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ABSTRACT: Chemobrain or chemotherapy induced cognitive impairment (CICI) represents a new clinical
syndrome characterised by memory, learning and motor function impairment. As numerous patients with cancer
are long-term survivors, CICI represent a significant factor which may interfere with their quality of life.
However, this entity CICI must be distinguished from other cognitive syndromes and addressed accordingly. At
the present time, experimental and clinical research suggests that CICI could be induced by humerous factors
including oxidative stress. This type of CNS injury has been previously described in cancer patients treated with
common anti-neoplastic drugs such as doxorubicine, carmustine, methotrexate and cyclophosphamide. It seems
that all these pharmacological factors promote neuronal death through a final common pathway represented by
TNF alpha (tumour necrosis factor). However, as cancer in general is diagnosed more commonly in the aging
population, the elderly oncological patient must be treated with great care since aging per se is also impacted by
oxidative stress and potentiually by TNF alpha deleterious action on brain parenchyma. In this context, some
patients may develop cognitive dysfunction well before the appearance of CICI. In addition, chemotherapy may
worsen their cognitive function. Therefore, at the present time, there is an acute need for development of effective
therapeutic methods to prevent CICI as well as new methods of early CICI diagnosis.
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Chemobrain or chemotherapy induced cognitive 3]. In fact, CICI should be regarded as a pharmacological

impairment (CICI) represents a newly described clinical
diagnosis associated with cancer therapy. This
neuropsychological syndrome induced by
pharmacological agents used in oncological therapy is
centred on the gradual cognitive decline of the patients
which could range from mild inability in performing
some tasks to serious attention and memory problems [1-

side-effect characterised by deficits in memory function
and concentration which are seen at least 5-10 years after
cessation of chemotherapy [4-8].

The combination of electroencephalography (EEG)
with multimodal neuroimaging (anatomical MRI and
fMRI assessments) have added to the understanding of the
underlying mechanisms of chemotherapy-induced
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cognitive impairment. Neuroimaging may help uncover a
neural basis for the subtle cognitive deficits in cancer
patients. However, a serious limitation of functional
imaging studies in CICI is the consistent use of small
samples [9].

A significant number of experimental and clinical
studies have reported neuropsychological symptoms after
chemotherapy with platinum compounds, mitotic spindle
and proteasome inhibitors as well as interferon alpha and
small thyrosine kinase inhibitors [10,11]. More
specifically, CICI was described in several studies
focusing on patients with breast cancer treated with
doxorubicin and cyclophosphamide. These patients
presented with impairment in memory acquisition and
learning as well as impairment of their visual-spatial
skills. Overall all the breast cancer patients that had
chemotherapy, presented with low cognitive scores
requiring significantly more time to perform a task as
compared with the pre-chemo stage [4,8,12-14].
However, only a limited number of studies have evaluated
the impact of this newly described pathological entity on
the quality of life. Selamat MH et al. (2014) have
evaluated cognitive deficits in breast cancer patients after
chemotherapy on quality of life and reported that medical
practitioners fail to diagnose and address appropriately
this condition as well as the whole array of associated
features experienced by the chemotherapy patients
including but not limited to calls for help and coping, daily
life and survivorship issues [15]. Moreover, a recent
clinical case cohort study conducted in breast cancer
patients treated with cyclophosphamide, methotrexate and
5-fluorouracil revealed that cognitive deficits induced by
these agents can last for more than 20 years [16-18].
Therefore, CICI needs a better clinical identification and
management considering that a significant number of
cancer patients are long-term survivors. This is also
upheld by the fact that some of the most important
features described in these patients relate to motor CNS
functions and memory. A meta-evaluation of 30 studies
including more than 838 chemotherapy patients and
controls reported significant changes in verbal memory
and executive motor functions which can interfere
significantly with the quality of life of these patients [19].
We assume that CICI could potentially interfere with their
compliance, ultimately affecting their medical
management.

The above mentioned abnormal neuropsychological
changes correlate with morphological changes recorded
by neuro-structural radiological tests. A study
investigating structural changes in brain parenchyma in
breast chemotherapy patients has reported a time
dependent gradual continuous structural damage. In
addition, a significant reduction in total brain and grey
matter volumes was recorded post-chemotherapy in

breast cancer survivors [16,17,20]. These findings
suggest that neuropsychological changes could be
determined by direct CNS tissue deterioration induced
by various pharmacological factors used in cancer
therapy.

Functional magnetic resonance imaging (fMRI)
studies investigating changes associated with cerebral
blood flow dependent blood oxygenation level (BOLD)
have shown that patients with breast cancer have a
different CNS activation pattern as compared with healthy
controls during declarative memory tasks. More
specifically, after therapy with cyclophosphamide,
methotrexate, and 5-fluorouracil, their pre-frontal cortex
presents with a lower degree of activation during memory
formation. The authors report a significantly lower
activation in the dorso-lateral and caudal frontal cortex as
well as in the pre-motor cortex. The anomalies recorded
in the left caudal lateral frontal cortex were positively
linked to a superior executive dysfunction but
unexpectedly, during recall, cancer patients have a greater
level of generalised diffuse activation compared with
healthy subjects. [21,22]. These results have been
reinforced by the studies of Baudina et al. [23], who have
reported significant changes in glucose metabolism in
several brain areas after chemotherapy. The changes were
more obvious in the frontal lobes, where the authors
recorded a metabolic impairment which was proportional
to the amount of pharmacological agents [23]. Presently it
is suggested that numerous other pharmacological and
non-pharmacological factors are capable to promote
psychological ~changes indicative of cognitive
dysfunction. Therefore, CICI should be correctly
diagnosed and managed.

