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Abstract. – The term “chemobrain” refers to 
the cognitive dysfunction that occurs after che-
motherapy, and it is also known as chemother-
apy-induced cognitive impairment or “chemo-
fog”. The aim of this review is to bring togeth-
er the findings of existing literature on the top-
ic and summarize the current knowledge on the 
potential mechanisms of chemobrain. Accord-
ing to the reviewed studies, the mechanisms by 
which chemotherapy could cause chemobrain 
include disruption of hippocampal cell prolif-
eration and neurogenesis, hormonal changes, 
increased oxidative stress and reactive oxy-
gen species production, chronic increase in in-
flammation, and alterations in synaptic plastici-
ty and long-term potentiation. While the effects 
of inflammation and oxidative stress on neuro-
genesis and their role in chemotherapy-induced 
cognitive impairment have been widely stud-
ied, the chemotherapy-induced cognitive im-
pairment mechanisms that involve mitochon-
drial dysfunction, estrogen dysregulation, and 
increased transglutaminase 2 are still unclear. 
Further studies on these mechanisms are nec-
essary to understand the effects of chemother-
apy at the cellular and molecular level and facil-
itate the development of preventive and thera-
peutic strategies against chemotherapy-associ-
ated cognitive impairment or chemobrain.
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Introduction

Chemotherapy is a standard treatment for can-
cer that has been in use since the early 20th cen-
tury1. The aim of chemotherapy is to reduce the 
cellular proliferation of tumor cells2. According 
to their target in tumor cells, chemotherapeutic 
agents are classified as those that disrupt DNA, 
RNA, or protein biosynthesis3. Additionally, 

based on their mechanism of action and chemi-
cal structure4,5, they are classified as alkylating 
agents, such as cyclophosphamide; methotrexate 
antimetabolites, such as 5-fluorouracil; and an-
thracyclines, such as doxorubicin. In addition, 
hormonal therapy drugs, such as tamoxifen and 
anastrozole, are a class of drugs that regulate 
and prevent cancer cell proliferation by inhibit-
ing hormone receptors6. Chemotherapy is known 
to be effective in cancer treatment, but it is often 
accompanied by adverse effects such as fatigue7, 
loss of appetite, stress, and inflammation8, which 
eventually affect patients’ quality of life9, and can 
even cause cognitive dysfunction10,11. 

The cognitive impairment that occurs as a re-
sult of chemotherapy for cancer is also known as 
chemobrain or chemofog12 and is recognized as 
a complication of chemotherapy for cancer13-15. 
Cognitive impairment is observed in up to 75% 
of patients who have undergone chemotherapy for 
cancer, and it persists after treatment in 17-34% of 
survivors. For example, one study16 showed that 
breast cancer survivors who had received chemo-
therapy performed more poorly on a set of neu-
ropsychological tests than matched healthy con-
trols even 20 years after treatment. Chemobrain 
has been diagnosed since the 1970s; however, this 
condition was not clearly described or character-
ized until the 1990s. Chemobrain affects different 
aspects of memory function, and its symptoms 
include memory loss, inability to concentrate, 
difficulty in processing information, and other 
subtle cognitive changes12,17,18. Various studies19-21 
have shown that chemotherapeutic drugs affect 
the function and structure of the brain, as well 
as alter signaling pathways in neuronal cells. The 
most common areas of the brain that are affected 
by chemotherapy are the frontal lobes and parts 
of the limbic area, particularly the hippocampus. 
With regard to the mechanisms of chemobrain, 
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some chemotherapeutic agents, such as cyclo-
phosphamide, can permeate the blood-brain bar-
rier (BBB) and have a direct neurotoxic effect on 
the brain15,22,23. Others, such as doxorubicin, can-
not permeate the BBB, but might induce chemo-
brain indirectly20,24,25. Although there have been 
several clinical and experimental studies on the 
chemobrain phenomenon, the underlying mech-
anisms and the resulting cognitive problems are 
poorly understood.

In this review, we discuss some recent stud-
ies26-31 that provide insights into the possible 
mechanisms by which chemotherapy could cause 
chemobrain, including the disruption of hippo-
campal cell proliferation and neurogenesis26,27, 
hormonal changes28, increased oxidative stress 
and reactive oxygen species (ROS) production29, 
chronic increase in inflammation30, and alter-
ations in synaptic plasticity and long-term poten-
tiation (LTP)19,31 during and after chemotherapy 
(Figure 1). Through this review, we aim to im-
prove our understanding of the mechanisms un-
derlying chemobrain, as this could help in the de-
velopment of preventive strategies to ameliorate 
the adverse effects of chemotherapy.

Anatomical Basis of Chemobrain
There is evidence to show that chemotherapy 

affects cognitive function via its effect on certain 
areas of the brain. An animal study32 on a mouse 

model found that chemotherapy (along with tu-
mor growth) resulted in considerable reduction in 
the volume of the hippocampus and frontal lobes. 
Accordingly, Inagaki et al29 (2007) showed that in 
breast cancer survivors, one year after chemother-
apy, smaller grey matter volumes were observed 
in the right prefrontal cortex and para-hippocam-
pal gyrus, and smaller white matter volumes were 
observed in the bilateral middle frontal gyri, left 
para-hippocampal gyrus, left precuneus, and right 
cingulate gyrus. Similarly, a study33 on children 
with lymphoblastic leukemia who underwent in-
trathecal and systemic chemotherapy showed that 
the volumes of the bilateral hippocampi, the left 
nucleus accumbens, amygdala, and thalamus were 
significantly smaller after treatment. These chang-
es in brain structure have a corresponding effect 
on the function of the affected areas. For instance, 
prospective longitudinal studies34,35 showed that 
chemotherapy resulted in a decrease in working 
memory-related brain activity in the frontal lobes 
one month after treatment, although the patients 
partially recovered a year later. Further, in patients 
with breast cancer, chemotherapy was found to 
decrease brain activation in regions of the parietal 
lobe that were involved in planning and episodic 
memory 10 years after treatment36. With regard to 
the effects of chemotherapy at the cellular level, 
the chemotherapeutic drugs carmustine, cisplatin, 
and cytosine arabinoside were associated with in-

Figure 1. Mechanisms of chemotherapy-induced cognitive impairment.
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creased cell death and decreased cell division in 
the subventricular zone, in the dentate gyrus of 
the hippocampus, and in the corpus callosum of 
the central nervous system (CNS)37. These effects 
on neurogenesis can cause changes in the neuro-
nal architecture to eventually affect CNS func-
tion. This notion is supported by a study on mice 
which showed that chronic treatment with adria-
mycin and cyclophosphamide altered the neuronal 
architecture in the hippocampus via a significant 
reduction in total dendritic length, ramification, 
and complexity, as well as spine density and mat-
uration in hippocampal neurons38. This finding is 
supported by another study which demonstrated 
loss of dendritic spines and synapses in hippo-
campal neurons even in response to low doses of 
cisplatin in rats39. Another important anatomical 
change induced by chemotherapy is alteration in 
functional connectivity between different areas of 
the brain. For example, breast cancer survivors ap-
peared to have disrupted functional connectivity in 
the frontal, temporal, and striatal brain regions five 
years after chemotherapy40. Additionally, Chen et 
al41 (2017) found decreased functional connectivity 
between the dorsolateral prefrontal cortex and the 
right hippocampus in breast cancer patients treat-
ed with tamoxifen, and Cheng et al42 (2017) found 
a chemotherapy-induced decrease in hippocampal 
functional connectivity between the left hippocam-
pal network and the right parahippocampus, and 
between the right hippocampal network and the 
left temporal pole in breast cancer survivors. All 
these findings indicate that the cognitive effects of 
chemotherapy have a strong anatomical basis that 
could be a starting point for understanding the un-
derlying molecular mechanisms.

