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Aging is a complex process in which the accumulation of molecular, cellular, and organism dysfunction increases the probability of
death. Several pieces of evidence have revealed a contribution of stress responses in aging and in aging-related diseases, in
particular, the key role of signaling pathways associated to nutritional stress. Here, we review the possible interplay between
amino acid sensing and redox balance maintenance mediated by the nutritional sensor general control nonderepressive 2
(GCN2). We discuss this new dimension of nutritional stress sensing consequences, standing out GCN2 as a central coordinator
of key cellular processes that assure healthy homeostasis in the cell, raising GCN2 as a novel interesting target, that when
activated, could imply pleiotropic benefits, particularly GCN2 intervention and its new unexplored therapeutic role as a player

in the aging process.

1. Introduction

Aging is a time-dependent physiological process character-
ized for being dynamic and multifactorial, and contrary to
the common conception, it has been proposed that aging
does not start in adulthood but begins with the birth of an
organism [1]. In aging, organic changes occur limiting the
adaptability of the organism to the environment, leading to
an increased risk of weakness, disease, and death [2].
Through the course of time, the biological functions progres-
sively decay, accompanied by a deterioration of the ability to
adapt to the metabolic stress [3].

The aging research field has recently born in response to
the impact that it exhibits in the healthspan of a worldwide
population that is getting older demographically [4]. Given
the complexity of the biological phenomenon, in 2013,
Lopez-Otin and colleagues [5] made the first effort in catego-
rizing the main cellular features of aging; each one considers
tulfilling three aspect criteria: (1) it manifests during normal
aging, (2) its experimental aggravation should accelerate
aging, and (3) its experimental amelioration should retard

the normal aging process. These hallmarks, which are geno-
mic instability, telomere attrition, epigenetic alterations, loss
of proteostasis, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and
altered intercellular communication [5], contribute to the
aging process, and together, they establish an aging pheno-
type. This first attempt for shaping conceptually the aging
process was fundamental in the field; however, nowadays,
other authors disagree [2] regarding the applicability of the
criteria of features that have only been demonstrated, so
far, in proliferative peripheral tissue-associated aging such
as cellular senescence and telomere attrition, in which utility
in another context, namely, of a nonproliferative tissue like
the brain, should be established [2]. Despite of these discrep-
ancies, even some authors may include new mediators [6, 7];
there is a general accordance in the field about the rele-
vance of the deregulated nutrient sensing and energy metab-
olism dysregulation as a key hallmark of aging [5, 8-10]
(Figure 1). In general terms, the main aging hallmarks may
be grouped in four sets: DNA alterations, mitochondrial
dysfunction, impaired adaptive/stress response, and cell
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FIGURE 1: Main aging hallmarks studied in chordates. In the diagram, the nine-group aging hallmarks were grouped into four: mitochondrial
dysfunction, DNA alterations (containing epigenetic alterations and genomic stability), impaired adaptive/stress response (containing loss of
proteostasis and nutrient sensing deregulation), and cell cycle state dependent in function if they are differentiated or not, proliferative tissue
alterations (telomere attrition, senesce), or nonproliferative cell disturbances such as synaptic loss.

cycle-related perturbations exhibited in proliferative tissue
(such as telomere attrition, stem cell exhaustion, and
senesce) or nonproliferative cell disturbances such as syn-
aptic loss (Figure 1). In this review, we will focus on stress
responses evoked by nutrient scarcity and how nutrient
sensing pathways could be involved in aging.

2. Nutrient Sensing in Aging

The importance of nutrient sensing (dys)regulation along the
aging process was first demonstrated more than 80 years ago
by McCay et al. [11], with the seminal observation that
reduced food intake in rats, without malnutrition, extends
both mean and maximal lifespan as compared to ad libitum
fed controls. This nutritional strategy, named calorie restric-
tion (CR), has been successfully tested in diverse eukaryotic
species [12]. Thus, many efforts have been focused on delin-
eating the molecular components linking metabolic balance
induced by CR and the biology of aging, and the research
has revealed a major importance of nutrient sensing in
aging [13].

Nonetheless, besides the CR, lifespan extension can also
be achieved by altering the diet composition; hence, nutrient

and amino acid sensing mechanisms have emerged as attrac-
tive lifespan determinants. In the nutrient metabolism scene,
current available evidence strongly supports the idea that
amino acid (AA) sensing signaling can modify longevity
[14]. The mammalian target of rapamycin (mTOR), a master
growth regulator kinase, when part of mTOR complex 1
(mTORCI1), can be activated by the absence of certain AAs
(reviewed in [15]) and has been widely described as a key sig-
naling pathway involved in aging [16-18]. Decreased activa-
tion of mMTORCI leads to lifespan extension in yeast, worms,
flies, and mice [19], being the role of mTOR in aging exten-
sively reviewed elsewhere [16-18]. We will focus on another,
less explored in the field on aging, AA deficiency sensor, the
kinase general control nonderepressive 2 (GCN2). The
kinase GCN2 is a highly conserved nutrient sensor in eukary-
otes at structural and functional levels [20, 21] and was iden-
tified as a critical regulator of cellular responses under AA
deficiency [20, 22]. At molecular level, the mechanism of
activation of GCN2 requires accumulation of uncharged
tRNAs present near to the ribosome [23]. Once activated,
GCN2 phosphorylates the alpha subunit of the eukaryotic
initiation factor 2 alpha (eIF2«), causing general protein syn-
thesis inhibition [20], an effect that promotes energy saving.
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At the same time, the translation of specific genes is induced,
being the one coding for the activating transcription factor 4
(ATF4), the best characterized [24, 25]. ATF4 is translated
using an alternative and functional open reading frame of
the ATF4 gene [26, 27] and functions to promote cell survival
and adaptation during stress and AA insufficiency [25, 28].
GCN2 and its downstream activation consequences are
part of the signaling pathway called the Integrated Stress
Response (ISR), because it integrates cellular responses to
diverse stress stimuli such as nutrient deficiency (through
GCN2), viral infection (through the double-stranded
RNA-dependent protein kinase (PKR)), endoplasmic reticu-
lum stress (through the PKR-like ER kinase (PERK)), and
heme deprivation (through heme-regulated elF2« kinase
(HRI)) [29]. The activation of the ISR in response to nutrient
starvation engages adaptive changes mediated by the
induction of genes necessary to produce all the amino acids
[30, 31], known as the amino acid stress response (AAR).
The capacity of synthesis of AA is not only a crucial step
for new protein synthesis. Amino acids serve a wide variety
of cellular functions. For example, amino acids supply sub-
strates to keep the Krebs cycle activity for ATP generation
and also provide reducing equivalents for maintaining redox
homeostasis [25]. Thus, the consequences of AAR can be
considered a strategy to cope with metabolic stress and
challenges after amino acid scarcity.