The mechanisms for chemotherapy induced
cognitive changes are unknown, but several mechanisms
have been proposed, including the direct neurotoxicity
of chemotherapeutic agents, genetic predisposition
(APOE4, COMT), oxidative damage, chemotherapy
induced peripheral neuropathy, immune dysregulation
or shortened telomeres [24-27] (Fig. 1). However, some
authors suggest that at least in colon cancer patients
treated with FOLFOX4, there is no CICI. The mild
cognitive changes described in these patients could be
explained by the psychological adaptive changes related
to the actual cancer diagnosis as well as the associated
anxiety [28]. These findings have been recently
contradicted by a study that evaluated verbal memory in
colon cancer treated with FOLFOX4. This study reports
a significant acute decrease in verbal memory in more
than 50% of patients. At least 33% of all patients
developed a subsequent worsening of their cognitive
function [29]. Therefore, it is safe to admit that at least
theoretically any type of chemotherapy could promote
CICl.
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Cognitive dysfunction in cancer patients

Cognitive impairment described in cancer patients is
determined by numerous factors. Perhaps the most
important is related to the origin and location of the
tumour. We can assume that a patient with a primary or
metastatic lesion in the CNS could present with
neuropsychological changes at an early stage compared
with a patient presenting with a tumour located in
another organ/system and without brain secondary
deposits. Other factors contributing to cognitive
dysfunction in cancer are represented by associated
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diseases especially those requiring anti-depressive and
pharmacological therapy for pain. Also, the aging factor
must be carefully considered as cancer is encountered in
significant numbers in an aging population. In this
setting, preliminary changes suggestive of dementia
could be already present before cancer development and
chemotherapy. Therefore, there is an acute need to
separate the cognitive dysfunction induced by
chemotherapy (CICI), from those neuropsychological
changes induced by aging, co-morbidities and associated
therapies.

R
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Figure 1. Mechanisms underlying CICI. Chemotherapy of cancer generates free superoxide radicals in plasma
which may cause the oxidation of Apolipoprotein A1 (ApoAl). Oxidated ApoAl in turn promotes synthesis of TNF
alpha which penetrates the blood brain barrier to further inflict apoptosis and neural death in the brain.

In the realm of chemotherapy induced cancer
impairment (CICI), the oxidative stress represents one of
the most common etio-pathological factor leading to
significant neurobiological changes. More specifically,
the cognitive dysfunction in this setting may be directly
promoted by the reactive oxygen species (ROS)
generated during chemotherapy. Butterfield DA (2014)
[30] reports that doxorubicin, one of the most common
anti-neoplastic agents, generates superoxide free

radicals in plasma which then oxidate apolipoprotein Al
(ApoA1l). ApoAl in turn promotes synthesis of TNF
alpha which acts on its receptors located on blood brain-
barries (p55 and p75) and subsequently reaches the brain
parenchyma where it inflicts apoptosis and neural death
(Fig. 1) [31]. However, it is of paramount importance to
note that a significant number of chemotherapeutic drugs
exert their anti-neoplastic action by inducing oxidative
stress in malignant tissue as well as in the brain and other
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organs and systems. In brain  parenchyma,
morphological changes suggestive of oxidative stress
injury after cyclophosphamide, one of the most common
chemotherapeutic agents, are represented by significant
abnormalities in granular and neuronal dendrites as well
as spine density and immaturity of spines [32].

Deleterious effects associated with oxidative stress

Activated oxygen species, especially those that share
electronic orbital features with singlet oxygen, are highly
reactive, and therefore, the evolutionary adaptation by
organisms to make oxygen wholly beneficial has never
been complete. Consequently, there are many deleterious
effects associated with excessive, activated ROS [33-35].
Production of cellular reactive oxygen species (ROS) is
typically  associated with  protein and DNA
damage, toxicity, and neuronal death and are intimately
linked to mutated proteins with mitochondria [36]. These
effects are more evident when ROS are in excessive
concentrations and the ability of antioxidant mechanisms
of neurons to counterbalance the damaging reactions is
diminished [37].

The brain is especially susceptible to the assaults
perpetrated by ROS. This is because the brain is a big
oxygen consumer (20% of the body consumption),
causing it to be especially vulnerable to oxidative stress
due to its low level of protective antioxidant mechanisms.
The brain contains a large amount of polyunsaturated
peroxidizable fatty acids along with high levels of iron
that act as pro-oxidant and sometimes induces autophagic
cell death. In addition, lipid peroxidation leads to the
production of toxic compounds such aldehydes or dienals
(e.g. 4-hydroxynonenal) which may cause in turn,
neuronal apoptosis [38].

At DNA level, oxidative modifications may cause
rapid depletion of intracellular energy by activating DNA
repair enzymes. Energy scarcity after stroke will cause in
turn, endonuclease-mediated DNA fragmentation, the key
mechanism that leads to DNA damage [39].

Chemotherapy induced oxidative stress in brain

It was postulated that CICI represents the ultimate result
of synergistic action of several factors including
chemotherapy mediated oxidative stress, direct vascular
and neurotoxic action of some chemotherapeutic agents
as well as inefficient DNA-repair mechanism(s) [25,26].

Oxidative stress derived ROS may be the most
important factor promoting CICI and it seems that some
patients may have a genetic predisposition to develop
this condition. A study conducted in a children
diagnosed with acute lymphoblastic leukaemia suggests
that cognitive dysfunction after oxidative stress induced

by chemotherapy is associated with polymorphisms in
three oxidative stress genes, NOS3 894T, SLCO2A1
variant G allele and GSTP1 variant allele [40]. The role
of the oxidative stress in initiating and maintaining brain
damage has been suggested by previous studies which
have reported that a normal redox state is a very
important factor modulating the functionality of CNS
including differentiation of oligodendrocyte-type-2
astrocyte  progenitor cells [41]. In CICI,
chemotherapeutic agents are capable to induce a state of
oxidative stress via an increased synthesis of plasma
cytokines capable to reach the CNS after passing
through the blood brain barrier [12]. It is generally
accepted that the most important cytokine released
during chemotherapy in plasma is TNF alpha which may
promote direct oxidative injury to the CNS leading to
neuronal damage [42]. The most important
chemotherapeutic drugs inducing through TNF alpha a
state of oxidative stress and subsequent CICI are
presented below.

Doxorubicin. Doxorubicin, an anthracycline anti-
tumour antibiotic indicated in several types of
malignancies, is known to generate intracellular oxygen
species as its effects on heart are explained by the ROS
synthesis [12, 43]. In vitro studies have demonstrated
that neurons treated with this drug will show evidence of
protein and lipid oxidation. Moreover, experimental
studies conducted in a murine model have shown that
doxorubicin promotes a significant level of generalised
CNS oxidative stress which is substantiated by increased
levels of protein oxidation as well as lipid peroxidation
in brain parenchyma [29]. Subsequent research has
proved that doxorubicin has an indirect CNS toxic action
as a result of an increase in plasma TNF alpha which
penetrates though blood-brain barrier. It is suggested
that plasmatic TNF alpha is produced in significant
amounts as a result of oxidation of APOAl by
doxorubicin which in turn stimulates TNF alpha
production by macrophages [44].

