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ARTICLE INFO ABSTRACT

Keywords: Background: Cancer survivors frequently experience cognitive impairments. This systematic review assessed
Cognition animal literature to identify artificial (pharmaceutical) or natural interventions (plant/endogenously-derived) to
Cancer reduce treatment-related cognitive impairments.

Eﬁ:ﬁ;‘:ﬁ:ﬂg}/ Methods: PubMed, EMBASE, PsycINFO, Web of Science, and Scopus were searched and SYRCLE's tool was used
Interventions for risk of bias assessment of the 134 included articles.

Results: High variability was observed and risk of bias analysis showed overall poor quality of reporting. Results
generally showed positive effects in the intervention group versus cancer-therapy only group (67% of 156
cognitive measures), with only 15 (7%) measures reporting cognitive impairment despite intervention. Both
artificial (61%) and natural (75%) interventions prevented cognitive impairment. Artificial interventions
involving GSK3B inhibitors, PLX5622, and NMDA receptor antagonists, and natural interventions utilizing
melatonin, curcumin, and N-acetylcysteine, showed most consistent outcomes.

Conclusions: Both artificial and natural interventions may prevent cognitive impairment in rodents, which merit
consideration in future clinical trials. Greater consistency in design is needed to enhance the generalizability
across studies, including timing of cognitive tests and description of treatments and interventions.

Systematic review

1. Introduction treatments, including considerable cognitive impairment (Schagen

et al., 2022; Phillips et al., 2021). Symptoms in patients often include

The number of cancer survivors has increased over time owing to the difficulties with attention, working memory, executive functioning, and

development of more efficacious therapies, including surgery, chemo- processing speed that can significantly impact daily functioning and
therapy, targeted therapy and radiotherapy (Miller et al., 2022). How- quality of life (Schagen et al., 2022; Phillips et al., 2021).

ever, a subset of survivors experience long-term side effects of the Cranial radiotherapy is often a crucial part of standard care for

Abbreviations: SD, Standard deviation; SE, Standard error; TIAB, Title/abstract; RT, Radiotherapy; CIS, Cisplatin; DOX, Doxorubicin; CSF1R, Colony-stimulating
factor 1 receptor; CNS, Central nervous system; RoB, Risk of bias; SSRI, Selective serotonin reuptake inhibitor; PAT, Passive avoidance test; MWM, Morris water
maze; NOR, Novel object recognition test; NLR, Novel location recognition test; NOPR, Novel object in novel place recognition test; FC, Fear conditioning test; TO,
Temporal order memory test; DL, Discrimination learning test; REF, Renewal of extinguished freezing; SABT, Spontaneous alternating behavior test; NMTS, Non-
matching to sample test; DNMTS, Delayed non-matching to sample test; OWA, One-way avoidance; TWO, Two-way avoidance; DRL, Differential reinforcement of low
rates; COD, Context object discrimination; CM, Cued memory; OIC, Object in context; NA, Not applicable; ND, Not determined; Gy, Gray; WBRT, Whole brain
radiotherapy; NMDA, N-Methyl-D-Aspartate; AchE, Acetylcholine esterase; ICCTF, International cancer and cognition task force.
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treating brain tumors. However, cranial radiotherapy also affects
healthy surrounding tissue (Wong and Van der Kogel, 2004), which may
contribute to the cognitive deficits observed in long-term functioning
after cancer treatment (Makale et al., 2017; Durand et al., 2015). More
than half of the patients receiving cranial radiotherapy develop cogni-
tive problems months to years after therapy (Zyrianova et al., 2016;
Greene-Schloesser et al., 2012), in areas of memory, executive func-
tioning, and processing speed (Ramirez-Guerrero et al., 2021). As a
result, current practice increasingly advises the use of stereotactic
radiosurgery (SRS) to minimize radiation-induced cognitive impairment
(Ohira et al., 2018). Although radiation margins have become smaller,
many brain tumor survivors still experience behavioral and psycholog-
ical problems due to the treatment and/or the tumor. Also, SRS is not
always suitable; for example, depending on the volume and number of
brain metastases, patients can be treated with either SRS or whole brain
radiotherapy. For example, patients with medulloblastoma often require
cranial-spinal radiotherapy and prophylactic whole brain radiotherapy
is given in patients with small cell lung cancer to prevent development of
brain metastases. Furthermore, chemotherapy is prescribed to treat
various tumor types by inhibiting cell growth, and are a central and
essential part of many cancer treatments. However, chemotherapy can
lead to unintended toxicity to the brain (Was et al., 2022) and this effect
can occur not only after chemotherapy aimed at targeting brain tumors,
but also after non-brain targeted chemotherapy for solid non-central
nervous system (CNS) tumors (Was et al., 2022). Unintended effects
from chemotherapy results in cognitive impairments in a subset of pa-
tients (10-40% of all cancer patients) (Whittaker et al., 2022; Janelsins
et al., 2014). It is currently not completely understood which patients
will be affected, although there is some evidence that age, cognitive
reserve, psychological comorbidities and genetic predisposition are risk
factors (Orszaghova et al., 2021; Hardy et al., 2018). The cognitive
impairments tend to be subtle, as patients typically score within the low
average range on cognitive tests in both adult (Schagen and Wefel, 2013;
Nelson and Suls, 2013) and pediatric cases (van der Plas et al., 2021).
Besides chemotherapy and radiation therapy, other anti-cancer treat-
ments such as immunotherapy (including CAR-T therapy), hormonal
therapy and anti-angiogenic therapy have also been suggested to induce
cognitive impairment (Schagen et al., 2022; Orszaghova et al., 2021;
Joly et al., 2020, 2016; Lange et al., 2022; Ng et al., 2014). Results from
ongoing clinical trials will provide further evidence on the impacts of
these treatments. However, in clinical practice, neurological toxicity
after immunotherapy is observed (Burton et al., 2021).

