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Tumor Discovery

Abstract
Advances in diagnostic and therapeutic strategies have significantly contributed to 
an increase in the survival rate of cancer patients. Recently, several studies suggested 
that cancer patients may exhibit symptoms of cognitive impairment before, during 
and even many years after the completion of therapies, negatively impacting the 
quality of life and functional independence of cancer survivors. Clinically, the 
coexistence of cancer and cognitive impairment reminds scientists of paraneoplastic 
syndrome, especially limbic encephalitis. However, some cancer patients show 
symptoms of cognition deterioration after treatment, without any typical psychiatric 
symptoms, epileptic seizures or positive antineuronal antibodies, suggesting that the 
relationship between cancer and cognitive deficits is more common than previously 
anticipated. Most importantly, many aspects of the association between cancer and 
cognitive impairment remain uncertain. The definitive connection between systemic 
cancer and central nervous system is yet to be established. Therefore, this review 
summarizes the current evidence on the potential pathophysiology in these patients 
with cancer-related cognitive impairment, and reviews the knowledge gaps and the 
potential counteracting strategies.
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1. Introduction

Both cancer and cognitive impairment are diseases showing extremely high incidence 
and morbidity rates in China. A  report published in 2019 by Zhou et al.[1] on the 
population health status of 34 provincial administrative regions in China between 1990 
and 2017 indicated that lung and liver cancers ranked among the top five causes of 
reduction in life expectancy. A recent cross-sectional study that included 46,011 people 
aged ≥60 years in China showed that the incidence rates of mild cognitive impairment 
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(MCI) and dementia were as high as 15.5% and 6.0%, 
respectively[2]. With the continuous improvements in 
cancer diagnosis and treatment, the mortality rate has 
declined significantly; the total cancer mortality rate 
declined by 27% from 1991 to 2016, and those for men and 
women declined annually by 1.8% and 1.4%, respectively, 
from 2007 to 2016[3]. Nonetheless, the increase in the life 
span of cancer patients is accompanied by the increased 
rates of sequelae and adverse reactions associated with 
cancer and its treatment. Since 1990s, several studies 
have confirmed the existence of cancer-related cognitive 
impairment (CRCI)[4,5]. Cognitive impairment can 
occur at any stages of cancer, especially during and after 
chemotherapy, which seriously affects the quality of life 
and functional independence of patients and heavily 
burdens their families and the society[6]. At present, CRCI 
mainly refers to impairment in the cognitive domains of 
the short-term and working memory, attention, executive 
functions, and/or processing speed in the patients with 
systemic cancer following chemotherapy[7]. A nationwide 
prospective cohort study in China showed that the 
incidence of cognitive impairment within 6 months after 
chemotherapy in breast cancer patients was significantly 
higher than that in age-matched non-cancer patients, 
which might be associated with anxiety, depression, and 
reduced cognitive reserve at baseline (pre-chemotherapy)
[8]. It is also reported that 30 – 40% of cancer patients 
have CRCI before treatment, up to 75% may experience 
cognitive decline during chemotherapy, and 60% may 
experience cognitive decline after adjuvant therapy[6,9]. 
This suggests that both cancer and its adjuvant therapy 
may affect the cognitive function of patients.

Despite evidence of the existence and adverse effects 
of CRCI, the underlying biological mechanisms remain 
poorly understood. Moreover, it is unclear whether 
cognitive decline is caused exclusively by cancer, its 
treatment, or psychological factors. A  systematic review 
revealed that chemotherapeutic drugs induce the 
production of superoxide radicals in the peripheral blood 
that oxidatively modify apolipoprotein A1. Apolipoprotein 
A1 elevates the pro-inflammatory tumor necrosis factor 
alpha (TNF-α) levels in the peripheral blood, which 
induces oxidative stress in brain parenchyma through 
multiple pathways, thereby inducing apoptosis and 
affecting the cognitive function[10,11]. It is also known 
that reactive oxygen species-mediated oxidative stress 
in the brain tissue is one of the important pathogenic 
mechanisms of Alzheimer’s disease (AD), suggesting that 
it could be the underlying pathophysiological mechanism 
of CRCI. However, some studies have demonstrated 
that the sources of oxidative stress are not identical in 
these two diseases[12]. It is unclear how systemic cancer 

establishes a link with the central nervous system (CNS) 
in the pathological process of eliciting cognitive decline 
and psychobehavioral abnormalities. Therefore, this article 
aims to summarize the research results published in the 
recent decade, reviews, and collates the research progresses 
on the potential pathogenesis of CRCI, and provides 
ideas for exploring early intervention and comprehensive 
management strategies.

