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Chemotherapy-related cognitive deficits (CRCI) as one of the common adverse
drug reactions during chemotherapy that manifest as memory, attention, and
executive function impairments. However, there are still no effective
pharmacological therapies for the treatment of CRCI. Natural compounds
have always inspired drug development and numerous natural products have
shown potential therapeutic effects on CRCI. Nevertheless, improving the brain
targeting of natural compounds in the treatment of CRCI is still a problem to be
overcome at present and in the future. Accumulated evidence shows that nose-
to-brain drug delivery may be an excellent carrier for natural compounds.
Therefore, we reviewed natural products with potential anti-CRCI, focusing on
the signaling pathway of these drugs’ anti-CRCI effects, as well as the possibility
and prospect of treating CRCI with natural compounds based on nose-to-brain
drug delivery in the future. In conclusion, this review provides new insights to
further explore natural products in the treatment of CRCI.
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1 Introduction

Chemotherapy as a standard treatment for cancer has been used since the early 20th
century (DeVita and Chu, 2008). In 2020, more than 19 million people were diagnosed with
cancer globally and new estimates suggested that there are approximately 50 million
survivors 5 years after being diagnosed with cancer (Schagen et al., 2022). Over the past
decades, chemotherapy has considerably improved the survival rates of patients with
cancer. However, due to a lack of cellular specificity, chemotherapy may have deleterious
effects on multiple organs and tissues, with special reference to the central nervous system
(CNS), which eventually affects the survivors’ quality of life.

“Chemotherapy-related cognitive deficits (CRCI)” also named “Chemobrain” is
described as short/long-term memory impairment characterized by difficulties in
attention, learning, working memory, and executive function (Gibson et al., 2019).
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Cognitive deficits are reported in over 75% of patients who have
undergone chemotherapy for cancer, and it persists in 17%–34% of
survivors-received chemotherapy (Das et al., 2020). Many scientists
have investigated the progression of CRCI in both cross-sectional
and longitudinal studies, and have reported that CRCI emerges in
survivors of breast cancer, lung cancer, leukemia, lymphoma,
nasopharyngeal carcinoma, ovarian cancer, prostate cancer, and
testicular cancer (Argyriou et al., 2011; Lv et al., 2020). For example,
a longitudinal study conducted in Houston showed that more than
65% of breast cancer patients underwent cognitive impairment
shortly after chemotherapy, and almost 61% had persistent
cognitive deficits (Wefel et al., 2010). Results from a study on
patients with nasopharyngeal carcinoma also demonstrated
cognitive impairment in about 25% of patients who received
chemotherapy, reflected by remarkably decreased attention,
short-term memory, and language abilities (Wang et al., 2020). A
cross-sectional study in Norway reported that almost half of the
cervical cancer survivors self-reported sustained cognitive
impairment (Areklett et al., 2022). Currently, the national cancer
institute has considered CRCI as one of the most debilitating side
effects of chemotherapy, which largely prevent cancer survivors
from resuming their lives (Kumar, 2021).

Although CRCI was initially regarded as a temporary symptom,
studies have shown that these symptoms persisted from 1 month to
10 years following treatment (Jim et al., 2012; Koppelmans et al.,
2012). Recently, numerous structural and functional neuroimaging
studies have confirmed that these functional impairments are related
to multiple brain regions, including the frontal lobes, the temporal
area, and especially the hippocampus regions (Argyriou et al., 2011).
In a prospective magnetic resonance imaging study, McDonald et al.
found decreased gray matter density in the frontal, temporal
cortices, and cerebellum regions of breast cancer survivors (de
Ruiter et al., 2012). Diffusion tensor imaging study also showed
that compared with the healthy, the fractional anisotropy values of
white matter fibers in the frontal and temporal areas of post-
chemotherapy breast cancer patients were significantly decreased,
which were significantly associated with attention and processing/
psychomotor speed (Deprez et al., 2011). Besides, abnormal resting
cerebral vascular density and cerebral blood flow alterations in
patients treated with chemotherapy have also been reported
(Nudelman et al., 2014; Nudelman et al., 2016). However,
concerning the mechanisms of CRCI, the precise pathological
mechanisms of the chembrain are still elusive. According to the
anti-cancer mechanisms and chemical structure, chemotherapeutic
agents are classified as alkylating agents, such as cyclophosphamide
(CYP) and methotrexate; antimetabolites, such as 5-fluorouracil (5-
FU); and anthracyclines, such as doxorubicin (DOX). Different
chemotherapeutics kill cancer cells via various mechanisms. For
example, CYP, a representative alkylating agent, induces DNA
damage to induced cell apoptosis. Methotrexate and 5-FU
interfere with the biosynthesis and functions of DNA or RNA,
resulting in cell death; Anti-microtubule agents, such as paclitaxel
and docetaxel, can disturb cell division and proliferation (Mounier
et al., 2020). Each of these agent kills tumor cells in different ways
and may also induce CRCI through different mechanisms, including
disturbed neurotransmission, overproduction of free radicals, DNA
damage, impaired neurogenesis, as well as glial cell over-activation,
and increased neuroinflammation.

Although several western agents including CNS stimulants and
anti-dementia drugs are presently being tested in clinical trials, there
is no clinically effective drug to prevent or treat CRCI (Karschnia
et al., 2019). In human history, herbal formulas and their extracts
have been used in the treatment of human diseases due to their high
efficacy and low toxicity. Currently, more than one-third of the most
popular pharmaceuticals are originated from natural products or
their derivatives. Compared with synthetic drugs, natural products
are more widely accepted because they are relatively safer and have a
better affinity to target proteins or specific biomolecules in humans.
In the face of clinical and fundamental research accumulated over
the centuries, it is hard to ignore the neuroprotective effects of
natural products. A variety of natural products, such as flavonoids,
alkaloids, and terpenoids have been recognized as potential
therapeutic agents for CNS diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), multiple sclerosis, and
cerebral ischemia (Dey et al., 2017; Liang et al., 2021). It has
been reported that these neuroprotective natural products
modulate multiple signaling pathways by directly affecting
enzymes, such as kinases, regulatory receptors, and proteins. This
broad spectrum of pharmacological and biological activities has
made them attractive candidates for the treatment of CRCI.

In this review, we clarified the primary mechanisms of CRCI and
summarize the interventions with natural products in protecting
against CRCI and the molecular events of the underlying
mechanisms. Finally, we highlighted the potential feasibility of
natural products-based nose-to-brain drug delivery in treating
CRCI. This review provides a new sight into a comprehensive
understanding of the prevention of CRCI and potential
implications for the protective effects of natural products in
chemotherapy patients.

2 Mechanisms of chemotherapy-
related cognitive impairment

2.1 Oxidative stress

The generation of reactive oxygen species (ROS) and free
radicals during cellular metabolism is a fundamental process that
is usually balanced by endogenous antioxidant systems (Costantini,
2019). The brain consumes a large amount of oxygen to conduct
physiological processes, resulting in the elevation of free radical
generation (Singh et al., 2019). Excessive free radical production
leads to oxidative stress, which is responsible for oxidative injury of
neurons and membranes and eventually results in cell death.
Previously, oxidative stress has been defined as one of the
primary mechanisms in diverse CNS diseases, including
Parkinson’s disease, Alzheimer’s disease, and cerebral ischemia
(Barodia et al., 2017; Poprac et al., 2017; Liu et al., 2020). The
US-Food and Drug Administration (FDA) has approved 132 anti-
cancer drugs, of which 56 have the potential to induce the generation
of ROS (Myers et al., 2008). Therefore, oxidative stress is considered
to be a cornerstone chemotherapeutic agent and is one of the
pathophysiological mechanisms of CRCI (Figure 1).

