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Abstract: Background: Cognitive impairment is an adverse reaction of cancer chemotherapy and is
likely to affect up to 75% of patients during the treatment and 35% of patients experience it for
several months after the chemotherapy. Patients manifest symptoms like alteration in working abil-
ity, awareness, concentration, visual-verbal memory, attention, executive functions, processing
speed, fatigue and behavioural dysfunctions. Post-chemotherapy, cancer survivors have a reduced
quality of life due to the symptoms of chemobrain. Apart from this, there are clinical reports which
also associate mood disorders, vascular complications, and seizures in some cases. Therefore, the
quality of lifestyle of cancer patients/ survivors is severely affected and only worsens due to the
absence of any efficacious treatments. With the increase in survivorship, it’s vital to identify effec-
tive strategies, until then only symptomatic relief for chemobrain can be provided. The depressive
symptoms were causally linked to the pathophysiological imbalance between the pro and anti-
inflammatory cytokines.

Conclusion: The common causative factor, cytokines can be targeted for the amelioration of an
associated symptom of both depression and chemotherapy. Thus, antidepressants can have a benefi-
cial effect on chemotherapy-induced inflammation and cognitive dysfunction via cytokine balance.
Also, neurogenesis property of certain antidepressant drugs rationalises their evaluation against
CICI. This review briefly glances upon chemotherapy-induced cognitive impairment (CICI), and
the modulatory effect of antidepressants on CICI pathomechanisms.
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1. INTRODUCTION

The discovery and development of a wide range of che-
motherapeutic drugs in recent times have significantly in-
creased cancer survivorship. The five-year survival rates for
all the cancers combined is a little over 60% with the highest
rate for prostate cancer, followed by skin melanoma and
breast cancer [1]. Unfortunately, every treatment has its
drawbacks. Chemotherapy-induced cognitive impairment
(CICI) /Chemobrain/Chemofog is a very common and de-
bilitating side effect of cancer chemotherapy [2]. CICI is the
combined effect of neuronal damage, abnormality in repair
and brain remodelling leading to cognitive deficits [3]. Ap-
proximately, out of 15 million survivors in the US, 5 million
are affected by chemofog [4]. Cognitive deficit is experi-
enced by the majority of cancer patients while undergoing
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chemotherapy. These symptoms can persist for a longer pe-
riod of time even after the termination of a chemotherapy
regimen. A similar scenario is observed for Chemotherapy-
induced neurological dysfunction as well [5]. Longitudinal
[6] and cross-sectional [7, 8] reports state that these side ef-
fects induced by anticancer agents may persist 1-2 and 4-10
years, respectively after cessation of treatment.

Twenty per cent of cancer patients, self-report cognitive
difficulties even before the start of chemotherapy suggesting
that the systemic tumorigenic growth-induced inflammatory
responses contribute to the impairment of cognition. Stress,
anxiety and depression due to the diagnosis of cancer also
play an important role in this. Several other confounding
factors may contribute to neurological disorders such as age-
related complications, physiological and psychological stress
and concomitant medications to treat multiple underlying
disease conditions [9]. Neuropsychiatric parameter assess-
ments reveal that self-reported cognitive decline before and
after chemotherapy are widely different from each other
[10].
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Aside from the fact that such disorders may be the result
of tumorigenic development, there is evidence of complaints
after the onset of treatment, indicating that chemotherapy
may be directly related to the problem. Apart from these,
genetic detriments also confer the susceptibility of cancer
survivors for CICI. In breast cancer and lymphoma survi-
vors, epsilon 4 allele apolipoprotein E (APOE) gene was
potentially correlated with CICI [11]. In another study,
breast cancer survivors with a valine allele catechol-O-
methyltransferase (COMT-Val) genotype experienced
greater cognitive impairment and are susceptible to negative
effects on their cognitive health [12]. The present review
focuses on the issue of cognitive dysfunction due to chemo-
therapy per se.

2. PRINCIPLE SITES OF CICI

Brain neuroimaging has helped to locate the sites which
are principally affected in CICI. In breast cancer patients,
neuroimaging scans have revealed decreased grey matter
density in frontal, temporal, cerebellar and right thalamus
regions, primarily one-month post-chemotherapy [13]. Later,
the major location of neuronal damage was found to be
prefrontal cortex of breast cancer patients who received
chemotherapy [14]. A recent preclinical report validates the
involvement of hippocampal dysfunction in precipitating
CICI in rats [15]. Prefrontal cortex and hippocampus areas
are primary centres for learning and memory therefore any
damage can manifest as cognitive dysfunction. Therefore,
defective neuronal functioning in frontal cortex and hippo-
campus are linked with altered behaviour and memory [14,
16, 17]. Further, the frontal cortex region showed depletion
of white/grey matter integrity, volume and density. The
individual structural deficits severely affect the associated
behavioural and neurocognitive functions [7, 18]. Advanced
MRI scans revealed that breast cancer patients receiving
adjuvant chemotherapy for a one-year period exhibited
not only white and grey matter volume depletion in core
functional centres of the brain but also depleted attentive
and cognitive processes associated to these specific areas
[19].

3. COGNITIVE IMPAIRMENT
CHEMOTHERAPEUTIC DRUGS

MECHANISMS OF

Chemotherapy poses threat to brain structural composi-
tion via depletion of white matter integrity in the prefrontal
cortex. The harmful effects on neuronal morphology include
abnormal deformities in dendritic spines, arborisation, ana-
tomical structure and density. Accumulated evidence shows
that cytokine dysregulation impairs synaptic network, hippo-
campal volume and brain metabolism in prefrontal and tem-
poral cortex [20]. Depletion of white matter and oligoden-
drocyte cause hindrance in neurotransmission affecting the
processing speed in patients undergoing chemotherapy [21].
Mitochondrial damage and decreased cellular activity add to
the progression of these neurotoxic effects. Neurodegenera-
tion and subsequent cognitive disturbances follow [22].