2. Direct neurotoxic effects of cancer

2.1. Immunoinflammatory response

Recent studies have shown that the patients with hemato- 
logic malignancies and breast cancer experienced cognitive 
decline prior to receiving any adjuvant therapy[13,14]. 
Cross-sectional studies revealed that magnetic resonance 
imaging of patients with breast cancer and several other 
types of systemic cancers, with or without chemotherapy, 
showed significant reduction in the cortical surface area 
or thickness of multiple brain regions[15]. These studies 
suggested that cancer might have some biological impacts 
on the cognitive function. The tumor microenvironment 
(TME) is a complex network comprising tumor cells, tissue 
stroma, and infiltrating immune cells. All of these can 
produce inflammatory factors, mainly interleukin (IL)-6, 
IL-1β, IL-2, IL-8, IL-17, TNF-α, and granulocyte colony-
stimulating factor (CSF)[16]. Analysis of the inflammatory 
markers in 174 newly diagnosed breast cancer patients 
revealed significant elevated levels of serum IL-1 receptor 
antagonist as compared to the control participants without 
cancer (88 cases)[17]. A  longitudinal cohort study showed 
that the levels of 17 cytokines in 75 early-stage breast 
cancer patients who were on chemotherapy at that time 
fluctuated over the period of 24 months, and the alterations 
were associated with specific cognitive domains. This 
association reveals that prototypical cytokines, such as 
IL-6, TNF-α, and IL-1β, as well as cytokines from multiple 
classes may contribute to the inflammatory environment 
related to cognitive impairment[18]. The cancer itself and its 
microenvironment can produce inflammatory factors due 
to local oxidative stressor environmental stimuli. These 
inflammatory factors enter the brain tissue by directly 
crossing the blood-brain barrier (BBB) or through the 
highly permeable capillaries of the circumventricular 
organs (CVOs)[19]. They activate the glial cells, thus inducing 
pro-inflammatory signaling cascade or directly interfering 
with important neuronal circuits[20-22]. Consequently, 
the homeostasis and cognitive function are affected, 
thereby establishing a link with the CNS. Moreover, 
the inflammatory factors activate the macrophages and 
dendritic cells in and around the blood vessels of the 
choroid plexus and meninges before entering the brain 
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parenchyma. This further promotes the polarization of 
the inflammatory neuroglial cells and ultimately causes 
pathological, structural, and biochemical changes of the 
neurons associated with cognitive function[16,23].

2.2. Tumor-derived extracellular vesicles (EV)

EVs are a heterogeneous collection of membrane-
bound vesicles released by cells that contain bioactive 
proteins, nucleic acids, and lipids, and are classified into 
exosomes and exfoliated microvesicles according to their 
biological mechanisms[24]. EVs are involved in a variety 
of normal physiological processes such as coagulation, 
immune regulation, tissue regeneration, angiogenesis 
and synaptic plasticity, as well as pathological processes 
such as neurodegeneration and cancer[25]. With respect to 
cancer, EVs are involved in various pathological processes 
related to cancer progression, such as inflammatory 
response, angiogenesis, lymphogenesis, cell migration 
and proliferation, immunosuppression, and invasion[26]. It 
has been established that the initiation, propagation, and 
resolution of the inflammatory responses to CNS injuries/
diseases rely on inflammatory factors and microRNAs 
(miRNAs), both of which are contained in EVs[27]. Animal 
experiments have shown that intravenous administration 
of serum exosomes in the recipient mice from donor mice 
injected with lipopolysaccharide induced an inflammatory 
response in the CNS. A  series of changes, such as 
microglial activation, gliosis, increase of pro-inflammatory 
factors (IL-6 and TNF-α) and production of inflammatory 
miRNA-155, were observed in the recipient mice[28]. 
Additionally, a growing line of evidence shows that EVs 
can serve as novel mediators of cellular communication 
during normal development and physiological functions 
of the CNS, as well as normal neuronal regeneration[29]. 
Under conditions of nutritional deficiency and oxidative 
stress, neurons can enhance their own viability by 
internalizing exosomes released from oligodendrocytes[30]. 
Astrocytes release exosomes containing heat shock 
protein 70, which also promotes neuronal survival[31]. 
The uptake of microglia-derived exosomes by neurons 
induces production of sphingosine and enhances 
excitatory neurotransmission[32], suggesting that both 
neurons and supporting cells can participate in cellular 
communication by secreting exosomes. Tumor-derived 
EVs may be involved in physiological and pathological 
processes (synaptic growth and plasticity) by mediating 
the communication between neurons, thereby affecting 
brain activity and cognitive function[33]. CNS tumors, such 
as glioblastoma, remodels the TME by secreting exosomes 
to induce intracellular transfer of tumor-derived long 
noncoding RNA SBF2-AS1, or the exosomes secrete pro-
permeability factors (e.g., semaphorin 3A) that disrupt the 