In the brain, TNF alpha produces a significant
oxidative stress associated with a reduction in
glutathione levels, a known anti-oxidant, in parallel with
increased levels of glutathione peroxidase and reductase
as well as increased glutathione-S-transferase levels. In
addition, redox proteomics evaluation suggested a
significant CNS oxidative stress induced via TNF alpha
production by doxorubicin [45]. Additional studies
revealed that plasma doxorubicin- mediated TNF alpha
promotes a significant decrease in brain mitochondrial
respiration as a result of an increase in p53, Bax and
associated apoptosis [46]. All of these suggest that TNF
alpha represents a crucial therapeutic target in patients
with CICI.
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Experimental work conducted in a murine model has
revealed that simultaneous administration of the anti-
oxidant 2-mercaptoethane sulfonate (MESNA) prevents
oxidative damage induced by doxorubicin. More
importantly, it seems that MESNA is capable to inhibit
the increase in peripheral TNF alpha induced by
doxorubicin [44]. A recent clinical study conducted in
patients with breast cancer and non-Hodgkin's
lymphoma has  demonstrated that MESNA
simultaneously administered with doxorubicin reduces
the levels of TNF alpha, TNF-receptor 1 and TNF-
receptor 2. Interestingly, it seems that those patients with
the highest level of TNF alpha before chemotherapy
would benefit the most of MESNA therapy [47].
Unfortunately, the authors have not evaluated cognitive
changes in this cohort of patients. Therefore, further
research is needed to evaluate any neuropsychological
changes which could be explained by MESNA
administration.

Carmustine. Studies conducted in rats have revealed
that carmustine induces a major oxidative stress level in
the brain parenchyma as well as an impairment of
memory and learning processes. Administration of
carmustine is associated with a significant increase in
plasma TNF alpha and CNS malondialdehyde, a marker
indicating significant oxidative stress. Histological
evaluation has also shown an over-expressed caspase-3.
Remarkably, administration of carmustine in a rat model
induces an increased synthesis of metallothionein in
hippocampus [48]. This is rather unexpected as this
factor has an anti-oxidative protective role. The
significance of an increased induction of metallothionein
by carmustine is yet to be thoroughly investigated.
Ultimately, it seems that oxidative stress produced by
reactive oxygen species (ROS) after carmustine
administration, are produced as a result of inhibition of
glutathione reductase. Also, ROS species activate c-jun
N-terminal kinase (JNK) and extracellular signal-
regulated kinase (ERK) pathways which finally will
promote neurotoxicity [49].

Methotrexate. Methotrexate is a dihydrofolate
reductase inhibitor used in the treatment of cancer,
including lymphomas and breast cancer. Methotrexate is
capable to produce nephrotoxicity subsequent to reactive
oxygen species (ROS) formation. The role of oxidative
stress in this setting is suggested by an increased level of
plasma TNF alpha [50]. Research conducted on a murine
model has demonstrated that a standard dose of
methotrexate has a significant effect on spatial and non-
spatial memory tests. These abnormal cognitive tests
could be explained by the functional changes induced by
methotrexate in frontal lobes and hippocampus [51].
These studies were followed by clinical reports that
highlighted the fact that in children with acute

lymphoblastic  leukaemia, methotrexate induces
oxidative stress in CNS membrane phospholipids and
CNS tissue injury which could explain perfusion
deficits, atrophy and cognitive neuro-psychological
cognitive changes [52]. Remarkably, the oxidative stress
markers induced by methotrexate such as oxidated
phosphatidylcholine may be recovered in cerebral spinal
fluid of patients with cognitive dysfunction [53].

More information related to the full extent of
oxidative stress induced by methotrexate have been
revealed by other experiments. In an animal model, it
induces lipid peroxidation in the plasma as well as a
significant increase in HSP70 and glutathione reduction
in several brain regions [54]. Research conducted in a
murine model injected with a breast cancer cell line
(FM3A) revealed cognitive dysfunction and depression
after methotrexate administration. Also, methotrexate
significantly increased the levels of several pro-
inflammatory factors such as COX2 and iNOS.
Interestingly, it decreased the population of progenitor
cells in hippocampus which could explain the cognitive
impairment noted in these subjects inoculated with
breast cancer cells [55].

Cyclophosphamide. This anti-cancer factor is
recommended in various combinations in a wide variety
of malignancies. In a standard dosage, it may induce
neurotoxicity but administered in a high dosage it may
cause confusion and visual blurring [56]. Rarely, in
cases of non-Hodgkin lymphoma, the
cyclophosphamide-containing CHOP regimen may
induce a reversible posterior leukoencephalopathy
syndrome or a fatal necrotizing leukoencephalopathy
syndrome [57-59].

Experimental ~ research  has  shown  that
cyclophosphamide  administered intra-peritoneally
induces a significant oxidative stress in the CNS. This is
quantified by an increased level of brain
malondialdehyde, a product of lipid peroxidation and
oxidation of fatty polyunsaturated acids [60]. It seems
that the  deleterious  oxidative  action  of
cyclophosphamide is achieved via increased release of
TNF alpha and IL6. In parallel, after administration of
cyclophosphamide there is an increased production of
COX2, iNOS, NfkB and p38-MAPK [61]. In addition,
cyclophosphamide inhibits activity of brain, heart and
lung catalase as well as the superoxide dismutase and
anti-oxidant potential of plasma. Also,
cyclophosphamide decreases the gluthatione levels [62].

Interestingly, administration of Annatto seeds (Bixa
orella), linseed oil (Linum usitatissimum) and boron to
animal models can counter act the oxidative stress effect
induced by cyclophosphamide. However, this has not yet
been verified in a clinical setting in patients treated with
cyclophosphamide [60,62,63]. Remarkably, a recent
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study conducted in a murine model of
cyclophosphamide-induced CICI has reported that the
intra-hippocampal transplantation of human stem cells
reverse all neuropsychological changes associated with
cyclophosphamide administration [64]. This results may
be extrapolated to other pathological settings
characterised by cognitive impairment but more
exploratory and validation studies are needed before
designing a pilot study.

