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ABSTRACT

Free radicals lose the ability to be effective signals to control cell
metabolism during aging. They contribute to the progressive and
irreversible accumulation of oxidative damage, and to the alterations in
the physiological functions associated with it. Protection against oxidative
damage largely relies on the reductive power of NAPDH, whose levels are
mostly determined by the enzyme glucose-6-phosphate dehydrogenase
(G6PD). Genetic manipulation is one of the mechanisms by which we can
act on the levels of reactive oxygen species (ROS) in the organism.
In this PhD thesis we use a transgenic mouse model with moderate
overexpression of human G6PD under its endogenous promoter. The
results show that G6PD-Tg mice have lower levels of ROS-derived damage
compared to their control littermates, and this is accompanied by partial
protection from aging-associated functional decline, including extended
median lifespan in females, improved glucose tolerance and insulin
sensitivity in males, and better neuromuscular fitness in females. However,
skeletal muscle regeneration is not modified in young G6PD-Tg female
mice.
Moderate overexpression of G6PD is beneficial for healthspan,
through increased NADPH levels and protection from the harmful effects
of ROS during aging. Nevertheless, this genetic manipulation does not
improve skeletal muscle regeneration.
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Introduction

1.1 Aging
Concept of aging
Despite prolonged efforts of the research community, the concept of aging
does not have a unique valid definition. Indeed, researchers interpret the
term ‘aging’ in different ways, and the underlying nature and the cause(s)
of aging persist as a hotly discussed matter (Gladyshev, 2016).
As a part of these attempts on defining aging, Denham Harman
defined it as “the accumulation of diverse deleterious changes in the cells
and tissues with advancing age that increase the risk of disease and death”
(Harman, 2001). He considered aging as an inherent process whose
associated changes can have the origin in genetic and developmental
defects, disease processes and the environment (Harman, 2001).
The American gerontologist Bernard L. Strehler established four
postulates to define aging (Strehler, 1985). He assumed that aging is:
•

Universal: each phenomenon associated with aging must occur to
a lesser or greater extent in all individuals of the same species.

•

Intrinsic: the causes that lead to aging must be of endogenous
origin, not depending on external factors or environmental origin.

•

Progressive: the changes that lead to aging occur gradually
throughout life.

•

Deleterious: the events related to the aging process are harmful.
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Biology of aging
In the latest three decades, a huge effort has been made to understand the
biological underpinnings of aging (Kennedy et al., 2014; López-Otín et al.,
2013).
López-Otín and coworkers proposed nine “Hallmarks of Aging” (see
Figure 1.1) in their attempt to identify and classify the cellular and
molecular characteristics of aging.

Figure 1.1 Hallmarks of aging
The scheme lists the nine hallmarks of aging. Reproduced from “The hallmarks
of aging” (López-Otín et al., 2013) with the permission of Elsevier.
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Each of these hallmarks should theoretically accomplish the next
criteria: “(1) they should manifest during normal aging; (2) its
experimental aggravation should accelerate aging; and (3) its experimental
amelioration should retard the normal aging process and hence increase
healthy lifespan” (López-Otín et al., 2013).
These hallmarks are classified into three categories (López-Otín et al.,
2013). Primary hallmarks (genomic instability, telomere attrition,
epigenetic alterations, and loss of proteostasis) constitute the cause of the
cellular damage accumulated with age. Antagonist hallmarks (deregulated
nutrient sensing, mitochondrial dysfunction, and cellular senescence) are
beneficial at low levels, as a part of antagonist or compensatory responses
to the damage, but become detrimental at high levels. Finally, the
integrative hallmarks (stem cell exhaustion and altered intercellular
communication) appear as a result of the accumulated damage provoked
by the previous two hallmarks and poor homeostatic mechanisms to
compensate it. These are responsible for the aging phenotype.
Understanding the mechanisms underlying the biology of aging allows
the design of interventions and treatments oriented to diminish chronic
diseases (Burch et al., 2014). In this context, appears the term
“geroscience” which is defined as “an interdisciplinary field that aims to
understand the relationship between the biology of aging and the biology
of age-related diseases” (Sierra and Kohanski, 2017). The geroscience
hypothesis postulates that “any intervention that retards the aging process
will simultaneously delay the onset of multiple diseases” (Austad, 2016).
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Types of aging1
John O. Holloszy described two types of aging: primary aging and
secondary aging (Holloszy, 2000). Importantly, factors related to both
primary aging and secondary aging affect each other in a bidirectional,
cyclic way, which can strengthen and mitigate effects on physiological
homeostasis (Broskey et al., 2019).
Primary aging involves “an inevitable deterioration of cellular
structure and function independent of disease and environment”
(Holloszy, 2000). Slowing down primary aging allows improving maximal
lifespan increases in many species. However, it is difficult to reverse
primary aging in humans (Booth et al., 2011).
The maximal longevity in all species is attributed to genetic factors. So
far, hundreds of genes have been related to longevity and aging (Sinclair
and Guarente, 2006). Most of these genes perform roles that preserve cells,
such as restoring damage to DNA or controlling antioxidant levels
(Stewart, 2014). Individually, genes have a relatively modest influence on
lifespan, but collectively they represent ~25% of our longevity (Stewart,
2014).

1

Related publication: Viña, J., Rodríguez-Mañas, L., Salvador-Pascual, A., Tarazona-

Santabalbina, F.J., and Gómez-Cabrera, M.C. (2016). Exercise: the lifelong supplement
for healthy ageing and slowing down the onset of frailty: Exercise and healthy ageing. J.
Physiol. 594, 1989–1999.
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Secondary aging is “caused by diseases and environmental factors such
as smoking and exposure to ultraviolet radiation” (Holloszy, 2000). Low
physical activity or overeating are important social behavior factors that
leads to a body composition phenotype more prone to metabolic
dysfunction (Broskey et al., 2019).
Secondary aging modifies life expectancy (average time of life in a
population), but not maximum lifespan. Further than 70% of people over
65 have two or more permanent conditions, such as heart disease, stroke,
arthritis, diabetes, or cancer (Fontana et al., 2014; Hung et al., 2011).
Delaying one age‐associated disease may prevent other disorders (Fontana
et al., 2014). A lifetime of physical activity may modify this aspect of aging
(Stewart, 2014; Viña et al., 2016a).
Physical exercise and caloric restriction (CR) are strategies that aim at
improving primary and secondary aging. In this regard, in a recent review
Broskey and coworkers (Broskey et al., 2019) emphasize the beneficial
effect of physical exercise on attenuating secondary aging, especially, if it
is complemented with CR. Interestingly, based on the results of studies in
this field, the authors suggest that CR constitutes a lifestyle modification
more effective than exercise since this intervention also has an impact on
mitigating primary aging (Broskey et al., 2019). By contrast, clinical trials
of physical exercise do not show a consistent beneficial effect on improving
primary aging (Broskey et al., 2019).
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Lifespan extension is worth only if healthspan is prolonged 2
An enormous increment in average lifespan of diverse populations
occurred worldwide in the 20th century, markedly in developed countries.
The average lifespan in Spain in 1900 was around 30–35 years and in 2000
it was about 83–85 years (García-Vallés et al., 2013). This vast increase in
average longevity has happened due to the advancement of public health
systems (prevention of disease), clinical medicine, nutrition, and
education (Viña et al., 2016a).
Many laboratories have attempted to extend longevity in animals by
genetic manipulation as well as by ‘lifestyle improvements’ (Borrás et al.,
2011; Matheu et al., 2007). The concept of longevity‐associated genes was
minted nearby 20 years ago to characterize genes that, when upregulated
in animals, produced an increment in lifespan (Sinclair and Guarente,
2006). Antioxidant genes, the insulin-like growth factor (IGF) receptor,
telomerase, and p53 are all proteins that are encoded by longevity‐
associated genes whose manipulation has produced meaningful
improvements in lifespan in animals (Viña et al., 2013, 2014).
Nevertheless, in the last 10–15 years, the importance has changed from
extending average and even maximal longevity to favoring healthy aging

2

Related publication: Viña, J., Rodríguez-Mañas, L., Salvador-Pascual, A., Tarazona-

Santabalbina, F.J., and Gómez-Cabrera, M.C. (2016). Exercise: the lifelong supplement
for healthy ageing and slowing down the onset of frailty: Exercise and healthy ageing. J.
Physiol. 594, 1989–1999.
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(García-Vallés et al., 2013; Viña et al., 2014), and many researchers have
focused their studies on the aim at extending healthspan (Hansen and
Kennedy, 2016). Figure 1.3 shows several therapeutic strategies that might
prolong human healthspan. This selection is based on the results of
previous studies performed in mice (López-Otín et al., 2013).

Figure 1.3 Therapeutic strategies that might prolong human healthspan.
The nine hallmarks of aging are shown together with those interventions that
account with a proof of principle in mice. Abbreviations are defined at the end of
the dissertation. Reproduced from “The hallmarks of aging” (López-Otín et al.,
2013) with the permission of Elsevier.

Extending lifespan without taking care of improving healthspan can
derive in a long time of living with disabilities and constitutes a risk factor
for the old population to suffer a higher prevalence of aging-related

10

Introduction

diseases (Olshansky, 2018). Indeed, modern disease treatments frequently
diminish mortality without any effect on the deterioration of overall health
(Kennedy et al., 2014). Thus, the goal is to provide guidelines for the
people to accomplish a lifespan that is approaching the maximum while
also enhancing health and well-being (Viña et al., 2016a).
As of lifespan increases, so the concept of frailty arises. Age‐associated
frailty is a clinical syndrome that drives to a lowering of biological reserves,
due to defective regulation of physiological systems, that results in an
individual being at risk, especially when facing minor levels of stress. This
syndrome leads to worse outcomes in terms of disability, hospitalization
and early death (Fried et al., 2001; Inglés et al., 2014; Rodríguez-Mañas and
Fried, 2015). The prevalence of frailty in the elderly approximates 15%
(Viña et al., 2016a).
There are two essential characteristics of frailty (Viña et al., 2016a).
Firstly, if it remains unaddressed, it will develop into disability and
ultimately death. Secondly, if treated, the onset of frailty can be retarded.
Strikingly, analyses by the European Union have determined that by the
year 2020, roughly half the population over 70 years of age will be at serious
risk of disability. Clearly, prevention of disability is a significant medical
and social concern (Rodriguez-Mañas and Fried, 2015). Among the
interventions to slow down the onset of frailty in humans, exercise is the
one most powerful (Casas Herrero et al., 2015; Tarazona-Santabalbina et
al., 2016).
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Noteworthy, the frailty index in mice has become a very useful
biomarker of lifespan and healthspan that helps to evaluate the effects of
experimental interventions on the age-related phenotypic changes
(Gómez-Cabrera et al., 2017; Kane et al., 2017; Palliyaguru et al., 2019).

Theories of aging
In 1990 Zhores A. Medvedev already pointed out the existence of more
than 300 hundred theories of aging. He published an extensive review
where presented a classification of the theories, recognizing the difficult
task to do it (Medvedev, 1990).
Several theories are based either on the existence or not of a genetic
programmation of the aging process (Kowald and Kirkwood, 2016). On
the one hand, Goldsmith stated that “the programmed (adaptive) aging
concept holds that organisms possess potentially complex evolved
mechanisms that exist for the purpose of pro-actively limiting the
organism’s lifespan beyond a species-specific age” (Goldsmith, 2012). On
the other hand, the non-programmed evolutionary theories of aging
affirmed that “aging passively and incidentally results from lack of
evolutionary force toward continuing life beyond a species-specific age”
(Goldsmith, 2012).
The traditional aging theories postulate that aging is neither a
genetically programmed process nor an adaptation (Jin, 2010). Regarding
the modern biological theories of aging, some of the principal ones can be
classified into three categories: programmed theories, combined theories
12
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or error theories (da Costa et al., 2016; Jin, 2010; Semsei, 2000). Figure 1.4
summarizes those theories.

AGING THEORIES

ERROR THEORIES

PROGRAM.&% THEORIES
INTERNAL PROGRAM

EXTERNAL PROGRAM

MUTATIONS

SYSTEM

1. Run out of program

1. Biological clocks

1. DNA mutations

1. Disease theories

2. Programmed death

2. Evolution theories

2. Protein mutations

2. Neuroendocrine theories

3. Pleiotrop genes

3. Collagen crosslinks

3. Immune theories

4. Programmed cell death

4. Sugar crosslinks

4. Crosslinking theory

5. Biological clocks
6. Evolution theories

5. Free radical theory

COMBINED THEORIES

6. Waste accumulation

7. Limited number of proliferation
1. Unified theories
2. Membrane hypostesis
3. Dysdifferentiation hypothesis

Figure 1.4 Classification of theories of aging.
Some of the principal theories can be classified into three categories. The scheme
shows a few examples of these theories. Adapted figure. Reproduced from “On
the nature on aging” (Semsei, 2000) with the permission of Elsevier.

Programmed theories fundament their arguments on the existence of
biological clocks that govern the schedule of the lifespan through the stages
of the organism lives, from growth to old age (Jin, 2010; Weinert and
Timiras, 2003). This control would depend on genes, which accurately
regulate the sequential activation or deactivation of the signals addressed
to immune, nervous and endocrine systems to initiate defense responses
and sustaining the homeostasis (Weinert and Timiras, 2003).
The "error” theories are based on the identification of the
environmental aggressions to living organisms that provoke progressive
13
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damage at different levels (Weinert and Timiras, 2003). For this reason,
some researchers name these conceptions as damage theories (da Costa et
al., 2016).
Combined theories appeared from the unification of some elements of
the two previous groups. The classification is subjective from the
researchers' point of view, and other theories have been proposed in recent
years (da Costa et al., 2016). As an example, Figure 1.5 shows the
categorization suggested by Viña and coworkers (Viña et al., 2007).
Noteworthy, many theories agree in considering that the underlying
cause of aging is the accumulation of molecular damage which is
originated principally by reactive oxygen species —ROS— (Sergiev et al.,
2015). This PhD dissertation focuses on the free radical theory of aging.

Genetic
Mutation

ANTAGONIST PLEIOTROPY THEORY
WASTE ACCUMULATION THEORY
FREE RADICAL THEORY
INSULIN RESISTANCE

Cellular
Waste
Accumulation

ADVANCED GLYCATION
TELOMERES AND HAYFLICK
EVOLUTIONARY THEORY
THE ERROR CASTASTROPHE THEORY
AUTOIMMUNITY
CIRCADIAN REGULATION

Wear and
Tear

Figure 1.5 Classification of the theories of aging by Viña and coworkers.
Adapted figure. Reproduced from “Aging theories” (Viña et al., 2007) with the
permission of John Wiley & Sons, Inc.

14

Introduction

1.1.5.1 The free radical theory of aging 3

It was Rebecca Gerschman who firstly postulated in a general form the free
radical theory of aging in the '50s of the 20th century. She suggested that
age-associated harm could be similar to radiation toxicity (Gerschman et
al., 1954). Her ideas established the basis for a more extensive postulation
on the proper theory of aging by Denham Harman who in 1956, stated that
“aging and the degenerative diseases associated with it are attributed
basically to the deleterious side attacks of free radicals on cell constituents
and the connecting tissues” (Harman, 1956). This theory, in its strict sense,
predicts that a reduction in oxidative stress, either by increasing
antioxidant defenses or reducing the prooxidant attacks, or some
combination of both, should increase the lifespan (Salmon et al., 2010).
The free radical theory of aging has been subjected to severe tests and
adjustments many times, and particularly around the turn of the century.
Researchers have conducted numerous analysis that verified the theory
but also many others that promoted the idea that the theory may be no
longer valid, since it does not explain some experiments in which damage
provoked by free radicals is not always associated with aging (Viña et al.,
2013). Many refinements of this theory have been formulated. One of the
major experimental deductions from this theory is that antioxidants
should retard aging and promote wellbeing. This early conclusion was not

3

Related publication: Viña, J., Salvador-Pascual, A., Tarazona-Santabalbina, F.J.,

Rodríguez-Mañas, L., and Gómez-Cabrera, M.C. (2016). Exercise training as a drug to
treat age associated frailty. Free Radic. Biol. Med. 98, 159–164.
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right. Meta-analysis performed thoughtfully on vast numbers of persons
who take antioxidants have demonstrated that these do not protect against
age-associated diseases and in fact that they do not extend life (Bjelakovic
et al., 2004, 2007; Fortmann et al., 2013; Grodstein et al., 2013; Lin et al.,
2013). To unify the pros and cons of the free radical theory of aging, Viña
and coworkers proposed a modified, updated version of the theory: the cell
signaling disruption theory of aging. This theory postulates that, in aging,
free radicals fail in acting as useful signals to regulate cell metabolism. This
failure causes a poor of homoeostatic capacity in the cell and thereby a
lower “resilience” of the cells to tolerate stresses ultimately resulting in a
minor potential of the old organism to counteract such stresses (Viña et
al., 2013).
A remarkable point is that free radicals are more involved in the
development of age-associated frailty than in aging itself (Viña, 2019; Viña
et al., 2016b). There is a significant difficulty in differentiating, at least in
mammals, aging with some degree of frailty. This fact is especially true at
the very last stages of life (Viña et al., 2016b). Experimental work in this
topic has revealed that probably oxidative stress is more associated with
frailty than with aging (Inglés et al., 2014; Viña et al., 2016b). The strong
results of these studies have led to the postulation of the free radical theory
of frailty (Viña et al., 2018).
Specific concepts and terms related to the free radical theory of aging
are explaining with more detail in the next section.
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1.2 Oxidative stress
Free radicals
Free radicals are molecules or molecular fragments that contain one or
more unpaired electrons in its valence shell (Slater, 1984), which makes
them highly reactive species (Fridovich, 1978). They are potent oxidizers
agents with a short life (Simic and Taylor, 1988). It is common the use of
the terms “radical” and “free radical” interchangeably but the term “free”
indicates strictly the ability of the radical to its independent existence, and
its capacity to react with other molecules (Brookes, 2007).
The chemical compounds formed by free radical reactions are
necessary for biological systems (Harman, 2001). These reactions, induced
mainly by ionizing radiation from the sun, were essential for the origin and
evolution of life (Harman, 2001).
Most free radicals in the biological environment are oxygen-derived
compounds called reactive oxygen species —ROS— (Miller et al., 1990).
Therefore, although oxygen is essential for life, it is also detrimental to its
development by damaging vital structures (such as proteins, lipids,
carbohydrates, and DNA) due to its ability to form different free radicals
(Bokov et al., 2004; Sies, 1983). However, not all ROS are free radicals and
not all free radicals are ROS (Brookes, 2007). A subcategory of ROS
derived from nitric oxide (NO•) is taking more interest in recent years: the
reactive nitrogen species (RNS). Again, the confusion can emerge since not
all RNS can be strictly considered ROS and vice versa (Brookes, 2007).
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ROS comprise species such as the hydroxyl radical (•OH), which reacts
very close to its site of generation due to their high reactivity, and other
species, such as hydrogen peroxide (H2O2), which is not an authentic
radical, and superoxide anion —O2−•— (Halliwell, 1987; Di Meo et al.,
2016). These last are less reactive, but they can provoke damage by directly
acting on targets within certain cells (Halliwell, 1987). Table 1 summarizes
some of the main ROS.
RNS comprise species such as nitrogen dioxide (NO2•), nitric oxide
(NO•), which is poor reactive, and its derivative peroxynitrite (ONOO−), a
potent oxidant, capable of damaging many biological molecules (Di Meo
et al., 2016; Radi, 2013). ONOO− is not a radical in the strict sense and it is
both a ROS and a RNS since it is a reaction product generated from the
interaction between O2−• and NO• (Brookes, 2007; Radi, 2013). Table 1
summarizes some of the main RNS.
Both ROS and RNS can be beneficial or deleterious to living systems
(Di Meo et al., 2016; Valko et al., 2007) depending in part on how the
normal redox regulation of the physiological processes is affected (Valko
et al., 2007). For instance, ROS/RNS contribute to the pathogenesis of
neurodegenerative diseases (such as Alzheimer and Parkinson), diabetes
mellitus, cardiovascular disease, hypertension, atherosclerosis, cancer, and
aging, among others (Valko et al., 2007).
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Table 1 Some of the main ROS and RNS.
Modified table. Reproduced from “Role of ROS and RNS sources in physiological
and pathological conditions” (Di Meo et al., 2016) licensed under CC BY.

RADICALS

Symbol

Specie

O2−•

Superoxide anion

HO2•

Hydroperoxyl radical

•

OH

Hydroxyl radical

NO•

Nitric oxide

NO2•

Nitrogen dioxide

1

NONRADICALS

O2

Singlet oxygen

H2O2

Hydrogen peroxide

HOCL−

Hypochlorous acid

ONOO−

Peroxynitrite

ROS may come from exogenous and endogenous sources (Finkel and
Holbrook, 2000; Freeman and Crapo, 1982; Frei, 1994).
Exogenous ROS came from factors outside the body. Among them, we
can find prooxidant compounds that are ingested with diet, ultraviolet
light, ionizing radiation, ozone, environmental pollution, tobacco smoke,
xenobiotics, and metals (Ames, 1983; Cadenas and Sies, 1998; Valko et al.,
2006).
Endogenous ROS are generated inside the cell. Some of these are waste
products of numerous biological processes as a defense mechanism or
through cellular signaling pathways (Morgan and Liu, 2010). Among the
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endogenous sources, we can include the nicotinamide adenine
dinucleotide phosphate reduced oxidases family (NADPH oxidases —
NOXs—),

the

Fenton-Haber-Weiss

reaction,

peroxisomes,

cyclooxygenase, lipoxygenase, phagocytes activation, growth factors, and
the mitochondrial electron transport chain, which is one of the primary
source of free radicals inside the cell (Inoue et al., 2003; Morgan and Liu,
2010). The mitochondrial electron transport chain is constituted of a
sequence of proteins capable of reducing molecular oxygen until the
generation of a molecule of water (Turrens, 2003). This reaction is coupled
to oxidative phosphorylation, in which energy is generated in the form of
adenosine triphosphate —ATP— (Hatefi, 1985).

Antioxidants
Organisms are capable of counteracting free radical attack due to their
antioxidants systems. These mechanisms are vital to preventing high levels
of ROS, thus avoiding damage to cell and tissues (Sardesai, 1995).
Although the term “antioxidant” can be defined in several ways,
Halliwell and Gutteridge proposed a broad definition (Halliwell, 1990).
They defined an antioxidant as “any substance that, when present at low
concentrations compared to those of an oxidizable substrate, significantly
delays or prevents oxidation of that substrate (Halliwell, 1990; Halliwell
and Gutteridge, 1995; Sies, 1993).
The relative value of antioxidants when acting as protecting agents
depend on the type of ROS produced, the location where are generated,
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the manner how it is generated, and what objective of damage is measured
(Halliwell and Gutteridge, 1995).
Antioxidants exert their functions as follows:
•

Preventing the formation of ROS.

•

Intercepting the attack of ROS.

•

Sequestering reactive metabolites and converting them into less
reactive molecules.

•

Amplifying the defense of biological targets susceptible to be
attacked by ROS.

•

Facilitating the repair of the damage provoked by ROS.

•

Sustaining a favorable environment for the functions of others
antioxidants.

From cellular physiology point of view, we can classify them into three
groups: primary antioxidants, secondary antioxidants, and tertiary
antioxidants.
Primary antioxidants limit the formation of new species of free
radicals. These antioxidants convert existing free radicals into less
damaging molecules or prevent their formation. This group comprises
glutathione peroxidase (GPx), catalase, superoxide dismutase (SOD), and
metal binding proteins that restrict the availability of iron required for the
production of the •OH (Halliwell and Gutteridge, 1989; Matés et al., 1999).
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Secondary antioxidants are a non-enzymatic defense that plays a
crucial role in preventing chain reactions when there is a free radical excess
and enzyme systems are saturated. This group includes glutathione,
albumin, bilirubin, uric acid, vitamin C and vitamin E, natural flavonoids,
carotenoids, and melatonin (Halliwell and Gutteridge, 1990; McCall and
Frei, 1999).
Tertiary antioxidants work in the repair of biomolecules damaged by
free radicals. An example is the intracellular proteolytic systems for
avoiding oxidatively damaged proteins accumulation through its
degradation (Davies et al., 1987; Pacifici and Davies, 1991). Other
important tertiary antioxidants are the methionine sulfoxide reductase,
DNA repair enzymes, and phospholipase A2, which excises peroxidized
fatty acids from the membrane phospholipids (Demple and Halbrook,
1983; Dizdaroglu, 1993; Sevanian and Kim, 1985).
Antioxidants are also classified from the biochemical point of view in
enzymatic and non-enzymatic antioxidants.
Enzymatic antioxidants prevent the formation of toxic compounds
(Sardesai, 1995). This group includes catalase, GPx, and SOD. For this last
antioxidant, several forms have been described according to the metallic
prosthetic group bound to the enzyme (Fridovich, 1975; Sardesai, 1995).
The main ones are copper and zinc-dependent superoxide dismutase (Cu,
Zn-SOD), manganese-dependent superoxide dismutase (Mn-SOD), and
iron-dependent superoxide dismutase —Fe-SOD— (Fridovich, 1975).
Importantly, the activity of this kind of antioxidants depends on the
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nutritional availability of the so-named antioxidant minerals: selenium,
manganese, zinc, and copper (Sardesai, 1995).
Non-enzymatic antioxidants are also called secondary antioxidants
from the cell physiology point of view. These are indispensable to
counteract certain types of ROS, such as •OH and singlet oxygen (1O2),
against which the enzyme defenses are ineffective or completely lacking
(Sardesai, 1995). For neutralizing this type of species successfully,
organisms require compounds derived from foods with antioxidant
properties (Sardesai, 1995). Among them, we can include carotenoids,
melatonin, bilirubin, vitamin C and vitamin E, uric acid, taurine,
flavonoids and glutathione (Halliwell and Gutteridge, 1990; Hensley et al.,
2004; Masella et al., 2005; Naziroğlu and Butterworth, 2005; Sardesai, 1995;
Sies and Stahl, 1995).
Following, glutathione is further explained for its implications with
this PhD dissertation.

1.2.2.1 Glutathione

Glutathione is the most abundant non-protein thiol synthesized
intracellularly by the mammalian cells (Meister and Anderson, 1983). It
was discovered by Hopkins in 1921 and is a tripeptide formed from
glutamic acid, cysteine, and glycine (Meister, 1988). Its structure gives it
specific characteristics that make glutathione essential for the functions in
the cells (Sies, 1999).
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Glutathione can be found in 2 forms according to its oxidationreducing state: as GSH or reduced glutathione, or as GSSG or oxidized
glutathione, which it is composed of 2 molecules of GSH joined by a
disulfide bridge between the cysteines (Browne and Armstrong, 1998).
GSH performs numerous and crucial metabolic and physiological
functions (Viña, 1990) by participating in many processes: DNA synthesis
(Suthanthiran et al., 1990), protein synthesis regulation (Ochoa, 1983),
xenobiotics detoxification (Orrenius and Moldéus, 1984), amino acids
absorption in several tissues (Viña et al., 1989), cysteine storage (Naruse et
al., 1977), enzymatic activity modulation (Pajares et al., 1992a, 1992b),
calcium homeostasis (Bellomo et al., 1982), cell proliferation (Terradez et
al., 1993), and protection against oxidative stress (Sies, 1986).
In relation with the last function, GSH is capable to directly detoxify
free radicals, without any enzymatic intervention, or to reduce formed
peroxides through the glutathione peroxidase (Pastore et al., 2003).
Importantly, GSH protects cellular membrane against oxidative
damage by maintaining its thiolic status. Moreover, GSH can also be
excreted from cells and act as an emergency mechanism against the
damage caused by an excess of GSSG since this last reacts with proteins
thiols to form mixed disulfides (Forman et al., 2009; Ishikawa et al., 1989).
Two reactions comprise the glutathione redox cycle and this recycling
mechanism prevents the depletion of GSH (Masella and Mazza, 2009). The
two reactions are:
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Reaction 1:
Glutathione peroxidase
H2 O2 + 2GSH

2H2 O + GSSG
Reaction 2:

Glutathione reductase
GSSG + NADPH + H +

2GSH +NAD1+

Glutathione peroxidase catalyzes the reaction in which the GSH is
oxidized to GSSG, and the glutathione reductase allows the immediate
reduction of the GSSG produced to GSH (Masella and Mazza, 2009). This
last enzyme requires nicotinamide adenine dinucleotide phosphate
reduced form (NADPH) as a reducing agent cofactor, which is supplied by
the enzyme glucose-6-phosphate dehydrogenase —G6PD— (Salvemini et
al., 1999).

Concept of oxidative stress
Helmut Sies defined oxidative stress in 1985 as “disturbance in the
prooxidant-antioxidant balance in favor of the former” (Sies, 1985).
The generation of certain amounts of free radicals is a natural and
unavoidable process in organisms (Slater, 1984). Although free radicals
can also produce diverse and severe damage reactions, under normal
conditions, the organisms survive due to the protective and efficient role
of the antioxidants to overcome oxidative damage (Slater, 1984).
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In this manner, an excess of prooxidant substances, a deficiency of
antioxidants, or both conditions at the same time, could cause oxidative
stress in an organism (Sies, 1983). When this happens, a very harmful
effect is oxidative damage to macromolecules, mainly to lipids, proteins,
and nucleic acids, since their physiological functions are impaired (Bokov
et al., 2004).

Oxidative damage to DNA
Oxidative insults to DNA can produce more than twenty by-products
(Fraga et al., 1990). In particular, the oxidation of the nucleoside 2deoxyguanosine to 8-hydroxy-2’-deoxyguanosine (8-OHdG) is one of the
most common oxidative lesions (Valavandis et al., 2009). 8-OHdG is
relatively easily formed and have high mutagenic power, being a critical
biomarker of carcinogenesis (Kasai and Nishimura, 1984; Valavandis et
al., 2009).
Among the five principal DNA components, cytosine and thymine are
the two DNA bases more vulnerable to oxidative •OH damage, although
the bases adenine and guanine, as well as the deoxyribose sugar moiety,
also suffer from this attack (Yu, 1994).
Oxidative damage to nuclear DNA (nDNA) and mitochondrial DNA
(mtDNA) can be very high (Richter et al., 1988), but mtDNA is more
vulnerable than nDNA to oxidative damage for several reasons (Richter et
al., 1988; Yu, 1994). Mitochondria are the main producer of oxygenderived free radicals since the mitochondrial electron transport consumes
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the vast amount of oxygen used by the cell (García-Ruiz et al., 1995; Yu,
1994). The lack of histones is another factor why mitochondria are more
susceptible to ROS attack (Backer and Weinstein, 1980; Richter et al.,
1988). Furthermore, the mechanisms to repair the DNA damage appear to
be less efficient in mitochondria than in the nucleus (Suter and Richter,
1999; Yu, 1994). Finally, mtDNAs constitute a preferred target for
xenobiotics chemicals with carcinogen potential (Backer and Weinstein,
1980; Yu, 1994).
Oxidative damage to DNA relates to protein oxidation as an
accumulation of dysfunctional reparative enzymes may contribute to
DNA oxidative lesions. In this sense, mutations can occur not only when
damaged DNA replicates before being repaired but also when this is
improperly repaired (Breen and Murphy, 1995).
Several diseases develop with high levels of DNA damage, especially
cancer, but it also accumulates in normal human aging (Jackson and
Bartek, 2009; Schumacher et al., 2008; Sedelnikova et al., 2004).