integrity of the vascular endothelial barrier and induce 
cognitive impairment[34,35]. In systemic cancers, the EVs 
may affect the cognitive function by activating brain 
metastasis, which disrupts the BBB integrity, secreting 
pro-permeability factors to increase BBB permeability and 
inducing a peripheral blood immune response that triggers 
brain stress responses[36].

2.3. BBB dysfunction

BBB is a barrier structure formed by endothelial cells 
interacting with pericytes, astrocytes, neurons, and 
microglia of the neurovascular unit. BBB not only 
restricts the entry of potential neurotoxic components 
and pathogens from the blood into the brain tissue, 
but also controls the transport of nutrients and energy 
sources required by the CNS and essential molecules in 
the blood. In addition, it transports brain metabolites 
to the periphery to maintain CNS homeostasis and 
function[37]. Although BBB has a strong regulatory effect, 
it is also very fragile. Disruption of any component of 
the structure may induce abnormal neuronal signaling 
and disrupt the synaptic integrity and BBB permeability, 
leading to CNS diseases such as ischemic stroke, AD, brain 
tumors, and systemic inflammation. The most significant 
and common pathogenesis of these diseases is the effect 
of neuroinflammatory changes on BBB dysfunction 
and disease progression[37,38]. As previously discussed, 
inflammatory factors produced by the cancer cells and 
TME can enter the CNS by disrupting the BBB integrity 
or increasing its permeability, subsequently activating 
glial cells and further initiating the pro-inflammatory 
signaling cascade, thus affecting the cognitive function. 
In vitro and in vivo BBB model studies have shown that 
EVs secreted by breast cancer cells could enter the brain 
tissue by transcytosis of the vascular endothelial cells 
or by disrupting the BBB integrity through CVOs[39]. 
Dysfunction of the active efflux transport in the BBB can 
impair the clearance of toxic substances such as β-amyloid 
(Aβ). The accumulation of Aβ in the brain tissue can 
promote pathological changes in tau protein and induce 
or exacerbate cognitive impairment, which is very similar 
to the pathogenic mechanisms of AD[40]. Furthermore, 
persistent angiogenesis and immunosuppression are the 
typical features of cancer, and pathological angiogenesis 
is associated with abnormal blood flow and dysfunction 
of the BBB[41]. Angiopoietin-2 is an early vascular marker 
in glioblastoma multiforme. In addition to regulating 
vascular development, maturation, and immediate 
vascular response, its overexpression can lead to pericyte 
defects, disruption of endothelial cell integrity, and 
interference with the BBB function[42]. Thus, immune 
inflammatory factors and EVs released by cancer cells 
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can lead to abnormal angiogenesis and other pathogenic 
changes that can disrupt the integrity and physiological 
function of the BBB. BBB dysfunction can also exacerbate 
the pathological protein deposition in the brain tissue and 
aggravate cognitive impairment.