The elderly patient with CICI: a cautionary note

Cancer is a multi-factorial disease acquired as a result of
numerous acquired genetic and molecular abnormalities.
As more and more people are living longer they are
prone to develop these molecular hits which will further
result in the development of malignant lesions.
However, with the advent of new therapeutic options
including chemotherapy, elderly patients diagnosed with
cancer are nowadays long-term survivors. As a result of
chemotherapy, we can assume that these subjects will
sustain a generalised/CNS oxidative stress injury which
will induce a more or less severe chemotherapy induced
cognitive impairment (CICI) /chemobrain. This needs
adequate assessment and therapy as it could interfere
significantly with the quality of life of elderly cancer
patients including their medical compliance.

However, if CICI supervenes on a background of
systemic aging, the brain aging factor is of paramount
importance as it may accentuate the overall cognitive
impairment. Remarkably, both CNS aging and CICI are
induced and accelerated by oxidative stress and ROS.
Therefore, a thorough understanding of molecular
pathways and factors modulating oxidative stress is of
paramount importance as it may lead to discovery and
synthesis of factors specifically designed to improve
cognition, motor function and quality of life in elderly
patients with CICI.

CNS aging

Fifty years ago, Brody H (1955) [65] has reiterated the
idea that normal brain aging or senescence is
characterised by a cognitive decline and a significant
brain weight reduction subsequent to wide spread
neuronal death in several cerebral areas including the
frontal lobe and hippocampus [65]. These have been
confirmed by several modern neuro-radiological studies
but the actual molecular and genetic background related
to neuronal death is entirely understood [66]. However,
Ge et al (2002) [67] suggest that normal brain aging is
associated with reduction in both white and grey matter.
However, while the grey matter is reduced linearly in
parallel with advancing age while white matter decreases

quadratically. The most significant reduction is recorded
only after middle-age. Therefore, it might be plausible
that white matter is more sensitive to oxidative stress
induced by aging and determines the inter-individual
cognitive variability in patients with CICI [67].
Interestingly, a recent neuroimaging review suggest that
in patients with CICI there is a decrease in both white
and grey matter volumes as well as a decrease in frontal
lobe activity [68]. This confirms the neuronal death
theory of Brody [65]] related to frontal lobe changes.
However, these data would suggest that both CICI and
CNS aging could start initially induced the same cerebral
region by oxidative stress.

In aging, neurons and glial cells increase their ability
to cope with stress, producing new neurons and glial
cells and remodelling neuronal circuits. Increased ROS
levels and accumulation of oxidation products derived
from nucleic acids, proteins and lipids, may induce
mitochondrial dysfunction, perturbation of different
metabolic and signalling pathways, cause endothelial
damage of brain micro-vessels. Subsequently, these
abnormalities are followed by progressive changes in
hemodynamic stability predisposing to inflammatory
and ischemic changes [69,70]. Overall there is a massive
reduction of cerebral vasculature and angiogenesis
potential of the brain which contributes to brain atrophy
[70,71]. Sonntag et al. (1997) [72] suggests that the
reduction of the cerebral vascular network associated
with aging is determined by a significant drop in growth
hormone and insulin-like growth factor 1 [72].

Moreover, prior to CICI, elderly patients could
develop several pathological conditions associated with
cognitive decline which are more commonly described
in their age group. This population may develop
Alzheimer’s disease as a result of complex mutations or
any other vascular cerebral condition. The most
important vascular entities associated with cognitive
impairment are the cerebral atherosclerosis and small
vessels disease. In both settings oxidative stress and
ROS are the most important pathogenic factors
facilitating injury to the vessel wall by accumulation of
oxidation products. The natural biology of these
pathological conditions is characterised by brain tissue
haemorrhages and infarcts which would increase the
cognitive impairment. Also Alzheimer's disease is
associated with amyloid angiopathy which could also
lead to brain ischemia and subsequent neuronal death,
ultimately amplifying cognitive impairment [73,74]
(Fig. 2).

Oxidative stress and Aging

Aging or normal senescence is a physiological, multi
factorial process modulated epigenetically and
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characterised by the accumulation of neurotoxic
molecules in cells and tissues. It is also characterised by
mutations in repair genes and telomere shortening [75].
During aging, multiple molecular, cellular, structural
and functional changes occur in all organs including the
brain which is characterised a decline of its integrity and
impairment of memory and motor function control. The
final insult in brain senescence is represented by the
neuronal dysfunction and death. In this setting, oxidative
stress, mitochondrial dysfunction, oxidative cell damage
to DNA, proteins and lipids, inflammatory process,
altered cell signalling pathways, apoptosis and changes
in gene expression are important factors contributing to
the aging process [76].

The Harman's hypothesis of free radicals claims that
free radicals cause progressive accumulation of
oxidative damage to lipids, proteins as well as DNA,
promoting cellular damage induced by ROS. More
specifically, the ROS attack glial cells and neurons,
leading to neuronal damage and apoptosis [77].
According to Harman's theory, the interplay between
ROS and protective antioxidant defence systems
represents an important factor in modulating the process
of aging and ultimately the life-span [78-83].
Complementary to the free radical theory of aging, the
theory of mitochondrial free radical theory suggests that
aging is determined by accumulation of clonal errors
related to mtDNA replication. In this context,
mitochondria plays a fundamental role amplifying the
oxidative stress that drives the aging process [84]. Many
studies have shown that 8-oxo0-dG (7,8-dihydro-8-oxo-
2'-deoxyguanosine (8-o0xo-dG), a product resulting from
DNA oxidation, is seen in higher levels associated with
mtDNA than nuclear DNA. This would indicate that
mtDNA is more susceptible to oxidative damage than
nuclear DNA [85-90].