To improve cognitive function after cancer therapy, various ap-
proaches are currently under investigation and may be beneficial for
patients. For example, some interventions have included exercise, psy-
chological intervention and the use of food supplements or pharma-
ceuticals. Although behavioral interventions such as attention training,
instructions on coping strategies, and mindfulness practices have shown
success in improving cognitive symptoms in adult (Pendergrass et al.,
2018) or pediatric groups (Hocking et al., 2021), pharmaceutical in-
terventions may offer a more targeted biological benefit. Furthermore,
natural approaches, such as curcumin, hold promise as they could be
more appealing to patients in contrast to pharmaceutical methods, like
methylphenidate. However, natural compounds have limitations, such
as the lack of patents that limit funding of clinical trials, unreliable
amount of active ingredients between sources, batch differences, and
quality control (Paller et al., 2016).

An efficient method for evaluating both pharmaceutical and natural
interventions is through pre-clinical animal studies. These studies are
crucial for understanding cognitive impairment and interventions
following cancer therapy, as they provide a controlled environment to
assess pathological mechanisms, unlike clinical studies with their con-
founding factors and time constraints (Pazzaglia et al., 2020; John et al.,
2021). However, despite the narrative and systematic reviews about
potential interventions for cognitive impairment after chemotherapy
(Rooney and Laack, 2013; Ongnok et al., 2020; Rao et al., 2022; Gibson
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and Monje, 2019; Matsos and Johnston, 2019), a comprehensive and
systematic review that focuses on both artificial (pharmaceutical) and
natural interventions using rodent models is lacking. Therefore, the aim
of this systematic review was to examine current literature using
pre-clinical rodent models to identify promising artificial and natural
interventions to mitigate cognitive impairment caused by not only
chemotherapy but also radiotherapy. This review highlights the
strengths and limitations of current animal studies, which may help to
identify and accelerate next steps for clinical research in this field.

2. Methods

A comprehensive literature search was conducted according to
Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement guidelines on February 27th 2021. Our methods
were pre-registered in PROSPERO (Record ID:318620). The search was
conducted using PubMed, EMBASE, PsycINFO, Web of Science, and
Scopus. The search strategy, inclusion and exclusion criteria can be
found in supplementary file 1.

The search yielded 8498 results: 2719 duplicates and 935 conference
abstracts were removed, leaving 4844 articles for title/abstract (TIAB)
selection (Fig. 1). TIAB were independently reviewed by at least two
reviewers with a total of five reviewers using Rayyan (Ouzzani et al.,
2016). Discrepancies were resolved by all reviewers by discussion. This
led to the exclusion of 4689 papers, leaving 155 articles for full text
evaluation. Full-text was reviewed independently by at least two re-
viewers with a total of three reviewers. Discrepancies were resolved by
consensus of all reviewers by discussion. After full text selection, 134
articles were left for inclusion.

A standardized form was used to extract data from the included
studies for assessment of study quality and evidence synthesis (Supple-
mentary file 2). Data extraction for the cognitive outcomes was per-
formed by assessing four comparisons for each cognitive test and each
intervention: 1) Did cancer-therapy treated animals perform signifi-
cantly worse compared to vehicle/sham controls? (To determine if the
treatment indeed caused cognitive problems.) 2) Did cancer-therapy
treated animals undergoing intervention perform significantly better
than cancer therapy-treated animals without intervention? (To deter-
mine if the intervention improved/ameliorated these cognitive prob-
lems.) 3) Did the cancer-therapy treated animals undergoing
intervention perform similar to, or better than the vehicle/sham con-
trols? (To determine if the intervention made the animals perform at
control level.) 4) Did the intervention-only group perform similar to, or
better than the vehicle/sham controls? (To determine if the intervention
leads to worsening of cognition outside of cancer treatment effects.) In
general, the effect sizes could not be calculated as the means, standard
deviations (SD), and standard errors (SE) were not always fully reported.

2.1. Risk of bias assessment

SYRCLE’s risk of bias tool was adjusted to meet the needs of this
specific type of research (Hooijmans et al., 2014) (see supplementary file
3). We supplemented Q2a and Q2b as follows: “Adjusted for proper
vehicle/sham controls?” and “Behavior measurement completed at
baseline (before cancer treatment and intervention)?”.

3. Results
3.1. Risk of bias assessment

Risk of bias due to allocation (Q1) was low in 55% of the studies,
whereas 45% did not report on randomization (Fig. 2). All baseline
characteristics required by the ARRIVE guidelines (Percie du Sert et al.,
2020) (Q2) were reported on in 34% of studies, whereas 66% failed to
report on one or more of these characteristics. Vehicle controls (Q2a;
supplementary file 3) were appropriately included in 66% of studies,
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Fig. 1. PRISMA flow diagram visualizing the systematic search performed (Page et al., 2021). Dissertations were removed as they are not peer-reviewed. The
eight studies excluded due to experimental set-up were excluded as the intervention contained virus or extracellular vesicles and no pharmacological or natural
compounds (n = 2), radiation was not aimed to study cancer treatment (n = 2), lack of control group (n = 1), intra-hippocampal delivery of the intervention
compound (n = 1), intervention was not classified for neuroprotection (nicotine, n = 1), thalidomide was not considered as chemotherapy (n = 1).

while 31% had incomplete reporting, and 3% without proper vehicle
controls. Behavioral assessment prior to allocation (Q2b) was performed
in only 4.5% of studies, with 91% not conducting baseline cognitive
assessments. Allocation concealing (Q3), random housing (Q4), and
caregiver blinding (Q5) were only reported in 2% of studies for each
question. Random selection of animals for behavioral measurements
(Q6) was done in 20% of studies, but not reported on in 79% of studies.
Blinding of the behavioral assessor (Q7) was reported in 22% of studies,
the remaining 78% did not mention blinding. Incomplete outcome
assessment (Q8) was deemed low risk of bias in 19% of studies, while a
high risk was determined in 7% of studies. Selective outcome reporting
(Q9) had a low risk in 90% of studies, except for one study that had a
high risk. Other sources of bias (Q10) included the lack of an
intervention-only group, resulting in a high risk of bias in 30% of studies
(Fig. 2).