3. Antitumor therapy-related neuronal 
damage

3.1. Chemotherapy

The adverse effects of cancer chemotherapies often manifest 
as peripheral neuropathy, ototoxicity, pulmonary fibrosis, 
as well as abnormalities in hepatic and renal functions[43]. 
Recently, there have been several reports on chemotherapy-
induced cognitive impairment (CICI), and some scholars 
refer this impairment of attention, memory, learning and 
language function, and other cognitive domains to as 
“chemo brain” or “chemo fog”[44]. CICI can occur both during 
or several years after chemotherapy[6,45]. A  nationwide 
longitudinal cohort study in China showed that patients with 
stage I-IIIC breast cancer exhibit significant impairment 
in multiple cognitive domains, including memory, 
attention, and executive functions, within 6  months after 
chemotherapy[46]. There is a dose-response relationship 
between chemotherapy drugs and cognitive function. 
Collins et al.[47] performed neuropsychological tests in 60 
postoperative patients with early-stage breast cancer before 
chemotherapy and at the end of each chemotherapy cycle. 
They found that the cognitive function of the patients 
undergoing chemotherapy declined progressively during 
the course (i.e., as the doses of chemotherapy drugs 
increased). Although there are a variety of chemotherapy 
drugs, the cognitive and neurological effects of only a 
selection of drugs have been reported, mainly alkylating 
agents (cyclophosphamide), antimetabolites (methotrexate 
and 5-fluorouracil), cytotoxic antibiotics (doxorubicin), 
antimicrotubule agents (paclitaxel and docetaxel), 
monoclonal antibodies (trastuzumab and rituximab), and 
immune checkpoint inhibitors[48]. The specific etiology and 
pathogenesis of CICI remain unclear. Based on the available 
research evidence, the hypothesized pathogenesis involves 
multiple dimensions, mainly direct neurotoxic effects of 
drugs, immune dysfunction, oxidative stress response, 
and altered cerebral blood flow[48,49]. The transport of 
cisplatin, a commonly used chemotherapy agent for lung 
cancer, across the BBB is mediated by the copper uptake 
protein copper transporter 1, which, in turn, induces brain 
network abnormalities, impaired glucose metabolism, 
and cognitive impairment[50]. Animal studies have shown 
that systemically administered chemotherapy drugs, such 
as cisplatin and carmustine, act on the CNS progenitor 
cells, whose proliferation produces oligodendrocytes that 

are important for myelin formation and neuroplasticity; 
the myelinated axons constitute the white matter of the 
brain[47,51]. Furthermore, 5-fluorouracil is associated 
with reduced myelination of the corpus callosum and 
dysregulated expression of oligodendrocyte transcription 
factor 2 in rats[52]. The number of oligodendrocytes and their 
progenitor cells in the white matter, volume of the corpus 
callosum, and myelin basic protein decreased significantly 
in a rat cancer model after 6 and 16 months of treatment 
with methotrexate[53]. This suggests that the toxic effects of 
chemotherapy agents are associated with myelin formation 
and white matter abnormalities in the brain regions related 
to cognition. In addition, the toxic effects of these drugs may 
also lead to increased necrosis and apoptosis and reduced 
proliferation of the hippocampal neurons, interfering with 
the neurogenesis in the hippocampus and other regions, 
which in turn affects learning and memory[54,55]. Moreover, 
chemotherapy drugs promote the release of inflammatory 
factors in the peripheral blood, which subsequently cross 
the BBB or induce the release of inflammatory factors in 
the CNS. This causes cognitive impairment by mediating 
neuroimmune inflammatory responses and affecting 
epigenetic modifications. Doxorubicin can increase the 
levels of inflammatory factors and TNF-α in the peripheral 
blood; the latter crosses the BBB through receptor-
mediated endocytosis and accumulates in the brain tissue, 
causing oxidative and nitrosative damage to important 
biomolecules, mitochondrial dysfunction, and neuronal 
apoptosis[56,57]. On the other hand, chemotherapy drugs can 
activate the microglia to release pro-inflammatory factors, 
such as IL-6 and TNF-α, or alter the interaction between 
astrocytes and oligodendrocytes, inhibit hippocampal 
neurogenesis and myelin plasticity in white matter, and 
interfere with neurotransmission and axon formation, thus 
resulting in cognitive impairment[58-60]. Animal experiments 
showed that the levels of inflammatory mediators, such 
as IL-1β, TNF-α, and cyclooxygenase-2, increased 
significantly and the level of the anti-inflammatory 
factor IL-10 decreased in rats 4 weeks after 5-fluorouracil 
injection[52]. Lyon et al.[61] suggested that inflammatory 
factors might induce DNA methylation mediated by protein 
enhancer of zeste 2 (an important DNA repair enzyme) and 
chromosomal instability (telomere shortening), causing 
cell death or abnormal gene expression, ultimately leading 
to CICI. Oxidative stress caused by an imbalance between 
the generation of reactive oxygen species (including free 
radicals and peroxides) and the biological antioxidant 
defense system is considered another potential pathogenic 
mechanism of CICI. Animal experiments showed that 
doxorubicin treatment increased the sensitivity of calcium-
mediated brain mitochondrial permeability transition pore 
in rats and the mitochondrial membrane permeability, 
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which, in turn, led to mitochondrial swelling and rupture 
and induced oxidative stress in the brain tissue[62]. 
Methotrexate increases the level of malondialdehyde in 
rat cerebellum by interacting with enzymes in the folate 
metabolic pathway, thereby inducing oxidative stress[63]. 
Chemotherapy-activated oxidative stress (accumulation 
of reactive oxygen species) induces mitochondrial DNA 
mutations and reduces the antioxidant capacity of CNS, 
resulting in cognitive impairment[64]. In addition, it damages 
the cerebral vasculature by exacerbating thrombosis 
and interfering with cerebral small vessel perfusion or 
activating transcription factor 3-mediated lipotoxic brain 
microvascular injury, resulting in cognitive impairment by 
a mechanism similar to that of vascular dementia[65].

