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A B S T R A C T   

Cancer is the second leading cause of death worldwide despite efforts in early diagnosis of the disease and ad
vances in treatment. The use of drugs that exert toxic effects on tumor cells or chemotherapy is one of the most 
widely used treatments against cancer. However, its low toxic selectivity affects both healthy cells and cancer 
cells. It has been reported that chemotherapeutic drugs may generate neurotoxicity that induces deleterious 
effects of chemotherapy in the central nervous system. In this sense, patients report decreased cognitive abilities, 
such as memory, learning, and some executive functions after chemotherapy. This chemotherapy-induced 
cognitive impairment (CICI) develops during treatment and persists even after chemotherapy. Here we pre
sent a review of the literature on the main neurobiological mechanisms involved in CICI using a Boolean formula 
following the steps of the PRISMA guidelines that were used to perform statements searches in various databases. 
The main mechanisms described in the literature to explain CRCI include direct and indirect mechanisms that 
induce neurotoxicity by chemotherapeutic agents. Therefore, this review provides a general understanding of the 
neurobiological mechanisms of CICI and the possible therapeutic targets to prevent it..   

1. Introduction 

Cancer is one of the leading causes of death worldwide [47]. In 2020, 
the World Health Organization reported 19.292.789 new cancer cases, 
with breast cancer being the most prevalent type [87]. Hallmarks of 
these polygenic diseases are replicative immortality, angiogenesis in
duction, resisting cell death, sustaining proliferative signaling, evading 
growth suppressors, activating invasion and metastasis, cellular ener
getics dysregulation, genome instability, and mutation, eluding immune 
destruction, and tumor-promoting inflammation [40]. Due to cancer’s 
etiology complexity, each patient requires different types of treatment 
or a combination of them, chemotherapy and radiotherapy are among 
the main treatments, given their effectiveness in increasing patient 
survival with different types of cancer [86]. 

Several chemotherapeutic drugs are used in cancer treatment, clas
sified by the mechanism of action. Alkylating agents (cyclophospha
mide, cisplatin, carboplatin) and nitrosoureas are DNA crosslinkers 
[22]. Anti-metabolites such as fluorouracil and methotrexate inhibit 
DNA synthesis, and plant alkaloids (vincristine, paclitaxel, docetaxel) 
induce apoptosis through DNA damage [38]. Anti-tumor antibiotics 
inhibits topoisomerase II [21], or inhibits the synthesis and repair 

mechanisms of DNA [17]. Nevertheless, an essential issue of chemo
therapy drugs is their effects on healthy and cancer cells, inducing 
multiple side effects. 

Epidemiological studies in the United States record that as of 2019, 
there were 16.9 million cancer survivors [7]. It has been reported that 
one side effect of chemotherapy for the treatment of peripherical tumors 
and central nervous system tumors is known as “chemobrain,” “chemo 
fog,” or cancer-related cognitive impairments. Chemobrain includes 
impairment of learning, memory, attention, and executive function 
impairment [49,74]. Other studies have described that the prevalence of 
cognitive impairment after chemotherapy is estimated to be 15 %− 75 
%, and up to 17 %− 35 % suffer long-term effects [61,63]. 

Common symptoms reported by patients suffering from CRCI include 
the inability to solve problems, lack of concentration, difficulty finding 
the right words when speaking, memory loss, learning disabilities, 
impaired executive functions, and processing speed [61,69]; other 
neurobehavioral changes affecting the patient’s quality of life after 
chemotherapy are anxiety and depression [57]. Even when it has been 
reported that just having a cancer diagnosis can affect cognitive func
tion, evidence supports that chemotherapy further alters proper cogni
tive functioning [48]. 
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Epidemiological studies can be expected to report an increasing 
number of new cancer cases in the coming years and consequently the 
number of reports of patients with cognitive impairment will increase. 
Currently, research is focused on understanding the neurobiological 
mechanisms underlying CICI and the search for therapeutic targets [64, 
77]. Although some mechanisms underlying CICI have been described, 
knowledge about the effects of different chemotherapeutics on cognition 
is constantly growing. This review aims to present a comprehensible 
update on the leading neurobiological mechanisms involved in 
chemobrain. 

2. Methodology 

PRISMA guidelines [58] were used to perform a scoping review to 
identify the literature update the leading neurobiological mechanisms 
involved in chemotherapy-induced cognitive impairment (CICI). First, 
several databases were selected from the electronic sources provided by 
the Pontificia Universidad Javeriana (Academic Search Complete, 
Google Scholar, Nature, ProQuest, ScienceDirect, Scopus, SpringerLink, 
Taylor & Francis, and Web of Science). Then, the Boolean search was 
performed with the following formula: chemobrain AND mechanism 
AND biochemical AND cellular. Inclusion criteria were defined as fol
lows: original articles or reviews in English, peer-reviewed, published in 
the period 2012–2021, with clinical, in vivo, and in vitro study models. 
Additional articles were identified from the reference lists of previously 
selected articles and chosen for further review; in this case, the publi
cation date was not considered. 

PRISMA flowchart depicts the articles and reviews’ selection process 
(Fig. 1). All previously obtained articles were reviewed, and duplicates 
were excluded. Other exclusion criteria were as follows: articles that 
corresponded to abstracts or conference reports, articles on neurode
generative diseases, computational approaches, neurobehavioral 
changes, or articles in which the chemotherapy regimen was not spec
ified. Subsequently, the selected articles were read and analyzed, and 
the information was summarized in Table 1. Finally, the results section 
briefly describes each neurobiological mechanism in the table. 

