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A B S T R A C T

Chemotherapy is an important component of cancer treatment, which has side effects like vomiting, peripheral
neuropathy, and numerous organ toxicity but the most significant outcomes of chemotherapy are cognitive
impairment, which is mainly referred to as chemobrain or CICI (chemotherapy-induced cognitive impairment). It
is characterized by difficulty with language, concentrating, processing speed, learning, and memory, as it affects
the hippocampus areas of the brain. Mitochondrial dysfunction and oxidative stress are one of the major
mechanisms causing chemobrain. The generation of reactive oxygen species (byproducts of oxidative phos-
phorylation) mainly occurs in mitochondria that play a prominent role in the induction of oxidative stress. The
homeostasis of ROS in the mitochondria is maintained by mitochondrial antioxidant mechanism via enzymes like
catalase, glutathione, and superoxide dismutase. Lungs and breast cancer are the two most common types of
cancer, which are the most leading cancers in the world with about 4.18 million cases. In this review we exposed
the current knowledge regarding chemotherapy-induced oxidative stress and mitochondrial dysfunction to cause
cognitive impairment.We especially focused on the antineoplastic agent (ADRIAMYCIN, CYCLOPHOSPHAMIDE),
platinum group agent CISPLATIN, antimetabolite agents (METHOTREXATE), and nitrogen mustard agent
(CARMUSTINE) which increase oxidative stress and inflammatory markers in the PNS (peripheral nervous sys-
tem) as well as the central nervous system. We also highlight the behavioural and functional changes in the brain.
1. Introduction

Anti-cancer drugs are a crucial part of cancer treatment, as it has
increased the survival rate of patients, but the major complications of
anticancer drugs are cognitive impairment in the central nervous system
(CNS). An anticancer agent has been reported to cause cognitive impair-
ment, which is referred to as chemobrain. Chemobrain (also known as CICI
chemotherapy-induced cognitive impairment) was first described in 1980
by Dr. Peter Silberfarb and colleagues. Chemobrain is referred to as trou-
bling in language, concentration, acceleration, learning, and recognition
(Wigmore, 2012; Li et al., 2013; Monje and Dietrich, 2012; Dietrich, 2010;
Silberfarbet al., 1980).Duringor shortlyafter treatment, chemotherapy can
cause cognitive impairment or late CRCI (chemotherapy-related cognitive
impairment) can occur late in the course of the disease (Koppelmans et al.,
2012).CICI increases theprevalence of cognitionwithan increased survival
rate and the incidenceof chemobrain inabout 17–75%of patients receiving
chemotherapy (Wefel et al., 2004). After initiating chemotherapy, about
18%–78% of breast cancer patients report cognitive dysfunction (Ahles
et al., 2012; Cull et al., 1996). The Study of the American Cancer Society
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revealed that more than 15 million cancer survivors are currently living in
the United States. According to the data given in 2016, there will be a
possibility of a rise in the numbers to 20.3 million by 2026 (Miller et al.,
2016). Mitochondrion is the powerhouse of the cell which has a prominent
role in the generation ofATP (adenosine triphosphate) in all eukaryotecells.
It alsoplays anessential role inmembranebiogenesis by synthesizingheme,
phospholipids, and amino acids (Rizzuto et al., 2012). Mitochondria have
the ability to transmit energy over an extended distance to meet the high
energy demands of neurons and synapses. It also shows the fuse and split
mechanism (Celsi et al., 2009). Reactive oxygen species (ROS) like
hydrogen peroxide (H2O2), hydroxyl (OH�), and superoxide radicals (O2

�),
which are the major endogenous components of mitochondria and are
mostly produced via oxidative phosphorylation, which is maintained by
anti-oxidative enzymes like glutathione (GSH), catalase, superoxide dis-
mutase (SOD), and peroxiredoxin (Liu et al., 2002). The natural homeo-
stasis mechanism of the cell is to preserve, the equilibrium between the
generation and neutralization process of ROS by endogenous cellular
defence mechanisms (Dr€oge, 2002). The inadequate availability of anti-
oxidants and imbalance in ROS homeostasis contribute to the neurons
transferring near the free radical attack that leads to oxidative stress,
ndia.