Both mitochondrial dysfunction and mitochondrial
metabolism modulate the process of aging, through
several molecular pathways represented by the
insulin/IGF-1 signalling (I1S), the target of rapamycin
(mTOR) and the respiratory chain. Abnormalities in
these molecular pathways will led to an overproduction
of ROS [70]. The mitochondrial free radical theory of
aging relies on the fact that mitochondrial function and
the activity of several ROS- scavenging enzymes decline
with age while the ROS production increases. However,
oxidative damage affects the replication and
transcription of mitochondrial DNA (mtDNA),
increasing the prevalence of mutations/deletions and
partakes in a vicious cycle as the somatic mtDNA
mutations impair the respiratory chain function. Finally,
the increased ROS production promotes more oxidative
damage to mtDNA, proteins and lipids [83,84].
Remarkable, animal studies have shown that sleep

fragmentation associated with old age promotes the
transfer of TNF-alpha across blood brain barrier [91].
Although, these data have to be verified in clinical
studies, they are of paramount importance as it would
suggest that aging promotes brain alterations via TNF
alpha final effector pathway, similar with some
chemotherapeutic factors (Fig. 2).
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Figure 2. Pathological conditions developed in elderly.
Oxidative stress in old age leads to several pathological
entities characterized by cognitive dysfunction.

Conclusions

Oxidative stress is one putative mechanism underlying
chemotherapy-induced cognitive impairment associated
with cancer treatment. As a significant number of those
receiving chemotherapy are long term survivors this
issue could significantly interfere with their quality of
life. A special attention should be dedicated to the
elderly patient with cancer undergoing chemotherapy.
The aging process is associated with morphological and
functional changes in the brain which may be also
modulated by oxidative stress. Oxidative stress or
changes in redox state are implicated in age-related
malfunction of the brain. An increase in oxidative stress
or decreases in the antioxidant capacity of the brain are
key factors involved in neuronal degeneration in the
elderly [37]. In addition, the elderly represent a
population group at increased risk for cognitive deficits.
Considering that at least in the Western world, the
average life-span is continuously increasing, we expect
that the number of elderly patients with CICI will
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increase significantly leading to serious socio-economic
implications. Finally, we note that the "chemobrain
effect" may also be transitory and very mild, as reported
for drugs such as Oxaliplatin and Fluorouracil [28] but
nevertheless there is an acute need for effective
pharmacological agents and protocols to prevent CICI as
well as new methods of early diagnosis which at the
present time are lacking. Moreover, it is important to
highlight that the evidence provided by preclinical
models, in vivo or in vitro, should be evaluated with
caution. The therapy evaluated in these models may not
mirror the schedules usually administred to oncological
patients. It is worth remembering that the total
accumulated dose can be similar in patients and animal
models but the pharmacological effect may not be the
same.

Acknowledgments

This research was supported by a grant from UEFISCDI
for APW project PN-11-ID-PCE-2011-3-0848.

Disclosure/Conflict of Interest
We have no conflict of interest to declare.
References

[1] Silberfarb PM (1983). Chemotherapy and cognitive
defects in cancer patients. Annu Rev Med, 34:35-46.

[2] Dubois M, Lapinte N, Villier V, Lecointre C, Roy V,
Tonon MC et al. (2014). Chemotherapy-induced long-
term alteration of executive functions and hippocampal
cell proliferation: role of glucose as adjuvant.
Neuropharmacology, 79:234-48.

[3] Lange M, Giffard B, Noal S, Rigal O, Kurtz JE, Heutte
N et al. (2014). Baseline cognitive functions among
elderly patients with localised breast cancer. Eur J
Cancer, 50:2181-9.

[4] Reid-Arndt SA, Yee A, Perry MC, Hsieh C (2009).
Cognitive and psychological factors associated with
early posttreatment functional outcomes in breast
cancer survivors. J Psychosoc Oncol, 27: 415-34.

[5] Silverman DH, Dy CJ, Castellon SA, Lai J, Pio BS et
al. (2007). Altered frontocortical, cerebellar and basal
ganglia activity in adjuvant-treated breast cancer
survivors 5-10 years after chemotherapy, 103:303-11.

[6] Joshi G, Hardas S, Sultana R, St Clair DK, Vore M,
Butterfield DA (2007) Glutathione elevation by
gamma-glutamyl cysteine ethyl ester a potential
therapeutic strategy for preventing oxidative stress in
brain mediated by in vivo administration of adriamycin:
Implication for chemobrain. J Neurosci Res, 85:497-
503.

[7] Tangpong J, Cole MP, Sultana R, Estus S, Vore M, St
Clair W et al. (2007). Adriamycin-mediated nitration of
manganese superoxide dismutase in the central nervous

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

system: insight into the mechanism of chemobrain. J
Neurochem, 100:191-201.

Macleod JE, DeLeo JA, Hickey WF, Ahles TA, Saykin
AJ, Bucci DJ (2007). Cancer chemotherapy impairs
contextual but not due-specific fear memory, Behav
Brain Res, 181:168-72.

Scherling CS, Smith A (2013). Opening up the Window
into “Chemobrain”: A Neuroimaging Review. Sensors
(Basel), 13:3169-3203.

Soffietti R, Trevisan E, RudaR (2014). Neurologic
complications of chemotherapy and other newer and
experimental approaches. Handb Clin  Neurol,
121:1199-218.

Callaghan CK, O'Mara SM (2015). Long-term
cognitive dysfunction in the rat following docetaxel
treatment is ameliorated by the phosphodiesterase-4
inhibitor, rolipram. Behav Brain Res, 290:84-9.

Aluise CD, Sultana R, Tangpong J, Vore M, St Clair D,
Moscow JA et al. (2010). Chemo Brain (Chemo Fog)
as a Potential Side Effect of Doxorubicin
Administration: Role of Cytokine-Induced,
Oxidative/Nitrosative Stress in cognitive Dysfunction.
Adv Exp Med Biol, 678:149-56.

Jansen CE, Dodd MJ, Miaskovski CA, Dowling GA,
Kramer J (2008). Preliminary results of a longitudinal
study of changes in cognitive function in breast cancer
patients undergoing chemotherapy with doxorubicin
and cyclophosphamide. Psychooncology, 17:1189-195.
Chen Y, Jungsuwadee P, Vore M, Butterfield DA, St
Clair DK (2007). Collateral damage in cancer
chemotherapy: oxidative stress in nontargeted tissues.
Mol Interv, 7:147-56.

Selamat MH, Loh SY, Mackenzie L, Vardy J (2014).
Chemobrain experienced by breast cancer survivors: a
meta-ethnography study investigating research and care
implications. PLoS One, 9:e108002.

