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Nitro-oxidative stress (NOS) plays a fundamental role in aging, as well as in the pathogenesis of neurodegenerative disorders, and
major depression (MD). The latter is a very frequent psychiatric illness characterized by accelerated aging, neurodegeneration,
high comorbidity with age-related disorders, and premature mortality; all of these conditions find an explanation in an altered
redox homeostasis. If aging, neurodegeneration, and major depression share a common biological base in their pathophysiology,
common therapeutic tools could be investigated for the prevention and treatment of these disorders. As an example, antidepressants
have been demonstrated to present neuroprotective and anti-inflammatory properties and to stimulate neurogenesis. In parallel,
antioxidants that stimulate the antioxidant defense systems and interact with the monoaminergic system show an antidepressantlike activity. Further research on this topic could lead, in the near future, to the expansion of the therapeutic possibilities for the
treatment of NOS-related disorders.

1. Nitro-Oxidative Stress
Reactive oxygen/nitrogen species (ROS/RNS) are by-products of cellular metabolism, primarily generated from mitochondria [1]. More specifically, ROS are reactive molecules
derived from oxygen that can be free radicals (superoxide),
hydroxyl radical (the most reactive and potentially cytotoxic
species), or nonradicals (hydrogen peroxide). They can also
be classified as ions (superoxide) and nonions (hydrogen
peroxide). RNS, instead, are reactive species derived from
nitrogen that can be classified as ions (peroxynitrite) or
nonions (nitric oxide). ROS and RNS are involved in many
physiological processes, such as cellular response to stress,
modulation of autophagy, mitochondrial network, signaling,
and apoptosis [2, 3]. However, being highly reactive species,
they can lead to nitro-oxidative damage of proteins, lipids,
DNA, and sugars, thus negatively affecting the cellular functioning [4, 5]. The potentially deleterious effects of ROS and
RNS are neutralized by the endogenous antioxidative defense
systems that include nonenzymatic and enzymatic antioxidants, such as glutathione, vitamin C, flavonoids, bilirubin,

superoxide dismutase, catalases, and glutathione peroxidase
[6, 7]. In addition, certain compounds are termed “upstream
antioxidants,” since they prevent the formation of ROS/RNS
(e.g., anti-inflammatory drugs, calcium antagonists). When
the redox homeostasis (balance between oxidants-nitrosants
production and elimination) fails, thus resulting in a preponderance of reactive species, “nitro-oxidative stress” (N and
OS) occurs [8].

2. NOS and Aging
NOS plays a central role in aging. The “oxidative stress
hypothesis” of aging is supported by some evidence: (a) the
species life-span relates to antioxidant activity; (b) the enhanced expression of antioxidative enzymes increases longevity;
(c) the free radical damage and the nitrosylation of proteins
increase with age; (d) a reduced calorie intake decreases the
production of ROS and increases life-span [9]. Hence, oxidative damage caused by ROS would contribute to the impaired
physiological function, increased incidence of disease, and
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reduced life-span that characterize old age [10]. The progressive accumulation of oxidated, misfolded proteins is typical of
the aging process and plays a central role in the pathogenesis
of neurodegenerative disorders, which are in fact mostly
considered as age-related illnesses [11, 12]. The brain seems
to be particularly susceptible to NOS damage, particularly
with aging, when the antioxidants defence mechanisms are
less effective [13]. Some data highlight the importance of NOS
stress in brain aging: (a) oxidative DNA damage, primarily
that affecting mitochondrial DNA (mtDNA), increases in the
aged brain [13–15]; (b) polyunsatured fatty acids are considerably susceptible to ROS and are depleted in the elderly,
with consequences on cognition [13, 16]; (c) aging and agerelated disorders have been related to inflammation, which
stimulates the activation of microglia; the latter represents
a defensive response, but it is also a source of free radicals
and its prolonged activation leads to oxidative damage and
neuronal cell death [13, 17]. The “mitochondrial free radical
theory of aging,” assuming that ROS-related mtDNA damage
leads to aging, has been questioned in light of recent evidence
indicating that (a) mtDNA mutations may be generated
by replication errors rather than by accumulated oxidative
damage and (b) ROS mediate the stress response to agerelated damage, being involved in signalling [18]. These new
acquisitions, then, suggest a more complex role of oxidative
stress in aging. As a matter of fact, ROS play a central role
in the decline of mitochondrial respiratory function, as well
as in the occurrence of mtDNA mutations and alterations
of gene expression typical of aging [19]. Oxidative stress,
through the alteration of epigenetic enzyme activity, DNAmethylation, and histone modifications, could contribute to
the “aging epigenome”, that is linked to the deep impairment
of the aged tissues [20]. Even RNS, through nitrosylation
and nitration, play a role in signaling as well as in the
modulation of aging. The activation of transcription factors
due to age-related nitrosative stress seems to be an important
cause of age-related diseases. For example, peroxynitrite leads
to the activation of the nuclear factor kappa B, that has
been demonstrated to be involved in the pathogenesis of
neurodegenerative disorders and cancer [9, 21]. As a matter
of fact, NOS is known to play a fundamental role not only in
the pathogenesis of a considerable number of nonneurodegenerative disorders (such as diabetes [22], atherosclerosis
[23], glaucoma [8], and psychiatric disorders [24]) but also
and especially in the pathogenesis of neurodegenerative ones
(e.g., Alzheimer’s disease, amyotrophic lateral sclerosis, and
multiple sclerosis [25–27]).