3. Results 

This section will be briefly described the main neurobiological 
mechanisms underlying CRCI found in the literature search (Table 1), 
including neurotoxicity, decreased neurogenesis, loss of dendritic spines 
and dendritic complexity, altered neurotransmission, disruption of glial 
cells, loss of myelination and cytokine dysregulation leading to neuro
inflammation (Fig. 2). 

3.1. Mechanisms of neurotoxicity 

Neurotoxicity is related to damage, dysfunction, and neuro
degeneration of the neurons in the Central Nervous System (CNS) or the 
peripheral nervous system (PNS) [66]. The functionality of the CNS 
depends on the interaction between neurons and glial cells (astrocytes, 
oligodendrocytes, and microglia). Exogenous agents such as chemo
therapeutic drugs have been reported to be toxic to the nervous system 

Fig. 1. Preferred Reporting Items for System
atic Reviews (PRISMA) flowchart for articles 
and reviews search process. 408 documents 
were identified with the Boolean search in the 
following databases: Academic Search Com
plete = 39, Google Scholar = 157, Nature = 2, 
ProQuest = 50, ScienceDirect = 22, Scopus 
= 122, SpringerLink = 12, Taylor & Francis, 
= 3 and Web of Science = 1. Additional docu
ments from the reference lists = 11. Finally, 
283 records were screened and finally 51 arti
cles were selected for full-text review. Created 
with BioRender.com.   
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Table 1 
Neurobiological mechanisms involved in the development of Cancer-related cognitive impairment.  

Type of 
chemotherapy 
drug 

Mechanism of action Chemotherapy agent Neurobiological mechanisms 

Neurotoxicity Diminish 
neurogenesis 

Loss of dendritic 
spines and 
arborizations 

Alterations in 
neurotransmission 

Disturbance in 
glial cells 

Myelination 
loss 

Cytokine 
dysregulation 

Alkylating agents DNA crosslinker[22] Cyclophosphamide [75][43][54] [26] Reviewed 
in[43] 

[32]  [26]  [44] 

Cisplatin [28][22][25] [77][10] 
Reviewed in[43] 

[67][10] [12] [77]  [45][12] 

Carboplatin [66]   [49]    
Nitrosoureas DNA crosslinker[22] Carmustine [59] Reviewed in[43]      
Anti-metabolites Inhibits DNA synthesis[22] Fluorauracil [14] [14][43] [37] [46] [39] [39] [37] 

Methotrexate [22][66][59] [85] [2]  [34][35] [34][35]  
Plant alkaloids DNA damage inducing apoptosis 

[38] 
Vincristine [59][43][60]       
Paclitaxel [42][56][66] 

[78] 
[42]     [56] 

Docetaxel [30][66][78]    [30]   
Anti-tumor 

antibiotics 
Inhibits topoisomerase II[21], or 
inhibits the synthesis and repair 
of DNA[17] 

Doxorubicin [22][73][82] [26] [83][32] [4][11][79] [20]  [5][78][82] 
Mitoxantrone [6]       

Combination - BEP (bleomycin, etoposide, 
cisplatin)       

[8] 

CMF (cyclophosphamide, 
methotrexate, and 5- 
fluororacil)  

[18] [9]   [19] [19] 

DAC (Docetaxel, Doxorubicin, 
Cyclophosphamide)   

[74]    [74] 

AC (Doxorrubicin, and 
cyclophosphamide) 

[13]      [13]  
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and other organs such as bone marrow and lungs, so chemotherapeutics 
doses are limited [66]. 

Chemotherapy-induced neurotoxicity may affect neurons through 
mechanisms that decrease functionality directly or indirectly. Neuro
toxicity is a crucial mechanism underlying CICI as it directly impairs the 
homeostasis and viability of neurons in essential brain areas involved in 
cognitive processes. Some neurotoxic effects rely on increased oxidative 
stress, mitochondrial dysfunction, and apoptosis. Consequently, the loss 
of neuronal plasticity induces a decrease in neurogenesis, decreased 
dendritic arborization, loss of spines and demyelination, and alterations 
related to neurotransmission that may cause neurodegeneration. In 
addition, damage indirectly caused by the effect of glial cells (macroglia 
or microglia), such as f neuroinflammation and damage to the BBB, are 
highlighted. This section will review the direct and indirect mechanisms 
of chemotherapy-induced neurotoxicity. 