 
Chemobrain and Neurogenesis

Adult neurogenesis is an evolutionarily con-
served process in several species, including ro-
dents and humans43. Under normal conditions, 
active adult neurogenesis is primarily limited to 
two brain regions: the subgranular zone of the 
hippocampus and the dentate gyrus, and the sub-
ventricular zone of the lateral ventricles44. Learn-
ing and memory processes enhance neurogenesis 
in these regions, and spatial memory tasks spe-
cifically enhance hippocampal neurogenesis45. 
Oxidative stress causes memory impairment and 
reduces hippocampal neurogenesis46. Important-
ly, chemotherapeutic drugs can also reduce hip-
pocampal neurogenesis and cause cognitive im-
pairment18,47,48, but the underlying mechanisms 
have not been fully elucidated. 

It has been hypothesized that chemotherapeu-
tic drugs that cross the BBB cause a reduction in 
neurogenesis and lead to cognitive impairment27. 
The chemotherapeutic drugs cyclophosphamide, 
methotrexate, and fluorouracil, which can per-
meate the BBB, resulted in a 20% decrease in 
hippocampal cell neurogenesis that was proba-
bly caused by changes in histone modification in 
the hippocampus, that is, an increase in histone 
acetylation and a decrease in histone deacety-
lase activity26. Chemotherapeutic agents that 
cannot cross the BBB, such as paclitaxel and 
doxorubicin, also produce a similar reduction in 
neural cell proliferation and neurogenesis26,27,49. 
However, the mechanism by which chemother-
apeutic drugs that are unable to cross the BBB 
affect cognitive function remains unknown. 
Some studies50,51 have explored the mechanisms 
that are likely to be involved in their effects. For 
example, one study showed that a combination 
of doxorubicin and cyclophosphamide reduced 
the mRNA expression of nicotinic acetylcholine 
receptor50. In addition, a reduction in glutamate 
uptake in the mouse frontal cortex and hippo-
campus and a consequent increase in glutamate 
levels were observed in another study51. Al-
though glutamate plays a major role in regulat-
ing cognitive function, chronic excessive levels 
could lead to neurotoxicity and neurodegenera-
tive disease52,53. Glutamate levels could increase 
as a result of other mechanisms, such as an in-
crease in tumor necrosis factor-α (TNF-α) lev-
els54. Increased TNF-α levels have been reported 
during doxorubicin treatment and could inhibit 
excitatory amino acid transporter 2 (EAAT2) to 
ultimately cause an increase in glutamate levels. 
Thus, this TNF-α/EAAT2/glutamate pathway 
might be involved in the reduction in hippocam-
pal neurogenesis and the resulting chemobrain 
associated with chemotherapeutic agents that 
cannot permeate the BBB.

Another factor that could potentially play a role 
in the mechanism of chemobrain is insulin-like 
growth factor 1 (IGF-1). IGF-1 is a polypeptide 
hormone with a similar structure to insulin. IGF-
1 is primarily synthesized in the liver, and acts as 
a downstream target of growth hormone55. IGF-
1 activates different signaling pathways, such as 
the mitogen-activated protein kinase and phos-
phatidylinositol 3-kinase signaling pathways56,57, 
which are involved in many cellular and physi-
ological processes including differentiation, pro-
liferation, development, survival, apoptosis, and 
cognition58-60. IGF-1 activity is reduced during 
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aging61,62. Serum IGF-1 levels were also found to 
decrease by 10% after chemotherapy for breast 
cancer, but the IGF-1 levels rapidly returned to 
normal63. Additionally, when IGF-1 was admin-
istered in mouse models of chemobrain that were 
treated with cyclophosphamide, fluorouracil, 
doxorubicin, and paclitaxel, hippocampal neuro-
genesis was partially revived. This indicates that 
IGF-1 might have potential for therapeutic appli-
cation in the prevention of chemobrain after che-
motherapy for cancer64.

Chemobrain and Oxidative Stress
Excessive oxidative stress in the brain is one 

of the causes of cognitive impairment65. The for-
mation of ROS and other free radicals during me-
tabolism is an essential and regular process that 
is typically balanced by an endogenous antioxi-
dant system66. However, excessive production of 
free radicals results in oxidative stress, which is 
responsible for oxidative injury of neurons and 
membranes due to lipid peroxidation and eventu-
ally results in cellular damage67.

The US-FDA has approved 132 chemother-
apeutic drugs, of which 56 have the potential to 
induce oxidative stress68. For example, doxorubi-
cin led to excess production of ROS69, which are 
known to be neurotoxic at high concentrations20. 
Accordingly, doxorubicin was also associated 
with cognitive dysfunction24, even though it is 
unable to cross the BBB. Thus, the cognitive im-
pairment associated with doxorubicin is probably 
caused by excessive ROS generation. Further, 
doxorubicin has also been found to reduce neu-
rogenesis, and this effect could be associated with 
excessive ROS generation and increased lipid 
peroxidation that led to neuronal apoptosis and, 
eventually, cognitive dysfunction70.

The N-methyl-d-aspartate (NMDA) receptor 
is a glutamate receptor that is required for syn-
aptic plasticity, learning, and memory. It modu-
lates calcium ion entry into the neuron and the 
subsequent cascade that culminates in increased 
transcription71. Oxidative stress upregulates 
NMDA receptor function and expression on 
the cerebrovascular endothelium, and this caus-
es disruption of the BBB72 and, consequently, 
the passage of neurotoxic compounds into the 
brain73. A pharmacokinetic study74  showed that 
low concentrations of doxorubicin can cross the 
BBB during chemotherapy. However, it is un-
likely to induce apoptosis in the brain at such 
low concentrations. Therefore, the mechanisms 
by which chemotherapy affects the BBB are 

unclear and need to be studied, particularly in 
terms of its direct and indirect effects on the de-
crease in neurogenesis.

Chemobrain and Neuroinflammation
Inflammation is one of the mechanisms un-

derlying cognitive impairment75. Inflammation 
has been associated with neuropathological pro-
cesses related to the development of Alzheimer 
disease and dementia76. Further, inflammation, 
cytokine levels, and cognitive dysfunction are 
closely associated77. Several chemotherapeutic 
drugs can promote inflammation30. For instance, 
cyclophosphamide, which is commonly used to 
treat brain tumors, can cross the BBB and induce 
hippocampal inflammation78, thereby disrupt-
ing hippocampus-dependent memory tasks79. 
Inflammatory cytokines, such as TNF-α, inter-
leukin (IL) 6, and IL-1β, play an important role 
in regulating brain function80, and high levels 
of these cytokines lead to changes in cognitive 
function81-83. In fact, an increase in the levels of 
cytokines has been speculated to be one of the 
causes of chemobrain. Additionally, peripheral 
cytokines can also cross the BBB and induce the 
release of central cytokines that lead to cogni-
tive impairment84,85. For example, doxorubicin 
peripherally induces the production of TNF-α, 
which crosses the BBB, enters the brain, and en-
hances TNF-α release centrally, eventually caus-
ing cognitive impairment20. Further, altered glu-
cose metabolism is observed in the hippocampus 
and brain cortex in diabetes and Alzheimer’s 
disease86,87. Based on this finding, it is specu-
lated that one of the mechanisms of chemobrain 
could be inflammation-induced reduction in glu-
cose metabolism in the hippocampus that leads 
to spatial memory impairment88. 