3. Accelerated Aging in Major Depression
(MD): The Role of NOS Stress
Major depression (MD) is a very frequent psychiatric illness
[28, 29] characterized by accelerated aging, neurodegeneration, high comorbidity with age-related disorders, and
premature mortality [30, 31]. The clinical picture of MD,
along with strictly affective symptoms, frequently include
deficits in cognitive functions (e.g., impairment in attention,
working memory, and executive function) [32, 33]. Sometimes, cognition is so deeply impaired that the differential
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diagnosis with dementia becomes necessary; in those cases,
the term “depressive pseudodementia” is then used [34].
Brain functioning and neuronal plasticity are deeply alterated
in MD, thus giving an explanation for depressive symptoms
pertaining to the impairment in memory and concentration
[35]. Anatomical alterations have been demonstrated in this
disorder, such as volume reduction of critical cerebral areas
(e.g., prefrontal cortex) [36], loss of neuronal cells [35,
37], and reduced cerebral blood flow [38]. Oxidative stress
has been demonstrated to be involved in the occurrence
of cognitive disturbances [39, 40]. In addition, increased
levels of oxidative stress and/or antioxidant deficiencies
represent risk factors for cognitive decline [41]. NOS stress
seems to exert a role in the pathogenesis of MD and its
associated conditions, such as accelerated aging, neurodegeneration, high comorbidity with age-related disorders,
and increased mortality [30, 31]. MD is characterized by
(a) less efficient antioxidant defence system [42]; (b) NOS;
(c) inflammatory-neurodegenerative condition [31, 43]. The
impaired antioxidant defence system exposes the body to
the negative effects of ROS and to higher levels of oxidative
stress, as demonstrated by the high levels of biomarkers
of NOS stress in MD [44]. We previously mentioned the
evidence linking NOS and aging; similar findings have been
reported in MD. In fact, oxidative mtDNA damage has been
demonstrated in this psychiatric disorder, which can even
represent a manifestation of certain mitochondrial diseases
[45–47]. In addition, even in MD there is a reduction in
the amount of polyunsatured fatty acids, particularly in
critical cerebral areas, such as the prefrontal cortex [48,
49]. High levels of antibodies against oxidized lipids have
also been demonstrated [31]. Inflammation, which leads to
an increased production of reactive species [43], is now
universally recognized as a key point in the pathogenesis
of MD [50]: the activation of the hypothalamic-pituitaryadrenal (HPA) axis, the activation of the microglia, and the
production of proinflammatory cytokines and prostaglandins
are mechanisms yet reported in the literature [51, 52]; in
addition, the “sickness behaviour,” related to the production of proinflammatory cytokines, recalls the symptoms
of depression [50]. The cytokines pathway appears to be
involved in the mechanisms that can lead to the possible
progression from depression to dementia [53]. Hence, NOS
and inflammation share a role in the pathopsysiology of MD
[31, 51] and could also offer an explanation of the frequent
association between depression and neurodegeneration [31],
which makes some scholars wonder if depression should
be considered as a neurodegenerative disorder [44]. This
new interpretation of MD acquires further credibility if
the deep alterations in terms of neurogenesis, occurring
in this disorder, are taken into consideration [54]. In the
light of the previously reported data, it appears clear that
MD shares similar biological alterations with aging and with
age-related illnesses, neurodegenerative ones in particular.
In fact, depression is often associated with cardiovascular
disease, stroke, dementia, and Alzheimer [53, 55, 56], and
it is characterized by anticipated gene expression changes
(e.g., downregulation of the brain derived neurotrophic factor
(BDNF)), which usually occurs in the aged brain [57].