Koppelmans V, Breteler MM, Boogerd W, Seynaeve C,
Schagen SB (2013). Late effects ofadjuvant
chemotherapy for adult onset non-CNS cancer;
cognitive impairment, brain structure and risk of
dementia. Crit Rev Oncol Hematol, 88:87-101.
Koppelmans V, de Ruiter MB, van der Lijn F, Boogerd
W, Seynaeve C, van der Lugt A et al. (2012). Global
and focal brain volume in long-term breast cancer
survivors exposed to adjuvant chemotherapy. Breast
Cancer Res Treat, 132:1099-106.

Koppelmans V, Breteler MM, Boogerd W, Seynaeve C,
Gundy C, Schagen SB (2013). Neuropsychological
performance in survivors of breast cancer more than 20
years after adjuvant chemotherapy. J Clin Oncol,
30:1080-86.

Anderson-Hanley C, Sherman ML, Riggs R, Agocha
VB, Compas BE (2003). Neuropsychological effects of
treatments for adults with cancer: a meta-analysis and
review of the literature. J Int Neuropsychol Soc, 9:967-
82.

McDonald BC, Conroy SK, Ahles TA, West JD, Saykin
AJ (2010). Gray matter reduction associated with
systemic chemotherapy for breast cancer: a prospective
MRI study. Breast Cancer Res Treat, 123:819-28.

Aging and Disease * Volume 7, Number 3, June 2016

314



A.M. Gaman et al

Aging and chemotherapy induced cognitive impairment

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

(32]

(33]

[34]

[35]

Kesler SR, Bennett FC, Mahaffey ML, Spiegel D
(2009). Regional brain activation during verbal
declarative memory in metastatic breast cancer. Clin
Cancer Res, 15:6665-73.

Kesler SR, Kent JS, O'Hara R (2011) Prefrontal cortex
and executive function impairments in primary breast
cancer. Arch Neurol, 68:1447-53.

Baudina B, D’Agata F, Caroppo F, Castellano F, Cauda
S, Manfredi M et al. (2012). The chemotherapy long-
term effect on cognitive functions and brain metabolism
in lymphoma patients. Q J Nucl Med Mol Imaging,
56:559-68.

Areti A, Yerra VG, Naidu VGM, Kumar A (2014).
Oxidative stress and nerve damage: Role in
chemotherapy induced peripheral neuropathy. Redox
Biology, 2:289-95.

Ahles TA, Saykin AJ (2007) Candidate mechanisms for
chemotherapy-induced cognitive changes. Nat Rev
Cancer, 7:192-201.

Dietrich J, Han R, Yang Y, Mayer-Pr&chel M, Noble
M (2006). CNS progenitor cells and oligodendrocytes
are targets of chemotherapeutic agents in vitro and in
vivo. J Biol, 5:22.

Asher A, Myers JS (2015). The Effect of Cancer
Treatment on Cognitive Function. Clinical Advances
in Hematology & Oncology 13:7: 1-10.

Andreis F, Ferri M, Mazzocchi M, Meriggi F, Rizzi A,
Rota L et al (2013). Lack of a chemobrain effect for
adjuvant FOLFOX chemotherapy in colon cancer
patients. A pilot study. Support Care Cancer, 21:583-
90.

Cruzado JA, Ldpez-Santiago S, Marthez-Marmn V,
Jos€éMoreno G, Custodio AB, Feliu J (2014).
Longitudinal study of cognitive dysfunctions induced
by adjuvant chemotherapy in colon cancer patients.
Support Care Cancer, 22:1815-23.

Butterfield DA (2014). The 2013 SFRBM discovery
award: selected discoveries from the butterfield
laboratory of oxidative stress and its sequela in brain in
cognitive disorders exemplified by Alzheimer disease
and chemotherapy induced cognitive impairment. Free
Radic Biol Med, 74:157-74.

Pan W, Kastin AJ (2002). TNFalpha transport across
the blood-brain barrier is abolished in receptor
knockout mice. Exp Neurol, 174:193-200.

Acharya MM, Martirosian V, Chmielewski NN, Hanna
N, Tran KK, Liao AC et al. (2015). Stem cell
transplantation reverses chemotherapy-induced
cognitive dysfunction. Cancer Res, 75:676-86.

Valko M, Jomova K, Rhodes CJ, Kuc¢a K, Musilek K
(2015). Redox- and  non-redox-metal-induced
formation of free radicals and their role in human
disease. Arch Toxicol, [Epub ahead of print].
Lizama-Manibusan B, McLaughlin B (2013). Redox
modification of proteins as essential mediators of CNS
autophagy and mitophagy. FEBS Lett, 587:2291-8.
Cutler RG, Kelly J, Storie K, Pedersen WA, Tammara
A, Hatanpaa K et al (2004). Involvement of oxidative
stress-induced  abnormalities in ceramide and

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

cholesterol metabolism in brain aging and Alzheimer's
disease. Proc Natl Acad Sci U S A, 101:2070-5.
Chaturvedi RK, Flint Beal M (2013). Mitochondrial
diseases of the brain. Free Radic Biol Med, 63:1-29.
Popa-Wagner A, Mitran S, Sivanesan S, Chang E,
Buga AM (2013). ROS and brain diseases: the good, the

bad, and the wugly. Oxid Med Cell Longev,
2013:963520.
McCracken E, Valeriani V, Simpson C, Jover

T, McCulloch J, Dewar D (2000). The lipid
peroxidation by-product 4-hydroxynonenal is toxic to
axons and oligodendrocytes. J Cereb Blood Flow
Metab, 20:1529-36.

Cui J, Holmes EH, Greene TG, Liu PK (2000.
Oxidative DNA damage precedes DNA fragmentation
after experimental stroke in rat brain. FASEB J,
14:955-967.

Cole PD, Finkelstein Y, Stevenson KE, Blonquist TM,
Vijayanathan V, Silverman LB et al. (2015).
Polymorphisms in Genes Related to Oxidative Stress
Are Associated With Inferior Cognitive Function After
Therapy for Childhood Acute Lymphoblastic
Leukemia. J Clin Oncol, 33:2205-11.