3.2. Other adjuvant therapies

In addition to chemotherapy, hormonal therapy, or 
endocrine therapy, targeted therapies such as those with 
anti-angiogenic agents, and immunotherapy can also 
cause cognitive impairment. Endocrine therapies for breast 
cancer include selective estrogen receptor modulators 
(e.g., tamoxifen) and aromatase inhibitors (e.g., letrozole). 
Tamoxifen treatment can affect specific cognitive domains 
such as memory, language function, executive functions, 
and processing speed in patients with breast cancer[66]. 
Cell line models showed that tamoxifen could not only 
affect the neuronal activity by modulating exocytosis and 
catecholamine storage in vesicles but also acts on voltage-
gated potassium channels to interfere with the secretion of 
neurotransmitters, thereby affecting cognitive function[67]. 
Spatial working memory impairment was observed in 
primates after letrozole administration, which might be 
related to increased estradiol levels and reduced neuronal 
excitability in the hippocampus after drug administration[68]. 
A  prospective study showed that approximately 31.03% 
(18/58) of 75 patients with metastatic renal cell carcinoma 
receiving targeted therapy suffered from the impairments 
in information processing and working memory unrelated 
to fatigue[69]. A  cross-sectional study by Mulder et al.[70] 
compared the cognitive functions of patients with metastatic 
renal cell carcinoma or gastrointestinal stromal tumors 
receiving targeted therapy with vascular endothelial growth 
factor receptor (VEGFR) inhibitors (sunitinib or sorafenib), 
patients with untreated metastatic renal cell carcinoma, and 
healthy controls. They found that the cognitive functions, 
particularly learning, memory, and executive functions, 
were significantly reduced in cancer patients. Moreover, 
these cognitive impairments were more severe in the cancer 
patients receiving anti-angiogenic therapy than in those 
receiving others. Targeted anti-angiogenic agents, such as 
sunitinib, may induce cognitive impairment by blocking 
VEGFR2 signaling, autophagy, and overactive apoptosis[71]. 

