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Abstract

Significance: Severe life stress (SLS), as opposed to trivial everyday stress, is defined as a serious psychosocial
event with the potential of causing an impacting psychological traumatism. Recent Advances: Numerous studies
have attempted to understand how the central nervous system (CNS) responds to SLS. This response includes a
variety of morphological and neurochemical modifications; among them, oxidative stress is almost invariably
observed. Oxidative stress is defined as disequilibrium between oxidant generation and the antioxidant re-
sponse. Critical Issues: In this review, we discuss how SLS leads to oxidative stress in the CNS, and how the
latter impacts pathophysiological outcomes. We also critically discuss experimental methods that measure ox-
idative stress in the CNS. The review covers animal models and human observations. Animal models of SLS
include sleep deprivation, maternal separation, and social isolation in rodents, and the establishment of hier-
archy in non-human primates. In humans, SLS, which is caused by traumatic events such as child abuse, war,
and divorce, is also accompanied by oxidative stress in the CNS. Future Directions: The outcome of SLS in
humans ranges from resilience, over post-traumatic stress disorder, to development of chronic mental disorders.
Defining the sources of oxidative stress in SLS might in the long run provide new therapeutic avenues. Antioxid.
Redox Signal. 18, 1475–1490.

Introduction

‘‘Stress’’ is a general term that was first employed in a
biological context by the endocrinologist Hans Selye in

1936 to describe the inadequate physiological response of an
organism, human or other animal, to any mental, emotional,
or physical demands, whether actual or imagined (148). This
response follows a typical three-stage pattern that is common
in human and animals, known as general adaptation syndrome
(147): (i) the alarm reaction: the body initially defends itself
against adverse circumstances by activating the sympathetic
nervous system. It mobilizes the body for the ‘‘fight or flight’’
response, which can be seen phylogenetically as an adaptive
short-term reaction to emergency situations. In many cases,
the stress episode is mastered during the alarm reaction stage;
(ii) the resistance stage: the body adapts more or less
successfully to the stressor; (iii) the exhaustion stage: the
organism’s adaptation is depleted or becomes detrimental,
and a breakdown occurs; this is associated with illness,
burnout, depression, or even death (147).

Oxidative stress has been implicated in the response to stress
(136) and in the pathogenesis of neurologic and psychiatric

diseases (155). Production of reactive oxygen species (ROS) by
mitochondria is often considered the main cause of oxidative
stress, but other sources of ROS are emerging, in particular,
NADPH oxidase (NOX) enzymes (90), a family of membrane
proteins with a sole known function to generate ROS. They
function as a transmembrane electron transport chain using
cytoplasmic NADPH as an electron donor to molecular O2 to
generate superoxide anion in the extracellular space or in the
lumen of intracellular organelles. Superoxide anion is generally
considered the primary product of the electron transfer, but
other ROS, in particular hydrogen peroxide, are also generated
(10). Seven NOX genes have been identified: NOX1 to 5 and
DUOX1 and 2. The best described isoform NOX2 requires an
interaction with another trans-membrane protein, p22phox, as
well as the cytosolic subunits, p47phox, p67phox, p40phox,
and one of the small Rho GTP-binding proteins, Rac1 or 2.
Other NOX isoforms require p22phox for activity, but have a
different mechanism of activation. NOX1 and NOX3 enzymes
require interaction with cytosolic subunits, NOXA1 and
NOXO1, and with Rac1 or 2. (73). In contrast, NOX4 seems to
be constitutively active; NOX5 and DUOX enzymes are mostly
regulated by increased intracellular Ca2 + (10).
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NOX enzymes are widely distributed in a variety of tissues,
but very high expression levels can be found in specific organs
or cell types (e.g., NOX1 in the colon, NOX2 in phagocytes,
NOX3 in the inner ear, and NOX4 in the kidney) (10).

The presence of NOX1, NOX2, NOX3, and NOX4 tran-
scripts has been identified in total brain samples (9, 79, 171)
and in specific brain cellular subpopulations. In particular, it
appears that NOX1, NOX2, and NOX4 are present in neurons,
astrocytes, and microglia, whereas the localization of NOX3 is
not known (155).

ROS produced by NOX enzymes can directly influence
cellular functions, by inducing the oxidation of proteins and,
subsequently, their structural and functional changes. In the
CNS, NOX enzymes are key players of several physiological
functions (such as neuronal differentiation and signaling)
(155) (Fig. 1), but they also contribute to the development of
neurodegenerative and psychiatric diseases (11, 146, 155).

Since the biological definition of stress proposed by Selye
covers an enormous number of concepts, it is useful to make a
distinction between the psychological definition of daily life
stress and severe life stress. Daily life stress refers to several
minor stressors such as time pressures, minor family prob-
lems, and professional misunderstandings or noisy neigh-
bors. Although this type of stress may induce a temporary
sense of frustration, miscontent, and irritability associated
with physical symptoms (i.e., headache), it is generally suc-
cessfully managed. On the other hand, a life stress is defined
as severe ‘‘when it is able to produce severe strain’’ (29). Ex-
posure to SLS may be acute, leading to short-lasting seri-

ous psychological reactions such as concentration problems,
depression, and nervous breakdown. If exposure to SLS be-
comes long-lasting, stress-induced psychological disorders
may turn into a chronic prolonged state that may even lead to
psychiatric disorders in extreme cases (113). In this review, we
will solely focus on SLS.

The Central Role of the CNS in Response to SLS

SLS induces alterations in the
hypothalamic–pituitary–adrenal axis functioning

The main neuroendocrine system to be activated in re-
sponse to SLS is the hypothalamic–pituitary–adrenal (HPA)
axis (39).