Acetylcholine (ACh) is a neurotransmitter that 
plays a significant role in the regulation of sev-
eral physiological functions, including synaptic 
plasticity and cognitive function89. Behavioral 
and electrophysiological studies have shown that 
nicotinic acetylcholine receptor stimulation im-
proves memory function in several conditions 
such as Alzheimer disease, stress, and sleep 
deprivation90-92. Nicotine also enhances glutama-
tergic transmission by activating alpha-7 nicotin-
ic receptors in the hippocampus, thereby activat-
ing hippocampal function93,94. Acetylcholine is 
metabolized primarily by enzymatic hydrolysis 
through acetylcholinesterase (AChE)95. The first 
line of treatment for Alzheimer disease includes 
AChE inhibitors, such as donepezil, galantamine, 
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and rivastigmine, which increase ACh levels in 
the brain and thereby slow disease progression96. 
Interestingly, pro-inflammatory cytokines such 
as IL-1β impair cognitive function by increasing 
AChE levels97,98. Based on these findings, one of 
the mechanisms underlying chemobrain could in-
volve inflammation-induced increase in cytokine 
levels that subsequent causes an increase in AChE 
activity. 

Chemobrain and Neuronal Plasticity
Long-term potentiation (LTP) is a considered 

as a measure of the strength of synapse activity, 
which is an indicator of learning and memory for-
mation, and it is defined as a persistent increase 
in the excitatory postsynaptic current following 
stimulation99. The hippocampus is responsible for 
learning and memory consolidation, and these 
processes occur because of changes in the syn-
aptic structure, which are also referred to as syn-
aptic plasticity100. Several studies have examined 
the effects of chemotherapy on LTP19,31. In certain 
types of cancer, however, it is challenging to dis-
tinguish whether memory impairment is caused 
by chemotherapy or is an adverse effect of the 
cancer. 

Several studies have evaluated learning and 
memory at different time points after cyclophos-
phamide treatment31. The Morris water maze, 
T-maze techniques, and novel location recogni-
tion are some of the tests that were used to eval-
uate spatial memory in rodents22,31. In one such 
study, LTP was used to measure synaptic plas-
ticity and strength31 with the Schaffer collateral 
pathway during cyclophosphamide treatment, and 
after 8 and 53 weeks of recovery in rats. The find-
ings showed that LTP was not induced during cy-
clophosphamide treatment, and the LTP response 
was higher than that in the controls after 8 and 
53 weeks of recovery31. Alhowail et al19 (2019) 
evaluated the effect of doxorubicin treatment on 
brain slices by using a low concentration of doxo-
rubicin that is similar to the concentration which 
reaches the brain under in vivo conditions, and 
they showed that doxorubicin reduces LTP in a 
dose-dependent manner. Thus, one of the mech-
anisms underlying chemobrain is probably a re-
duction in synaptic plasticity.

Chemobrain and Mitochondrial Function
Mitochondria are present in the cytoplasm 

of most eukaryotic cells, including neurons101, 
and play a vital role in energy production, cal-
cium regulation, cell metabolism, and synaptic 

transmission101-103. Mitochondria contain their 
own genome in the form of mitochondrial DNA, 
which encodes important subunits of the respi-
ratory chain, where electrons are combined with 
oxygen to enable the flow of energy through the 
mitochondria104. The energy produced by mito-
chondria is stored in the form of the small mol-
ecule adenosine triphosphate or ATP, which is 
used in endocytosis, ion transport, and biosyn-
thesis of ROS and neurotransmitters105,106. Mito-
chondria also respond directly to extracellular 
signaling: for example, estrogen and its recep-
tors modulate ROS and calcium levels via mi-
tochondria107. Mitochondrial dysfunction is as-
sociated with several diseases and aging108, and 
can cause cognitive impairment, particularly in 
hippocampus-dependent tasks such as learning 
and memory formation109. Interestingly, several 
chemotherapeutic agents, such as doxorubicin, 
cisplatin, and cyclophosphamide, can induce 
cognitive impairment via mitochondrial dys-
function110-112. Other chemotherapeutic agents, 
such as trastuzumab, sunitinib, and methotrex-
ate, have been found to induce mitochondrial 
dysfunction in the kidney113, there have been 
very few studies on the association between 
these drugs and the onset of chemobrain.

Chemobrain and Transglutaminase 2
Transglutaminase 2 (TG2) is the most widely 

distributed and abundantly expressed member 
of the transglutaminase family of enzymes114, 
which comprises a group of intracellular and ex-
tracellular proteins that catalyze Ca2+-dependent 
posttranslational modification of proteins115. TG2 
regulates several functions such as cell adhesion; 
protein disulfide isomerase, kinase, and scaffold 
activities; and cell growth, differentiation, and 
apoptosis116. TG2 also plays an important role in 
the regulation of cognitive function and neuro-
degenerative disease progression116,117. Increase 
in TG2 activity in the brain could cause memory 
impairment118. The association between chemo-
therapy, cognitive function, and TG2 activity is 
unclear. However, some chemotherapeutic agents, 
such as doxorubicin, can cause an increase in 
TG2 activity119 and could potentially cause mem-
ory impairment. Further studies are required to 
clarify the association between chemotherapy, 
TG2 activity, and cognitive function. 

Chemobrain and Estrogen
Estrogen is an important steroidal sex hormone 

involved in many signaling pathways in the hu-
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man body120. The biosynthesis of estrogen is me-
diated by aromatase, which converts androgen 
to estrogen121. Estrogen is released by the adre-
nal cortex, which is stimulated by the hypothal-
amus. The hypothalamus releases adrenocorti-
cotropic hormone, which stimulates the adrenal 
cortex, causing the biosynthesis and release of 
estrogen122. Estrogen binds to estrogen receptors, 
which belong to the steroid hormone superfamily 
of nuclear receptors, and have α and β isoforms123. 
Estrogen has shown neuroprotective effects in the 
central nervous system against injuries, such as 
traumatic brain injury and ischemic brain inju-
ry, in rodent models124,125. Additionally, estrogen 
plays an important role in cognitive function126. 
Estrogen receptors are found in many areas of the 
brain that are associated with cognition, including 
the hippocampus, prefrontal cortex, and amyg-
dala127, and therefore, probably play an essential 
role in regulating learning, memory, and synaptic 
plasticity128. However, the exact molecular mech-
anisms underlying the neuroprotective effects of 
estrogen are not fully understood. 

Endocrine therapies are one of the most com-
mon adjuvant therapies used in the treatment of 
breast cancer. The drugs used in this therapy in-
clude aromatase inhibitors, such as anastrozole, 
and estrogen receptor blockers such as tamoxi-
fen6. A reduction in estrogen levels and blockage 
of estrogen receptors are associated with cogni-
tive impairment129-131. Therefore, based on what is 
currently known about the mechanisms by which 
estrogen and estrogen receptors affect cognitive 
function, it is possible that aromatase inhibitors 
and estrogen receptor blockers cause or exacer-
bate chemobrain. 