The contribution of AA deficiency signaling pathways to
aging, as mentioned, has been widely described based on
mTOR. However, the role of GCN2 has not been extensively
approached, and how GCN2 impacts the cell biology during
the aging course is a question that still has no answer.

3. GCN2: A Nutrient Sensor That Plays a Role in
Lifespan Extension

The yeast Saccharomyces cerevisiae (S. cerevisiae) has enor-
mously contributed to the identification of mammalian genes
that affect aging [32]. It was precisely in this model where
there are first clues about the possible role of GCN2 in
longevity [33], using the chronological aging model. In the
chronological aging model, the length of time that yeast cells
remain viable in a nondividing state is measured [32]. In the
study by Wu et al., they showed that the extended survival
induced by amino acid restriction observed in yeast was
dependent on GNC2 [33]. Using another aging model in
the same organism, the replicative aging, which tests the
number of times a mother cell can divide and produce
daughters [32], Tyler’s group showed that Gen2 (the yeast
homolog of the mammalian GCN2) activation suppresses
global translation efficiency, extending lifespan [34]. Con-
sidering that translation is a process that implies high
energy expenditure (more than the 50% of the overall
energy budget), they suggested that homeostasis is better
preserved when transcript translation is reduced. Hence,
reducing the translation entails a significant energy saving,
which in turn could be used in restoring and maintaining
cell requirements [34].

The other piece of evidence was obtained in mammals,
which demonstrates that GCN2-deficient mice exhibit two

main age-related effects [35] related to nutrient preference
described in aging. First, GCN2 deficiency exacerbates aged
mice’ fat consumption at the expense of carbohydrate intake,
and second, it prevented the increase in protein consump-
tion. In this study, they suggested that GCN2 signaling might
be an ancient pathway that contributes to the macronutrient
selection and food preference [35]. Moreover, Kang et al.
recently showed that, in response to dietary protein restric-
tion, the lifespan of Drosophila melanogaster is extended, in
a GCN2-ATF4 signaling axis-dependent manner [36]. The
role of GCN2 as amino acid deficiency sensor has also been
described in nematode Caenorhabditis elegans (C. elegans)
[37], and the loss of GCN2 function is necessary for lifespan
extension under nutritional stress [37]. Interestingly, for the
protective role of CR on extension survival in C. elegans,
the transcription factor PHA-4/FoxA is required [38].
PHA-4/FoxA (the nematode homolog of the mammal
FoxA2) induces the expression of genes mostly involved in
metabolic processes and defenses response [39]. In the con-
text of amino AA deprivation, the extension of survival that
depends on GCN2 involves the modulation of PHA-4/FoxA
[37]. The other evidence is related to the protein IMPACT,
which in mammals is a negative regulator of GCN2 [40].
Interestingly, the partial loss of function of IMPT-1 (yeast
IMPACT Homolog 1) in C. elegans induces eIF2«a phosphor-
ylation even in a fed state. Moreover, impt-1 knockdown
exacerbates CR-induced extended lifespan and confers stress
resistance [41]. This effect was dependent on other genes
required for CR life extension, including daf-16 (the yeast
homolog of FOXO) and skn-1 (the yeast homolog of Nrf 2).
Thus, the discoveries found associating GCN2-dependent
nutrient sensing and longevity suggest that under reduced
amino acid availability, mRNA translation is inhibited and
the expression of stress responses is activated, extending life-
span and improving healthspan, so far, in invertebrates. The
beneficial effects of CR are also associated to the ISR activa-
tion. Still, whether GCN2 signaling or activation is impaired
throughout aging in mammals is not known. Moreover,
whether its functional modulation could exacerbate or atten-
uate the aging process is an issue that remains unclear.
Dietary methionine restriction (MR) is a proved
approach to increase life span that has been shown in a
variety of species (reviewed in [42]) and induce several phys-
iological responses that confer resistance to metabolic disease
[43-47]. The physiological responses to MR encompass
adiposity decrease, energy expenditure increase, and thermo-
genic gene expression induction in the liver [48, 49]. The
restriction of essential amino acids (EAAs), including methi-
onine or leucine, limits aminoacylation of tRNAs by their
cognate EAAs and induces the activation of GCN2 [50, 51].
Thus, it is possible that under MR, activation of GCN2
occurs, triggering the AAR that could be contributing to the
beneficial effects observed under this specific AA diet restric-
tion. Some of the metabolic effects of MR, including body
weight reduction or elevated energy expenditure, are still
present in GCN2-deficient mice [52]. GCN2 has been shown
to play a pivotal role in the acute response to the essential
amino acid deprivation induced by methionine restriction,
while the long-term metabolic changes seem to be mediated