Physiologically, the HPA axis regulates diverse body func-
tions (such as digestion, sexual behavior, etc.) and controls the
reactions to stress. Anatomically, the key element of this axis is
the paraventricular nucleus of the hypothalamus, which con-
tains neuroendocrine neurons synthesizing and secreting va-
sopressin and corticotropin-releasing hormone (CRH). These
two peptides mainly act on the anterior lobe of the pituitary
gland, stimulating the secretion of the adrenocorticotropic
hormone (ACTH) (69). ACTH, in turn, acts on the adrenal
cortices, which respond to ACTH stimulation producing glu-
cocorticoid hormones (mainly cortisol in humans) (Fig. 2).
Cortisol is considered the main stress hormone that targets a

FIG. 1. Physiological roles of NOX-derived ROS in the
CNS. NOX-derived ROS play key physiological functions in
the CNS. They regulate neuronal fate (differentiation and
death) through the activation of the AP-1 transcription fac-
tor, which, in turn, mediates the NGF pathways. They are
also involved in crucial signaling pathways in the CNS, such
as the regulation of the membrane potential and cellular H +

fluxes, the control of the cardiovascular homeostasis and
blood pressure through the angiotensin II (ANG II) receptor,
and the regulation of the glutamatergic neurotransmission
through the NMDA receptor. Two possible connections exist
between NOX enzymes and this receptor: NOX enzymes
may regulate the receptor and, in turn, the NMDA receptor
may regulate these enzymes. NOX function in microglia is
important for health and normal physiology of the CNS.
Thus, NOX enzymes are also involved in the neuroin-
flammatory response through the activation of microglia.
CNS, central nervous system; ROS, reactive oxygen species;
AP-1, activator protein 1; NGF, nerve growth factor; NMDA,
N-methyl-d-aspartate.

FIG. 2. The HPA-axis functioning. After an SLS, an in-
crease in the production of CRH and VP by the para-
ventricular nucleus of the hypothalamus occurs. These two
peptides mainly act on the anterior lobe of the PG, stimu-
lating the secretion of the ACTH, which, in turn, acts on the
cortices of adrenal glands. The main consequence of the
stimulation of the adrenal cortices is the production of SH
(mainly cortisol in humans), which is a key player in the
regulation of metabolism (in particular, lipidic and glicemic
metabolic pathways), the immune system, and cardiovas-
cular functions. ACTH, adrenocorticotropic hormone; CRH,
corticotropin-releasing hormone; HPA, hypothalamic–
pituitary–adrenal; SLS, severe life stress; VP, vasopressin.
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variety of both peripheral and central systems, including
metabolic, cardiovascular, and immune responses (104).

Increasing evidence exists for a link between the HPA axis
and oxidative stress (33). However, the molecular relationship
between these elements needs to be clarified. Indeed, it is
possible that the impact of corticosteroids on NOX-dependent
ROS production is cell-type dependent (Table 1). In phago-
cytes, an inhibitory effect of the HPA axis on the NADPH-
derived oxidative stress has been reported. Thus, hydrocor-
tisone has been shown to inhibit the generation of NOX-
derived superoxide and to suppress the expression of the
p47phox subunit (78, 117, 169). Similarly, in human aortic
smooth muscle cells, an inhibitory effect of glucocorticoids on
superoxide production and on the mRNA expression of the
p22phox subunit has been described in (111). In microglia,
dexamethasone inhibits the NOX-dependent ROS production
(30, 76), probably via the suppression of MKP-1-dependent
MAPK pathways (76). In hippocampal neurons, both inhibi-
tion and induction of glucocorticoids on NOX-dependent
ROS production have been reported (84, 182).

SLS-induced mental disorders

Studies of extreme situations provide strong evidence of the
general relationship between SLS and mental illness (131) (Fig.
3). Historically, research on health effects of SLS began with
clinical records of individual reactions to war. Disasters unre-
lated to war have been investigated by psychologists since the
1960s. Thus, in 1963, Langner published a large-scale investi-
gation of mental disorders (both treated and untreated) among
1660 adults in an urban community (93). In this fascinating
work, the effects on children and parent mental health of some
stressful factors (such as poor physical health, economic dep-
rivation, work worries, and parents’ quarrel) were investi-
gated. However, these factors are not unequivocally leading to
mental disease. Indeed in the context of SLS-induced mental
disorders, resilience is of primary importance. Fundamentally,
resilience refers to the positive adaptation or the ability to
maintain or regain mental health, despite experiencing severe
adversity (70). In short, the term resilience refers to why and
how some individuals withstand SLS without developing
mental illness. This can be explained by diversity among in-
dividuals in term of biological and genetic factors (28, 52, 82)
along with environmental factors (70). In the context of these

diversities, it is crucial to understand the physiological and
biochemical mechanisms underlying resilience.

‘‘Post-traumatic stress disorders’’ (PTSD) are the most
studied SLS-induced mental disorders. PTSD can have mul-
tiple origins, occurring as psychological consequences of
physical, emotional, or sexual abuse (50). Another disorder
often induced by SLS is major depression (58). SLS, which are
known to induce depression, are caused due to the loss of a job
or the death of a loved one (159). SLS, such as early maternal
separation, maternal neglecting, prolonged loneliness, and
social isolation, may induce psychotic symptoms, such as
schizophrenia and bipolar disorders (110, 145).

SLS and alterations of brain morphology

Brain plasticity and morphology can be modified by SLS
(112). Numerous rodent studies have shown morphological
alterations in the brain following different stressors. Most
changes are observed in the hippocampus (replacement of

Table 1. Effects of Corticosteroids on Reactive Oxygen Species Production

Cell type Compound Effect Reference

Phagocytes Hydrocortisone Inhibition of NOX-derived superoxide; Umeki and Soejima (169);
Dandona and
coworkers (117);
Ignacchiti et al. (78)

Suppression of the expression of p47phox

Human aortic smooth
muscle cells

Glucocorticoids Inhibition of NOX-derived superoxide; Marumo et al. (111)
Suppression of the expression of p22phox

Microglia Dexamethasone Inhibition of NOX-dependent ROS production; Huo et al. (76);
Condino-Neto et al. (30)Suppression of MKP-1-dependent MAPK pathways

Neurons
(hippocampus)

Glucocorticoids Inhibition of NOX-dependent ROS production; You et al. (182);
Induction of NOX-dependent ROS production Kawakami-Mori et al. (84)

ROS, reactive oxygen species; NOX, NADPH oxidase.