3.1.1. Chemotherapeutics induce direct mechanisms of neurotoxicity 

3.1.1.1. Mitochondrial dysfunction and oxidative stress. Neurotoxicity 
induced by chemotherapeutic agents has also been linked to mito
chondrial dysfunction, oxidative stress, and consequent DNA damage. 
Platinum derivatives such as oxaliplatin and cisplatin may enter 
neuronal cells and binding to mitochondrial DNA (mDNA), forming 
mDNA adducts that cannot be repaired in mitochondria due to the 

absence of DNA repair systems. These platinum-mDNA adducts disrupt 
physiological mDNA replication and transcription, which can lead to 
abnormal protein synthesis and impairment of the function of the 
mitochondrial electron transport chain, in turn, to decreased cellular 
metabolism, increased production of ROS (reactive oxygen species), and 
oxidative stress [88]. In addition, it has also been reported that cisplatin 
induces mitochondrial dysfunction as evidenced by decreased respira
tory capacity and morphological alterations, events related to the poor 
performance of treated animals in new object/place recognition 
(NOPRT) tests [25]. Likewise, the cisplatin analog, carboplatin, pro
duces mitochondrial damage and oxidative stress ([24] reviewed in 
[66]). A study in C57/BL6J mice treated with cisplatin (34.5 mg/kg 
cumulative dose) impaired performance on the novel object and place 
recognition task, as well as on the social discrimination task, suggesting 
that treatment with cisplatin-induced cognitive deficits that are associ
ated with structural abnormalities in the brain relative to induced 
morphological abnormalities in the brain on the level of white matter 
organization, neuronal arborization, and dendritic spine density [89]. In 
this same model of cisplatin-induced cognitive impairment, all have 
been observed peripheral neuropathy was observed with neuro
protection from metformin treatment, which was associated with pro
tection against mitochondrial damage and decreased 
neuroinflammation [89]. Another study showed elevated oxidative 
stress (nitrotyrosine, 4-hydroxynonenal) and DNA damage (pH2AX, 

Fig. 2. Chemotherapy-induced Neurotoxicity Mechanisms. The blue lines indicate mechanisms occurring in the prefrontal cortex, the green lines indicate mecha
nisms occurring in the hippocampus, the orange line indicates processes occurring in the corpus callosum and the red line indicates processes occurring in the 
cerebellum. Created with BioRender.com. 
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pATM) in cortical neurons from chemotherapy patients. The study 
identifies markers of oxidative stress and DNA damage in autopsy tissue 
sections of the frontal lobe of cancer patients treated with chemotherapy 
(n = 15), cancer patients not treated with chemotherapy (n = 10), and 
patients with no history of cancer (n = 10). Of the known chemotherapy 
regimens, the most frequently administered drugs were cisplatin (42.9 
%), carboplatin (28.6 %), cyclophosphamide (28.6 %), doxorubicin 
(28.6 %), pemetrexed (28.6 %), %), paclitaxel (28.6 %), cytarabine 
(21.4 %). %), etoposide (21.4 %), vincristine (21.4 %) and docetaxel 
(14.3 %), gemcitabine (14.3 %), ifosfamide (14.3 %), azacitidine (7.1 
%), decitabine (7.1 %), fluorouracil (7.1 %), irinotecan (7.1 %), eribulin 
(7.1 %), busulfan (7.1 %), fludarabine (7.1 %), daunorubicin (7.1 %) 
and oxaliplatin (7.1 %). Patients received a median of 3 chemothera
peutic agents (range 2–8) and were treated with a median of 5.5 cycles 
of chemotherapeutic regimens (range 1–17). This work shows for the 
first time that cancer patients treated with chemotherapy have elevated 
markers of oxidative stress and DNA damage in cortical neurons 
compared with cancer patients not treated with chemotherapy and pa
tients without a cancer history. Importantly, these observations high
light the relevance of human neuronal oxidative stress and DNA damage 
in studying the mechanisms that may contribute to CRCI [80]. 

Chemotherapeutic agent doxorubicin (DOX) has been implicated in 
cognitive decline, mostly via cytokine-induced neuroinflammatory and 
oxidative and mitochondrial damage to brain tissues. Cognitive 
dysfunction was induced in female Wistar rats by administering ten 
cycles of DOX (2.5 mg/kg, intra-peritoneal, once in 5 days), as we 
observed significant impairment of episodic memory in object recogni
tion task (ORT). Also, DOX human neuroblastoma (IMR32) cells in vitro 
study resulted in increased cellular death, apoptosis, and intracellular 
ROS generation, with inhibition of neurite growth in differentiated 
IMR32 cells [68]. On the other hands, DOX-induced neurotoxicity 
Wistar male rat model led to neurobehavioral alterations and neuro
chemical deficits in the Hippocampus region. This study depicted the 
persistent increase in proinflammatory cytokines (IL-1β, TNF-α) that led 
to increased oxidative stress, lipid peroxidation, depletion in GSH level, 
and changes in vivo antioxidant defense SOD and CAT activity. This 
study depicted the persistent increase in proinflammatory cytokines 
(IL-1β, TNF-α) that led to increased oxidative stress, lipid peroxidation, 
depletion in GSH level, and changes in vivo antioxidant defense SOD and 
CAT activity. The authors showed that the animals with DOX signifi
cantly impaired mitochondrial redox activity, decreasing the mito
chondrial respiratory chain complex I, II, and IV. In addition, the results 
have shown increased oxidative stress markers such as MDA level, 
reduction in GSH level, and reduction activities of SOD and CAT in the 
hippocampus of animals DOX treated group [33]. 