gust 2021
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:artisingh@isfcp.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crphar.2021.100047&domain=pdf
www.sciencedirect.com/science/journal/25902571
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
www.journals.elsevier.com/current-research-in-pharmacology-and-drug-discovery
https://doi.org/10.1016/j.crphar.2021.100047
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.crphar.2021.100047


List of abbreviation

GPX1 ¼ Glutathione peroxidase
PRDX1 ¼ Peroxiredoxin-1
HO-1 ¼ Heme oxygenase 1
ANT ¼ Adenine nucleotide translocase
MDA ¼ Malonaldehyde
4-HNE ¼ 4- Hydroxynonel
ADR ¼ Adriamycin
PLD ¼ Phospholipase D
CDDP(II) ¼ Cis-diamminedichloridoplatinum (II)
AChE ¼ Acetylcholinesterase
GFAP ¼ Glial fibrillar acid protein
PC-PLC ¼ Phosphatidylcholine-specific phospholipase C
GR ¼ Glutathione reductase
DIC ¼ Dicarboxylate transporter
OGC ¼ 2-oxoglutarate transporter
BDNF ¼ Brain-derived neurotrophic factor
DCX ¼ Doublecortin
CSF ¼ Cerebrospinal fluid
ATP ¼ Adenosine triphosphate
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neuroinflammation, disruption of the cell division pathway, and apoptosis,
and ultimately results in cognitive dysfunction (Lin and Beal, 2006; Kimura
et al., 2006; Wadhwa et al., 2018). The normal functioning of the mito-
chondria is affected by chemotherapy by amechanism that directly inhibits
the respiratory chain in the brain and other organs of the body (Mattson and
Magnus, 2006; Cardoso et al., 2008; Kruidering et al., 1997). Aroundhalf of
the Food and Drug administration (FDA) approved anticancer drugs result
in the progression of ROS that leads to induced oxidative stress (Chen et al.,
2007). Adriamycin is one of the quinines containing an anthracycline
chemotherapeutic agent that does not cross the Blood-brain barrier (BBB)
but it has the potential to produce reactive oxygen species in normal tissue
(Cummings et al., 1991; Bigotte andOlsson, 1982; Besedovsky and del Rey,
1996; Singal et al., 2000; Kalyanaraman et al., 2002; Joshi et al., 2005).
Administration of Adriamycin increases the level of TNF-α peripherally and
crosses theBBBbyactiveorpassive transport,whichactivatesmicrogliaand
nerve cells to increase the TNF-α expressions that causes oxidative stress,
neuronal damage, and tissue injury. The particular mechanism for the CICI
is unclear, but numerous mechanisms have been elaborated to cause the
straightway of neurotoxicity induced by chemotherapeutic drugs, the ge-
netic tendencyof apolipoproteinE4 (APOE4), catechol-O-methyltransferase
(COMT), oxidative damage, chemotherapy-induced neuropathy, immune
dysregulation, and condensed telomeres (Sternberg, 1997; Madrigal et al.,
2002; Perry et al., 2002; Szelenyi, 2001). In this review, we have discussed
mitochondrial dysfunction and oxidative stress causing chemobrain and
understand the pathological condition of CICI.