by a GCN2-independent eIF2«a phosphorylation [52]. These
results demonstrate the complexity of the response under
AA deficiency and the presence of other sensing mechanisms
of the MR phenotype. However, other responses associated
to GCN2 activation, described in young or old, could be
driven by this amino acid deficiency during aging. For
instance, GCN2 protects against hepatotoxicity after AA
depletion. GCN2-deficient animals lost the capacity to
engage the AAR, which is associated with hepatic triglyceride
accumulation, DNA damage, oxidative stress, and inflamma-
tion [53]. In the context of ischemia reperfusion (IRI) injury,
GCN2 is required for protection from renal and hepatic IRI
[54]. The work from Anthony et al’s group has revealed
the protective effects of GCN2 in the central nervous system.
In a mouse model of leukodystrophy, a disorder character-
ized by degeneration of the white matter in the brain,
GCN2 is essential for protecting glial cells during amino acid
deficiency [55]. Together, these results demonstrate several
GCN?2 protective responses that could be activated during
methionine deficiency, thus mediating, in part, the beneficial
effect of MR.

MR has been shown to induce drastic genetic changes,
mediated by the reduction of histone methylation [56]. It is
also possible to consider long-term changes induced by
GCN2 activation, driven by epigenetic changes as has been
proposed for ATF4 in the context of nutrient deprivation in
the fetus with consequences in adulthood [28]. Regarding
aging, MR has been shown to extend healthspan and lifespan
in progeroid mice [57]. Even though some of the conse-
quences of MR in mammals are quite described [58], even
more, its effects on accelerated aging models is also known
[57]; still, in vivo genetic evidence of GCN2 function in the
aging process remains unclear, revealing an information
gap in the nutrition sensing scenery.

4. Nutrient Sensing Imbalance and Its Impact in
the Redox Status along Aging

Aerobic cells and organisms have developed mechanisms for
dealing with the oxidative stress implicated in the cell respi-
ration, because of the reactive oxygen species (ROS) gener-
ated as byproducts in the oxidative phosphorylation
process. In homeostatic conditions, antioxidants counteract
the ROS oxidative damage, which is fundamental for proper
mitochondrial, thus cellular function. Throughout aging, the
respiratory chain becomes ineffective, leading to electron
leakage accompanied by a decrease in ATP production
[59]. Thereby, the aging process results in an oxidative
imbalance yielded by the increased generation of ROS
and/or lessen antioxidant defenses while concomitantly cells
tend to accumulate aggregated proteins and dysfunctional
mitochondria [2].

Even though the relationship between mitochondrial
dysfunction, oxidative stress, and aging, at first sight, might
seem intuitive, the experimental evidence has not been as
clarifying as expected. Remarkably, the reduction of the anti-
oxidant defenses can accelerate the aging process, speeding
up the onset of neuropathological phenotypes related to
aging, such as motor dysfunction, neuronal DNA damage,
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and neurodegeneration in flies and mice [60, 61]. On the
other hand, there exist contradictory data, particularly the
findings that the increase of ROS can extend the lifespan in
invertebrate models like yeast and C. elegans [62-64]. While
the evidence in mice is intriguing as well, given that the
increase mitochondrial ROS and oxidative damage do not
accelerate the aging process [65, 66], the increased antioxi-
dant defenses extend longevity [67-71].

Despite the contradictory evidence, as a consensus in the
field, the proper oxidative status of the cell, constituted by the
fine balance between ROS and antioxidant defenses, is critical
for the healthy cell function which in turn is controlled by
different regulatory processes. Interestingly, one essential sig-
naling that lately has been shown to be able to change the cell
redox status is the nutrient sensing. How nutritional sensing
and oxidative stress are integrated in the cell? In vitro and
in vivo studies have demonstrated that the amino acid avail-
ability impacts in the intracellular amounts of antioxidants
(for instance amino acids or glutathione), resulting in oxida-
tive stress status changes [25, 72, 73]. This new dimension of
nutrition as a modulator of the cellular oxidative status has
just started to be explored in mammals. Chaveroux et al.
identified GCN2 as new redox regulator that prevents oxida-
tive stress in vivo [72], specifically through the transcriptional
control of one of the main variants of the glutathione per-
oxidase 1 (GPX1), thus contributing to regulate the amount
of oxidized proteins (carbonyl radicals) in the liver. In the
same direction, GCN2 also can impact the redox cellular
status through the regulation of autophagy in an inflamma-
tory context. Particularly, GCN2 allows the occurrence of
autophagy to increase in response to inflammation, which
in turn blocks the augmentation of ROS [73]. This last
finding is particularly interesting on the context of the
latent proinflammatory phenotype accompanying aging
[74]. Thus, nutrient sensing signaling pathways triggered
by GCN2 could have protective consequences in maintain-
ing a redox balance, in the described altered immune con-
ditions associated with aging [74].

Interestingly, GCN2 also modulates cell cycle progression
through the regulation of p53 function in the nucleolus. In
conditions of GCN2 deletion, p53 is activated, arresting the
cell cycle and inducing canonical transcriptional targets such
as p21 [75]. This recently obtained piece of evidence opens a
new perspective of the role that nutritional stress controls
different cell processes, particularly the integration of amino
acid requirements for the cell cycle progression. Considering
the above evidence, the modulation of the nutrient sensing
along the aging may not only be beneficial for allowing adap-
tation to metabolic stress per se but may also contribute to
balance a wide spectrum of cell processes (Figure 2). In this
regard, even though the classically described function of
GCN2 is to be a kinase that is activated by amino acid depri-
vation inducing a nutrient stress response transcriptional
program through ATF4 action, GCN2 also is able to regulate
other cell processes such as autophagy, cell cycle, and redox
status, in which GCN2 is being a central coordinator of
metabolic homeostasis that integrates the nutritional require-
ments in a healthy cell balance. In the aging scenery, how
GCN2 integrates these cellular processes in a fine-tuned
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FIGURE 2: GCN2-dependent nutrient sensing along aging. Amino acid deprivation activates GCN2, a kinase that induces a nutrient stress
response transcriptional program through ATF4 action. GCN2 also regulates other cell processes such as autophagy, cell cycle through
p53 function, and redox status by transcriptionally modulating GPX1; this homeostatic balance can be altered throughout aging. ROS:
reactive oxygen species; GPX1: glutathione peroxidase 1; GCN2: general control nonderepressive 2; elF2a: eukaryotic initiation factor 2

alpha; ATF4: activating transcription factor 4.