Smith J, Ladi E, Mayer-Proschel M, Noble M (2000).
Redox state is a central modulator of the balance
between self-renewal and differentiation in a dividing
glial precursor cell. Proc Natl Acad Sci U S A.
97:10032-7.

Keeney JT, Swomley AM, F&sster S, Harris JL, Sultana
R, Butterfield DA (2013). Apolipoprotein A-1: insights
from redox proteomics for its role in
neurodegeneration. Proteomics Clin Appl, 7:109-22.
Joshi G, Sultana R, Tangpong J, Cole MP, St Clair DK,
Vore M et al. (2005). Free radical mediated oxidative
stress and toxic side effects in brain induced by the anti
cancer drug adriamycin: insight into chemobrain. Free
Radic Res, 39(11):1147-54.

Aluise CD, Miriyala S, Noel T, Sultana R, Jungsuwadee
P, Taylor TJ et al. (2011). 2-Mercaptoethane sulfonate
prevents doxorubicin-induced plasma protein oxidation
and TNF-a release: implications for the reactive oxygen
species-mediated mechanisms of chemobrain. Free
Radic Biol Med, 50(11):1630-8.

Joshi G, Aluise CD, Cole MP, Sultana R, Pierce WM,
Vore M et al. (2010). Alterations in brain antioxidant
enzymes and redox proteomic identification of oxidized
brain proteins induced by the anti-cancer drug
adriamycin: implications for oxidative stress-mediated
chemobrain. Neuroscience, 166:796-807.

Tangpong J, Cole MP, Sultana R, Joshi G, Estus S, Vore
M et al. (2006). Adriamycin-induced, TNF-alpha-
mediated central nervous system toxicity. Neurobiol
Dis, 23:127-39.

Hayslip J, Dressler EV, Weiss H, Taylor TJ, Chambers
M, Noel T (2015). Plasma TNF-a and Soluble TNF
Receptor Levels after Doxorubicin with or without Co-
Administration of Mesna-A Randomized, Cross-Over
Clinical Study. PLoS One, 10:e0124988.

Helal GK, Aleisa AM, Helal OK, Al-Rejaie SS, Al-
Yahya AA, Al-Majed AA et al. (2009). Metallothionein

Aging and Disease * Volume 7, Number 3, June 2016

315


http://www.ncbi.nlm.nih.gov/pubmed/?term=Popa-Wagner%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24381719
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mitran%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24381719
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sivanesan%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24381719
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chang%20E%5BAuthor%5D&cauthor=true&cauthor_uid=24381719

A.M. Gaman et al

Aging and chemotherapy induced cognitive impairment

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

induction reduces caspase-3 activity and TNFalpha
levels with preservation of cognitive function and intact
hippocampal neurons in carmustine-treated rats. Oxid
Med Cell Longev, 2:26-35.

An JM, Kim SS, Rhie JH, Shin DM, Seo SR, Seo JT
(2011). Carmustine induces ERK- and JNK-dependent
cell death of neuronally-differentiated PC12 cells via
generation of reactive oxygen species. Toxicol In Vitro,
25:1359-65.

Abdel-Raheem IT, Khedr NF (2014) Renoprotective
effects of montelukast, a cysteinyl leukotriene receptor
antagonist, against methotrexate-induced kidney
damage in rats. Naunyn Schmiedebergs Arch
Pharmacol, 387:341-53.

Winocur G, Vardy J, Binns MA, Kerr L, Tannock |
(2006). The effects of the anti-cancer drugs,
methotrexate and 5-fluorouracil, on cognitive function
in mice. Pharmacol Biochem Behav, 85:66-75.
Miketova P, Kaemingk K, Hockenberry M, Pasvogel A,
Hutter J, Krull K et al. Oxidative changes in cerebral
spinal fluid phosphatidylcholine during treatment for
acute lymphoblastic leukemia. Biol Res Nurs, 6:187-
95.

Caron JE, Krull KR, Hockenberry M, Jain N, Kaemingk
K, Moore IM (2009). Oxidative stress and executive
function in children receiving chemotherapy for acute
lymphoblastic leukemia. Pediatr Blood Cancer, 53:551-
6.

Rajamani R, Muthuvel A, Senthilvelan M, Sheeladevi
R (2006). Oxidative stress induced by methotrexate
alone and in the presence of methanol in discrete
regions of the rodent brain, retina and optic nerve.
Toxicol Lett, 165:265-73.

Yang M, Kim JS, Kim J, Jang S, Kim SH, Kim JC et al.
(2012). Acute treatment with methotrexate induces
hippocampal dysfunction in a mouse model of breast
cancer. Brain Res Bull, 89:50-6.

Posner JB. Side effects of chemotherapy; neurologic
complications of cancer. Philadelphia: FA Davis; 1995.
Cain MS, Burton GV, Holcombe RF (1998). Fatal
leukoencephalopathy in a patient with non-Hodgkin's
lymphoma treated with CHOP chemotherapy and high-
dose steroids. Am J Med Sci, 315:202-7.

Haefner MD, Siciliano RD, Widmer LA, Vogel Wigger
BM, Frick S (2007). Reversible posterior
leukoencephalopathy syndrome after treatment of
diffuse large B-cell lymphoma. Onkologie, 30:138-40.
Blaes AH, Santa-Cruz KS, Lee CK, Hui SK, Peterson
BA  (2008). Necrotizing leukoencephalopathy
following CHOP chemotherapy. Leuk Res, 32:1611-4.
Oboh G, Akomolafe TL, Adefegha SA, Adetuyi AO
(2011). Inhibition of cyclophosphamide-induced
oxidative stress in rat brain by polar and non-polar
extracts of Annatto (Bixa orellana) seeds. Exp Toxicol
Pathol, 63(3):257-62.

Nafees S, Rashid S, Ali N, Hasan SK, Sultana S (2015).
Rutin ameliorates cyclophosphamide induced oxidative
stress and inflammation in Wistar rats: role of
NF«xB/MAPK pathway. Chem Biol Interact, 231:98-
107.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Ince S, Kucukkurt I, Demirel HH, Acaroz DA, Akbel
E, Cigerci IH (2014). Protective effects of boron on
cyclophosphamide induced lipid peroxidation and
genotoxicity in rats. Chemosphere, 108:197-204.
Bhatia AL, Manda K, Patni S, Sharma AL (2006).
Prophylactic action of linseed (Linum usitatissimum)
oil against cyclophosphamide-induced oxidative stress
in mouse brain. J Med Food, 9:261-4.