In vitro reports claim that some chemotherapeutic drugs
either cause Neuronal Progenitor Cell (NPC) apoptosis or
simply reduce NPC count. Regardless of this, all chemother-
apy drugs disrupt neurogenic proliferation, thus considered
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neurotoxic [23]. Although chemotherapy might cause tran-
sient impairment in rodent models, progressive neurodegen-
erative symptoms were documented [24]. Chemotherapy
reduces blood flow, negatively affecting brain glucose me-
tabolism and cognition. Chemotherapeutic agents, such as
methotrexate mediate vascular toxicity via its anti-
angiogenic effect [25]. Overall the complex nature of anti-
cancer treatment coupled with the diverse mechanism of
action may provoke multi-layered cognitive disorder symp-
toms and behavioural toxicities. Doxorubicin commonly
used in breast cancer has shown to increase peripheral ROS
production thereby develop brain mitochondrial dysfunction,
structural deformity and cognitive impairment in both clini-
cal and preclinical settings [26]. Doxorubicin enhances pro-
apoptotic mitochondrial protein expression and damage brain
complex formation. In rodent brains, intra-mitochondrial
calcium infiltration and oxidative stress were observed [27].
Doxorubicin’s ability to cross the membrane barrier in-
creased TNF-a levels both peripherally and centrally. As a
result, TNF-o accumulated in choroid plexus impairing mi-
tochondrial function [28]. In an early-stage breast cancer
clinical trial, patients underwent a chemotherapeutic regimen
of doxorubicin/docetaxel along with cyclophosphamide that
elevated plasma IL-1B and IL-6 along with increased cogni-
tive abnormalities and decreased responsiveness respectively
while an increase in IL-4 caused improvement of the afore-
mentioned problems [29].

Behavioural defects were observed with both doxorubi-
cin and cyclophosphamide, though the latter was associated
with microglia induced inflammation. Activated microglial
cells in hippocampus caused hippocampal-dependent mem-
ory deficiency in rats. Both drugs showed almost 90% de-
cline in neurogenesis, as assessed by immunofluorescence
techniques [30]. Cyclophosphamide has been explored to
impair passive avoidance learning in animals either alone or
with doxorubicin [31]. Thiotepa also inhibits neurogenesis
and brings down memory-related performance [32].
Adriamycin unexpectedly elevated peripheral and central
TNF-a levels questioning its ability to cross the vascular
barrier [33]. Etoposide acts through p38 MAPK (Mitogen-
activated protein kinase) pathway to induce fatigue and ele-
vate serum IL-6 levels in mice [34].

Platinum-based agents (cisplatin, oxaliplatin, carboplatin
etc.) disrupt protein synthesis by cross-linking the vulnerable
mitochondrial DNA to irreversible mutation than nuclear
DNA. These agents are neurotoxic to NPC and oligodendro-
cytes through excitotoxic alterations and apoptotic pathway
[35, 36]. The mechanism in cisplatin-induced cognitive de-
cline has been reported by deep brain penetration and neu-
ronal stem cell proliferation inhibition in a mice model [37].
Further, cognitive abnormalities occur through mitochondrial
dysfunction, disruptions of cerebral white matter and NPC
depletion in the dentate gyrus [38]. Cisplatin enhances lipid
peroxidation by inhibiting mitochondrial respiration and
ATP synthesis. It is also increasingly deposited in peripheral
dorsal root ganglions (DRG) [39]. Oxaliplatin gravely affects
mitochondrial structures and functions and reduces anti-
inflammatory cytokines in the spinal dorsal horn [40]. Ox-
aliplatin sensitizes nociceptors by up-regulation of pro-
inflammatory cytokines and chemokines [41]. Oxaliplatin
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upregulates glial fibrillary acidic protein (GFAP) immu-
nodensity, TNF-a, IL-18, Monocyte Chemoattractant Pro-
tein-1 (MCP-1) and Macrophage Inflammatory Protein-1 a
(MIP-1a) expression [5]. Melatonin has pain-relieving anti-
nociceptive activity on oxaliplatin-induced spinal dorsal horn
neuroinflammation. Other platinum-based chemo drugs dis-
rupt the electron transport chain, harming mitochondrial an-
tioxidation system severely [42].

Taxanes (Paclitaxel, docetaxel) cause a structural com-
promise in vital areas of the cerebral cortex and peripheral
neurons. Mitochondria is prone to taxanes-induced damage
as established in a neuropathic rodent model [38]. Taxanes
depolarize mitochondrial membrane by intracellular calcium
influx resulting in compromised structural composition and
cytochrome-c activated apoptosis [43]. Paclitaxel is a micro-
tubule inhibitor and antimitotic drug producing a variety of
depressive and neuropathic symptoms affecting the quality
of life in survivors. It induces endoplasmic reticulum (ER)
stress promoting neurotoxic effects [44]. Paclitaxel heightens
peripheral neuropathy through Toll-like receptor-1 (TLR-1)
leading NF-kB mediated upregulation of various pro-
inflammatory cytokines in the target site [45].

Anti-metabolite methotrexate is highly toxic to neural
cells especially the glial progenitor cells responsible for
white matter integrity [46]. Methotrexate severely impairs
cognitive functions and precipitate depressive symptoms in a
breast cancer cell line mouse model. In addition to this, there
is a significant reduction in hippocampal NPC in both
tumour-bearing and non-tumor-bearing samples, with the
former stimulating high levels of COX-2 and iNOS [47].
Contrary to popular belief, methotrexate may be capable of
crossing the blood-brain barrier (BBB) to exert cytostatic
effects on hippocampal cell proliferation [24]. In this particu-
lar preclinical study, low intravenous dose of methotrexate
inhibited NPC growth and a high dose of methotrexate dis-
rupted hippocampal-dependent spatial memory and compara-
tor function. A high intraperitoneal dose of methotrexate
precipitated seizures and long-term memory deficits in be-
havioural assessment tasks. Methotrexate also has plasma
corticosterone lowering properties leading to cognitive toxic-
ity in rodent models [48]. In a separate preclinical study,
although neuroimaging results suggested activation of mi-
croglia cells however, this activation did not elevate cytoki-
nes measured in the hippocampus. This is another aspect
which explains the neuroprotective action of microglial cells
without elevating excess of cytokines in the brain [25].