Another study with Male C57BL/6 mice DOX-induced chemobrain 
model intraperitoneal injections of 2.5 mg/kg DOX every two days for a 
total of seven injections over a 2-week period. The results showed 
elevated pro-inflammatory levels (TNF-α, IL-1β, and IL-6) and a marked 
increase in Iba1 and GFAP immunoreactivity in the brains of DOX- 
treated animals. In addition, systemic DOX administration triggered 
oxidative damage as indicated by a significant elevation in the levels of 
MDA, protein carbonyl, and 8-OHdG, depletion of reduced GSH, and 
reduction of SOD activity. DOX impaired brain mitochondrial function, 
as evidenced by the decreased mitochondrial respiratory complex ac
tivities, the ATP deficiency, and the increased ROS in DOX-treated mice. 
The results also demonstrated that decreased synaptic density and 
dendritic spine loss were paralleled with mitochondrial dysfunction 
after DOX exposure [83]. The above results suggest that chemobrain is a 
potential side effect of doxorubicin administration and the key role of 
cytokine-induced, oxidative/nitrosative stress in the development of 
cognitive dysfunction. Doxorubicin-induced neurotoxicity was also 
associated with acute alterations in synaptic plasticity, apoptosis, and 
lipid peroxidation, suggesting an increase of oxidative stress in a hip
pocampal cell line (H19–7/IGF-IR) [3]. 

3.1.1.2. Loss of neuronal plasticity mechanisms 
3.1.1.2.1. Reduced neuronal survival. It has been described in a 

murine model that intraperitoneal injections of cyclophosphamide 
(CPA) cause histopathological damage in the cerebral cortex, charac
terized by necrotic and apoptotic nuclei [75]. Similarly, intraperitoneal 
injections of paclitaxel in a murine model increased apoptosis in hip
pocampal neurons by increasing proinflammatory cytokines [56]. 
Furthermore, reduced neuronal survival has also been reported using 
cisplatin in an in vitro model of cortical neurons [28]. In this case, 
astrocyte-mediated mitochondrial transfer induced recovery of 
cisplatin-treated neurons. In this case, astrocyte-mediated mitochon
drial transfer induced recovery of cisplatin-treated neurons. On the 
other hand, it was reported that acute cisplatin treatment causes an 
increase in apoptotic cells in the CA1, CA3, and subgranular zone (SGZ) 
of the dentate gyrus in the hippocampus of male rats [10]. Also, it has 
been reported that DOX induced histopathological damage showing 
nuclear pyknosis in mice hippocampal neurons, particularly in the 
subiculum, fascia dentata, and hilus, along with darker cytoplasm and 
abnormal morphology [73]. Interestingly, an in vitro assay differenti
ated SH-SY5Y human neuronal cell model, mitoxantrone was more toxic 
than DOX, with decreased viability and the observation of apoptotic 
nuclei. Further assays revealed that cytotoxicity was mediated by de
polarization of the mitochondrial membrane potential after 48 h of 
exposure to chemotherapeutics [6]. Other studies have shown that 
another chemotherapeutic drug, vincristine, destroys hippocampal tis
sue when administered unilaterally or bilaterally to mice [60]. 

3.1.1.2.2. Diminishing neurogenesis. Neurogenesis is a complex pro
cess in which a wide range of cellular and molecular events generate 
fully mature postmitotic neurons. In the adult mammal brain, neuro
genesis has been documented in different regions, including the olfac
tory bulb, neocortex, striatum, and hippocampus [76]. Notably, 
particular emphasis has been given to hippocampal neurogenesis due to 
its relationship with higher cognitive functions, especially with learning 
and memory [52]. In this vein, it has been reported in a murine model 
that intraperitoneal injections of cyclophosphamide and doxorubicin 
caused a 47 % and 53 % decrease in the number of immature double
cortin (DCX)-labeled neurons, respectively when compared to saline 
treated controls; also, ectopic migration of these immature neurons was 
observed [26]. A decrease in neurons labeled simultaneously with NeuN 
(a marker for mature neurons) and BrdU (a marker for proliferative 
cells) was also observed after treatment with these chemotherapeutics, 
suggesting that hippocampal neurogenesis was significantly impaired 
[26,43]. Similarly, the use of the CMF (cyclophosphamide, metho
trexate, and fluorouracil) regimen in an in vivo model also resulted in a 
decrease of proliferative cells in the hippocampus, specifically in the 
dentate gyrus [18]. 

Brain-Derived Neurotrophic Factor (BDNF) plays a critical role in the 
growth, development, plasticity, differentiation, and survival of new 
neurons, and reduction in its expression leads to memory deficits. It has 
been reported that the systemic administration of fluorouracil induces a 
decrease of DCX and BDNF-positive cells in the hippocampus ([62] 
reviewed in [14]), therefore suggesting a disruption in hippocampal 
neurogenesis (Reviewed in [43]). Moreover, the systemic administra
tion of fluorouracil reduced the expression of the BDNF levels in rat 
hippocampus, affecting learning and memory ([62] reviewed in [14]). 

Other study reported that cisplatin treatment resulted in the deple
tion of neural stem cells (NSCs) cultured in vitro; however, NSCs were 
more resilient than differentiated hippocampal neurons [10]. Notably, 
antioxidant treatments can prevent the deleterious effect of cisplatin and 
carmustine on hippocampal neurogenesis, suggesting that oxidative 
stress is an important mechanism in this context (Reviewed in [43]; 
Reviewed in [77]). 

Comparable whit these results, it was reported that intravenous in
jection of methotrexate in rats significantly reduced DCX expression in 
the hippocampus. This effect was accompanied by a decrease in BDNF 
and Nuclear factor erythroid-related factor (Nrf2) levels in both the 

L.C. Murillo et al.                                                                                                                                                                                                                               



Toxicology Reports 10 (2023) 544–553

549

hippocampus and prefrontal cortex, both factors critical in the regula
tion of neurogenesis and subsequent differentiation of NSCs [50,85]. 
The decline in NSCs viability has also been observed in 
paclitaxel-treated cells in culture [42]. 