FIG. 3. The link between SLS and mental disorders.
Several external events (such as sleep deprivation, maternal
separation and social isolation in rodents, the establishment
of hierarchy in non-human primates, child abuse, and war
and divorce in humans) might represent an SLS. The CNS
reacts immediately to SLS with specific biochemical and
cellular responses, which, most of the time, lead to resilience,
for example, adaptation to the SLS. However, in some cases,
resilience does not occur, and SLS has a broad range of
psychological consequences, ranging from long-lasting psy-
chological disturbances (such as PTSD) to major psychiatric
diseases (such as depression, bipolar disorders, and schizo-
phrenia). PTSD, post-traumatic stress disorders.
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neurons, remodeling of dendrites and synapses), but other
adaptive changes are also observed in the prefrontal cortex
and the amygdala of rodents (112). In humans, neuroimaging
studies have greatly enriched the understanding of the neu-
roanatomical changes induced by SLS in humans. Data on
emotional processes show that brain morphological changes
mainly involve neurons of the prefrontal cortex, amygdala,
insula, basal ganglia, and anterior cingulate cortex (36, 37).
MRI measurements in patients with PTSD (14, 16, 64) and in
female survivors of early sexual or physical abuse (17, 158)
have revealed smaller volumes of the brain (from 10% to 40%).
In subjects with a history of traumatic childhood experiences
who developed bipolar disorders later in life, smaller frontal
lobes compared with healthy controls have been described
(105). Other brain volumetric studies show significant re-
ductions in the volume of hippocampus and amygdala core
nuclei volumes in patients with major depression induced by
SLS (15, 152, 153). Driessen et al. also demonstrated by MRI
that a reduction in the hippocampus and amygdala in women
with a borderline personality developed after different epi-
sodes of early traumatization (41).

The Link Between SLS, Brain Oxidative Stress,
and the Development of Mental Disorders

Oxidative stress consists of an imbalance between the
amount of ROS and the capacity of antioxidant systems to
neutralize them.

Oxidative stress is a known feature of numerous CNS
disorders. Thus, clear evidence of the involvement of in-
creased brain oxidative damage in the development of CNS
pathologies has been reported for neurodegenerative diseases
(such as Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis), cerebrovascular disorders, de-
myelinating diseases, and psychiatric disorders, in both ani-
mal models and patients [reviewed in Ref. (155)].

In the CNS, ROS play a crucial pathophysiological role (23).
The accumulation of ROS is known to increase the susceptibility
of brain tissue to damage. They also trigger numerous molecular
cascades, leading to increased blood-brain barrier permeability
(through activation of matrix metalloproteinases and subse-
quently degradation of tight junctions), alterations of brain
morphology, neuroinflammation, and neuronal death (61).

Although the exact mechanisms linking oxidative stress to
the HPA axis is relatively unknown, ROS may affect the HPA
axis via several molecular mechanisms (Fig. 4):

(i) alteration of the normal translocation of the glucocorti-
coid receptors from the cytoplasm to the nucleus: Recent
studies have suggested an impaired function of the
glucocorticoid receptor during oxidative stress through
redox regulation. In addition, an impaired nuclear
translocation of the glucocorticoid receptor has been
observed in corticotrophs under high hydroxyradical
generation, which may account for the reduced or
eliminated effect of glucocorticoid on the expression of
the pro-opiomelanocortin gene that encodes ACTH (109,
124, 164);

(ii) increase in the stress-induced glutamate toxicity: In this
context, a new molecular mechanism has been recently
proposed. Thus, not only glutamate excitotoxicity and/
or oxidative stress alters mitochondrial activity, but also
an imbalance in mitochondrial activity, in turn, leads to

NMDA receptor up-regulation and increased oxidative
stress, finally leading to a neurodetrimental vicious
cycle (4, 122);

(iii) modulation of kinases and cysteine-rich, redox-sensitive
proteins [such as ASK1, activated by the hydrogen per-
oxide (57) or the redox-dependent protein kinase C (55,
161)]; and

(iv) alterations of RNA synthesis and stability (154).

In turn, in the brain, ROS production by NOX enzymes
(and, in particular, by NOX2) can be induced by various cel-
lular stressors [reviewed in Ref. (81)]:

(i) organic and inorganic chemical compounds, such as
heavy metals (i.e., zinc and cadmium), nonmetallic
poison arsenic in the form of arsenite, organic solvents
(i.e., ethyl or butyl alcohol), and environmental cyto-
toxic substances, such as cigarette smoke and diesel
exhaust particles;

(ii) physical challenges such as ionizing radiation, both
UVA and UVB, physical forces, changes in temperature,
osmotic pressure, and pH;

(iii) adverse cellular environments such as altered nutri-
tional conditions, hypoxia and/or hyperoxia;

(iv) inflammatory stimuli such as bacterial endotoxin lipo-
polysaccharide. Thus, in microglia and astrocytes, this
factor is known to stimulate rapid NOX-dependent ROS
production, and the expression of inducible nitric-oxide
synthase and cytokines (127).

FIG. 4. Mechanisms of ROS action on the HPA axis. The
effects of ROS on the HPA axis might be explained as fol-
lows: SLS may directly alter the physiological functioning of
the HPA axis, leading to an increased production of ROS by
mitochondria and NADPH oxidase. This elevation in oxi-
dative stress affects the translocation of the GR, induces an
increase in glutamate release leading to glutamate ex-
citotoxicity, and alters RNA synthesis and stability. Alter-
natively, the alteration of the physiological functioning of the
HPA axis might be observed later, as a consequence of the
altered GR translocation, glutamate excitotoxicity, and im-
paired RNA synthesis. GR, glucocorticoid receptor.
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(v) stress-related humoral and neural factors, such as (e.g.,
norepinephrine and endogenous opioid peptides).

Stimulation of the NOX activity results in the activation of
ERK1,2, p38 MAPK, Jun Kinase, and Akt pathways, the best
studied cell stress signaling network (91). Therefore, the ac-
tivation of NOX-mediated redox signaling may play a critical
role in coordinating the responses of the cell to deal with
adverse effects, either by activating stress kinases and pro-
moting stress tolerance or by removing the seriously damaged
cells by inducing apoptosis (81).