Oxidative damage to lipids
Lipids are the more vulnerable biomolecules to oxidative insults in a
process known as lipid peroxidation, which is considered the main one by
which oxygen radicals provoke damage (Cheeseman and Slater, 1993;
Rikans and Hornbrook, 1997).
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Lipid peroxidation begins when a chemical specie has enough capacity
to react with a fatty acid or a fatty acyl side chain, pulling out in the process
a hydrogen atom from a methylene carbon in the side chain (Halliwell and
Chirico, 1993). Carbon atom to which the hydrogen atom was attached
acquires an unpaired electron after the removal of the hydrogen atom,
which has a single electron (Halliwell and Chirico, 1993). As a result, a
carbon-centered lipid radical (L•) appears, which frequently reacts with the
O2 thus forming the peroxyl radical —LOO•— (Halliwell and Chirico,
1993). This radical contributes to the spreading of lipid peroxidation chain
reaction by pulling out hydrogen from proximal fatty acid side chains
(Halliwell,

1994;

Halliwell

and

Chirico,

1993).

Particularly,

polyunsaturated fatty acids (PUFAs) are the major target of lipid
peroxidation (see Figure 1.6) because their double bonds make easier the
abstraction of the hydrogen atom (Cheeseman and Slater, 1993; Gaschler
and Stockwell, 2017; Halliwell and Chirico, 1993).
Numerous fatty-acid side chains can be oxidized to lipid peroxides
with just one attack by a free radical (Halliwell, 1994). Among the
numerous oxidation-derived products that are generated as a consequence
of free radical attacks, the most remarkable are aldehydes, such as
malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE), and shortchain hydrocarbons, principally pentane and ethane (Cheeseman and
Slater, 1993; Frankel, 1984; Freeman and Crapo, 1982; Halliwell, 1994).

28

Introduction

Figure 1.6 ROS targeting a PUFA side chain.
Steps from the initial oxidation of a PUFA to the lipid peroxidation chain
reaction. Reprinted from “Oxidative risk for atherothrombotic cardiovascular
disease” (Leopold and Loscalzo, 2009) with the permission of Elsevier.

Lipids have an important function in sustaining the integrity of cellular
membranes so their structure, composition, and dynamics can be altered
when extensive lipid peroxidation (Gaschler and Stockwell, 2017).
Moreover, lipid peroxides are capable of inducing the production of more
ROS due to their high reactive property or degrade into reactive substances
able to cross-link proteins and DNA (Gaschler and Stockwell, 2017). The
products MDA and 4-HNE can react with DNA and have a carcinogenic
effect or react with proteins, causing structural and/or functional damage
(Frei, 1994).
Lipid peroxidation-derived aldehydes increase with age and are
involved in aging-related disorders (Barrera et al., 2018). Especially, the
product 4-HNE contributes to the decrease observed in mitochondrial
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membrane fluidity with aging by its interaction with membrane
phospholipids (Chen and Yu, 1994; Shigenaga et al., 1994).

Oxidative damage to proteins
The number of proteins in the biological systems and their essential role
in functional processes makes such proteins principal targets for ROS/RNS
(Dalle-Donne et al., 2006).
The oxidation of proteins by reactive radicals promotes the oxidation
of amino acid side chains, rupture of the polypeptide chain, and/or
production of protein-protein cross linkage (Stadtman, 2006).
All the amino acids of the proteins have residues vulnerable of being
attacked by ROS/RNS, principally by the hydroxyl radical •OH (Stadtman,
1992). Phenylalanine, methionine, tyrosine, tryptophan, cysteine, and
histidine are the physiological amino acids that suffer oxidative processes
with more prevalence (Davies and Delsignore, 1987). This oxidation can
alter the whole protein structure (Dalle-Donne et al., 2006; Davies and
Delsignore, 1987). For example, exposure to •OH causes the modification
to primary protein structure, which results in an aberrant distortion of the
secondary and tertiary structure (Davies and Delsignore, 1987).
Among the different forms of protein oxidation, carbonylation is a
well-known process by which some amino acids, such as arginine, lysine,
threonine, and proline, are irreversibly oxidized to carbonyl derivatives
(Stadtman, 1992).
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Data suggests that proteins are able to scavenge a high proportion (5075%) of reactive radicals generated (Dalle-Donne et al., 2006; Davies et al.,
1999) but, when they are damaged by them, the process is frequently
irreversible, and lead very often to protein unfolding (Dean et al., 1993).
Oxidized proteins need to be degraded, otherwise, they accumulate
(Grune et al., 1997). The degradation capacity becomes less efficient with
age and this is one reason why the levels of proteins oxidized are higher
during aging (Dean et al., 1993; Stadtman, 2006). In this regard, it should
be mentioned that almost one-third of both structural proteins and
enzymes of old animals are dysfunctional as a result of oxidative damage
(Poon et al., 2004).

Oxidative damage to carbohydrates
Under oxidative environment, monosaccharides experiment degradation
processes that result in the rupture of the carbon backbone (D’Ischia et al.,
2006). Hydroxyl radicals are the most powerful agents to cause
carbohydrates oxidative fragmentation (D’Ischia et al., 2006).
Monosaccharide autoxidation is a transition metal-catalyzed process
that produces ketoaldehydes and H2O2 (Wolff and Dean, 1987a). ONOO−
has been shown to cause monosaccharide autoxidation (D’Ischia et al.,
2006; Nagai et al., 2002), and O2−• oxidizes monosaccharides in a similar
mechanism to that of autoxidation (D’Ischia et al., 2006).
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Abnormal regulation of peroxides and transition metals metabolism
contributes to diabetes mellitus and its derived long term complications
(Wolff and Dean, 1987a, 1987b; Wolff et al., 1986). Indeed, free radicals
and oxidative stress have been directly related to this disease (Oberley,
1988). In addition, monosaccharides oxidation has been proposed to be a
determinant factor in the control of aging and cellular mitosis (Thornalley,
1985).
Among the polysaccharides, is remarkable the effect of oxidative
damage on hyaluronic acid, which is present in high amounts in synovial
fluid in order to maintain its viscosity (D’Ischia et al., 2006; Greenwald and
Moy, 1980; Grootveld et al., 1991). The effect of ROS on hyaluronic acid
directly affects synovial fluid molecular-weight distribution, which
appears altered in rheumatoid arthritis, a disease of joints that course with
severe inflammation (D’Ischia et al., 2006; Grootveld et al., 1991). Of note,
O2−• but also other oxygen-derived free radicals were found to reduce the
viscosity of hyaluronic preparations (Greenwald and Moy, 1980).
Conversely, SOD protected from hyaluronic depolymerization in the
synovial fluid (McCord, 1974).

Biomarkers of oxidative stress
The National Institute of Health (NIH) defined the term biomarker as a
“characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention” (Biomarkers Definitions Working
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Group, 2001). Specifically, oxidative stress biomarkers can be categorized
as “molecules that are modified by interactions with ROS in the
microenvironment; and molecules of the antioxidant system that change
in response to increased redox stress” (Ho et al., 2013).
Oxidative stress is associated with numerous chronic and acute
diseases, and even with the physiological aging process (Dalle-Donne et
al., 2006). The biomarkers of oxidative stress status allow better knowledge
about this relation. Among them, the most outstanding are: GSH:GSSG
ratio, as a marker of oxidative damage at the cytosol; the product 8-OHdG,
as a marker of oxidative damage to DNA; the aldehydes MDA and 4-HNE,
as markers of oxidative damage to lipids; and the carbonyl groups, as a
marker of oxidative damage to proteins.
The increase in GSSG concentration with resulting alteration of
GSH:GSSG ratio, which decreases, is one of the most important markers
of oxidative stress (Sies, 1986). However, this biomarker requires an
extremely accurate method for its correct measurement since the GSH can
be easily auto-oxidize to GSSG, thus altering the real results of the
GSH:GSSG ratio (Asensi et al., 1994). With the aim of solving this
problem, Asensi and coworkers proposed a method in which the thiol
group is blocked with N-ethylmaleimide (NEM) after the extraction and
posterior analysis of GSSG by High-Performance Liquid Chromatography
—HPLC— (Asensi et al., 1994).
A critical biomarker of oxidative stress is the level of the modified
product 8-OHdG, which is formed due to the oxidation of the nucleoside
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2-deoxyguanosine (Valavandis et al., 2009). The amount of this product in
urine and tissues is used as a marker of DNA damage in vivo (Fraga et al.,
1990).
The most specific markers of lipid peroxidation are the isoprostanes,
but they are at the same time the most difficult to determine (Janicka et al.,
2010). Among other markers of oxidative damage to lipids, the aldehydes
MDA and 4-HNE are widely used oxidation-derived products (Esterbauer
et al., 1991). Some methods for MDA determination are questionable since
they use the thiobarbituric acid reactive (TBAR), which reacts with all the
aldehydes in the sample. Other methods are more specific and manage to
separate the MDA-TBA adduct from other compounds that interfere in
the measurement (Knight et al., 1988). In addition to the aldehydes, the
hydrocarbons pentane and ethane can also be determined in the breath of
humans and experimental animals as markers of in vivo lipid oxidation
(Frankel, 1984).
The formation of carbonyl groups is the most general and extensively
used marker of severe protein oxidation both in vivo and in vitro (DalleDonne et al., 2006). Normally, the carbonyl groups are determined
spectrophotometrically or immunochemically, and they need to be
derivatized before its detection and quantification (Wehr and Levine,
2013). The reagent 2,4-dinitrophenylhydrazine (DNPH) is the most
commonly used for the derivatization of the carbonyl groups (Oliver et al.,
1987; Wehr and Levine, 2013).
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1.3 The pentose phosphate pathway
Description of the pentose phosphate pathway
The pentose phosphate pathway (PPP), also called the hexose
monophosphate shunt, was one of the first metabolic pathways to be
identified together with the glycolysis (Embden–Meyerhof–Parnas
pathway) and the tricarboxylic acid (Krebs) cycle (Stincone et al., 2015).
Although glycolysis is the primary pathway for glucose oxidation in
most of the tissues (80-90%), the PPP constitutes an alternative pathway
for this process —10-20%— (Wamelink et al., 2008). In addition, its
metabolites act as an antioxidant defense mechanism of the organism, and
they are implicated in many biosynthetic processes (Akram et al., 2019).
Noteworthy, the PPP is hyperactivated in cancer cells, and this pathway
plays a pivotal role in promoting their proliferation, growth, and survival
(Jin and Zhou, 2019; Patra and Hay, 2014). Studies in the field suggest that
the PPP could be utilized as a therapeutic target for cancer treatment
(Akram et al., 2019; Cho et al., 2018; Patra and Hay, 2014).
The PPP takes place at the cytosol in the majority of the organisms,
however, in plants and parasitic protozoa, the enzymes of this pathway are
also localized in other organelles besides the cytosol (Hannaert et al., 2003;
Kruger and von Schaewen, 2003).
The PPP consists of two biochemical branches (see Figure 1.7), which
accomplish two distinct roles: a non-reversible oxidative branch that
enables reduction of NADP+ to NADPH while converting glucose-6-
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phosphate (G6P) to a pentose phosphate and CO2, and a reversible nonoxidative branch that links pentose phosphates to glycolytic intermediates
(Stincone et al., 2015; Wamelink et al., 2008). Several enzymes sophistically
regulate both branches of the PPP, excepting the interconversion of 6‐
phosphoglucono‐delta‐lactone (d-6PGL) to 6-phosphogluconate (6PG),
which is still thought to be, at least partially, spontaneous (Horecker, 2002;
Stincone et al., 2015; Wood, 1985).
The oxidative branch is highly active in the majority of eukaryotes
(Stincone et al., 2015). This branch begins with the dehydrogenation of the
gluconeogenetic/glycolytic metabolite G6P, a reaction catalyzed by G6PD
with subsequent production of NAPDH, that generates d-6PGL (Stincone
et al., 2015; Wamelink et al., 2008). This product is irreversibly and quickly
hydrolyzed by 6-phosphogluconolactonase (6PGL) to yield 6PG, which is
decarboxylated by 6-phosphogluconate dehydrogenase (6PGD) to form
NADPH, ribulose-5-phosphate (Ru5P), and CO2 (Stincone et al., 2015;
Wamelink et al., 2008). All the metabolic sequence generates a total of 2
NADPH per each metabolized G6P (Stincone et al., 2015). Figure 1.7
shows an overview of these reactions.
The intermediates of the non-oxidative branch vary from three to
seven carbon species (Wamelink et al., 2008). The Ru5P formed through
the oxidative branch enters the non‐oxidative one and can be either
epimerized to xylulose-5‐phosphate (Xu5P) by ribulose-5‐phosphate
epimerase (RPE) or isomerized to ribose-5‐phosphate (R5P) by ribulose5‐phosphate isomerase —RPI— (Stincone et al., 2015; Wamelink et al.,
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2008). The sequence of the pathway continues with interconversion
reactions carried out by two enzymes, transketolase (TKL) and
transaldolase (TAL), that constitute a reversible connection between the
PPP and glycolysis via the production of fructose-6-phosphate (F6P) and
glyceraldehyde-3‐phosphate —GA3P— (Stincone et al., 2015; Wamelink
et al., 2008). TKL catalyzes the conversion of R5P and Xu5P into
sedoheptulose-7-phosphate (SH-7-P) and GA3P, and TAL catalyzes their
further metabolization in erythrose-4-phosphate (E4P) and F6P (Stincone
et al., 2015; Wamelink et al., 2008). Lastly, TKL exerts a second function
by converting E4P and Xu5P into GA3P and F6P —in this case the ketose
donor is also Xu5P, but the aldose acceptor is E4P instead of R5P—
(Stincone et al., 2015; Wamelink et al., 2008). Figure 1.7 shows an overview
of the connection of the PPP pathway with glycolysis.
Hence, the PPP is interconnected with glycolysis and gluconeogenesis
for the production of NADPH and R5P, which determines which phase of
PPP is to be initiated (Akram et al., 2019; Wamelink et al., 2008). The
glycolytic pathway is stimulated to supply more F6P and GA3P from G6P
to yield more R5P through the non-oxidative phase of the PPP for
nucleotide synthesis, when the necessity for R5P is higher than that of
NADPH for the synthesis of nucleotides, since R5P is needed to form the
RNA and DNA sugar-phosphate backbone (Akram et al., 2019; Stincone
et al., 2015). Nevertheless, levels of F6P and GA3P can also increment to
act as precursors for the generation of G6P by the gluconeogenic pathway,
when the demand of NADPH is higher than that of R5P for reductive
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biosynthesis, as the synthesis of fatty acids or cellular antioxidant
protection. If so, the production of G6P is used in the oxidative phase of
the PPP to form a substantial amount of NADPH (Akram et al., 2019).

Figure 1.7 Schematic representation of the PPP and glycolysis.
The enzymatic reactions comprising both pathways are represented by single
(irreversible reactions) or double (reversible reactions) arrows. The oxidative and
non-oxidative branches of the PPP are highlighted by the blue color in its
background. Sedoheptulose conversion enzymes found in *bacteria; **fungi (S.
cerevisiae) and plants; ***mammals. Abbreviations are defined at the end of the
dissertation. Reproduced from “The return of metabolism: biochemistry and
physiology of the pentose phosphate pathway” (Stincone et al., 2015) licensed
under CC BY.
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NADPH: sources and roles
Mammalian cells possess a few enzymes able to produce NADPH
(Stanton, 2012) —see Figure 1.8—. Cellular NADPH is produced at the
oxidative branch of the PPP by G6PD and also by the 6PGD, which are the
principal sources of its production (Fernández-Marcos and NóbregaPereira, 2016). In addition, NADPH is also supplied by other metabolic
pathways, specifically through the reactions catalyzed by the folate cycle
enzymes, the cytosolic and mitochondrial 10-formyltetrahydrofolate
dehydrogenases (ALDH1L1 and ALDH1L2, respectively), and the
mitochondrial methylenetetrahydrofolate reductase (MLHFD1L); the
cytosolic and mitochondrial isocitrate dehydrogenases (IDH1 and IDH2,
respectively); and the cytosolic and mitochondria malic enzymes (ME1
and ME3, respectively) (Fernández-Marcos and Nóbrega-Pereira, 2016).
These NADHP-producing enzymes are summarized in Figure 1.8.
In most cells of the human organism, NADPH is the key electron
donor required for numerous biosynthetic processes (Luzzatto et al.,
2016), including different reactions in the pathways of steroid hormone
synthesis (Miller, 2013), cholesterol (Lewis et al., 2014), and fatty acid
synthesis (Fan et al., 2014). This cofactor is indispensable for cell growth
and the proper function of the antioxidant system (Stanton, 2012; Tian et
al., 1998). Furthermore, NADPH is needed for the respiratory/oxidative
burst, an essential process in the immune system (Zeng et al., 2019).
To contribute to the previous processes, NADPH gives reducing power
to many enzymes such as the following listed:
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NADPH oxidases (Marrocco et al., 2017; Shapiro, 1991):
2 Citrulline
3NADP+ H+

2 Arginine
3 NADPH
NOS

4 O2

2NO + 4H2O

3H NADPH O2

NADP H

NADPH

$13

NOX

O2

O2 –

30) NADP+ H2O

• Nitric oxide synthases —NOS— (Leopold et al., 2003a;
3)7BSJFUZPGTVCTUSBUFT
Marrocco
).(3et al., 2017):

4 ).($P" NADPH ) 0 H+

NADPH )

H+ + H2O

•

&3' +k ct _jml _rc NADP+ $P"4)

5SY35SY1SY

2 Citrulline
3NADP H

2 Arginine
3 NADPH

NADP+ + HNOS
2O
(3(4)(1Y 4 O2

2NO + 4H2O
$13

3H NADPH O2

NADP+ H+

NADPH
NOX

O2

30) NADP+ H2O

3‐hydroxy‐3‐methylglutaryl‐CoA reductase —HMGR— (Burg
3)7BSJFUZPGTVCTUSBUFT

and Espenshade, 2011; Istvan and Deisenhofer,
2001):
).(3
+
4 ).($P" NADPH ) 0 H

&3' +k ct _jml _rc NADP+ $P"4)

).(3

4 ).($P" /"%1 )

3 NFWBMPOBUF /"%1 $P"4)
5SY35SY1SY
NADPH ) H+ + H2O
NADP+ + H2O
(3(4)(1Y

•

NADPH‐cytochrome

P450

oxidoreductase

—CPR—

(Cederbaum, 2015; Freeman et al., 2017):
3H NADPH O2

$13

30) NADP+ H2O

3)7BSJFUZPGTVCTUSBUFT

•

Several ROS-detoxifying enzymes (Fernández-Marcos and
Nóbrega-Pereira, 2016; Mattmiller et al., 2013; Stanton, 2012):
(44( ) /"%1)
5SY 4

40

O2 –

) /"%1)

(3
5SY3

(4) /"%1
5SY 4)  /"%1

www.impactjournals.com/oncotarget/

Oncotarget, Vol. 7, No. 32

Introduction
Editorial
NADPH: new oxygen for the ROS theory of aging
Pablo J. Fernandez-Marcos
and Sandrina
Nóbrega-Pereira
As shown in the previous
reactions
and illustrated

in Figure 1.8,

NADPH
serves
as aHarman,
cofactor
to glutathione
and
thioredoxins
(Trxs),
First
stated in 1950
by Dentham
the free
A recent
report
by us [1] adds fresh
support to the
radical theory of aging hypothesized that free radicals
free radical theory of aging. We focused our attention on
needed in turn
(directly
or indirectly)
by
glutathione
(GPxs),
oxidize macromolecules,
creating
a cumulative
damage
a molecule
that had peroxidases
remained relatively
unnoticed in the
that acts as a key driver of aging. Although it enjoyed
aging field: nicotinamide adenine dinucleotide phosphate,
wide acceptance
for many years,
this proposal
has been
or (Prxs)
NADP. Its
form, NADPH,
is the donor of
glutaredoxins
(Grxs),
and peroxiredoxins
toreduced
counteract
ROS attacks
challenged by many different observations. Studies on the
reductive potential to glutathione and thioredoxins, which
biological(Fernández-Marcos
roles of reactive oxygen species
have
in turn are
used (directly
or indirectly) by
and(ROS)
Nóbrega-Pereira,
2016;
Hanschmann
et glutaredoxins,
al.,
uncovered beneficial signaling functions of these highly
peroxiredoxins and glutathione peroxidases to neutralize
reactive molecules; treatment of animal models and
ROS (see Figure 1). Thus, NADPH serves as the ultimate
2013). NADPH also contributes to the maintenance
of the active form of
humans with antioxidant products have failed to protect
donor of reductive power for the large majority of ROSagainst age-induced pathologies; and overexpression of
detoxifying enzymes. NADPH can be generated by several
catalaseenzymes
(Hillar
and models
Nicholls,
1992), and
alsopathways,
enhances
SOD
activitycatalyzed
most antioxidant
in animal
have not
metabolic
including
the reactions
increased lifespan nor protected from aging. All these
by the malic enzymes, isocitrate dehydrogenases and
indirectly
through
itsfree
effect
glutathione
catalase (Stanton,
findings have
led to the discredit
of the
radicalon
theory
folateand
dehydrogenases;
but the main2012).
source of cellular
of aging in academia.
NADPH are two enzymes of the oxidative branch of the

Figure 1: NADPH at the core of anti-ROS defenses and protection from age-induced oxidative damage. NADPH
Figure
NADPH-dependent
enzymes.
can be produced
by 1.8
the isocitrate
dehydrogenases (IDH)ROS
IDH1 detoxifying
(cytoplasm) and IDH2
(mitochondria); the one-carbon cycle enzymes
10-formyltetrahydrofolate
dehydrogenases
(ALDH1L) ALDH1L1
(cytoplasm),
ALDH1L2
(mitochondria)
The main amount
of NADPH
is generated
at the
oxidative
branchand
ofmethylenetetrahydrofolate
the PPP by
reductase (MLHFD1L, mitochondria); the rate-limiting glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate
G6PD
enzyme.
NADPH
serves
as
a
donor
of
reductive
power
to
TrxR
dehydrogenase (6PGD) at the oxidative branch of the pentose phosphate pathway (PPP); and the NADP-dependentand
malic GR,
enzymes ME1
(cytoplasm)
and ME3
(mitochondria).
In turn, NADPH
is the Txr-S2
donor of reductive
glutathione
and thioredoxin
that
reduce
the oxidized
forms
and potential
GSSG toto
their reductases
reduced(GR)forms
reductases (TrxR), that reduce oxidized glutathione (GSSG) and oxidized thioredoxins (Txr-S2) to their reduced forms (GSH and Txr(SH)2,
(Trx(SH)2 and GSH, respectively). GSH reduces Grx, GPx, and Prx. Trx (SH)2
respectively). Glutathione peroxidases (GPx), glutaredoxins (Grx) and peroxiredoxins (Prx) are reduced by GSH, and Prx can also be
reduced byalso
Trx(SH)
. CatalasePrx.
and superoxide
dismutases
are autocatalytic
enzymes
do notactivity
use NADPH
a cofactor; however,
reduces
NAPDH
also (SOD)
enhances
catalase
and that
SOD
byasbinding
2
NADPH binds tightly to catalase, enhancing its activity.

tightly to catalase. Abbreviations are defined at the end of the dissertation.
Reproduced from “NADPH: new 50814
oxygen for the ROS theory of aging”
www.impactjournals.com/oncotarget
Oncotarget
(Fernández-Marcos and Nóbrega-Pereira, 2016) licensed under CC BY.

41

Introduction

Importantly, NADPH serves as the ultimate donor of reductive
potential for most of the vast ROS-detoxifying enzymes, researchers
consider that the homeostatic levels of NADPH determine the rate of
ROS-derived damage (Hanschmann et al., 2013).
Among all NADPH producing enzymes, G6PD is considered the most
important one since the other enzymes do not provide enough quantity of
NADPH to keep several of these processes at optimum levels (Cappellini
and Fiorelli, 2008; Stanton, 2012).

G6PD: biochemistry and function
In 1932 Otto Warburg and Walter Christian identified and biochemically
described the G6PD (Warburg and Christian, 1932) in yeast and in red
cells as an enzyme implicated in redox function (Luzzatto et al., 2016).
The G6PD gene comprises 13 exons —the first exon is noncoding—
(Luzzatto et al., 2016; Persico et al., 1986). A total of 515 amino acids
constitute the monomer of human G6PD, whose estimated molecular
weight is 59 kDa (Persico et al., 1986). G6PD is a housekeeping gene, but
its expression in tissues is not uniform (Corcoran et al., 1996).
The human G6PD enzyme exists in a dimer ⟷ tetramer balance, and
its stability depends on NADP+ concentration (Au et al., 2000). Dimers
and tetramers are the active catalytic forms of the enzyme, while
monomers are inactive (Bonsignore et al., 1971; Wrigley et al., 1972).
Various factors cause the interconversion of the three molecules
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(Bonsignore et al., 1971; Wrigley et al., 1972). Low pH and ionic strength
conditions lead the equilibrium towards the tetramer whereas high pH
values and ionic strength provoke a shift towards the dimer (Au et al.,
2000; Bonsignore et al., 1971; Cohen and Rosemeyer, 1969). In particular,
G6P, ethylenediaminetetraacetic acid (EDTA), and NADPH promote the
disruption of the dimer, while specific metal ions or NADP+ favor the
tetramer conformation (Au et al., 2000; Bonsignore et al., 1971; Cancedda
et al., 1973; Cohen and Rosemeyer, 1969; Kirkman and Hendrickson,
1962; Scopes et al., 1998). High pH may also promote the formation of
inactive monomers (Au et al., 2000). Furthermore, when the enzyme is
acting in a system where NADPH2 is not rapidly reoxidized, a subsequent
tetramer ⇀ dimer ⇀ monomer conversion may take place as a
consequence of the enzymatic activity (Bonsignore et al., 1971).
The physiological importance of the dimer-tetramer interconversion
has not remained completely understood due to the contradictory results
obtained (Au et al., 2000; Cunningham and Mochly-Rosen, 2017).
Initially, tetramerization was shown to prevent G6PD inactivation by
NADPH (Bonsignore et al., 1971), but a posterior study concluded that
G6PD dimerization is enough for its activity and thus the tetramer state is
nonessential for its activity (Wang et al., 2008). However, recent findings
in this field confirm that tetramerization is critical for G6PD activity
(Cunningham and Mochly-Rosen, 2017).
G6PD activity is a crucial determinant for the cytosolic
NADP+/NADPH ratio and, accordingly, has an essential role in the
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This enzyme is especially critical in erythrocytes to guarantee their
protection against oxidative stress (Beutler, 2008; Luzzatto et al., 2016). In
addition to exogenous oxidative attacks, the red blood cells are more
exposed to high levels of endogenous oxidative stress than other cells due
to the free radicals that are generated in the process of loading, carrying
and unloading hemoglobin-bound oxygen (Bunn and Forget, 1986). In the
sequence of cell differentiation, erythroid sacrifices all NAPDHgenerating enzymes excepting G6PD (Luzzatto et al., 2016). At the final
stages of differentiation, erythrocytes shed their mitochondria,
endoplasmic reticulum, and nucleus, which makes them incapable of
proliferating (Dzierzak and Philipsen, 2013). The biosynthetic pathways of
these cells have also been sacrificed, so they do not require NADPH for the
processes related to those pathways (Luzzatto et al., 2016). In this context,
G6PD acquires in the red cell a vital role as a constant supplier of NADPH
for the regeneration of GSH, and the reactions of the glutathione redox
cycle prevent the depletion of GSH (Beutler, 2008; Luzzatto et al., 2016).
Carson and coworkers discovered in 1956 the G6PD deficiency as a
consequence of a study investigating some people with hemolytic effects
after taking primaquine (Carson et al., 1956). G6PD deficiency is the most
common inherited and sex-linked human enzymopathy, with an
approximated 400 million people afflicted worldwide, and it is highly
prevalent in endemic malaria zones (Nkhoma et al., 2009). The gene for
G6PD resides on the X-chromosome, and G6PD deficiency is inherited in
a sex-linked manner, being expressed only in a part of females
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heterozygotes and entirely in homozygous females, and in hemizygous
males (WHO, 1989).
More than 300 G6PD allelic variants were classified by the World
Health Organization (WHO) into five categories (Class I-V) depending on
the level of the enzyme activity in the red blood cells and the clinical signs
(WHO, 1989). Class I includes severely deficient variants that are
associated with a chronic non-spherocytic hemolytic anemia (CNSHA).
Class II variants have less than 10% of residual enzyme activity, but
without CNSHA, and include the common severe oriental variants and the
Mediterranean variants. Class III variants are moderately deficient (1060% residual enzyme activity), and include the common African form.
Class IV variants present a normal enzyme activity (60-150% residual
enzyme activity). Finally, class V variants display an increased enzyme
activity more than normal — >150% — (WHO, 1989). The variants that
include deficiency of the enzyme causes clinical manifestations that range
from individuals without symptoms to patients with favism, acute
hemolytic anemia, CNSHA, and neonatal jaundice (Cappellini and
Fiorelli, 2008; Ong et al., 2017). Specifically, the usual pathological variants
remain all in classes II and III (WHO, 1989).
In addition to the critical function of G6PD in red blood cells, G6PD
deficiency, due to the poor antioxidant protection, can constitute a risk
factor for numerous pathologies in humans (Hwang et al., 2018) such as
heart failure (Hecker et al., 2012), hypertension (Gaskin et al., 2001),
cataract (Moro et al., 1985; Nair et al., 2013), diabetes (Gaskin et al., 2001;
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Heymann et al., 2012; Pinna et al., 2013), kidney injury (Abdel Hakeem et
al., 2016), cholelithiasis (Meloni et al., 1991), and psychiatric disorder
(Bocchetta, 2003).
Noteworthy, G6PD-derived NADPH has a contradictory effect on
ROS levels in distinct cell types, so it is considered that G6PD exerts a dual
role in maintaining ROS balance in a tissue-specific and a cell-type manner
(Park et al., 2017). When an organism suffers stressful conditions such as
in obesity, G6PD can potentiate ROS generation in various cell types,
including myocardial cells, macrophages, and granulocytes, through
upregulating of the NOS and NADPH oxidase by G6PD-derived NADPH
substrate (Ham et al., 2013; Park et al., 2005, 2006, 2017). In particular, the
prooxidant function of G6PD is present in proinflammatory responses
triggered by macrophages (Olusi, 2002; Park et al., 2017; Sanna et al.,
2007).
Importantly, increased G6PD activity and/or expression has been
found in a variety of human cancers, and G6PD has been proposed to have
pro-oncogenic properties based on its overexpression in several tumor
types and studies with in vitro cultured cells (Jiang et al., 2011; Kuo et al.,
2000; Wang et al., 2012; Zhang et al., 2014). In particular, overexpression
of G6PD in murine fibroblasts under the actin promoter is able to increase
their proliferation rate and may induce oncogenic transformation (Kuo et
al., 2000).
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1.4 Skeletal muscle regeneration
A matter on its definition
Skeletal muscle can regenerate new muscle fibers in response to damage
caused by an injury or derived as a result of a pathology such as muscular
dystrophy (Carlson, 1973; Tedesco et al., 2010).
This brief section aims at highlighting that the term of muscle
regeneration is properly used when refers to a process involving myofiber
necrosis as a first condition before the subsequent cellular events necessary
to form new muscle in order to replace the damaged portion of the original
tissue (Grounds, 2014).