3.2. Experimental animals

The majority of studies (n = 131) used non-tumor bearing animals
(98%). Only three studies used glioma mouse (n = 2) and rat (n = 1)
models (2%) (Feng et al., 2018; Lu et al., 2018; Pathak et al., 2020).
Among these, data from non-tumor bearing rats were extracted for this
review, as this is most comparable to other studies (Pathak et al., 2020).
Rats were used in 55% of the studies (n = 74) and mice were used in

45% (n = 60) (Fig. 2B). Male mice were predominantly included in
studies (n = 90, 67%) (Fig. 2B). The most prevalent mouse strain was
C57BL/6 (n = 33, 55% of all mouse studies) and the most prevalent rat
strain was Wistar (n = 30; 40.5% of all rat studies). The average age of
rats was 11.2 weeks (SD=11.3, range=0 to 52), and 8.6 weeks for mice
(SD=5.0, range=0 to 26). Notably, 43 studies did not specify the age of
the animals used. Only 12 studies involved animals between neo-
natal/postnatal and three weeks of age (Caceres et al., 2011; Chen et al.,
2020; Elkin et al., 2006; Geraghty et al., 2019; Golchin et al., 2015;
Mickley et al., 1992; Motomura et al., 2010; Thotala et al., 2008;
Yazlovitskaya et al., 2006; Zanni et al., 2021; Zhou, 2017; Gorker et al.,
2011) (an 8-week-old rodent is already considered young adult (Delage
et al., 2021)). The average and median group size was 10 animals per
group (SD=6, range 3 to 60), with four studies lacking information on
group size.

3.3. Cancer therapies used to induce cognitive impairment

The included studies used 19 types of cancer therapy, with cranial
radiotherapy (RT) (n = 40, 29%) being commonly used, followed by
cisplatin (CIS) (n = 21, 15%) and doxorubicin (DOX) (n = 17, 12%) as
monotherapy. Table 1 shows a comprehensive list of therapies used and
Fig. 2B shows the distribution of therapies grouped by chemotherapy
and radiotherapy.
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Fig. 2. Characteristics of the included studies. A. Risk of bias summary graph. Low risk of bias is given when studies reported properly and contained the right
controls e.g. according to the ARRIVE guidelines (Percie du Sert et al., 2020). Unclear risk of bias was given mainly when information was missing. High risk of bias
was given when e.g. controls were not included or data was missing (see supplementary file 3 for the detailed criteria). B. Distribution of the use of rats versus mice,
sex and therapy types used. C. Distribution of intervention types used, categorized as artificial (pharmaceutical compounds) or natural (endogenous product,
plant-based product, etc.) and the timing of the intervention categorized as before/during cancer therapy or after the cancer therapy is completed, both (studies that
compared the timings of the start of intervention administration) or studies where the timing was not specified. D. Prevalence of various memory types measured. B-C
n = number of studies.
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Table 1
Therapy types used in the included studies.
Chemotherapy Radiotherapy
Therapy type N studies Therapy type N studies
(%) (%)
Cisplatin 21 (25%) Cranial radiotherapy 40 (75%)
Doxorubicin 17 (20%) Whole body radiotherapy = 11 (21%)
Combination of 12 (14%) Cranial radiotherapy 2 (4%)
2 + chemotherapies -+ chemotherapy
Methotrexate 11 (13%)
Cyclophosphamide 6 (7%) Total 53
5-fluoro-uracil 5 (6%)
Paclitaxel 2 (2%)
Temozolomide 2 (2%)
Carmustine 1 (1%)
Docetaxel 1(1%)
Vincristine 10%)
Cisplatin + surgery 1 (1%) Targeted therapy
(laparotomy)
Cytosine 1(1%) Therapy type studies
Oxaliplatin 1 (1%) Trastuzumab 1
Total 82 Total 1

Types of interventions used to improve cognitive impairment after cancer
therapy

The interventions used in the included studies were categorized as
artificial (pharmaceutical) (n = 76, 55%) or natural substances (n = 63,
45%) (Fig. 2C; Table 2). The timing of interventions varied, with some
administered before or during cancer therapy (n =100, 75%), and
others given after completion of cancer therapy (n = 22, 16%) (Fig. 2C).
Nine studies (7%) compared the two timings of intervention adminis-
tration, and three studies (2%) did not report the timing of the
intervention.

3.4. Cognitive tests used to measure cognitive impairment in rodents

A total of 233 cognitive measures were employed across the 134
included studies to assess the effects of cancer therapies and in-
terventions (Fig. 2D). Table 3 provides an overview of the cognitive tests
used, along with the specific aspects of cognition measured and the
involved brain regions (Winocur et al., 2018).