Detection of Oxidative Stress in the Brain

Oxidative stress has been found to be related to the onset
and progression of numerous CNS pathologies (146). How-
ever, the measurement of oxidative stress in the brain is a
major challenge. Several approaches have been used to detect
oxidative stress in the brain (Table 2). Next, we summarize
some of the approaches used for this purpose.

Analysis of postmortem brain samples

Immunohistochemical analysis includes the use of anti-
bodies that detect oxidized nucleic acids, proteins, or lipids
within the brain, or detect cellular responses to oxidative stress.
In our hands, a useful antibody that detects the oxidation of
DNA in brain tissue is the anti-8-hydroxydeoxyguanosine
(anti-8OHdG) (146, 156). Indeed, for chemical reasons, guano-
sin is more sensitive than other nucleotides to oxidative stress
(85). Nitrotyrosine antibodies detect the chemical reaction of
amino acids with peroxynitrate, which is the reaction product
of superoxide and nitric oxide. Strong nitrotyrosine staining has
been detected in numerous neurodegenerative disorders (20)
and in cerebral ischemia (157); anti-nitrotyrosine immunore-
activity in SLS brain samples has so far not been documented.

Several other antibodies have been used to detect cellular
responses to oxidative stress in the brain (146, 174): (i) anti-
bodies raised against c-fos, an immediate early gene and re-
dox-sensitive transcription factor (10); (ii) antibodies raised
against the hypoxia-inducible factor 1 alpha, a protein that is
known to be up-regulated under oxidative stress conditions
(10); and (iii) antibodies raised against the phosphorylated
form of the MAP kinases JNK, ERK, and p38 (6). Note that,
although oxidative stress undoubtedly leads to increased
HIF-1alpha, cfos, and MAP kinase phosphorylation, other
stimuli also do so. Thus, these parameters represent a rather

nonspecific response to stress and, therefore, need careful
interpretation.

Other interesting methods of detection of oxidative stress
on postmortem brain samples are emerging. Recently, Linares
et al. have proposed proteomic approaches for identifying
carbonylated proteins in brain tissue as one of the most ap-
propriate methods for measuring oxidative stress in the brain
(100). An alternative approach that is used for postmortem
samples is the expression of redox-sensitive genes (7). How-
ever, the limited postmortem stability of mRNA is a problem
for this approach.

Detection of direct and indirect biomarkers of oxidative
stress in cells and biological fluids

Biomarkers of oxidative stress in biological fluids include
oxidized proteins (protein carbonyls, thiols) and oxidized
lipids such as hydroxynonenal, malondialdeyde (MDA), and
isoprostanes (isomers resulting from the oxidation of arachi-
donic acid), which appear to be the best candidates for mo-
lecular signatures of excessive oxidation in biological fluids
(174). Neuroprostanes are also emerging as specific bio-
markers of oxidative stress in the CNS (174).

The detection of indirect biomarkers of oxidative stress in
cells (such as hematopoietic cells or fibroblasts) includes
measurement of telomere shortening (74) by quantitative
polymerase chain reaction (18) or fluorescence activated cell
sorting (42). Indeed, telomeres require the enzyme telo-
merase for whole length restoration after cell division. Since
most somatic cells do not express telomerase, many cells
show telomere shortening with age. However, for at least
two reasons, telomere shortening can be markedly accel-
erated by oxidative stress. First, due to their high content of
guanines (nucleic acid is most sensitive to oxidative stress,
see above), telomeres are highly sensitive to damage by
oxidative stress (85). Second, ROS, especially hydroxyl
radicals, produce single-strand breaks, either directly or as
an intermediate step in the repair of oxidative base modi-
fications. In contrast to the bulk part of genomic DNA,
telomeric DNA lacks efficient repair of single-strand breaks
(128). Thus, through the combination of increased sensi-
tivity to oxidation and the decreased repair of oxidative
damage, telomeres are particularly sensitive to the accumu-
lation of ROS-induced 8-oxodG DNA-strand breaks (85, 123,
175). However, it should be kept in mind that the regulation
of telomere length is a complex process, with oxidative stress

Table 2. Methods of Detection of Biomarkers of Oxidative Stress in the Brain

Method of detection Biomarker Reference

Physicochemical methods Isoprostanes Violi et al. (174)
Immunochemistry (ELISA)
Radio-immunoassay
Immunohistochemistry (ELISA) 8-Hydroxideoxiguanosine Schiavone et al. (146); Sorce et al. (156)
Systemical injection of HE Superoxide Hall et al. (2012)
Proteomic Carbonylated proteins Linares et al. (100)
In situ methods Lipoxidation products; MDA Violi et al. (2009)
CE-fluorescence MDA Cooley and Lunte (32)
Salycilate trapping Free radicals Grienberger et al. (60)

HE, hydroethidine; MDA, malondialdehyde.
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being only a modifier. Thus, shortened telomeres are sug-
gestive of, but not proving, oxidative stress.

Imaging studies

At present, relevant imaging studies conducted on SLS are
limited to rodent work. These studies will be discussed here.
Note that in our opinion, the imaging of oxidative stress in
humans is a point of major importance for future work on SLS
and represents an exciting emerging approach.

An injection of hydroethidine (HE or DHE), a redox-
sensitive probe (46, 47), has recently been used to measure
ROS levels in the live mouse brain after ketamine adminis-
tration (66). Indeed, when systemically injected, HE is rapidly
distributed into the brain. Nonoxidized HE is excreted in the
urine, while the oxidation products of HE are retained in tis-
sues, including the brain, for a long period. Note, however,
that—as opposed to what is frequently stated—HE is not
only oxidized by superoxide, but also by other ROS. High-
performance liquid chromatography (HPLC) and electro-
chemical detection analysis is able to distinguish between
different HE oxidation products (108). Capillary electropho-
resis associated to fluorescence detection (CE-fluorescence)
for the determination of MDA in cerebral dyalisate (obtained
by in vivo microdialysis) has been proposed as an alternative
method for detecting ROS in the brain (32).

A novel approach that is used for detecting the presence of
oxidants in the brain is the salicylate trapping method, which
is based on the hydroxylation of salicylic acid into dihy-

droxybenzoic acid during oxidative stress. The latter is then
quantified in venous eluate by using HPLC (60).