In lung cancer patients, the 8-Oxo-7,8-dihydro-2′-
deoxyguanosine (8-oxodG) levels in urine remarkably increase
after radiotherapy and six cycles of chemotherapy, indicating that
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inducing the generation of free radicals underlies the anti-cancer
activity of these chemotherapeutic drugs (Crohns et al., 2009).
Cadeddu et al. assessed the influence of epirubicin on ROS
formation in blood samples and the levels of antioxidant enzyme
glutathione peroxidase in red blood cells in breast or endometrial
cancer patients. The results suggested that epirubicin elevated ROS
production and decreased glutathione peroxidase levels, revealing
that epirubicin caused oxidative stress (Cadeddu et al., 2010). In
clinical, the toxicity caused by cisplatin seems to be mainly caused by
the free radical formation, resulting in oxidative organ damage
(Weijl et al., 1998; Weijl et al., 2004). The cisplatin treatment can
decrease the levels of antioxidants vitamins C, E, and ceruloplasmin
in plasma.

Additionally, the essential role of oxidative stress has also been
confirmed in experimental models. For example, treatment of DOX
intraperitoneally significantly upregulates the levels of protein
carbonyl and 4-hydroxy-nonrenal (4-HNE) in the brain of the
mice (Keeney et al., 2018). Adriamycin administration can
downregulate the levels of the antioxidant glutathione, reduce the
oxidized glutathione ratio, and upregulate the expression of the pro-
oxidant enzyme glutathione peroxidase (Joshi et al., 2010). The
combination of DOX and CYP intraperitoneally injection decreases
the glutathione and glutathione disulfide ratios in rat hippocampus
tissues (Kitamura et al., 2021). The animals exposed to methotrexate
also possess overproduction of lipid peroxidation in the plasma and
decreased glutathione in brain regions (Rajamani et al., 2006). The
increasing levels of oxidative stress in the hippocampus induced by

cisplatin may lead to dendrite loss, mitochondrial DNA damage, and
neuronal cell death (Lomeli et al., 2017). In rodents, CYP has been
shown to be able to upregulate oxidative stress in the CNS, reflected
by increased malondialdehyde levels, and decreased catalase and
glutathione expression (Oboh et al., 2011; McElroy et al., 2020). In
addition, CYP also inhibits the activity of catalases in the brain,
heart, and lung as well as the antioxidant potential in plasma (Ince
et al., 2014).

Taken together, the evidence showed that chemotherapeutic
drugs could increase oxidative stress which then contributes to CRCI
directly or indirectly.

2.2 Neuroinflammation

Normally, the immune response and the release of cytokines are
controlled. It’s defined that inflammatory cytokines, such as
Interleukin 6 (IL-6), Tumour necrosis factor alpha (TNF-α), and
Interleukin 1β (IL-1β) are closely related to brain function, and the
high levels of these cytokines can lead to changes in cognitive
function (Wardill et al., 2016). In fact, increased cytokine and
involved neuroinflammation have been speculated to be one of
the candidate mechanisms of chemobrain.

In clinical practice, multiple studies have confirmed that
chemotherapy drugs increasing cytokine production such as
TNF-α, Monocyte chemoattractant protein-1 (MCP-1),
Interleukin 10 (IL-10), IL-6, and Interleukin 8 (IL-8) in cancer

FIGURE 1
The mechanism summary of CRCI. The mechanisms mainly include oxidative stress, neuroinflammation, DNA damages, impaired neurogenesis,
disturbed neurotransmitter release, and neuronal cell death which work together to induce CRCI.
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patients and this phenomenon is more prominent in patients who
experienced dyscognition (Tsavaris et al., 2002; Meyers et al., 2005;
Janelsins et al., 2012). In breast cancer patients, the serum levels of
TNF-α and IL-6 are significantly elevated and the hippocampal
volume is reduced following chemotherapy (Kesler et al., 2013).
Similarly, Zhao and colleagues also observed higher serum levels of
TNF-α, IL-1β, and Interleukin 4 (IL-4) in breast cancer patients after
chemotherapy. Interestingly, cancer patients with impaired
cognition also possess higher levels of these cytokines.
Furthermore, it has been reported that cognitive function and
cytokine levels are inversely correlated in early-stage breast
cancer patients with chemotherapy (Zhao et al., 2020a).

Microglia and astrocytes, the main innate-immune cells in CNS,
can react to a full range of pathological stimulation. Chemotherapy
agents including docetaxel (DTX) (Breedveld et al., 2006), cisplatin
(Ginos et al., 1987), carmustine (Mitsuki et al., 1991), oxaliplatin
(OXP) (Jacobs et al., 2010), paclitaxel (Gangloff et al., 2005), 5-FU
(Sakane et al., 1999), and CYP (Seruga et al., 2008) have been
reported to be able to penetrate the blood-brain barrier, which might
induce hippocampal inflammation. Concordantly, experimental
studies reveal that these agents enhance inflammatory cytokines
production and subsequently lead to cognitive impairment.
Recently, accumulating evidence indicates that chemotherapeutic
drugs can promote neuroinflammation through both the peripheral
and central manners. It has been found that the administration of
chemotherapeutic drugs such as cisplatin, methotrexate, oxaliplatin,
vincristine, and paclitaxel can increase peripheral inflammatory
cytokines (Brandolini et al., 2019). Subsequently, the elevated
peripheral cytokines penetrate the blood-brain-barrier (BBB) and
then activate microglia and astrocytes, resulting in the promoted
secretion of pro-inflammatory mediators, which hamper the
neurogenesis and myelination process and eventually cause
cognitive deficits. A recent study also reports that PLX5622 with
specific elimination of microglia can alleviate methotrexate-related
memory impairment (Geraghty et al., 2019). Collectively,
chemotherapeutic drugs can directly or indirectly cause
neuroinflammation and targeting microglia and astrocytes may
be an attractive strategy for treating CRCI.

2.3 DNA damages

Cells exposed to exogenous mutagens or endogenous ROSmight
lead to DNA damage and to prevent these deleterious damages
organisms have diverse DNA repair pathways. The failure of the
DNA repairment may result in DNAmismatches, crosslinks or even
DNA double-strands breaks, leading to cell death or oncogene
activation. In clinical, chemotherapeutic agents, such as alkylating
or antibiotic agents, kill cancer cells by evoking cell apoptosis in a
damaging genomic DNA way. For example, DOX exerts its ability to
kill cancer cells by cross-link with DNA to disrupt the cycle of cancer
cells (Pei et al., 2020). Cisplatin can kill cancer cells though binding
DNA to form adducts and subsequently induce DNA damage
(Wang and Lippard, 2005). Besides, other chemotherapeutic
drugs such as 5-FU, CYP, and OXP are also closely related to the
induction of DNA damages (Hochster and Sargent, 2016; Park et al.,
2020; Chen et al., 2021). Meanwhile, accumulated evidence
correlates DNA damage with neurodegeneration and cognitive

impairments (Jeppesen et al., 2011). These chemotherapy agents
can induce DNA damage not only in cancer cells but also in normal
and non-cancerous cells, which might be involved in the
progression of CRCI.

