessed using the unpaired Student’s t-test, except from panels (B), (D), and (F) (left) where statis-
tical significance was assessed using the two-way ANOVA test and panel (I) where the effect size has been determined using the F-test. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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onset of frailty.8 However, as stated earlier, not one single
molecular model has shown to delay the onset of frailty.

Glucose 6-P dehydrogenase is tightly regulated, but we
have shown here that it can be modulated by a physiological
intervention such as exercise training. We report that only
5 days of eccentric exercise training induces a robust increase
in both the mRNA levels and the G6PD activity in skeletal
muscle in mice. These increments are similar to those ob-
tained in the G6PD-Tg mice12 that display a ubiquitous
two-fold to four-fold overexpression of G6PD mRNA and also
show an equivalent increase in G6PD activity. The

exercise-induced increase in the endogenous antioxidant pro-
tection may generate a cellular hyper-defensive state being
one of the molecular bases of the reported beneficial effects
of exercise in the prevention of frailty.32

Glucose 6-P dehydrogenase can also be modulated by nu-
tritional and pharmacological interventions.18–20 Although no
medications are available to treat G6PD deficiency, recently,
it has been identified a small molecule, AG1, that increases
the activity of several common G6PD mutants by improving
the binding of NADP+ and/or G6P to the enzyme.19 AG1
reduces oxidative stress in cells and zebrafish and also
decreases diamide-induced oxidative stress in human
erythrocytes.19 AG1 corrects G6PD deficiency but also seems
to be suitable to treat subjects with WT G6PD at risk of oxida-
tive stress-related diseases.

Glucose 6-P dehydrogenase-dependent promotion
of robustness does not involve improvement in
muscle regeneration

We studied the skeletal muscle stem cells regenerative ca-
pacity as a possible mechanism that could underlie the ob-
served delay in frailty in the G6PD-Tg mice. Satellite cell
regenerative functions decline with aging due to an entry in
a senescence state leading to frailty/sarcopenia.26 G6PD pro-
duction of NADPH is critical for redox control and cell
growth.25 However, we did not find differences in the
regenerative functions of satellite cells from G6PD-Tg and
WT animals after muscle injury in any of the ages studied.

Satellite cell-mediated myonuclear accretion has a major
role in maturational skeletal muscle growth37 and during
injury-induced skeletal muscle regeneration.26 However, their
contribution to the homeostasis of adult fibres has been an
object of debate, and its role in the regulation of muscle mass
has been questioned by several experimental evidences.37 In
fact, short-term deletion of satellite cells in adult mice does
not result in muscle fibre atrophy, and sarcopenia is generally
not exacerbated, reinforcing the notion that satellite cells
serve primarily muscle regenerative functions.38,39 Consistent
with this, our results minimize the contribution of muscle sat-
ellite cells regenerative potential to the delayed onset of
frailty in the G6PD-Tg mice.

In old G6PD-Tg mice, age-associated metabolic
changes are prevented

Based on our transcriptomic analysis, we explored several
possible mechanisms that could underlie the protective effect
of G6PD in terms of frailty. We found a significant decrease in
the BAX/BCL-2 ratio and an increase in Bcl-xL in the skeletal
muscle of the G6PD-Tg mice, indicating lower activity of
apoptotic processes in the animals overexpressing the

Figure 8 Physical exercise increases G6PD activity and expression. (A)
G6PD mRNA expression in skeletal muscle from 5 days trained (n = 5)
and rest (n = 7) 5-month-old mice. (B) G6PD enzymatic activity in skeletal
muscle from 5 days trained (n = 5) and rest (n = 7) 5-month-old mice. (C)
G6PD enzymatic activity in skeletal muscle of WT (n = 8) and Tg (n = 8) 21-
month-old mice. Mean ± SD are represented. Dots represent individual
data. Statistical significance was assessed using the unpaired Student’s
t-test. *P < 0.05, **P < 0.01.
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antioxidant enzyme. Several signalling pathways of skeletal
muscle apoptosis are currently under intense investigation,
with a particular focus on the role played by mitochondria.
During aging, there is an impairment in cellular mitochondrial
function that contributes to muscle atrophy and the decline
in muscle performance observed in frail old individuals.40 This
functional decline is associated with substantial reduction in
respiratory capacity, ATP production, as well as increased
apoptosis.41 Pathways enriched in genes involved in mito-
chondrial respiratory chain and mitochondrial genome main-
tenance are among the most down-regulated ones during
aging.41 In our study, from the nine OXPHOS genes found
up-regulated in the microarrays of the G6PD-Tg mice, five
of them encoded COX subunits. This result correlates with
the higher GRP75 and COX IV levels found in the 21-month-
old Tg animals. Poor physical performance in the elderly is as-
sociated with a greater decline in mitochondrial respiration
as well as COX muscle activity.42 On the contrary, overexpres-
sion of G6PD is associated with a significant increase in the
protein levels of COX IV and an improvement in functional
parameters in old animals. Consistent with these results,
G6PD-Tg mice also exhibited higher expression of Complexes
II, III, and V in skeletal muscle, when compared with the WT.
Fatty acid oxidation generates FADH2, which is a substrate of
Complex II. The up-regulation of Complex II in the Tg animals
matches with the indirect calorimetry results. The lower
RER-AUC data reveal that old G6PD-Tg animals utilize more
lipids than carbohydrates as substrates. Individuals, both
humans and rodents, with sedentary lifestyles normally have
higher RER values and lower fat oxidation.30 On the contrary,
physically active individuals tend to show lower RER values
than untrained ones.30 Previous studies have shown that
old C57BL/6J mice have higher RER levels when compared
with young ones, indicating a preference towards carbohy-
drate utilization. We have also found that the Tg animals
show a reciprocal pattern of a lower EE and higher ambula-
tory activity, indicative of major energetic advantage from
an underlying remodelling of gene expression and metabo-
lism in contracting skeletal muscle.