Although these imaging methods are very important, they
need further development to be suitable for routine mea-
surements of brain oxidative stress. Further on, these methods
usually cannot identify the source of ROS. Thus, the use of
knock-out, transgenic, and mutant animals is crucial to spe-
cifically identify the sources of oxidants in animal models.
However, despite relevant methodological developments, the
field of detection of oxidative stress in the CNS remains pla-
gued with pitfalls (53). Markers of oxidative stress in brain
pathologies have shown extremely large variations among
studies. Although there are obviously intrinsic variations in
clinical studies, these discrepancies emerge from the fact that
the choice of analytical methods is frequently determined by
simplicity, rapidity, and commercial availability rather than
by reliability. In addition, the exact source of oxidative stress
is often not clearly identified and specifically tested.

Evidence from Animal Studies

Rodents and primates are the best suited species for con-
ducting studies on the link between SLS, oxidative stress, and
the development of psychiatric illnesses (97, 176).

Rodents

In the next section, we will describe three models of SLS
that study the link between SLS, oxidative stress in the brain,
and mental disorders (Table 3):

Table 3. Effects of Severe Life Stress on HPA Axis, Brain Morphology,

and Oxidative Stress in Rodent Models

Models HPA axis Brain morphology
Biomarkers of

brain oxidative stress
Involvement

of NOX

Sleep
deprivation

HPA hyperactivity Structural remodeling
of hippocampus,
amygdala and
prefrontal cortex

Y glutathione levels ND
[ CRH Y SOD activity
[ corticosterone Y CAT activity

[ SOD activity
Alterations in

neurotransmission
No changes

Maternal
separation

[ ACTH Alterations of GR and MCR
expression and distribution

Y LP and[GPx
activity (12)

ND
[ corticosterone

Alterations in 5-HT and
GLU systems

[ LP,[SOD activity,
no changes in GPx activity

[ CRF No changes in females

Social
isolation

Y ACTH Loss of phenotype
of PV interneurons

[ SOD and CAT activity [ expression of NOX2
in NACC and PFC[ sensitivity of the

Y GR Y GPx activitypituitary gland
to CRF Y GLR

[ secretion
of corticosteroids

Y GSG:GSH
[ lipid peroxidation
[ indirect markers

of oxidative stress
(8OHdG; c-fos
and HIF-1a)

For references, see text.
ACTH, adrenocorticotropic hormone; HPA, hypothalamic–pituitary–adrenal; CRH, corticotropin-releasing hormone; CRF, corticotropin-

releasing factor; GR, glucocorticoid receptors; MCR, mineralcorticoid receptors; 5-HT, serotonin; GLU, glutamate; PV, parvalbumin; SOD,
superoxide dismutase; CAT, catalase; LP, lipid peroxidation; GPx, glutathione peroxidase; GLR, glutathione reductase; GSG, reduced
glutathione; GSH, oxidized glutathione; 8OHdG, 8-hydroxydeoxyguanosine; HIF-1a, hypoxia-inducible factor 1a; NACC, nucleus
accumbens; PFC, prefrontal cortex; ND, not determined.
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The sleep deprivation model: increase of glucocorticoids
and decrease of antioxidant enzymes. Sleep is a universal,
dynamic brain process that is present in organisms ranging
from invertebrates to mammals, which has an important ho-
meostatic function (19). Physiological sleep rhythm plays a
crucial role in the normal development of several CNS func-
tions, such as neurogenesis, learning, and memory (65). Pro-
longed sleep deprivation is a well-known SLS. In rodents,
chronic sleep deprivation causes the structural remodeling of
brain regions (such as hippocampus, amygdala, and pre-
frontal cortex) (160) that are involved in the formation and
consolidation of memory (59, 62).

Brain antioxidant capacity is strongly decreased in sleep-
deprived animals (44): glutathione levels are reduced in
whole rat brains (34), and significant reductions in the activity
of superoxide dismutase (SOD) have been found in the hip-
pocampus and brain stem (135). A recent study conducted by
Alzoubi et al. has shown a protective effect of chronic ad-
ministration of vitamin E, a strong antioxidant, on chronic
sleep deprivation-induced cognitive impairment. In this
study, the chronic administration of vitamin E was able to
normalize chronic sleep deprivation-induced reduction of the
GSH/GSSG ratio in the hippocampus, and the activity of
catalase (CAT), SOD, and glutathione peroxidase (GPx) (5).

However, changes in antioxidant enzymes can vary de-
pending on the model: in a study conducted on short-term
(8 h) or long-term (3–14 days) sleep-deprived rodents (56), an
increase in total SOD activity in rats allowed a recovery of
sleep after they had been selectively sleep deprived during
REM sleep; this increase was absent in the total sleep-
deprived animals (3–14 days). Another group reported no
increase in antioxidant enzymes SOD, CAT, GPx, or MDA
activity after chronic sleep deprivation in rats (34).

The maternal separation model. In most mammals,
mother–infant relationship is essential for a normal develop-
ment, and the early loss of maternal care represents an SLS,
affecting the vulnerability of infants over a lifespan. The
quality of the mother–pup interactions, such as maternal
licking, grooming, and arched-back nursing, is an important
factor in maintaining a blunted HPA axis response (22, 49). In
rodents, this early period is crucial for neuronal growth and
myelination (120) and is characterized by a dampened activity
of the HPA axis known as the stress hyporesponsive period
(SHRP). This period extends from postnatal day 4 to 14 and
consists of low activity of the adrenocortical system and de-
creased responsiveness to stressors that would usually induce
a robust stress response in adult animals (140). As a conse-
quence of maternal separation, separation anxiety-related
behaviors are observed later in life (134).