Conclusions

Chemobrain is one of the most common com-
plications of chemotherapy, and it has a consider-
able effect on a patient’s cognitive abilities and, 
consequently, their quality of life. To reduce the 
incidence of chemobrain and prevent its occur-
rence in patients undergoing chemotherapy, the 
mechanisms by which chemobrain occurs must be 
elucidated. Research on the link between adverse 
effects of chemotherapy and cognitive dysfunc-
tion is ongoing, but the causes and mechanisms 
of chemobrain are poorly understood. This study 
has reviewed the relevant papers published on this 
topic to bring together what is known about the 
mechanisms of chemobrain:

– Chemobrain has a strong anatomical basis: it 
affects the frontal lobes, limbic system, central 
functional connectivity, and hippocampal neu-
ronal architecture.

– Chemotherapeutic drugs that can cross the 
BBB, such as cyclophosphamide, affect neuro-
genesis via histone modifications. On the oth-
er hand, chemotherapeutic drugs that cannot 
cross the BBB, such as doxorubicin, indirectly 
affect neurogenesis via pathways that involve 
TNF-α, EAAT2, and glutamate.

– Several chemotherapy drugs are associated with 
an increase in oxidative stress, which causes 
neuronal injury and, therefore, impacts neuro-
genesis and cognitive function. In turn, there 
is some preliminary evidence to show that ox-
idative stress disrupts the BBB, and this causes 
neurotoxic substances to permeate the BBB.

– In terms of inflammatory mechanisms, chemo-
brain could be caused by an inflammation-in-
duced reduction in glucose metabolism in the 
hippocampus that leads to spatial memory im-
pairment. Alternatively, chemobrain could be 
caused by an inflammation-induced increase 
in cytokine levels that leads to an increase in 
AChE activity.

– A reduction in synaptic plasticity and, there-
fore, neuron regeneration and function, is 
another possible mechanism underlying the 
effects of chemotherapy on memory and learn-
ing.

– A few chemotherapeutic drugs (doxorubicin, 
cisplatin, and cyclophosphamide) have been 
found to cause cognitive impairment via mito-
chondrial dysfunction, but this mechanism has 
not been studied in the case of other drugs, such 
as trastuzumab, sunitinib, and methotrexate.

– Chemobrain could potentially be caused by 
chemotherapy-induced increase in the enzyme 
TG2, as increased levels of TG2 were found to 
be associated with memory impairment.

– Aromatase inhibitors and estrogen receptor 
blockers, which are used in endocrine therapy 
for cancer, may cause or exacerbate chemo-
brain, as estrogen is known to play an import-
ant role in cognitive function.

– IGF-1 might have beneficial effects against 
chemotherapy-induced cognitive impairment.

To summarize, while the effects of inflam-
mation and oxidative stress on neurogenesis and 
their role in chemotherapy-induced cognitive 
impairment have been widely studied, the che-
motherapy-induced cognitive impairment mech-
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anisms that involve mitochondrial dysfunction, 
estrogen dysregulation, and increased transgluta-
minase 2 are still unclear and need to be investi-
gated in future studies. Investigations into these 
mechanisms could shed light on preventive and 
therapeutic strategies against chemobrain.

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

 1) DeVita VT, Chu E. A history of cancer chemother-
apy. Cancer Res 2008; 68: 8643-8653.

 2) Chabner BA, Roberts TG. Timeline: Chemothera-
py and the war on cancer. Nat Rev Cancer 2005; 
5: 65-72.

 3) Laham-Karam N, Pinto GP, Poso A, Kokkonen P. 
Transcription and Translation Inhibitors in Cancer 
Treatment. Front Chem 2020; 8: 1-24.

 4) Tanaka H, Matsushima H, Mizumoto N, Takashi-
ma A. Classification of Chemotherapeutic Agents 
Based on Their Differential In vitro Effects on 
Dendritic Cells. Cancer Res 2009; 69: 6978-
6986.

 5) Shewach DS, Kuchta RD. Introduction to Cancer 
Chemotherapeutics. Chemical Rev 2009; 109: 
2859-2861.

 6) Forbes JF, Cuzick J, Buzdar A, Howell A, Tobias 
JS, Baum M. Effect of anastrozole and tamoxifen 
as adjuvant treatment for early-stage breast can-
cer: 100-month analysis of the ATAC trial. Lancet 
Oncol 2008; 9: 45-53.

 7) Partridge AH, Burstein HJ, Winer EP. Side effects 
of chemotherapy and combined chemohormonal 
therapy in women with early-stage breast cancer. 
J Natl Cancer Inst Monogr 2001; 135-142.

 8) Ahmad A, Marinho EdC, Custódio IDD, Ferreira 
IB, Crispim CA, Paiva CE, Maia YCdP. Impact of 
chemotherapy on perceptions related to food in-
take in women with breast cancer: A prospective 
study. PLoS One 2017; 12: 1-14.

 9) Lee CK, Stockler MR, Coates AS, Gebski V, 
Lord SJ, Simes RJ, Canc ANZB. Self-reported 
health-related quality of life is an independent 
predictor of chemotherapy treatment benefit and 
toxicity in women with advanced breast cancer. 
Br J Cancer 2010; 102: 1341-1347.

10) Potter GG, McQuoid DR, Steffens DC. Appetite 
loss and neurocognitive deficits in late-life de-
pression. Int J Geriatr Psychiatry 2015; 30: 647-
654.

11) Korte SM, Straub RH. Fatigue in inflammatory 
rheumatic disorders: pathophysiological mecha-
nisms. Rheumatology 2019; 58: 35-50.

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

13) Konat GW, Kraszpulski M, James I, Zhang H-T, 
Abraham J. Cognitive dysfunction induced by 
chronic administration of common cancer che-
motherapeutics in rats. Metab Brain Dis 2008; 23: 
325-333.

14) Dubois M, Lapinte N, Villier V, Lecointre C, Roy 
V, Tonon MC, Gandolfo P, Joly F, Hilber P, Castel 
H. Chemotherapy-induced long-term alteration of 
executive functions and hippocampal cell prolifer-
ation: role of glucose as adjuvant. Neuropharma-
cology 2014; 79: 234-248.

15) Salas-Ramirez KY, Bagnall C, Frias L, Abdali SA, 
Ahles TA, Hubbard K. Doxorubicin and cyclo-
phosphamide induce cognitive dysfunction and 
activate the ERK and AKT signaling pathways. 
Behav Brain Res 2015; 292: 133-141.

16) Koppelmans V, Breteler MM, Boogerd W, Sey-
naeve C, Gundy C, Schagen SB. Neuropsycho-
logical performance in survivors of breast cancer 
more than 20 years after adjuvant chemotherapy. 
J Clin Oncol 2012; 30: 1080-1086.

17) Vega JN, Dumas J, Newhouse PA. Cognitive 
Effects of Chemotherapy and Cancer-Related 
Treatments in Older Adults. Am J Geriatr Psychi-
atry 2017; 25: 1415-1426.

18) Wigmore P. The Effect of Systemic Chemothera-
py on Neurogenesis, Plasticity and Memory. Neu-
rogenesis and Neural Plasticity 2012; 15: 211-
240.

19) Alhowail AH, Bloemer J, Majrashi M, Pinky PD, 
Bhattacharya S, Yongli Z, Bhattacharya D, Eggert 
M, Woodie L, Buabeid MA, Johnson N, Broadwa-
ter A, Smith B, Dhanasekaran M, Arnold RD, Sup-
piramaniam V. Doxorubicin-induced neurotoxici-
ty is associated with acute alterations in synaptic 
plasticity, apoptosis, and lipid peroxidation. Toxi-
col Mech Methods 2019; 29: 457-466.