Immunotherapies mainly comprising immune checkpoint 
inhibitors and chimeric antigen receptor T-cell (CAR-T) 
therapy are the most promising approaches for cancer 
treatment to date. At present, the evidence of cognitive 
impairment caused by antitumor drugs is mostly focused 
on chemotherapy and targeted therapy, and there is still a 
lack of basic and clinical studies on the relationship between 
immunotherapy and cognitive function[72,73]. This may be 
attributed to the frequent use of novel antitumor therapies 
in combination with other therapies, small sample sizes for 
clinical studies, and difficulty in excluding the interference 
of chemotherapy or radiotherapy with cognitive function[74]. 
A prospective multicenter phase II clinical trial showed that 
patients with refractory large B-cell lymphoma treated with 
CAR-T therapy might develop neurological symptoms, such 
as delirium, cognitive impairment and encephalopathy, 
myelosuppression, and cytokine release syndrome (CRS)[75]. 
CAR-T therapy leads to CRS by activating T lymphocytes 
and recruiting neighboring immune cells to release a range 
of inflammatory factors and CSFs, thus affecting multiple 
organs and systems including the CNS[76,77]. Radiotherapy 
is a crucial treatment modality for metastatic tumors as 
well as head and neck malignancies. It has been established 
that radiotherapy parameters have a negative impact on the 
cognitive function, including total dose, dose per fraction, 
and treated volume[78]. A  cohort study by McDowell 
et al.[79] showed that a moderate to high proportion of 
patients with nasopharyngeal carcinoma treated with 
intensive radiotherapy developed cognitive impairment 
and psychobehavioral abnormalities, particularly apathy, 
disinhibition, and executive dysfunction. A cross-sectional 
study of 78  patients with primary brain tumors treated 
with radiotherapy showed that hippocampal tissues were 
susceptible to radiotherapy, and high-dose radiation to 
the left hippocampus led to impaired verbal learning and 
memory[80]. A  systematic review suggested that acute 
radiotherapy could synergistically alter the signaling 
microenvironment in progenitor cell niches in the brain and 
hippocampus by triggering CNS inflammation, damaging 
neuronal lineages and glial cells and their progenitors, 
and disrupting the integrity of the supporting structures, 
thereby causing progressive neuronal loss and cognitive 
impairment[81].

4. Common risk factors for cancer and 
cognitive impairment
Aging is a common risk factor for many diseases, including 
cancer and neurodegenerative disorders. It is believed that 
cumulative adverse reactions lead to genomic instability, 
mitochondrial dysfunction, DNA damage, or impaired 
DNA repair process[82]. Cancer and neurodegeneration 
with cognitive impairment may share common signal 
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transduction pathways that regulate cell survival and death. 
A common tumor suppressor gene, p53, whose mutation 
or dysfunction can damage the cellular genome, plays an 
important role in the development and progression of 
cancer. Systematic reviews have hypothesized that in aging 
neurons, dysfunction of proteins that regulate the cell cycle 
and apoptosis, such as p53, may affect the neuronal plasticity 
and function, revealing a bridging role of p53 gene in the 
progression of cancer and neurodegeneration[83,84]. There 
is evidence that DNA methylation and histone acetylation 
play important roles in the activation and suppression 
of cancer genes, and abnormalities of these epigenetic 
modifications are associated with the progression of 
neurodegeneration[85]. Apolipoprotein E (ApoE) plays a 
role in neuronal repair and plasticity after injury, and its 
ε4 allele (ApoE ε4) is closely associated with AD-related 
cognitive impairment and craniocerebral trauma[86]. It was 
found that the cancer patients undergoing chemotherapy 

with at least one ApoE ε4 allele had significantly lower 
scores in all cognitive domains than cancer survivors who 
did not have ApoE ε4 allele[87]. Furthermore, the anti-
inflammatory property of ApoE and its involvement in 
proper neurogenesis can be affected by oxidative stress and 
inflammatory response induced by chemotherapy drugs[88]. 
Thus, CRCI has a complex pathogenetic mechanism in 
which the immune system, genetic factors, host behavior, 
and psychosocial state interact with each other as reciprocal 
causation (Figure  1). Further clinical studies and animal 
models are warranted to fully elucidate its pathogenesis.

5. Conclusion
Cognitive impairment in cancer patients is more common 
than that recognized previously. CRCI may occur 
before, during, or even more than 10  years after cancer 
treatment, primarily involving four cognitive domains, 

Figure 1. Candidate mechanisms and their interrelations between cancer and cognitive impairment.



Tumor Discovery The mechanism of cancer-related cognitive decline

Volume 1 Issue 1 (2022) 7 https://doi.org/10.36922/td.v1i1.46

that is, executive functions, processing speed, memory, 
and attention. At present, although the etiology and 
pathogenesis of CRCI are not well understood, they may 
be related to the biological effects of cancer, adverse effects 
of cancer treatment, or common potential risk factors for 
both cancer and cognitive impairment. Further clinical and 
basic research is warranted in the future to elucidate the 
actual mechanisms of CRCI to develop detailed diagnosis 
and management strategies for such patients.
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