5-fluorouracil another potent anti-metabolite, curtailed
dentate gyrus (DG) neurogenesis, two weeks post-treatment
with a rebound after about 2 months. 5-fluorouracil has also
shown short term deficits in Sub-ventricular zone (SVZ)
along with the emergence of cell suppression post 6 months
of treatment in both DG and SVZ. 5-fluorouracil impairs
cognition by decreasing NPC proliferation in SVZ of the
dentate gyrus. 5-fluorouracil crossed BBB via passive diffu-
sion to exert its actions [49, 50]. 5-fluorouracil alone with
other drugs demyelinate neurons, decrease oligodendrocyte
expression and precursor synthesis in rat corpus callosum
[51]. Methotrexate and 5-fluorouracil inhibit adult hippo-
campal cell proliferation and working memory [30]. In some
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cases, they elevate rodent exploratory behaviour and anxiety
while lowering glucose metabolism and cerebral blood flow
[52].

In some cancers, chemotherapeutic agents are prescribed
in combination at lower doses with an intention of maximum
effectiveness and lower risk of toxicity [5]. Triple chemo-
therapy of cyclophosphamide, methotrexate and 5-
fluorouracil for breast cancer patients result in neuroinflam-
mation and neurodegeneration in the prefrontal cortex and
hippocampus. Loss of neurons in the major centres for learn-
ing and memory lead to severe cognitive difficulties and
dementia [37]. Four weeks cycle of the same combination of
drugs resulted in IL-1 and TNF-a expression in rat corpus
callosum with the opposite effect on IL-10 levels and af-
fected working memory performance. Further, the combina-
tion therapy caused a variety of neurological side effects
related to memory, cognition, attention and processing
speed. COX-2 inhibitor was able to alleviate the inflamma-
tory effects of the combined chemotherapy [39, 53].

Another combination therapy of cyclophosphamide,
doxorubicin, S5-fluorouracil increased fatigue and proin-
flammatory cytokines in a murine model [39, 54]. Cyclo-
phosphamide and doxorubicin together are responsible for
cognitive impairment and decreased neurogenesis in rodents
with the latter showing increased anxiety response in a num-
ber of neurological assessment tasks. However, information
on the exact mechanism of action is still limited. Docetaxel-
adriamycin-cyclophosphamide triple therapy was seen to
elevate both central and peripheral pro-inflammatory cyto-
kine levels and decrease anti-inflammatory cytokines pro-
ducing a cytokine system imbalance causing cognitive
impairment by disrupted neuronal plasticity. Neuroimages
also showed reduced dendritic spine formation in this model
[55].

Therefore, to summarize, cognition is adversely affected
by chemotherapy. Available reports on breast cancer survi-
vors indicate towards CICI. Different chemotherapy regi-
mens at different doses are associated with different levels of
cytokine concentrations and varying degrees of cognitive
impairment. The onset of cognitive disturbance also remains
to be investigated. The inflammatory or neurotoxic adverse
effect in CNS very much dependant on the cellular targets,
the chemical nature of drugs, dosing regimen and various
other confounding factors. Peripheral inflammation might
also lead to cognitive disturbances. Therefore, it’s essential
to carefully monitor each individual therapy and its observa-
tional effects in both preclinical and clinical investigations.

3.1. Chemotherapy-induced Neuroinflammation

Amongst the majorly accepted mechanism of chemobrain
is cytokine dysregulation. Previous preclinical and clinical
investigations have shown elevation of cytokine levels fol-
lowing chemotherapy and play an important role in neuroin-
flammation, cancer progression, peripheral neuropathy and
cognitive disabilities. Heterogeneous dysregulation of cyto-
kine levels in the CNS occurs via multiple mechanisms. Ei-
ther due to cancerous tumour itself which increases circulat-
ing cytokines or by acute and chronic stressor mechanisms.
Though tumorigenic developments influence the cytokine
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concentrations in the brain, the majority of reports indicate
inflammatory symptoms during and after the chemothera-
peutic intervention. Cancer metastasis and/or anticancer
drugs cause an outburst of peripheral cytokines from tumour
cells, WBC and stimulated macrophages [20], leading to
cognitive decline. The exact mechanism is still unknown.
Clinical results of different doses of chemotherapy may vary
from patient to patient.

Cytokines are small pleiotropic protein molecules pro-
duced mostly from activated T helper (Th) cells, peripheral
antigen-presenting cells and macrophages in a cascade trig-
gering central as well as peripheral inflammation in patho-
logical conditions [56]. They are considered as potential
biomarkers for dementia and memory deficiency [20]. Cyto-
kines in the brain are mainly released by microglial cells
while astrocytes and oligodendrocytes assist in the process.
Microglia, the regulators of cytokine signalling, are in rest-
ing state under normal physiological conditions performing

INCREASED CHEMO
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neurogenesis, neurotrophin-mediated neuronal branching
and proliferation. Any physical or chemical insult on the
brain cause disruption in the homeostasis, resulting in mi-
croglial activation to release cytokines [57]. However, the
chronic imbalance between pro- and anti-inflammatory cyto-
kines results in serious complications on neuronal integrity
in the brain [58]. Similarly, intercommunication between
peripheral and central cytokines cause cytokine elevation in
the brain. Peripheral cytokine triggered central cytokine cas-
cade is the reason for neural plasticity defects (Fig. 1).

Cytotoxic effects of chemotherapies or even pro-
inflammatory cytokines can alter the endothelial structural
integrity and make a passage for cytokines to crossover into
the brain [59]. The crossover of drugs and inflammatory me-
diators occur through membrane disintegration resulting in
pore formation in the densely interconnected network of cap-
illaries [5]. The peripheral cytokines then can either actively
transport through the membrane barrier via saturated efflux
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Fig. (1). Different pathological mechanisms involved in anticancer chemotherapy-induced cognitive impairment. (4 higher resolution / col-
our version of this figure is available in the electronic copy of the article).
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transporters (P-glycoprotein transporters and ABC transport-
ers) or passively transport via diffusion through the leaks in
the endothelial junction at circumventricular organs [31].
Moreover, receptor-mediated cytosis and local inflammatory
network also contribute towards central cytokine elevation
[58]. Overflow of peripheral cytokines and chemotherapeutic
drugs through the damaged BBB possess neurotoxic insult to
the vulnerable brain regions [55].