Recently, Torre et al. first highlighted that in human frontal lobe
cortical neurons, the generation of DNA damage contributed to the
progression of CRCI. They found that there were higher levels of
DNA damage in cortical neurons compared to cancer patients who
do not receive chemotherapy or healthy (Torre et al., 2021).
Furthermore, experimental studies also provided valuable insights
into the involvement of DNA damage in CRCI. It has been shown
that doxorubicin could disrupt the DNA double-strand structure as
well as induce DNA cross-linking through accumulating in the
nucleus of neurons. They found that in primary cortical neurons,
doxorubicin treatment markedly reduced the expression of breast
cancer type 1 susceptibility protein which is the key factor for DNA
repair (Manchon et al., 2016). Moreau et al. also reported that
doxorubicin remarkably elevated the levels of 8-OH(d)G which is
the marker of DNA/RNA oxidation in the hippocampus of rats
(Bagnall-Moreau et al., 2019). Similarly, the positively charged
metabolites produced by the hydrolysis of cisplatin could bind to
DNA and lead to DNA cross-linking and prevent DNA synthesis.
Blocking the binding of cisplatin to DNA could effectively reduce its
toxicity in both cancer cells and neurons (Fischer et al., 2008).

2.4 Impaired neurogenesis

The mammalian brain retains a high degree of neurogenesis in
adulthood, which primarily occurs in the hippocampal dentate gyrus
and the subventricular zones (Sung et al., 2020). Neurogenesis plays
fundamental roles in numerous hippocampus-dependent functions,
including learning, emotions, and cognition. Growing evidence
documented that reduced neurogenesis was involved in the
development of aging and neurodegeneration. The reduction and
quiescence of neural precursor cells resulted in the decrease of
neurogenesis with advancing age (Babcock et al., 2021). Clinical
and experiment studies also observed that the dysbiosis of
neurogenesis occurred in Alzheimer’s disease patients and
animal models.

Chemotherapeutic drugs have been verified to accelerate aging
and neurodegeneration, suggesting that CRCI may be closely
associated with impaired neurogenesis (Seigers et al., 2008). Since
conventional chemotherapeutic agents mainly function to prevent
cancer cell division, they can also hamper neurogenesis.
Chemotherapeutic drugs including docetaxel, vinblastine, and
paclitaxel can target microtubule-related proteins, which are
necessary for neuronal transport and functions (Schneiderman,
2004). Besides, it has been reported that chemotherapeutic drugs,
including doxorubicin, cyclophosphamide, carmustine, cisplatin,
and 5-fluorouracil can disrupt hippocampal neurogenesis by
altering various protein markers. For example, a single dose of
methotrexate injection (37.5–300 mg/kg) obviously reduces Ki-67-
positive cells in the hippocampus (Seigers et al., 2008). Nokia et al.
have found that temozolomide exposure downregulated the
bromodeoxyuridine (BrdU)-positive cell numbers (Nokia et al.,
2012). Interestingly, 5-fluorouracil treatment shows little effect on
the Ki-67-positive cells but remarkably inhibits doublecortin
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(DCX)-positive cell number, indicating that early neuronal
neogenesis is affected (Mustafa et al., 2008). Besides,
cyclophosphamide or doxorubicin administration can inhibit the
expression of both DCX- and BrdU-positive cells, indicating that
both neuronal neogenesis and maturation were influenced (Christie
et al., 2012). Therefore, different chemotherapeutics may affect
neurogenesis in different manners. Considering that brain-
derived neurotrophic factor (BDNF), a kind of neurotrophin, is a
crucial mediator for regulating synaptic plasticity, neuronal survival,
differentiation, and neurogenesis. Although the mechanisms of
BDNF loss-induced neurogenesis dysfunction are still unclear, it
has been reported that low levels of BDNF in the serum were
associated with cognitive impairment in patients with cancer and
animal models (Jehn et al., 2015; Zimmer et al., 2015). Moreover, the
therapeutic strategies to resume the BDNF levels in the brain have
also been described and provide their scope of implication to
improve neurogenesis and treat CRCI.

2.5 Disturbed neurotransmitter release

The dysregulation of neurotransmitters is a common feature of
most neurological disorders. For example, a decrease of
acetylcholine (Ach) is often detected in patients with AD. During
aging, dopaminergic neurons are reported to decline by about 5%–
10% per decade. Notably, the most common neurological drugs
improve cognitive deficits by modulating neurotransmitter release.
Many evidence has shown that chemotherapy can reduce
neurotransmitter production and release in brain tissues
(Fitzgerald, 2021; Rao et al., 2022). As we know, Ach, a key
cholinergic neurotransmitter, can sustain brain function by
regulating long-term potentiation. During the synthesis of Ach,
phospholipase D (PLD) firstly catalyzes phosphatidylcholine
(PtdCho) to release choline which is subsequently acetylated by
choline acetyltransferase (ChAT), and ultimately, Ach is formed
(Ferreira-Vieira et al., 2016). It has been reported that the mice
exposed to DOX possess reduced Ach production, inhibited PLD
and ChAT, as well as decreased choline-containing compounds
(Lim et al., 2016; Keeney et al., 2018). Moreover, DOX-induced
oxidative stress and TNF-α expression can also increase
acetylcholinesterase (AChE) activity and inhibit PtdCho synthesis
(Keeney et al., 2018). Cisplatin can also increase AChE activity in
neural tissue homogenates (Song et al., 2010). Interestingly, it has
also been reported that CYP or cisplatin are related to reduced AChE
activity in the hippocampus (Oz et al., 2015; Lim et al., 2016).
Nicotinic signaling has also been implicated in CRCI. It is reported
that CYP and DOX co-exposure can reduce α7 nicotinic
acetylcholine receptor (nAChR) mRNA expression in the
hippocampus (Kitamura et al., 2017). Continine, the main
derivative of nicotine which is known as an α7nAchR ligand, can
reverse cognitive and depressive behaviors in CRCI models (Iarkov
et al., 2016). Besides, chemotherapeutic agents can also alter
glutamate levels in the brain. DOX administration impedes
glutamate clearance reflected by the decreased rate of glutamate
uptake in the frontal cortex (Thomas et al., 2017). It’s considered
that the declined glutamate clearance may be contributed by the
downregulated-glial transport proteins or excessive glutamate
production in astrocytes (Thomas et al., 2017). In the synapse,

the increased glutamate will bind with N-methyl-D-aspartate
(NMDA) rceptors, resulting in elevated calcium-dependent
excitability and suppressed BDNF content, which ultimately
promote neuronal apoptosis. It has been confirmed that 5-
HTergic neurons can regulate hippocampal synaptic plasticity via
5-HT1A receptor-mediated inhibitory control. And the depletion of
5-HT impedes hippocampus-dependent declarative memory and
induces poor performance in a new object recognition task
(Fernandez et al., 2017). Doxorubicin has been found to be able
to decrease monoamines production, serotonin (5-HT) and
dopamine (DA), which are closely associated with cognitive
function (Kwatra et al., 2016). MTX treatment also can decrease
norepinephrine, dopamine, 5-HT, and 5-HT metabolite levels in the
hippocampus (Madhyastha et al., 2002). 5-FU has been found to
decrease striatal DA levels in rats (Jarmolowicz et al., 2019).
Similarly, carboplatin, an alkylating chemotherapeutic agent,
impairs DA reuptake and 5-HT release (Kaplan et al., 2016).
Recently, several clinical studies have correlated variants of
catechol-O-methyltransferase (COMT) with the disturbed
neurotransmitters release during the developing chemobrain. For
example, COMT can regulate the metabolism of dopamine,
norepinephrine, and epinephrine (Sheldrick et al., 2008).
Particularly, COMT 158Val allele is associated with elevated
COMT enzymatic activity, and thereby decreased-cortical
dopamine (Small et al., 2011). Consequently, the survivors
carrying one or more Val alleles are more likely to develop
chemobrain, which may be caused by their smaller dopamine
reservoir (Small et al., 2011). Similarly, another COMT variant,
rs165599 G/G, is also associated higher risk of chemobrain in breast
cancer patients (Cheng et al., 2016). Thus, the disturbed
neurotransmitter release is probably one of the mechanisms
underlying chemobrain.