2. Mitochondria and oxidative stress

Reactive oxygen species are produced by various biological compart-
ments. Although mitochondria are the major source of reactive oxygen
species, they also have capacity to generate free radicals using various
substrates.This ability of themitochondriamay be liable to themembrane
composition. The reactive oxygen species are generated bymitochondrial
complexes I, II, and III which are parts of the respiratory chain complexes
(Balaban et al., 2005; Lenaz, 2001; Brand, 2010). The electrons are
generated by mitochondrial complexes. Basically, unpaired electrons are
generated by oxidative phosphorylation, which interacts with oxygen and
causes the generation of superoxide ions. The superoxide ions are changed
intoH2O2 andOH-reactive oxygen species (Duchen, 2004).Mitochondrial
complexes - I (NADH ubiquinone oxidoreductase) is a major place for the
production of ROS via the transfer of an electron to the NADH reductase
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and in the case of chemotherapy, this production of ROS occurs abnor-
mallywhich leads to oxidative stress (Bolisetty and Jaimes, 2013;Warnau
et al., 2018). The functional damage of the enzyme (succinate dehydro-
genase) causes succinate accumulation that leads toROSproduction in the
cell (Ralph et al., 2011). The low level of superoxide anion is also gener-
ated by the mitochondrial complex-II enzyme via reduction of CoQ
(McLennan and Degli Esposti, 2000; Fato et al., 2008; Murphy, 2009;
Yankovskaya et al., 2003). Harman's theory states that the continuing free
radical accumulation in the cell is the main cause of oxidative damage to
the amino acids, phospholipids, and DNA. The elevation of ROS, induces
cellular damage, especially in neurons and glial cells leading to neuronal
damage or apoptosis (Gilgun-Sherki et al., 2001). Tangpong et al., in 2006
state that the systemic administration of Adriamycin declines mitochon-
drial respiration, via disruption of complex I enzyme (NAPH CoQ reduc-
tase) that releases cytochrome c, which will increase caspase activity,
results in mitochondrial dysfunction and cell death (Fig. 1) (Tangpong
et al., 2006).

3. Defense of mitochondria against oxidative stress

Mitochondria are the organelles that generate 90 percent of cellular
ATP. The function of mitochondria is especially important in nerve cells
specified for ATP generation. Neurons are specific cells that require
higher energy to support the activities of the cell, especially in the syn-
aptic region (Nicholls and Budd, 2000). Mitochondria can undergo a
fusion/fission mechanism to adapt to the environment. The fusion/fis-
sion cycle involves sharing organelle content to replace damaged or lost
components (Celsi et al., 2009). Mitochondria have a prominent role in
ATP generation, which is important for the proper functioning of the cell.

Mitochondria are the main site for ROS production, which is involved
normally under physiological conditions. It is mainly produced at the site
of mitochondrial enzyme complexes I and III in the respiratory chain of
mitochondria. Some studies have reported that the mitochondrial com-
plexes II are also involved in ROS production (Brand and Nicholls, 2011;
Chiswick and Miller, 2015; Quinlan et al., 2012). The superoxide ion is a
primary free radical that is produced by an electron transport chain that
undergoes ROS generation like H202 via SOD2. This elevated level of ROS
is harmful to various bio molecules like enzymes, proteins, and nucleic
acids. This ROS production is neutralized by the oxidant defense
(Pichaud et al., 2013). During the production of ROS, cells develop some
protective enzymes including catalase, SOD, glutathione, and glutathione
peroxidase (Radi et al., 1991).

3.1. Superoxide dismutase

The mitochondrial antioxidant enzyme, SOD converts oxygen free
radicals into hydrogen peroxide (H2O2). According to the Lu et al. report,
the main source of oxidative damage is an elevated level of SOD1/2 (Lu
et al., 2009).

3.2. Catalase

Catalase is one of the most important antioxidants which has an
important role in the degradation of H2O2. The decline in antioxidant
levels is harmful to mitochondria because catalase functions as a pro-
tection of mitochondria from oxidative stress, but the catalase declines,
that may induce an accumulation of H2O2 that causes oxidative stress in
the cell (Nohl and Hegner, 1978).