Satellite cells
The muscle stem cells, also named satellite cells (SCs), are the principal
players in skeletal muscle regeneration (Tedesco et al., 2010).
Alexander Mauro firstly described in 1961 the SCs while examining
the skeletal muscle fiber of the frog, during an electron microscope study.
This researcher observed the presence of specific cells closely connected
with the muscle in the peripheral region of the skeletal muscle fiber
(Mauro, 1961). Anatomically, SCs are located between the basal lamina
and the plasmalemma of the fibers, and most of them are placed only some
micrometers away from a blood vessel (Christov et al., 2007; Dumont et
al., 2015).
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A. Mauro also speculated about the origin and role of SCs, concluding
that these cells might be a “dormant myoblasts that failed to fuse with other
myoblasts and are ready to recapitulate the embryonic development of
skeletal muscle fiber when the main multinucleate cell is damaged”, among
others hypothesis (Mauro, 1961). Subsequent studies demonstrated that
SCs enter a state of quiescence after postnatal growth, but they can be
activated in response to more growth requirements or if the muscle tissue
is damaged (Cornelison and Wold, 1997; Dumont et al., 2015; Scharner
and Zammit, 2011). In these situations, SCs undergo a number of cells
divisions generating fusion-competent cells, which can either develop new
fibers or fuse with damaged ones, and other cells that turn to quiescence
thus sustaining the progenitor pool (Biressi et al., 2007). In particular, the
role of SCs in muscle regeneration was firmly established to a large extent
due to a study published in 1978 by Mikel H. Snow, in which whereby
applying autoradiography with tritiated thymidine, SCs were traced
during the regenerative process of injured muscles by mincing in young
Sprague-Dawley rats (Snow, 1978; Stockdale, 2008). This researcher
specified that “approximately 31% of the satellite cells in uninjured
muscles appeared labeled after three injections of tritiated thymidine;
none of the myonuclei were labeled in the same muscles. Four to six days
after transplanting the radioactive muscles to non-radioactive littermates,
regenerating myotube nuclei in the host appeared labeled” (Snow, 1978).
Thereby, this study confirmed that SCs could differentiate into
multinucleated myotubes after muscle injury (Snow, 1978; Stockdale,
2008).
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The quantity of SCs in the adult muscle might range between 3% and
11% of the myonuclei, depending on the species (Almeida et al., 2016). In
the case of mice, the number of SCs decreases from 32% in neonates to 5%
in adults (Allbrook et al., 1971; Almeida et al., 2016; Bischoff and Heintz,
1994).
Importantly,

SCs

express

specific

membrane

proteins

and

transcription factors which are used for their properly characterization, in
order to discriminate between other cell types around them within skeletal
muscle (Yin et al., 2013). Among these markers, the paired-homeobox
transcription factor Pax7 is the canonical biomarker since it is specifically
expressed in all quiescent and proliferating SCs in numerous species (Seale
et al., 2000; Yin et al., 2013). Noteworthy, SCs comprise a heterogeneous
population of precursor cells with a different embryological origin and
numerous levels of functional and biochemical variety (Biressi and Rando,
2010).

Phases of skeletal muscle regeneration
Muscle regeneration takes place in five interrelated and time-dependent
phases (see Figure 1.10): degeneration (necrosis), inflammation,
regeneration, remodeling, and maturation/functional repair (Musarò,
2014). The magnitude of the damage and the model used to induce the
injury can modulate the amplitude and kinetics of each phase (Musarò,
2014). Figure 1.10 shows the sequence of the time-dependent cellular
responses after cardiotoxin (CTX) injury, the method used in this PhD
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thesis. This substance is a peptide isolated from snake venoms that inhibits
specifically the protein kinase C (Langone et al., 2014; Musarò, 2014).
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Figure 1.10 Phases of the muscle regeneration process following injury.
(a) Schematic diagram outlining the five interrelated phases of muscle
regeneration (text in blue), and summarizing the main events occurring during
each one them. (b) Schematic model of time-dependent biological responses after
CTX injection. Reproduced from “The basis of muscle regeneration” (Musarò,
2014) licensed under CC BY.
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1.4.3.1 Necrosis and inflammatory reaction

The necrosis of the muscle fibers constitutes the first phenomenon of
muscle degeneration (Chargé and Rudnicki, 2004). This necrosis induces
the destruction of the plasmatic membrane with extracellular calcium
entrance and the subsequent activation of calcium-dependent proteases,
such as calpains, that provoke prompt disintegration of myofibrils and
other cell components, including the cellular organelles (Ciciliot and
Schiaffino, 2010; Musarò, 2014).
Inflammation is an early response of injured muscle as shown by the
appearance of a higher number of inflammatory cells (Tidball, 1995). This
increase occurs mainly by a mechanism of chemotaxis since myofibers in
degeneration release factors that act as “wound hormones” (Chen et al.,
2018; Tidball, 1995). These factors have a chemoattractant effect over
inflammatory cells of the circulating system, which move to the damaged
regions of the fiber muscle (Tidball, 1995).
The first inflammatory cells that invade the region of muscle injury are
the neutrophils (Chargé and Rudnicki, 2004). Neutrophils levels increase
until 24 hours after damage, begin to decrease from that time, and at 3648 hours post-injury are usually no longer detectable (Fielding et al., 1993;
Musarò, 2014). Neutrophils invasion is an indispensable response that
contributes to tissue repair (Tidball, 2017; Wang, 2018). As professional
phagocytes, neutrophils clean tissue debris, and its presence in the region
of injury condition the properly inflammatory environment, thus
influencing the activation state of the following type of immune cells
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involved in the process (Oishi and Manabe, 2018; Tidball, 2017; Wang,
2018). However, neutrophils can also prompt more damage to the muscle
or to the tissues around, due to their capacity for releasing high levels of
cytotoxic and cytolytic molecules (Tiidus, 1998).
Macrophages invasion follows neutrophil infiltration and, within ∼48
hours post-injury, they are the predominant inflammatory cell type within
the region of injury (Chargé and Rudnicki, 2004; Musarò, 2014). Two
different subpopulations of macrophages, referred as M1 and M2,
sequentially infiltrate to injured muscle, not only for eliminating tissue
debris but also for actively contribute to muscle repair and remodeling
(Tidball, 2005). Initially, M1 macrophages secrete proinflammatory
cytokines, such as interleukin-1ß (IL-1ß) and tumor necrosis α (TNFα),
playing an important role as scavengers by participating in the
phagocytosis of necrotic debris (Chazaud et al., 2009; Ciciliot and
Schiaffino, 2010). These macrophages also contribute to the prevention of
a premature myogenic differentiation in the regeneration process
(Chazaud et al., 2009). The invasion of these macrophages occurs ∼24
hours post-injury, and they reach their peak levels at ∼2 days post-injury
(Tidball, 2005, 2017). In a second phase, macrophages switch their
phenotype from proinflammatory to anti-inflammatory, as occurs in other
tissues, in order to resolve inflammation (Chazaud et al., 2009; Serhan and
Savill, 2005). This type of macrophages (M2) release anti-inflammatory
cytokines, such as interleukin-10 (IL-10), and facilitate myogenesis and
myofiber growth through dampening environmental inflammatory
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signals (Arnold et al., 2007; Chazaud et al., 2009; Ciciliot and Schiaffino,
2010; Strle et al., 2007). M2 macrophages reach their peak numbers at ∼4
days post-injury (Chazaud et al., 2009; Tidball, 2005), concurring with the
expression of genes associated with the terminal differentiation (Tidball,
2017).

1.4.3.2 Regeneration: SCs activation and differentiation

After muscle degeneration, skeletal muscle activates an intrinsic
mechanism in order to regenerate the injured contractile machine (Chargé
and Rudnicki, 2004; Musarò, 2014). This phase of muscle regeneration
requires cell proliferation being successful (Chargé and Rudnicki, 2004), a
condition that constitutes a hallmark of this stage (Yin et al., 2013).
The key drivers in this phase of muscle regeneration are the SCs. The
muscle-specific regulatory factors (MRFs) largely regulate SCs
proliferation and differentiation, including myogenic factor 5 (Myf5),
myogenic differentiation factor 1 (MyoD), myogenic factor 4 (myogenin
or MyoG), and myogenic factor 6 (Myf6 or MRF4); all members of the
family of transcription factors denominated basic helix-loop-helix —
bHLH— (Hernández-Hernández et al., 2017; Perdiguero et al., 2009;
Powell et al., 2014). In particular, the evolution of activated SCs toward
myogenic differentiation is principally driven by MyoD and Myf5
(Tedesco et al., 2010), and requires a precise regulation of the molecular
signaling pathways implicated in this process (Wagers and Conboy, 2005).
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After an injury, numerous signals stimulate SCs to exit their quiescent
state, and they begin to proliferate extensively to give rise a population of
mononucleated precursor cells (MPCs) or myoblasts (Musarò, 2014; Yin
et al., 2013). A subpopulation of activated SCs experiments asymmetric
division leading to a number of undifferentiated Pax7+/MyoD−/Myf5−
cells, which exit from the cell cycle to restore the pool of quiescent stem
cells, a process known as self-renewal (Kuang et al., 2007; Perdiguero et al.,
2009; Yin et al., 2013). However, the majority of activated SCs are
committed to differentiation (Tedesco et al., 2010; Zammit et al., 2004). In
this case, committed progenitor cells begin to express Myf5, and
experiment

several

rounds

of

proliferation

leading

to

Pax7+/MyoD+/Myf5+ myoblasts (Perdiguero et al., 2009). After the
proliferation phase, myoblasts undergo terminal differentiation and begin
to fuse with existing damage myofibers for repairing or alternately fusing
to each other for the formation of new multinucleated myofibers, which
express developmental markers such as the embryonic isoform of myosin
heavy chain —eMHC— (Chargé and Rudnicki, 2004; Ciciliot and
Schiaffino, 2010; Musarò, 2014; Yin et al., 2013). Importantly, the temporal
switch from SCs proliferation to differentiation requires the transition
from Notch signaling to Wnt signaling (Brack et al., 2008). Furthermore,
a molecular signature of the beginning of terminal differentiation is not
only the upregulation of myogenin and Myf6 expression in cells but also
the downregulation of Myf5 and Pax7 (Musarò, 2014; Yin et al., 2013).
Figure 1.11 illustrates the sequence of SCs-driven myogenesis.
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Figure 1.11 Sequence of SCs driven adult myogenesis.
Upon muscle injury or determined physiological stimuli, SCs are activated and
undergo asymmetric division, thus leading to a self-renewing cell and a
committed progenitor, which begins to express Myf5. Cells expressing Myf5 go
into the cell cycle, experiment several rounds of proliferation, and develop into
myoblasts, which express MyoD. Next, myoblasts undergo terminal
differentiation, downregulating Pax7 and upregulating MyoG, and fuse to
generate the new myofibers. Modified figure with some data from Perdiguero and
coworkers (Perdiguero et al., 2009). Reproduced from “Pitx2 in embryonic and
adult myogenesis” (Hernandez-Torres et al., 2017) licensed under CC BY.

56

Introduction

1.4.3.3 Remodeling and maturation

The remodeling is a critical phase of the regenerative process, and it is
characterized by the reestablishment of myotendinous connections and
angiogenesis (Ciciliot and Schiaffino, 2010; Musarò, 2014).
The remodeling of the extracellular matrix (ECM) is especially
important for successful repair (Daley et al., 2008). In this phase of
remodeling, takes places an overproduction of the ECM components such
as types of collagen, elastin, proteoglycans, fibronectin, and laminin (Li et
al., 2004; Mutsaers et al., 1997). These components contribute to stabilize
the tissue, to guide the formation of neuromuscular junctions (NMJs), and
to serve as a scaffold for the newly formed myofibers (Lluri et al., 2006;
Mann et al., 2011; Musarò, 2014). In particular, the sustenance of the basal
lamina of myofibers, a specialized layer of the ECM, constitutes a critical
factor for proper muscle regeneration since, within an unimpaired basal
lamina, SCs and myotube are able to proliferate and fuse to generate
almost normal myofibers in a few time (Ciciliot and Schiaffino, 2010).
The transforming growth factor‐beta (TGF‐β), is an important
profibrotic cytokine that regulates the remodeling of the ECM by
activating fibroblasts to trigger ECM components (Kim and Lee, 2017).
Indeed, transient muscle connective tissue fibrosis is a hallmark of muscle
regeneration although requires a precise regulation for being beneficial
(Murphy et al., 2011). In particular, a transient increase in collagen
deposition helps to heal the injured muscle (Mann et al., 2011). However,
excessive deposition of the ECM components impairs mechanical
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function and hampers muscle regeneration (Li et al., 2004; Mann et al.,
2011). Among other causes, excessive TGF‐β signal to EMC production
can lead to an exacerbate fibrotic response (Gillies and Lieber, 2011).
In addition to ECM remodeling, a new vascular network in the region
of injury develops whereas newly developed myofibers experiment growth
and maturation (Mann et al., 2011). The newly developed capillaries
originate from the peripheral surviving capillaries toward the center of the
injured site, and they exert an important function for the regenerative
process by supplying oxygen and substrates (Frey et al., 2012). A potent
angiogenic factor is the vascular endothelial growth factor (VEGF), which
not only promotes angiogenesis but also decreases the accumulation of
fibrosis (Best et al., 2013; Frey et al., 2012).
Finally, growth and maturation of the newly formed myofibers require
the reestablishment of the innervation, a necessary process for the effective
recovery of the contractility machine and functional performance
(Musarò, 2014; Slater and Schiaffino, 2008). Otherwise, the regenerated
muscle undergoes atrophy (Lefeuvre et al., 1996; Liu et al., 2018).
Rebuilding the NMJs in regenerated muscles requires nerves regeneration
and the formation of new motor plates, which not only provide control
over regenerated muscles but also have an impact on muscle fiber
alignment, type, and size (Järvinen et al., 2007; Liu et al., 2018). In this
regard, it is well demonstrated that nerve activity controls MHC switches
in regenerating muscle, as occurs during postnatal muscle development
(Lefeuvre et al., 1996; Schiaffino et al., 1998; Slater and Schiaffino, 2008).
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The role of oxidative stress in skeletal muscle regeneration
Skeletal muscle generates ROS under physiological and pathological
conditions (Kozakowska et al., 2015). Low levels of ROS can regulate
physiological cellular signaling, medium-levels are able to stop cell growth,
and high levels of ROS might lead to cell death mediating either necrotic
or apoptotic pathway (Barbieri and Sestili, 2012; Kozakowska et al., 2015).
Significantly, the majority of ROS/RNS are liable to change, and
diverse factors such as local environment and/or dose can modulate their
effect (Moulin, 2017). Therefore, delimiting when the molecules are acting
as a physiological signal or are causing damage or when they are
promoting pathologies is not easy (Moulin, 2017).
Successful muscle recovery after muscle injury implies a coordinate
function between enzymatic antioxidant defense and ROS production
(Kozakowska et al., 2015; Pierce et al., 2007). Le Moal and coworkers
described in their extensive review (Le Moal et al., 2017) the redox
signaling pathways that regulate SCs fate, as well as the redox factors
implied in SCs survival, activation, self-renewal, proliferation, and
differentiation.
Especially, ROS are critical in the onset of muscle regeneration process
for a successful degenerative-inflammatory phase (Kozakowska et al.,
2015). Indeed, the highest ROS levels appear one day after injury until day
three, when the antioxidant response elevates to guarantee a complete
muscle regeneration (Vezzoli et al., 2011). The inflammatory cytokines
produced during the inflammatory phase are able to alter the physiological
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redox status of SCs, a precondition for muscle regeneration (Brancaccio
and Palacios, 2015). For instance, the inflammatory cytokine TNFα has an
important role in promoting myogenic differentiation by activating the
mitogen activated protein kinase p38 —p38 MAPK— (Chen et al., 2007;
Li et al., 2014).
The activation of the transcription factors of the myogenic program,
such as MyoD, and chromatin remodeling proteins, requires the p38
MAPK redox signaling (Lluís et al., 2006). In this regard, the absence of
p38α isoform delays muscle regeneration after CTX injury, and the
reversible inhibition of p38 slows down the differentiation program in
human monocytes and myogenic cell lines (Brien et al., 2013; Wu et al.,
2000). Moreover, the study of L’Honoré and coworkers found that the
redox activation of p38α MAPK was crucial for allowing SCs exit the cell
cycle and begin differentiation, by treating a primary culture with the ROS
scavenger, N-Acetyl-Cysteine —NAC— (L’honoré et al., 2018). Thereby,
regulated activation of the p38 MAPK signaling pathway is indispensable
for muscle regeneration. However, an aberrant or dysregulated activation
of p38 MAPK has negative effects on this process (Segalés et al., 2016). This
regulation is especially critical during aging given that, while the
controlled activation of p38 MAPK in adult SCs is beneficial for its
activation, stops their proliferation, and induces the myogenicdifferentiation gene program (Segalés et al., 2016), the continuous
overactivation of this signaling pathway during aging harms SCs
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functionality (Bernet et al., 2014; Segalés et al., 2016; Sousa-Victor and
Muñoz-Cánoves, 2016; Sousa-Victor et al., 2015).
Redox signaling regulates several key aspects of adult myogenesis (Le
Moal et al., 2017). On the other hand, oxidative stress, caused by
exacerbated ROS levels and an inefficient antioxidant system, can be
detrimental for muscle regeneration process since it leads to a disruption
of the redox signaling and control (Forcina et al., 2019; Jones, 2006).
In general, oxidative stress seems to have a deleterious effect for
myogenesis differentiation, although the data on this field is disparate
(Moulin, 2017). Some arguments supporting the harmful role of oxidative
stress are that oxidants block myogenesis (Buck and Chojkier, 1996;
Langen et al., 2004) and that interventions to avoid oxidative stress are
beneficial for SCs differentiation (Ogura et al., 2015). In this regard, Ogura
and coworkers found that high oxidative stress, due to the ablation of the
transforming growth factor beta-activated kinase 1 (TAK1), impaired SCs
differentiation and caused spontaneous cell death (Ogura et al., 2015). In
addition, L’Honoré and coworkers found that high ROS levels caused
premature differentiation of SCs, and very high ROS levels provoked
defects in muscle regeneration, which were associated with an increase in
DNA damage and senescence of SCs (L’honoré et al., 2018).
Importantly, SCs need robust protection from cytotoxic damage in
order to guarantee complete and effective muscle regeneration (Le Moal
et al., 2017). In particular, quiescent SCs have a lower redox state than
activated cells, occurring the highest increase in ROS before the beginning
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of muscle differentiation (L’honoré et al., 2018). The maintenance of a
lower redox state in quiescent SCs is possible due to their powerful
antioxidant system (enzymatic and non-enzymatic), which is sensitive to
the redox variations of the environment (Moulin, 2017). Of note, adult
quiescent SCs up-regulate genes for enzymes implicated in protection
from xenobiotics, detoxification, and oxidative stress (Pallafacchina et al.,
2010).
Different studies in the field show the critical role of GSH in the robust
antioxidant protection of SCs. These cells display higher physiological
levels of GSH than myoblasts, suggesting a direct link between the
antioxidant potential and the regenerative capacity (Urish et al., 2009).
Interestingly, antioxidant administration before SCs transplantation
increased their survival and improved tissue regeneration capacity
through promoting GSH synthesis (Drowley et al., 2010). Furthermore,
depletion of nuclear factor erythroid-derived 2-like 2 (Nrf2) slowed down
all the stages of the regeneration process of tibialis anterior muscle after
CTX injury (Shelar et al., 2016). This poor regenerative capacity was
related to an increase in oxidative stress, in particular, due to altered GSHredox homeostasis (Shelar et al., 2016). Reduced levels of GSH, and the
subsequent oxidative intracellular environment, negatively affected the
differentiation of C2C12 myoblasts by diminishing myogenin and MyoD
expression (Ardite et al., 2004; Hansen et al., 2007; Sestili et al., 2009; Wu
et al., 2014).
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G6PD activity during skeletal muscle regeneration
G6PD regenerative pattern was studied by Wagner and coworkers, who
showed that G6PD activity in regenerating muscles was higher than in
control ones (Wagner et al., 1977, 1978). In one of their studies, these
researchers worked with free muscles grafts injected with Marcaine, a
myotoxic local anesthetic (Wagner et al., 1977). They found that G6PD
activity increased from the first day after grafting the Marcaine-treated
muscles, reaching a maximum value of seven times the control by eight
days, followed by a progressive decline from that moment (Wagner et al.,
1977). Similarly, in a posterior study, Wagner and coworkers recorded the
changes in G6PD activity in rat anterior tibial muscle during the first day
after muscle injury induced by Marcaine. In this study, they found that
G6PD activity increased to six times control values by 8 hours post-injury,
and nine times control levels by 24 hours post-injury (Wagner et al., 1978).
Wagner and coworkers also investigated the causes of the increase in
G6PD activity. In this regard, they found that the phagocytic-cell
infiltration, which occurs at the early stages of muscle regeneration, caused
an increment in G6PD activity since it rises in macrophages in order to
supply NADPH to NOX (Wagner et al., 1978). This phenomenon is
required for the degradation of necrotic tissue (Wagner et al., 1978).
Noteworthy, during these processes ROS production is intensified
(Vezzoli et al., 2011).
Importantly, not only the G6PD enzyme but also other enzymes of the
PPP experiment a dramatical increase during the first hours of the muscle
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regeneration (Wagner et al., 1978). As a consequence of enhanced PPP
activity, Wagner and coworkers found that muscle injury induced the
production of R5P, which in turn was associated with an increase in RNA
and protein synthesis (Wagner et al., 1978). In addition, the inhibition of
mRNA and protein synthesis was related to G6PD inhibition (Wagner et
al., 1978).
Interestingly, Kovacheva and coworkers found that the restoring of
G6PD levels in old mice by testosterone treatment led to an improvement
in SCs proliferation and differentiation, which was associated with better
resistance to oxidative stress (Kovacheva et al., 2010). Noteworthy, G6PD
also has a critical function in the regulation of intracellular redox levels
during cell proliferation since this enzyme is the principal supplier of the
NADPH required for the maintenance of redox control, which is needed
for cell survival (Tian et al., 1998). Indeed, cells with G6PD overexpression
proliferate faster than cells with endogenous G6PD levels (Tian et al.,
1998). Moreover, G6PD overexpression increases DNA and protein
synthesis in different cell lines (Kuo et al., 2000; Tian et al., 1998). By
contrast, the inhibition of G6PD in cells exposed to H2O2 suppress its cell
growth due to the depletion of NADPH levels, thus disrupting the redox
status for cell growth, which is associated with less protein and DNA
synthesis (Tian et al., 1998). In the same way, G6PD-deficient cells grow
slowly and become senescent early due to the enhanced oxidative stress
(Ho et al., 2000).
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Role of the IGF-1/AKT pathway in skeletal muscle
regeneration
Muscle cells respond to an injury by expressing the factors IGF-1 and IGF2 (Jennische et al., 1987; Jiao et al., 2013). This response is crucial since
reduced levels of IGF-1 correlates with impaired muscle regeneration
(Lefaucheur and Sébille, 1995; Lu et al., 2011). Inflammatory and
endothelial cells, fibroblasts, myofibers, and SCs of endogenous tissues
express IGF-1 (Tonkin et al., 2015). However, an important source of IGF1 during regeneration are infiltrating macrophages (Gow et al., 2010; Lu et
al., 2011). These cells contribute to increasing the levels of IGF-1,
especially during the early phases of regeneration (days 2–5) but not
during the later phases —around day 10— (Tonkin et al., 2015).
Notably, IGF-1 participates in both proliferation and differentiation of
myoblasts (Allen and Boxhorn, 1989; Engert et al., 1996; Ewton et al., 1996;
Vandenburgh et al., 1991). In this regard, the stimulation of IGF-1
promotes cell cycle proliferation by elevating the expression of cyclins D1
and D2 (Coolican et al., 1997). In particular, the mitogenic activity of this
pathway,

which

allows

cell

proliferation,

is

reached

through

phosphorylation of the extracellular signal-regulated kinases —ERK1/2—
(Fuentes et al., 2011). In addition, the IGF pathway is involved in the
regulation of the MRFs family proteins (Zanou and Gailly, 2013). For
instance, IGF-1 stimulation rises the transcriptional activity of MyoD and
myogenin expression (Florini et al., 1991; Hsu et al., 1997; Xu and Wu,
2000), and IGF-1 also induces Myf5 (Ijuin and Takenawa, 2012; Perez-
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Ruiz et al., 2007). Interestingly, studies suggest that IGFs genes are also
regulated by MRFs (Zanou and Gailly, 2013). Indeed, IGF-1 expression
during myogenesis might also be controlled by MRFs (McLellan et al.,
2006; Zanou and Gailly, 2013). The experiments of Sabourin and
coworkers using primary MyoD-/- myogenic cells showed that MyoD
downregulated IGF-1 expression and that this MRF might be necessary for
IGF-1 suppression during normal myogenic differentiation (Sabourin et
al., 1999). Of note, a study performed in vitro showed that low
concentrations of IGF-1 and IGF-2 induced myoblast differentiation,
while high concentrations produced an inhibition of the differentiation.
(Florini et al., 1986).
Different works prove that these growth factors promote myoblasts
differentiation in vivo by activating the phosphoinositide 3-kinases/
protein kinase B/mammalian target of rapamycin/ribosomal protein S6
kinase beta-1 pathway —PI3K/AKT/mTOR/p70S6K— (Coolican et al.,
1997; Rommel et al., 2001; Rotwein and Wilson, 2009; Wilson and
Rotwein, 2007). Specifically, the effect of IGFs on inducing myogenin
expression is to a large extent mediated by PI3K/AKT and p70S6K
signaling molecules (Xu and Wu, 2000).
The induction of AKT activation has a protective effect in regenerating
muscle after CTX injury by preventing membrane damage and
accelerating myofiber regeneration (Kay et al., 2011). The isoforms AKT 1
and AKT 2 act in several stages of muscle differentiation by regulating
different actions in muscle cells depending on the isoform (Rotwein and
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Wilson, 2009). However, both isoforms are indispensable for a complete
myoblast maturation and differentiation (Rotwein and Wilson, 2009). In
this regard, Gardner and coworkers observed that the expression levels of
AKT were most important than the specific actions of AKT 1 and AKT 2
species for successful myofiber development during the later phases of
muscle differentiation (Gardner et al., 2012).
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Aims

2.1 General aim
The general aim of this PhD thesis is to study in vivo the effect of G6PD
moderate overexpression on oxidative stress parameters and on several
indicators of organismal functionality declining with age, as well as to
determine the effect of this genetic manipulation on the skeletal muscle
regeneration capacity. This general objective is to be achieved using a
transgenic mouse model with moderate ubiquitous overexpression of
human G6PD under the control of its natural promoter (named as G6PDTg mice).

2.2 Specific aims
The specific aims of this PhD thesis are:
1. To characterize the G6PD-Tg mice by analyzing in different tissues
the G6PD expression, protein levels, and enzymatic activity, as well
as by determining the PPP activity and the NADPH levels.
2. To assess the effect of moderate overexpression of G6PD on
lifespan and on aging-associated functional decline in mice by
determining different healthspan biomarkers such as glucose
tolerance, insulin sensitivity, and neuromuscular fitness.
3. To assess the impact of moderate overexpression of G6PD on ROSderived damage in mice by determining the levels of oxidative
damage to different macromolecules, and the GSH:GSSG ratio in
the liver.
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4. To study the effect of moderate overexpression of G6PD on the
skeletal muscle regeneration capacity at different times after CTXinjury by determining parameters of advanced regeneration, and
oxidative stress and protein synthesis markers.
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3.1 Generation of transgenic mice
Transgenic mice were generated at the Spanish National Cancer Research
Center (CNIO) at the Transgenic Mice core facility and were housed at the
specific pathogen free barrier areas of the CNIO Animal House core
facility and the University of Valencia.
G6PD-Tg mouse line was generated using a 20,105 Kb human
genomic DNA construct containing the entire G6PD gene, including 2.5
Kb of upstream flanking sequence and 2.0 Kb of downstream flanking
sequence (Corcoran et al., 1996). For transgenesis, the G6PD sequence was
isolated from the pBluescript vector by NotI digestion and a 0.5 to 1 ng/µl
DNA solution was injected into the pronuclei of F1 hybrids (C57BL/6J x
CBA) fertilized oocytes using standard microinjection procedures. The
resulting offspring was analyzed for the presence of the transgene by
polymerase chain reaction (PCR) using primers specific for the human
G6PD gene (Forward: 5’-AAGAAGCAGACTGGAGGAGAAG-3’ and
Reverse: 5’-CAGGTTGTCACTCTCAGAACAGA-3’) and that do not
hybridize to the homologous mouse G6pd gene.
One founder capable of transmitting the transgene to the progeny and
that overexpressed G6PD was identified (+/+;tg), abbreviated here as
G6PD-Tg. The founder G6PD-Tg mouse was backcrossed for three
generations with pure C57BL6 mice; in this manner, all of the mice used
in this study share a genetic background that is 93.75% C57BL6. All the
C57BL6 mice were purchased from Harlan Laboratories and correspond
to the sub-strain C57BL6/J-OlaHsd.
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3.2 Animal experimentation
Ethical approval.
Animal experimentation at the CNIO, Madrid, was performed according
to protocols approved by the CNIO-ISCIII Ethics Committee for Research
and Animal Welfare (CEIyBA). The animal experiments also were
approved by the University of Valencia Ethics Committee for Research
and Animal Welfare (License references: A1444079171882 and
A1481561216420).

Animal care
After the generation of the transgenic mice in the CNIO, some animals
were sent to the Physiology Department of the School of Medicine at the
University of Valencia (Valencia, Spain) to extend the colony and perform
experiments. All research centers established the same housing conditions
for avoiding variability factors related to animal care. All animals were
housed in groups on a 12 hours’ light/dark cycles at 24 ± 2 °C. Food and
water were provided ad libitum.

Survival curves
Cohorts of wild-type (WT) and G6PD-Tg mice were followed during their
entire lifespan under a standard chow diet. Survival curve of females was
obtained from a total of 60 animals (28 WT and 32 G6PD-Tg) and survival
curve of males from a total of 56 males (28 WT and 28 G6PD-Tg).
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Glucose tolerance test
Glucose tolerance test (GTT) was performed on overnight (O/N) fasted
animals, 11 females (5 WT and 6 G6PD-Tg) and 14 males (8 WT and 6
G6PD-Tg) of 1 year of age. Mice were injected intraperitoneally (IP) with
2 g/kg dextrose (Sigma) dissolved in sterile saline, and blood glucose levels
were measured with Glucocard strips (A. Menarini Diagnosis) at different
time points (0, 15, 30, 45, 60, and 120 minutes), while animals were allowed
to drink freely.