2.6 Neuronal cell death

In physiological conditions, the death of neuronal cells is under
strict control even in older individuals. However, a significantly
increased neuronal loss has been observed in many CNS diseases,
which also correlates with cognitive deficits. There is extensive data
supporting the role of cell death, including necroptosis, apoptosis,
ferroptosis, pyroptosis, and cell death associated with autophagy, in
the pathogenesis of CNS diseases. When cellular stress occurs,
various types of cell death will be activated (Moujalled et al.,
2021). As we know, cell death is closely associated with tumor
treatment as chemotherapy is specifically designed to induce the
death of cancer cells, but this is at the cost of causing the death of
many healthy cells, particularly nerve cells. For example, apoptosis is
known as a kind of programmed cell death. Carmustine, cisplatin, or
oxaliplatin-related CRCI has been found to be related to the
upregulated pro-apoptotic protein cysteinyl aspartate specific
proteinase 3 (caspase-3) and caspase-9, and the downregulated
antiapoptotic protein, B-cell lymphoma-2 (Bcl-2) in the brain
tissues (Helal et al., 2009; Bianchi et al., 2017; Lomeli et al.,
2017). DOX can also promote the interaction between Fas and
Fas ligand, which subsequently recruit the Fas-associated protein
death domain (FADD), culminating in the activation of apoptotic
pathways (Du et al., 2021). Necrosis as an alternative cell death is

Frontiers in Pharmacology frontiersin.org05

He et al. 10.3389/fphar.2024.1292807

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


charcteristiced by cell swelling. DOX has been reported to trigger
necroptosis occurrence by promoting the phosphorylation of
receptor-interacting protein kinase 1 (RIPK1), receptor-
interacting protein kinase 3 (RIPK3), and Mixed lineage kinase
domain-like protein (MLKL). Aberrant autophagy is extensively
found in neurological diseases. DTX has been found to induce
autophagy in the hippocampus (Fardell et al., 2014). DOX
administration may impair the autophagy-lysosome system in
neurons of mice (Moruno-Manchon et al., 2016). Cisplatin also
can initiate autophagy via regulating the endoplasmic reticulum
(ER) stress-mediated activation of the activating transcription factor
4 (ATF4)-protein kinase B (Akt)-mechanistic target of rapamycin
(mTOR) signaling pathway, resulting in the emerge of apoptosis (Yi
et al., 2020).

3 Natural products based nose to brain
drug delivery (NBDD)

The blood-brain barrier is a selective and dynamic permeability
barrier between the circulatory system and the brain. This border
protected the brain neurons against both endogenous and
exogenous toxic substances. However, it is also a significant
hindrance to the transportation of medications from circulation
into the CNS. Currently, there are few therapeutics effectively used
in treating CNS diseases, in addition, the efficacy of the current drug
is restricted for insufficient drug transportation via the BBB (Fung
et al., 2016). Drug transit via BBB is largely determined by drug
characteristics, such as molecular size, dissociation degree, and
hydrophilicity (Bharadwaj et al., 2016). Therefore, developing
novel drug delivery systems which can efficiently transport
therapeutics into the CNS is in great demand for treating CNS
diseases (Xie et al., 2019).

In 1989, William H. Frey II first introduced the concept of
intranasal administration, which could deliver drugs directly into
the CNS (Reger et al., 2006). Since then, numerous studies have
been conducted to verify the feasibility of nose-to-brain drug
delivery systems in animal models and clinical trials. Nasal
administration is a non-invasive manner of administration with
many benefits, including ease of administration, fast onset, high
compliance, and voidance of the hepatic first-pass effect.
Importantly, the drugs could bypass the BBB and achieve brain
targeting. Over the last decades, all these benefits have established a
trend toward the development of nasal-administered formulations
for CNS diseases. NBDD is based on the olfactory nerve pathway,
the trigeminal nerve pathway, and the blood circulation pathway,
hence, the combination of these pathways is essential for nose-to-
brain drug delivery.

These years, it has been defined that nanoparticles (NPs) are
promising drug delivery systems to promote drugs across BBB. A full
series of nanomaterials, including liposomes, micelles, nanofibers,
polymeric nanoparticles, and inorganic nanoparticles have been
investigated to target the brain. The use of nanotechnology in
NBDD is promising. Currently, it raises our attention that
nanotechnology can promote the delivery of natural compounds
for treating central nervous system diseases. It has been confirmed
that nanotechnology can promote drug residence at the site of
absorption, as well as increase drug solubility and mucosal

permeation. In addition, the systemic side effects of drugs can be
circumvented by reducing drug distribution to the non-targeted area
(Schneider-Futschik and Reyes-Ortega, 2021). These superior
features largely promote the application of NPs for NBDD
(Sonvico et al., 2018). Therefore, it’s promising to develop NPs
via intranasal administration to target neural tissue for the
treatment of CRCI.

4 Natural products for the treatment
of CRCI

Studies have revealed that natural products may be beneficial for
treating CRCI, particularly those compounds classified as phenols,
flavonoids, terpenoids, and others (Table 1).

4.1 Phenols

4.1.1 Resveratrol
Resveratrol (RSV), a natural polyphenolic substance, is one

of the primary ingredients in the herb Polygonum cuspidatum
Sieb.et Zucc. Currently, RSV is one of the phytochemicals that
has been widely investigated and has various biological activities,
such as anti-apoptotic, antioxidant, anti-inflammatory, and,
anticancer properties (Miguel et al., 2021). In terms of brain-
related ailments, both experimental and clinical investigations
have shown that RSV has beneficial effects on neurodegenerative
diseases, ischemic stroke, and depression (Gomes et al., 2018; Gu
et al., 2019; Khoury et al., 2019). In rats intraperitoneally injected
with DOX (2.5 mg/kg/week) for 4 weeks, RSV (10 mg/kg/day)
effectively improved the short- and long-term memory
impairments as well as alleviated microglial and astrocyte
over-activation in the cortex, hypothalamus, and hippocampus
(Moretti et al., 2021). For breast cancer, docetaxel, adriamycin,
and cyclophosphamide (DAC) are commonly used in
combination. Shi and colleagues showed that pretreatment
with RSV (50 and 100 mg/kg/day) for 1 week significantly
decreased pro-inflammatory cytokines expression, increased
neuronal activities in pre-front and hippocampus, elevated the
neuroplasticity biomarkers expression, and improved cognitive
impairment in mice treated with DAC (Shi et al., 2018).
However, it is arduous to translate RSV into clinical utilities
owning to the low stability, high metabolism, and poor
bioavailability (Amri et al., 2012). Furthermore, although RSV
has been shown to possess the ability to translate from blood to
brain in rodents and humans (Wang et al., 2002; Turner et al.,
2015), the distribution of RSV in the central CNS is very poor for
the existence of the blood-brain barrier and choroid plexus
(Ganesan et al., 2015). Interestingly, a recent study has shown
that the administration of RSV via the nose can reach
cerebrospinal fluid through the olfactory region (Pandareesh
et al., 2015). Furthermore, RSV has a high membrane
permeability based on its high oil-water partition coefficient,
therefore, RSV is suitable for designing as NBDD preparation
(Hao et al., 2016). For example, Trotta et al. (2018) found that
nasal administration of the chitosan-coated lipid microparticles
with resveratrol could markedly increase the bioavailability of
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TABLE 1 The role of natural products in the treatment of Chemobrain.