balance and the involvement of its control in the healthy
aging or its contribution to the molecular mechanism of
age-related disorders remains unclear (Figure 2). Along with
this line, given the experimental evidence available, one could
speculate regarding the benefits that could implicate the
GCN2 function and manipulation throughout the aging.
Considering the classic dogma that during aging the accumu-
lation of reactive oxygen species causes cumulative cell dam-
age and senescence, GCN2 manipulation might ameliorate
the oxidation observed during aging through the transcrip-
tional control of key enzymes involved in the oxidative coun-
terbalance such as GXP1, diminishing the mitochondrial
functional decline and bioenergetics dysregulation com-
monly exhibited in aging [3]. Autophagy is another process
that is regulated by starvation and also by oxidative stress;
albeit during aging the autophagy markers has been shown
to be both up- and downregulated, autophagy has been
related to both normal and pathological conditions of
inflammation [76] and the defective autophagy response is
one of the causes that may contribute to the accumulation
of proinflammatory damage that aged tissue exhibits [74].
In this regard, considering that GCN2 has been shown to
be capable of modulating inflammation through autophagy
[73, 77], the GCN2 function and intervention might repre-
sent an interesting tool for attenuating the autophagy-
driven proinflammatory damage observed during normal
and pathological aging.

It is important to mention that angiogenesis, namely, the
formation of new blood vessels by endothelial cells, even
though it is considered to be an adaptive response to oxygen

and/or nutrient deprivation upon ischemia or exercise, is not
considered a classical aging hallmark. In this regard, different
angiogenic alterations observed through the aging process
have been broadly reported. Particularly, a decline in micro-
circulation has been described, given by a reduction in capil-
lary density throughout aging [78]. These functional changes
can be explained mostly by decreased levels of angiogenic
factors in aged individuals. The abovementioned gave rise
to the “angiogenesis hypothesis of aging,” in which proangio-
genic therapies are proposed for ameliorating age-related
symptoms (reviewed in [79]).

The canonical angiogenesis process is orchestrated by the
vascular endothelial growth factor (VEGF), triggered by the
hypoxia/nutrient deprivation during ischemia. Although
both phenomena are difficult to dissect, hypoxia per se is a
well-described VEGF inductor (through HIFla transcrip-
tional factor activation). Interestingly, recent studies have
shown that nutrient deprivation, specifically amino acid star-
vation, is able to regulate angiogenesis by GCN2/ATF4 acti-
vation, in a hypoxia-independent manner, both in vitro and
in vivo [80]. Particularly, GCN2/ATF4 activation shows
to modulate both VEGF and hydrogen sulfide, a proangio-
genic effector capable to induce the glucose intake and
ATP production during endothelial cell migration [80].
Considering this piece of evidence, GCN2 stands out as
a metabolic integrator able to modulate the response to
stress in endothelial cells, also highlighting its therapeutic
potential in ameliorating aging-related angiogenesis defi-
ciencies, mainly improving the microcirculation condition
in aged people.



5. Translational Potential and Therapies,
Looking towards the Future

In the aging research field, the efforts now are directed to
delay the aging process to diminish the vulnerability to the
occurrence of age-related disorders. In terms of interven-
tions, the dietary restriction stands out as an interesting tool.
Dietary restriction, namely, the reduction of food intake
without malnutrition, has the main advantage that is the
less-invasive approach to be used in aged people. On the
other hand, the main disadvantage of the dietary restriction
is the low adherence to the treatment that might impact its
therapeutic efficacy. Among these types of intervention, the
most documented is the CR, which has bridged the gap
between preclinical studies and human aging studies, dem-
onstrating robustly that is able to increase lifespan in differ-
ent mammalian models, including nonhuman primates
(reviewed in [81]).

Particularly, amino acid deprivation has not been proved,
so far, as a therapeutic strategy to modulate aging in humans.
However, there exist preclinical and clinical data that show
that dietary protein restriction is able to reduce the triglycer-
ide levels in humans [82]. Considering that GCN2 has been
shown to be involved in a wide variety of cellular phenom-
ena, its manipulation is a promising tool that could implicate
pleiotropic benefits. To date, the only type of intervention
that has been done in order to regulate GCN2 function has
been its pharmacological modulation through halofuginone
(Hfg), an alkaloid originally isolated from the plant Dichroa
febrifuga [83]. Hfg is an agonist able to activate GCN2;
nevertheless, the preclinical studies using this drug have been
directed mostly to the cancer research field (reviewed in
[83]), evaluating how nutritional sensing modification can
impact in cancer cell biology, and finally its therapeutic
potential as an anticancer treatment.

However, so far, no treatment has been proven to
modulate GCN2-mediated nutritional stress in aging, neither
pharmacologically nor genetically.

6. Conclusion

The world is rapidly getting old [84], and as a consequence,
aging has become an intense field of study. There is an enor-
mous amount of studies aimed at understanding the molecu-
lar and cellular bases of aging seeking to preserve health in
old stages of life. Nutritional strategies, including CR or
MR, that extend life have given many clues about the signal-
ing pathways involved in the aging process, in particular, the
ones associated with nutrient sensing. Several pieces of evi-
dence have shown that the AA deficiency sensor GCN2 and
the signaling pathway triggered by its activation could be
involved in the beneficial effects of restricted diets.