Insulin tolerance test
Insulin tolerance test (ITT) was performed in non-fasted animals, 13
females (5 WT and 8 G6PD-Tg) and 14 males (8 WT and 6 G6PD-Tg) of
1 year of age. Mice were injected IP with 0.75 U/kg insulin (Humumil,
Lilly), and blood levels were measured with Glucocard strips (A. Menarini
Diagnosis) at different time points (0, 15, 30, 45, 60, and 120 minutes),
while animals were allowed to drink freely.

Weight
Weight was recorded of 15 females (6 WT and 9 G6PD-Tg) and 14 males
(8 WT and 6 G6PD-Tg) from 14 months of age to see the evolution of
weight with aging.
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Dual-energy X-ray absorptiometry
Dual-energy X-ray absorptiometry (DEXA) on 13 females (5 WT and 8
G6PD-Tg) and 14 males (8 WT and 6 G6PD-Tg) of 1 year of age was
performed with isofluorane-anesthetized mice in a Lunar PixiMUS
(GEHC) apparatus. Lean mass and fat mass were normalized relative to
body weight measured just before the DEXA.

Food and water intake
Food and water intake were recorded on 13 females (5 WT and 8 G6PDTg) and 14 males (8 WT and 6 G6PD-Tg) of 1 year of age. These mice were
placed in a special cage that allowed the measurement of food and water
consumption, for 4 weeks. Mice were acclimatized along the ten first days
of the period and data were daily recorded since the 11th day until the end
of the 4 weeks.

Energy expenditure
Complete laboratory animal monitoring system was performed on 13
females (5 WT and 8 G6PD-Tg) and 14 males (8 WT and 6 G6PD-Tg) of
1 year of age using the Oxylet apparatus (Panlab-Harvard Apparatus).
Briefly, acclimatization of mice to the measurement cages was performed
3 days before data recording. Room temperature (RT) was constantly kept
at 21 °C, while running light/dark cycles of 12 h. Respiratory quotient
(RQ) was calculated as RQ = VCO2/VO2 from volumes of consumed O2
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(VO2) and eliminated CO2 (VCO2) recorded every 20 min. Energy
expenditure was calculated as: EE = (3.815 + (1.232 x RQ)) x VO2 x 1.44).
Food and water intake, as well as locomotor activity, were recorded in time
intervals of 20 min during the whole measurement period.

Rotarod test
Rotarod test was performed using the Rotarod apparatus (Panlab).
Specifically, 21 females (11 WT and 10 G6PD-Tg) of 2 years of age and 13
males (7 WT and 6 G6PD-Tg) of 1.5 years of age were trained with 3
rounds of rotarod tests for 3 days, and at the 4th day, data from 3 successive
experiments were recorded. Final data is the average of the 3 experiments
performed on the 4th day.

Resistance to paraquat
Resistance to paraquat was evaluated on 14 females (7 WT and 7 G6PDTg) and 14 males (7 WT and 7 G6PD-Tg). Mice of 4 to 6 months of age
were injected IP with a lethal dose of paraquat (60 mg/kg) and their
survival fraction was scored every 12 h. Experiment was terminated 5 days
(120 h) post-paraquat inoculation.

Induction of muscle regeneration
Mice were anesthetized with ketamine/medetomidine (50/1.0 mg/kg, IP).
Regeneration of skeletal muscle was induced on young 24 females (12 WT
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and 12 G6PD-Tg) by intramuscular injection of CTX (Latoxan; 10-5 M) in
the gastrocnemius and tibialis anterior (TA) muscles as described
previously (Suelves et al., 2007). WT and G6PD-Tg mice were sacrificed at
different times after the muscle injury: at 4 days post-injury (CTX 4; n = 4
for each group), at 7 days post-injury (CTX 7; n = 4 for each group), and
at 10 days post-injury (CTX 10; n = 4 for each group). Gastrocnemius and
TA muscles of one hindlimb were dissected, frozen in isopentane cooled
with liquid nitrogen, and stored at – 80 °C until histology and
immunohistochemistry analysis. Gastrocnemius and TA muscles of the
other hindlimb were frozen in liquid nitrogen, and stored at – 80 °C until
biochemical measurements.

Measurement of protein synthesis with SUnSET
We used the surface sensing of translation (SUnSET) method for in vivo
measurement of protein synthesis. This assay is based on the capacity of
puromycin to incorporate into nascent peptides (Schmidt et al., 2009).
Puromycin incorporation was determined in 24 young females by
western blotting (WB) technique (described in section 3.4.1). For this
purpose, WT and G6PD-Tg mice from groups basal (n = 4 for each
group), CTX 7 (n = 4 for each group), and CTX 10 (n = 4 for each group)
were given an IP injection of puromycin (0.04 µmol/g body mass,
dissolved in 100 ml of phosphate buffered saline —PBS—), as described
previously by Goodman and coworkers (Goodman et al., 2011). Mice
remained fasted for 4 h before the injection. At exactly 30 min after the
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injection, gastrocnemius and TA muscles were simultaneously dissected
and stored at – 80 °C until analysis.

3.3 Cell culture experiments
Viability assays
Mouse embryonic fibroblasts (MEFs) were treated with 0.6 mM diamide
for 4 h or 0.4 mM paraquat for 24 h. Cells were then stained with cresyl
violet (Sigma), and cellular viability was determined by measuring the
absorbance at 595 nm.

3.4 Biochemical measurements
Western Blotting
Whole-cell extracts were prepared using radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitors, resolved using NuPAGE 4–
12% gradient Bis-Tris gels, transferred to nitrocellulose and hybridized
using antibodies against G6PD, ACTIN, GAPDH, and a-Tubulin (see
Table 2 for details). Horseradish peroxidase (HRP)-coupled secondary
antibodies were from Dako Denmark A/S (see Table 2 for details).
Gastrocnemius samples of the regeneration study were homogenized
in 10 volumes (w/v) of lysis buffer (Tris-HCl 10 mM pH 7.5, 0.25 M
sucrose, 50 mM NaCl, 5 mM EDTA, 30 mM sodium pyrophosphate, 1%
Nonidet-P40, 0.25% sodium deoxycholate, 50 mM NaF, 100 µM sodium
orthovanadate, and 5 µl of protease inhibitor cocktail per ml of buffer) and
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centrifuged at 12000g for 12 min at 4 °C. The protein content of the
supernatant was determined by the Bradford method (Bradford, 1976).
Then, protein samples (40 µg) were mixed with a specific sample buffer
(Tris-HCl 40 mM pH 6.8, 4 mM EDTA, 0.01% bromophenol blue, 40%
sucrose, 4% SDS, and 10% β-mercaptoethanol) and denaturalized by
heating 5 min at 95 °C. Thereafter, proteins were separated into sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transfer onto polyvinylidene difluoride (PDVF) membranes (Biorad).
Next, membranes were blocked for 1 h, using skimmed milk or bovine
serum albumin (BSA) at 5% diluted in PBS-Tween, and incubated O/N at
4 °C with primary antibodies against puromycin, p38 MAPK, phosphop38 MAPK, IGF-1, AKT, phospho-AKT, p70 S6 Kinase, phospho-p70 S6
Kinase, 4E-BP1, and phospho-4E-BP1 (see Table 2 for details).
The following day, membranes were washed 3 times for 5 min with
PBS-Tween solution and incubated for 1 h at RT with an appropriate
peroxidase-conjugated secondary antibody (see Table 2 for details). After
that, membranes were washed 3 times for 5 min with PBS-Tween solution.
The immunoblots were revealed using Luminata Classico Western
HRP Substrate (Millipore), and specific proteins were visualized by
enhanced chemiluminescence using the ImageQuant LAS-4000 system
(GE, Healthcare, USA).
The proteins of interest were quantified as densitometry of the blotting
divided by the total density of the ponceau red staining. The immunoblots
were analyzed with ImageJ software.
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Table 2 Antibodies used for the measurement of protein levels by WB.

Antibody

Dilution

Commercial

Reference

G6PD

1:1,000

Abcam

ab993

b-ACTIN

1:10,000

Sigma Aldrich

A5441

GAPDH

1:10,000

Sigma-Aldrich

G8795

a-Tubulin

1:1,000

Santa Cruz

sc-8035

Puromycin

1:1,000

Millipore

MABE343

p38 MAPK

1:1,000

Cell Signaling

9212

Phospho-p38 MAPK

1:1,000

Cell Signaling

9211

IGF1

1:1,000

Abcam

ab106836

AKT

1:1,1000

Cell Signaling

9272

Phospho-AKT

1:1,000

Cell Signaling

9271

p70 S6 Kinase

1:1,000

Cell Signaling

9202

Phospho-p70 S6 Kinase

1:500

Cell Signaling

9205

4E-BP1 (53H11)

1:1,000

Cell Signaling

9644

Phospho-4E-BP1

1:1,000

Cell Signaling

2855

Secondary anti-mouse

1:8,000

Millipore

401215

Secondary anti-mouse

1:2,000

Dako Denmark

P0447

Secondary anti-rabbit

1:2,000

Cell Signaling

7074

Secondary anti-rabbit

1:2,000

Dako Denmark

P0448

Secondary anti-goat

1:2,000

Millipore

AP106P
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RNA analysis
Total RNA from tissues or cells was extracted using TRIZOL (Life
Technologies) followed by RNA cleanup (Qiagen, 74104) and DNase I
treatment (Qiagen) in column. Samples were reverse transcribed using
random

priming

and

Superscript

Reverse

Transcriptase

(Life

Technologies), according to the manufacturer’s instructions. Quantitative
real-time PCR was performed using DNA master SYBR Green I mix
(Applied

Biosystems)

in

an

ABI

PRISM

7700

thermocycler.

Quantifications were made applying the ΔCt method (ΔCt = (Ct of gene
of interest – ΔCt of housekeeping)). The G6PD fold expression
corresponds to the sum of the 2(–ΔCt) for the mouse G6PD and human
G6PD primers. The housekeeping gene used for input normalization was
ß-actin. Primer sequences are described in Table 3.

Table 3 Primers used for the measurement of the mRNA levels by RT-qPCR
Gene

Forward Primer

Reverse Primer

mActin

5’-GGCACCACACCTTCTACAATG-3’

5’-GTGGTGGTGAAGCTGTAGCC-3’

mG6PD

5’-CCGGAAACTGGCTGTGCGCT-3’

5’-CCAGGTCACCCGATGCACCC-3’

hG6PD

5’-GGAGGGCGACGACGACGAAG-3’

5’-TCGGGCAGAAGGCCATCCCG-3’

mGpx

5’-GTTTCCCGTGCAATCAGTTC -3’

5’-CATTCCGCAGGAAGGTAAAG-3’

mCat

5’-AGCGACCAGATGAAGCAGTG-3’

5’-TCCGCTCTCTGTCAAAGTGTG-3’

mSOD1

5’-CCAGTGCAGGACCTCATTTT-3’

5’-TTGTTTCTCATGGACCACCA-3’

mSOD2

5’- GGCCAAGGGAGATGTTACAA-3’

5’-GCTTGATAGCCTCCAGCAAC-3’

mTxnrd1

5’-CAGCGAGGAGACCATAGAGG-3’

5’-GCACATTGGTCTGCTCTTCA-3’

mTxnrd2

5’-GCTTCTGGCAAGGAAGACAC-3’

5’-CCCTCAGCAACATCTCCAAT-3’
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G6PD activity
G6PD activity was determined in liver, brain, gastrocnemius muscle, and
erythrocytes. G6PD activity was determined as described by Waller and
coworkers (Waller et al., 1957). Briefly, 1,000 µl of G6P (10 mM final
concentration) in potassium phosphate buffer was added to a cuvette.
Then 400 µl of liver or brain or muscle homogenate or erythrocyte lysate
were introduced. The reaction was initiated by 400 μl of NADP (0.9 mM
final concentration) in buffer. The mixture was inverted and the
absorbance read over 3 min at 340 nm using a spectrophotometer. Results
were obtained in nmol x mg of protein-1 x min-1. Protein concentrations
were determined by Bradford’s method (Bradford, 1976) with BSA as
standard.

NADPH levels
NADPH was determined from tissue lysates using the NADP+/NADPH
quantification kit (BioVision), following manufacturer’s instructions.

Plasmatic uric acid concentration
Plasma uric acid concentration assessment was carried into a Randox
Daytona automate using a commercial kit (URIC ACID Liquid Mono
Reagent, COLORIMETRIC RX DaytonaTM, Randox, France) according
to the manufacturer’s protocol.
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Lactate levels
For plasma lactate measurements, blood samples from the abdominal
aorta were collected in Lithium heparin tubes (microvette, SARSTEDT)
and centrifuged at 2,000g during 5 min at RT according to the
manufacturer’s instructions. Plasma was then collected and stored at
– 80 °C for further analysis. About 50 μl of plasma was added to a cuvette
containing a hydrazine/glycine buffer with

NAD+ and lactate

dehydrogenase and incubated with for 30 min at 37 °C. NADH formation
is measured by the increase in extinction at 340 nm and corrected by
subtracting the value obtained for the reagent blank. Values are expressed
in mM.
Lactate production from erythrocytes was measured according to
previous methods (Miwa et al., 1990). Briefly, blood samples from the
abdominal aorta were collected in Lithium heparin tubes (microvette,
SARSTEDT) and centrifuged at 1,200g during 5 min at RT. Plasma and
buffy coat were removed, and erythrocytes were washed 3 times with
Krebs–Ringer phosphate buffer containing 0.2 mM glucose and pH 7.4.
Then, erythrocytes were resuspended in the same buffer to obtain a 40%
hematocrit with a final glucose concentration of 5 mM and incubated
during 180 min at 37 °C with gentle agitation. The reaction was stopped
by addition of 0.6 N of HClO4. Denatured proteins were sedimented by
centrifugation for 5 min at 10,000g, and the supernatants were used for the
lactate assay using the method previously described. Data are expressed in
mM.
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8-OHdG levels
Oxidative DNA damage was measured by 8-OHdG as previously
described (Brioche et al., 2014). A commercially available enzyme linked
immunoassay (OxiSelect Oxidative DNA Damage ELISA Kit, Cell Biolabs)
was used to measure oxidized DNA in isolated liver and brain DNA
samples. DNA was extracted from liver and brain via the High Pure PCR
Template Preparation Kit (Roche, GmbH, Germany) according to the
manufacturer’s protocol. DNA was only used if it had a minimum 260:280
ratio of 1.8. The assay was performed following the manufacturer’s
directions. Briefly, 50 µl of DNA or 8-OHdG standards were first added to
an 8-OHdG/BSA conjugate preabsorbed microplate. After a brief
incubation, an anti-8-OHdG monoclonal antibody was added, followed by
an HRP conjugated secondary antibody. The 8-OHdG content in
unknown samples is determined by comparison with predetermined 8OHdG standard curve. Samples were normalized to the DNA
concentration measured via a plate spectrophotometer for nucleic acids
(Eppendorf, BioPhotometer). All analyses were done in duplicate. Data are
expressed in ng/ml of DNA.

MDA levels
Lipids peroxidation determination as MDA in brain and liver were
performed as described by Wong and coworkers (Wong et al., 1987).
Briefly, this method is based on the hydrolysis of lipid peroxides and
subsequent formation of the adduct thiobarbituric acid (TBA) and MDA
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(TBA–MDA2). This adduct is detected by reverse phase HPLC and
quantified at 532 nm (Ultimate 3000 Dionek). The chromatographic
technique was performed in isocratic mobile phase being a mixture of
50 mM KH2PO4 (pH 6.8) and acetonitrile (70:30).

Protein carbonylation
Oxidative modification of total proteins in liver and brain were assessed
by immunoblot detection of protein carbonyl groups using the ‘OxyBlot’
protein oxidation kit —Millipore, MA, USA— (Romagnoli et al., 2010).
About 20 µg of total protein was loaded onto gels and electrophoretically
separated. Antibody anti-dinitrophenylhydrazone was purchased from
Intergen Company (Purchase, NY,USA). Total protein carbonyls were
quantified with the OxyBlot kit by densitometry of the blotting and of the
Ponceau red staining, followed by finding the ratio between the total
density in the oxyblot and the total density in the Ponceau red staining.
Specific

proteins

were

visualized

by

using

the

enhanced

chemiluminescence procedure as specified by the manufacturer
(Amersham). Autoradiographic signals were assessed using a BioRad
scanning densitometer.

GSH:GSSG ratio
Determination of GSH and GSSG was carried out using the highperformance liquid chromatography method with ultraviolet–visible
detection, which Asensi and coworkers developed to measure GSSG in the
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presence of a large excess of GSH (Asensi et al., 1994). The essence of this
method consists of minimizing GSH oxidation, which otherwise would
result in a large increase in GSSG. To measure GSH, liver homogenates
(0.5 ml) were treated at 4 °C with 0.5 ml ice-cold perchloric acid (12%)
containing 2 mM bathophenanthroline disulfonic acid (BPDS; Sigma
Chemical Co.). For GSSG determination, samples (0.5 ml) were treated, at
4 °C, with 0.5 ml ice-cold perchloric acid (12%) containing 40 mM NEM
(Sigma Chemical Co., St Louis, MO, USA), to prevent GSH oxidation, and
2 mM BPDS. Samples were then centrifuged at 15,000g for 15 min, at 4 °C,
and the acidic supernatants were used for total glutathione and GSSG
measurements.

3.5 Histology and immunohistochemistry
Gastrocnemius and TA muscles of one hindlimb were congealed in
isopentane cooled with liquid nitrogen and stored at – 80 °C until analysis.
Then, transverse serial cross-sections (10-μm thick) from these muscles
were performed using a cryostat maintained at − 25 °C and mounted onto
glass microscope slides. Only cryosections of TA muscles were either
stained with hematoxylin and eosin (HE) or immunostained using antieMHC antibody. Double immunostaining was carried out by the addition
of the primary antibody firstly, and secondly the secondary antibody,
using suitable negative and positive controls.
Labelling

of

cryosections

with

eMHC

antibody

(F1.652,

Developmental Studies Hybridoma Bank) was performed using the
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peroxidase M.O.M. kit staining (Vector Laboratories) according to the
manufacturer’s instructions. Sections were air dried, remained unfixed,
washed on PBS, and incubated in 3% H2O2 twice for 30 min. Following
that, they were blocked with the M.O.M. high-protein-containing solution
in PBS for 1 h at RT. Tissue sections were then incubated with primary
antibody for 1 h at RT, washed with PBS, and incubated with the
biotinylated secondary antibody for 30 min and with the ABC solution for
10 min at RT. Peroxidase signal was develop with 3,3’-diaminobenzidine
—DAB— (Sigma), and sections were serial dehydrated in 70%, 96%, 100%
ethanol and xilol (5 min per step). Finally, the slides were mounted with
DPX mounting medium.

3.6 Image analysis
All the immunostained slides were digitalized with the microscopic
preparation scanner Panoramic Midi 3 (3DHISTECH Ltd. Budapest,
Hungary) at 20x magnification. Digitalization was performed with a PNG
lossless high-compressed format due to the vast number of pixels scanned.
Panoramic viewer (3DHISTECH Ltd. Budapest, Hungary) was used for
exporting all images in compressed JPEG (90% quality vs. compression
ratio). Then, images were converted to TIFF format with 10000 x 10000
pixels using the ImageMagick (widely-used free software for image
manipulation) with the purpose of normalizing to the same characteristics
all the images to be quantified.
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To quantify myofiber size, 300 representative fibers of each sample
were outlined, and their cross-sectional area (CSA) was determined using
Image J (NIH, USA), a public domain image analysis software. All
quantifications were carried out blinded. Detected artefacts and broken
and/or folded areas were considered noninformative and were omitted
from the image analysis.

3.7 Statistical methods
Statistical tests and significances, as well as the sample size (n) of each
experimental group, are specified at every figure legend.
GraphPad Prism 7 software was used for all statistical analyses and
graphs. Quantitative data displayed as histograms are expressed as
means ± SEM (standard error of the mean) —represented as error bars—.
Results from each group were averaged and used to calculate the
descriptive statistic. The statistically significant level was set at p<0.05.
Sample collection was always performed using biological replicates
(individual clones in in vitro experiments, different mouse individuals in
in vivo experiments). Samples (cells or mice) were allocated to their
experimental groups according to their predetermined type (cell type or
mouse genotype), and therefore there was no randomization. Except for
the histology and immunohistochemistry analyses, investigators were not
blinded to the experimental groups (mouse genotypes).
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Normal distribution of the samples groups was assessed by the
Shapiro–Wilk test. Equal variances of the samples groups were assessed by
the F-test.
Logrank test was applied to test significant differences among survival
curves of two groups.
An analysis of covariance (ANCOVA) was performed to test the
significant differences among energy expenditure of two groups, including
lean body mass as a covariate in this analysis. This is the recommended
statistical method for the normalization of the effects of body mass on
energy expenditure in mice (Speakman, 2013; Tschöp et al., 2011).
To compare two different groups, the Student t-test was used, or the
Mann–Whitney (independent samples, two sides) test in case of a nonnormal distribution, for pairwise comparisons between groups at each
time point.
In some analysis of the regeneration study, Welch’s t-student test for
unequal variance was used to compare between WT and G6PD-Tg groups
using the formula of the increment of the measured variable in the
population in a sampling time with regard to the basal population. In this
terms, the Welch’s t-test is testing the hypothesis that the 𝑊 = 𝑤! − 𝑤"
and the 𝐺 = 𝑔! − 𝑔" populations have equal means, where 𝑤 refers to
WT mice, 𝑔 denotes G6PD-Tg mice, the subscript 0 refers to basal levels
of the measured variable, and the subscript 𝑡 denotes a posterior sampling
time in such variable. Using the rules of propagation of uncertainty
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(Sánchez del Río, 1989), we get the mean, variance, and sample size of the
compound statistical variables:
𝑊 = 𝑤 ! − 𝑤"
𝜎%$
𝜎%$
$
𝜎#
= !+ "
𝑛%! 𝑛%"
𝑛# = 𝑛%! + 𝑛%"
for the WT mice and analogous expressions with 𝑔 instead of 𝑤 for the
G6PD-Tg mice. We name 𝑅 =

&
#

as the relative expression of the

measured protein or parameter for the G6PD-Tg population with regard
to the WT one. The error (SD) of this relative magnitude is obtained using
propagation of uncertainty:

𝜎' =

$
𝐺 𝜎#
𝜎&$
1
+
𝑊 𝑊$ 𝐺$
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Results and Discussion

4.1 Characterization of the G6PD-Tg mice
For the generation of the G6PD transgenic mice, we used a large intact
genomic fragment (20.1 Kb) comprising the entire human G6PD gene,
including upstream and downstream regulatory sequences (Corcoran et
al., 1996).

G6PD is moderately overexpressed in G6PD-Tg mice
We obtained a transgenic mouse line (G6PD-Tg) that expresses ~2-fold
levels of total G6PD mRNA (combined endogenous mouse mRNA —
mG6pd— and transgenic human mRNA —hG6PD—) relative to WT
littermates across all examined tissues and in MEFs (see Figure 4.1).
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Figure 4.1 Relative G6PD mRNA of the indicated tissues from WT and G6PDTg mice 10–12 weeks old.
For WT group n = 3 (2 females and 1 male) and for G6PD-Tg group n = 6 (5
females and 1 males). Data are means and error bars represent the SEM. Statistical
significance was assessed using the two-tailed Student’s t-test: *p<0.05; **p<0.01;
***p<0.001.
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G6PD protein levels increase in G6PD-Tg mice
We found that the elevation in total G6PD mRNA expression was
accompanied by a similar increase in protein levels (mouse and human
proteins detected with the same antibody) in the different tissues studied
(see Figure 4.2a,b).
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Figure 4.2 G6PD protein expression in different tissues from 3 to 4-monthsold WT and G6PD-Tg mice and MEFs.
(a) Representative WB. Each immunoblot corresponds to one individual animal
for the tissues (WAT: white adipose tissue; RBC: red blood cells), or an
independent MEF preparation for the MEFs. In some tissues (liver, heart), a
second upper band was also detected. ACTIN or GAPDH were used as loading
controls. (b) Quantification of the WB. Values correspond to the average of two
values (n = 2).
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G6PD enzymatic activity is higher in G6PD-Tg mice
Next, we determined the impact of the G6PD-Tg allele in erythrocytes,
liver, and heart. Erythrocytes are a cell type highly exposed to oxidative
damage, and exclusively dependent on the PPP to obtain NADPH
(Manganelli et al., 2013). Accordingly, we observed that erythrocytes from
G6PD-Tg mice present a fivefold increase in G6PD enzymatic activity
compared to WT littermates (see Figure 4.3a). Furthermore, an elevated
G6PD enzymatic activity was also observed in liver and heart (see Figure
4.3b).
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Figure 4.3 G6PD enzymatic activity in the indicated samples of WT and
G6PD-Tg mice.
(a) G6PD enzymatic activity in erythrocytes. (b) G6PD enzymatic activity in liver
and heart. For WT group n = 3 and for G6PD-Tg group n = 3. Data are means
and error bars represent the SEM. Statistical significance was assessed using the
two-tailed Student’s t-test: **p<0.01.

Here, we have generated transgenic mice with modest (~ 2-fold)
overexpression of G6PD, and we confirmed that G6PD overexpression
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was effective in the G6PD-Tg mice by measuring its activity, gene and
protein expression in several tissues.
The human and mouse G6PD proteins are 94% identical at the amino
acid level. The reason to use the human gene was mostly practical, due to
the fact that it was already known that a relatively small DNA segment of
20 kb containing the human G6PD gene was able to yield regulated
expression in mouse (Corcoran et al., 1996).
Our results reproduce those obtain by Corcoran and coworkers in the
same model of G6PD-Tg mice (Corcoran et al., 1996). In their study,
G6PD activity increased in all tissues of G6PD-Tg mice and the human
G6PD transgene was also expressed in the tissues analyzed. They observed
that the variations in murine G6PD mRNA levels between tissues were
similar to the changes in G6PD activity with liver and heart having the
lowest levels (Corcoran et al., 1996). Note that G6PD expression also varies
among tissues in humans (Battistuzzi et al., 1985). Regarding the
expression of the human G6PD mRNA, Corcoran and coworkers found
that its pattern expression from tissue to tissue was quite the same to that
obtained in the case of the endogenous mouse G6PD mRNA (Corcoran et
al., 1996). In our work, we observed a similar trend with some exceptions
as in brain and MEFs.
Notably, we obtained a higher G6PD activity in erythrocytes, the most
sensitive cell type to G6PD levels and activity. Erythrocytes do not have
mitochondria and, consequently, they depend almost exclusively on the
PPP to obtain NADPH (Cappellini and Fiorelli, 2008; Manganelli et al.,
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2013). Furthermore, erythrocytes are highly exposed to oxygen and ROS,
so these cells need stronger protection against endogenous oxidative stress
(Luzzatto et al., 2016). The presence of high concentrations of reduced
glutathione in erythrocytes to protect these cells against oxidative damage
reflects the key role of G6PD activity in these cells (Grace and Glader,
2018).

NADPH production is enhanced in G6PD-Tg mice
In agreement with the role of G6PD in the maintenance of the NADPH
pools, we found that G6PD-Tg animals had significantly higher levels of
NADPH in liver and brain (see Figure 4.4).
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Figure 4.4 Levels of NADPH in liver and brain of WT and G6PD-Tg mice.
For WT group n = 8 and for G6PD-Tg group n = 8. Data are means and error
bars represent the SEM. Statistical significance was assessed using the two-tailed
Student’s t-test: *p<0.05.

G6PD is the rate-limiting enzyme for the PPP, that induce the
production of NADPH, the main determinant of the antioxidant capacity
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of cells (Tian et al., 1998; Wood, 1985, 1986). Even though the G6PD is not
the unique enzyme responsible for NADPH production in mammalian
cells, it is considered that it has a critical function in cellular events that
need NADPH (Stanton, 2012).
Our results are in accordance with findings in previous studies. One
the one hand, G6PD overexpression contributed to enhancing NAPDH
production (Legan et al., 2008; Leopold et al., 2003a, 2003b). On the other
hand, low levels of NAPDH were associated with a decrease or inhibition
of G6PD activity (Xu et al., 2005; Zhang et al., 2000).

Uric acid levels rise in G6PD-Tg mice
In addition to the production of NADPH, G6PD has another crucial role
in the cell physiology, which is the synthesis of nucleotide precursors (Tian
et al., 1998; Wood, 1985, 1986). In this regard, uric acid is the major end
product of nucleotide metabolism and could be considered as indirect sign
of cell turnover and, therefore, of nucleic acid turnover (Banfi et al., 2012).
Interestingly, we obtained that G6PD-Tg mice presented higher levels of
plasma uric acid than their littermate controls (see Figure 4.5).
Nucleotide synthesis needs ribose, so an increase in purine generation
is obtained when the level of R5P is incremented. Specifically, the
production of 5-phosphoribosyl 1-pyrophosphate (PRPP) and R5P
promote de novo synthesis of purines (Mandal and Mount, 2015). As we
expected, G6PD-Tg mice provided more ribose, and it was reflected in
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higher production of nucleotide precursors (measured as uric acid in the
blood).
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Figure 4.5 Uric acid concentration in plasma of WT and G6PD-Tg mice.
For WT group n = 10 and for G6PD-Tg group n = 9. Data are means and error
bars represent the SEM. Statistical significance was assessed using the two-tailed
Student’s t-test: ***p<0.001.

G6PD-Tg mice produce more lactate
The glycolytic intermediates generated by the PPP could promote an
elevated glycolytic flux (Williamson et al., 1967; Ying, 2008), which can
affect lactate levels. We observed a higher production of lactate in
erythrocytes (see Figure 4.6a) and increased total levels of lactate in plasma
from G6PD-Tg mice, compared with WT controls (see Figure. 4.6b).
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Figure 4.6 Lactate production in erythrocytes and total levels of lactate in
plasma of WT and G6PD-Tg mice.
(a) Lactate production in isolated erythrocytes. For WT group n = 6 and for
G6PD-Tg group n = 6. (b) Total levels of lactate in plasma. For WT group n = 3
and for G6PD-Tg group n = 5. Data are means and error bars represent the SEM.
Statistical significance was assessed using the two-tailed Student’s t-test: *p<0.05;
**p<0.01.