3.3. GSH and GSH reductase

GSH also referred to as glutathione, is an intracellular thiol compound
that acts as a defense against ROS and electrophiles (Pronk et al., 1990).
GSH is mainly present in mitochondria, endoplasmic reticulum (ER), and
the nucleus in a reduced form that regulates the normal functioning of
cell-like protection, proliferation, and growth of mitochondria (Marí



Fig. 1. ROS generation and antioxidant
defence in mitochondria. Mitochondria is the
cell organelles that are the main sites for ROS
production especially in mitochondrial com-
plex I (also called NADH) act as coenzyme Q
reductase and complex II called FADH2

(succinate dehydrogenase) and the reduced
molecules of NADH and FADH2 donates
electrons to the respiratory chain present in
the inner membrane of mitochondria. The
electrons are leaked to form superoxide
which is dismutated by superoxide dismut-
ase (SOD2) in the inner mitochondrial
membrane to form hydrogen peroxide. Later,
the antioxidant enzyme catalase and gluta-
thione reduced the hydrogen peroxide to
form a molecule of water and oxygen.
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et al., 2009; Mari et al., 2010; Griffith and Meister, 1985; Garcia-Ruiz
et al., 1994).

4. Chemotherapy associated cognitive impairment via
mitochondrial dysfunction and oxidative stress in the brain

Chemotherapy-induced cognitive impairment is also known as “che-
mobrain” or “chemofog” (Cleeland et al., 2003). Chemotherapy-induced
cognitive impairment is seen in a patient by altering brain structure and
cognitive function (Ahles and Saykin, 2007). Recent studies as reported
that some chemotherapeutic drug-like Adriamycin, does not cross the
BBB, but some chemotherapeutic agent like methotrexate, 5-fluorouracil,
and cyclophosphamide crosses the BBB. After the administration of
chemotherapy, the levels of various inflammatory cytokines were upre-
gulated in hippocampal regions. This includes IL-6, TNF-α which dam-
ages neuronal transmission in the synaptic regions, which alters the
cholinesterase expression that leads to cognitive impairment. For the
Mitochondrial function assessment, the level of antioxidants like cata-
lase, MnSOD, and GPX is important for normal functioning, but with the
administration of chemotherapy, this level of the above enzyme alters
that result in chemobrain (Verstappen et al., 2003; Troy et al., 2000;
Briones and Woods, 2011).

According to the El-Agamy et al., 2018 study, it is reported that
upregulation of acetylcholinesterase activity in the hippocampus region
of the brain after the ADR treatment (El-Agamy et al., 2018).
Bagnall-Moreau et al., 2019 proved that after the administration of
chemotherapy AC (Adriamycin and cyclophosphamide) in the combi-
nation shown the reduced level of antioxidant include GPX1 (glutathione
peroxidase 1), PRDX1 (peroxiredoxin-1), and the level of HO-1 (heme
oxygenase 1)by using RT-qPCR analysis, further they shown the elevated
ERK/MAPK Signalling in the hippocampus which causes the oxidative
damage. This damage activates the microglia to release proinflammatory
cytokines like IL2, IL16, IL-10, and TNF-αleads to neuronal damage and
affects cognitive functions (Briones and Woods, 2011).
4.1. Cyclophosphamide

The chemotherapeutic drug, cyclophosphamide is a class of alkylating
agents, which is mostly used for the treatment of acute and chronic
lymphocytic leukemia. Cyclophosphamide is converted into two bioac-
tive metabolites, 4-hydoxycyclophasphamide and acrolein by hepatic
microsomal cytochrome 450 enzyme, 4-hydoxycyclophasphamide that
has chemotherapeutic effect whereas acrolein shows toxic effect
3