Categories Monomers Chemical structures Chemotherapeutic
agents

Effects Molecular
mechanisms

Ref.
(PMID)

Phenols Resveratrol Doxorubicin GFAP↓, IBA-1↓ Anti-inflammation 34536813

Docetaxel, adriamycin, and
cyclophosphamide

IL-6↓,TNF-α↓,IL-4↑,IL-10↑ GABAAR↑, NMDAR1↑, p-CaMKII↓,
BDNF↑,TrkB↑

Anti-inflammation;
Improve neuroplasticity

29534932

Polydatin Doxorubicin MDA↓, GSH↑, TNF-α↓, PGE-2↓, COX-2↓, cleaved caspase-3↓, cleaved
caspase-9↓

Anti-inflammation;
Anti-apoptosis;
Anti-oxidative stress

31992173

Epigallocatechin-3-
gallate

Cisplatin IL-6↓, TNF-α↓, iNOS↓, MDA↓, NO↓, TAC↑, Cleaved caspase-3↓,Bax↓, Bcl-2↑,
BDNF↑, AChE↑, ACh↓

Anti-inflammation;
Anti-apoptosis;
Anti-oxidative stress;
Improve neurotransmitter
release

31410684

Curcumin Cisplatin Bax↓, Bcl-2↑, Bim↓, LC3-II/LC3-I↑ Improve neurogenesis and
synaptogenesis
Increase autophagy

31843707

Cisplatin MDA↓,SOD↑, AChE↑ Anti-oxidative stress 25982942

Doxorubicin GFAP↓, IBA-1↓ Anti-inflammation 34536813

nanocurcumin Doxorubicin MDA↓,GSH↑, NO↓, AChE↑,MAO↑ Anti-oxidative stress 33882267

Cisplatin MDA↓,GSH↑, NO↓, caspase-3↓, TNF-α↓, AChE↓ Anti-inflammation;
Anti-apoptosis;
Anti-oxidative stress;
Improve neurotransmitter
release

30257586

Caffeic acid
phenethyl ester

Doxorubicin MDA↓,GSH↑, GFAP↓, COX-2↓, TNF-α↓,ACh↑, caspase-3↓, Anti-inflammation;
Anti-apoptosis;
Anti-oxidative stress

33011199

Sulforaphane Cisplatin AChE↓, LPO↓, GSH↑,NO↑ Anti-oxidative stress;
Improve neurotransmitter
release

35969308

(Continued on following page)
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TABLE 1 (Continued) The role of natural products in the treatment of Chemobrain.

Categories Monomers Chemical structures Chemotherapeutic
agents

Effects Molecular
mechanisms

Ref.
(PMID)

Flavonoid Luteolin Doxorubicin CAT↑, SOD↑,GST↑,GPX↑,GSH↑,TSH↑,LPO↓,RONS↓,XO↓,
AChE↓,NO↓,MPO↓, TNF-α↓,IL-1β, IL-10↑, caspase-3↓

Anti-inflammation;
Anti-apoptosis;
Anti-oxidative stress

34766659

Quercetin Adriamycin corticosterone↓, GST↑, GSH↑, MDA↓, lymphocytes↑, leukocytes↑ Anti-oxidative stress;
Improve immune
dysfunction

24947870

Cyclophosphamide and
doxorubicin

SOD↓, CAT↑, GSH↑, MDA↓ Anti-oxidative stress 25260542

Naringin Cisplatin AChE↓, MDA↓, PCO↓, H2O2↓,ROS↓, nitrite formation↓, iNOS↓, GSH↓,
Ascorbic acid↓,SOD↑,CAT↑,GPx↑

Anti-oxidative stress;
Anti-inflammation;
Improve neuroplasticity

25896911

Doxorubicin MDA↓, SOD↑, GSH↓, CAT↑, IL-1β↓,TNF-α↓ Anti-oxidative stress;
Anti-inflammation

27209303

Ellagic acid Doxorubicin MDA↓, GSH↓, TNF-α↓, iNOS↓, CHE activity↓, 5-HT↑, DA↑, NE↑, caspase-3↓ Anti-oxidative stress;
Anti-inflammation;
Improve neurotransmitter
release

28815802

Rutin Doxorubicin Catalase↑, SOD↑, GSH↑, Total thiols↑, TNF-α↓, ROS↓, Apoptosis↓, neurite
length↑, neurite width↓, cell viability↑

Anti-oxidative stress;
Anti-inflammation;
Anti-apoptosis;
Improve neuroplasticity

28408800

Doxorubicin Anti-oxidative stress;
Anti-inflammation

31679278

Cisplatin TBARS↓, glutathione↑, GPX↑ Anti-oxidative stress 28962559

(Continued on following page)
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TABLE 1 (Continued) The role of natural products in the treatment of Chemobrain.

Categories Monomers Chemical structures Chemotherapeutic
agents

Effects Molecular
mechanisms

Ref.
(PMID)

Morin Doxorubicin MDA↓, GSH↑, SOD↑, CAT↑, GPx↑, TNF-α↓, IL-1β↓,Bcl-2↑, Caspase-3↓,
AChE↓, GFAP↓

Anti-oxidative stress;
Anti-inflammation;
Anti-apoptosis

29990832

Epicatechin Doxorubicin CAT↑, SOD↑, GSH↑, MDA↓, Catalase↑, GFAP↓, TNF-α↓, iNOS↓ Anti-oxidative stress;
Anti-inflammation

21763406

Juglanin Doxorubicin AchE↑, SOD↑, GSH↑, CAT↑, MDA↓, IL-6↓, IL-1β↓, TNF-α↓, Caspase-3↓ Anti-inflammation;
Anti-apoptosis;
Anti-oxidative stress;
Improve neuroplasticity

35138546

Galangin Doxorubicin MDA↓,NO↓, GSH↑, TNF-α↓, IL-1β↓, IL-6↓, iNOS↓, HMGB1↓, GFAP↓, BDNF↑ Anti-inflammation;
Anti-necroptosis;
Anti-oxidative stress;
Improve neurotransmitter
release

35843304

Terpenoids Ginsenoside Docetaxel, adriamycin, and
cyclophosphamide

TNF-α↓, IL-6↓, IL-10↑, IL-4↑, GFAP↓,IBA-1↓, BDNF↑ Anti-inflammation;
Improve neuroplasticity

30659419

Cisplatin SOD↑, GSH↑, MDA↓,ROS↓, TNF-α↓, IL-10↑, IL-1β↓, AchE↓, Ach↑,chAt↑ Anti-inflammation;
Anti-oxidative stress;
Improve neuroplasticity

31695559

Asiatic acid 5-fluorouracil Ki-67 positive cells↑, BrdU positive cells Improve neurogenesis 28700628

5-Fluorouracil p21 positive cells↑,MDA↓ Anti-oxidative stress;
Improve neurogenesis

(Continued on following page)
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TABLE 1 (Continued) The role of natural products in the treatment of Chemobrain.