Cytokines can modulate neuroendocrine actions, neu-
ronal cell functions, repair and regeneration along with neu-
rotransmitter metabolism. Accordingly, chemotherapy-
induced cytokine dysregulation would cause a chain of
events that ultimately decline in neurocognitive abilities.
Various key events in this process are NMDA receptor-
mediated excitotoxicity, monoaminergic, GABAergic and
cholinergic neurotransmitter system irregularities. Cytokines
are also involved in neuropeptide synthesis alterations and
increased oxidative stress-induced cellular dysfunctions and
apoptosis [20]. The cytokine-mediated alterations of neuro-
transmitters levels in the CNS may wreck the neuronal syn-
aptic plasticity and eventually cause neurodegeneration. The
combined ability of uncontrolled pro-inflammatory cytoki-
nes proliferation along with altered emotional and neuroen-
docrine levels can result in disruption of hippocampal func-
tions [47].

Further, the evidence clearly states that mitochondrial
complexes are susceptible to inflammatory responses.
Chronic stress leads to mitochondrial p53 protein accumula-
tion in the membrane and subsequent activation of the apop-
totic mechanism [28]. Extracellular stress and mitochondrial
stress amplify the glutamate accumulation and activate
NMDA receptors. An increased intracellular influx of cal-
cium through this receptor exceeds the normal physiological
limits resulting in apoptosis. Blockade of calcium excitotox-
icity is a potential target for preventing neurodegeneration,
however, clinical trials have not yet provided conclusive
results [37].

Cytokine-mediated depression and clinical depression
have converging evidence in their symptomatic similarities
[60]. The administration of cytokine specific antibody in
animal models of chemobrain inhibits the cytokine cascade
release, confirming that these cytokines are directly respon-
sible for chemotherapy-induced cognitive impairment [58].
The inability of antibodies to cross the blood-brain barrier
has limited their use. Once the upstream mechanisms of cog-
nitive dysfunction have set in permanently, the antibodies
aren’t helpful [61].

Contrasting theories suggest that inflammatory mediators
may not always cause neurocognitive symptoms, so alternate
inflammatory processes should be considered. Genetic po-
lymorphisms like SNP of genes expressing pro-inflammatory
cytokines have been identified [38]. Clinical trials for pa-
tients with genetic alterations have given inconclusive re-
sults. Further research is recommended in this area for a bet-
ter understanding of the relationships between gene expres-
sion and susceptibility to inflammation and neurotoxicity.
These evidence suggests that for the management of CICI, it
is essential to investigate different pathophysiological pat-
terns of cytokines.
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3.2. Role of Cytokines in CICI

Elevated levels of pro-inflammatory cytokines and oxida-
tive stress in the brain are well-known indicators of neuroin-
flammatory response. Multifactorial involvement of both in
CICl is discussed below.

Treatment with chemotherapeutic agents accentuates the
production as well as the release of pro-inflammatory cyto-
kines such as IL-6, IL-1B, TNF-a from stimulated peripheral
macrophages [62]. Doxorubicin initiates cytokine-mediated
inflammatory cascade vie MAPK (p38/JNK) as well as
NLRP3 inflammasome pathway activation to release active
IL-1B from prolL-1f. IL-1p localization in the hippocampus
alters the site-specific function of memory, cognition and
mood [34]. Excessive IL-1p localisation is known to alter
neuronal proliferation. The loss of proliferating cells in the
hippocampus instigates neurotoxic symptoms [56]. Recent
evidence suggests that IL-1p affect neurogenesis by the
kynurenine pathway via upregulation of key enzymes like
IDO (Indoleamine 2,3-dioxygenase), KMO (kynurenine-3-
monooxygenase) and kynureninase [63]. IL-1B enzymati-
cally converts tryptophan to end product quinolinic acid
(QA), an agonist of glutamate (NMDA) receptors, in the
microglial cells. Increased levels of QA combined with
NMDA receptor activity enhance neurotoxic events. Some
studies with respect to depressive conditions associate the
decline in kynurenic acid, an NMDA antagonist, due to loss
of astrocytes. In another study, inhibition of KMO enzyme
reversed the effects of IL-1P induced neuronal impairment
and motor functions in a few neuropsychiatric disorders
(Alzheimer’s, Huntington’s efc.) [63]. Since these conditions
have overlapping pathomechanisms with CICI, assessing the
role of this pathway for IL-1B-mediated cognitive decline in
CICI can be a scope of future studies.

IFN-Y, a pro-inflammatory cytokine, is produced by ac-
tivated T-lymphocytes and natural killer cells that further
stimulates IL-1b and IL-6 release from immune cells [64].
IFN-Y was found to stimulate IDO activity resulting in a
significant reduction of tryptophan and serotonin levels in
the brain. The over-activation of IDO enzyme induces de-
pressive symptoms through excitotoxicity and free radical
damage [65]. IFN-Y causes macrophage-mediated ROS gen-
eration. Although the pathological role of IFN-gamma has
been studied in depressive conditions, its role in CICI needs
to be elucidated.

Another important pro-inflammatory cytokine is IL-6.
Transgenic studies using knockout animals, IL-6 deficient
genotypes, pro-inflammatory cytokine receptor antibodies
(IL-6Ra) and inhibitors asserted that IL-6 has a role in cogni-
tive impairment [55, 58]. Just like IL-1p, IL-6 also acts through
a p38-MAPK pathway, established in vitro studies. Peripheral
nerve injuries have expressed IL-6 cytokines [66]. Further in
vitro analysis confirms that the concentrations of IL-6 and IL-13
in the blood is directly proportional to the sickness severity and
neuroendocrine stimulation in the brain [65]. In the clinical
trial of breast cancer survivors, IL-6 and TNF-a decreased
hippocampal-dependent learning function and its volume [67].

TNF-o mediates its apoptotic and pro-inflammatory ac-
tions through cell surface TNFR-1 and TNFR-2 receptors
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present on both neurons and glial cells [56]. TNF-a enters
the brain via receptor-mediated endocytosis and triggers the
activation of the nuclear transcription factor (NF-xB)
through downstream signalling to increase the levels of
TNF-0 and iNOS metabolites. Nitric oxide (NO) produced
from the iNOS pathway activates NF-xB in an endless loop
of cell signalling processes [20]. The intracellular death do-
main of TNFR-1 inhibits hippocampal neurogenesis whereas
TNFR-2 promotes it. Clinical trials of breast cancer patients
showed elevation of soluble TNFR-2 in blood plasma of
chemotherapy-treated groups, associated with reduced fron-
tal cortex metabolism and increased memory loss. Patients
who didn’t have elevated plasma TNFR-2 were devoid of
such complications which could be attributed to membrane-
bound TNFR-2 mediated neurogenesis indicating that TNF-a
has a major role in CICI [67]. This can be an interesting as-
pect to study TNF-a mediated cognitive impairment in CICI.