Repeated periods of maternal separation in rats have re-
percussions in the adult age, resulting in increased cortico-
sterone levels (130) and the expression of corticotropin
releasing factor (CRF) in the hypothalamus (132). Other con-
sequences of maternal separation in the adult brain include
elevated ACTH levels in response to a stressor (35), altered
CRF binding sites in several brain areas (92, 133, 172), dys-
regulated glucocorticoid and mineralocorticoid receptor ex-
pression (92, 137, 179), and alterations in the serotonergic (35,
162, 173) and glutamatergic systems (129). In a model of re-
peated maternal deprivation, it has been shown that alter-
ations of brain lipid peroxidation and the antioxidant

enzymes activities are age- and sex-dependent (170). Thus, the
maternal deprivation in SHRP causes a significant decrease in
brain lipid peroxidation and a significant increase in GPx
activity in the hippocampus, prefrontal cortex, and striatum;
whereas maternal deprivation in post-SHRP causes a signifi-
cant increase in brain lipid peroxidation and a significant in-
crease in SOD activity (with no effect on GPx) in the three
considered regions of the brain (170). In addition, although an
increase in SOD enzyme activity and lipid peroxidation in the
brain of maternal-separated male rats can be observed, these
parameters are stable in female rats (170), suggesting that
female hormones are protective, possibly through a scav-
enging action of estrogens (116).

The social isolation model: evidence of the NOX2 enzyme
as a source of oxidative stress in the brain. Social isolation
and loneliness represent an SLS for both humans and rodents
(68, 83). Social interactions are required for the normal de-
velopment of the brain, neurotransmission, and cognitive
abilities (95, 178). When deprived of social interactions, rats
are aggressive, neophobic, nervous, and anxious (149). They
also show hyper-reactivity to novel environments, marked
cognitive impairments (51, 94), and a change of phenotype of
specific subpopulations of cortical neurons, such as the par-
valbumin-positive neurons (67). These alterations are remi-
niscent of what is observed in humans with psychosis (94).
Therefore, rearing rats in social isolation immediately after
weaning is a well-established tool that is used for studying the
brain response to an intense stressful life event (95). Social
isolation induces important alterations in the functioning and
regulation of the HPA axis (149) as evidenced by low ACTH
concentration and increased sensitivity of the pituitary gland
to CRF, thereby blocking the negative feedback regulation of
the HPA axis (149). This leads to enhanced corticosteroid se-
cretion and a marked increase in brain steroid levels in re-
sponse to novel applied stress such as foot shock or restraint
(150, 151). The inhibition of the negative feedback regulation of
the HPA axis in socially isolated animals also causes a gradual
decrease in the number of glucocorticoid receptors in specific
brain areas (e.g., hippocampus and hypothalamus) (149).

Increasing evidence indicates that brain oxidative stress is a
crucial contributor to the development of neuropathological
alterations induced by social isolation. Pajovic et al. showed an
increased activity of SOD and CAT in the hippocampus of rats
that are exposed to long-term social isolation (125). These
findings have not been confirmed by another group that has
rather described a decreased activity of GPx and compro-
mised glutathione reductase in the hippocampus of long-term
isolated rats (40). Another study showed increased SOD ac-
tivity, a decreased GSH/GSSG ratio, and increased lipid
peroxidation in both striatum and cortex after 8 weeks of
social isolation (118). These alterations in brain oxidative
stress parameters are associated to deficits in prepulse inhi-
bition and social and self-directed interactive behaviors. Both
behavioral and cortico-striatal redox disturbances were cor-
rected by the antipsychotic clozapine (118).

Our group has recently investigated the role of the NOX2
enzyme in rats exposed to social isolation. A tremendous in-
crease in NOX2 expression was observed in both prefrontal
cortex and nucleus accumbens. This increase is associated
with elevations in markers of oxidative stress, such as the
oxidized nucleic acid 8-hydroxy-2¢-deoxyguanosine, the
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redox-sensitive transcription factor c-fos, and the hypoxia-
inducible factor-1alpha (146). Remarkably, chronic treatment
with apocynin, an antioxidant compound that can block
NOX2 activity under some circumstances (71), completely
prevented behavioral and histopathological alterations in-
duced by social isolation (146). These results strongly support
the idea that pharmacological targeting of NOX2 activity
might reverse behavioral alterations.

These findings highlight the role of NOX2 in the field of
brain oxidative stress (155). However, nowadays, the link
between NOX2 and the HPA axis remains elusive. In previous
studies, the direct action of corticosteroids on NOX2 is rather
inhibitory (30). How prolonged stress leads to such a strong
increase in NOX2 remains a matter of further studies.

Primates

Studies of both feral and captive animal populations show
that animals with specific dominance ranks, such as some
species of non-human primates, tend to show characteristic
stress-related physiological profiles (119). Although it is not
an SLS per se, as it is a key aspect of their social life, the es-
tablishment of a social hierarchy is a source of intense stress,
inducing profound changes in their physiology (143) (Fig. 5).
Some species of non-human primates (such as gorillas) accept
dominance of the leader once the hierarchy has been estab-
lished, whereas others (such as chimpanzees and baboons) are
continuously struggling at improving their social rank (143).

Several stress-related physiological endpoints have been
found to be sensitive to rank, such as the blood level of glu-
cocorticoids and the adrenal steroid hormones (e.g., hydro-
cortisone in primates). Primates that are stressed by their
hierarchy show hyperactivity of the glucocorticoid system
which is associated to enlarged adrenal glands and impaired
sensitivity of the system to negative feedback regulation
(26, 142).

However in some cases, it is the dominant individuals who
show this profile. This occurs, for example, in chimpanzees
where dominant individuals have to repeatedly and physi-
cally reassert their rank (26) and in species enduring frequent

transient periods of rank instability (feral baboons and rhesus
monkeys) (142).

Non-human primates who are socially stressed by the
dominance hierarchy for prolonged periods undergo strong
cerebral changes (163). These alterations might be due to the
increased brain oxidative stress during the hierarchy estab-
lishment (48). Elevation of brain oxidation associated with
hierarchy in non-human primates leads to inhibition of neu-
rogenesis, impairment of synaptic plasticity (89, 107), altered
patterns of apoptotic cell death (103), alterations in dopami-
nergic and serotonergic neurotransmission (144, 163), and
alterations in neuronal morphology (such as decreases in
dendritic branching or dendritic length) in the hippocampal
CA3 pyramidal neurons (106, 181). The degree of remodeling
is somewhat more pronounced in the dominant group com-
pared with controls, while subordinate non-human primates
show marked hippocampal neuronal degeneration, primarily
of the pyramidal neurons of the CA1 and CA3 regions (115).