(Ludeman, 1999; Kern and Kehrer, 2002; Arumugam et al., 1997). Ac-
cording to Alfarhan et al., 2020) the acrolein can directly stimulate
mitochondrial oxidative stress via increasing the ROS level and therefore
decline the defense mechanism of the cell by lowering the expression of
catalase or glutathione. Other statements of this study include that ANT
(adenine nucleotide translocase) is facilitated by the ATP/ADP exchange
across the inner mitochondrial membrane. Several hypotheses suggest
that the deficiency of ANT causes hyperpolarization in the mitochondrial
membrane via reducing the migration of proton transporter to the
mitochondrial matrix, which additionally regulates the transmission of
electrons through the electron transport chain. The accessibility of
electrons in mitochondria was found to be more, which increases the
production of superoxide from oxygen. The deficiency of ANT inhibits
the mitochondrial respiratory chain function, which further causes
oxidative stress via promoting the production of ROS and reducing the
expression of mitochondrial antioxidant defense mechanisms (Luo and
Shi, 2005; Alfarhan et al., 2020). Some studies state that the increased
malonaldehyde (MDA) level is an important indicator of lipid peroxida-
tion, acrolein shows a toxic effect by increasing MDA level in the cerebral
cortex and reducing the first line protector, most abundant antioxidant
glutathione level (Rashedinia et al., 2015) GSH shows a protective effect
against various oxidative stress in several diseases like lungs, brain
cancer (Bains and Shaw, 1997; Subramaniam et al., 1997). Some studies
suggest that the intraperitoneal injection of cyclophosphamide decreases
the level of superoxide dismutase, catalase, and glutathione transferase in
the brain. Cyclophosphamide also increased the generation of H2O2 in
both the cerebrum and cerebellum (Oyagbemi et al., 2016). The
chemotherapeutic agent cyclophosphamide increases oxidative stress,
via the protein, carbohydrates oxidation, and lipid peroxidation include
MDA and (4-HNE) 4-hydroxynonel (toxic product), which changes the
normal function of the cell by altering the membrane fluidity and allow
ca2þ ions to leak into the cell, it also increases the TNF-α, IL6 level, and
the production of INOS, cox-2 (Fig. 2) (Paiva and Russell, 1999; Sies,
1985, 1986; Pryor and Godber, 1991; Oboh et al., 2011; Nafees et al.,
2015).
4.2. Adriamycin

Adriamycin (ADR) is a potent antibiotic chemotherapeutic agent that
is mainly used in the treatment of different types of cancer including
kidney, breast, thyroid, lungs, and Hodgkin's, and non-Hodgkin's lym-
phoma. Ren et al., 2019 state that TNF-α is a type of inflammatory
cytokine which causes oxidative stress, leads to cognitive impairment



Fig. 2. Mechanism of cyclophosphamide to induce chemobrain. Chemotherapeutic agent cyclophosphamide causes ROS production with increasing HNE protein,
Malonaldehyde and decreasing antioxidant levels resulting in cognitive impairment.
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and they have also suggested that the intraperitoneal injection of ADR
increases plasma, brain protein carbonyl, and 4-HNE levels. Protein
carbonyl is the most commonly used oxidative marker that increases
oxidative stress (Weber et al., 2015; Ren et al., 2019). 4-hydroxytransno-
nel is one of the most important products of lipid peroxidation that is
involved in oxidative stress and redox imbalance (Castro et al., 2017).
The study showed that brain choline and creatine level were reduced
after the administration of Adriamycin. Creatine is a naturally occurring
compound whose main function is to supply energy to the muscle and
brain (Andres et al., 2008; Persky and Brazeau, 2001). Ren et al., 2019
reported that with Adriamycin administration there is a decline in the
expressions of reduction in the levels of Phospholipase-D (PLD) and
phosphatidylcholine-specific phospholipase C (PC-PLC) in the brain (Li
et al., 2013). Tangpong et al., 2006 show that in ADR-treated mice the
TNF-α level increased in the cortex and hippocampus area, ADR disrupts
the mitochondrial complex I substrate which led to reduced mitochon-
drial respiration, which is the main cause of oxidative stress. It is well
known that ADR does not cross the BBB but ADR treatment increases the
plasma TNF-α level by activation of glial cells that further increase the
ROS production including H202, superoxide, and nitric oxide. The
increased plasma TNF-α level crosses the BBB by endocytosis that further
increases TNF-α level by the activation of the microglial cell. The circu-
lating TNF-α is responsible for the mitochondrial dysfunction that causes
tissue injury and neuronal damage (Tangpong et al., 2006; Joshi et al.,
Fig. 3. Mechanism of Adriamycin to induce chemobrain. Adriamycin increases ROS
protein carbonyl formation, activation of the microglial cells which release TNF-α, cr
levels cause cognitive impairment.
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2010). Joshi et al., 2010 showed that the ADR treatment reduces the GSH
level and causes oxidative stress that leads to protein oxidation and lipid
peroxidation. GSH is an antioxidant that prevents the cell from cellular
free radical NO, O2