As evidenced above, several chemotherapeutics decrease the 
expression of neurotrophic factors allowing impaired neurogenesis in 
critical areas for learning and memory. It is suggested that impaired 
NSCs production, migration, and differentiation is a possible neurobio
logical mechanism underlying chemotherapeutic-induced cognitive 
impairment. 

3.1.1.2.3. Loss of dendritic arborizations and spines. Neuronal con
nectivity and function are highly related to the number of dendritic 
spines and dendritic tree complexity [10]. Dendritic spines are special
ized protrusions in the excitatory synapses [23]. These tiny structures 
have been reported as critical in synaptic plasticity because their 
morphology and density are essential for memory and learning pro
cesses [23]. Four types of dendritic spines have been proposed based on 
their morphology: mushroom spines, thin spines, stubby spines, and 
cup-shaped spines, while mushroom spines are considered the most 
stable thin spines are considered the least stable [23]. The potential 
importance of dendritic spines in memory and learning has been 
described from long-term potentiation (LTP). In this process, the spines 
with the highest activity will be maintained over time [51]. Similarly, it 
has also been documented that the complexity of the dendritic tree has 
an essential role in memory formation and consolidation [2]. 

Several chemotherapeutics can cause a reduction in the density of 
dendritic spines and dendritic branches. Intravenous injection of 
cyclophosphamide or doxorubicin in ovariectomized mice reduced the 
density of stubby dendritic spines in the dentate gyrus [32]. Similarly, 
intraperitoneal injection of doxorubicin in mice decreases the density of 
dendritic spines and synaptic density in neurons of the CA1 region of the 
hippocampus [83]. Also, in vivo and in vitro models, it was documented 
that treatment with cisplatin caused a reduction in the density of den
dritic spines and dendritic branches in apical and basal dendrites in 
pyramidal neurons of the CA1 and CA3 regions of the hippocampus 
[10]. The synaptic damage induced by cisplatin was not reversible, even 
after five days post-treatment [10]. 

Similar results show that the intrathecal application of methotrexate 
using a juvenile murine model considerably affects the dendritic archi
tecture and reduces the density of mushroom dendritic spines in CA1, 
CA3, and dentate gyrus of the hippocampus [2]. Consistent with these 
results, it was reported in another murine model that the intraperitoneal 
application of docetaxel, doxorubicin, and cyclophosphamide (DAC) 
significantly eliminated dendritic spines of medial prefrontal cortex 
neurons [74]. 

More complex effects were reported in CMF-treated animals that 
exhibited a significant increase in the number of stubby spines and a 
decrease in the number of mushroom-shaped spines in the DG, while in 
CA1 and CA3 regions of the hippocampus, there was a significant in
crease in the density of dendritic spines [9]. However, decreases in the 
number of branch points, dendritic ends, dendritic length, and dendritic 
complexity were observed in CMF-treated animals. In addition, it has 
been described in an aged murine model that the use of intraperitoneal 
injections of fluorouracil caused a decrease in the density of mushroom 
dendritic spines in the DG while the density of thin and stubby dendritic 
spines increased. Accordingly, apical dendrites of pyramidal neurons of 
the CA1 region showed a decreased density of mushroom spines but an 
increased density of stubby spines. However, a decrease in thin spines 
was documented in the basal dendrites of pyramidal neurons in CA3 
[37]. Also, it has been that fluorouracil negatively affected dendritic 
complexity in DG neurons [37]. 

These results indicate that chemotherapeutic treatment affects den
dritic spine dynamics and that there is also a tendency to decrease 
dendritic complexity in pyramidal neurons of the hippocampus. One of 
the most marked trends was the decreased number of mushroom den
dritic spines and the increase in thin and stubby spines. Given that 

mushroom spines are the most stable and the thin spines the least stable, 
changes in the density ratio of these spines could explain, in part, the 
development of chemobrain. 

3.1.1.2.4. Alterations in neurotransmission. Neuronal communica
tion occurs via an electrochemical gradient; the action potential travels 
through the neuron cell body and generates neurotransmitter release to 
the synaptic cleft [29]. It has been seen that the most important brain 
regions in cognition, such as the prefrontal cortex and the hippocampus, 
are densely innervated with serotonergic, cholinergic, and dopami
nergic afferents. Therefore, neurotransmitters such as serotonin, 
acetylcholine, and dopamine (DA) are essential modulators of memory 
and learning [36] [55]. Also, glutamate plays a vital role in cognition, 
specifically in spatial memory, given that hippocampal neurons are 
glutamatergic [41]. 