Despite the detrimental effects on the nervous system,
adequate amounts of pro-inflammatory mediators are essen-
tial for normal neuronal function. Proven through preclinical
investigations, in cytokine knockout transgenic rodent mod-
els, the absence of IL-6 and TNF-a can impair learning and
memory, neurogenesis and hippocampal function [58].
Hence, a balance between pro- and anti-inflammatory cyto-
kines is essential for normal neuronal functioning.

Reduced pro-inflammatory cytokines and elevated anti-
inflammatory cytokines reverse the neurotoxic effects and
elicit the neuroprotective action. Major types of anti-
inflammatory cytokines include IL-4, IL-10, IL-11, IL-13
and IL-1RA. Others like IFN-a, TGF-p, leukaemia inhibitory
factor (LIF) rides the line between pro and anti-inflammatory
based on the situation [56]. IL-4 cytokine has neuroprotec-
tive properties, where it neutralizes pro-inflammatory action
of other cytokines [55]. Another anti-inflammatory cytokine
IL-10 is produced by helper T-lymphocytes, B-lymphocytes
and monocytes. It blocks pro-inflammatory cytokine release
as well as tips the balance of pro and anti-inflammatory cy-
tokines towards the neuroprotective side.

Since a large portion of pathophysiological mechanisms
involved in neuroinflammatory cognitive decline remains
unexplained and unknown, a number of strategies have been
suggested to look forward into this matter. These strategies
include PET scanning of activated microglia and CSF cyto-
kine levels. Preclinical animal studies are very much pre-
ferred due to the ease of control in producing inflammatory
disorders without any patient-related complications or con-
cern. Whole tissue analysis for easy identification of bio-
markers and different targets for therapeutic intervention
[39]. Furthermore, targeting the specific effector molecules,
cell signalling pathways and cellular receptors either by
transgenic gene knockout animal models or molecular in-
hibitors may help researchers to come up with novel thera-
peutic strategies for the treatment of these disorders [65].

4. ROLE OF OXIDATIVE STRESS IN CICI

The brain relies on aerobic respiration to supply the
body’s energy needs (ATP) and therefore the mass utiliza-
tion of oxygen in the brain makes it prone to get affected by
oxidative and nitrosative damage in comparison to other or-
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gans [58]. Imbalance in the pro- and -antioxidant system
result in overproduction of oxidative stress markers (ROS
and RNS). ROS and RNS are originated from the metabolic
reaction in the electron transport chain of the mitochondrial
matrix and rarely in the endoplasmic reticulum [68].

Local cytokine-mediated NOS pathway activation causes
oxidative stress leading to DNA damage. When the toxic
free radicals exceed the neutralizing capacity of the antioxi-
dant system, it starts damaging the tissues, lipid membrane,
denatures, and degrades proteins. The free radicals attack
unsaturated PUFA in the brain to cause lipid peroxidation. In
addition to this, it attacks the mature adult neurons which
have no regenerative capacity (except NSC), causing perma-
nent damage [68].

Damage to mitochondrial integrity causes further free
radical damage and cellular energy deficiency [69]. Struc-
tural and functional alteration in mitochondria and other neu-
rons occurs due to ineffective free radical scavenging
mechanisms and augmented oxidative stress. Together these
elevated endogenous biomolecules initiate a chain of events
which eventually terminates in neurotoxicity, dysfunction
and neuronal apoptosis. Loss of neurons in the prefrontal
cortex and hippocampus leads to the development of cogni-
tive impairment [68].

Nearly 40% of clinically available cancer chemothera-
peutic drugs produce oxidative stress-induced damages.
Chemotherapy-induced mitochondrial dysfunction through
oxidative stress is a major component of neuronal and cogni-
tive impairment in CICI. Neuronal cells in the cerebral cor-
tex and oligodendrocytes are susceptible targets for such
toxic events [70]. Oxidative stress in the hippocampal NPC
results in not only decreased expression of BDNF neurotro-
phin but also cause apoptosis via the SOD releasing proper-
ties [71]. Calcium exocytosis and ionic imbalance occur in
the mitochondria causing loss of neuronal and synaptic plas-
ticity [70]. Calcium influx induced membrane depolarization
and DNA disruption lead to caspase-3 activated apoptotic
mechanisms in oxidative stress [72]. Cytosolic accumulation
of ROS leads to NLRP3 inflammasome mediated caspase-1
activation. It also affects the mitochondrial pathway of apop-
tosis [73].

It can rightfully be concluded that oxidative stress cou-
pled with neuroinflammation causes neurotoxicity in the
structural and functional areas of the brain causing cognitive
decline [70].

5. REDUCED
IMPAIRMENT

NEUROGENESIS AND COGNITIVE

Brain-derived neurotrophic factor (BDNF) is majorly
distributed as well as characterized neurotrophin class of growth
factors found in the brain having functional specificity among
other proteins [74]. BDNF binds to Tyrosine kinase B (TrkB)
receptors and mediates neural progenitor cell (NPC)
survival, proliferation, differentiation and maturation into
adult neurons [75]. The BDNF-TrkB signal activity has been
associated with the reversal of age-related cognitive decline.

Process of neurogenic synthesis involving BDNF is es-
sential for forming the neural network, dendritic arborisa-
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tion, synaptic plasticity and connectivity in the CNS [75].
Evidence has revealed that hippocampal synaptic plasticity
and its interaction with prefrontal cortex contribute to spatial
memory formation [60]. BDNF also has memory formation
and anti-depressive properties mediated through its neuro-
genic action. Severely depressed patients show depletion of
serum BDNF levels from their storage sites [30].

The reduction of BDNF levels in the brain either by age-
related complications or polymorphic encoding genes. These
all attribute to spatial and episodic memory defects, hippo-
campal structural alterations, feeding abnormalities and
overall cognitive decline in both animals and humans alike.
Even other neurodegenerative/neuropsychiatric disorders
like Alzheimer’s schizophrenia, anxiety and depression have
shown suppressed BDNF concentrations in the brain [75].