Evidence from human studies

The life path of an individual is marked by plentiful events
and occurrences that vary in their magnitude, duration, and
the meaning they have for the person. Exposure to SLS can
impact forever the way an individual perceives themselves
and the world around them (166).

In this part of the review, we will discuss the impact of SLS
such as child abuse, war, and divorce on the brain function
and the contribution of oxidative stress to the development of
mental disorders.

Child abuse

A crucial step in understanding the nature and effects of life
events entails the study of SLS during childhood and adoles-
cence. Studies on SLS during childhood and adolescence mainly
began in the 1980s and aimed at connecting SLS events and
subsequent psychological and/or physiological disorders (141).

Child abuse is defined as ‘‘neglect, physical abuse, sexual
abuse and emotional maltreatment’’ (45). Several studies have
investigated the link between child abuse and the HPA axis.

FIG. 5. The effects of the estab-
lishment of hierarchy in non-
human primates. The establishment
of hierarchy might represent an SLS
for non-human primates. Physical
and emotional reactions to this type
of SLS are represented by dysfunc-
tions of the immune, cardiovascu-
lar, and reproductive systems.
Alterations in the HPA axis func-
tioning (in particular, hyperactivity
of the glucocorticoid system) might
be also frequently observed. The
CNS may react with the establish-
ment of the hierarchy by increased
oxidative stress, which, in turn,
may lead to several brain dysfunc-
tions, such as decreased neurogen-
esis and alterations in synaptic
plasticity and neurotransmission.
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Physiologically, the HPA axis is not fully mature at birth.
Indeed, there are several developmental changes during
childhood in both basal HPA activity and cortisol release (63).
Significantly, the activity of the HPA axis in early human
development is under strong social regulation. Thus, children
in deprived rearing environments show strong disturbances
in basal and diurnal cortisol rhythm (24, 165).

A recent review provides a summary of the psychiatric and
social disorders to which children who have experienced
maltreatment, in particular sexual abuse, are predisposed
throughout their entire life: (i) behavioral dysfunction (ii)
emotional alterations, (iii) pain disorders, and (iv) systemic
and cognitive disorders (180).

A very strong link exists between sexual abuse during
childhood and the development of mental illnesses (PTSD, de-
pression, border line personality disorders, attempted suicide,
and eating disorders) (25, 139, 183). Important brain develop-
ment alterations were described in a cohort of 28 naı̈ve children
and adolescents with maltreatment-related PTSD compared
with 66 sociodemographically similar healthy control subjects.
These included decreased volumes of prefrontal cortex, pre-
frontal cortical white matter, right temporal lobe volumes, and
corpus callosum, while larger frontal lobes and increased cere-
brospinal fluid (CSF) quantity were measured (38).

Oxidative stress has been proposed as being an important
contributor in the brain alterations and mental disorders de-
rived from child abuse (43). However, the majority of studies
did not measure oxidative stress during childhood or ado-
lescence, but indirect biomarkers of oxidative stress in adults
who have experienced maltreatments when they were chil-
dren. The usual parameter is telomere shortening (168).
Adults who experienced maltreatment during childhood
have significantly shorter telomeres. Interestingly, shorter
telomeres are associated with physical and emotional neglect
but not with physical or emotional abuse (168). However, as
of today, no studies investigated this correlation in a larger
population. Thus, the molecular pathways linking psycho-
logical stress to telomere shortening remain to be elucidated.
One of the proposed mechanisms involves an increase in
glucocorticoid-associated oxidative stress damage as a me-
diator of telomere shortening (27, 114).

War

The negative impact of war on the physical status and
quality of life of survivors has been widely investigated (13)
and is mostly related to physical consequences of war, such as
severe physical injury or loss of specific functions of the body.
However, since the Gulf War, the relationship between war
and the development of physical and psychological problems
has been addressed. A recent longitudinal study of American
Gulf War veterans has shown alterations of the HPA axis
(such as impairment in the response to ACTH to CRF and
increased cortisol levels after stimulation) and of the neuro-
endocrine profile of the veterans (54, 98). In addition, chronic
and persistent abnormalities of hippocampal blood flow and
alterations of levels of the neuronal markers N-acetylaspartate
in the basal ganglia and pons have also been documented in
Gulf War Veterans (99, 102, 177).

Studies of war survivors (both soldiers and civilians) even
led to the description of a new syndrome, PTSD (101). Indeed,
before 1982, the word PTSD did not exist and, therefore, was

not introduced in the psychiatric lexicon. The constellation of
persistent physiological and psychological symptoms ob-
served in American veterans who were involved in the war in
Vietnam led to the definition of the term PTSD and its inclu-
sion in the DSM-III.

Increasing evidence indicates that neuropathological and
psychological alterations induced by war experiences are re-
lated to brain oxidative stress (126). Increased levels of nitric
oxide/peroxynitrite in the CSF of Gulf War veterans have
been reported (126). In addition, PTSD observed in American
soldiers returning from Iraq has been associated with ROS-
mediated brain changes (72). In Gulf War veterans affected by
PTSD, elevation in the levels of 8-OhdG and the induction of
3-nitrotyrosine in the CSF have been reported (1).

In addition, modern war leads to exposure to toxic agents. An
interesting article (2) investigated the effects of sarin, a highly
toxic nerve agent to which people were exposed during the Gulf
War (77). Neurotoxicity of sarin is mainly mediated by the in-
hibition of acetylcholinesterase (86) but also leads to increased
oxidative stress in the CNS (2). In addition, the use of depleted
uranium raised concern about a link with PTSD and brain oxi-
dative stress in Gulf War veterans. Several studies conducted on
rodents showed that depleted uranium crosses the blood–brain
barrier and accumulates in a specific brain region, leading to
increased brain oxidative stress, altered behavior and emotion-
ality and sensorimotor deficits (8, 96). Thus, similar mechanisms
may occur in humans exposed to depleted uranium during war.
Studies conducted on the civilians who have been chronically
exposed to depleted uranium may 1 day answer this question.