The GCN2 kinase has been studied in a variety of con-
texts including liver metabolism, innate immunity, cancer,
and memory formation, among others [85]. Studies in nem-
atode C. elegans have shown direct involvement of CGN2 in
extending life span. However, its contribution to aging
process in mammals remains unclear.
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More than an AA-deficit sensing kinase, GCN2 appears
to be a metabolic reprogramming controller that integrates
and regulates key processes including autophagy, inflamma-
tion, and redox balance. Those are precisely contributors to
aging process, and moreover, the consequences of GCN2
activation could be impacting cognitive function through
neuronal and nonneuronal cells.

Conflicts of Interest

The authors have no conflicts of interest to declare.

Authors’ Contributions

All authors equally contributed to this manuscript.

Acknowledgments

This work was supported by FONDECYT 1161284
(SM), FONDAP program 15150012 (SM), Millennium Insti-
tute P09-015-F (SM), Post-Doctoral FONDECYT 3180189
Fellowship (PF), and the “Programa de Apoyo a Centros
con Financiamiento Basal AFB 170004 to Fundacién
Ciencia & Vida.

References

[1] B.J. Allison, J. J. Kaandorp, A. D. Kane et al,, “Divergence of
mechanistic pathways mediating cardiovascular aging and
developmental programming of cardiovascular disease,” The
FASEB Journal, vol. 30, no. 5, pp. 1968-1975, 2016.

[2] M. P. Mattson and T. V. Arumugam, “Hallmarks of brain
aging: adaptive and pathological modification by metabolic
states,” Cell Metabolism, vol. 27, no. 6, pp. 1176-1199, 2018.

[3] C. Lopez-Otin, L. Galluzzi, J. M. P. Freije, F. Madeo, and
G. Kroemer, “Metabolic control of longevity,” Cell, vol. 166,
no. 4, pp. 802-821, 2016.

[4] M. Kaeberlein, P. S. Rabinovitch, and G. M. Martin, “Healthy
aging: the ultimate preventative medicine,” Science, vol. 350,
no. 6265, pp. 1191-1193, 2015.

[5] C. Lépez-Otin, M. A. Blasco, L. Partridge, M. Serrano, and
G. Kroemer, “The hallmarks of aging,” Cell, vol. 153, no. 6,
pp. 1194-1217, 2013.

[6] Y. W. Fridell and F. Sierra, “Metabolic aspects of aging,” Prog-
ress in Molecular Biology and Translational Science, vol. 155,
pp. 11-23, 2018.

[7] J. L. Kirkland, M. B. Stout, and F. Sierra, “Resilience in aging
mice,” The Journals of Gerontology Series A: Biological Sciences
and Medical Sciences, vol. 71, no. 11, pp. 1407-1414, 2016.

[8] A. Catic, “Cellular metabolism and aging,” Progress in Molecu-
lar Biology and Translational Science, vol. 155, pp. 85-107,
2018.

[9] M. Tatar, S. Post, and K. Yu, “Nutrient control of Drosophila
longevity,” Trends in Endocrinology & Metabolism, vol. 25,
no. 10, pp. 509-517, 2014.

[10] N. M. Templeman and C. T. Murphy, “Regulation of repro-
duction and longevity by nutrient-sensing pathways,” The
Journal of Cell Biology, vol. 217, no. 1, pp. 93-106, 2018.

[11] C. M. McCay, M. F. Crowell, and L. A. Maynard, “The effect of
retarded growth upon the length of life span and upon the



Oxidative Medicine and Cellular Longevity

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

ultimate body size,” The Journal of Nutrition, vol. 10, no. 1,
pp. 63-79, 1935.

L. Fontana and L. Partridge, “Promoting health and longevity
through diet: from model organisms to humans,” Cell, vol. 161,
no. 1, pp. 106-118, 2015.

N. E. Cummings and D. W. Lamming, “Regulation of
metabolic health and aging by nutrient-sensitive signaling
pathways,” Molecular and Cellular Endocrinology, vol. 455,
pp. 13-22, 2017.

L. Fontana, L. Partridge, and V. D. Longo, “Extending healthy
life span—from yeast to humans,” Science, vol. 328, no. 5976,
pp. 321-326, 2010.

A. Efeyan, W. C. Comb, and D. M. Sabatini, “Nutrient-sensing
mechanisms and pathways,” Nature, vol. 517, no. 7534,
pp. 302-310, 2015.

M. Cornu, V. Albert, and M. N. Hall, “mTOR in aging, metab-
olism, and cancer,” Current Opinion in Genetics ¢ Develop-
ment, vol. 23, no. 1, pp. 53-62, 2013.

K. H. Schreiber, M. N. O’Leary, and B. K. Kennedy, “The
mTOR Pathway and aging,” in Handbook of the Biology of
Aging, pp. 55-81, 2016.

R. Zoncu, A. Efeyan, and D. M. Sabatini, “mTOR: from growth
signal integration to cancer, diabetes and ageing,” Nature
Reviews Molecular Cell Biology, vol. 12, no. 1, pp. 21-35, 2011.

S. C. Johnson, P. S. Rabinovitch, and M. Kaeberlein, “mTOR is
a key modulator of ageing and age-related disease,” Nature,
vol. 493, no. 7432, pp. 338-345, 2013.

T. E. Dever, L. Feng, R. C. Wek, A. M. Cigan, T. F. Donahue,
and A. G. Hinnebusch, “Phosphorylation of initiation factor
2« by protein kinase GCN2 mediates gene-specific transla-
tional control of GCN4 in yeast,” Cell, vol. 68, no. 3,
Pp. 585-596, 1992.

R. C. Wek, H. Y. Jiang, and T. G. Anthony, “Coping with
stress: elF2 kinases and translational control,” Biochemical
Society Transactions, vol. 34, no. 1, Part 1, pp. 7-11, 2006.