The inability of astrocytes to clear hypersecretion of glu-
tamate in severe stressful conditions can pose a harmful neu-
rotoxic threat since it is associated with a reduction of BDNF
in the brain. Antidepressants through NMDA receptor block-
ade is able to reverse the toxic symptoms. NMDA antagonist
ketamine potentiates its effectiveness [73]. Evidence from
animal models of depression has reported the significant loss
of BDNF and VEGF in CNS leading to reduction of brain
volume. In the conventional treatment for depression, anti-
depressants possess properties to enhance the neurotrophin
release as well as promote neuronal cell proliferation. There-
fore, these classes of drugs may be capable of reversing the
damage left behind by neurotoxic stimulus [73]. Another
hypothesis states that decreased vasculature and metabolic
energy production in the brain also results in the reduction of
endothelial BDNF release thereby hampering neurogenic
proliferation in the brain functional areas [76].

Positive regulators of neurogenesis include physical ex-
ercise and hippocampal-dependent learning tasks. Physical
exercise is a natural intervention applied to boost hippocam-
pal neurogenesis and cognitive skills. While the negative
regulators are chemotherapy mediated insult, irradiation,
neuroinflammation, glutamate release and oxidative damage
among others [77]. Preclinical data establishes that chemo-
therapy plus routine daily exercise improves significant neu-
rogenic loss and cognitive impairment when compared to
chemotherapy alone [78, 79]. There are two theories that link
cognitive memory to either synaptic formation irrespective
of neurogenesis or differential neural cells’ contribution in
synapse formation. Mood is dependent on neuronal remodel-
ling. Hence in some cases, newly differentiated mature cells
may be detected but not the improvement of cognitive mem-
ory functions and vice-versa [56]. Proliferation deficits occur
within a short period after chemotherapy with a small time
frame for assessment, as shown in preclinical studies, it takes
six weeks for NPC to reach full developmental and func-
tional maturity in the dentate gyrus. Therefore, cognitive
deformities can be attributed to chemotherapy-induce toxic-
ity rather than NPC growth.

Recent scientific theories have deduced that the inhibi-
tion of post-natal neurogenesis and gliogenesis might be the
primary cause of localized cellular dysfunction in the white
matter of patients. Clinical methods of proliferating neuronal
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progenitor stem cells might be the viable therapy against
chemotherapy-induced cognitive deficits in the future. While
assessment in rodent models is easily achieved. Any signifi-
cant influence on human neurogenesis by the same chemo-
therapy and radiation is still under examination. Further re-
search in understanding the mechanism of neurogenesis and
their functions should be able to find therapeutic solutions to
prevent chemotherapy-related neurodegeneration and restore
their normal physiological cognitive roles in the nervous
system [77].

6. POSSIBLE BENEFICIAL ROLE OF ANTI-
DEPRESSANT DRUGS IN CICI

The depressive symptoms are linked to the pathophysi-
ological imbalance between the pro- and anti-inflammatory
cytokines [58]. Cytokines, being common causative factors
in depressive conditions and CICI, can be targeted for ame-
lioration of associated depression and CICI symptoms. This
speculates the possibility of antidepressants to be of benefit
in CICI [80].

The literature on in vitro and ex vivo studies state the
anti-inflammatory actions of MAO inhibitor antidepressants
[34]. Studies provide evidence that Selective Serotonin Re-
uptake Inhibitors (SSRIs) and Tri-cyclic Antidepressants
(TCAs) were able to inhibit pro-inflammatory cytokines like
IL-1B, TNF-a, IFN-Y and lymphocyte proliferation [81, 82].
High levels of pro-inflammatory cytokines lower the BDNF
and BDNF-TrkB receptor activity in the brain. Therefore,
suggesting a correlation between inflammatory and neuro-
genic hypothesises in CNS. Thus, with knowledge of antide-
pressants possessing anti-inflammatory potential, their effect
can be correlated to neurogenic activity as well [73]. A few
theories are hypothesized for antidepressants to possess anti-
neuroinflammatory activity.

The first theory states that high binding affinity of SSRIs
to serotonin transporter (5-HTT) may launch a cascade of
anti-inflammatory pathways. Further, both TCA and SSRI
are able to inhibit microglial translocation of activated NF-
kB and its pro-inflammatory cell signalling pathways. While
conflicting research disregards this as drugs did not have any
effect on in vitro IL-10 modulation. Another minor theory
states that antidepressants might influence anti-inflammatory
activity by microglial B-adrenergic receptors interactions
[83].

Finally, researchers found that SSRI like fluoxetine has
an inhibitory role in pro-inflammatory cytokine gene expres-
sion and their mRNA transcription with supplementary bene-
fits in the inhibition of MAPK pathway phosphorylation
[84]. Antidepressants act through cAMP-mediated protein
kinase activation to reduce microglia and macrophage in-
flammation. Evidence confirm this theory via an association
between elevated cAMP levels and reduced cytokine release
and vice versa. Moreover, antidepressants may be able to
alleviate symptoms of oxidative stress by inhibition of cyto-
kine cascade and free radical production along with elevation
of antioxidant enzymes [68]. The anti-inflammatory effects
of SSRIs have been reported to therapeutically benefit in a
number of autoimmune and inflammatory diseases (multiple
sclerosis, stroke, rheumatoid arthritis). Therefore, they are
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* Increased anti-inflammatory
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* Decreased pro-inflammatory
cytokines through
p38/MAPK/JNK pathway

Antidepressant
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* Protects mitochondrial
membrane damage

Drugs

*| Increased BDNF expression in
neurons

* Increased NPC differentiation
and proliferation

* Increased
neuroprotection

+ Decreased hyperalgesia
and nociception

Progressive neuroinflammation, oxidative tissue damage, apoptosis,
neurodegeneration, loss of hippocampus / frontal cortex volume and
peripheral neuropathy

Chemotherapy Induced Cognitive Impairment (CICI)

Fig. (2). Brief summary of pathophysiological mechanisms involved in the development of CICI and the different pathways through which
antidepressant treatment targets these mechanisms to provide a neuroprotective effect. [BDNF (Brain-Derived Neurotrophic Factor);
DG (Dentate Gyrus); DRG (Dorsal Root Ganglion); GM-CSF (Granulocyte Monocyte Colony Stimulating Factor); IL (Interleukins); INF
(Interferon); INK (Janus Kinase); MAPK (Mitogen-Activated Protein Kinase); NPC (Neuronal Progenitor Cell); PNS (Peripheral Nervous
System); RNS (Reactive Nitrogen Species); ROS (Reactive Oxygen Species); TNF (Tumour Necrosis Factor); Trk-B (Tyrosine Receptor
Kinase B)]. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

bound to exert similar therapeutic properties in CICI due to
overlapping pathomechanisms [73].