Categories Monomers Chemical structures Chemotherapeutic
agents

Effects Molecular
mechanisms

Ref.
(PMID)

Ganoderic acid 5-fluorouracil IL-6↓, IL-1β↓, iNOS↓, COX2↓, BDNF↑ Anti-inflammation;
Improve neuroplasticity

34821902

Astaxanthin Doxorubicin AChE↓, TNF-α↓,PGE2↓,COX-2↓,GFAP↓, Caspase-3↓,cytochrome c↓ Anti-inflammation;
Anti-apoptosis

29039023

Others CI protein NA Doxorubicin AchE↓,ROS↓,MAO↓,NE↑,DA↑,5-HT↑, MDA↓, SOD↑, GST↑, GR↑, GPx↑,
GSH↑, GSSG↓, cleaved caspase-3↓, Cleaved PARP↓, Bad/Bcl-2↓, cytochrome↓,
caspase 9↓, Apaf1↓

Anti-inflammation;
Anti-necroptosis;
Anti-oxidative stress;
Improve neuroplasticity

22448708

C-phycocyanin NA Doxorubicin TNF-α↓, IL-1β↓, IL-6↓, GFAP↓, IBA1↓, MDA↓, Protein carbonyl↓, 8-OHdG↓,
GSH↑, SOD↑, Sypnapsin-1↑, PSD95↑

Anti-inflammation;
Anti-oxidative stress;
Improve neuroplasticity

33237471

Astragali Radix NA Doxorubicin MDA↓, SOD/MDA↑, Improve amino acid homeostasis Anti-oxidative stress;
Improve amino acid
homeostasis

33945017

Extract of Tiliacora
triandra

NA Cisplatin MDA↓, GPx↑, SOD↑, GSH↑, CAT↑, AchE↓, TNF-α↓, IL-6↓, IL-1β↓, Caspase-3↓,
Bcl-2↑, p53↓

Anti-inflammation;
Anti-necroptosis;
Anti-oxidative stress;
Improve neuroplasticity

34916822

Ergothioneine Cisplatin AchE↓, MDA↓, GSH/GSSG ratio↑ Anti-oxidative stress;
Improve neuroplasticity

20932872

Bixin Cisplatin Cell viability↑, micronucleus frequency↓, DNA in tail↓ Anti-DNA damage 22019694
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RSV in the cerebrospinal fluid and decrease the RSV distribution
in the bloodstream, indicating that the NBDD can directly
delivery RSV to the brain. Salem and colleagues also
developed an RSV-loaded intranasal transpersonal
mucoadhesive gel, which significantly enhanced RSV
bioavailability and achieve direct nose-to-brain targeting
(Salem et al., 2019). Collectively, the above results suggested
that RSV is a promising agent for the treatment of CRCI and the
administration of RSV via NBDD would promote its efficiency
via the increased bioavailability and alleviated adverse effects.

4.1.2 Polydatin
Polydatin, also known as piceid (3,4′,5-trihydroxystilbene3-β-

D-glucoside), is a natural stilbene that primarily existed in
Polygonum cuspidatum Sieb. et Zucc. Numerous preclinical
studies have reported that polydatin possesses anti-inflammatory
and antioxidant abilities (Tang et al., 2022). Polydatin can scavenge
free radicals and then protect cardiomyocytes through regulating
lipid metabolism, and antagonizing platelet aggregation (Wu M.
et al., 2020). Furthermore, due to its anti-inflammatory and anti-
oxidant effects, polydatin exerted protective activities against
ischemia-reperfusion injury in many organs, such as the heart,
kidneys, lungs, and cerebellum (Sun and Wang, 2020). In terms
of chemobrain, previous studies have pointed out that polydatin
(50 mg/kg/day) can mitigate DOX-induced learning and memory
deficits, and protect the hippocampal architecture from damage.
Further mechanistic studies reveal that polydatin administration in
DOX-treated rats restores the nuclear factor-erythroid 2-related
factor 2 (Nrf2) levels and reduces the nuclear factor kappa-B
(NF-κB) expression in the hippocampus. Overall, polydatin can
alleviate cognitive impairment and improve neurological function
via its anti-inflammatory and antioxidant activities. Although earlier
studies have reported that polydatin and its metabolites can cross the
BBB, the potential drawbacks of pharmacokinetic, including low
selectivity, rapid metabolism, and poor bioavailability limit its
clinical application (Huang et al., 2018; Fakhri et al., 2021).
Recently, it has been reported that polymeric nanocapsules
loaded with polydatin exhibit comparable inhibitory effects on
inflammatory responses and oxidative stress in lipopolysaccharide
(LPS)-treated neurons as naïve polydatin with preserving the free
form of polydatin (Basta-Kaim et al., 2019). Other novel delivery
systems of polydatin, for example, polydatin-loaded liposomes could
enhance the release profile of polydatin, which markedly improve
the polydatin bioavailability and extend drug circulation time
(Wang X. et al., 2015). However, there were no studies focusing
on polydatin-related NBDD in neuroprotection. Therefore, more
researches are needed to explore the protective effects of polydatin
on chemobrain, especially through NBDD.

4.1.3 Epigallocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG), a major active polyphenol

in green tea, has been demonstrated to possess neuroprotective
effects in neurodegenerative diseases and neural injury. These
pharmacological activities are mainly ascribed to their
antioxidative, anti-inflammatory, and antiapoptotic properties. As
we know, EGCG is one of the most effective phenolic compounds in
free radical scavenging. According to statistics, EGCG remarkably
decreases the levels of nitrosative and oxidative stress in the brain

cortex after cisplatin exposure, through suppressing the contents of
Malondialdehyde (MDA) as well as elevating the nitric oxide (NO)
and total antioxidant capacity (TAC) levels (Arafa and Atteia, 2020).
On the other hand, treatment with EGCG significantly decreased
pro-inflammatory cytokines (TNF-α and IL-6) levels in the brain
cortex tissue. Meanwhile, EGCG also exerted anti-apoptotic effects
with increasing Bcl-2 expression and suppressing Bcl-2-associated X
(Bax) and caspase-3 expression in rat exposured to cisplatin (Arafa
and Atteia, 2020). BDNF, as a member of neurotrophins, play a
significant part in regulating synaptic plasticity, survival,
differentiation, and regeneration. Interestingly, both BDNF and
AChE showed positive correlations with TAC and Bcl-2 in the
brain cortex. In contrast, remarkable negative correlations were
observed between the expression of BDNF, and AChE and the
production of NO, MDA, TNF-α, IL-6, inducible nitric oxide
synthase (iNOS), Bax, and caspase-3. To sum up, EGCG may
exert protective roles in cisplatin triggered-chemobrain. Despite
the fact that EGCG is beneficial in CRCI, EGCG application is
limited because of the poor pharmacokinetics which is reflected by
low bioavailability, fast metabolism, and rapid removal (Alam et al.,
2022). To improve EGCG pharmacokinetics, a series of EGCG
nanoformulations are currently emerging due to the colloidal
stability, advanced tissue permeability, and drug bioavailability
(Mehmood et al., 2022). For instance, chitosan-based EGCG
significantly promoted the uptake and retention time of intestinal
epithelium and improved the effectiveness of EGCG against
atherosclerosis (Hong et al., 2014). Transdermal EGCG gel also
significantly increased plasma levels and prolonged its half-life
(Lambert et al., 2006). In terms of neuroprotection, zheng et al.
demonstrated that EGCG-loaded liposomes (phosphatidylserine-
EGCG-liposomes and phosphatidylserine-EGCG-Vitamin
E-liposomes) significantly alleviated LPS-induced
neuroinflammation in vitro and Parkinson rat models (Cheng
et al., 2021). Other drug delivery methods on NPs-based EGCG
include intravenous, ocular, and intratumoral routes. However,
there is no report about EGCG for the treatment of CNS
disorders via NBDD. Further study on the NBDD application in
enhancing EGCG credibility in treating CRCI is needed.