A. G. Hinnebusch, “Translational regulation of GCN4 and the
general amino acid control of yeast,” Annual Review of
Microbiology, vol. 59, no. 1, pp. 407-450, 2005.

S. Zhu and R. C. Wek, “Ribosome-binding domain of eukary-
otic initiation factor-2 kinase GCN2 facilitates translation con-
trol,” The Journal of Biological Chemistry, vol. 273, no. 3,
pp. 1808-1814, 1998.

H. P. Harding, I. Novoa, Y. Zhang et al., “Regulated translation
initiation controls stress-induced gene expression in mamma-
lian cells,” Molecular Cell, vol. 6, no. 5, pp. 1099-1108, 2000.

H. P. Harding, Y. Zhang, H. Zeng et al., “An integrated stress
response regulates amino acid metabolism and resistance to
oxidative stress,” Molecular Cell, vol. 11, no. 3, pp. 619-633,
2003.

P.D. Lu, H. P. Harding, and D. Ron, “Translation reinitiation
at alternative open reading frames regulates gene expression in
an integrated stress response,” The Journal of Cell Biology,
vol. 167, no. 1, pp. 27-33, 2004.

K. M. Vattem and R. C. Wek, “Reinitiation involving upstream
ORFs regulates ATF4 mRNA translation in mammalian cells,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 31, pp. 11269-11274, 2004.

M. S. Kilberg, J. Shan, and N. Su, “ATF4-dependent transcrip-
tion mediates signaling of amino acid limitation,” Trends in
Endocrinology & Metabolism, vol. 20, no. 9, pp. 436-443, 2009.

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

K. Pakos-Zebrucka, I. Koryga, K. Mnich, M. Ljujic, A. Samali,
and A. M. Gorman, “The integrated stress response,” EMBO
Reports, vol. 17, no. 10, pp. 1374-1395, 2016.

A. G. Hinnebusch, “Translational regulation of yeast GCN4 A
window on factors that control initiator-trna binding to the
ribosome,” The Journal of Biological Chemistry, vol. 272,
no. 35, pp. 21661-21664, 1997.

P. P. Mueller and A. G. Hinnebusch, “Multiple upstream AUG
codons mediate translational control of GCN4,” Cell, vol. 45,
no. 2, pp. 201-207, 1986.

V. D. Longo, G. S. Shadel, M. Kaeberlein, and B. Kennedy,
“Replicative and chronological aging in Saccharomyces cerevi-
siae,” Cell Metabolism, vol. 16, no. 1, pp. 18-31, 2012.

Z. Wu, L. Song, S. Q. Liu, and D. Huang, “Independent and
additive effects of glutamic acid and methionine on yeast
longevity,” PLoS One, vol. 8, no. 11, article €79319, 2013.

Z. Hu, B. Xia, S. D. Postnikoff et al., “Ssd1 and Gen2 suppress
global translation efficiency in replicatively aged yeast while
their activation extends lifespan,” eLife, vol. 7, 2018.

A.-C. Maurin, C. Chaveroux, S. Lambert-Langlais et al., “The
amino acid sensor GCN2 biases macronutrient selection
during aging,” European Journal of Nutrition, vol. 51, no. 1,
pp. 119-126, 2012.

M. J. Kang, D. Vasudevan, K. Kang et al., “4E-BP is a target of
the GCN2-ATF4 pathway during Drosophila development
and aging,” Journal of Cell Biology, vol. 216, no. 1, pp. 115-
129, 2017.

A. Rousakis, A. Vlassis, A. Vlanti, S. Patera, G. Thireos, and
P. Syntichaki, “The general control nonderepressible-2 kinase
mediates stress response and longevity induced by target of
rapamycin inactivation in Caenorhabditis elegans,” Aging Cell,
vol. 12, no. 5, pp. 742-751, 2013.

S. H. Panowski, S. Wolff, H. Aguilaniu, J. Durieux, and
A. Dillin, “PHA-4/Foxa mediates diet-restriction-induced lon-
gevity of C. elegans,” Nature, vol. 447, no. 7144, pp. 550-555,
2007.

M. Zhong, W. Niu, Z. J. Lu et al., “Genome-wide identification
of binding sites defines distinct functions for Caenorhabditis
elegans PHA-4/FOXA in development and environmental
response,” PLoS Genetics, vol. 6, no. 2, article 1000848, 2010.

C. M. Pereira, E. Sattlegger, H. Y. Jiang et al., “IMPACT, a pro-
tein preferentially expressed in the mouse brain, binds GCN1
and inhibits GCN2 activation,” The Journal of Biological
Chemistry, vol. 280, no. 31, pp. 28316-28323, 2005.

R. C. Ferraz, H. Camara, E. A. de-Souza et al., “IMPACT is a
GCN2 inhibitor that limits lifespan in Caenorhabditis elegans,”
BMC Biology, vol. 14, no. 1, p. 87, 2016.

B. C. Lee, A. Kaya, and V. N. Gladyshev, “Methionine restric-
tion and life-span control,” Annals of the New York Academy
of Sciences, vol. 1363, no. 1, pp. 116-124, 2016.

B. E. Hasek, A. Boudreau, J. Shin et al., “Remodeling the inte-
gration of lipid metabolism between liver and adipose tissue by
dietary methionine restriction in rats,” Diabetes, vol. 62,
no. 10, pp. 3362-3372, 2013.

B. E. Hasek, L. K. Stewart, T. M. Henagan et al., “Dietary
methionine restriction enhances metabolic flexibility and
increases uncoupled respiration in both fed and fasted states,”
American Journal of Physiology-Regulatory, Integrative and
Comparative Physiology, vol. 299, no. 3, pp. R728-R739, 2010.
V. L. Malloy, R. A. Krajcik, S. J. Bailey, G. Hristopoulos,
J. D. Plummer, and N. Orentreich, “Methionine restriction



(46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

decreases visceral fat mass and preserves insulin action in
aging male Fischer 344 rats independent of energy restric-
tion,” Aging Cell, vol. 5, no. 4, pp. 305-314, 2006.