Different antidepressants from all categories of antide-
pressants and their respective pharmacological effects (Fig. 2)
are discussed below. These known pharmacological effects
make antidepressants to be a good candidate for testing
against the symptoms of CICIL.

6.1. Fluoxetine

Fluoxetine, a selective serotonin reuptake inhibitor
(SSRI), is one of the most well-known and clinically pre-
scribed antidepressant drugs. Fluoxetine has been investi-
gated in different preclinical models for its anti-
inflammatory and anti-neuropathic activities [64]. Fluoxetine
also improved cognition in a number of neurological disor-
ders through a positive effect on neurogenesis by upregula-
tion of BDNF. Fluoxetine is also reported to stimulate glio-
genesis in the extra-hippocampal prefrontal cortex [10].
Fluoxetine blocks serotonin reuptake transporters (SERT)
thereby increases the 5-HT concentration in the synaptic
cleft. Thus elevated 5-HT interacts with the postsynaptic
serotonin receptors for synthesizing BDNF by various cellu-
lar pathways [85].

Fluoxetine prevented S-fluorouracil mediated reduced
proliferation of hippocampal cells and corresponding cogni-

tive impairment in rats. However, it did not reverse the defi-
cits when it was given after termination of chemotherapy
[50]. In another rat model of 5-fluorouracil-induced cogni-
tive decline, fluoxetine treatment enhanced hippocampal-
dependent spatial memory function and eliminated neural
cell depletion in the hippocampus. The effects were not only
limited to hippocampus but also observed in temporal lobes,
anterior cingulate cortex and frontal cortex. Fluoxetine even
ameliorated methotrexate-induced cognitive impairment and
deficit in hippocampal proliferation in rats [49]. Fluoxetine
causes neurogenic stimulation in the hippocampus, stress-
responsive periventricular areas of the brain exhibiting neu-
rogenic proliferation in tamoxifen administered transgenic
mice [86].

In addition to the above effects, fluoxetine exerts anti-
inflammatory and anti-oxidative actions. These actions are
reported in the studies other than CICI condition. Fluoxetine
alleviates CNS neuroinflammation and microgliosis [73]
with downregulation of IL-6, TNF-0, NO levels in LPS-
activated microglial cells [64]. Therefore, fluoxetine, when
given along with chemotherapy, can improve cognition, be-
havioural learning deficits as well as elevate neuronal cell
proliferation, survival and dendritic branching. Fluoxetine
may be preferred in combination therapy as it has a signifi-
cant synergistic action with NSAIDs, melatonin and even
other antidepressant classes of drugs [64]. For example, it’s a
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better anti-inflammatory when given along with celecoxib
[87], or provides a faster onset of action in depressive mod-
els with aspirin [73]. On the contrary, investigations have
also shown that chronic administration of fluoxetine in mice
for 9 weeks significantly decreased neurogenesis and cell
proliferation in the subventricular zone, thereby suggesting
suppression of neurogenesis [88]. There is a dearth of evi-
dence for the direct effects of fluoxetine on inflammatory
markers in CICIL

6.2. Other SSRIs

Other SSRIs such as fluvoxamine, reboxetine, paroxet-
ine, citalopram, escitalopram efc. also been tested in various
preclinical models. Their effects on oxidative stress, inflam-
matory markers and neurotoxicity are discussed below. Flu-
voxamine demonstrated inhibition of ER stress through
sigma-1 receptor agonism to alleviate paclitaxel-induced
neurotoxicity in neuronal cell cultures [44]. Along with imi-
pramine and fluvoxamine, reboxetine was able to lower IL-6
production in IFN-Y stimulated microglial cells. Paroxetine,
when given along with sertraline inhibited on IFN-Y', in-
duced TNF-a and NO elevation in vitro [89]. It prevented
TNF- o release from stimulated T cells [73]. In a preclinical
study of antidepressants, results showed that citalopram was
pro-inflammatory by elevating cytokine levels (IL-1B, TNF-
a, IL-22) while escitalopram was anti-inflammatory by low-
ering IL-17 [80]. Further, escitalopram is a better antioxidant
than fluoxetine in MDD and can elevate Vitamin-C levels as
well [68].

Sertraline manifests its activity independent of SHT re-
ceptor by significantly improving GSH levels, cognitive per-
formance, inhibiting lipid peroxidation along with elevated
nitric oxide in nitrosative stress models [68]. Sertraline in-
hibited IFN-Y induced TNF-a and nitric oxide elevation in
vitro [89] and promoted IL-10 and IFN-Y ratio towards the
neuroprotective side in healthy human blood samples [64].
Sertraline in combination with naringin act through serotonin
modulation and exerted mitochondrial protective activity in
doxorubicin-challenged rats.

Vortioxetine is a relatively newer investigational antide-
pressant drug which acts through different serotonergic re-
ceptors. High dose of vortioxetine exhibited a stimulatory
effect on dendritic morphology, enhanced granule cell pro-
liferation, maturation and survival in the hippocampal den-
tate gyrus of mice [90]. Clinical trials reports reveal that ma-
jor drugs belonging to the SSRI class of antidepressants like
fluoxetine, fluvoxamine, citalopram, sertraline etc. reverse
the peripheral oxidative stress markers and convert antioxi-
dant enzyme levels and antioxidant profile back to normal
[91].