It has been described an increased brain acetylcholine levels in a Rat 
Model of Cisplatin-Induced Cerebral Inflammation and Oxidative 
Damage while generating a decrease in the relative expression levels and 
activity of acetylcholinesterase [12]. In contrast, in another in vivo 
model, it has been reported that the use of doxorubicin produces a 
reduction in the levels of acetylcholine in both hippocampus and pre
frontal cortex [4]. Researchers found that DOX treatment impaired 
learning and memory [4]. Also, decreased dopamine release in the 
striatum was documented after intravenous application of fluorouracil 
in a murine model; these findings were correlated with the decrease in 
attention shown by these animals [46]. Similar results were obtained 
after treating animals with carboplatin; DA and serotonin release were 
negatively affected while DA uptake was decreased in the striatum; 
these changes that correlate to the impairment in spatial learning 
exhibited by the carboplatin-treated animals [49]. Additionally, it has 
been found that intraperitoneal application of doxorubicin generates a 
decrease of DA and its extra-neuronal metabolite 3-methoxytyramine 
(3-MT) in both the frontal cortex and hippocampus of treated animals 
compared to the control [11]. In parallel, another research group 
documented that doxorubicin produced a slower glutamate uptake in 
the frontal cortex, while the dentate gyrus produced a slower clearance 
of glutamate and, consequently, an overflow of glutamate in this region 
[79]. All this together affected the swimming speed of the 
doxorubicin-treated group; however, this effect lasted only 24 h after 
administration [79]. 

As mentioned before, chemotherapeutic agents can affect the ho
meostasis of different neurotransmitters suggesting that the release or 
capture of neurotransmitters can be negatively compromised and thus 
contribute to the deterioration of cognitive processes associated with 
memory and learning, common symptoms presented by patients with 
CRCI. 

3.1.1.2.5. Demyelinating processes in brain. In the CNS, myelination 
is a complex and lifelong process in which oligodendrocytes wrap seg
ments of the axons of specific neurons. These segments become isolated 
and enable the saltatory action potential, which is an evolutionary 
mechanism that allows faster conduction and processing of information. 
([1]; de [31]). Two types of myelination have been described. The first is 
intrinsic myelination, which occurs independently of neuronal activity. 
The second is adaptive myelination, which is regulated and shaped by 
neuronal activity and is associated with neuroplasticity, which is critical 
for learning [16]. The deleterious effect of chemotherapeutics on mye
linization has been reported in a murine model; methotrexate exposure 
has been documented to decrease the cortical expression of BDNF, 
which, together with TrkB, is required for adaptive myelination [34]. 
Interestingly, BDNF expression is normalized after microglia depletion, 
although the underlying mechanisms are unknown [34,35]. Also, toxic 
effects on CNS progenitor cells and non-dividing oligodendrocytes have 
been reported with the use of fluorouracil both in vivo and in vitro [39]. 
Administration of fluorouracil generates delayed damage in myelin and 
axons, which can be observed up to 56 days after the completion of the 
treatment, resulting in a myelopathy that did not correlate with chronic 
inflammation or vascular damage caused by the chemotherapeutic [39]. 
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Similarly, it has been documented that the use of a CMF regimen gen
erates a decrease in myelin essential protein (MBP) and O4 (a 
pro-oligodendrocyte marker), as well as a decrease in both the area 
covered by myelin and reduced thickness of the sheath in the corpus 
callosum of female rats [19]. This study, however, correlates neuro
inflammation with loss of myelination and subsequent cognitive 
impairment [19]. In addition, oligodendrocyte survival results were 
dose-dependent after treating cells in culture with cisplatin ([27] 
reviewed in [77]). The same research group reported similar results in 
vivo and in vitro models in which decreased oligodendrocyte survival 
was evidenced by treatment with fluorouracil [39]. 

These results indicate that chemotherapeutics can also negatively 
affect the myelination process. This damage appears to be persistent 
despite the cessation of chemotherapeutics. It would partially explain 
why some patients report chemobrain symptoms persist years after 
completing cycles of chemotherapy. 

3.1.2. Chemotherapeutics induce indirect mechanisms of neurotoxicity 

3.1.2.1. Activation of glial cells. As mentioned before, glial cells are 
important for CNS functioning. Particularly, astrocytes have been re
ported as the physical and metabolic support of neurons [53]. However, 
it has been described that astrocytes are involved in many other pro
cesses. In particular, astrocytes have been shown to play a crucial role in 
cognitive processing by contributing to synaptic transmission and 
structural plasticity, where bidirectional communication between neu
rons and astrocytes is established [72]. Accordingly, it has also been 
reported that astrocytes and microglia play an essential role in the for
mation and pruning of synapses. Also, it has been reported that the 
central role of microglia is to phagocytize apoptotic neuronal bodies and 
some synapses [81]. In recent years, it has been reported that microglia 
modulates the formation of new neurons in the hippocampus, regulates 
dendritic and axonal growth, and stimulates the formation, modulation, 
and relocation of synapses, processes necessary for memory formation 
[71]. 

Glial activation is a feature of the immunocompetent cells, such as 
microglia and astrocytes, in response to injury or toxic agents. Effects of 
microglial activation after the intraperitoneal administration of cyclo
phosphamide have been observed in the hippocampus of male rats that 
show an increase in ED1-positive cells (a marker of microglial activa
tion) in response to treatment; also, this effect seems to be related to 
impaired performance on novel place recognition (NORT) and contex
tual fear conditioning tests [26]. In concurrence, in a male murine 
model, it has been shown that intermittent intraperitoneal application of 
docetaxel generates an increase in GFAP-positive astrocytes, indicating 
astrocyte activation. This activation was seen 48 h after docetaxel 
administration and extended, at lower levels, up to 9 days after appli
cation. Furthermore, it was noted that docetaxel-treated animals per
formed worse in the novel object recognition test [30]. Likewise, in a 
juvenile murine model, it has been shown that peritoneal application of 
methotrexate induces microglial activation, which in turn affects 
oligodendrocyte maturation dynamics and increases astrocyte reac
tivity. The authors also reported that the reduction of microglia restored 
tri-glial stability and cognitive function, assessed by the novel object 
recognition task [34,35]. Other authors have also shown that adminis
tration of DOX-induced astrocytic activation in the frontal cortex, 
striatum, hippocampus, hypothalamus, and cerebellum. Finally, the 
authors suggested that these results partially explained the cognitive 
impairment evidenced by a more unsatisfactory outcome in new object 
recognition tests [20]. 