4.1.4 Curcumin
Curcumin (CUR), the principal polyphenol of the traditional

medicine known as turmeric, is one of the widely studied
phytochemicals with a wide range of health benefits.
Experimental studies have reported that CUR exhibits
neuroprotective effects in a series of CNS diseases, including
traumatic brain injury, cerebral ischemic damage,
neurodegenerative diseases, and cognitive deficits caused by
toxicants (Bhat et al., 2019; Khayatan et al., 2022).
Epidemiological research also confirmed that the long-term use
of CUR is safe and ameliorates cognitive dysfunction in the elderly
(Ng et al., 2006; Cox et al., 2015). It has been shown that CUR
protected the brain from damage principally by attenuating
microglia/astrocyte activation-mediated neuroinflammatory
responses, inhibiting free radical production, alleviating blood-
brain barrier disruption, and improving cerebral blood flow et al.
(Reddy et al., 2018; Fan and Lei, 2022). Regarding the protective
effects of CUR on chemobrain, recent research by Yi and colleagues
showed that CUR could protect against cisplatin-triggered
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neurotoxicity in mice (Yi et al., 2020). In the study, administration of
CUR (100 mg/kg) effectively alleviated cisplatin-induced cognitive
deficits by regulating apoptosis-related proteins, promoting
autophagy, and initiating neurogenesis and synaptogenesis. Oz
et al. also reported that the rats exposed to cisplatin (5 mg/kg/
week, 5 weeks) resulted in cognitive deficits, increased MDA
contents, and inhibited superoxide dismutase (SOD) activities in
the hippocampus. However, supplementation of CUR (300 mg/kg/
day, 5 weeks) improved cognition, decreased oxidative stress, and
restored cholinergic functions (Oz et al., 2015). Recently, several
studies also demonstrated that CUR effectively antagonized the
neurotoxicity induced by DOX. For example, Moretti and
coworkers found that DOX exposure (2.5 mg/kg/week, 4 weeks)
impaired short- and long-term memory in rats, while CUR via
oral administration (100 mg/kg/day) for 28 days significantly
reversed DOX-triggered astrogliosis, microgliosis, and memory
loss (Moretti et al., 2021). Taken together, CUR possesses certain
anti-chemobrain effects, antioxidant, and anti-inflammatory effects.
Nevertheless, CUR application is restricted by the fact of its
insufficient bioavailability and rapid metabolism. Therefore, it is
essential to enhance the effective concentration of CUR in the brain
to ensure its successful application. The nanotransformation of CUR
is considered a strategy to improve its efficacy in the brain (Yallapu
et al., 2012; Chen et al., 2013). It has been reported that CUR could
cross the BBB to enter brain tissue, however, CUR nanoparticulation
possessed more retention time in the hippocampus and cerebral
cortex than CUR (Tsai et al., 2011). Besides, the CUR
nanoparticulation has a 10–14 fold higher absorption rate than
free CUR (Yallapu et al., 2012). The nanoparticle formulation of
CUR significantly increased its absorption rate, bioavailability, and
plasma concentration (Cheng et al., 2013). A previous study has
reported that a nanoparticle loaded with CUR effectively inhibited
cisplatin (12 mg/kg)-induced inflammatory cytokines production,
lipid peroxidation, and acetylcholinesterase activity (Khadrawy
et al., 2019). Meanwhile, the benefits of CUR nanoparticulation
in suppressing DOX-caused neurotoxicity in rat’s brain have also
been reported (Khadrawy et al., 2021). More importantly, it has been
revealed that the intranasal administration of CUR can block liver
metabolism, which provides more benefits than the CUR
administration intraperitoneally or orally (Subhashini et al.,
2013). Therefore, NBDD may be a new strategy to deliver CUR
to the brain. Shinde and coworkers reported that the intranasal
administration of CUR microemulsion markedly has higher Cmax
and area-under-the-curve plasma/serum concentrations (AUC) in
the brain (Shinde and Devarajan, 2017). Chen et al. 2013 designed a
kind of CUR hydrogel, and its intravenous administration
remarkably promoted brain-uptake efficiency, and elevated
curcumin distribution in the cerebellum and hippocampus.
Madane and Mahajan reported that there was higher CUR
concentration in the brain after intranasal administration of
CUR-loaded nanostructured lipid carrier (Madane and Mahajan,
2016). Sintov et al. also designed amyloLipid nanovesicles loaded
with CUR, which significantly increased the concentration of CUR
both in the brain and plasma, alleviated amyloid-β-protein (Aβ)
accumulation, and suppressed Aβ-caused inflammatory responses
(Sintov, 2020). At present, the studies provide application prospects
for CUR administration via NBDD as a promising strategy for
treating chemobrain.

4.1.5 Caffeic acid phenethyl ester
Caffeic acid phenethyl ester (CAPE), a bioactive polyphenolic

compound, which is first discovered from propolis. The high
permeability of CAPE allows it to be cleaved by intracellular
esterases and then to release caffeic acid. As a polyphenol, CAPE
contains hydroxyls within the catechol ring, which guarantees its
antioxidant activities. In addition, several studies also suggested that
CAPE is a potential inhibitor of NF-κB activation (Natarajan et al.,
1996). All these features provide the molecular basis for its
neuroprotective activities in the central and peripheral nervous
systems (Cetin and Deveci, 2019). Experiment studies have
shown that CAPE can markedly improve DOX-damaged learning
and memory functions in passive avoidance tests and morris water
maze. Furthermore, CAPE effectively reversed DOX-caused
oxidative stress, which was reflected by the upregulation of GSH
levels and reduced lipid peroxidation in hippocampal and cortical
tissues (Ali et al., 2020). Additionally, the inhibition of astrocytes
activation, pro-inflammatory cytokines (COX-2 and TNF-α)
production, and NF-kB nuclear translocation by CAPE was also
reported (Ali et al., 2020). Besides, it has also been revealed that
CAPE markedly hampers DOX-triggered caspase-3 activation. The
above research suggests that the protection of CAPE against
chemobrain is attributed to its regulation of oxidation damages
and neuroinflammation, which indicates that CAPE as a promising
therapeutic option for chemobrain. However, although CAPE could
cross the BBB, the water insolubility, rapid clearance, and short half-
life restrict its clinical application. To our understanding, few studies
have reported the CAPE-loaded delivery system targeting the CNS.
For instance, it has been reported that the intravenous
administration of a kind of liposome loaded with CAPE
significantly promotes BBB penetration and increases CAPE
concentration in the ischemic brain (Lu et al., 2022). Therefore,
it may be possible to improve CAPE brain targeting by
investigating new NBDD.