Dysfunctional mitochondria are characterized by an exces-
sive production of ROS, which oxidize and damage
macromolecules.43 We reasoned that the mechanism by
which the overexpression of G6PD delays frailty consisted in
the alleviation of the load of oxidative damage associated
with aging. Indeed, we observed that age-dependent accu-
mulation of oxidized lipids in the skeletal muscle was dimin-
ished in the G6PD-Tg mice. This was accompanied with a
decrease in the intramuscular adipose tissue levels or fatty
acid infiltrations (FABP4) in the Tg animals.29,44 Our hypothe-
sis was further supported by the observation that the levels
of GSH were increased in the transgenic animals while those
of the GSSG were significantly decreased in skeletal muscle.
Together, these findings reinforce the notion that G6PD de-
lays the onset of frailty by protecting against muscle damage,

especially oxidative damage, and not by decreasing muscle
regeneration.

We previously showed that oxidative stress is associated
with frailty and not with aging itself.5,45 Support for the idea
of the ‘free radical theory of frailty’ came from a study show-
ing that mice with a deletion of the antioxidant enzyme super-
oxide dismutase presented signs of muscle weakness, atrophy,
and sarcopenia.7 However, the contrary proposal, that is, that
animals protected against oxidative stress could show delayed
onset of frailty and increase robustness, had not been tested.

The G6PD-Tg mouse that we describe here is the first de-
fined molecular model to show protection against frailty
and promotion of robustness. Our experiments, together
with those reported in our previous study,5 provide support
to the idea that damage associated with ROS is involved in
the onset of frailty.2

Clinical implications

Glucose 6-P dehydrogenase activation increases pentose
availability and antioxidant capacity, the former being
important in DNA and RNA synthesis and the latter due to
the formation of NADPH. This enzyme has several clinical
implications. G6PD deficiency is the most common enzyme
deficiency in humans.13 It affects over 400 million people in
the world especially in those areas were malaria is common.13

In addition to the role of G6PD in preventing haemolysis,
the antioxidant properties of this enzyme may relate to
development of a variety of other age-associated patholo-
gies, including kidney injury, heart failure, diabetes, and
cataracts,19 suggesting that G6PD deficiency can be an
underestimated risk factor for multiple human pathologies
and even frailty.

Based on our findings, whether people affected by partial
deficiencies of G6PD may be more prone to frailty
should be explored in future studies. In view of our results,
the activation of the G6PD activity by nutritional,18

pharmacological,19 and physiological interventions such as
exercise may have translational potential in geriatrics and in
gerontological research.

Limitations of the study

The fact that we could not perform all the frailty measure-
ments in every mouse of the Tg and WT cohorts is a limita-
tion of our study especially because it made impossible for
us to establish an individual score of frailty. Our model does
not allow us to identify pre-frail mice. It only provides us a bi-
nary information because we have to identify normal values
for each set of mice. The identification of standard physical
parameters for each strain of mice would be highly desirable
but indeed a daunting task because of the large number of
animals required.
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Figure S1 related to Figure 1. Functional measurements per-
formed to develop the frailty score in WT and G6PD-Tg mice
at four different ages: (a) Body weight, (b) Activity levels
using the tightrope test, (c) Grip strength, (d) Running time,
and (e) Speed in an incremental treadmill test. Bars represent
the mean ± SEM. *p < 0.05, **p < 0.01.
Figure S2 related to Figure 4. Graphical abstract including the
apoptosis-related genes both up-regulated and
down-regulated in skeletal muscle in our model.
Figure S3 related to Figure 5. Muscle MDA levels and un-
cropped membranes for carbonylated proteins in muscle
samples (n = 8 WT, n = 7 Tg).
Figure S4 related to Figure 6. (a) Expression levels of the
multi-protein OXPHOS complexes by immunoblotting in
G6PD-Tg (23–27-month-old) and WT (21–25-month-old)
mice. (b) Stain-free pictures of representative membranes.
The molecular mass of protein standards (in kDa) is shown
on the left.
Figure S5 related to Figure 7. (a) X-Ray Absorptiometry Mea-
surements in 20-month-old G6PD-Tg and WT mice in vivo.
Lean mass, fat mass, fat in tissue, and bone mineral density.
(b) Gastrocnemius and soleus muscle weight in 6-month-
old, 11-month-old, and 23-month-old G6PD-Tg and WT mice.
Table S1 related to Figure 7.Main blood biochemical and he-
matological parameters in ~20-month-old G6PD-Tg and WT
mice.
Table S2 related to Figure 4.
Table S2.1. Specific metabolic pathways and biological pro-
cesses in terms of enrichment. P-value derived from the
1,653 significant genes using Pathway Studio.
Table S2.2. Complete list of genes involved in the metabolic
pathways and biological processes shown in table 1.1. P-value
and fold-change refer to the comparison between G6PD-Tg vs
WT mice.
Data S1. Supporting information.
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