These results reflect the enormous impact of chemotherapeutics on 
glial populations. Notably, the activation of astrocytes and microglia 
was evidenced. This is relevant since these processes cause tissue dam
age due to the release of proinflammatory cytokines that, in turn, 
generate neuroinflammation and, ultimately, neurodegeneration [65]. 

3.1.2.2. Neuroinflammation by cytokine dysregulation. Cytokines play a 
fundamental role in the development and physiology of the CNS. 
However, the CNS is especially vulnerable to dysregulated cytokine and 
some changes in the microenvironment due to diseases or external fac
tors. Chemotherapy frequently leads to chronic inflammation that can 
induce damage to tissue and cell infiltration in the CNS. The mentioned 
phenomena intertwine, generating a vicious cycle of inflammatory and 
tissue damage, eventually leading to neurodegeneration [15]. 

It has been documented that cyclophosphamide in a murine model 
generates alterations among cytokines. Within the proinflammatory 
cytokines, interleukin-1β (IL-1β), tumor necrosis factor a (TNFα), and 
interleukin-6 (IL-6) were found to be significantly elevated in the hip
pocampus and cortex. In contrast, the anti-inflammatory cytokine IL-10 
was significantly decreased. In sum, this imbalance induces a neuro
inflammatory environment contributing to cognitive impairment, evi
denced by increased immobility time in the forced swim test (FST) and 
decreased performance in the latency retention transfer test observed in 
treated animals. These tests evaluate the extent of behaviors associated 
with depression and memory acquisition and retention [44]. 

In agreement, it has been reported that the application of cisplatin 
generates IL-1β, and TNFα, elevation in the hippocampus of a murine 
model. Along with these results, it was also described that treated ani
mals performed worse in the NORT and motor coordination tests [45]. 
Similarly, other authors reported in another murine model that the 
application of cisplatin caused a significant increase in the level of TNFα 
and IL-6 in the cerebral cortex of the treated group [12]. Likewise, it has 
been reported that intraperitoneal application of fluorouracil in an aged 
murine model increased the levels of IL-1β, IL-2, IL-3, IL-4, IL-5, and 
IL-17 in the hippocampus after one month of treatment, which was 
related to detrimental effects on mature hippocampal neurons [37]. 

Furthermore, other researchers have described that chronic intra
peritoneal application of paclitaxel in a male murine model elevates 
levels of the proinflammatory cytokines TNFα and IL-1β in the hippo
campus, and these results were related to the subsequent decrease in 
spatial memory of treated animals by increasing escape latency times in 
the Morris Water Maze (MWM) test [56]. Notably, treatment with the 
bleomycin, etoposide, and cisplatin (BEP) regimen in patients with 
testicular cancer (TC) also significantly increased TNFα levels compared 
to the group with TC but did not receive BEP treatment. In this study, 
elevated TNFα levels were associated with poorer cognitive performance 
[8]. 

Moreover, the administration of DOX generates a dramatic increase 
in the levels of the proinflammatory cytokines TNFα and IL-17, while the 
anti-inflammatory cytokine IL-10 declines in the hippocampus of treated 
animals. Treated animals also showed reduced short-term memory as 
measured by the spontaneous alternation test (SAP) [82]. Consistent 
with this, in another murine model in which DOX was applied intra
peritoneally, an overexpression of TNFα levels was evidenced in the 
brain [78]. Similarly, in a female OVX murine model, it was reported 
that the application of the regimen doxorubicin and cyclophosphamide 
(AC) produced in the hippocampus a significant elevation of the cyto
kines IL-2, IL-3, IL-4, IL-6, IL-10, IL-1ra, IL-17, and TNFα [13]. 

In addition, it has been reported that using the CMF regimen in an 
aged female murine model generated increased levels of the proin
flammatory cytokines TNFα and IL-1β but reduced levels of the anti- 
inflammatory cytokine IL-10 in the corpus callosum. Intriguingly, after 
one month of cessation of treatment with the CMF regimen, the treated 
animals exhibited worse performance in memory and discrimination 
tests [19]. Similar results were obtained with the DAC regimen in which 
levels of the proinflammatory cytokines TNFα and IL-6 were signifi
cantly increased, but levels of the anti-inflammatory cytokine IL-4 and 
IL-10 were decreased in the whole brain, especially in the prefrontal 
cortex and hippocampus of a female murine model [74]. 