In the statistical analysis of most cognitive tests, clear and easily
extractable statistical comparisons (contrasts) between different groups
were defined. However, for NOR and NLR tests, this was often not the
case as the preference/differentiation index, which is the ratio of time
spent interacting with the novel object to the total time spent interacting
with either object, was only compared to chance for each group sepa-
rately. Therefore, it was not possible to draw conclusions about differ-
ences between groups (Cole et al., 2013; Lyons et al., 2012, 2011;
Chaisawang et al., 2017; Sirichoat et al., 2019, 2020; Sritawan et al.,
2020). The same limitation applied when comparing the difference in
exploration time between the novel or replaced object and the familiar
object within each group (Feng et al., 2018; Gibson et al., 2019; Kita-
mura et al., 2017). In other cases, the reference/differentiation indexes
of different groups were only compared to the vehicle/sham controls
(Feng et al., 2016; Iarkov et al., 2016; Verma et al., 2017). In the
extraction table, we recorded “not reported” (NR) for these instances

Table 2
Most frequently used interventions (> 3 studies).
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where the comparisons of interest were not statistically addressed.

3.5. Overdll outcome

The overall results of the interventions were analyzed by cognitive
measure rather than by study, as some studies found improved cognition
on specific measures and not on others. There were 156 cognitive
measures (67%) that demonstrated better cognitive performance in
animals receiving both cancer therapy and intervention compared to
those receiving cancer therapy alone (across 101 studies)(Fig. 3A). For
62 measures (26%), proper contrasts were not assessed or cancer ther-
apy alone did not cause cognitive impairment, making it difficult to
observe a positive effect of the intervention being studied (29 studies).
For 15 cognitive measures (7%), the intervention combined with cancer
therapy did not significantly enhance cognition when compared to
cognitive performance after cancer therapy alone (in 11 studies)
(Fig. 3A). Further analysis of cognitive improvement based on rodent
model (rat versus mouse) and sex (male versus female) did not reveal
apparent differences (Fig. 3B-C). Therefore, studies involving mice, rats,
males, females, or both were not separately assessed in the subsequent
parts of the review. Moreover, the studies that included both males and
females did not demonstrate overt differences in the effects of the
intervention based on sex.

3.6. Changes in cognitive function after radiotherapy

There were 53 studies that used radiotherapy (cranial or whole body)
as a model to induce cognitive impairment, which had a median of 10
rodents (5 to 60) per group. Radiotherapy alone was used in 51 studies,
where two studies used a combination of radiotherapy and chemo-
therapy and one study used both fractionated and single dose radio-
therapy. Forty-two studies used a single dosing regimen (three studies
used two dosages) with a median dose of 8 Gy (2-40 Gy), 12 studies
used fractionated radiotherapy with a median dose per fraction of 4 Gy
(0.5-8.67 Gy) and a median total dose of 23.5 Gy (5-45 Gy). The MWM
was used most frequently as a cognitive measure in the studies using
radiotherapy (n = 29), followed by NOR (n = 20) and FC (n = 10).
Among the studies assessing interventions on cognitive performance
after radiotherapy, seven cognitive measures did not show improvement
with intervention (1 natural, 6 artificial; 8%), while 52 measures
demonstrated improvement (62%) (Fig. 4A).

3.7. Changes in cognitive function after chemotherapy

The most common chemotherapeutic monotherapies included
cisplatin and doxorubicin. Cisplatin (CIS) therapy varied in duration
from a single dose of 7 mg/kg to 7 weeks of treatment (5 mg/kg/week),
with the total cumulative dose varying between 7 and 35 mg/kg (22.3
+ 8.8; mean + SD) and a median of 10 rodents (5 to 15) per group.
Doxorubicin (DOX) therapy varied in duration from a single dose of
25 mg/kg to 8 weeks of treatment (2.5 mg/kg/5 days), with the total
cumulative dose varying between 8 and 27.5 mg/kg (18.0 + 8.1; mean
+ SD) with a median of 10 rodents (6 to 12) per group. The MWM was
the most frequently used cognitive measure and showed cognitive
impairment in 31 out of 32 studies after chemotherapy. The NOR

Pharmaceutical interventions

Intervention (mechanism) N studies (%)

Natural interventions

Intervention (mechanism) N studies (%)

PLX5622 (colony-stimulating factor 1 receptor inhibitor) 5 (7%)
Donepezil (acetylcholinesterase inhibitor) 5 (7%)
Fluoxetine (selective serotonin reuptake inhibitor) 4 (5%)
Metformin (biguanides) 4 (5%)
Lithium (mood stabilizer/GSK-3f antagonist) 4 (5%)

Melatonin (hormone) 6 (10%)
Curcumin, or by product of curcumin (food additive) 5 (8%)
N-acetylcysteine (animo acid, antioxidant) 4 (6%)
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Table 3
Cognitive tests used categorized according to the international cancer and
cognition task force (ICCTF) guidelines (Winocur et al., 2018).

Brain region Cognitive Task

function

Frequency

Frontal lobe Temporal Temporal order memory test 2

sensitive order (TO)

Rule learning Operant conditioning 1

Non matching to sample test 1
(NMTS)
Delayed non matching to 1
sample test (DNMTS)
Differential reinforcement of 1
low rates (DRL)
Morris water maze (MWM) 71
Novel location recognition 28
test (NLR)
Novel object in novel place
recognition test (NOPR)
Hebb-Williams maze
Radial maze
Puzzle box
Barnes maze
Radial arm water maze
Object in context test (OIC)
Discrimination learning test
(DL)
Cued Memory (CM) 1
Novel object recognition test 50
(NOR)
Y-maze 13
T-maze spontaneous 1
alternation
Spontaneous alternating 1
behavior test (SABT)
Social discrimination 1
Passive avoidance test (PAT) 23
Active avoidance (short term 2/2
/ long term)
One-way avoidance test 2
(OWA)
Two-way avoidance test 1
(TWA)
Shuttle box (sort of PAT) 1
(Contextual) Fear 12
conditioning test (FC)
Renewal of extinguished 1
freezing (REF)
Context object discrimination 1
(COD)

Conditional

Hippocampus
sensitive

Spatial

EN

o N NN W

Recognition

Internal
inhibition

Context

(n = 28), NLR (n = 18) and passive avoidance task (PAT, n = 16) were
also frequently used. In total, 105 cognitive measures showed
improvement with intervention compared to chemotherapy alone
(70%), while only eight measures did not show improvement (5%)
(Fig. 4B).