. and protects from lipid peroxidation. Neurons are
susceptible to oxidative damage because of extremeO2 consumption and
low GSH and other antioxidant levels (Fig. 3) (Joshi et al., 2010; Mark
et al., 1997).
4.3. Methotrexate

Methotrexate is an anti-metabolite in the anthracycline class of drugs
which is mainly used in the treatment of breast cancer, lung cancer,
bladder cancer, leukemia, and osteosarcoma (Gottlieb et al., 2008).
Tousson et al., 2016 states that after the administration of methotrexate
the lipid peroxidation and malonaldehyde level increased and it has
shown a reduced level of glutathione and catalase. It is also revealed that
the expression of Glial fibrillar acid protein (GFAP) antibody in the
hippocampus area (Tousson et al., 2016). Its expression of GFAP was
increased, which is an indicator of activated astrocytes (Oliveira et al.,
2016). Seigers et al., 2008 show that after the administration of metho-
trexate in the experimental animals there is an increase in the latency
time in the Morris water maze test, which gives evidence of poor learning
and memory performance (Seigers et al., 2008). Welbat et al., 2020
proved that the methotrexate treatment significantly decreases the SOD
generation, oxidation of amino acids, protein, and lipid peroxidation leading to
oss BBB that decreases choline, PLC, and PC-PLD levels, and increased cytokine
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and GPX level in both the hippocampus and prefrontal cortex (Fig. 4)
(Welbat et al., 2020).

4.4. Cisplatin

The chemotherapeutic agent cisplatin (cis-diammine dichlorido
platinum (II)-CDDP) is a platinum compound class of drug that is mainly
used in the treatment of cancers including ovarian, colon, bladder, head,
neck, and testicles cancer. Cisplatin can cross the BBB and mainly affects
the hippocampus, which is responsible for memory and learning (Screnci
et al., 2000; K€oppen et al., 2015; McWhinney et al., 2009; Stathopoulos,
2010). Lomeli et al., 2017 proved that cisplatin causes cognitive
impairment by dysfunction of mitochondria. They have measured the
mitochondrial oxygen consumption rate by using the Seahorse XF24
Extracellular Flux Analyzer and proved that after the administration of
cisplatin the oxygen consumption rate is reduced in hippocampus cell
mitochondria (Lomeli et al., 2017). Jangra et al., 2016 performed the
MWM to assess learning and memory and they have found the long la-
tency time, which further estimates the antioxidant level and found that
there is a reduction in the levels of SOD, catalase, glutathione. Further,
they have shown the expressed level of acetylcholinesterase (AChE) and
also measured the expression level of Pro-inflammatory cytokines (IL-1β
and TNF-α) and BDNF levels in the hippocampus (Fig. 5) (Jangra et al.,
2016).

4.5. Carmustine

Carmustine is a nitrogen mustard β-chloronitrosourea alkylating
agent used in the treatment of lymphoma both (Hodgkin and non-
Hodgkin), melanoma, primary brain tumors (Dietrich et al., 2006).
Gouda K et al., states that the intraperitoneal injection of carmustine
causes oxidative stress in the hippocampal brain area, BCNU expresses
the TNF-α, MDA level, decreasing the GSH and GR (glutathione reduc-
tase) level (Helal et al., 2009). Narciso Couto et al., states that there is
some chemotherapeutic agent like carmustine increase the hippocampal
oxidative stress by inhibiting glutathione reductase enzyme and gluta-
thione, glutathione is transported across the mitochondrial matrix via the
dicarboxylate transporter (DIC) and 2-oxoglutarate transporter (OGC)
that neutralize the oxidative stress, regulates some genetic function,
glutathione level is maintained by glutathione reductase which is
important for the recycling of oxidized glutathione into reduced gluta-
thione (Yu and Zhou, 2007; Karplus and Schulz, 1987; Mittl and Schulz,
1994). Glutathione is an important antioxidant in which the reduced
form of glutathione is capable of the defence mechanism against ROS
(Fig. 6) (Zhang et al., 2012; Bass et al., 2004; Raturi and Mutus, 2007).