C. E. Perrone, D. A. L. Mattocks, M. Jarvis-Morar, J. D.
Plummer, and N. Orentreich, “Methionine restriction effects
on mitochondrial biogenesis and aerobic capacity in white
adipose tissue, liver, and skeletal muscle of F344 rats,”
Metabolism, vol. 59, no. 7, pp. 1000-1011, 2010.

E. P. Plaisance, T. M. Henagan, H. Echlin et al., “Role of
B-adrenergic receptors in the hyperphagic and hypermetabolic
responses to dietary methionine restriction,” American Journal
of Physiology-Regulatory, Integrative and Comparative Physiol-
ogy, vol. 299, no. 3, pp. R740-R750, 2010.

T. Laeger, D. C. Albarado, S. J. Burke et al., “Metabolic
responses to dietary protein restriction require an increase in
FGF21 that is delayed by the absence of GCN2,” Cell Reports,
vol. 16, no. 3, pp. 707-716, 2016.

T. Laeger, T. M. Henagan, D. C. Albarado et al., “FGF21 is an
endocrine signal of protein restriction,” Journal of Clinical
Investigation, vol. 124, no. 9, pp. 3913-3922, 2014.

T. G. Anthony, B. J. McDaniel, R. L. Byerley et al., “Preserva-
tion of liver protein synthesis during dietary leucine depriva-
tion occurs at the expense of skeletal muscle mass in mice
deleted for eIF2 kinase GCN2,” The Journal of Biological
Chemistry, vol. 279, no. 35, pp. 36553-36561, 2004.

F. Guo and D. R. Cavener, “The GCN2 eIF2« kinase regulates
fatty-acid homeostasis in the liver during deprivation of an
essential amino acid,” Cell Metabolism, vol. 5, no. 2,
pp. 103-114, 2007.

D. Wanders, K. P. Stone, L. A. Forney et al., “Role of GCN2-
independent signaling through a noncanonical PERK/NRF2
pathway in the physiological responses to dietary methionine
restriction,” Diabetes, vol. 65, no. 6, pp. 1499-1510, 2016.

G. J. Wilson, P. Bunpo, J. K. Cundiff, R. C. Wek, and T. G.
Anthony, “The eukaryotic initiation factor 2 kinase GCN2
protects against hepatotoxicity during asparaginase treat-
ment,” American Journal of Physiology-Endocrinology and
Metabolism, vol. 305, no. 9, pp. E1124-E1133, 2013.

W. Peng, L. Robertson, J. Gallinetti et al., “Surgical stress resis-
tance induced by single amino acid deprivation requires Gcn2
in mice,” Science Translational Medicine, vol. 4, no. 118, article
118ralll, 2012.

P. She, P. Bunpo, J. K. Cundiff, R. C. Wek, R. A. Harris, and
T. G. Anthony, “General control nonderepressible 2 (GCN2)
kinase protects oligodendrocytes and white matter during
branched-chain amino acid deficiency in mice,” Journal of
Biological Chemistry, vol. 288, no. 43, pp. 31250-31260,
2013.

X. Tang, M. M. Keenan, J. Wu et al., “Comprehensive profiling
of amino acid response uncovers unique methionine-deprived
response dependent on intact creatine biosynthesis,” PLoS
Genetics, vol. 11, no. 4, article e1005158, 2015.

C. Barcena, P. M. Quirds, S. Durand et al., “Methionine restric-
tion extends lifespan in progeroid mice and alters lipid and bile
acid metabolism,” Cell Reports, vol. 24, no. 9, pp. 2392-2403,
2018.

R. S. McIsaac, K. N. Lewis, P. A. Gibney, and R. Buffenstein,
“From yeast to human: exploring the comparative biology of
methionine restriction in extending eukaryotic life span,”
Annals of the New York Academy of Sciences, vol. 1363, no. 1,
pp. 155-170, 2016.

(59]

(60]

[61]

[62]

(63]

(64]

[65]

[66]

(67]

(68]

(69]

(70]

(71]

(72]

(73]

Oxidative Medicine and Cellular Longevity

D. R. Green, L. Galluzzi, and G. Kroemer, “Mitochondria and
the autophagy-inflammation-cell death axis in organismal
aging,” Science, vol. 333, no. 6046, pp. 1109-1112, 2011.

S. Melov, J. A. Schneider, B. J. Day et al., “A novel neurological
phenotype in mice lacking mitochondrial manganese superox-
ide dismutase,” Nature Genetics, vol. 18, no. 2, pp. 159-163,
1998.

A. Paul, A. Belton, S. Nag, I. Martin, M. S. Grotewiel, and
A. Duttaroy, “Reduced mitochondrial SOD displays mortality
characteristics reminiscent of natural aging,” Mechanisms of
Ageing and Development, vol. 128, no. 11-12, pp. 706-716,
2007.

R. Doonan, J. J. McElwee, F. Matthijssens et al., “Against the
oxidative damage theory of aging: superoxide dismutases pro-
tect against oxidative stress but have little or no effect on life
span in Caenorhabditis elegans,” Genes & Development,
vol. 22, no. 23, pp. 32363241, 2008.

A. Mesquita, M. Weinberger, A. Silva et al., “Caloric restriction
or catalase inactivation extends yeast chronological lifespan by
inducing H,O, and superoxide dismutase activity,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 107, no. 34, pp. 15123-15128, 2010.

J. M. Van Raamsdonk and S. Hekimi, “Deletion of the
mitochondrial superoxide dismutase sod-2 extends lifespan
in Caenorhabditis elegans,” PLoS Genetics, vol. 5, no. 2, article
€1000361, 2009.