3.8. Artificial versus natural interventions to improve cognitive outcomes

Artificial interventions were examined in 75 studies (including one
study with two different experimental set-ups), with a median rodent
group size of 10 (range: 3 to 25). These interventions showed protection
of cognition on 84 cognitive measures (61%), while 12 measures (9%)
did not show improvement compared to cancer therapy only (Fig. 4C).
Donepezil showed protected cognitive performance after chemotherapy
in four out of five studies (Kinra et al., 2021; Winocur et al., 2011;
Philpot et al., 2019; Patel et al., 2020), but not across all cognitive
measures. It failed to improve performance on non-spatial cued memory
and non-matching-to-sample rule-learning (Winocur et al., 2011).
Contrasts were not reported in the fifth study, preventing assessment
(Lim et al., 2016). Notably, in the study by Philpot et al. (2019), done-
pezil treatment during chemotherapy, but not treatment that started
post-chemotherapy, prevented cognitive problems (specifically on the
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MWM) (Philpot et al., 2019). Metformin was assessed in four studies
using chemotherapy with mixed results. Three studies successfully
prevented impairment on four cognitive measures with metformin
(Alharbi et al., 2020; Zhou et al., 2016; Alhowail et al., 2019). However,
one study found that metformin did not prevent the Y-maze deficit
induced by chemotherapy (Alharbi et al., 2020). In another study, the
NLR and NOR measures were reported in a manner that could not be
analyzed (Sritawan et al., 2020), and the effect of metformin could not
be assessed on NOR and elevated plus maze performance due to the
absence of a chemotherapy only effect (Alhowail et al., 2019). In three
studies, lithium (a GSK3B inhibitor) was investigated and found to have
a protective effect on cognitive performance in young animals (birth to 2
weeks of age) using RT (Yazlovitskaya et al., 2006; Zanni et al., 2021;
Zhou, 2017). There was also protection following paclitaxel chemo-
therapy in one study (Huehnchen et al., 2017). Thotala and colleagues
investigated two other GSK3B inhibitors in 2-week-old animals and
observed prevention of radiotherapy-induced cognitive impairment
with both inhibitors (Thotala et al., 2008). However, it should be noted
that the study did not statistically test cognitive impairment after whole
brain radiotherapy (WBRT) alone, hence classified as NR in our data
extraction. The CSF1R inhibitor PLX5622 was used in five studies (Feng
et al., 2018; Gibson et al., 2019; Feng et al., 2016; Acharya et al., 2016;
Allen et al., 2019), but only two studies reported the proper contrasts,
showing protection of impairments upon intervention (Acharya et al.,
2016; Allen et al., 2019). Various NMDA-receptor antagonists, including
propofol, memantine and dextromethorphan, were examined in five
studies. Cognitive function was maintained on five measures (Mickley
etal., 1992; Zhou and Qiu, 2019; Cheng et al., 2017; Vijayanathan et al.,
2011), while contrasts were not reported for the remaining measure
(Cole et al., 2013).

Natural interventions were analyzed in 62 studies (including one
study testing two natural interventions), with a median rodent group
size of 10 (range: 4 to 60). Administration of natural interventions
resulted in protection on 72 cognitive measures (75%), while 3 cognitive
measures (3%) remained impaired (Fig. 4D). Curcumin consistently
demonstrated protection of cognitive performance across all measures in
the five studies examined (Pathak et al., 2020; Kinra et al., 2021; Ako-
molafe et al., 2020; Oz et al., 2015; Yi et al., 2020). These included
cisplatin, temozolomide, cyclophosphamide, combination chemo-
therapy, or whole-body RT. In one study, curcumin provided 14 days
before or 14 days after administration of cyclophosphamide both
showed prevention or improvement on cognitive measures (Akomolafe
et al., 2020). Melatonin (or a melatonin agonist) was evaluated in six
studies with mixed results. It ameliorated cognitive deficits in three
studies after chemotherapy (Chen et al., 2020; Song et al., 2010; Can-
kara et al., 2021), but contrasts for NLR/NOR were not reported two
studies (Sirichoat et al., 2019, 2020), limiting analysis. In one study, the
short-term version of the active avoidance test did not show impairment
with chemotherapy treatment alone (Song et al., 2010), thus, there was
no cognitive impairment to prevent with the melatonin intervention.
However, the other two cognitive measures were impaired after
chemotherapy and impairment was prevented upon intervention. After
whole body RT, one study showed no significant impairment in the
MW\, however melatonin significantly protected escape latency upon
melatonin intervention (Manda et al., 2009). N-acetylcysteine was
evaluated in four studies after chemotherapy, showing a protective ef-
fect on three cognitive measures in three studies (Lomeli et al., 2017;
Kitamura et al., 2021; Konat et al., 2008). However, for three other
cognitive measures, conclusions could not be drawn due to either lack of
effect of chemotherapy only (Koros et al., 2007) or inadequate reporting
(Lomeli et al., 2017).

When considering radiotherapy studies, artificial interventions pre-
vented cognitive impairment on 33 cognitive measures (55%), with six
measures that remained impaired (10%). In contrast, natural in-
terventions protected outcomes on 19 cognitive measures (79%), with
only one measure maintaining impairments (4%)(Fig. 4E). Regarding
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Fig. 3. Outcomes of the included studies overall and stratified by species and sex. A. Outcomes of all studies together. B. Outcomes stratified by rats and mice.
C. Outcomes stratified by sex. A-C Not applicable/Not determined (NA/ND; grey) signifies that there was either no cognitive defect to improve, or the results are not
reported in a way that the effect of the intervention group could directly be compared to the cancer therapy alone group. n = cognitive measures.

chemotherapy studies, the difference in success rates between artificial
and natural interventions is less pronounced (66% and 73% improve-
ment, respectively) (Fig. 4E).