4.6. 5-Fluorouracil

Pyrimidine antagonist class 5-fluorouracil chemotherapeutic agent
mainly used in breast, colon, oesophageal, stomach, pancreas, and
prostate cancer (ELBeltagy et al., 2010). It is reported that the single high
dose of 5-fluorouracil or combination causes chemobrain in animals,
Fig. 4. Mechanism of methotrexate to induce chemobrain Chemotherapeutic agent m
fibrillar acid protein) levels, causing cognitive impairment.

5

5-fluorouracil readily crosses the BBB by a simple diffusion mechanism
(Greenwald, 1976; Bourke et al., 1973; Kerr et al., 1984). Some study
shows that after the administration of 5-fluorouracil for the treatment of
breast cancer patient the chemobrain are reported(Falleti et al., 2005;
Kuhl et al., 2004).Mainly, 5-fluorouracil affects the neurogenic area of
the dentate gyrus is of the hippocampus. The subgranular zone of the
dentate gyrus is responsible for adult neurogenesis in the brain. Neuro-
genesis is an important process for learning and memory (Dietrich et al.,
2006; Mustafa et al., 2008; Han et al., 2008; Baudino et al., 2012;
Kempermann, 2006; Kitabatake et al., 2007). Mustafa et al., 2006 show
that after the administration of 5-fluorouracil the level of BDNF
(brain-derived neurotrophic factor) and DCX (doublecortin) in the hip-
pocampus area of the brain has been decreased (Mustafa et al., 2008).
Doublecortin is a phosphoprotein that has an important role in the cen-
tral nervous system as well as the peripheral nervous system. It is
essential for microtubule stabilization by migration and differentiation of
neurons. Mutation in double cortin causes defective neuronal migration.
The expression level of double cortin is mainly seen in the neurogenic
zone such as the subgranular and subventricular zone (Gleeson et al.,
1999; Rivest, 2006; Tint et al., 2009; Ocbina et al., 2006). The nerve
growth factor BDNF belongs to the family of neurotrophins, which has a
dominant role in the brain, which promotes the survival, growth,
maturation, and axonal plasticity of neurons. It also plays an important
role in the development of the nervous system (Alc�antara et al., 1997).
Some studies revealed that in the treated animals the increased cox-2
enzyme level causes the production of prostaglandins and causes
inflammation in the periphery (Lopes et al., 2009). Sirichoat et al., 2020
show the hippocampus-dependent memory performance after the
administration of 5-fluorouracil and show that the 5-fluorouracil animal
shows less familiarization with a novel object during the familiarization
phase, hence its evidence of poor learning and memory performance
(Fig. 7) (Sirichoat et al., 2020).

5. Chemotherapy alters brain functions and behavioural
activities

5.1. BBB

Chemotherapy enters the BBB by simple diffusion. chemotherapy
agent like cyclophosphamide, carmustine, carboplatin, and Taxotere
damage the blood vessels at a high dose, that cause leakiness of BBB by
altering its membrane permeability, such vascular damages activate
microglial cells and thus enhance the synthesis of inflammatory bio-
markers including TNF-α, IL-1β, IL-6, PGE2 and cox-2 in CNS, and further
disrupt the BBB, which leads to cause memory deficits (chemobrain)
(Briones and Woods, 2014; Cossaart et al., 2003; Christie et al., 2012;
Brown and Thore, 2011; Ohara et al., 1998; Breedveld et al., 2006; Ja-
cobs et al., 2010).

5.2. Levels of neurotransmitter

Some studies reported that the concentration of some
ethotrexate increases LPO (lipid peroxidation), Malonaldehyde and GFAP (Glial



Fig. 5. Mechanism of cisplatin to induce chemobrain. Chemotherapy agent cisplatin decreases antioxidant levels and disrupts mitochondrial DNA and releases
cytochrome-C, which leads to caspase activation, causing apoptosis and resulting in neuronal damage that leads to cognitive impairment.