20) Keeney JTR, Ren X, Warrier G, Noel T, Pow-
ell DK, Brelsfoard JM, Sultana R, Saatman KE, 
Clair DKS, Butterfield DA. Doxorubicin-induced 
elevated oxidative stress and neurochemical al-
terations in brain and cognitive decline: pro-
tection by MESNA and insights into mecha-
nisms of chemotherapy-induced cognitive im-
pairment (“chemobrain”). Oncotarget 2018; 9: 
30324-30339.

21) Dumas JA, Makarewicz J, Schaubhut GJ, Devins 
R, Albert K, Dittus K, Newhouse PA. Chemother-
apy altered brain functional connectivity in wom-
en with breast cancer: a pilot study. Brain Imag-
ing Behav 2013; 7: 524-532.

22) Homayouni R, Lyons L, Elbeltagy M, Bennett G, 
Wigmore P. The Effects of Cyclophosphamide on 
Hippocampal Cell Proliferation and Spatial Work-
ing Memory in Rat. PLoS One 2011; 6: 1-5.

23) Akomolafe SF, Olasehinde TA, Oyeleye SI, Alu-
ko TB, Adewale OO, Ijomone OM. Curcumin 
Administration Mitigates Cyclophosphamide-In-



A.H. Alhowail, M. Aldubayan

5814

duced Oxidative Damage and Restores Alteration 
of Enzymes Associated with Cognitive Function 
in Rats’ Brain. Neurotox Res 2020; 38: 199-210.

24) Alharbi I, Alharbi H, Almogbel Y, Alalwan A, Al-
howail A. Effect of Metformin on Doxorubicin-In-
duced Memory Dysfunction. Brain Sci 2020; 10: 
1-9.

25) Liedke PE, Reolon GK, Kilpp B, Brunetto AL, 
Roesler R, Schwartsmann G. Systemic adminis-
tration of doxorubicin impairs aversively motivat-
ed memory in rats. Pharmacol Biochem Behav 
2009; 94: 239-282.

26) Briones TL, Woods J. Chemotherapy-induced 
cognitive impairment is associated with decreas-
es in cell proliferation and histone modifications. 
BMC Neurosci 2011; 12: 124-137.

27) Christie LA, Acharya MM, Parihar VK, Nguyen 
A, Martirosian V, Limoli CL. Impaired cognitive 
function and hippocampal neurogenesis follow-
ing cancer chemotherapy. Clin Cancer Res 2012; 
18: 1954-1965.

28) Usuki K, Okazaki R, Iki S, Muramatsu M, Yama-
guchi Y, Totsuka Y, Urabe A. Serum leptin levels 
during cancer chemotherapy. Ann Hematol 1998; 
77: 191-192.

29) Inagaki M, Yoshikawa E, Matsuoka Y, Sugawara 
Y, Nakano T, Akechi T, Wada N, Imoto S, Muraka-
mi K, Uchitomi Y. Smaller regional volumes of 
brain gray and white matter demonstrated in 
breast cancer survivors exposed to adjuvant che-
motherapy. Cancer 2007; 109: 146-156.

30) Vyas D, Laput G, Vyas A. Chemotherapy-en-
hanced inflammation may lead to the failure of 
therapy and metastasis. Onco Targets Ther 2014; 
12: 1015-1024.

31) Lee GD, Longo DL, Wang Y, Rifkind JM, Ab-
dul-Raman L, Mamczarz JA, Duffy KB, Spangler 
EL, Taub DD, Mattson MP, Ingram DK. Transient 
improvement in cognitive function and synaptic 
plasticity in rats following cancer chemotherapy. 
Clinical Cancer Res 2006; 12: 198-205.

32) Winocur G, Berman H, Nguyen M, Binns MA, 
Henkelman M, van Eede M, Piquette-Miller M, 
Sekeres MJ, Wojtowicz JM, Yu J, Zhang H, Tan-
nock IF. Neurobiological Mechanisms of Chemo-
therapy-induced Cognitive Impairment in a Trans-
genic Model of Breast Cancer. Neuroscience 
2018; 369: 51-65.

33) Genschaft M, Huebner T, Plessow F, Ikonomidou 
VN, Abolmaali N, Krone F, Hoffmann A, Holfeld E, 
Vorwerk P, Kramm C, Gruhn B, Koustenis E, Her-
naiz-Driever P, Mandal R, Suttorp M, Hummel T, 
Ikonomidou C, Kirschbaum C, Smolka MN. Impact 
of chemotherapy for childhood leukemia on brain 
morphology and function. PLoS One 2013; 8: 1-9.

34) McDonald BC, Conroy SK, Ahles TA, West JD, 
Saykin AJ. Alterations in brain activation during 
working memory processing associated with 
breast cancer and treatment: a prospective func-
tional magnetic resonance imaging study. J Clin 
Oncol 2012; 30: 2500-2508.

35) Collins B, Mackenzie J, Stewart A, Bielajew C, 
Verma S. Cognitive effects of chemotherapy in 
post-menopausal breast cancer patients 1 year 
after treatment. Psychooncology 2009; 18: 134-
143.

36) de Ruiter MB, Reneman L, Boogerd W, Veltman 
DJ, van Dam FS, Nederveen AJ, Boven E, Scha-
gen SB. Cerebral hyporesponsiveness and cog-
nitive impairment 10 years after chemotherapy for 
breast cancer. Hum Brain Mapp 2011; 32: 1206-
1219.

37) Dietrich J, Han R, Yang Y, Mayer-Proschel M, No-
ble M. CNS progenitor cells and oligodendrocytes 
are targets of chemotherapeutic agents in vitro 
and in vivo. J Biol 2006; 5: 1-22.

38) Kang S, Lee S, Kim J, Kim JC, Kim SH, Son Y, 
Shin T, Youn B, Kim JS, Wang H, Yang M, Moon 
C. Chronic Treatment with Combined Chemother-
apeutic Agents Affects Hippocampal Micromor-
phometry and Function in Mice, Independently of 
Neuroinflammation. Exp Neurobiol 2018; 27: 419-
436.

39) Andres AL, Gong X, Di K, Bota DA. Low-doses of 
cisplatin injure hippocampal synapses: a mech-
anism for ‘chemo’ brain? Exp Neurol 2014; 255: 
137-144.

40) Bruno J, Hosseini SM, Kesler S. Altered resting 
state functional brain network topology in chemo-
therapy-treated breast cancer survivors. Neurobi-
ol Dis 2012; 48: 329-338.

41) Chen X, He X, Tao L, Li J, Wu J, Zhu C, Yu 
F, Zhang L, Zhang J, Qiu B, Yu Y, Wang K. 
The Working Memory and Dorsolateral Prefron-
tal-Hippocampal Functional Connectivity Chang-
es in Long-Term Survival Breast Cancer Patients 
Treated with Tamoxifen. Int J Neuropsychophar-
macol 2017; 20: 374-382.

42) Cheng H, Li W, Gong L, Xuan H, Huang Z, Zhao 
H, Wang LS, Wang K. Altered resting-state hippo-
campal functional networks associated with che-
motherapy-induced prospective memory impair-
ment in breast cancer survivors. Sci Rep 2017; 7: 
1-10.