Oxidative Medicine and Cellular Longevity

3

Nitro-oxidative stress
∙ Impaired antioxidant
defence
∙ Inflammation

Depression
Aging
Neurodegenerative disorders

Damage to lipids, proteins,
sugars, mithocondrial DNA. . .
Altered cellular functioning
Accumulation of misfolding proteins
Premature cell death
Altered gene expression
(e.g., downregulation of BDNF)

Figure 1: Inflammation and the impaired antioxid antioxidant defence expose the cell to the detrimental effects of nitro-oxidative stress,
thus resulting in the deep molecular and functional alterations underlying depression, aging, and neurodegenerative disorders. BDNF: brainderived neurotrophic factor.

The same genes involved in normal brain aging can be
responsible for brain-related disorders; according to the
model of “age-by-disease molecular interactions,” brain aging
would stimulate the biological changes that, along with
environmental factors and genetic variability, can favor the
occurrence of age-related diseases [58]. The accelerated aging
occurring in MD is also demonstrated by the fact that, in this
psychiatric disorder, there is a shortening in the telomeres
length, that represents a cumulative measure of stress [30, 59,
60]. Telomeres are DNA-protein complexes that cap the ends
of linear DNA strands, thus protecting DNA from damage
[30]; the cumulative exposure to NOS and inflammation is
implicated in the shortening process [30], with the latter
leading to premature cell death [30, 59, 61]. All these findings
support the hypothesis that NOS plays a central role in the
occurrence of accelerated aging in MD.

4. NOS in Aging, Neurodegeneration, and MD:
Therapeutic Implications in Brief
NOS is deeply involved in aging, neurodegeneration, and
major depression, which are conditions strictly linked to each
other [9, 31, 55]. This evidence has not only a speculative
value, but also therapeutic implications. In fact, if aging,
neurodegeneration, and major depression share a common
biological base in their pathophysiology, common therapeutic tools could be investigated for the prevention and
treatment of these disorders. As an example, antidepressants
have been demonstrated to present neuroprotective and antiinflammatory properties [52, 62, 63] and to stimulate neurogenesis [62]. Chronic antidepressants drug treatments seem
to favor the expression of BDNF, thus protecting neurons
from the detrimental effects of stress [64]. The increase of
BDNF, together with the reduction of microglia activation
and oxidative stress, offers an explanation of the protective
action of pre- and posttreatments with the antidepressant
escitalopram against experimental ischemic neuronal damage [65]. In parallel, antioxidants, that stimulate the antioxidant defense systems and interact with the monoaminergic
system, show an antidepressant-like activity [66–68] and
are fundamental for a healthy neurophysiology [69]. For

example, the beneficial effects of the dietary supplementation
with omega-3 fatty acids on aging as well as on cardiovascular,
neurological, and psychiatric disorders are yet known [69].
Moreover, the antidepressant profile of folic acid is partly due
to its antioxidant properties [70].

5. Concluding Remarks
Although the specific molecular mechanisms underlying
aging, depression, and neurodegeneration are not deeply
known, the evidence so far reported brings us to the following
“biological cascade” (summarized in Figure 1): the imbalance
between production and elimination of ROS/RNS (due to
the impaired antioxidant defence, as well as to the inflammatory condition demonstrated in the three pathophysiological
phenomena) exposes the cell to N and OS-related damages.
The consequential alterations affect cell functioning, gene
expression, proteins folding, and so forth and represent
the “fertile ground” for aging-depression-neurodegenerative
disorders. Since these alterations are shared by the three
pathophysiological phenomena, their frequent association
seems to find a biological explanation. Further research on
this topic could lead, in the near future, to the expansion of
the therapeutic possibilities for the treatment of N and OSrelated disorders.
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