3.1.2.3. Damage to the blood-brain barrier. Chemotherapeutics 
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promotes an imbalance between proinflammatory and anti- 
inflammatory cytokines. Pro-inflammatory cytokines, which are over
produced in cancer or in response to chemotherapy, can reduce the 
integrity of the blood–brain barrier (BBB) and can lead to infiltration of 
neutrophiles and leukocytes. Remarkable, it was documented that 
regardless of the chemotherapeutic used, the cytokine frequently found 
to be elevated as TNFα. This finding is important since it has been 
described in the literature that the expression of this cytokine is related 
to increased oxidative stress and mitochondrial dysfunction, which 
decreased in a TNFα null model [70]. Additionally, it has also been 
described that the elevation of reactive oxygen species (ROS) and, 
consequently, of proinflammatory cytokines generate physical damage 
to the BBB, which subsequently contributes to the entry of small con
centrations of chemotherapeutics that generally cannot pass the BBB, as 
is the case of DOX. In addition, pro-inflammatory molecules such as 
TNF-α can cross BBB and stimulate microglial cells to produce further 
inflammatory cytokines, which promote brain damage [70]. On the 
other hands, a few chemotherapeutic agents can cross the BBB. For 
example, Methotrexate crosses the blood-brain barrier at high doses; 
standard doses are generally not associated with neurotoxicity. Nitro
soureas (e.g., carmustine, lomustine) can cross the blood-brain barrier 
and have been used to treat primary brain tumors (e.g., gliomas) and 
melanoma, and lymphomas have metastasized to the brain. Cytosine 
arabinoside is an antimetabolite that crosses the blood-brain barrier. 
Ifosfamide, an alkylating prodrug, and some of its metabolites, bio
activated by the liver, can penetrate the blood-brain barrier. Unlike 
cyclophosphamide, ifosfamide is associated with CNS toxicity in 10–30 
% of treated patients. Some reported CNS effects include confusion, 
drowsiness, hallucinations, seizures, and extrapyramidal symptoms 
[84]. 

Finally, the described mechanisms show the different effects of 
chemotherapeutic agents that directly or indirectly affect the commu
nication or function of essential brain regions involved in cognition, 
such as the prefrontal cortex, hippocampus and striatum [36]. For this 
reason, further research should continue to explore the short- and 
long-term effects of chemotherapeutics, as this will also help in the 
development of therapeutic strategies. 

3.2. Future directions 

Although different investigations have linked the link between the 
adverse effects of chemotherapy and cognitive dysfunction, the causes 
and mechanisms of neurotoxicity are still not well understood. This re
view examined relevant articles published on this topic to gather 
knowledge about the mechanisms associated with chemotherapy- 
induced cognitive impairment. For example, the mechanisms of action 
of several chemotherapeutic agents have been reported to be related to 
increased oxidative stress and mitochondrial dysfunction, which causes 
neuronal damage and therefore affects neurogenesis, neuroplasticity, 
and cognitive function. In addition, evidence shows that oxidative stress 
can disrupt the integrity of the blood-brain barrier, allowing neurotoxic 
substances to enter the brain parenchyma. Therefore, the systemic 
administration of antioxidant molecules or protectors of mitochondrial 
activity may be promising in preventing cognitive deterioration. Like
wise, plant-derived natural products could potentially prevent or reduce 
chemotherapy-initiated neurotoxicity. Then, there is a need to explore a 
possible therapeutic approach to minimize the neurotoxicity induced by 
systemic chemotherapeutic agents. 

On the other hand, CRCI can be caused by an increase in the levels of 
proinflammatory cytokines, which leads to an increase in inflammation, 
with effects in the reduction of metabolism in critical regions for 
learning and memory processes, such as the hippocampus, which can 
lead to memory impairment. Additionally, it has been reported that the 
induced inflammatory environment decreases the integrity of the BBB 
and makes it permeable to neurotoxins. Alternatively, peripheral leu
kocytes and neutrophils can induce microglia and macroglia activation 

with increased proinflammatory cytokine production. In this scenario, 
naturally occurring molecules with anti-inflammatory activity together 
with combination chemotherapy could be a novel therapeutic approach 
to prevent the progression of neurotoxicity in patients treated for cancer. 

On the other hand, the mechanisms that imply the reduction of 
neurogenesis, the deregulation of plasticity, and, therefore, neuronal 
dysfunction still need to be clarified and investigated in future studies 
since they could shed light on pharmacological targets that allow the 
development of therapeutic strategies preventative against chemo brain. 

Since most of the original articles presented here report results ob
tained in healthy mouse models, it is essential to validate these results in 
cancer models, rarely contemplated, to dissect chemotherapy-induced 
cognitive impairment from the effects induced by the disease itself. In 
addition, during the review, it became apparent that some murine 
models used only males or only females or only ovariectomized females. 
In these cases, valuable information about the effect of chemotherapy in 
the groups not under consideration could be lost. Therefore, it would be 
enlightening if more controls could be considered within the experi
mental design to have a global vision of the results obtained. 

4. Conclusion 

Cancer-Related Cognitive Impairment is a complex phenomenon 
mediated by altered neurobiological mechanisms that lead to neuro
toxicity, decreasing functionality directly or indirectly. The main 
neurotoxic effects rely on increased oxidative stress and mitochondrial 
dysfunction that finally can lead to the loss of neuronal plasticity, 
inducing decreased dendritic arborization, loss of spines, demyelination, 
and alterations related to neurotransmission that may cause neuro
degeneration. Other mechanisms of damage indirectly caused by the 
effect of glial cells (macroglia or microglia), such as neuroinflammation 
and damage to the BBB, are highlighted in the pathophysiology. 
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