43) Kitabatake Y, Sailor KA, Ming G-l, Song H. Adult 
Neurogenesis and Hippocampal Memory Func-
tion: New Cells, More Plasticity, New Memories? 
Neurosurg Clin N Am 2007; 18: 105-113.

44) Ming G-l, Song H. Adult Neurogenesis in the 
Mammalian Central Nervous System. Annu Rev 
Neurosci 2005; 28: 223-250.

45) Mayeux R, Dupret D, Revest J-M, Koehl M, Ichas 
F, De Giorgi F, Costet P, Abrous DN, Piazza PV. 
Spatial Relational Memory Requires Hippocam-
pal Adult Neurogenesis. PLoS One 2008; 3: 1-14.

46) Ehninger D, Kempermann G. Paradoxical effects 
of learning the Morris water maze on adult hippo-
campal neurogenesis in mice may be explained 
by a combination of stress and physical activity. 
Genes Brain Behav 2006; 5: 29-39.

47) Egeland M, Guinaudie C, Du Preez A, Musaely-
an K, Zunszain PA, Fernandes C, Pariante CM, 



Mechanisms of chemobrain

5815

Thuret S. Depletion of adult neurogenesis using 
the chemotherapy drug temozolomide in mice in-
duces behavioural and biological changes rel-
evant to depression. Transl Psychiatry 2017; 7: 
1-10.

48) Ahles TA, Root JC, Ryan EL. Cancer- and can-
cer treatment-associated cognitive change: an 
update on the state of the science. J Clin Oncol 
2012; 30: 3675-3686.

49) Nokia MS, Anderson ML, Shors TJ. Chemothera-
py disrupts learning, neurogenesis and theta ac-
tivity in the adult brain. Eur J Neurosci 2012; 36: 
3521-3530.

50) Kitamura Y, Kanemoto E, Sugimoto M, Machi-
da A, Nakamura Y, Naito N, Kanzaki H, Miyazaki 
I, Asanuma M, Sendo T. Influence of nicotine on 
doxorubicin and cyclophosphamide combination 
treatment-induced spatial cognitive impairment 
and anxiety-like behavior in rats. Naunyn Schmie-
debergs Arch Pharmacol 2017; 390: 369-378.

51) Thomas TC, Beitchman JA, Pomerleau F, Noel T, 
Jungsuwadee P, Butterfield DA, Clair DKS, Vore 
M, Gerhardt GA. Acute treatment with doxorubi-
cin affects glutamate neurotransmission in the 
mouse frontal cortex and hippocampus. Brain 
Res 2017; 1672: 10-17.

52) Simões AP, Silva CG, Marques JM, Pochmann D, 
Porciúncula LO, Ferreira S, Oses JP, Beleza RO, 
Real JI, Köfalvi A, Bahr BA, Lerma J, Cunha RA, 
Rodrigues RJ. Glutamate-induced and NMDA re-
ceptor-mediated neurodegeneration entails P2Y1 
receptor activation. Cell Death Dis 2018; 9: 1-17.

53) Lewerenz J, Maher P. Chronic Glutamate Toxicity 
in Neurodegenerative Diseases—What is the Ev-
idence? Front Neurosci 2015; 9: 1-20.

54) Tangpong J, Cole MP, Sultana R, Joshi G, Es-
tus S, Vore M, St. Clair W, Ratanachaiyavong S, 
St. Clair DK, Butterfield DA. Adriamycin-induced, 
TNF-α-mediated central nervous system toxicity. 
Neurobiol Dis 2006; 23: 127-139.

55) Wrigley S, Arafa D, Tropea D. Insulin-Like Growth 
Factor 1: At the Crossroads of Brain Development 
and Aging. Front Cell Neurosci 2017; 11: 1-15.

56) Fuentes EN, Björnsson BT, Valdés JA, Einars-
dottir IE, Lorca B, Alvarez M, Molina A. IGF-I/
PI3K/Akt and IGF-I/MAPK/ERK pathways in vivo 
in skeletal muscle are regulated by nutrition and 
contribute to somatic growth in the fine flounder. 
Am J Physiol Regul Integr Comp Physiol 2011; 
300: 1532-1542.

57) Yang SY, Hoy M, Fuller B, Sales KM, Seifalian AM, 
Winslet MC. Pretreatment with insulin-like growth 
factor I protects skeletal muscle cells against ox-
idative damage via PI3K/Akt and ERK1/2 MAPK 
pathways. Lab Invest 2010; 90: 391-401.

58) Sánchez-Alegría K, Flores-León M, Avila-Muñoz 
E, Rodríguez-Corona N, Arias C. PI3K Signaling 
in Neurons: A Central Node for the Control of Mul-
tiple Functions. Int J Mol Sci 2018; 19: 1-15.

59) Cargnello M, Roux PP. Activation and Function of 
the MAPKs and Their Substrates, the MAPK-Ac-

tivated Protein Kinases. Microbiol Mol Biol Rev 
2011; 75: 50-83.

60) Cesarini L, Alfieri P, Pantaleoni F, Vasta I, Cerutti 
M, Petrangeli V, Mariotti P, Leoni C, Ricci D, Vicari 
S, Selicorni A, Tartaglia M, Mercuri E, Zampino G. 
Cognitive profile of disorders associated with dys-
regulation of the RAS/MAPK signaling cascade. 
Am J Med Genet A Part A 2009; 149A: 140-146.

61) Vitale G, Pellegrino G, Vollery M, Hofland LJ. 
ROLE of IGF-1 System in the Modulation of Lon-
gevity: Controversies and New Insights From 
a Centenarians’ Perspective. Front Endocrinol 
(Lausanne) 2019; 10: 1-11.

62) Moran S, Chen Y, Ruthie A, Nir Y. Alterations in 
IGF-I affect elderly: role of physical activity. Eur 
Rev Aging Phys Act 2007; 4: 77-84.

63) Peyrat JP, Revillion F, Bonneterre J. Plasma insu-
lin-like growth factor in primary breast cancer pa-
tients treated with adjuvant chemotherapy. Br J 
Cancer 1998; 77: 1669-1671.

64) Janelsins MC, Roscoe JA, Berg MJ, Thomp-
son BD, Gallagher MJ, Morrow GR, Heckler CE, 
Jean-Pierre P, Opanashuk LA, Gross RA. IGF-1 
partially restores chemotherapy-induced reduc-
tions in neural cell proliferation in adult C57BL/6 
mice. Cancer Invest 2010; 28: 544-553.

65) McCollum L, Karlawish J. Cognitive Impairment 
Evaluation and Management. Med Clin North Am 
2020; 104: 807-825.

66) Calabrese V, Scapagnini G, Colombrita C, Ravag-
na A, Pennisi G, Giuffrida Stella AM, Galli F, But-
terfield DA. Redox regulation of heat shock protein 
expression in aging and neurodegenerative disor-
ders associated with oxidative stress: A nutritional 
approach. Amino Acids 2003; 25: 437-444.

67) Agostinho P, A. Cunha R, Oliveira C. Neuroin-
flammation, Oxidative Stress and the Pathogene-
sis of Alzheimers Disease. Curr Pharm Des 2010; 
16: 2766-2778.

68) Myers JS, Pierce J, Pazdernik T. Neurotoxicology 
of chemotherapy in relation to cytokine release, 
the blood-brain barrier, and cognitive impairment. 
Oncol Nurs Forum 2008; 35: 916-936.