3.9. Timing of interventions and its effect on improvement of cognitive
impairment

Finally, we investigated the timing of interventions and their impact
on cognitive impairment. In 31 studies (median of eight rodents per
group; range: 3 to 25), administering interventions after cancer therapy
protected cognitive performance for 34 measures (67%), while five
measures (10%) remained impaired (Fig. 4F). In contrast, administering
interventions before or during cancer therapy prevented impairment on
119 measures (68%), with only 10 measures maintaining impairment
(5%). These findings were observed in 109 studies (median of 10 rodents
per group; range: 4 to 60) (Fig. 4F). Of these studies, nine directly
compared intervention before/during cancer therapy to starting the
intervention only after cancer therapy completion (median of 10 rodents
per group; range: 6 to 25). Out of the six studies reporting cognitive
measures and conducting between-group comparisons, three found
protected cognitive performance using both intervention approaches
(Akomolafe et al., 2020; Hensler et al., 2014; Johnston et al., 2017),

while two studies observed protection of cognitive performance only
when the intervention started before or during the cancer treatment
(Philpot et al.,, 2019; Zhao et al., 2007). Additionally, one study
compared pre-treatment to concurrent treatment and found protection
of cognitive performance only with pre-treatment (Hosseinzadeh et al.,
2021).

4. Discussion

In our examination of pre-clinical rodent models, both artificial and
natural interventions were effective in preventing or ameliorating radio-
and chemotherapy induced cognitive impairment. Overall, 67% of
cognitive measures (in 101 studies) showed better performance with
intervention, compared to cancer therapy alone. Interventions appeared
to be slightly more effective in protecting chemotherapy-induced
cognitive impairment (70%) compared to radiotherapy-induced cogni-
tive impairment (62%). Natural interventions had slightly higher
numbers than artificial interventions, with 75% of measurements
showing protection with natural interventions versus 61% with artificial
interventions. These differences were more pronounced in animals
treated with radiotherapy, where 79% of measurements were protected
with natural interventions compared to 55% with artificial
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Fig. 4. Study outcomes of cognitive measures stratified by cancer therapy, intervention type, and intervention strategy. A-F. Distribution of the cognitive
measure outcomes. Not applicable/Not determined (NA/ND; grey) signifies that there was either no cognitive defect to improve, or the results are not reported in a
way that the effect of the intervention group could directly be compared to the cancer therapy alone group. Red signifies that intervention failed to improve therapy-
induced cognitive impairment and green signifies that intervention improved therapy-induced cognitive impairment. Outcomes of cognitive measures after inter-
vention for radiotherapy (A) or chemotherapy-induced cognitive impairment (B). Outcomes of cognitive measures after natural (C) or artificial (D) intervention. E.
Outcomes of cognitive measures after natural or artificial intervention for radiotherapy or chemotherapy-induced cognitive impairment. F. Outcomes of cognitive
measures when interventions were given before/during cancer therapy or started only after cancer therapy was finished. n = number of cognitive measures.

interventions. However, direct comparisons were not conducted and
differences may also reflect publication bias. The timing of interventions
did not have a major impact on their effectiveness. Furthermore, no
apparent differences were found when comparing studies using mice or
rats and between studies involving male or female animals, suggesting
that both models are suitable for detecting cognitive impairment and

intervention effectiveness.

Curcumin, a natural intervention, has consistently shown to
ameliorate cognitive impairment induced by various cancer therapies
(whole body RT, cyclophosphamide, combination therapy, cisplatin or
temozolomide), although the number of studies per cancer therapy type
is limited to one or two studies. Authors suggested that curcumin
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normalized cholinergic signaling and thereby improved the cognitive
impairment (Akomolafe et al., 2020; Oz et al., 2015). However, in one
study curcumin reduced acetylcholinesterase (AChE) activity (Akomo-
lafe et al., 2020), whereas it increased AChE activity in another study
(Oz et al., 2015). In other research, the improved cognitive function was
attributed to curcumin’s antioxidant effects (Xie et al., 2014) or
enhanced autophagy in the hippocampus (Yi et al., 2020). Thus,
although the positive effect of curcumin on cognition seems consistent,
the mechanism of action remains unclear.

Multiple studies have investigated the effects of melatonin (Chen
et al., 2020; Sirichoat et al., 2019, 2020; Song et al., 2010; Cankara et al.,
2021; Manda et al., 2007) and N-acetylcysteine (Lomeli et al., 2017;
Kitamura et al., 2021; Konat et al., 2008; Koros et al., 2007), both
functioning as antioxidants, on cognitive impairment. While some
cognitive measures demonstrated protection of cognitive performance,
others lacked proper contrasts for assessment. A recent systematic re-
view also identified curcumin, melatonin, and N-acetylcysteine as in-
terventions with high potential due to their anti-inflammatory
properties (Haller et al., 2023). Overall, these natural compounds hold
promise for preventing or treating cancer-related cognitive impair-
ments, however the mechanisms of action often remain unclear.