Divorce

Among stressful life events, divorce is considered one of the
most impacting ones because of its strong physical and psy-
chological consequences on men, women, and children (88). It is
largely known that divorce affects the physiological functioning
of the HPA axis of the couple (12, 87). However, data are
missing for children, as most of the studies measured cortisol
levels in adults who experienced parents’ divorce during
childhood. Higher basal cortisol levels in healthy adults who
had experienced parents’ divorce have been found (12, 87, 121).

From a psychological point of view, although nowadays
divorce does not have the social stigma attached to it in the
past, divorcing couples often feel a sense of guilt or shame,
anger, and resentment, especially when young children are in
the household (167). The persistence of these feelings may
lead to depression and anxiety, which can manifest in many
forms. In particular, symptoms for women going through a
divorce depression include overeating, insomnia, or hy-
persomnia, excessive drinking, or substance abuse (3).

Children whose parents are going through a divorce en-
gage in anxious behaviors and can typically experience denial,
abandonment, preoccupation, anger and hostility, immatu-
rity or hyper maturity, blaming, and acting out (138). If these
emotions persist, children can sometimes develop mental
disturbances (138).

Recent evidence suggests that there is a possible link be-
tween the severe mental consequences of divorce and in-
creased peripheral and central oxidative stress (75). A study
conducted at the University of New Mexico showed that di-
vorced men have a lower anti-oxidant defense system in the
CNS and decreased resistance to brain oxidative damage than

SEVERE LIFE STRESS AND BRAIN OXIDATIVE DAMAGE 1483



nondivorced men (http://hdl.handle.net/1928/11173). In
children who experienced parents’ divorce or in adults who
experienced divorce during childhood, increased suscepti-
bility to ROS (in terms of decreased antioxidant defenses) of
several tissues such as the brain (21) or the lung (80) has been
described. Moreover, in children exposed to severe psycho-
emotional stress after the divorce of parents, an increased
incidence of brain cancer has been reported as well as eleva-
tions of reactive oxygen and nitrogen species in the CNS (21).
Although the current number of studies on this subject is not
yet very consistent, existing data encourage further research
in this field.

Conclusion and Outlook

This review summarizes current knowledge on the link
between SLS, brain oxidative stress, and neuropsychological
responses. According to the literature, oxidative stress in re-
sponse to SLS occurs in both animal models (rodents and
primates) and humans. What might be the hypothetical evo-
lutionary advantages of such a conserved pathway? There is
now increasing evidence that ROS generation is involved in
the regulation of neurotransmission, in particular glutamate
release, which most likely plays an important role in the ‘‘fight
or flight response.’’ Thus, a unifying, although speculative,
hypothesis of the observations summarized here would be as
follows:

Short lasting, acute SLS requires a high level of excitatory
neurotransmission in order to allow rapid reactions of the
organism in order to fight the stress situation or to escape. The
activation of ROS generation through external stress facili-
tates and/or enhances the release of excitatory neurotrans-
mitters. Thus, in its simplest form, this might represent a
healthy response that contributes to survival. However, in
the case of long-lasting chronic SLS, the neurophysiological

impact is very different. Excessive release of excitatory neu-
rotransmitters leads to exaggerated neurophysiological re-
sponses that are reminiscent of alterations observed in
patients with psychosis: NMDA receptor down-regulation,
loss of phenotype inhibitory neurons, behavioral alterations,
and a decline in cognition (Fig. 6).

In humans, there is strong evidence that the responses to
SLS show large inter-individual variations. Indeed, while
some individuals show resilience, others show severe long-
lasting damage, ranging from post-traumatic disorders to full-
blown psychosis.

We think that the improved understanding of SLS re-
sponses will ultimately help prevent and/or treat post-
traumatic disorders. At least in some animal models, the
source of oxidative stress has been identified and—if con-
firmed in humans—this might provide interesting targets for
drug development (146). However, translational research into
SLS is still hampered by the lack of tools that allow the
detection of oxidative stress in the human brain. Thus, future
development in imaging technologies will be crucial. In addi-
tion, an understanding of resilience is of utmost importance.
Thus, further studies are needed to clarify to what extent
genetic elements or environmentally determined personality
traits account for resilience.
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FIG. 6. Effects of acute and pro-
longed SLS: the link with gluta-
mate neurotransmission. The
activation of ROS generation
through external acute stress facili-
tates and/or enhances the release of
glutamate. High levels of this neu-
rotransmitter are physiologically
required in order to allow a rapid
healthy reaction of the organism to
the acute SLS (fight or flight re-
sponse), which contributes to sur-
vival. In the case of long-lasting
chronic SLS, the activation of ROS
leads to a prolonged increase in
glutamate release. The reactions to
this long-lasting excitotoxicity
might be adaptation and resilience.
However, exaggerated pathological
responses, reminiscent of what is
observed in patients with psycho-
sis, might occur: NMDA receptor
down-regulation, loss of phenotype
of inhibitory neurons (mainly re-
presented by the loss of PV), be-
havioral alterations, and cognitive
decline. PV, parvalbumin.
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Abbreviations Used

5-HT¼ serotonin
8OHdG¼ 8-hydroxydeoxyguanosine

ACTH¼ adrenocorticotropic hormone
AP-1¼ activator protein 1
CAT¼ catalase
CNS¼ central nervous system
CRF¼ corticotropin-releasing factor

CRH¼ corticotropin-releasing hormone
CSF¼ cerebrospinal fluid

GLR¼ glutathione reductase
GLU¼ glutamate
GPx¼ glutathione peroxidase
GR¼ glucocorticoid receptors

GSG¼ reduced glutathione
GSH¼ oxidized glutathione

HE¼hydroethidine
HPA¼hypothalamic–pituitary–adrenal

HPLC¼high-performance liquid chromatography
MCR¼mineralcorticoid receptors
MDA¼malondialdeyde

NACC¼nucleus accumbens
ND¼not determined

NGF¼nerve growth factor
NMDA¼N-methyl-d-aspartate

NOX¼NADPH oxidase
PFC¼prefrontal cortex

PTSD¼post-traumatic stress disorders
PV¼parvalbumin

ROS¼ reactive oxygen species
SHRP¼ stress hyporesponsive period

SLS¼ severe life stress
SOD¼ superoxide dismutase

VP¼vasopressin
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