H. Van Remmen, Y. Ikeno, M. Hamilton et al., “Life-long
reduction in MnSOD activity results in increased DNA dam-
age and higher incidence of cancer but does not accelerate
aging,” Physiological Genomics, vol. 16, no. 1, pp. 29-37,
2003.

Y. Zhang, Y. Ikeno, W. Qi et al., “Mice deficient in both Mn
superoxide dismutase and glutathione peroxidase-1 have
increased oxidative damage and a greater incidence of pathol-
ogy but no reduction in longevity,” The Journals of Gerontol-
ogy Series A: Biological Sciences and Medical Sciences,
vol. 64A, no. 12, pp. 1212-1220, 2009.

D. Edgar, I. Shabalina, Y. Camara et al., “Random point muta-
tions with major effects on protein-coding genes are the driv-
ing force behind premature aging in mtDNA mutator mice,”
Cell Metabolism, vol. 10, no. 2, pp. 131-138, 2009.

A. Hiona, A. Sanz, G. C. Kujoth et al., “Mitochondrial DNA
mutations induce mitochondrial dysfunction, apoptosis and
sarcopenia in skeletal muscle of mitochondrial DNA mutator
mice,” PLoS One, vol. 5, no. 7, article e11468, 2010.

G. C. Kujoth, A. Hiona, T. D. Pugh et al., “Mitochondrial DNA
mutations, oxidative stress, and apoptosis in mammalian
aging,” Science, vol. 309, no. 5733, pp. 481-484, 2005.

V. L. Pérez, H. Van Remmen, A. Bokov, C. J. Epstein, J. Vijg,
and A. Richardson, “The overexpression of major antioxidant
enzymes does not extend the lifespan of mice,” Aging Cell,
vol. 8, no. 1, pp. 73-75, 2009.

A. Trifunovic, A. Wredenberg, M. Falkenberg et al., “Prema-
ture ageing in mice expressing defective mitochondrial DNA
polymerase,” Nature, vol. 429, no. 6990, pp. 417-423, 2004.

C. Chaveroux, S. Lambert-Langlais, L. Parry et al., “Identifica-
tion of GCN2 as new redox regulator for oxidative stress pre-
vention in vivo,” Biochemical and Biophysical Research
Communications, vol. 415, no. 1, pp. 120-124, 2011.

R. Ravindran, J. Loebbermann, H. I. Nakaya et al., “The amino
acid sensor GCN2 controls gut inflammation by inhibiting



Oxidative Medicine and Cellular Longevity

(74]

[75]

(76]

(771

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

inflammasome activation,” Nature, vol. 531, no. 7595,
pp. 523-527, 2016.

A. Salminen, K. Kaarniranta, and A. Kauppinen, “Inflamma-
ging: disturbed interplay between autophagy and inflamma-
somes,” Aging, vol. 4, no. 3, pp. 166-175, 2012.

A. Nakamura and H. Kimura, “A new role of GCN2 in the
nucleolus,” Biochemical and Biophysical Research Communi-
cations, vol. 485, no. 2, pp. 484-491, 2017.

M. Martinez-Vicente and A. M. Cuervo, “Autophagy and
neurodegeneration: when the cleaning crew goes on strike,”
The Lancet Neurology, vol. 6, no. 4, pp. 352-361, 2007.

S. Battu, S. Afroz, J. Giddaluru et al., “Amino acid starvation
sensing dampens IL-1f production by activating ribocluster-
ing and autophagy,” PLoS Biology, vol. 16, no. 4, article
2005317, 2018.

R. S. Sweat, D. C. Sloas, S. A. Stewart et al., “Aging is associated
with impaired angiogenesis, but normal microvascular net-
work structure, in the rat mesentery,” American Journal of
Physiology-Heart and Circulatory Physiology, vol. 312, no. 2,
pp. H275-H284, 2017.

C. T. Ambrose, “Pro-angiogenesis therapy and aging: a mini-
review,” Gerontology, vol. 63, no. 5, pp. 393-400, 2017.

A. Longchamp, T. Mirabella, A. Arduini et al., “Amino acid
restriction triggers angiogenesis via GCN2/ATF4 regulation
of VEGF and H,S production,” Cell, vol. 173, no. 1,
pp. 117-129.e14, 2018.

P. Balasubramanian, P. R. Howell, and R. M. Anderson,
“Aging and caloric restriction research: a biological perspective
with translational potential,” eBioMedicine, vol. 21, pp. 37-44,
2017.

J. H. Trevino-Villarreal, J. S. Reynolds, A. Bartelt et al., “Die-
tary protein restriction reduces circulating VLDL triglyceride
levels via CREBH-APOA5-dependent and -independent
mechanisms,” JCI Insight, vol. 3, no. 21, 2018.

M. Pines and 1. Spector, “Halofuginone — the multifaceted
molecule,” Molecules, vol. 20, no. 1, pp. 573-594, 2015.

B. K. Kennedy and J. K. Pennypacker, “Drugs that modulate
aging: the promising yet difficult path ahead,” Translational
Research, vol. 163, no. 5, pp. 456-465, 2014.

B. A. Castilho, R. Shanmugam, R. C. Silva, R. Ramesh, B. M.
Himme, and E. Sattlegger, “Keeping the eIF2 alpha kinase
Gen2 in check,” Biochimica et Biophysica Acta (BBA) -
Molecular Cell Research, vol. 1843, no. 9, pp. 1948-1968,
2014.



	Nutrient Sensing and Redox Balance: GCN2 as a New Integrator in Aging
	1. Introduction
	2. Nutrient Sensing in Aging
	3. GCN2: A Nutrient Sensor That Plays a Role in Lifespan Extension
	4. Nutrient Sensing Imbalance and Its Impact in the Redox Status along Aging
	5. Translational Potential and Therapies, Looking towards the Future
	6. Conclusion
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