G6PD-Tg mice display resistance to diamide but sensitivity
to paraquat
We wondered whether the increased NADPH levels observed in G6PDTg cells have a detectable impact in functional assays that depend on
NADPH.
For this, we first tested the survival of G6PD-Tg primary MEFs to
diamide, a thiol-oxidant that oxidizes GSH, thereby exhausting the
NADPH reservoir (Li et al., 2009). Diamide is the most suitable
diazenecarbonyl derivate to disturb the thiol status of a system. This
chemical leads to the transformation of thiols to disulfides without
implicating radicals intermediates in the chemical reactions (Kosower and
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Kosower, 1995; Kosower et al., 1969). With vast amounts of this reagent,
some reactive membrane protein and intracellular thiols are oxidized by
penetrating to cell membranes rapidly (Kosower and Kosower, 1995;
Kosower et al., 1969).
As glutathione is the main nonprotein thiol in most cells, diamide is
the perfect candidate to use for altering it in a diversity of biological
systems. Moreover, diamide is indicated primarily to study the effects of a
temporary elimination of GSH (oxidized to GSSG) within the cell
(Kosower and Kosower, 1995; Kosower et al., 1969). Regarding this, it has
been reported recently that diamide treatment to aortic endothelial cells
exhausted, in a dose-dependent manner, the intracellular GSH without
significantly increasing or decreasing the GSSG concentration compared
to basal levels (Prasai et al., 2018). In this study, a significant decrease was
found in the extracellular GSH after diamide exposure, while GSSG levels
in the culture medium had a trend of increasing (Prasai et al., 2018).
In agreement with their higher levels of G6PD expression, G6PD-Tg
MEFs were more resistant to diamide compared to control WT MEFs (see
Figure 4.7a). Similarly, low endogenous NADPH levels in cells, due to a
deficient G6PD activity, were associated with an impaired survival rate
after treatment with all doses of diamide used (Li et al., 2009). In the same
way, Filosa and coworkers showed that G6PD has a vital function when
the cell needs to replenish the intracellular pool of GSH to counteract an
exogenous oxidative insult quickly, such as diamide exposure, thus
preventing cell death by apoptosis (Filosa et al., 2003).
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We also tested cell survival to paraquat, a quaternary ammonium
bipyridyl chemical commonly employed as an herbicide that can cause
lethal injuries in the mammalian lung following a systemic treatment (Bus
and Gibson, 1984). Paraquat activation by NADPH-cytochrome c
reductase depends on the activity of G6PD and the levels of NADPH (Kuo
et al., 2000). Accordingly, G6PD-Tg MEFs were more sensitive to paraquat
compared to WT MEFs (see Figure 4.7b). A similar trend was observed
when mice were treated with the herbicide, being G6PD-Tg mice more
sensitive than WT mice to paraquat-induced lethality (see Figure 4.8). Our
result is in line with those of previous works in which G6PD
overexpression increased paraquat-induced cell death (Kuo and Tang,
1998; Lei et al., 2014), while G6PD inhibition caused the contrary effect by
inhibiting NADPH synthesis (Lee et al., 1993; Lei et al., 2014).
The difference in the effect of paraquat toxicity at the same doses in
WT and G6PD-Tg mice is explained by the redox cycling process of
paraquat (Bus and Gibson, 1984; Lei et al., 2014). Paraquat alters the PPP
to produce NADPH reducing equivalents, thus inducing paraquat redox
cycling to generate ROS and provoke cell death (Bus and Gibson, 1984; Lei
et al., 2014). NADPH is used by the GR to recycle GSH, and paraquat acts
as a competitor of this process, an argument for that this antioxidant
system does not protect against paraquat toxicity (Lei et al., 2014).
In summary, two NADPH-dependent processes (resistance to diamide
and sensitivity to paraquat) are enhanced by moderate G6PD
overexpression.
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Figure 4.7 Percentage of cell survival in G6PD-Tg and WT primary MEFs
upon treatment with the oxidative stress inducers diamide and paraquat.
(a) Percentage of cell survival to diamide. (b) Percentage of cell survival to
paraquat. For WT group n = 3 and for G6PD-Tg group n = 3. Data are means
and error bars represent the SEM. Statistical significance was assessed using the
two-tailed Student’s t-test: **p<0.01.
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Figure 4.8 Survival curve of mice treated with a lethal dose of paraquat.
For WT group n = 14 (7 females and 7 males) and for G6PD-Tg group n = 14 (7
females and 7 males). Statistical significance was assessed using the logrank test.
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4.2 G6PD-Tg mice display improved healthspan
G6PD overexpression in flies extends longevity (Legan et al., 2008) and
based on this, we begun by studying the lifespan and aging of G6PD-Tg
mice.

Lifespan extension in G6PD-Tg female mice
We followed cohorts of G6PD-Tg mice, together with their WT
littermates, during their entire lifespan under standard chow diet. We
found a significant increase in the median lifespan of G6PD-Tg female
mice but not in males (see Figure 4.9a,b). The median survival for WT
females was 25.2 months, and for G6PD-Tg females 28.6 months,
amounting to an increase in median lifespan of 3.45 months (13.7%).

100
80

p=0.03

60

+13.7%

40
20
0

C

Females

WT
Tg

10
20
30
Time (months)

Survival (%)

Survival (%)

B

Males
100
80

p=0.93

60
40
20
0

WT
Tg

10
20
30
Time (months)

Figure 4.9 Survival curves of WT and G6PD-Tg mice.
(a) Survival curve of female. For WT group n = 28 and for G6PD-Tg group
n = 32. (b) Survival curve of male. For WT group n = 28 and for G6PD-Tg group
n = 28. Statistical significance was assessed using the logrank test.
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The observed improvement in median lifespan in G6PD-Tg mice also
coincides with observations in flies, where G6PD overexpression increased
maximum lifespan (Legan et al., 2008). Estrogens are known to increase
G6PD mRNA expression and, thereby, G6PD total activity is higher in
females (Ibim et al., 1989; Sun et al., 2014). That could be the reason
underlying the difference between G6PD-Tg females and G6PD-Tg males
on survival.
Hamilton and coworkers widely reviewed the lifespan extension of
other antioxidant transgenic mice models (Hamilton et al., 2012). Trx1-Tg
male mice exhibited a higher median lifespan without an extension of the
maximum lifespan (Pérez et al., 2011). Interestingly, male mice with Trx1
and Trx2 simultaneous overexpression showed shortened lifespan
associated with age-related diseases, mostly cancer (Cunningham et al.,
2018). Of note, mice with overexpression of mitochondrial catalase
(MCat) showed an increase of ~ 5 months in both the median and the
maximum lifespan (Schriner et al., 2005). By contrast, lifespan was
reduced in CuZnSOD (Elchuri et al., 2005) and Prx1 (Neumann et al.,
2003) deficient mice. Paradoxically, Gpx4+/– mice exhibited a longer
median lifespan (Ran et al., 2007).

Glucose tolerance and insulin sensitivity are improved in
G6PD-Tg male mice when compared to WT
Glucose intolerance and insulin resistance are associated to mouse aging,
and these processes are more pronounced in males compared to females.
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Interestingly, 1-year-old G6PD-Tg males were more glucose tolerant (see
Figure 4.10b) and showed improved insulin sensitivity at 15 min after
insulin injection than the wildtypes (see Figure 4.10d). In the case of
females, glucose tolerance and insulin sensitivity were indistinguishable at
one year of age between transgenic and WT genotypes (Figure 4.10a,c).
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Figure 4.10 Glucose tolerance and insulin resistance of WT and G6PD-tg mice
at 1 year of age.
(a) GTT on females. For WT group n = 5 and for G6PD-Tg n = 6. (b) GTT on
males. For WT group n = 8 and for G6PD-Tg n = 6. (c) ITT on females. For WT
group n = 5 and for G6PD-Tg group n = 8. (d) ITT on males. For WT group n = 8
and for G6PD-Tg n = 6. Inset all plots, area under the curve (AUC). Bars and dots
are means and error bars represent SEM. Statistical significance was assessed
using two-tailed Student t-test: *p<0.05.
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Healthspan is defined as the period with general good health or
“disability-free survival,” defined by surrogate biomarkers, and which may
or may not impact on survival —lifespan— (Crimmins, 2015). Finding
interventions which lead to extending not only lifespan but also
healthspan at the same time would be ideal in the context of aging (Hansen
and Kennedy, 2016; Kennedy and Pennypacker, 2014; Kennedy et al.,
2014; Martín-Montalvo et al., 2013; Richardson et al., 2016). Research in
this field evidence that not always a long lifespan is accompanied with an
improved healthspan (Fischer et al., 2016; Hansen and Kennedy, 2016).
Likewise, interventions that improve healthspan may not have an impact
on lifespan (Correia‐Melo et al., 2018; Mitchell et al., 2018).
Glucose tolerance and insulin sensitivity can be considered as
metabolic healthspan since these parameters decline with age contributing
to an scenario prone to the development of diabetes (Barzilai et al., 1998;
Chang and Halter, 2003; DeFronzo, 1979, 1981; Facchini et al., 2001;
Jackson, 1990; Kalyani and Egan, 2013; Semba et al., 2018; Shimokata et
al., 1991).
Oxidative stress is known to have a detrimental role in glucose
homeostasis in mammals, and it is considered to be among the main
factors in the cause of type 2 diabetes and obesity-induced insulin
resistance (Styskal et al., 2012). Moreover, higher ROS levels elicit insulin
resistance in different conditions (Houstis et al., 2006).
Previous studies in mice overexpressing or deficient in NADPHdependent ROS-detoxifying enzymes have focused the attention in
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evaluating glucose tolerance and insulin sensitivity. Mice with a genetic
ablation of Prx3 or Prx6 revealed that they were less glucose tolerant and
more insulin resistant when compared with the WT ones (Huh et al., 2012;
Pacifici et al., 2014). Similarly, Prx2 depletion in old mice caused insulin
resistance associated with lower insulin sensitivity in skeletal muscle (Cha
et al., 2018). Moreover, mice with Prx3 or Prx4 overexpression showed
better glucose tolerance or improved insulin sensitivity (Chen et al., 2008;
Nabeshima et al., 2013).
Aging males are more susceptible than aging females to the
development of glucose intolerance (Brewer et al., 2016; Macotela et al.,
2009; Wilson et al., 2016). In addition, previous works in humans,
monkeys, and mice prove that males have a higher risk than females to
suffer insulin resistance (Geer and Shen, 2009; Parks et al., 2015; Wagner
et al., 1998). That is the case in our mice, as it can be seen by comparing
the GTT and ITT curves of the old WT males and females. Therefore, it is
not surprising that the beneficial effects of G6PD overexpression on the
GTT and ITT assays are more evident in males than in females.

Body weight and body composition in WT and G6PD-Tg
mice
Aging-associated obesity is a principal risk factor of a number of diseases,
most notably including diabetes (Kahn et al., 2006). Interestingly, old
G6PD-Tg animals had a tendency toward lower body weight compared to
their WT littermates (12% reduction in males and 9% reduction in
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females), although the differences were not statistically significant (see
Figure 4.11a,b).
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Figure 4.11 Weight of WT and G6PD-Tg mice during the indicated time.
(a) Weight of females. For WT group n = 6 and for G6PD-Tg group n = 9. (b)
Weight of males. For WT group n = 8 and for G6PD-Tg group n = 6. Statistical
significance was assessed using the two-tailed Student´s t-test. No significant
differences were observed.

In addition, DEXA analysis were performed in both females and males.
The results obtained revealed that old G6PD-Tg mice presented a normal
lean mass and a slight reduction in fat mass, although the latter did not
reach statistical significance (see Figure 4.12a,b).
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Figure 4.12 Body composition of WT and G6PD-Tg mice at 1 year of age.
(a) Percentage over total body weight of fat and lean in females. For WT group
n = 5 and for G6PD-Tg group n = 8. (b) Percentage over total body weight of fat
and lean in males. For WT group n = 8 and for G6PD-Tg group n = 6. Statistical
significance was assessed using the two-tailed Student´s t-test. No significant
differences were observed.

Energy expenditure, energy intake, and physical activity in
WT and G6PD-Tg mice
A complete laboratory animal monitoring experiment on 1-year-old mice
was performed with the purpose of measuring energy expenditure, food
and water intake, and locomotor activity. No differences were observed
between the G6PD-Tg animals and their WT littermates in the energy
expenditure (see Figure 4.13a,b), in the food and water intake (see Figure
4.14a,b), or in their physical activity (see Figure 4.15a,b). The results
obtained in these parameters indicate that the observed improvements in
glucose tolerance and insulin sensitivity are not due to a significant
alteration in the animals’ energy expenditure, intake, or activity.
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Figure 4.13 Energy expenditure in WT and G6PD-Tg mice at 1 year of age.
(a) Energy expenditure in females. For WT group n = 5 and for G6PD-Tg group
n = 8. (b) Energy expenditure in males. For WT group n = 8 and for G6PD-Tg
group n = 6. Statistical significance was assessed the ANCOVA test. No
significant differences were observed.
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Figure 4.14 Food and water intake by WT and G6PD-Tg mice at 1 year of age.
(a) Food intake in females and males. For the WT group n = 13 (5 females and 8
males) and for G6PD-Tg group n = 14 (8 females and 6 males). (b) Water intake
in females and males. For the WT group n = 13 (5 females and 8 males) and for
G6PD-Tg group n = 14 (8 females and 6 males). Statistical significance was
assessed using the two-tailed Student´s t-test. No significant differences were
observed.
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Figure 4.15 Physical activity of WT and G6PD-Tg mice at 1 year of age.
(a) Activity in females. For WT group n = 5 and for G6PD-Tg group n = 8. (b)
Activity in males. For WT group n = 8 and for G6PD-Tg n = 6. Statistical
significance was assessed using the two-tailed Student´s t-test. No significant
differences were observed.

Motor coordination is enhanced in G6PD-Tg female mice
when compared to WT mice
As a part of the phenotypical analyses of G6PD-Tg mice, we were
interested in evaluating an aspect of healthspan related to the
neuromuscular fitness. We tested neuromuscular coordination in aged
mice using the rotarod test, and we observed a significant improvement in
the performance of G6PD-Tg females —more time in spinning rod
without falling— (see Figure 4.16), and a nonsignificant trend for
improvement in G6PD-Tg males at 1.5–2 years of age (see Figure 4.16). As
we discussed regarding the improved lifespan of G6PD-Tg female mice, a
higher G6PD total activity in females could be the cause of this phenotypic
effect of the G6PD transgenic allele in females compared to males.
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Figure 4.16 Rotarod test in WT and G6PD-Tg mice at 1.5-2 years of age.
Rotarod test in females and males. For WT group n = 18 (11 females and 7 males)
and for G6PD-Tg group n = 16 (10 females and 6 males). Statistical significance
was assessed using the two-tailed Student´s t-test: *p<0.05.

Motor function is considered a biomarker of health (Justice et al.,
2014). Poor outcomes in this biomarker in middle-aged and older adults
are related to disability (Brach and VanSwearingen, 2002) and mortality
(Buchman et al., 2007). The age-associated motor function decline in mice
is a lifespan prognostic parameter (Fahlström et al., 2012; Ingram and
Reynolds, 1986).
In our study, we did not apply a tests battery to characterize the global
motor function of the mice entirely (Justice et al., 2014), but we choose one
firmly established assay to evaluate the effect of age on general motor
function: the rotarod test (Fahlström et al., 2012; Fischer et al., 2016;
Graber et al., 2013; Ingram and Reynolds, 1986; Ingram et al., 1982;
Martin-Montalvo et al., 2013; Mitchell et al., 2018). The progressive
acceleration of the rotarod needs the mice to not only exert more power
continually to keep on going without falling but also to maintain their
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balance while running on the spinning rod. Moreover, mice require
endurance capacity to keep on the activity in the rotarod (Graber et al.,
2013).
The phenotypical analysis performed to evaluate energetics, activity,
and metabolism in mice are included in the proposal of Richardson and
coworkers (Richardson et al., 2016), which aimed at establishing a
complete battery of the different assays related to the seven physiological
domains of function/health that weaken with age.
Taken together all these evidences, we can conclude that moderate
overexpression of G6PD in old mice provides both females and males with
benefits in some aspects of healthspan and lifespan, despite the observed
differences between sexes. Our results are in line with previous
overexpression mouse models of NADPH-dependent ROS-detoxifying
enzymes, considered as antioxidant transgenic mice (Hamilton et al.,
2012). That is the case of Gpx1-Tg, Grx-Tg, Prx2-Tg and Trx1-Tg mice,
which were neuroprotected (Crack et al., 2003; Ferri et al., 2010; Gan et al.,
2012; Zhou et al., 2009), or Trx1-Tg, Grx1-Tg, Grx2-Tg, Gpx4-Tg and
Trx2-Tg mice, which showed protection from cardiovascular damage
(Adluri et al., 2011, 2012; Diotte et al., 2009; Guo et al., 2008; Widder et al.,
2009). On the contrary, Gpx (Gpx1, Gpx2, and Gpx5), Grx (Grx1 and
Grx2), and Prx (Prx3, Prx4, and Prx6) knockouts mice displayed
unfavorable effects on healthspan (Hamilton et al., 2012).
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4.3 Overexpression of G6PD in vivo protects from ageassociated oxidative damage
Aging is a complex process driven by multiple sources of damage, both
internal and external. Based on the fact that ROS-derived damage
increases continuously with aging (Kasapoglu and Özben, 2001; Sinitsyna
et al., 2006) and that some antioxidant manipulations improve aging
(Hamilton et al., 2012), we hypothesized that increased G6PD expression
and activity could lead to decreased ROS-derived damage, which could
underlie the positive effects of G6PD overexpression on aging.

G6PD overexpression is maintained during aging
To test our hypothesis, we first analyzed the expression and activity of
G6PD in liver, brain, and muscle from neonates (0–2 days), young (10–35
weeks) and old (125–143 weeks) WT and G6PD-Tg mice. We found that
the expression of G6PD was increased in the liver and brain of young and
old G6PD-Tg mice (see Figure 4.17a,b). Of note, G6PD-Tg expression was
slightly higher in females compared to males. Furthermore, higher G6PD
activity was also found in the liver and muscle from young and old G6PDTg mice (see Figure 4.18a and Figure 4.18c, respectively), while the brain
from G6PD-Tg mice only showed an increase in G6PD activity in the case
of neonates (see Figure 4.18b).
Different studies show a decrease in G6PD activity with age. Old rats
present lower G6PD activity than the young ones in the liver (Arivazhagan
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et al., 2000; Senthil Kumaran et al., 2008) and muscle (Kumaran et al.,
2004). G6PD activity also declines with age in humans erythrocytes
(Maurya et al., 2016).
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Figure 4.17 G6PD mRNA expression levels in liver and brain of neonates,
young (10–35 weeks) and old (125–143 weeks) WT and G6PD-Tg female or
male mice.
Neonates, n = 5 for all groups. (a) Liver: young WT females, n = 11; young G6PDTg females, n = 13; old WT females, n = 22; old G6PD-Tg females, n = 22; young
WT males, n = 12; young G6PD-Tg males, n = 13; old WT males, n = 13; old
G6PD-Tg males, n = 11. (b) Brain: young WT females, n = 3; young G6PD-Tg
females, n = 6; old WT females, n = 15; old G6PD-Tg females, n = 15; young WT
males, n = 4; young G6PD-Tg males, n = 6; old WT males, n = 6; old G6PD-Tg
males, n = 5. Statistical significance was assessed using the two-tailed Student´s
t-test: *p<0.05; **p<0.01; ***p<0.001.
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Figure 4.18 G6PD activity in liver, brain and muscle of neonates, young (10–
35 weeks) and old (125–143 weeks) WT and G6PD-Tg female or male mice.
Neonates, n = 4 for all groups. (a) Liver: young WT females, n = 8; young G6PDTg females, n = 8; old WT females, n = 4; old G6PD-Tg females, n = 5; young WT
males, n = 4; young G6PD-Tg males, n = 4; old WT males, n = 5; old G6PD-Tg
males, n = 10. (b) Brain: young WT females, n = 3; young G6PD-Tg females,
n = 4; old WT females, n = 4; old G6PD-Tg females, n = 5; young WT males,
n = 4; young G6PD-Tg males, n = 4; old WT males, n = 5; old G6PD-Tg males,
n = 4. (c) Muscle. For WT group n = 3-6 and for G6PD-Tg group n = 4-6.
Statistical significance was assessed using the two-tailed Student´s t-test: *p<0.05;
**p<0.01; ***p<0.001.
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Effect of G6PD overexpression on ROS detoxifying enzymes
We wondered if G6PD overexpression could have an impact on the
expression of antioxidant genes with aging. For this purpose, we evaluated
the expression of some ROS-detoxifying enzymes that requires NADPH
as a donor of reductive potential for its regular activity (Fernández-Marcos
and Nóbrega-Pereira, 2016; Hamilton et al., 2012). We observed a modest
increase in the mRNA levels of some antioxidant genes (Cat, Sod1 and
Txnrd1) in liver of young female mice (see Figure 4.19). However, at old
age, all the examined antioxidant genes showed a global reduction in
expression relative to young mice and no differences were observed
between WT and G6PD-Tg mice regardless of their sex.
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Figure 4.19 mRNA levels of G6PD and other ROS detoxifying enzymes in liver
of young and old WT and G6PD-Tg mice.
Top panel young mice and bottom panel old mice. For WT groups n = 16 (8
females and 8 males). For G6PD-Tg groups n = 15 (8 females and 7 males).
Statistical significance was assessed using the two-tailed Student´s t-test: *p<0.05;
**p<0.01; ***p<0.001.
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We did not expect to see alterations in the expression of the
antioxidant enzymes analyzed since the production of more NAPDH
should not interfere with their endogenous expression (FernándezMarcos and Nóbrega-Pereira, 2016). Note that the elevation of NADPH
levels by G6PD overexpression is designed to globally potentiate the
majority of the anti-ROS cellular defenses, promoting a robust global
defense state (Fernández-Marcos and Nóbrega-Pereira, 2016).
Interestingly, we found that G6PD overexpression only upregulated
catalase (Cat), superoxide dismutase 1 (Sod1), and thioredoxin reductase
1 (Txnrd1) in young female mice.
Catalase needs NADPH to preserve its catalytic activity since NADPH,
by binding to an allosteric site of catalase, contributes to the maintenance
of its active conformation (Hillar and Nicholls, 1992; Kirkman and
Gaetani, 1984). According to the fact that G6PD is the principal supplier
of NADPH, G6PD activity has a robust correlation with catalase activity
(Scott et al., 1993). In addition, Scott and coworkers showed that the real
cause of oxidant susceptibility in G6PD-deficient erythrocytes was the
decrease in catalase activity due to the lower NADPH levels more than the
glutathione redox status (Scott et al., 1993).
SOD does not need NADPH to transform superoxide to hydrogen
peroxide, but it requires glutathione or catalase to properly reduce
hydrogen peroxide chemically. A continuous increase in the hydrogen
peroxide levels would inhibit the SOD enzyme (Stanton, 2012).
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Txnrd1 is a selenoprotein that contributes to maintaining redox active
the Trx system by using NADPH to reduce to dithiols the active site
disulfides of Trxs (Arnér, 2017; Biaglow and Miller, 2005).
Importantly, only G6PD-Tg females displayed higher expression of the
previous enzymes. Again, the reason underlying the difference between
females and males can be attributed to estrogens levels that are lower in
males and are known to increase G6PD mRNA expression (Ibim et al.,
1989; Sun et al., 2014). Indeed, estradiol promotes NADPH generation
(Sun et al., 2014). After the peak of estrogens production during the
reproductive period, the amount of these hormones is inversely
proportional to age (Cui et al., 2013).
In the old mice, we observed that all the antioxidant enzymes analyzed
decreased their expression with age. This had been previously reported in
rodents (Sinitsyna et al., 2006) and humans (Kasapoglu and Özben, 2001).
However, the literature about this is controversial since the activity of the
same antioxidant enzymes has been found to increase in some cases, to
decrease in others, or not to vary with age (Sohal and Orr, 1992).

G6PD protects from oxidative damage to macromolecules
To assess the impact of lifelong overexpression of G6PD on ROS-derived
damage, we measured the levels of macromolecular oxidative damage in
young and old mice.
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We determined 8-OHdG levels, which is a well-validated parameter to
analyze oxidative damage to DNA in aging studies (Bokov et al., 2004).
Importantly, old G6PD-Tg male and female mice showed diminished
accumulation of DNA oxidation (measured as 8-OHdG) in liver and brain
(see Figure 4.20a,b).

a

LIVER

8-OHdG (ng/ml)

2.8

WT
G6PD-Tg

***

2.4

**

2.2
0
Y

O

Females

Y

O

Males

b
8-OHdG (ng/ml)

BRAIN
2.5

2

1.5

*
*
Y

WT
G6PD-Tg

**

O

Females

Y

O

Males

Figure 4.20 DNA oxidation (8-OHdG adducts) in liver or brain of young and
old WT and G6PD-Tg mice.
(a) 8-OHdG levels in liver. (b) 8-OHdG levels in brain. For WT group n ≥ 4 and
for G6PD-Tg group n ≥ 4. Statistical significance was assessed using the twotailed Student´s t-test: *p<0.05; **p<0.01; ***p<0.001.
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Old females also showed reduced lipid oxidation (measured as MDA)
in the liver (see Figure 4.21a), but not in the brain (see Figure 4.21b).
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Figure 4.21 Lipid oxidation (MDA adducts) in liver or brain of young and old
WT and G6PD-Tg mice.
(a) MDA levels in liver. (b) MDA levels in brain. For WT group n ≥ 4 and for
G6PD-Tg group n ≥ 4. Statistical significance was assessed using the two-tailed
Student´s t-test: ***p<0.001.
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No changes were observed in protein oxidation (measured as
carbonylated proteins) in the liver of old female or male G6PD-Tg mice
(see Figure 4.22a,b). Of note, old G6PD-Tg males, but not females,
presented a small but significant increase in brain protein carbonylation
(see Figure 4.22c,d).
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Figure 4.22 Carbonylated proteins levels from liver or brain samples from old
WT and G6PD-Tg mice.
(a) Immunoblot of carbonylated proteins in liver and (b) quantification of the
western blotting. (c) Immunoblot of carbonylated proteins in brain and (d)
quantification of the western blotting. For WT group n = 4 and for G6PD-Tg
group n = 4. Statistical significance was assessed using the two-tailed Student´s ttest: *p<0.05.
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Overexpression of G6PD increases the GSH:GSSG ratio
In accordance with the previous findings, and further supporting the role
of G6PD in NADPH-dependent ROS detoxification, liver from 2-year-old
G6PD-Tg female mice presented an elevated reduced versus oxidized
glutathione ratio (GSH:GSSG) —see Figure 4.23a—, which is indicative of
improved ROS detoxification (Ballatori et al., 2009). This increased
GSH:GSSG ratio was due to an elevation in reduced GSH (see Figure
4.23b), without a detectable change in oxidized glutathione (GSSG) —see
Figure 4.23c—.
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Figure 4.23 GSH:GSSG ratio and GSH or GSSG concentrations in liver
samples from 2-year-old WT and G6PD-Tg female mice.
(a) GSH:GSSG ratio. (b) Levels of GSH. (c) Levels of GSSG. For WT group n = 9
and for G6PD-Tg group n = 9. Statistical significance was assessed using the twotailed Student´s t-test: *p<0.05; **p<0.01.