Acharya MM, Martirosian V, Chmielewski NN, Hanna
N, Tran KK, Liao AC et al. (2015). Stem cell
transplantation reverses chemotherapy-induced
cognitive dysfunction. Cancer Res, 75:676-86.

Brody H (1955). Organization of the cerebral cortex.
Il. A study of aging in the human cerebral cortex. J
Comp Neurol, 102:511-6.

Curiati PK, Tamashiro JH, Squarzoni P, Duran FL,
Santos LC, Wajngarten M et al. (2009). Brain structural
variability due to aging and gender in cognitively
healthy Elders: results from the Sao Paulo Ageing and
Health study. AJINR Am J Neuroradiol, 30:1850-6.

Ge Y, Grossman RI, Babb JS, Rabin ML, Mannon LJ,
Kolson DL (2002). Age-related total gray matter and
white matter changes in normal adult brain. Part I:
volumetric MR imaging analysis. AJINR Am J
Neuroradiol, 23(8):1327-33.

Simo M, RifaRos X, Rodriguez-Fornells A, Bruna J
(2013). Chemobrain: a systematic review of structural
and functional neuroimaging studies. Neurosci
Biobehav Rev, 37:1311-21.

Salminen LL, Paul RH (2014). Oxidative stress and
genetic markers of suboptimal antioxidant defense in
the aging brain: a theoretical review. Rev Neurosci,
25:805-19.

Sierra C, Coca A, Schiffrin EL (2011). Vascular
mechanisms in the pathogenesis of stroke. Curr
Hypertens Rep, 13:200-7.

Petcu EB, Smith RA, Miroiu RI, Opris MM (2010).
Angiogenesis in old-aged subjects after ischemic
stroke: a cautionary note for investigators. J
Angiogenes Res, 2:26.

Sonntag WE, Lynch CD, Cooney PT, Hutchins PM
(1997). Decreases in cerebral microvasculature with
age are associated with the decline in growth hormone
and insulin-like growth factor 1. Endocrinology,
138:3515-20.

Grinberg LT, Thal DR (2010). Vascular pathology in
the aged human brain. Acta Neuropathol, 119:277-90.
Federico A, Cardaioli E, Da Pozzo P, Formichi P,
Gallus GN, Radi E (2012). Mitochondria, oxidative
stress and neurodegeneration. J Neurol Sci, 322:254-62.
Irminger-Finger | (2010). Biology of aging.
Proceedings of the First International Conference
Haematological Malignancies in the Elderly, 15-16.
Mattson MP, Magnus T (2006). Ageing and neuronal
vulnerability. Nat Rev Neurosci, 7:278-94.
Gilgun-Sherki Y, Melamed E, Offen D (2001).
Oxidative stress induced-neurodegenerative diseases:
the need for antioxidants that penetrate the blood brain
barrier. Neuropharmacology, 40:959-75.

Aging and Disease * Volume 7, Number 3, June 2016

316



A.M. Gaman et al

Aging and chemotherapy induced cognitive impairment

(78]

[79]

(80]

(81]

(82]

[83]

(84]

(85]

Maynard S, Schurman SH, Harboe C, Souza-Pinto CN,
Bohr VA (2009). Base excision repair of oxidative
DNA damage and association with cancer and aging.
Carcinogenesis, 30:2-10.

Sawada M, Carlson JS (1987). Changes in superoxide
radical and lipid peroxide formation in the brain, heart
and liver during the lifetime of the rat”, Mech Ageing
Dev, 41:125-37.

Sohal RH, Sohal BH (1991). Hydrogen peroxide
release by mitochondria increases during aging. Mech
Ageing Dev, 57:187-202.

Sohal RH, Dubey A (1994). Mitochondrial oxidative
damage, hydrogen peroxide release, and aging. Free
Radic Biol Med, 16:621-6.

Capel F, Rimbert V, Lioger D, Diot A, Rousset P,
Mirand PP et al. (2005). Due to reverse electron
transfer, mitochondrial H,O; release increases with age
in human vastus lateralis muscle although oxidative
capacity is preserved. Mech Ageing Dev, 126:505-11.
Cui H, Kong Y, Zhang H (2012). Oxidative Stress,
Mitochondrial Dysfunction, and Aging. J Signal
Transduct, 2012:646354.

Bratic A, Larsson NG (2013). The role of mitochondria
in aging. J Clin Invest, 123:951-7.

Richter C (1992). Reactive oxygen and DNA damage
in mitochondria. Mutat Res, 275:249-55.

(86]

[87]

(88]

[89]

[90]

[91]

Mecocci P, MacGarvey U, Kaufman AE, Koontz D,
Shoffner JM, Wallace DC et al. (1993). Oxidative
damage to mitochondrial DNA shows marked age
dependent increases in human brain. Ann Neurol,
34:609-16.

Shigenaga ML, Hagen TM, Ames BN (1994).
Oxidative damage andmitochondrial decay in aging.
Proc Natl Acad Sci U S A, 91:10771-8.

De La Asuncion JG, Millan A, Pla R, Bruseghini L,
Esteras A, Pallardo FV et al. (1996). Mitochondrial
glutathione oxidation correlates with age-associated
oxidative damage to mitochondrial DNA. FASEB J,
10:333-8.

Hamilton ML, Van Remmen H, Drake JA, Yang H,
Guo ZM, Kewitt K et al. Does oxidative damage to
DNA increase with age? Proc Natl Acad Sci U S A,
98:10469-74.

Santos JH, Mandavilli BS, vanHouten B (2002).
Measuring oxidative mtDNA damage and repair using
quantitative PCR. Methods Mol Biol, 197:159-76.
Opp MR, George A, Ringgold KM, Hansen KM,
Bullock KM, Banks WA (2015). Sleep fragmentation
and sepsis differentially impact blood-brain barrier
integrity and transport of tumor necrosis factor-o in
aging. Brain Behav Immun, pii: S0889-1591(15)00418-
3.

Aging and Disease * Volume 7, Number 3, June 2016

317