69) Zhang S, Liu X, Bawa-Khalfe T, Lu LS, Lyu YL, 
Liu LF, Yeh ET. Identification of the molecular ba-
sis of doxorubicin-induced cardiotoxicity. Nat Med 
2012; 18: 1639-1642.

70) Subramaniam S, Subramaniam S, Shyamala 
Devi CS. Erythrocyte antioxidant enzyme activi-
ty in CMF treated breast cancer patients. Cancer 
Biochem Biophys 1994; 14: 177-182.

71) Rezvani AH. Involvement of the NMDA System 
in Learning and Memory. In: Levin ED, Bucca-
fusco JJ, editors. Animal Models of Cognitive Im-
pairment. Boca Raton (FL): CRC Press/Taylor & 
Francis; 2006. Chapter 4. 

72) Betzen C, White R, Zehendner CM, Pietrowski E, 
Bender B, Luhmann HJ, Kuhlmann CR. Oxidative 
stress upregulates the NMDA receptor on cere-
brovascular endothelium. Free Radic Biol Med 
2009; 47: 1212-1220.



A.H. Alhowail, M. Aldubayan

5816

73) Pimentel E, Sivalingam K, Doke M, Samikkannu 
T. Effects of Drugs of Abuse on the Blood-Brain 
Barrier: A Brief Overview. Front Neurosci 2020; 
14: 1-9.

74) Al-Abd AM, Kim NH, Song SC, Lee SJ, Kuh HJ. 
A simple HPLC method for doxorubicin in plasma 
and tissues of nude mice. Arch Pharm Res 2009; 
32: 605-611.

75) Sartori AC, Vance DE, Slater LZ, Crowe M. The 
impact of inflammation on cognitive function in 
older adults: implications for healthcare practice 
and research. J Neurosci Nurs 2012; 44: 206-
223.

76) Kinney JW, Bemiller SM, Murtishaw AS, Leis-
gang AM, Salazar AM, Lamb BT. Inflammation as 
a central mechanism in Alzheimer’s disease. Alz-
heimers Dement (N Y) 2018; 4: 575-590. 

77) Andreotti C, King AA, Macy E, Compas BE, De-
Baun MR. The Association of Cytokine Levels 
With Cognitive Function in Children With Sick-
le Cell Disease and Normal MRI Studies of the 
Brain. J Child Neurol 2014; 30: 1349-1353.

78) Seruga B, Zhang HB, Bernstein LJ, Tannock IF. 
Cytokines and their relationship to the symptoms 
and outcome of cancer. Nat Rev Cancer 2008; 8: 
887-899.

79) Yirmiya R, Goshen I. Immune modulation of 
learning, memory, neural plasticity and neurogen-
esis. Brain Behav Immun 2011; 25: 181-213.

80) Wang WY, Tan MS, Yu JT, Tan L. Role of pro-in-
flammatory cytokines released from microglia in 
Alzheimer’s disease. Ann Transl Med 2015; 3: 
136-151.

81) Wright CB, Sacco RL, Rundek TR, Delman JB, 
Rabbani LE, Elkind MSV. Interleukin-6 Is Associ-
ated With Cognitive Function: The Northern Man-
hattan Study. J Stroke Cerebrovasc Dis 2006; 15: 
34-38.

82) Skelly DT, Griffin ÉW, Murray CL, Harney S, 
O’Boyle C, Hennessy E, Dansereau M-A, Nazmi 
A, Tortorelli L, Rawlins JN, Bannerman DM, 
Cunningham C. Acute transient cognitive dys-
function and acute brain injury induced by sys-
temic inflammation occur by dissociable IL-1-de-
pendent mechanisms. Mol Psychiatry 2018; 
1-16.

83) Hennessy E, Gormley S, Lopez-Rodriguez AB, 
Murray C, Murray C, Cunningham C. System-
ic TNF-α produces acute cognitive dysfunction 
and exaggerated sickness behavior when super-
imposed upon progressive neurodegeneration. 
Brain Behav Immun 2017; 59: 233-244.

84) Banks WA, Kastin AJ, Broadwell RD. Passage of 
Cytokines across the Blood-Brain Barrier. Neuro-
immunomodulation 1995; 2: 241-248.

85) Jeon SW, Kim YK. Neuroinflammation and cy-
tokine abnormality in major depression: Cause 
or consequence in that illness? World Journal of 
Psychiatry 2016; 6: 283-293.

86) E. González-Reyes R, Aliev G, Avila-Rodrigues 
M, E. Barreto G. Alterations in Glucose Metabo-

lism on Cognition: A Possible Link Between Dia-
betes and Dementia. Curr Pharm Des 2016; 22: 
812-818.

87) Calsolaro V, Edison P. Alterations in Glucose 
Metabolism in Alzheimer’s Disease. Recent Pat 
Endocr Metab Immune Drug Discov 2016; 10: 
31-39.

88) Harrison NA, Doeller CF, Voon V, Burgess N, 
Critchley HD. Peripheral Inflammation Acutely 
Impairs Human Spatial Memory via Actions on 
Medial Temporal Lobe Glucose Metabolism. Biol 
Psychiatry 2014; 76: 585-593.

89) Jerusalinsky D, Kornisiuk E, Izquierdo I. Cholin-
ergic neurotransmission and synaptic plasticity 
concerning memory processing. Neurochem Res 
1997; 22: 507-522.

90) Srivareerat M, Tran TT, Salim S, Aleisa AM, 
Alkadhi KA. Chronic nicotine restores normal 
Abeta levels and prevents short-term memory 
and E-LTP impairment in Abeta rat model of Alz-
heimer’s disease. Neurobiol Aging 2011; 32: 834-
844.

91) Aleisa AM, Alzoubi KH, Alkadhi KA. Nicotine pre-
vents stress-induced enhancement of long-term 
depression in hippocampal area CA1: electro-
physiological and molecular studies. J Neurosci 
Res 2006; 83: 309-317.

92) Aleisa AM, Helal G, Alhaider IA, Alzoubi KH, Sri-
vareerat M, Tran TT, Al-Rejaie SS, Alkadhi KA. 
Acute nicotine treatment prevents REM sleep 
deprivation-induced learning and memory impair-
ment in rat. Hippocampus 2011; 21: 899-909.

93) Barazangi N, Role LW. Nicotine-Induced En-
hancement of Glutamatergic and GABAergic 
Synaptic Transmission in the Mouse Amygdala. 
J Neurophysiol 2001; 86: 463-474.

94) Cheng Q, Yakel JL. The effect of α7 nicotinic re-
ceptor activation on glutamatergic transmission in 
the hippocampus. Biochem Pharmacol 2015; 97: 
439-444.

95) Noori HR, Fliegel S, Brand I, Spanagel R. The 
impact of acetylcholinesterase inhibitors on the 
extracellular acetylcholine concentrations in the 
adult rat brain: A meta-analysis. Synapse 2012; 
66: 893-901.

96) Yiannopoulou KG, Papageorgiou SG. Current 
and Future Treatments in Alzheimer Disease: An 
Update. J Cent Nerv Syst Dis 2020; 12: 1-12.

97) Li Y, Liu L, Kang J, Sheng JG, Barger SW, Mrak 
RE, Griffin WST. Neuronal–Glial Interactions Me-
diated by Interleukin-1 Enhance Neuronal Acetyl-
cholinesterase Activity and mRNA Expression. J 
Neurosci 2000; 20: 149-155.