The free radical theory of aging argues that ROS are responsible for the
irreversible and progressive oxidative damage accumulation that leads to
the age-related decline of physiological functions (Harman, 1956). In
1980, Miquel detailed specifically that the mitochondria were the main
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contributor of the enhanced oxidative stress in aging since mitochondria
are the principal target and source of free radicals (Miquel et al., 1980).
Sies defined the term oxidative stress in 1985 as a “disturbance in the
prooxidant-antioxidant balance in favor of the former” (Sies, 1985). This
imbalance can lead to producing oxidative damage to proteins and free
amino acids, carbohydrates, lipids, and nucleic acids (Sies, 1985).
It is well demonstrated that oxidative stress increases during aging
(Andziak and Buffenstein, 2006; Bokov et al., 2004; Bondy, 1992; Sohal,
1993; Stadtman, 1992). Especially, old cells and organisms are more
susceptible to oxidative damage because the response to oxidative stress
becomes less effective with age (Pacifici and Davies, 1991). The impact of
ROS during aging would not be so harmful with a normal function of the
oxidant repair enzymes, but the activity of this kind of enzymes declines
with age (Pacifici and Davies, 1991).
G6PD is considered the essential enzyme to produce NADPH
(Cappellini and Fiorelli, 2008; Stanton, 2012), a cofactor whose levels are
thought to determine the rate of ROS-derived damage (Hanschmann et
al., 2013). As an examples of this mechanism, human skin cells respond to
acute oxidative stress by boosting their PPP-mediated NADPH
production (Kuehne et al., 2015), and G6PD null cells are extremely
sensitive to oxidative stress (Pandolfi et al., 1995).
Given the importance of NADPH in antioxidant defenses, we analyzed
four molecular markers of oxidative damage in our work: 8-OHdG
adducts, protein carbonylation, MDA levels, and the GSH:GSSG ratio.
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First, we determined oxidative damage to DNA by measuring 8-OHdG
levels. As we hypothesized, liver and brain from old G6PD-Tg mice
(females and males) showed lower levels of oxidized DNA. In contrast to
this, G6PD-deficient mice have higher levels of oxidized DNA (Jeng et al.,
2013) and G6PD-deficient cells become senescent earlier, which is linked
to higher 8-OHdG levels and a lower amount of reducing equivalents
(Cheng et al., 2004).
The protection offered by G6PD overexpression on oxidative DNA
damage is crucial in old age by conferring resistance to oxidative stress.
Hamilton and coworkers analyzed DNA oxidative damage in several
tissues in different rat and mice strains, including female and male
C57BL/6 mice. Their results were consistent in all tissues and strains in
pointing out a significant increase with age in 8-OHdG levels in nuclear
DNA (Hamilton et al., 2001). Of note, that result was attributed to an agerelated enhance in the sensitivity of the tissues to oxidative stress more
than a reduced capacity of the cells from old mice to remove the 8-OHdG
(Hamilton et al., 2001).
Next, we evaluated oxidative damage to lipids since phospholipids in
cellular membranes have polyunsaturated fatty acids in their composition
with a high concentration of allylic hydrogens very vulnerable to free
radicals aggression (Bokov et al., 2004). In particular, phospholipids of
tissues with more metabolic activity, like the liver, have a higher risk of
suffering oxidative stress (Andziak and Buffenstein, 2006).
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As the organism ages, lipids become more sensitive to suffer oxidative
damage (Harman, 1956). Accordingly with this theory, García-Vallés and
coworkers found that plasma MDA levels in old 29-month-old male mice
were twice those obtained in young 3-month-old male mice (García-Vallés
et al., 2013). In this study, the improvement of healthspan did not prevent
the increment in lipid peroxidation with age (García-Vallés et al., 2013).
However, there is clear evidence that the increase in lipid peroxidation
with age does not occur in all cases and it seems to be specific to tissues,
strains or gender (Rikans and Hornbrook, 1997). The results that we
obtained in our work are consistent with this since MDA levels
incremented with age in liver but not in the brain. Similarly, Andziak and
coworkers found that liver of 18-month-old mice presented almost twice
as much MDA as that of 4-month-old mice (Andziak and Buffenstein,
2006).
Interestingly, Inglés and coworkers found in older adults that plasma
MDA levels correlated with frailty but not with age since frail subjects
exhibited higher levels of this oxidation product than prefrail and robust
individuals (Inglés et al., 2014). In our study, only G6PD-Tg females
showed a decrease in lipid oxidation in the liver. Moreover, G6PD-Tg
females, but not males, performed better in the rotarod test, an assay used
for evaluating two frailty criteria in mice: walking speed and endurance
(Liu et al., 2013).
We also analyzed protein oxidation in liver and brain in our mice by
the detection of carbonylated proteins (Ros, 2017). Oxidized proteins can
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accumulate during aging in response to a pace of protein oxidation faster
than the proteolytic capacity or/and to inactivity or impaired function of
the proteases in the removal of the oxidized proteins (Starke-Reed and
Oliver, 1988). Importantly, the activity of G6PD is remarkably susceptible
to oxidative damage (Agarwal and Sohal, 1994), and the loss of G6PD
activity has been correlated with increased protein carbonyl content
(Starke-Reed and Oliver, 1988).
Tung and coworkers showed that the increase in protein carbonylation
in the liver with age in mice was related to the lower antioxidant activity
(Tung et al., 2013). However, we did not find protection from oxidative
damage to proteins in old G6PD-Tg mice. In addition, contrary to our
expectations, we found an increase in carbonylated proteins in the brain
of the G6PD-Tg mice. Takagi and coworkers found that the
overexpression of the Trx-1, an NADPH-dependent ROS-detoxifying
enzyme, was able to protect from protein carbonylation after an ischemic
brain injury (Takagi et al., 1999).
The explanation for our result could be related to the fact that the
augmentation in carbonylated proteins with age is connected not only
with higher levels of ROS during aging but also with a higher prevalence
of misfolded and proteins more susceptible to oxidation (Squier, 2001).
Thus, protein oxidation might not be avoided only by reducing ROS levels
through G6PD overexpression.
The determination of the glutathione redox couple was crucial in this
study for two reasons: the conversion of GSSG to GSH by GR requires
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NADPH, and because of glutathione constitutes the main marker of the
redox state of the cells (Schafer and Buettner, 2001).
Our results evidenced that G6PD overexpression upregulates GSH
levels during aging. This mechanism is consistent with previous works
where overexpression of G6PD in HeLa cells and fibroblast promoted a
reduced intracellular ROS by enhancing GSH levels (Préville et al., 1999;
Salvemini et al., 1999). Furthermore, this was accompanied to better
protection from oxidative stress (Salvemini et al., 1999). Our findings also
support those obtained by Legan and coworkers, who found that
overexpression of G6PD in flies conferred resistance to oxidative stress
due to an increase in the GSH:GSSG redox ratio (Legan et al., 2008).
It is generally accepted that during aging GSSG levels increase and
GSH levels reduce (Maher, 2005), causing a decrease in the ratio
GSH:GSSG (Rebrin et al., 2003). However, in some studies, it has been
found that GSSG levels remain constant during aging (Hazelton and Lang,
1980) in both females and males (Wang et al., 2003). Wang and coworkers
determined GSH content in many tissues to compare the differences
between young and old C57BL/6 mice and also between females and
males. While no differences in GSH content were found between young
female and male C57BL/6 mice, tissues of aged mice exhibited a decreased
level of GSH content in both sexes, which was exacerbated in males.
Intriguingly, the liver was the single tissue where GSH content ageassociated reduction was higher in females than in males (Wang et al.,
2003). Hazelton and colleagues also detected a decrease in the content of
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GSH in the liver after 23 months, a change that was considered specific to
aging. Similar results were found in kidney and heart tissues, although the
decrease in heart occurred with more age (Hazelton and Lang, 1980).
The protection against oxidative damage that exhibit the G6PD-Tg
mice is in line with the observations from the studies with overexpressing
mouse models of NADPH-dependent ROS-detoxifying enzymes. These
works have proved that the overexpression of these enzymes confers
resistance to oxidative stress and promote the reduction of oxidative
damage (Styskal et al., 2012). Contrary, antioxidant knockout mice are
more vulnerable to oxidative stress and exhibit accrued oxidative damage
(Styskal et al., 2012).
Together, these observations support a mechanistic link between
increased G6PD activity, elevated NADPH levels and redox potential, and
improved antioxidant protection. This could explain the beneficial health
effects observed in old G6PD-Tg mice.
Interestingly, G6PD-Tg protection from oxidative damage was more
evident in females than in males, and this correlates with the fact that
transgenic overexpression of G6PD is higher and more sustained during
aging in females compared to males. The higher levels of G6PD
overexpression observed in female G6PD-Tg mice compared to males
could explain their better protection from ROS-derived damage and their
increased median lifespan.
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4.4 Role of G6PD overexpression in skeletal muscle
regeneration
As it has been described in the methodology section, the experimental
conditions which were applied to WT and G6PD-Tg groups in the next
study and their respective abbreviations were:
•

Basal: mice sacrificed with uninjured muscles

•

CTX 4: mice sacrificed 4 days after CTX injury

•

CTX 7: mice sacrificed 7 days after CTX injury

•

CTX 10: mice sacrificed 10 days after CTX injury

G6PD overexpression does not prevent CSA decrement after
CTX injury
For evaluating the role of G6PD enzyme during the muscle regeneration
process, TA muscles from young female WT and G6PD-Tg mice were
induced to regenerate by intramuscular injection of CTX that causes acute
injury by fast impairment in muscle fibers while maintaining the satellite
cell pool. CTX is one of the most reproducible methods to induce muscle
injury and regeneration (Chargé and Rudnicki, 2004; Garry et al., 2016).
We found a loss of the muscle architecture in the injured TA at 4 days
post-injury, due to the necrosis of myofibers and the activation of the
inflammatory response (see Figure 4.24a). Later, at 7 days and at 10 days
after injury, regenerating myofibers of WT and G6PD-Tg mice showed
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signs of advanced regeneration, as indicated by the appearance of large
central-nucleated fibers (see Figure 4.24a). Myofibers at 7 days post-injury
exhibited a significant decrease in the CSA in both WT and G6PD-Tg mice
when compared with basal conditions (see Figure 4.24b). All those changes
confirmed that the intervention with CTX was effective in the induction
of the muscular regeneration, following the same pattern of other studies
in this field (Deyhle et al., 2018; Tapia et al., 2015).
Myofiber CSA was not significantly increased in G6PD-Tg mice (see
Figure 4.24b), and the frequency of distribution according to the size of
the fiber was also not significantly different from that of the WT mice (see
Figure 4.24,c).
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Figure 4.24 Myofiber size of TA muscle from WT and G6PD-Tg mice in basal
conditions and regeneration at 7 days and at 10 days post-injury.
(a) H/E staining of tibialis transverse sections. (b) Quantification of tibialis
myofiber CSA. (c) Fiber size frequency distribution. For WT group n = 4 and for
G6PD-Tg group n = 4. Statistical significance was assessed using the Mann–
Whitney U test: #p<0.05 comparing between time post-injury: 7-days vs basal
conditions.

G6PD overexpression does not increase the size of positive
eMHC myofibers during regeneration
The expression of eMHC in new myofibers represents an early marker of
muscle regeneration and it is widely used since it provides valuable
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information on the progression of muscle regeneration (Díaz-Ramos et al.,
2012; García-Prat et al., 2016; Sousa-Victor et al., 2014; Xie et al., 2016).
This marker appears in newly developed regenerating myofibers at 2–
3 days post-injury and remains for 2–3 weeks (Sartore et al., 1982;
Schiaffino et al., 2015). Accordingly, newly regenerating myofibers of TA
were stained with eMHC antibody at 4 days post-injury in our study (see
Figure 4.25a). We found that there were no significant differences between
WT and G6PD-Tg mice in the size of positive myofibers for eMHC
staining (eMHC+) —see Figure 4.25b—, indicating that satellite celldependent muscle repair is not accelerated in G6PD-Tg mice. The
frequency distribution according to the size of eMHC+ was also not
significantly different between WT and G6PD-Tg mice (see Figure 4.25c).
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Figure 4.25 Size of eMHC+ myofibers in regenerating TA muscle from WT and
G6PD-Tg mice.
(a) Cryosections of regenerating CTX-injured tibialis stained with antibody
against eMHC. (b) Fiber size quantification of positive eMHC myofibers.
(c) Fiber size frequency distribution of positive eMHC myofibers. For WT group
n = 4 and for G6PD-Tg group n = 4. Statistical significance was assessed using the
Mann–Whitney U test. No significant differences were observed.

G6PD overexpression has a prooxidant effect during skeletal
muscle regeneration
Moderate overexpression of G6PD protects from oxidative damage in
mice. Based on this, we determined in the regenerating muscles the
expression of p38 MAPK, as well as the oxidative damage to proteins and
lipids, measured as carbonylated proteins and MDA levels, respectively.
ROS production and inflammation activate p38 MAPK (Cuschieri and
Maier, 2005; Wang et al., 2007). We found that CTX injury in
gastrocnemius

induced

significantly

higher

increment

in

p38

phosphorylation and p38 activation (measured as the ratio p-p38/p38) in
G6PD-Tg mice at 4 days post-injury (see Figure 4.26f,h). The increment
in total p38 protein content was also significantly higher in G6PD-Tg mice
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at 7 days post-injury (see Figure 4.27d), but no significant difference was
found in p38 phosphorylation and p38 activation (see Figure 4.27f,h).
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Figure 4.26 Protein content of p38, p-p38, and the ratio p-p38/p38 in
gastrocnemius at 4 days post-injury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of p38 and p-p38. (c,e,g) Protein content of
p38 and p-p38, and the ratio p-p38/p38, respectively, from WB quantification at
4 days. For WT and G6PD-Tg basal groups n = 3, and for WT and G6PD-Tg
CTX 4 groups n = 4. (d,f,h) Increment in protein content of p38 and p-p38, and
in the ratio p-p38/p38, respectively, from WB quantification at 4 days. Increment
calculated as the difference between the level at time post-injury and the basal
level for the correspondent group. The units are arbitrary and different. For WT
group n = 7 and for G6PD-Tg group n = 7. Data are means and error bars
represent the SEM (for panels c,e,g) or the SD (for panels d,f,h). Statistical
significance was assessed using the two-tailed Student’s t test (for panels c,e,g) or
the Welch’s t-student test (for panels d,f,h): ***p<0.001; **p<0.01; *p<0.05.
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Figure 4.27 Protein content of p38, p-p38, and the ratio p-p38/p38 in
gastrocnemius at 7 days post-injury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of p38 and p-p38. (c,e,g) Protein content of
p38 and p-p38, and the ratio p-p38/p38, respectively, from WB quantification at
7 days. For WT and G6PD-Tg basal groups n = 3, and for WT and G6PD-Tg
CTX 7 groups n = 4. (d,f,h) Increment in protein content of p38 and p-p38, and
in the ratio p-p38/p38, respectively, from WB quantification at 7 days. Increment
calculated as the difference between the level at time post-injury and the basal
level for the correspondent group. The units are arbitrary and different. For WT
group n = 7 and for G6PD-Tg group n = 7. Data are means and error bars
represent the SEM (for panels c,e,g) or the SD (for panels d,f,h). Statistical
significance was assessed using the two-tailed Student’s t-test (for panels c,e,g) or
the Welch’s t-student test (for panels d,f,h): ***p<0.001; **p<0.01; *p<0.05.
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Total levels of carbonylated proteins did not significantly change after
CTX injury (see Figure 4.28 a-d), but G6PD-Tg mice showed significantly
higher increment in this parameter at 4 days post-injury (see Figure 4.28e).
No significant difference was found at 7 days post-injury (see Figure 4.28f).
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Figure 4.28 Carbonylated proteins in gastrocnemius at 4 days and 7 days postinjury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of carbonylated proteins. (c,d) Carbonylated
proteins from WB quantification at 4 and at 7 days. For WT and G6PD-Tg basal
groups n = 3, and for WT and G6PD-Tg CTX 4 or CTX 7 groups n = 4.
(e,f) Increment in carbonylated proteins from WB quantification at 4 and at 7
days. Increment calculated as the difference between the level at time post-injury
and the basal level for the correspondent group. The units are arbitrary and
different. For WT group n = 7 and for G6PD-Tg group n = 7. Data are means and
error bars represent the SEM (for panels c,d) or the SD (for panels e,f). Statistical
significance was assessed using the two-tailed Student’s t-test (for panels c,d) or
the Welch’s t-student test (for panels e,f): *p<0.05.
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MDA levels also did not significantly change after CTX injury,
excepting a significant decrease found in the G6PD-Tg mice at 4 days postinjury (see Figure 4.29a,c,e). However, these animals showed significantly
higher increment in MDA levels at 10 days post-injury (see Figure 4.29f).
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Figure 4.29 MDA levels in gastrocnemius at 4 days, at 7 days and at 10 days
post-injury in WT and G6PD-Tg mice.
(a,c,e) MDA levels at 4, at 7 and at 10 days post-injury, respectively. For WT and
G6PD-Tg basal groups n = 4, and for WT and G6PD-Tg CTX 4, CTX 7 or
CTX 10 groups n = 3-4. (b,d,f) Increment in MDA levels at 4, at 7 and at 10 days
post-injury. Increment calculated as the difference between the level at time postinjury and the basal level for the correspondent group. The units are arbitrary
and different. For WT group n = 7-8 and for G6PD-Tg group n = 7-8. Data are
means and error bars represent the SEM (for panels a,c,e) or the SD (for panels
b,d,f). Statistical significance was assessed using the two-tailed Student’s t-test
(for panels a,c,e) or the Welch’s t-student test (for panels b,d,f): *p<0.05.
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We found a paradoxical effect in G6PD-Tg mice that differs from the
expected initially. G6PD overexpression appears to have a prooxidant
impact in the regenerating muscle, after the CTX injury, instead of
conferring protection against oxidative stress. A possible explanation for
this paradoxical effect is that CTX-induced inflammation might
contribute to the activation of NADPH oxidase in the G6PD-Tg mice as
these would able to supply more NADPH to that system than the WT
mice, creating then a prooxidant environment.
NADPH, which is mainly generated by the PPP via G6PD enzyme, can
serve as a cofactor of the glutathione reductase for the regeneration of
GSH, but also as a substrate for NADPH oxidase, a prooxidant enzyme
that generates free radicals (Peiró et al., 2016; Ying, 2008).
In this regard, Peiró and coworkers found that the over-activation of
the PPP due to proinflammatory cytokines was a critical mechanism by
which hyperglycemia intensified vascular cell damage (Peiró et al., 2016).
In their study, the over-activation of the PPP enabled the entrance of an
excess of glucose to this metabolic pathway thus promoting the utilization
of NADPH by NADPH oxidase (Peiró et al., 2016). This situation
exacerbated free radical production at a level that overcame the cell
capacity of regenerate GSH (Peiró et al., 2016). This prooxidant
environment incremented inflammation and, as a consequence, caused
the vascular damage associated with hyperglycemia (Peiró et al., 2016).
The previous mechanism was supported by the results obtained when
inhibiting G6PD in vascular cells, since its inhibition stopped not only the
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over-activation of NADPH oxidase but also the consequent boosted
inflammation and endothelial dysfunction (Peiró et al., 2016).
Vallejo and coworkers already found similar results in experimental
diabetes type 1 where endothelial dysfunction was mediated by enhanced
NADPH oxidase activity via interleukin 1 (IL-1) receptors (Vallejo et al.,
2014). Besides, other studies in vascular cells have suggested that the PPP
is activated at higher levels than in basal conditions during inflammation
(Dobrina and Rossi, 1983; Peiró et al., 2016; Spolarics and Wu, 1997;
Suzuki et al., 2001).
NADPH oxidase needs higher amounts of NADPH to be active since
the Michaelis constant (Km) for NADPH, 0.04 mmol/L, is 5-fold higher
for NADPH oxidase than for the glutathione reductase (Matsui et al.,
2005). Furthermore, PPP becomes more active during muscle
regeneration (Wagner et al., 1978). Therefore, G6PD-Tg mice might be
able to supply more NADPH to NADPH oxidase, and G6PD
overexpression might have a prooxidant role in muscle regeneration, as it
is the rate-limiting enzyme of the PPP.
Another evidence that demonstrates G6PD can have a prooxidant role
is found in the context of the muscle dystrophic pathologies in which
inflammation is persistent (Cacchiarelli et al., 2010; Serrano and MuñozCánoves, 2010). For instance, in Duchenne muscular dystrophy patients,
exists a constant inflammation which is linked to incessant rounds of
degeneration/regeneration, and inflammation plays a harmful role in the

145

Results and Discussion

continuous necrosis of the myofibers (Morgan et al., 2018; Serrano and
Muñoz-Cánoves, 2010).
Oxidative stress mediates some signaling mechanisms implicate in
inflammation and tissue lesion (Mittal et al., 2013). Indeed, a characteristic
of the dystrophic muscle is the elevation in ROS production (Whitehead
et al., 2008). NADPH oxidase has been proposed to be one of the principal
sources of ROS in degenerating fibers as in mdx muscles (Shkryl et al.,
2009). Interestingly, G6PD mRNA has been identified as a target for the
muscle-specific Mir-1. This target appears downregulated in mdx mice
together with higher G6PD levels, which is associated with increased
oxidative stress (Cacchiarelli et al., 2010). It is known that downregulated
of the microRNAs may promote the dystrophic pathology by the elevated
protein content of their natural targets (Crist and Buckingham, 2010).
Of note, in nonpathological conditions, NADPH oxidase-derived
oxidants have been found to induce myoblast proliferation mediated
through the activation of selective signaling pathways, including the
Erk1/2, PI-3 kinase/AKT, mTOR, and the nuclear factor kappa-lightchain-enhancer of activated B cells —NF-κB— pathway (Mofarrahi et al.,
2007). However, at the time of myoblast differentiation into myotubes, the
expression of the subunits NOX4 and p67phox was rapidly reduced with
lower production of O2– (Mofarrahi et al., 2007), indicating a change in
ROS generation at that moment (Le Moal et al., 2017).
Several aspects of adult myogenesis are redox-regulated, but an altered
redox signaling is detrimental (Le Moal et al., 2017). In spite of G6PD
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overexpression appears to have a prooxidant role in this context, G6PDTg mice might not have a significant redox activity alteration since skeletal
muscle regeneration in G6PD-Tg mice did not worsen, as evidenced by the
results in myofibers size in regeneration and the size of eMHC+ myofibers.

Effect of G6PD overexpression on protein synthesis during
skeletal muscle regeneration
Muscle protein synthesis increases after muscle damage, during the
regeneration process (Jones, 1982). We used the WB-SUnSET technique
(Schmid, 2009) to quantify the global protein synthesis, measured as
puromycin incorporation. We found that CTX injury in gastrocnemius
induced protein synthesis in WT and G6PD-Tg mice at 7 days (see Figure
4.30a,c) and at 10 days post-injury (see Figure 4.30b,d).
Wagner and coworkers found that the inhibition of mRNA and
protein synthesis with cycloheximide or actinomycin D impeded the
increase in the G6PD in muscle after being injured with Marcaine. These
results suggest a role of G6PD in RNA and protein synthesis (Wagner et
al., 1978). However, we did not find an increased protein synthesis in
G6PD-Tg mice when compared to WT mice. Indeed, WT animals showed
significantly higher increment in puromycin incorporation at 10 days
post-injury (see Figure 4.30f).
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Figure 4.30 Puromycin incorporation in gastrocnemius at 7 days and 10 days
post-injury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of puromycin incorporation. (c,d) Puromycin
incorporation from WB quantification at 7 and at 10 days. For WT and G6PDTg basal groups n = 3, and for WT and G6PD-Tg CTX 7 or CTX 10 groups n = 4.
(e,f) Increment in puromycin incorporation from WB quantification at 7 and at
10 days. Increment calculated as the difference between the level at time postinjury and the basal level for the correspondent group. The units are arbitrary
and different. For WT group n = 7 and for G6PD-Tg group n = 7. Data are means
and error bars represent the SEM (for panels c,d) or the SD (for panels e,f).
Statistical significance was assessed using the two-tailed Student’s t-test (for
panels c,d) or the Welch’s t-student test (for panels e,f): ***p<0.001; **p<0.01;
*p<0.05.
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A well-known growth factor that stimulates protein synthesis in
myofibers is IGF-1 (Bark et al., 1998). This peptide hormone has a crucial
role in muscle regeneration and it is upregulated after an injury (Jennische
et al., 1987; Jiao et al., 2013; Tonkin et al., 2015). Our results showed that
CTX injury in gastrocnemius induced a decrease in IGF-1 protein content
in both WT mice and G6PD-Tg at 4 days post-injury, but this decrease was
only statistically significant in the WT animals (see Figure 4.31a,c).
Moreover, WT mice also showed a decrease in IGF-1 protein content at 7
days post-injury, while G6PD-Tg mice maintained the basal levels (see
Figure 4.31b,d). Of note, the decrement observed in IGF-1 protein content
was significantly lower in G6PD-Tg mice at 4 days post-injury when
compared to WT (see Figure 4.31e). Furthermore, G6PD-Tg mice showed
significantly higher increment in IGF-1 protein content at 7 days postinjury (see Figure 4.31f).
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Figure 4.31 Protein content of IGF-1 in gastrocnemius at 4 days and at 7 days
post-injury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of IGF-1. (c,d) Protein content of IGF-1 from
WB quantification at 4 and at 7 days, respectively. For WT and G6PD-Tg basal
groups n = 3, and for WT and G6PD-Tg CTX 7 groups n = 4. (e,f) Increment in
protein content of IGF-1 from WB quantification at 4 and 7 days, respectively.
Increment calculated as the difference between the level at time post-injury and
the basal level for the correspondent group. The units are arbitrary and different.
For WT group n = 7 and for G6PD-Tg group n = 7. Data are means and error
bars represent the SEM (for panels c,d) or the SD (for panels e,f). Statistical
significance was assessed using the two-tailed Student’s t-test (for panels c,d) or
the Welch’s t-student test (for panels e,f,): ***p<0.001; *p<0.05.

150

Results and Discussion

The AKT/mTOR/p70S6K pathway is considered a critical axis for the
regulation of protein synthesis during muscle regeneration (Bodine et al.,
2001). Kay and coworkers found that the induction of AKT activation had
a protective effect on regenerating muscle after CTX injury on preventing
membrane damage and accelerating myofiber regeneration (Kay et al.,
2011).
We found that CTX injury induced an increase in total AKT protein
content and phosphorylated AKT (p-AKT) protein content at 4 days (see
Figure 4.32a,b,c,e) and at 7 days post-injury (see Figure 4.33a,b,c,e), which
was statistically significant in all cases, except the increase in AKT protein
content in WT mice at 4 days and at 7 days post-injury (see Figure 4.32a,c
and Figure 4.33a,c, respectively). In addition, we found that the increment
in total AKT protein content was significantly higher in G6PD-Tg mice at
4 days post-injury (see Figure 4.32d), while no significant differences were
observed in the increment of p-AKT protein content at that time (see
Figure 4.32f). However, G6PD-Tg mice showed significantly higher
increment in the protein content of p-AKT at 7 days post-injury (see
Figure 4.33f). Regarding AKT activation (measured as the ratio pAKT/AKT), WT mice showed significantly higher increment at 4 days
post-injury (see Figure 4.32h), while no significant differences were found
at 7 days post-injury (see Figure 4.33h).
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Figure 4.32 Protein content of AKT and p-AKT, and the ratio p-AKT/AKT in
gastrocnemius at 4 days post-injury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of AKT and p-AKT. (c,e,g) Protein content of
AKT and p-AKT, and the ratio p-AKT/AKT, respectively, from WB
quantification at 4 days. For WT and G6PD-Tg basal groups n = 3, and for WT
and G6PD-Tg CTX 4 groups n = 4. (d,f,h) Increment in protein content of AKT
and p-AKT, and in the ratio p-AKT/AKT, respectively, from WB quantification
at 4 days. Increment calculated as the difference between the level at time postinjury and the basal level for the correspondent group. The units are arbitrary
and different. For WT group n = 7 and for G6PD-Tg group n = 7. Data are means
and error bars represent the SEM (for panels c,e,g) or the SD (for panels d,f,h).
Statistical significance was assessed using the two-tailed Student’s t-test (for
panels c,e,g) or the Welch’s t-student test (for panels d,f,h): ***p<0.001; **p<0.01;
*p<0.05.
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Figure 4.33 Protein content of AKT and p-AKT, and the ratio p-AKT/AKT in
gastrocnemius at 7 days post-injury in WT and G6PD-Tg mice.
(a,b) Representative immunoblots of AKT and p-AKT. (c,e,g) Protein content of
AKT and p-AKT, and the ratio p-AKT/AKT, respectively, from WB
quantification at 7 days. For WT and G6PD-Tg basal groups n = 3, and for WT
and G6PD-Tg CTX 7 groups n = 4. (d,f,h) Increment in protein content of AKT
and p-AKT, and in the ratio p-AKT/AKT, respectively, from WB quantification
at 7 days. Increment calculated as the difference between the level at time postinjury and the basal level for the correspondent group. The units are arbitrary
and different. For WT group n = 7 and for G6PD-Tg group n = 7. Data are means
and error bars represent the SEM (for panels c,e,g) or the SD (for panels d,f,h).
Statistical significance was assessed using the two-tailed Student’s t-test (for
panels c,e,g) or the Welch’s t-student test (for panels d,f,h): ***p<0.05; *p<0.05.
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CTX-injury provokes AKT phosphorylation as well as the
phosphorylation of its downstream target p70S6K (Zanou et al., 2012).
In our study, CTX injury induced an increase in phosphorylated
p70S6K (p-p70S6K) protein content at 4 days (see Figure 4.34b,e) and at 7
days post-injury (see Figure 4.35b,e), which was statistically significant in
all cases, except the increase in p-p70S6K protein content in G6PD-Tg
mice at 7 days post-injury (see Figure 4.35b,e). In addition, we found that
G6PD-Tg mice showed significantly higher increment in total p70S6K
protein content at 4 days (see Figure 4.34a,d) and at 7 days post-injury (see
Figure 4.35b,d). By contrast, the increment in p-p70S6K was significantly
lower in G6PD-Tg mice at 4 days post-injury (see Figure 4.34b,f), and no
significant differences were found at 7 days post-injury (see Figure
4.35b,f). The increment in p70S6K activation (measured as the ratio pp70S6K/p-70S6K) was significantly higher in WT mice at 4 days postinjury (see Figure 4.34h), like in the case of AKT activation, and also at 7
days post-injury (see Figure 4.35h).
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Figure 4.34 Protein content of p70S6K and p-p70S6K, and the ratio pp70S6K/p70S6K in gastrocnemius at 4 days post-injury in WT and G6PD-Tg
mice.
(a,b) Representative immunoblots of p70S6K and p-p70S6K. (c,e,g) Protein
content of p70S6K and p-p70S6K, and the ratio p-p70S6K/p70S6K, respectively,
from WB quantification at 4 days. For WT and G6PD-Tg basal groups n = 3, and
for WT and G6PD-Tg CTX 4 groups n = 4. (d,f,h) Increment in protein content
of p70S6K and p-p70S6K, and in the ratio p-70S6K/p70S6K, respectively, from
WB quantification at 4 days. Increment calculated as the difference between the
level at time post-injury and the basal level for the correspondent group. The
units are arbitrary and different. For WT group n = 7 and for G6PD-Tg group
n = 7. Data are means and error bars represent the SEM (for panels c,e,g) or the
SD (for panels d,f,h). Statistical significance was assessed using the two-tailed
Student’s t-test (for panels c,e,g) or the Welch’s t-student test (for panels d,f,h):
***p<0.001; **p<0.01; *p<0.05.
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Figure 4.35 Protein content of p70S6K and p-p70S6K, and the ratio pp70S6K/p70S6K in gastrocnemius at 7 days post-injury in WT and G6PD-Tg
mice.
(a,b) Representative immunoblots of p70S6K and p-p70S6K. (c,e,g) Protein
content of p70S6K and p-p70S6K, and the ratio p-p70S6K/p70S6K, respectively,
from WB quantification at 7 days. For WT and G6PD-Tg basal groups n = 3, and
for WT and G6PD-Tg CTX 7 groups n = 4. (d,f,h) Increment in protein content
of p70S6K and p-p70S6K, and in the ratio p-70S6K/p70S6K, respectively, from
WB quantification at 7 days. Increment calculated as the difference between the
level at time post-injury and the basal level for the correspondent group. The
units are arbitrary and different. For WT group n = 7 and for G6PD-Tg group
n = 7. Data are means and error bars represent the SEM (for panels c,e,g) or the
SD (for panels d,f,h). Statistical significance was assessed using the two-tailed
Student’s t-test (for panels c,e,g) or the Welch’s t-student test (for panels d,f,h):
***p<0.001; **p<0.01; *p<0.05.
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For the stimulation of protein synthesis, the mammalian target of
rapamycin complex 1 (mTORC1) phosphorylates p70S6K and the
eukaryotic translation initiation factor 4E-binding protein 1 —4E-BP1—
(Ma and Blenis, 2009; Qin et al., 2016). This protein together with p70S6K
links the regulatory-associated protein of mTOR (Raptor) to the control
of mRNA translation (Sarbassov et al., 2005).
Interestingly, CTX injury induced a significant increase in both total
4E-BP1 protein content and phosphorylated 4E-BP1 (p-4E-BP1) protein
content at 4 days (see Figure 4.36a,b,c,e) and at 7 days post-injury (see
Figure 4.37a,b,c,e). On the one hand, we found that G6PD-Tg mice
showed significantly lower increment in total 4E-BP1 protein content at 4
days post-injury (see Figure 4.36d). On the other hand, they showed
significantly higher increment of 4E-BP1 protein content at 7 days postinjury (see Figure 4.37d). Notably, the increment in p-4E-BP1 was
significantly higher in G6PD-Tg mice at 7 days post-injury (see Figure
4.37f). Finally, the increment in 4E-BP1 activation (measured as the ratio
p-4E-BP1/4E-BP1) was significantly higher in G6PD-Tg mice at 4 days
(see Figure 4.36h) and at 7 days post-injury (see Figure 4.37h).
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Figure 4.36 Protein content of 4E-BP1 and p-4E-BP1, and the ratio p-4EBP1/4E-BP1 in gastrocnemius at 4 days post-injury in WT and G6PD-Tg
mice.
(a,b) Representative immunoblots of 4E-BP1 and p-4E-BP1. (c,e,g) Protein
content of 4E-BP1 and p-4E-BP1, and the ratio p-p4E-BP1/4E-BP1, respectively,
from WB quantification at 4 days. For WT and G6PD-Tg basal groups n = 3, and
for WT and G6PD-Tg CTX 4 groups n = 4. (d,f,h) Increment in protein content
of 4E-BP1 and p-4E-BP1, and in the ratio p-4E-BP1/4E-BP1, respectively, from
WB quantification at 4 days. Increment calculated as the difference between the
level at time post-injury and the basal level for the correspondent group. The
units are arbitrary and different. For WT group n = 7 and for G6PD-Tg group
n = 7. Data are means and error bars represent the SEM (for panels c,e,g) or the
SD (for panels d,f,h). Statistical significance was assessed using the two-tailed
Student’s t-test (for panels c,e,g) or the Welch’s t-student test (for panels d,f,h):
**p<0.01; *p<0.05.
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Figure 4.37 Protein content of 4E-BP1 and p-4E-BP1, and the ratio p-4EBP1/4E-BP1 in gastrocnemius at 7 days post-injury in WT and G6PD-Tg
mice.
(a,b) Representative immunoblots of 4E-BP1 and p-4E-BP1. (c,e,g) Protein
content of 4E-BP1 and p-4E-BP1, and the ratio p-p4E-BP1/4E-BP1, respectively,
from WB quantification at 7 days. For WT and G6PD-Tg basal groups n = 3, and
for WT and G6PD-Tg CTX 7 groups n = 4. (d,f,h) Increment in protein content
of 4E-BP1 and p-4E-BP1, and in the ratio p-4E-BP1/4E-BP1, respectively, from
WB quantification at 7 days. Increment calculated as the difference between the
level at time post-injury and the basal level for the correspondent group. The
units are arbitrary and different. For WT group n = 7 and for G6PD-Tg group
n = 7. Data are means and error bars represent the SEM (for panels c,e,g) or the
SD (for panels d,f,h). Statistical significance was assessed using the two-tailed
Student’s t-test (for panels c,e,g) or the Welch’s t-student test (for panels d,f,h):
***p<0.001; **p<0.01; *p<0.05.
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The conclusion of these experiments is that G6PD overexpression does
not enhance protein synthesis during skeletal muscle regeneration as
evidenced by the disparate differences obtained in the activation of AKT,
p70S6K, and 4E-BP1 when comparing G6PD-Tg mice to WT mice.
Although the production of R5P is associated with the increase in RNA
and protein synthesis (Wagner et al., 1978), we hypothesized that our
transgenic mouse model supplies the NADPH oxidase system with the
additional amount of NADPH that they produce.