GSK3B inhibitors such as lithium show promise as artificial in-
terventions. They have been suggested to stimulate neurogenesis (Zanni
et al., 2021; Zhou, 2017; Huehnchen et al., 2017), reduce apoptosis
(Thotala et al., 2008; Yazlovitskaya et al., 2006; Zhou, 2017), and
inflammation (Zhou, 2017). In this review, pre-clinical studies involving
radiotherapy at a young age have shown potential for GSK3B inhibitors
(Thotala et al., 2008; Yazlovitskaya et al., 2006; Zanni et al., 2021; Zhou,
2017). However, the use of lithium is controversial, used mostly for mood
disorders, and closely monitored due to its potential toxicity, which may
limit its suitability for clinical trials particularly in pediatric cases. NMDA
receptor-antagonists including propofol, memantine, and dextromethor-
phan, demonstrated protection from chemotherapy-induced cognitive
impairment (Zhou and Qiu, 2019; Cheng et al., 2017; Vijayanathan et al.,
2011). Another NMDA receptor antagonist, MK-801, protected from
radiotherapy-induced cognitive impairment (Mickley et al., 1992). While
promising, the specific mechanism of action for these interventions was
not assessed in the included studies. Donepezil showed promise in pro-
tection from chemotherapy induced cognitive impairment (specifically
measured with the Morris water maze) when initiated during chemo-
therapy (Kinra et al., 2021; Winocur et al., 2011; Philpot et al., 2019;
Patel et al., 2020). Donepezil likely acts through the inhibition of AChE,
although this was only assessed in one study (Patel et al., 2020). Inhibi-
tion of CSF1R using PLX5622 has also shown improvement in cognitive
impairment by depleting microglia, suggesting that microglial activation
has detrimental effects on cognitive function (Acharya et al., 2016; Allen
et al., 2019). However, safety assessment of PLX5622 is still being
assessed (e.g. NCT01282684).

A previous systematic review focused on the effects of chemotherapy
on cognition in rodents and assessed the effect of interventions. Similar
to our current review, the previous review found that fluoxetine, N-
acetylcysteine, NMDA inhibitors, phosphodiesterase inhibitors and
acetylcholinesterase inhibitors (rolipram and donepezil) are in-
terventions that are frequently used and showed success in preclinical
studies (Matsos and Johnston, 2019). Not surprisingly, there is a large
overlap in the studies included in the 2019 systematic review that
focused on chemotherapy (Matsos and Johnston, 2019) and the current
review that included both chemotherapy and radiotherapy. Another
systematic review focused on interventions with anti-inflammatory
properties on chemotherapy-induced cognitive impairment. These au-
thors also included many of the compounds named in our study as po-
tential candidates, such as curcumin, N-acetylcholine, lithium,
memantine and melatonin (Haller et al., 2023). In line with our findings,
they also found that many compounds were only assessed in a single
study, hampering interpretation of efficacy. In addition to the variability
in methodology that limits the certainty of evidence, overall, the
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previous studies had a low certainty of evidence by their assessment
(Haller et al., 2023). These findings are also in line with our risk of bias
assessment (see below). Our review adds to these previous studies by
focusing on both chemotherapy- and radiotherapy-induced cognitive
impairments and examining both artificial and natural approaches as
possible interventions to prevent these deficits in animal models.

4.1. Bias assessment shows high risk of bias on various components that
affect the quality of studies

In the risk of bias assessment, four studies (3%) lacked proper
vehicle- or sham-controls, and 42 studies (31%) did not provide suffi-
cient details to assess bias properly. One third of the studies did not
adhere to the requirement of proper control groups according to the
ARRIVE guidelines (Percie du Sert et al., 2020). Furthermore, 122
studies (91%) did not include baseline cognitive performance mea-
surements before allocation to cancer treatment or intervention, which
is typically conducted in clinical trials but rarely included in rodent
studies. This prevents assessment of inter-individual differences in
baseline cognitive capacity. Several studies also scored high risk of bias
for incomplete behavioral outcome data, lacking information on the
number of animals used or specifying the number of dropouts. Often, the
number of animals per group was given as a range, which makes it
impossible to assess whether there were dropouts. From the risk of bias
analysis, it is clear that the ARRIVE guidelines (Percie du Sert et al.,
2020) are often not properly adhered to, which hampers interpretation,
reproducibility, and overall quality of the pre-clinical animal research. A
recent review on reporting adherence to the ARRIVE guidelines in
peer-reviewed publications assessing chemotherapy-induced cognitive
impairment in rodent models found no improvement in adherence to
these guidelines after its implementation (George et al., 2021). This lack
of standardization observed during the current review and risk of bias
assessment is consistent with the findings of that study and warrant
improvements on animal study reporting in the field.

4.2. Limitations of this systematic review

There is large variability in the reporting of cognitive outcomes
across studies, particularly for the NOR and NLR tasks. This is attributed
to the use of various reporting methods, making it difficult to conduct
proper statistical comparisons between all relevant groups. Conse-
quently, the effectiveness of interventions, such as fluoxetine and
several interventions using 5-FU as chemotherapy, could not be properly
assessed. As 67% cognitive measures were protected by intervention and
only 7% of cognitive measures remained impaired regardless of the
intervention, it is likely that there is a publication bias towards positive
outcomes (Wieschowski et al., 2019; ter Riet et al., 2012). In addition,
many interventions were only examined in a single study, which limited
the ability to assess their robustness. Some behavioral measures (e.g.,
non-matching-to-sample, social discrimination, and two-way avoid-
ance) were used in only a single study or in a limited number of studies,
making it challenging to establish their robustness in measuring
cancer-therapy induced cognitive impairment. Our assessment did not
include neurobiological effects and improvements therein, which is
another essential aspect of the success of interventions, but was beyond
the scope of the current review. For the most frequently used in-
terventions in this review, it seems that the molecular mechanisms of
action are often not understood or sometimes the observations are
inconsistent.