98) Hein AM, Stasko MR, Matousek SB, Scott-McK-
ean JJ, Maier SF, Olschowka JA, Costa ACS, 
O’Banion MK. Sustained hippocampal IL-1β over-
expression impairs contextual and spatial memo-
ry in transgenic mice. Brain Behav Immun 2010; 
24: 243-253.

99) Lynch MA. Long-term potentiation and memory. 
Physiol Rev 2004; 84: 87-136.



Mechanisms of chemobrain

5817

100) Leuner B, Gould E. Structural plasticity and hip-
pocampal function. Annu Rev Psychol 2010; 61: 
111-151.

101) Friedman JR, Nunnari J. Mitochondrial form and 
function. Nature 2014; 505: 335-343.

102) Vos M. Synaptic mitochondria in synaptic trans-
mission and organization of vesicle pools in 
health and disease. Front Synaptic Neurosci 
2010; 2: 1-10.

103) Rossi A, Pizzo P, Filadi R. Calcium, mitochon-
dria and cell metabolism: A functional triangle 
in bioenergetics. Biochim Biophys Acta Mol Cell 
Res 2019; 1866: 1068-1078.

104) Hebert SL, Lanza IR, Nair KS. Mitochondrial DNA 
alterations and reduced mitochondrial function in 
aging. Mech Ageing Dev 2010; 131: 451-462.

105) Zorov DB, Juhaszova M, Sollott SJ. Mitochon-
drial Reactive Oxygen Species (ROS) and 
ROS-Induced ROS Release. Physiol Rev 2014; 
94: 909-950.

106) Picard M, McEwen BS. Mitochondria impact 
brain function and cognition. Proc Natl Acad Sci 
U S A 2013; 111: 7-8.

107) Klinge CM. Estrogenic control of mitochondrial 
function. Redox Biol 2020; 31: 1-19.

108) Haas RH. Mitochondrial Dysfunction in Aging 
and Diseases of Aging. Biology 2019; 8: 1-5.

109) Khacho M, Clark A, Svoboda DS, MacLaurin 
JG, Lagace DC, Park DS, Slack RS. Mitochon-
drial dysfunction underlies cognitive defects as 
a result of neural stem cell depletion and im-
paired neurogenesis. Hum Mol Genet 2017; 26: 
3327-3341.

110) Park HS, Kim C-J, Kwak HB, No MH, Heo JW, 
Kim TW. Physical exercise prevents cognitive 
impairment by enhancing hippocampal neuro-
plasticity and mitochondrial function in doxoru-
bicin-induced chemobrain. Neuropharmacology 
2018; 133: 451-461.

111) Lomeli N, Di K, Czerniawski J, Guzowski JF, Bota 
DA. Cisplatin-induced mitochondrial dysfunction 
is associated with impaired cognitive function in 
rats. Free Radic Biol Med 2017; 102: 274-286.

112) Chandra D, Crouch ML, Knowels G, Stuppard 
R, Ericson NG, Bielas JH, Marcinek DJ, Syrjala 
KL. Cyclophosphamide leads to persistent defi-
cits in physical performance and in vivo mito-
chondria function in a mouse model of chemo-
therapy late effects. PLoS One 2017; 12: 1-18.

113) Gorini S, De Angelis A, Berrino L, Malara N, 
Rosano G, Ferraro E. Chemotherapeutic Drugs 
and Mitochondrial Dysfunction: Focus on Doxo-
rubicin, Trastuzumab, and Sunitinib. Oxid Med 
Cell Longev 2018; 2018: 1-15.

114) Szondy Z, Korponay-Szabó I, Király R, Sarang 
Z, Tsay GJ. Transglutaminase 2 in human dis-
eases. BioMedicine 2017; 7: 15-28.

115) Odii BO, Coussons P. Biological Functional-
ities of Transglutaminase 2 and the Possibility 
of Its Compensation by Other Members of the 

Transglutaminase Family. ScientificWorldJour-
nal 2014; 2014: 1-13.

116) Tatsukawa H, Furutani Y, Hitomi K, Kojima S. 
Transglutaminase 2 has opposing roles in the reg-
ulation of cellular functions as well as cell growth 
and death. Cell Death Dis 2016; 7: 2244-2256.

117) Min B, Chung KC. New insight into transglutam-
inase 2 and link to neurodegenerative diseases. 
BMB Rep 2018; 51: 5-13.

118) Crider A, Davis T, Ahmed AO, Mei L, Pillai A. 
Transglutaminase 2 Induces Deficits in Social Be-
havior in Mice. Neural Plasticity 2018; 2018: 1-9.

119) Cho S-Y, Jeong EM, Lee J-H, Kim H-J, Lim J, 
Kim C-W, Shin D-M, Jeon J-H, Choi K, Kim I-G. 
Doxorubicin induces the persistent activation 
of intracellular transglutaminase 2 that protects 
from cell death. Mol Cells 2012; 33: 235-241.

120) Vrtačnik P, Ostanek B, Mencej-Bedrač S, Marc 
J. The many faces of estrogen signaling. Bio-
chem Med (Zagreb) 2014; 24: 329-342.

121) Barakat R, Oakley O, Kim H, Jin J, Ko CJ. Ex-
tra-gonadal sites of estrogen biosynthesis and 
function. BMB Rep 2016; 49: 488-496.

122) Sribnick EA, Ray SK, Banik NL. Estrogen as a 
Multi-Active Neuroprotective Agent in Traumatic 
Injuries. Neurochemical Res 2004; 29: 2007-2014.

123) Burns KA, Korach KS. Estrogen receptors and 
human disease: an update. Arch Toxicol 2012; 
86: 1491-1504.

124) Chakrabarti M, Das A, Samantaray S, Smith JA, 
Banik NL, Haque A, Ray SK. Molecular mecha-
nisms of estrogen for neuroprotection in spinal 
cord injury and traumatic brain injury. Rev Neu-
rosci 2016; 27: 271-281.

125) Samantaray S, Das A, Matzelle DC, Yu SP, Wei 
L, Varma A, Ray SK, Banik NL. Administration 
of low dose estrogen attenuates gliosis and pro-
tects neurons in acute spinal cord injury in rats. 
J Neurochem 2016; 136: 1064-1073.

126) Sherwin BB. Estrogen and Cognitive Function-
ing in Women. Endocr Rev 2003; 24: 133-151.

127) Ciocca DR, Vargas Roig LM. Estrogen Receptors 
in Human Nontarget Tissues: Biological and Clini-
cal Implications. Endocr Rev 1995; 16: 35-62.

128) Moult PR, Harvey J. Hormonal regulation of hip-
pocampal dendritic morphology and synaptic 
plasticity. Cell Adhesion & Migration 2014; 2: 
269-275.

129) Hampson E. Estrogens, Aging, and Working 
Memory. Curr Psychiatry Rep 2018; 20: 1-9.

130) Bender CM, Sereika SM, Brufsky AM, Ryan CM, 
Vogel VG, Rastogi P, Cohen SM, Casillo FE, Berga 
SL. Memory impairments with adjuvant anastrozole 
versus tamoxifen in women with early-stage breast 
cancer. Menopause 2007; 14: 995-998.

131) Boele FW, Schilder CMT, de Roode M-L, Deijen 
JB, Schagen SB. Cognitive functioning during 
long-term tamoxifen treatment in postmeno-
pausal women with breast cancer. Menopause 
2015; 22: 17-25.