160

CONCLUSIONS

Conclusions

5.1 General conclusion
The main conclusion of this PhD thesis is that moderate systemic
overexpression of G6PD constitutes a beneficial intervention in mice for
improving healthspan. This improvement is achieved through higher
cellular NADPH levels and, as a consequence, better protection from the
age-related ROS damage. This genetic manipulation neither improves or
worsens skeletal muscle regeneration.

5.2 Specific conclusions
1. G6PD-Tg mice show ~ 2-fold overexpression of G6PD mRNA, a
similar increase in G6PD protein levels, and higher G6PD activity
in the tissues examined. This overexpression is accompanied by an
increase in NADPH levels, as well as higher plasma uric acid and
lactate levels indicating an activation of the PPP pathway.
2. Moderate overexpression of G6PD in mice extends average
lifespan in females and partially prevents the aging-associated
functional decline. In particular, old G6PD-Tg male mice are more
glucose tolerant and insulin sensitive, and old G6PD-Tg females
display better results in neuromuscular fitness.
3. ROS-derived damage at old age is lower in mice with moderate
overexpression of G6PD. Females and males accumulate less
oxidized DNA in the liver and brain. In the liver, females also
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display lower levels of lipid peroxidation and an increase in the
GSH:GSSG ratio due to higher GSH levels.
4. Moderate overexpression of G6PD in mice does not accelerate
skeletal muscle regeneration after CTX injury. This genetic
manipulation does not overstimulate protein synthesis. On the
contrary, it induces a prooxidant environment, which might be
attributed to the NADPH oxidase enzyme.
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LA SOBREEXPRESIÓN MODERADA DE LA ENZIMA
GLUCOSA-6-FOSFATO DESHIDROGENASA MEJORA LA
CALIDAD DE VIDA EN RATONES. IMPLICACIONES EN LA
REGENERACIÓN DEL MÚSCULO ESQUELÉTICO

INTRODUCCIÓN
En el siglo XX la población mundial experimentó un gran aumento de la
esperanza de vida debido principalmente al avance en los sistemas de salud
pública (prevención de enfermedades), de la medicina y de la nutrición,
entre otros (Viña et al., 2016a). En España y otros países la pirámide
poblacional se ha invertido, lo que significa que hay una mayor proporción
de personas mayores que de niños. En este contexto, la investigación en el
ámbito del envejecimiento ha adquirido una gran relevancia por su
impacto económico y social.
Muchos laboratorios han intentado alargar la vida en animales
mediante la manipulación genética y las "mejoras en el estilo de vida".
(Borrás et al., 2011; Matheu et al., 2007). Sin embargo, en los últimos 1015 años, el objetivo ha cambiado de buscar aumentar la expectativa de vida
media e incluso máxima a favorecer un envejecimiento saludable (GarcíaVallés et al., 2013; Viña et al., 2014). Uno de los principales motivos que
han originado este cambio de paradigma es que la mejora de la
supervivencia del ser humano sin tener en cuenta la mejora de la salud
puede derivar en un largo período de vida con discapacidades y, por lo
tanto, convertirse en un factor de riesgo para que la población de edad
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avanzada sufra una mayor prevalencia de enfermedades relacionadas con
el envejecimiento (Olshansky, 2018). De hecho, los tratamientos
modernos contra las enfermedades a menudo disminuyen la mortalidad
pero no tienen ningún efecto sobre el deterioro de la salud general
(Kennedy et al., 2014). En este contexto, debe destacarse el concepto de
fragilidad, un síndrome geriátrico que se caracteriza por una disminución
de la función de múltiples sistemas y de las reservas fisológicas, lo cual
deriva en una mayor vulnerabilidad y una menor capacidad para combatir
las agresiones externas. En consecuencia, este síndrome conduce a un
mayor riesgo de discapacidad, hospitalización y muerte temprana (Fried
et al., 2001; Inglés et al., 2014; Rodríguez-Mañas and Fried, 2015).
Afortunadamente, el inicio de la fragilidad puede retardarse e incluso
prevenirse, siendo el ejercicio físico la intervención más efectiva para ello
en humanos (Casas Herrero et al., 2015; Tarazona-Santabalbina et al.,
2016).
Para el diseño de intervenciones y tratamientos orientados a disminuir
las enfermedades crónicas asociadas al envejecimiento, es necesario
conocer en profundidad los mecanismos subyacentes a la biología del
envejecimiento (Burch et al., 2014). Muchas teorías coinciden en
considerar que una de las principales causas del envejecimiento es la
acumulación de daño molecular, el cual se origina mayoritariamente por
especies reactivas de oxígeno —ERO— (Sergiev et al., 2015). La teoría del
envejecimiento debido a los radicales libres, postulada por Denham
Harman en 1956, establece que el envejecimiento y las enfermedades
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degenerativas asociadas a este se deben a la acumulación progresiva e
irreversible de daño oxidativo causado por ERO (Harman, 1956). Aunque
las ERO tienen un papel fisiológico impresdincible en la señalización
molecular, durante el envejecimiento su regulación y la reparación
oxidativa se vuelven menos eficiente, lo que resulta en el incremento de la
producción de ERO y la consecuente acumulación del daño oxidativo
derivado de ello (Pacifici and Davies, 1991). En base a esto, las
intervenciones dirigidas a pontenciar los sistemas antioxidantes han
adquirido mucha relevancia en el campo y se ha demostrado que la
sobreexpresión de enzimas antioxidantes en ratones mejora la calidad de
vida y, en algunos pocos casos, aumenta la esperanza de vida (Hamilton et
al., 2012).
La protección contra el daño oxidativo depende en gran medida de la
mólecula nicotinamida adenina dinucleótido fosfato (NADP) en su forma
reducida: NADPH. Este cofactor otorga poder reductor a la glutatión
reductasa (GR) y a la tiorredoxina reductasa (TrxR), que a su vez son
utilizadas (directa o indirectamente) por las glutatión peroxidasas (GPxs),
las glutarredoxinas (Grxs) y las peroxirredoxinas (Prxs). Además, NADPH
contribuye al mantenimiento de la forma activa de la catalasa, otra enzima
muy importante para la detoxificación de ERO (Fernández-Marcos and
Nóbrega-Pereira, 2016). Entre estos mecanismos, destaca su contribución
en la regeneración del glutatión reducido (GSH). Cuándo tienen lugar
ataques oxidativos en el organismo, la enzima glutatión peroxidasa (GPx)
cataliza la reacción en la cual el GSH (glutatión reducido) se oxida a GSSG
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(glutatión oxidado), y la GR permite la reducción inmediata del GSSG
producido a GSH, siendo necesario para ello el cofactor NADPH como
agente reductor (Masella and Mazza, 2009). El aumento de los niveles de
GSH conduce a una mayor actividad antioxidante en la célula y, por lo
tanto, a que esté más protegida frente al daño oxidativo (Sies, 1986).
Los niveles de NADPH son determinados principalmente por la
enzima glucosa-6-fosfato deshidrogenasa (G6PD), la enzima limitante de
la vía de las pentosas fosfato (PPP). En concreto, la G6PD cataliza la
conversión de la glucosa-6-fosfato (G6P) a 6-fosfo-glucono-delta-lactona
(d-6PGL), generando NADPH a partir de NADP+ (Stincone et al., 2015;
Wamelink et al., 2008). Además, la G6PD promueve la producción de
ribulosa-5-fosfato (Ru5P), precursor que se necesita para la formación de
la cadena de fosfato-azúcar del ADN y del ARN (Akram et al., 2019;
Stincone et al., 2015).
La enzima G6PD también está implicada en el proceso de regeneración
del músculo esquelético (Wagner et al., 1977, 1978). Este tejido tiene la
capacidad de regenerar nuevas fibras musculares en respuesta a un daño
causado por una lesión o derivado de una patología, como ocurre en el
caso de las distrofias musculares (Carlson, 1973; Tedesco et al., 2010). Las
células madre del músculo esquelético, denominadas células satélite (SCs),
son las principales responsables del proceso de regeneración muscular
(Tedesco et al., 2010). Este tiene lugar en cinco fases: necrosis
(degeneración),

inflamación,

regeneración,

remodelamiento

y

maduración/reparación funcional (Musarò, 2014). Durante este proceso,
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especialmente durante las primeras horas tras la inducción del daño
muscular, la actividad G6PD y la de otras enzimas de la PPP experimentan
un aumento dramático (Wagner et al., 1978). En este sentido, Wagner y
sus colaboradores encontraron que la lesión muscular inducía una mayor
activación de la PPP con el consiguiente incremento en la producción de
ribosa-5-fosfato (R5P), lo que a su vez se asoció con un aumento en la
síntesis de ARN y proteínas (Wagner et al., 1978). La G6PD, debido a su
rol crucial en la protección antioxidante, también contribuiría a mantener
un estado redox favorable en las SCs, las cuales necesitan una protección
antioxidante robusta para prevenir el daño citotóxico y garantizar una
completa y efectiva regeneración muscular (Le Moal et al., 2017). De
hecho, estas células muestran niveles fisiológicos de GSH más altos que los
mioblastos, lo que sugiere un vínculo directo entre el potencial
antioxidante y la capacidad regenerativa (Urish et al., 2009).

OBJETIVOS
Objetivo general
Dado que los niveles homeostásicos de NADPH determinan en gran
medida la tasa de daño derivado de ERO, el objetivo general de la presente
Tesis Doctoral es estudiar in vivo el efecto de la sobreexpresión moderada
de la enzima G6PD en los parámetros de estrés oxidativo y en diferentes
indicadores de funcionalidad del organismo que empeoran con el
envejecimiento, así como determinar el efecto de esta manipulación
genética en la capacidad de regeneración del músculo esquelético. Todo
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ello, utilizando un modelo de ratón transgénico con una sobreexpresión
ubicua moderada de la G6PD humana bajo el control de su promotor
natural (denominado como ratón G6PD-Tg).
Objetivos específicos
1. Caracterizar a los ratones G6PD-Tg analizando en diferentes
tejidos la expresión de la G6PD, los niveles de proteína y la
actividad enzimática, así como determinando la actividad de la
PPP y los niveles de NADPH.
2. Evaluar el efecto de la sobreexpresión moderada de la G6PD en la
esperanza de vida y en el deterioro funcional asociado al
envejecimiento en ratones, mediante la determinación de
diferentes biomarcadores de calidad de vida, como la tolerancia a
la glucosa, la sensibilidad a la insulina y la aptitud neuromuscular.
3. Evaluar el impacto de la sobreexpresión moderada de la G6PD en
el daño derivado de ERO en ratones, mediante la determinación en
distintos tejidos de los niveles de daño oxidativo a diferentes
macromoléculas y del ratio GSH:GSSG en el hígado.
4. Estudiar el efecto de la sobreexpresión moderada de la G6PD en la
capacidad de regeneración del músculo esquelético a diferentes
tiempos después de la lesión con cardiotoxina (CTX) en ratones,
mediante la determinación de parámetros de regeneración
avanzada y marcadores de estrés oxidativo y de síntesis de
proteínas.
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METODOLOGÍA
Generación de los ratones transgénicos
Los ratones transgénicos G6PD se generaron en el Centro Nacional de
Investigaciones Oncológicas (CNIO). Para la generación de los mismos, se
utilizó un extenso fragmento genómico intacto (20.1 Kb) que comprendía
el gen G6PD humano completo, incluidas las secuencias reguladoras
upstream y downstream (Corcoran et al., 1996).
Experimentación animal
La experimentación con animales fue realizada de acuerdo con los
protocolos aprobados por el Comité de Ética de Investigación y Bienestar
Animal del CNIO-ISCIII (CEIyBA) y por el Comité de Ética de
Investigación y Bienestar Animal de la Universidad de Valencia.
La composición corporal se determinó mediante absorciometría con
rayos X de doble energía (DEXA) en un aparato Lunar PixiMUS (GEHC).
El test de tolerancia a la glucosa (GTT) se realizó en animales bajo
condiciones de ayuno nocturno. A los ratones se les inyectó por vía
intraperitoneal (IP) 2 g/kg de dextrosa (Sigma) disuelta en solución salina
estéril y los niveles de glucosa en sangre se midieron a diferentes tiempos,
mientras que a los animales se les permitió beber libremente.
El test de tolerancia a la insulina (ITT) se realizó en animales sin haber
ayunado. A los ratones se les inyectó por vía IP 0.75 U/kg de insulina
(Humumil, Lilly) y los niveles en sangre se midieron a diferentes tiempos,
mientras que a los animales se les permitió beber libremente.
173

Resumen en Español

Se llevó a cabo un completo sistema de monitorización de animales de
laboratorio utilizando el aparato Oxylet (Panlab-Harvard Apparatus). Con
los datos obtenidos, se calculó el gasto energético de los aniamles. Además,
durante todo el periodo de medición, se registró la actividad motora y la
ingesta de comida y agua en intervalos de 20 min.
La prueba del Rotarod se realizó utilizando el aparato de Rotarod
(Panlab). Específicamente, los animales fueron entrenados con 3 rondas
de pruebas rotarod durante 3 días y, al 4to día, se registraron los datos de
3 experimentos sucesivos.
Para evaluar la resistencia al paraquat, a los ratones se les inyectó por
vía IP una dosis letal de paraquat (60 mg/kg), y su fracción de
supervivencia se evaluó cada 12 h. El experimento se finalizó a los 5 días
(120 h) después de la inoculación con paraquat.
La regeneración del músculo esquelético se indujo mediante inyección
intramuscular de CTX (Latoxan; 10-5 M) en los músculos gastrocnemio y
tibial anterior (TA), tal y como se describe en el estudio de Suelves y
colaboradores (Suelves et al., 2007).
Para determinar la síntesis de proteínas in vivo, se utilizó el método
SUnSET. A los animales se les inyectó puromicina por vía IP, como se
describe en el estudio de Goodman y colaboradores (Goodman et al.,
2011). Los ratones permanecieron en ayunas durante 4 h antes de la
inyección. Exactamente a los 30 min después de la inyección, los músculos
gastrocnemio y TA se diseccionaron simultáneamente y se almacenaron a
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– 80 °C hasta el análisis. La incorporación de puromicina se determinó
mediante la técnica Western Blotting (detallada más adelante).
Experimentos de cultivo celular
Para los ensayos de viabilidad, los fibroblastos de embrión de ratón
(MEFs) fueron tratados con diamida (0.6 mM) durante 4 h o con paraquat
(0.4 mM) durante 24 h. Las células se tiñeron con violeta de cresilo (Sigma)
y la viabilidad celular se determinó midiendo la absorbancia a 595 nm.
Western Blotting
Los extractos de proteína se obtuvieron tras la homogeneización de los
tejidos y lisis celular. La concentración de proteínas se determinó mediante
el método Bradford (Bradford, 1976). Las muestras de proteínas (40 µg) se
mezclaron con el tampón específico para la preparación de muestras,
fueron separaradas mediante electroforesis en geles de dodecil sulfato de
sodio y poliacrilamida (SDS-PAGE) y transferidas a membranas de
nitrocelulosa o fluoruro de polivinilideno (PVDF). Estas fueron incubadas
por la noche a 4 °C con los anticuerpos primarios apropiados. Al día
siguiente, las membranas se incubaron con el correspondiente anticuerpo
secundario durante 1 h a temperatura ambiente. Las proteínas específicas
se visualizaron mediante quimioluminiscencia mejorada utilizando el
sistema ImageQuant LAS-4000 (GE, Healthcare, EE. UU.). La
densitometría de las bandas y de las membranas teñidas con el colorante
rojo Ponceau (control de carga), se realizó con el programa Image J (NIH,
EE. UU.), un software de análisis de imágenes de dominio público.
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Análisis del ARN
El ARN total de los tejidos o de las células se extrajo utilizando el reactivo
TRIZOL (Life Technologies). Posteriormente fue purificado con el kit
RNA cleanup (Qiagen, 74104) y tratado con ADNasa I (Qiagen). Se llevó a
cabo una transcripción reversa

para la

obtención del

DNA

complementario (cDNA) de las muestras utilizando cebado aleatorio y
Superscript Reverse Transcriptase (Life Technologies), de acuerdo con las
instrucciones del fabricante. La PCR cuantitativa en tiempo real (RT-PCR)
se realizó utilizando el mix DNA master SYBR Green I (Applied
Biosystems). Los resultados se cuantificaron mediante el método ΔCt.
Determinaciones bioquímicas
La actividad enzimática de la G6PD fue determinada como se describe en
el estudio de Waller y colaboradores (Waller et al., 1957).
El NADPH se determinó a partir de lisados de tejidos utilizando el kit
de

cuantificación

NADP+/NADPH

(BioVision),

siguiendo

las

instrucciones del fabricante.
La determinación de la concentración de ácido úrico en plasma se
realizó en un analizador automatizado Randox Daytona utilizando un kit
comercial (URIC ACID Liquid Mono Reagent, COLORIMETRIC RX
DaytonaTM, Randox, France), siguiendo el protocolo del fabricante.
Para las mediciones de lactato en plasma, se extrajo una muestra de
sangre de la aorta abdominal en tubos con heparina de litio (microvette,
SARSTEDT) y se centrifugó a 2.000g durante 5 min a temperatura
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ambiente, según las instrucciones del fabricante. Luego se recogió el
plasma y se almacenó a – 80 °C para análisis posteriores. Se agregaron
aproximadamente 50 µl de plasma a una cubeta que contenía un tampón
de hidracina/glicina con NAD+ y lactato deshidrogenasa, y se incubaron
durante 30 min a 37 °C. La formación de NADH se mide por el aumento
de la extinción a 340 nm y se corrige restando el valor obtenido para el
blanco del reactivo. La producción de lactato en eritrocitos se determinó
siguiendo el método utilizado en el estudio de Miwa y colaboradores
(Miwa et al., 1990).
El daño oxidativo al ADN se midió mediante la determinación del
producto 8-hidroxi-2'-desoxiguanosina (8-OHdG), siguiendo el método
utilizado por Brioche y colaboradores (Brioche et al., 2014). Para medir el
ADN oxidado, se usó un ensayo por inmunoabsorción ligado a enzimas
comercialmente disponible (OxiSelect Oxidative DNA Damage ELISA
Kit, Cell Biolabs).
Los niveles de malondialdehído (MDA) se determinaron mediante
cromatografía liquida de alta eficacia —HPLC— (Wong et al., 1987).
Para la determinación de los niveles de proteínas carboniladas, las
muestras fueron derivatizadas con el kit Oxi-BlotTM protein oxidation
detection kit (Millipore, EE. UU.). La posterior inmunodetección se
realizó mediante la técnica western blotting (descrita anteriormente).
Los niveles de GSH y GSSG se determinaron mediante HPLC
utilizando el método desarrollado por Asensi y colaboradores para medir
GSSG en presencia de un gran exceso de GSH (Asensi et al., 1994).
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Histología e inmunohistoquímica
Los músculos gastrocnemio y TA de uno de los miembros posteriores de
los ratones se congelaron en isopentano enfriado con nitrógeno líquido y
se almacenaron a – 80 °C hasta su análisis. Se realizaron cortes
transversales en serie (10 μm de grosor) de estos músculos utilizando un
criostato mantenido a – 25 °C y las muestras se montaron sobre
portaobjetos de vidrio para microscopio. Solo las criosecciones de los
músculos TA se tiñeron con hematoxilina y eosina (HE) o se
inmunotiñeron con el anticuerpo anti la isoforma embrionaria de la
cadena pesada de la miosina (eMHC). La tinción de las criosecciones con
el anticuerpo anti-eMHC (F1.652, Developmental Studies Hybridoma
Bank) se realizó utilizando el Kit de inmunotinción M.O.M. (Vector
Laboratories), siguiendo las instrucciones del fabricante.
Análisis de imagen
Todos los portaobjetos fueron digitalizados con el escáner de
preparaciones microscópicas Panoramic Midi 3 (3DHISTECH Ltd.
Budapest, Hungría) con un aumento del 20x. Para cuantificar el tamaño
de miofibra, se delinearon 300 fibras representativas de cada muestra y se
determinó su área de sección transversal (CSA) con el Image J (NIH,
EE.UU.), un software de análisis de imágenes de dominio público.
Métodos estadísticos
Los análisis estadísticos y los gráficos se realizaron utilizando el software
GraphPad Prism 7. Los datos cuantitativos mostrados como histogramas
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se expresan como medias ± SEM (error estándar de la media), o
medias ± SD (desviación estándar) en algunos casos, representados como
barras de error. Los resultados de cada grupo se promediaron y se usaron
para calcular la estadística descriptiva. El nivel de significación estadística
se estableció en p<0.05.
La distribución normal de los grupos de muestras se evaluó con la
prueba de Shapiro-Wilk. La igualdad de varianzas de los grupos de
muestras se evaluó mediante la prueba F.
Se utilizó el test de Logrank para determiner las diferencias
estadísticamente significativas entre las curvas de supervivencia de dos
grupos.
Se realizó un análisis de la covarianza (ANCOVA) para evaluar las
diferencias estadísticamente significativas entre el gasto energético de dos
grupos, incluyendo la masa corporal magra como covariable en este
análisis.
Para comparar dos grupos diferentes, se utilizó la prueba t de Student,
o la prueba U de Mann-Whitney (dos muestras independientes) en el caso
de una distribución no normal, para comparaciones por pares entre
grupos en cada punto de tiempo.
En algunos análisis del estudio de regeneración, para comparar entre
los grupos WT y G6PD-Tg, se usó la prueba t de Welch para la varianza
desigual utilizando la fórmula del incremento de la variable medida en la
población en un tiempo de muestreo con respecto a la población basal.
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RESULTADOS Y DISCUSIÓN
Caracterización de los ratones G6PD-Tg
Los ratones G6PD-Tg generados expresaron en los tejidos examinados ~ 2
veces más los niveles de ARNm de G6PD, mostraron un aumento similar
en los niveles de proteína G6PD, y también una mayor actividad de la
G6PD. Estos resultados reproducen los obtenidos por Corcoran y
colaboradores en el mismo modelo de ratón transgénico (Corcoran et al.,
1996). De acuerdo con el papel de la G6PD en el mantenimiento de las
reservas de NADPH, los animales G6PD-Tg mostraron un aumento
significativo en los niveles de NADPH en el hígado y en el cerebro. Estos
resultados concuerdan con los hallazgos en estudios previos en los que los
niveles bajos de NAPDH se asociaron con una disminución o inhibición
de la actividad de la G6PD (Xu et al., 2005; Zhang et al., 2000) y, al
contrario, la sobreexpresión de la G6PD contribuyó a mejorar la
producción de NAPDH (Legan et al., 2008; Leopold et al., 2003a, 2003b).
Además de generar NADPH, la PPP también produce nucleótidos. En este
sentido, el ácido úrico es el principal producto final del metabolismo de
los nucleótidos y, por lo tanto, los niveles de ácido úrico se pueden usar
como una medida indirecta de este proceso (Banfi et al., 2012). Los ratones
G6PD-Tg mostraron niveles más altos de ácido úrico en plasma que sus
sus controles WT. Además, la producción de lactato en eritrocitos y los
niveles de lactato en plasma también experimentaron un aumento
significativo en los ratones G6PD-Tg, en comparación con los ratones WT.
Este aumento se justifica por el hecho de que los intermediarios
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glucolíticos generados por la PPP podrían promover un flujo glucolítico
elevado (Williamson et al., 1967; Ying, 2008) que afectaría a los niveles del
lactato.
Se determinó si los niveles más altos de NADPH observados en los
ratones G6PD-Tg tenían un impacto en dos ensayos funcionales que
dependen de NADPH. Para ello, en primer lugar, se testeó la supervivencia
de los MEFs a la diamida, un tiol oxidante que oxida el glutatión (GSH),
agotando así el reservorio NADPH (Li et al., 2009). Los resultados
mostraron que los MEFs de los ratones G6PD-Tg fueron más resistentes a
la diamida en comparación con los MEFs de los ratones WT, lo que se
atribuye a sus mayores niveles de expresión de la G6PD. En segundo lugar,
se testeó la supervivencia celular al paraquat, un fármaco altamente tóxico
cuya activación por NADPH-citocromo c reductasa depende de los niveles
de NADPH (Kuo et al., 2000). En consecuencia, los MEFs de los ratones
G6PD-Tg fueron más sensibles al paraquat en comparación con los MEFs
de los ratones WT. Una tendencia similar se observó cuando los ratones
fueron tratados con paraquat, siendo los ratones G6PD-Tg más sensibles
que los ratones WT a la letalidad causada por este tóxico.
La calidad de vida mejora en los ratones G6PD-Tg
Basándonos en que la sobreexpresión de la G6PD alarga la vida en moscas
Drosophila Melanogaster (Legan et al., 2008), estudiamos la esperanza de
vida y el envejecimiento de los ratones G6PD-Tg. Destacadamente, las
hembras G6PD-Tg alcanzaron una mayor esperanza de vida media (3,45
meses o 13,7%), pero no así los machos G6PD-Tg. La razón de la diferencia
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entre la supervivencia de machos y hembras G6PD-Tg podría deberse al
hecho de que los estrógenos aumentan la expression de ARNm de la G6PD
(Ibim et al., 1989; Sun et al., 2014). Respecto a la esperanza de vida máxima,
ni las hembras ni los machos G6PD-Tg mostraron diferencias
significativas respecto a los ratones WT de su misma camada. De forma
similar, el modelo de ratón transgénico con sobreexpresión de la Trx1
muestra un incremento significativo en la esperanza de vida media pero
no en la esperanza de vida máxima (Pérez et al., 2011).
Con el fin de determinar si la sobreexpresión moderada de la enzima
G6PD podría tener un impacto en el declive funcional del organismo
asociado al envejecimiento, se utilizó una cohorte homogénea de ratones
WT y G6PD-Tg de edades similares para realizar experimentos
fenotípicos. La intolerancia a la glucosa y la resistencia a la insulina están
asociadas al envejecimiento del ratón y estos procesos son más
pronunciados en los machos que en las hembras. Los resultados en estas
determinaciones mostraron que los machos G6PD-Tg de 1 año de edad,
pero no las hembras, fueron más tolerantes a la glucosa y más sensibles a
la insulina que los ratones WT de su misma camada. Estudios previos en
humanos, monos y ratones muestran que los machos tienen un mayor
riesgo que las hembras de padecer resistencia a la insulina (Geer and Shen,
2009; Parks et al., 2015; Wagner et al., 1998) así como intolerancia a la
glucosa con la edad (Brewer et al., 2016; Macotela et al., 2009; Wilson et
al., 2016). Por este motivo, no es sorprendente que los efectos beneficiosos
de la sobreexpresión de la G6PD, en la tolerancia a la glucosa y en la
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sensibilidad a la insulina, sean más evidentes en machos que en hembras.
Además, estos resultados no se relacionaron con cambios significativos en
el gasto de energía, la ingesta de alimentos y agua, y la actividad
locomotora. Tampoco hubo diferencias significativas, entre los ratones
G6PD-Tg y los ratones WT, en el peso y la composición corporal.
Finalmente, para completar el análisis fenotípico de los animales, se evaluó
la aptitud neuromuscular, ya que la función motora se considera un
biomarcador de salud (Justice et al., 2014). Para su evaluación, ratones de
1.5-2 años de edad fueron sometidos al test del rotarod, una prueba
firmemente validada para determinar el efecto de la edad sobre la función
motora global (Fischer et al., 2016; Mitchell et al., 2018). Los resultados
obtenidos mostraron una mejora significativa en el rendimiento de las
hembras G6PD-Tg, medido como tiempo de permanencia en la rueda
giratoria sin caerse. En cuanto a los machos G6PD-Tg, estos mostraron
una tendencia de mejora pero no alcanzó la significación estadística. De
nuevo, la regulación positiva de los estrógenos sobre la expresión de la
G6PD podría ser la causa de este efecto fenotípico del alelo transgénico
G6PD que se observa en hembras pero no en machos. En general, los
resultados obtenidos están en línea con los de previos estudios basados en
otros modelos de ratón con sobreexpresión de enzimas detoxificante de
ERO dependientes de NADPH (Hamilton et al., 2012). Este es el caso de
los ratones Gpx1-Tg, Grx-Tg, Prx2-Tg y Trx1-Tg, los cuales mostraron
neuroprotección (Crack et al., 2003; Ferri et al., 2010; Gan et al., 2012;
Zhou et al., 2009), o los ratones Trx1-Tg, Grx1-Tg, Grx2-Tg, Gpx4-Tg y
Trx2-Tg, los cuales mostraron estar protegidos frente al daño
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cardiovascular (Adluri et al., 2011, 2012; Diotte et al., 2009; Guo et al.,
2008; Widder et al., 2009). Por el contrario, en los ratones knockout para
la GPx (Gpx1, Gpx2 y Gpx5), la Grx (Grx1 y Grx2), y la Prx (Prx3, Prx4 y
Prx6) la calidad de vida empeoró (Hamilton et al., 2012).
Los ratones G6PD-Tg viejos tienen un menor daño derivado de las ERO
Dado que el daño derivado de ERO aumenta continuamente con la edad
(Kasapoglu and Özben, 2001; Sinitsyna et al., 2006) y algunas
manipulaciones con antioxidantes mejoran el envejecimiento (Hamilton
et al., 2012), se evaluó el efecto de una mayor expresión y actividad de la
G6PD sobre del daño derivado de ERO. En primer lugar, se analizó la
expresión y la actividad de la G6PD en el hígado, el cerebro y el músculo
de ratones a diferentes edades. La expresión de la G6PD se incrementó en
el hígado y cerebro de ratones G6PD-Tg jóvenes y viejos, mientras que la
actividad de la G6PD aumentó en el hígado y en el músculo de ratones
G6PD-Tg jóvenes y viejos. En segundo lugar, se determinó la expresión de
genes antioxidantes para comprobar si la sobreexpresión de la G6PD
podría afectar a la expresión de estos genes durante el envejecimiento.
Aunque la expresión de algunos genes antioxidantes (Cat, Sod1 y Txnrd1)
se incrementó en hembras jóvenes G6PD-Tg, todos los genes analizados
mostraron una reducción global en su expresión con la edad, sin
observarse diferencias entre los ratones WT y los G6PD-Tg, con
independencia del sexo. Otros estudios también muestran una
disminución en la expresión de enzimas antioxidantes con la edad, tanto
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en roedores (Sinitsyna et al., 2006) como en humanos (Kasapoglu and
Özben, 2001).
Con el fin de evaluar el impacto de la sobreexpresión de la G6PD en el
daño derivado de ERO, se determinó el daño oxidativo a macromoléculas
en ratones jóvenes y viejos. Los ratones viejos G6PD-Tg, machos y
hembras, mostraron en hígado y cerebro niveles más bajos de daño
oxidativo al ADN (medido como 8-OHdG). Así mismo, las hembras viejas
G6PD-Tg también mostraron una disminución en la oxidación de lípidos
en el hígado (medido como MDA), pero no en el cerebro. No se
observaron cambios en la oxidación de proteínas (medida como proteínas
carboniladas), y cabe destacar que los machos viejos G6PD-Tg, pero no las
hembras, presentaron un aumento pequeño pero significativo en la
carbonilación de proteínas en el cerebro. De acuerdo con estos hallazgos,
y apoyando aún más el papel de la G6PD en la desintoxicación de ERO
dependiente de NADPH, el hígado de hembras G6PD-Tg de 2 años de
edad mostró un aumento del ratio GSH:GSSG. Estos resultados respaldan
los obtenidos por Legan y colaboradores, quienes encontraron que la
sobreexpresión de G6PD en moscas proporcionaba resistencia contra el
estrés oxidativo debido a un aumento en la relación redox GSH:GSSG
(Legan et al., 2008). Además, la protección contra el daño oxidativo que
muestran los ratones G6PD-Tg está en línea con las observaciones de otros
estudios basados en modelos de ratón con sobreexpresión de enzimas
detoxificantes de ERO dependientes de NADPH. Estas investigaciones
han demostrado que la sobreexpresión de estas enzimas confiere
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resistencia frente al estrés oxidativo y promueve la reducción del daño
oxidativo, mientras que los ratones knockout antioxidantes son más
vulnerables al estrés oxidativo y acumulan más daño oxidativo (Styskal et
al., 2012).
La capacidad de regeneración del músculo esquelético no mejora en los
ratones G6PD-Tg
En base a que los ratones G6PD-Tg muestran una mejor calidad de vida,
asociada a la protección frente al daño oxidativo, nos planteamos estudiar
con mayor profundidad el músculo esquelético de estos ratones. En
concreto, la respuesta de regeneración muscular ante un daño ya que la
G6PD ejerce una papel crítico en regulación el estado redox intracelular
durante la proliferación celular (Tian et al., 1998), la cual es indispensable
para que el proceso de regeneración muscular sea exitoso (Chargé and
Rudnicki, 2004). Además, la G6PD promueve la producción de R5P,
precursor necesario para la síntesis de nucleótidos. A este respecto,
Wagner y colaboradores encontraron que la inhibición de la síntesis de
mRNA y proteínas estaba relacionada con la inhibición de la G6PD
(Wagner et al., 1978).
Para evaluar el papel de la enzima G6PD durante el proceso de
regeneración muscular, los músculos tibial anterior (TA) y gastrocnemio
de ratones hembra jóvenes WT y G6PD-Tg fueron inducidos a regenerarse
tras la inyección intramuscular de CTX, que causa lesiones agudas y un
deterioro rápido de las fibras musculares mientras que se mantiene la
reserva de SCs. La lesión muscular inducida por CTX es uno de los
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métodos más reproducible (Chargé and Rudnicki, 2004; Garry et al.,
2016). En este estudio, la CTX provocó una pérdida de la arquitectura
muscular en el TA lesionado a los 4 días después de la lesion, debido a la
necrosis de las miofibras y a la activación de la respuesta inflamatoria. Más
tarde, a los 7 y a lo 10 días después de la lesión, las miofibras en
regeneración de los ratones WT y G6PD-Tg mostraron signos de
regeneración avanzada, como es la aparición de grandes fibras con núcleos
centrales. Además, se analizó el CSA de las nuevas miofibras en
regeneración con núcleos centrales a distintos tiempos tras la inducción
del daño muscular, así como el tamaño de las miofibras que expresaron la
eMHC, un marcador temprano de regeneración muscular (García-Prat et
al., 2016; Sousa-Victor et al., 2014), a los 4 días después de la lesión. Los
análisis de estos parámetros no mostraron diferencias significativas entre
los ratones WT y los G6PD-Tg, lo que indica que la sobreexpresión
moderada de la G6PD no acelera el proceso de regeneración muscular.
Además, tampoco hubo diferencias significativas en la frecuencia de la
distribución según el tamaño de la fibra, la cual fue determinada para
ambos parámetros.
Sobre la base de que la sobreexpresión de la G6PD protege frente al
estrés oxidativo en ratones, se determinó mediante Western Blotting (WB),
a diferentes tiempos tras la lesión con CTX en gastrocnemio, la expresión
de p38 MAPK (proteina kinasa activada por mitógenos), así como el daño
oxidativo a proteínas y lípidos (medido como carbonilación de proteínas
y niveles de MDA, respectivamente). Para cada parámetro, se calculó su
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incremento, al determinado tiempo tras la inducción del daño muscular,
respecto a los niveles basales. La lesión por CTX indujo un incremento
significativo en la activación de p38 (medida como la relación p-p38/p38)
en ratones G6PD-Tg a los 4 días después de la lesión. Además, los ratones
G6PD-Tg mostraron un mayor incremento en la carbonilación de
proteínas también a los 4 días después de la lesión con CTX. En el caso de
los niveles de MDA, los ratones G6PD-Tg mostraron un incremento
significativo en este parámetro a los 10 días después de la lesión. En
conjunto, estos resultados muestran un efecto paradójico en los ratones
G6PD-Tg, que difiere de lo esperado inicialmente. La sobreexpresión de la
G6PD parece tener un impacto prooxidante en el músculo esquelético en
regeneración, después de la lesión por CTX, en lugar de conferir
protección frente al estrés oxidativo. Una posible explicación para este
efecto paradójico es que la inflamación inducida por la CTX podría
contribuir a que se activara en mayor medida la NADPH oxidasa en los
ratones G6PD-Tg, ya que estos podrían suministrar más NADPH que los
ratones WT a este sistema, creando así un ambiente prooxidante. En este
sentido, hay que señalar que el NADPH, que se genera principalmente por
la PPP a través de la enzima G6PD, puede servir como un cofactor de la
GR para la regeneración de GSH, pero también como un sustrato para las
enzimas de la NADPH oxidasa, las cuales generan radicales libres (Peiró
et al., 2016; Ying, 2008). Por lo tanto, la inflamación causada por la
inyección de CTX podría promover la utilización del NADPH por la
NADPH oxidasa, en un mecanismo similar al encontrado por Peiró y sus
colaboradores. Estos investigadores demostraron que la sobreactivación
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de la PPP, debido a las citocinas proinflamatorias, era un mecanismo
crítico por el cual la hiperglucemia intensificaba el daño de las células
vasculares (Peiró et al., 2016).
La síntesis de proteínas musculares aumenta después del daño
muscular, durante el proceso de regeneración (Jones, 1982). Mediante la
técnica WB-SUnSET se cuantificó la síntesis proteica global, medida como
incorporación de puromicina (Schmidt et al., 2009). Los animales WT
mostraron un incremento significativo en la incorporación de puromicina
a los 10 días después de la lesión en comparación con los ratones G6PDTg. Un factor de crecimiento muy importante para la estimulación de la
síntesis de proteínas en las miofibras es el factor de crecimiento insulínico
tipo I —IGF-1— (Bark et al., 1998), el cual se regula alza después del daño
muscular (Jennische et al., 1987; Jiao et al., 2013; Tonkin et al., 2015).
Además, la lesión por CTX induce la fosforilación de la proteína kinasa B
(AKT), así como la fosforilación de la proteína ribosomal S6 kinasa —
p70S6K— (Zanou et al., 2012). Esta última proteína, junto con la proteína
de unión al factor de iniciación eucariota 4-E1 (4-EBP1), participa en el
control de la traducción del ARNm a través de la diana de la rapamicina
en mamíferos —mTOR— (Sarbassov et al., 2005). Por ello, se determinó
mediante WB el contenido total de AKT, p70S6K y 4-EBP1, el contenido
de proteína fosforilada para cada una de estas proteínas y la activación de
la proteína (medida como el ratio entre contenido de proteína fosforilada
y contenido de proteína total). Pese a las diferencias encontradas entre los
ratones WT y los G6PD-Tg en estos últimos análisis, los resultados fueron
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dispares sin apuntar hacia una mayor estimulación de la vía
AKT/mTOR/p70S6K en los ratones G6PD-Tg. Aunque la producción de
R5P se asocia con el aumento de la síntesis de ARN y proteínas durante la
regeneración del músculo esquelético (Wagner et al., 1978), no se observa
este efecto en el modelo de ratón transgénico con sobreexpresión
moderada de la enzima G6PD.