Fig. 6. Mechanism of carmustine to induce chemobrain. Carmustine decreases the GSH level and increases the expression of TNF- α and Malonaldehyde, resulting in
cognitive impairment.

Fig. 7. Mechanism of 5-fluorouracil to induce chemobrain. 5-fluorouracil inhibits BDNF and DCX levels, leading to decreased neurogenesis resulting in cogni-
tive impairment.
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neurotransmitters includes serotonin, norepinephrine, and dopamine
level decline in the hippocampus area of the brain after methotrexate
administration (Yang et al., 2011). Ren et al., 2019 reported that
Adriamycin declines the choline levels which is responsible for the syn-
thesis of acetylcholine, which plays an important role in memory and
attention (Ren et al., 2019).

5.3. Neuronal growth factor

5-FU is mainly involved in neurotrophic activity decline via the
reduction of BDNF (it is responsible for the growth of neuronal cells
mainly stem cells and is used in neuronal cell survival) in the hippo-
campus region of the brain. The decline in the expression of BDNF results
in a reduction of neuronal cell growth or causes cell death. If the neuronal
cells of the hippocampus are decreased, then memory processing and
storage of which ultimately leads to cognitive impairment as well as
neuroinflammation(Yang et al., 2011).

5.4. Effect of chemotherapy on myelin

Chemotherapy administration in the case of children affects the white
6

matter (especially white fibers as compared to projection-type fiber).
Chemotherapy affects the changes in the myelin region, if the neurons
present in the corpus colosseum via direct toxic effect these alterations in
the corpus callosum indirectly related to the inhibition of the myelination
especially the inner myelin layer of the neurons are affected as the ages
grows along with the administration of chemotherapy myelinate mech-
anism of the normal neurons becomes slower (Morioka et al., 2013;
Deprez et al., 2011).

5.5. Folate

Methotrexate is transport into the cell by the reductase folate carrier.
Methotrexate and 5-FU alter the folate homeostasis via a decline in
expression of 5- methyltetrahydro folate and elevates the level of ho-
mocysteine in the CSF (cerebrospinal fluid) and blood serum (Zhao et al.,
2011; Vijayanathan et al., 2011).

6. Conclusion

Mitochondria is an important component of a cell which is a major
site for ROS production(O2

�
, H2O2) which are toxic to proteins, lipids, and
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DNA that cause oxidative damage and reduce choline levels leading to a
decline in cognition function. In this review, we have discussed the
present evidence of oxidative stress and mitochondrial dysfunction
induced by cognitive impairment by the administration of chemo-
therapy. It is clear that the evidence of cognitive impairment some
symptoms include difficulty in concentration, attention, processing
speed, learning, and memory. The exact mechanism of chemotherapy-
induced cognitive impairment is unknown, but some preclinical and
clinical studies demonstrate the link between CICI. Some chemothera-
peutic agents like Adriamycin, cyclophosphamide, cisplatin, 5-fluoro-
uracil, methotrexate, and carmustine cause cognitive impairment.
Chemotherapy agents mainly affect the hippocampus area of the brain.
This shows a neurotoxic effect by reducing the capacity of neuronal
repair (decrease BDNF level), reducing the level of the neurotransmitter
(dopamine, serotonin, norepinephrine), and decreasing the choline
concentration. The chemotherapeutic agent also reduced the antioxidant
capacity associated with a reduction of glutathione, catalase, and su-
peroxide dismutase. Chemotherapeutic agents increase the cytokines
(TNF-α, IL-1β, IL-10, IL-6) by the activation of microglial cells in the
brain. It is also responsible for the reduction in the levels of
phosphatidylcholine-specific phospholipase C (PC-PLC), phospholipase
D (PLD), and acetylcholinesterase (AChE) enzymes. ROS causes the
elevation in the level of lipid peroxidation malonaldehyde, protein
carbonyl, and 4-hydroxynonenal levels.
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