4.3. Limitations of the included studies and cognitive studies using rodents

Pre-clinical animal studies predominantly focus on one type of
monotherapy or radiotherapy (81% in this review), limiting the gener-
alizability to the multimodal therapy used in clinical practice. Vari-
ability in cancer therapy parameters (dose, duration, timing) and
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interventions significantly impacts cognitive outcomes and may explain
variability across studies. Timing of behavioral tests after chemo- or
radiotherapy varied largely (median:10-day interval) from immediate to
518 days post-treatment, with 28 studies conducting immediate testing.
This distinction between acute and long-term effects is important for
comparing studies and translating findings to clinic. To enable inter-
study comparisons, improving reporting consistency and standardizing
cancer therapy regimens in animal studies is crucial.

Finally, there is a large gap between rodents and humans in terms of
drug tolerances and toxicity, hampering the translation of pre-clinical
findings to the clinic (Van Norman, 2019). Also, some natural in-
terventions would be difficult to bring into clinic given inconsistency in
these studies (e.g., quality control, batch differences), which highlights
the importance of methodological rigor for any type of pharmaceutical
intervention whether it is naturally occurring or not (Paller et al., 2016).
Although attention, memory, executive functioning, and processing
speed are considered vulnerable aspects in humans, translating cogni-
tive impairment from rodents to humans is challenging due to differ-
ences in cognition complexity, available tests, and training time. For
example, the limited training time for rodents restricts assessing
cognitive effects during developmental stages, as rodents of eight weeks
are already considered young adults (Delage et al., 2021). In cranial
radiotherapy, the standard of care is delivering the total dose (e.g.,
30 Gy or more) over multiple fractions, whereas single high doses in
rodents may not reflect clinical protocols. Despite increasing awareness
of sex bias in experimental research, it remains a concern in pre-clinical
studies where predominantly male rodents are used. Male and female
rodents exhibit differences in neurobiology (Premachandran et al.,
2020) and cognitive processing (Luine et al., 2007), however, a
meta-analysis found no increased variability using female rats in
neurobiological outcomes (Becker et al., 2016). More attention should
be given to using both sexes in cognitive impairment research to explore
sex differences and intervention effects.

4.4. Recommendations for pre-clinical rodent studies

Standardized models should be developed to study chemo- and
radiotherapy induced cognitive impairment in rodents in terms of
cognitive measures, which has previously been suggested by the Inter-
national Cancer and Cognition Taskforce (ICCTF) in 2018 (Winocur
et al., 2018). They recommended including at least one hippocampal
sensitive task (e.g. WMW, NOR, NLR or FC) and one frontal lobe sen-
sitive task (e.g. NMTS or conditional associative learning). The former is
used frequently, but the latter is rarely used, as we showed in this re-
view. To assess attention in rodents, there are various approaches that
can be used, such as the PAT, variable interval-operant conditioning, or
serial choice reaction time task. Novel paradigms could also be devel-
oped to assess these higher-level cognitive functions, such as executive
functioning. Our understanding of temporal effects of cancer therapy on
cognition should improve using standardized and clinically relevant
therapies in rodents, which will also enable robust detection of im-
provements using interventions. There are wide ranges of dosages of
chemotherapy and radiotherapy used, which should be standardized
relevant to clinical settings (e.g., using a combined chemotherapy and
radiotherapy protocol and examine if there are cognitive or neurobio-
logical differences based on protocol used). The methodological and
reporting quality of rodent studies should improve and adhere to the
ARRIVE guidelines for reporting (Percie du Sert et al., 2020). Due to the
poor methodological and reporting quality of the current rodent studies,
including unclear risk of bias, variability in cancer treatment, inter-
vention regimens, cognitive testing, and a lack of replication, caution
should be exercised when interpreting the results. These factors hamper
the possibility to move compounds from pre-clinical animal studies to-
wards clinical trials. Cognitive tests should be better standardized and
reporting should improve to enable quantitative assessments of the an-
imal literature in the form of meta-analysis. This would help to increase
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our understanding of differences in cognitive performance after distinct
cancer therapies and interventions. Currently, 98% of studies use
non-tumor bearing animals. Although challenging, future studies should
include tumor models and their respective therapies to investigate the
effects on cognition, including the effects of tumor formation and
investigate possible negative effects of the intervention on cancer
treatment.

4.5. Future implications for clinical studies

There is significant interest in preventing or reducing cognitive
impairment in clinical settings, with multiple conducted, ongoing, or
planned clinical trials (supplementary file 4). The effectiveness of arti-
ficial interventions in adult and pediatric patients is anticipated,
although the assessment of interventions in pediatric cancer groups re-
mains limited. Our systematic review identifies potential promising in-
terventions for cancer-therapy induced cognitive impairment, including
both natural (e.g., curcumin, melatonin, N-acetylcysteine) and artificial
(e.g., GSK 3p inhibition, PLX5622 and NMDA receptor antagonists) in-
terventions. However, we are cautious in recommending these in-
terventions directly for clinic given the limitations noted above. Proper
safety and dose assessment would be required for clinical studies, and
combining pre-clinical and clinical work may shed light on the trans-
lational potential. Furthermore, trials exploring combination in-
terventions, such as pharmaceutical drugs and exercise, may hold
promise.

Conclusion

In this systematic review, we examined artificial and natural in-
terventions to ameliorate radio- and chemotherapy induced cognitive
impairment in pre-clinical models. Our results suggest that several
artificial interventions (GSK 3p inhibition, PLX5622 and NMDA receptor
antagonists) and natural interventions (curcumin, melatonin and N-
acetylcysteine) may hold promise for future clinical trials, including
examining potential differences in safety and acceptance between arti-
ficial and natural approaches. However, there is inconsistency in
reporting and possible publication bias across studies, and therefore
caution should be taken when interpreting results and greater stan-
dardization is recommended for future research.
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