CONCLUSIONES
Conclusión general
La principal conclusión de esta Tesis Doctoral es que la sobreexpresión
sistémica moderada de la G6PD constituye una intervención beneficiosa
en ratones para mejorar la calidad de vida. Esta mejora se logra a través de
niveles celulares de NADPH más altos y, como consecuencia, una mayor
protección frente al daño derivado de ERO relacionado con la edad. Esta
manipulación genética no mejora ni empeora la regeneración del músculo
esquelético.
Conclusiones específicas
1. Los ratones G6PD-Tg muestran una sobreexpresión de ~ 2 veces el
mRNA de la G6PD, un aumento similar en los niveles de la
proteína G6PD, y una mayor actividad de la G6PD en los tejidos
examinados. Esta sobreexpresión se acompaña de un aumento en
los niveles de NADPH, así como de niveles más altos de ácido úrico
y de lactato en plasma que indican una activación de la vía PPP.
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2. La sobreexpresión moderada de la G6PD en ratones prolonga la
esperanza de vida media en hembras y previene parcialmente el
deterioro funcional asociado al envejecimiento. En particular, los
ratones machos G6PD-Tg viejos son más tolerantes a la glucosa y
más sensibles a la insulina, y las hembras G6PD-Tg viejas muestran
mejores resultados en la aptitud neuromuscular.
3. El daño derivado de ERO en el envejecimiento es menor en ratones
con sobreexpresión moderada de la G6PD. Las hembras y los
machos acumulan menos ADN oxidado en el hígado y en el
cerebro, y las hembras también muestran niveles más bajos de
peroxidación lipídica en el hígado, así como un aumento en el ratio
GSH: GSSG en este tejido, debido a los niveles más altos de GSH.
4. La sobreexpresión moderada de la G6PD en ratones no acelera la
regeneración del músculo esquelético después de la lesión con
CTX. Esta manipulación genética no sobreestimula la síntesis de
proteínas. Por el contrario, crea un ambiente prooxidante durante
el proceso de regeneración, que podría atribuirse a la enzima
NADPH oxidasa.
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Sarcopenia is a major component of the frailty syndrome, both being considered as strong predictors of morbidity, disability, and death in older people.
In this review, we explore the deﬁnitions of sarcopenia and frailty and summarize the current knowledge on
their relationship with oxidative stress and the possible therapeutic interventions to prevent or treat them,
including exercise-based interventions and multimodal strategies. We highlight the relevance of the impairment
of the nervous system and of the anabolic response (protein synthesis) in muscle aging leading to frailty and
sarcopenia. We also discuss the importance of malnutrition and physical inactivity in these geriatric syndromes.
Finally, we propose multimodal interventions, including exercise programs and nutritional supplementation, as
the strategies to prevent and treat both sarcopenia and frailty.

1. Sarcopenia and frailty: two interrelated concepts
As people age, some physiological changes frequently occur, such as
decreased hormone production, increased oxidative stress, diﬃculty to
provide adequate demand of oxygen to cells, and impairments in physical function. These changes are directly related to the risk of sarcopenia and frailty in the old population [1].
Primary sarcopenia is an age-related syndrome characterized by
progressive and generalized loss of skeletal muscle mass and strength
with a risk of adverse outcomes such as physical disability, poor quality
of life, and death [2]. As we age, skeletal muscle mass and function
(strength and/or performance) progressively decline. Muscle quality is
deﬁned as the force generated by each volumetric unit of muscle tissue
and relates the cross-sectional muscle area to muscle performance. It is
a useful measurement to analyze the age-related changes in muscle
strength [3,4]. Poor lower extremity performance is a strong prognostic
for negative health outcomes associated to aging [5].
Frailty is a complex geriatric syndrome that increases vulnerability
to stressors frequently resulting in a decreased physiologic reserve in
multiple organs that cause limited capacity to maintain homeostasis.
Frailty frequently leads to reduced autonomy and independence for the
elderly.
The role of the nervous and muscular systems in the maintenance of
the functionality of the elderly has been well established. Loss of muscle

⁎

mass may reduce the independency of the individuals and when this
process becomes chronic it may lead to frailty.
Because of the marked changes in the socio-demographic and epidemiological proﬁle of population, the prevalence of sarcopenia and
frailty is increasing in the last decades. The overall estimate of prevalence of sarcopenia is around 10% in healthy adults aged ≥ 60 years
[6]. Regarding frailty, it is estimated that it aﬀects around 11% of
people over 65 years old, however the prevalence of the pre-frail condition, which is an intermediate state for the full-blown syndrome is
much higher [7]. Despite the increased occurrence of frailty and sarcopenia and the high impact that they represent to the elderly, it is
important to highlight that both conditions may be reversible or attenuated by interventions [8]. In this case, the early identiﬁcation of signs
related to the frail phenotype is primordial for hindering the evolution
of the syndrome and to design interventions to reverse and prevent its
negative consequences [8].
Understanding the molecular mechanisms leading to the onset of
sarcopenia and frailty and its progression to disability is a prerequisite
to develop eﬀective strategies to treat these conditions. It is important
to identify both frailty and sarcopenia to prevent, reduce, and delay
these syndromes. Their impact on the society could be reduced if primary healthcare and educational interventions could be implemented
for the elderly and/or their families/caregivers [9].
Sarcopenia is a major component of frailty and may be caused by
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Overexpression of CYB5R3 and NQO1, two NAD+-producing
enzymes, mimics aspects of caloric restriction
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Summary
Calorie restriction (CR) is one of the most robust means to improve health and survival
in model organisms. CR imposes a metabolic program that leads to increased stress
resistance and delayed onset of chronic diseases, including cancer. In rodents, CR
induces the upregulation of two NADH-dehydrogenases, namely NAD(P)H:quinone oxidoreductase 1 (Nqo1) and cytochrome b5 reductase 3 (Cyb5r3), which provide electrons
for energy metabolism. It has been proposed that this upregulation may be responsible
for some of the beneficial effects of CR, and defects in their activity are linked to aging
and several age-associated diseases. However, it is unclear whether changes in metabolic homeostasis solely through upregulation of these NADH-dehydrogenases have a
positive impact on health and survival. We generated a mouse that overexpresses both
metabolic enzymes leading to phenotypes that resemble aspects of CR including a modest increase in lifespan, greater physical performance, a decrease in chronic inflammation, and, importantly, protection against carcinogenesis, one of the main hallmarks of
CR. Furthermore, these animals showed an enhancement of metabolic flexibility and a
significant upregulation of the NAD+/sirtuin pathway. The results highlight the importance of these NAD+ producers for the promotion of health and extended lifespan.
KEYWORDS

aging, calorie restriction, CYB5R3, metabolic homeostasis, NQO1
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Allopurinol partially prevents
disuse muscle atrophy in mice and
humans
Beatriz Ferrando 1,2, Mari Carmen Gomez-Cabrera 2, Andrea Salvador-Pascual2,
Carlos Puchades3, Frederic Derbré 4, Arlette Gratas-Delamarche4, Ludovic Laparre4,
Gloria Olaso-Gonzalez2, Miguel Cerda5, Enrique Viosca6, Ana Alabajos 6, Vicente Sebastiá7,
Angel Alberich-Bayarri8,9, Fabio García-Castro9 & Jose Viña2
Disuse muscle wasting will likely affect everyone in his or her lifetime in response to pathologies such as
joint immobilization, inactivity or bed rest. There are no good therapies to treat it. We previously found
that allopurinol, a drug widely used to treat gout, protects muscle damage after exhaustive exercise
and results in functional gains in old individuals. Thus, we decided to test its effect in the prevention of
soleus muscle atrophy after two weeks of hindlimb unloading in mice, and lower leg immobilization
following ankle sprain in humans (EudraCT: 2011-003541-17). Our results show that allopurinol partially
protects against muscle atrophy in both mice and humans. The protective effect of allopurinol is similar
to that of resistance exercise which is the best-known way to prevent muscle mass loss in disuse human
models. We report that allopurinol protects against the loss of muscle mass by inhibiting the expression
of ubiquitin ligases. Our results suggest that the ubiquitin-proteasome pathway is an appropriate
therapeutic target to inhibit muscle wasting and emphasizes the role of allopurinol as a non-hormonal
intervention to treat disuse muscle atrophy.
Muscle atrophy occurs when protein degradation rates exceed protein synthesis and may take place in adult
skeletal muscle in a variety of conditions, including denervation, cancer, sepsis, heart failure, aging, bed rest,
immobilization, and inactivity1. Research into muscle atrophy is of high clinical relevance because the treatment
of many diseases involves a reduction in physical activity and in some cases restriction of movement of patients2.
Disuse promotes atrophy of skeletal muscle by stimulating protein breakdown3. This process involves the
activation of the ubiquitin-proteasome pathway2. This pathway includes two critical muscle-specific ubiquitin
ligases: muscle RING finger 1 (MuRF-1) and muscle atrophy F-box (MAFbx)4,5. They regulate the degradation of
skeletal muscle proteins such as calcineurin, myoD, troponin-I, titin, and myosin heavy and light chains6,7. The
ubiquitin-proteasome system is required to remove sarcomeric proteins due to changes in muscle activity. It is
constitutively operative in normal skeletal muscle and is responsible for the turnover of most soluble and myofibrillar muscle proteins8. The activity of this pathway is markedly increased in atrophying muscle due to transcriptional activation of ubiquitin, of several proteasomal subunit genes, and of MAFbx and MuRF-14. Importantly, the
rate of muscle atrophy is markedly reduced by targeted inactivation of these gene products9. Another important
ubiquitin ligase involved in skeletal muscle atrophy is Casitas B-lineage lymphoma b (Cbl-b)10,11. Upon induction,
Cbl-b interacts with, and degrades, the IGF-1 signaling intermediate insulin receptor substrate-1 (IRS-1). IRS-1
is a docking protein for several signaling intermediates including p85, the regulatory subunit of phosphatidylinositol 3-kinase (PI-3K). PI-3K activation leads to phospholipid generation in the plasma membrane, which
1
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Valencia, Spain. 6Servicio de Medicina Física y Rehabilitación, Hospital La Fe, Valencia, Spain. 7Clinica Ypsilon de
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Abstract
The development of animal models to study human frailty is important to test interventions to be translated to the clinical practice. The aim of
this work was to develop a score for frailty in experimental animals based in the human frailty phenotype. We also tested the effect of physical
inactivity in the development of frailty as determined by our score. Male C57Bl/6J mice, individually caged, were randomly assigned to one
of two groups: sedentary (inactive) or spontaneous wheel-runners. We compared the sedentary versus the active lifestyle in terms of frailty by
evaluating the clinical criteria used in humans: unintentional weight loss; poor endurance (running time); slowness (running speed); weakness
(grip strength), and low activity level (motor coordination) at five different ages: 17, 20, 23, 26 and 28 months of age. Each criterion had a
designated cut-off point to identify the mice with the lowest performance. Lifelong spontaneous exercise significantly retards frailty. On the
contrary sedentary animals become frail as they age. Thus, physical inactivity is a model of frailty in experimental animals. Our frailty score
provides a tool to evaluate interventions in mice prior to translating them to clinical practice.
Keywords: Sarcopenia—Exercise—Health—Mice

Research in aging has changed substantially. For years the focus
was on interventions that successfully enhance survival but the time
for living better has come (1). Longevity has traditionally been the
method through which an intervention is considered successful in
ageing studies (2). However, the gains in life-years have been accompanied by an increase in the rates of disability and as a consequent
absence of autonomy, independence, and well-being (1). Frailty is
an age-associated, biological syndrome, characterized by decreased
biological reserves due to dysregulation of several physiological systems, which puts an individual at risk when facing minor stressors,
and is associated with “bad” outcomes like disability, hospitalization and finally, death (3,4). Frailty is a good predictor of disability.

The prevalence of frailty in the old population can be established at
around 15% (1).
Two characteristics are important in the context of frailty. The
first one is that if left untreated, it will eventually evolve into disability and later on, death. This is a major personal and social concern.
European Union analysis have shown that by the year 2020, approximately half of the population over 70 years will be at high risk of
disability (1). The second characteristic is that it is reversible, that is,
that it can be prevented and even treated. Exercise is one of the most
important interventions to prevent frailty. A few studies have been
published (5–10) showing that exercise can improve some characteristics of frailty. However, the effects of the exercise interventions

© The Author 2017. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com.
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Biology of frailty: Modulation of ageing genes and its
importance to prevent age-associated loss of function
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A B S T R A C T

Frailty is associated with loss of functional reserve as well as with the prediction of adverse
events in the old population. The traditional criteria of frailty are based on five physical
determinations described in the Cardiovascular Health Study. We propose that biological
and genetic markers of frailty should be used to increase the predictive capacity of the established clinical indeces. In recent times, research for biological markers of frailty has gained
impetus. Finding a biological markers with diagnostic and prognostic capacity would be a
major milestone to identify frailty risk, and also pre-frailty status. In the first section of
the manuscript, we review the available biomarkers that help to monitor and prevent the
evolution and the eﬃcacy of interventions to delay the onset of frailty and to prevent its
progression to incapacity. We also discuss the contribution of genetics to frailty. There are
scientific bases that support that genetics influences frailty, although environmental factors
probably will have the highest contribution. We review the known SNPs of the genes associated with frailty and classify them, taking into account the pathway in which they are
involved. We also highlight the importance of longevity genes and their possible relation
with frailty, citing centenarians who reach a very old age as an example of successful ageing.
Finally, the reversibility of frailty is discussed. It can potentially be treated with nutritional or pharmacological interventions. However, physical exercise seems to be the most
effective strategy to treat and prevent frailty. The last section of the manuscript is devoted
to explaining the recommendations on the appropriate design of an exercise protocol to
maximize its beneficial effects in a population of frail individuals.
© 2016 Elsevier Ltd. All rights reserved.
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Exercise training as a drug to treat age associated frailty
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Exercise causes an increase in the production of free radicals [1]. As a result of a hormetic mechanism
antioxidant enzymes are synthesised and the cells are protected against further oxidative stress. Thus,
exercise can be considered as an antioxidant [2]. Age-associated frailty is a major medical and social
concern as it can easily lead to dependency.
In this review we describe that oxidative stress is associated with frailty and the mechanism by which
exercise prevents age-associated frailty. We propose that individually tailored multicomponent exercise
programmes are one of the best ways to prevent and to treat age-associated frailty.
& 2016 Elsevier Inc. All rights reserved.
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1. Oxidative stress in exercise
Knowledge of the occurrence of free radicals in biological materials dates back to the 50's when Commoner and co-workers [3]
reported that these radicals occurred in living matter. It was not,
however, until the 80's when the ﬁrst electron paramagnetic resonance measurements of free radicals during tetanic contraction
were reported [4]. A critical paper in this ﬁeld was published by
Davies, Quintanila, Brooks, and Packer. These pioneers proposed
that free radicals are produced in exercise in vivo [1]. This work
was of outstanding importance in starting the whole ﬁeld of free
radical biology in exercise. Moreover, in that paper, it was ﬁrst
suggested that radicals could be signals to stimulate mitochondriogenesis associated with exercise. So two major ideas emerged,
the ﬁrst was that exercise could cause oxidative stress but, very
importantly, the second was that radicals could act as signals to
promote adaptation to exercise. Later on, we reported that exercise
could only cause oxidative stress when it was exhaustive [5].
Therefore we proposed that exhaustion and not exercise was the
n
Correspondence to: Department of Physiology, Faculty of Medicine, Av. Blasco
Ibañez, 15, Valencia 46010, Spain.
E-mail address: carmen.gomez@uv.es (M.C. Gomez-Cabrera).

source of oxidative stress and eventually damage associated with
strenuous exercise. Over the next years, the idea that radicals act
as signals became entrenched in biological thought and we ﬁnally
proposed that exercise itself could be considered as an antioxidant,
provided it is moderate, because it causes an upregulation of antioxidant enzymes that seriously increases the capacity of tissues
to detoxify free radical species [2].
The whole ﬁeld of exercise-induced oxidative stress was thoroughly reviewed by Powers and Jackson [6]. It is important, in a
context of this review paper, to note that the idea that exercise
training and hence adaptation to exercise would increase the defence of cells against stress had occurred during the 90's and early
2000s. For instance, Powers et al. reported that exercise training
could increase superoxide dismutase in myocardium [7]. Moreover, Reid and co-workers [8] reported that free radicals are important in the development of muscle force and promotion of
contractility in the unfatigued muscle.
Thus, during the last two decades, the idea that radicals act as
signals to promote muscle contractility and increase muscle mass
has been accepted by the scientiﬁc community. On the other side,
the fact that inactivity can cause muscle atrophy is also very important. And the new ideas were that this atrophy could be due to
the activation of ubiquitin ligases, many of which would be upregulated by the very presence of free radicals [9,10].

http://dx.doi.org/10.1016/j.freeradbiomed.2016.03.024
0891-5849/& 2016 Elsevier Inc. All rights reserved.
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G6PD protects from oxidative damage and
improves healthspan in mice
Sandrina Nóbrega-Pereira1,2,*, Pablo J. Fernandez-Marcos1,3,*, Thomas Brioche4, Mari Carmen Gomez-Cabrera5,
Andrea Salvador-Pascual5, Juana M. Flores6, Jose Viña5 & Manuel Serrano1

Reactive oxygen species (ROS) are constantly generated by cells and ROS-derived damage
contributes to ageing. Protection against oxidative damage largely relies on the reductive
power of NAPDH, whose levels are mostly determined by the enzyme glucose-6-phosphate
dehydrogenase (G6PD). Here, we report a transgenic mouse model with moderate
overexpression of human G6PD under its endogenous promoter. Importantly, G6PD-Tg mice
have higher levels of NADPH, lower levels of ROS-derived damage, and better protection
from ageing-associated functional decline, including extended median lifespan in females. The
G6PD transgene has no effect on tumour development, even after combining with various
tumour-prone genetic alterations. We conclude that a modest increase in G6PD activity
is beneficial for healthspan through increased NADPH levels and protection from the
deleterious effects of ROS.
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A Multicomponent Exercise Intervention that Reverses Frailty and
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Background: Frailty can be an important clinical target to reduce rates of disability.
Objective: To ascertain if a supervised-facility multicomponent exercise program (MEP) when performed
by frail older persons can reverse frailty and improve functionality; cognitive, emotional, and social
networking; as well as biological biomarkers of frailty, when compared with a controlled population that
received no training.
Design: This is an interventional, controlled, simple randomized study. Researchers responsible for data
gathering were blinded for this study.
Setting: Participants from 2 primary rural care centers (Sollana and Carcaixent) of the same health
department in Spain were enrolled in the study between December 2013 and September 2014.
Patients: We randomized a volunteer sample of 100 men and women who were sedentary, with a gait
speed lower than 0.8 meters per second and frail (met at least 3 of the frailty phenotype criteria).
Interventions: Participants were randomized to a supervised-facility MEP (n ¼ 51, age ¼ 79.5, SD 3.9) that
included proprioception, aerobic, strength, and stretching exercises for 65 minutes, 5 days per week,
24 weeks, or to a control group (n ¼ 49, age ¼ 80.3, SD 3.7). The intervention was performed by 8
experienced physiotherapists or nurses. Protein-calorie and vitamin D supplementation were controlled
in both groups.
Results: Our MEP reverses frailty (number needed to treat to recover robustness in subjects with
attendance to "50% of the training sessions was 3.2) and improves functional measurements: Barthel
(trained group 91.6 SD 8.0 vs 82.0 SD 11.0 control group), Lawton and Brody (trained group 6.9 SD 0.9 vs
5.7 SD 2.0 control group), Tinetti (trained group 24.5 SD 4.4 vs 21.7 SD 4.5 control group), Short Physical
Performance Battery (trained group 9.5 SD 1.8 vs 7.1 SD 2.8 control group), and physical performance test
(trained group 23.5 SD 5.9 vs 16.5 SD 5.1 control group) as well as cognitive, emotional, and social
networking determinations: Mini-Mental State Examination (trained group 28.9 SD 3.9 vs 25.9 SD 7.3
control group), geriatric depression scale from Yesavage (trained group 2.3 SD 2.2 vs 3.2 SD 2.0 control
group), EuroQol quality-of-life scale (trained group 8.2 SD 1.6 vs 7.6 SD 1.3 control group), and Duke
social support (trained group 48.5 SD 9.3 vs 41.2 SD 8.5 control group). This program is unique in that it
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Physical exercise increases the cellular production of reactive oxygen species (ROS) in muscle, liver, and other
organs. This is unlikely due to increased mitochondrial production but rather to extramitochondrial sources such
as NADPH oxidase or xanthine oxidase. We have reported a xanthine oxidase-mediated increase in ROS
production in many experimental models from isolated cells to humans. Originally, ROS were considered as
detrimental and thus as a likely cause of cell damage associated with exhaustion. In the past decade, evidence
showing that ROS act as signals has been gathered and thus the idea that antioxidant supplementation in exercise
is always recommendable has proved incorrect. In fact, we proposed that exercise itself can be considered as an
antioxidant because training increases the expression of classical antioxidant enzymes such as superoxide
dismutase and glutathione peroxidase and, in general, lowering the endogenous antioxidant enzymes by
administration of antioxidant supplements may not be a good strategy when training. Antioxidant enzymes
are not the only ones to be activated by training. Mitochondriogenesis is an important process activated in
exercise. Many redox-sensitive enzymes are involved in this process. Important signaling molecules like MAP
kinases, NF-κB, PGC-1α, p53, heat shock factor, and others modulate muscle adaptation to exercise. Interventions
aimed at modifying the production of ROS in exercise must be performed with care as they may be detrimental in
that they may lower useful adaptations to exercise.
& 2015 Elsevier Inc. All rights reserved.
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