6.3. Serotonin Norepinephrine Reuptake Inhibitors
(SNRIs)

Duloxetine is a common SNRI class of antidepressants
with clinical analgesic properties [92]. A clinical trial of
chemotherapy-related peripheral neuropathy showed daily
duloxetine caused pain reduction in 59% of patients when
compared to the placebo control group while only 10% pa-
tients reported increased pain throughout the time period
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[93]. Venlafaxine is also an SNRI antidepressant [92] whose
treatment in the mouse model of chronic hippocampal oxida-
tive stress showed potent protective action against DNA
damage [68]. Chronic preclinical venlafaxine dosing pro-
vides antioxidative protection against nuclear acid damage
by maintaining redox balance in the brain [91]. Venlafaxine
exhibits anti-inflammatory properties through lowering of
cytokine ratio [89]. Low dose of venlafaxine and amitrip-
tyline in particular raised the BDNF and Bcl2 immunostain-
ing intensity in rat hippocampal pyramidal neurones and
hippocampal mossy fibres respectively [91]. Both these
drugs have substantial clinical evidence for their anti-
nociceptive activity against chemotherapy-related peripheral
neuropathy. Venlafaxine was particularly effective against
oxaliplatin-induced acute and chronic neuronal toxicity in
patients [87].

6.4. Tricyclic Antidepressants (TCAs)

Imipramine, a SHT-1A receptor agonist belongs to the
TCA class of drugs. Both short and long-term treatments
have improved neurogenesis in the dentate gyrus of a con-
trolled cortical impact model in rats. Furthermore, it in-
creased the BDNF mRNA expression in these rats [66]. In
traumatic brain injury murine model, imipramine improved
neurogenesis and cognitive performance without effective
improvement in motor functions. Besides, histological analy-
sis using immunofluorescence method showed preservation
of NPC proliferation and maturation in the dentate gyrus
[51]. Reduced CDK inhibitor p21 expression and depressive
symptoms with a consequent increase in dentate gyrus neu-
rogenesis of immature NPC were observed in chronic ad-
ministration, in an in vivo model [94]. Acute and chronic
effects of imipramine on rodent prefrontal cortex and hippo-
campus significantly reduced lipid peroxidation, protein
damage and enhanced antioxidant enzymes (SOD and cata-
lase) levels. Imipramine together with clomipramine lowered
NOS concentration. TCA has an inhibitory effect on in vitro
IFN-Y levels, IFN-Y activated microglial cells [91] and IL-
1B and TNF-a [73].

Amitriptyline, another TCA [92] when administered in-
trathecally, stimulated microglial IL-10 expression [73]
while reducing IL-1B and TNF-a levels. Amitriptyline at-
tenuated hydrogen peroxide-induced cell degeneration in rat
pheochromocytoma PC12 cell lines along with increased
superoxide dismutase (SOD) enzyme levels and inhibited
apoptosis [91].

6.5. Atypical Antidepressant Drugs

Among the atypical antidepressant, mirtazapine is an
adrenergic (02) and serotonergic (5-HT2A and 5-HT3) an-
tagonist [92] with anti-oxidative effects. Mirtazapine yields
this beneficiary results in the cisplatin-induced neurotoxic
rodent model. The drug lowers several oxidative stress
markers significantly, demonstrating its neuroprotective ef-
fects [95]. Long-term use of mirtazapine with other antide-
pressants have a stimulatory effect on antioxidant enzyme
mRNA level expression in peripheral monocytes when com-
pared to short-term use that decreased levels. This may im-
ply that the efficacies of these treatments are dependent on
their usage duration. Another drug i.e. bupropion has nitric
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oxide inhibitory property [91]. However, no further signifi-
cant data is available on other atypical antidepressants re-
lated to oxidative stress, inflammation and neurotoxicity.

Contradictory evidence is gathered against the effective-
ness of antidepressants in oxidative stress mechanisms. For
example, sertraline, venlafaxine, reboxetine antidepressant
therapy for a period of 6 weeks didn’t show any peripheral
oxidative protection against plasma MDA or modification in
oxidation susceptive erythrocytes in MDD affected patients.
Another contrasting study elucidates that amitriptyline
caused plasma coenzyme Q deficiency-induced stress [68].
Other clinical trial reports state that antidepressants treatment
was unable to influence the reduced blood plasma coenzyme
Q10 levels in depressed patients despite the fact that the en-
zyme was not directly associated with the occurrence and
severity of depressive episodes [91]. Further investigations
are highly recommended to elucidate active co-relationship
between antioxidant enzymes, free radicals and associated
symptoms.

CONCLUSION

This review gives a brief overview of the chemotherapy-
induced cognitive impairment and its causative mechanisms
such as neuroinflammation, oxidative stress, and related mo-
lecular pathways. It also attempts to summarize the unex-
plored and potential antidepressants to be repurposed and
develop as a future therapy to counteract CICI. However,
there is a scope for translational research to understand the
correlation between cognitive impairment with respect to 1)
type of cancer, ii) impact of radiotherapy and/or chemother-
apy, iil) assessing the association of CICI with depression
and other pre-existing neurological conditions which may
affect cognition, iv) potential therapeutic strategies, v) non-
pharmacological approaches, and vi) cognitive-behavioural
herapy (CBT). To conclude, substantial evidence has dem-
onstrated that in addition to monoaminergic functions, anti-
depressants are also capable of inhibiting progressive neu-
roinflammation, neurotoxicity and can improve long term
neurogenesis. Other evidence also shows that the anti-
inflammatory agents work synergistically with antidepres-
sants, and even enhance their actions. Maximization of the
therapeutic potential of antidepressants would be possible
with a better understanding of their unexplored mechanisms
against multifactorial cause and symptoms of CICI. Future
clinical and preclinical prospective studies are needed for a
better understanding of CICI to unearth the neuropharmacol-
ogy of potential treatments against CICI.

LIST OF ABBREVIATIONS

BBB = Blood Brain Barrier

BDNF = Brain-Derived Neurotrophic Factor
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IL = Interleukins

INF = Interferon

INK = Janus Kinase

MAPK = Mitogen-Activated Protein Kinase
MDA = Malondialdehyde

MDD = Major Depressive Disorder

NPC = Neuronal Progenitor Cell

PNS = Peripheral Nervous System

QA = Quinolinic Acid

RNS = Reactive Nitrogen Species

ROS = Reactive Oxygen Species

SNRI = Serotonin Norepinephrine Reuptake Inhibitors
SSRI = Selective Serotonin Reuptake Inhibitors
TCA = Tricyclic Antidepressants
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TNF = Tumour Necrosis Factor
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