4.1.6 Sulforaphane
Sulforaphane (SFN) (1-isothiocyanato-4-methylsulfonylbutane),

an aliphatic lipophilic organosulfur, is obtained from the plants of
cauliflower, broccoli, and cabbage. According to previous research,
SFN possesses various biological activities, such as antioxidant, anti-
inflammatory, and antiapoptotic properties. Given that inflammatory
responses and oxidative stress are considered to be the main
mechanisms of CNS diseases, SFN is a promising bioactive agent
for treating PD, AD, and multiple sclerosis. Clinical studies have also
shown that SFN can improve cognitive and behavioral deficits in
patients with Autism Spectrum Disorder (ASD) and schizophrenia
(Singh and Zimmerman, 2016; Momtazmanesh et al., 2020). Besides,
another clinical trial conducted in China on the treatment of SFN in
AD patients is still ongoing (NCT04213391). In terms of the
neuroprotective effects of SFN on chemobrain, recent research has
shown that SFN-loaded within iron oxide nanoparticles (SFN-Fe3O4)
via intranasal administration significantly alleviated cisplatin induced
neurotoxicology (Ibrahim Fouad et al., 2022). Furthermore, treatment
with SFN-Fe3O4 significantly restored GSH and NO contents as well
as inhibited the levels of lipid peroxidation (LPO) in rat brain tissues
(Ibrahim Fouad et al., 2022). Besides, SFN-Fe3O4 also inhibited
cisplatin-induced upregulation of AChE. Interestingly, Fouad et a.
found that compared with free SFN, SFN-Fe3O4 had greater
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neuroprotective potential in animal models, which suggests to us that
NBDD-based SFN-Fe3O4 may have better brain targeting,
physicochemical stability, and bioavailability. Notably, long-term
exposure to Fe3O4 might increase the generation of ROS and
trigger neurotoxicity. In general, brain-targeted FPN is an effective
strategy for chemobrain treatment, but more nanoparticles need to be
further studied by scientists.

4.2 Flavonoid

4.2.1 Luteolin
Luteolin (LUT) (3,4,5,7-tetrahydroxy flavone) as a naturally

sourced flavonoid, is abundant in a variety of plant species,
including chrysanthemum flowers, broccoli, celery, and hot pepper.
It is well documented that LUT can penetrate BBB by regulating Rho
GTPase and exerting neuroprotective effects. Recently, Imosemi et al.
reported that LUT significantly reversed DOX-induced downregulation
of catalase (CAT), SOD, glutathione peroxidase(GPX), and glutathione
S-transferase(GST) activities as well as upregulation of LPO and reactive
oxygen and nitrogen species (RONS) levels in cerebral, cerebellar cortex
and hypothalamus (Imosemi et al., 2022). Furthermore, given that DOX
has been reported to induce neuroinflammation in many studies, and
LUT can alleviate DOX-induced inflammatory responses by decreasing
the NO and MPO levels as well as inhibiting TNF-α and IL-1β
production (Imosemi et al., 2022). Interestingly, it has been reported
that apoptosis induced by LUT has been regarded as one of the primary
mechanistic in the treatment of breast cancer. However, LUT can also
block DOX-triggered activities of caspase-3 in brain tissues, indicating
that LUT can significantly inhibit neuronal cell apoptosis caused by
DOX (Imosemi et al., 2022). However, the low water solubility of LUT
largely minimizes its bioavailability and effectiveness (Majumdar et al.,
2014). Recently, several studies highlighted the drug brain targeting
properties of nanoparticles based-LUT through BNDD. A previous
study verified that intranasal administration of chitosan-coated
nanoemulsion containing LUT could be detected in brain tissues,
which remarkably increased brain bioavailability as well as improved
the half-life time of LUT in both plasma and brain (Diedrich et al.,
2022). Abbas and colleagues designed a novel LUT-loaded chitosan
decorated nanoparticles that could significantly improve the short-term
and long-term spatial memory, reduce Aβ aggregation and
hyperphosphorylated-tau, and inhibit pro-inflammatory mediators’
levels in Alzheimer’s disease models intranasally (Abbas et al., 2022).
The bile-salt-based nano-vesicles loaded with LUT via intranasal
administration also effectively improved the progression of AD
compared to LUT suspension (Elsheikh et al., 2022). Collectively,
LUT is a promising drug for the treatment of CRCI, and the
delivery of LUT-loaded nano drugs through the NBDD is a
new strategy.

4.2.2 Quercetin
Quercetin (Que), a dietary flavonoid compound mainly from

cherry, onions, tea, strawberry, and grape, possesses multiple
pharmacological properties. Due to its lipophilicity features, Que
can easily diffuse across the BBB, such that Que can reach the brain
region and perform neuroprotective actions. In vivo experimental
study, DOX treatment caused depression-like behavior disorders
and oxidative damage by elevating MDA contents and reducing

GSH and GST levels in the brain tissues of rats (Merzoug et al.,
2014). Meanwhile, it has been reported that the immunosuppressive
and myelosuppressive were serious adverse reactions of DOX
exposure. DOX increased the plasma levels of corticosterone as
well as altered hematological changes, to be precise, DOX decreased
the total white blood cell numbers and the percentage of
lymphocytes (Merzoug et al., 2014). Nevertheless, Que
administration effectively improved behavior deficits, decreased
MDA levels, up-regulated GSH and GST expression, reduced
corticosterone levels in plasma, and restored leucopenia and
lymphopenia in DOX-treated rats (Merzoug et al., 2014).
Chemotherapy during pregnancy could lead to oxidative damage
in the fetal brain, which may be the reason for congenital
malformations (Cevik et al., 2013). Interestingly, Doğan et al.
showed that compared with CYC- or DOX-exposed female rats,
Que significantly reduced the activities of MDA and as well as up-
regulated the expression of SOD, GSH, and CAT in fetal brain
tissues (Dogan et al., 2015). Notably, human trials of Que have
generally been well tolerated. Administration of Que at a
concentration of 1000 mg/day or more for several months
showed no adverse effects in serum electrolytes, renal and
hepatic function, blood parameters, or hematology (Batiha et al.,
2020). Ferry et al. studied the pharmacokinetic properties of Que in
cancer patients intravenously, and they verified that 945 mg/m2 was
a comparatively safe dose (Ferry et al., 1996). Taken together, Que
may be an effectively neuroprotective agent and it is expected to act
as an effective agent to treat chemobrain. However, the poor
solubility and bioavailability of Que resulted in low levels in the
circulatory system and organs. Consequently, it’s in great demand to
develop novel dosage forms for Que to target the brain via NBDD.
Ahmad and workers designed a Que-loaded mucoadhesive
nanoemulsion (QMNE) and found that compared with oral and
intravenous administration, intranasal administration of QMNE
significantly increased its bioavailability and brain targeting in
cerebral ischemic models (Ahmad et al., 2018). Dou and
colleagues developed a natural phyto-antioxidant albumin
nanoagent, HSA@QC nanoparticle, which encapsulated Que in
human serum albumin, they found that intranasal administration
of HSA@QC obviously alleviated Aβ aggregation, neuronal
apoptosis, and oxidative stress, as well as synaptic damage in the
brain of APP/PS1 mice (Dou et al., 2021). It is well known that
cyclodextrins can be used as nasal excipients since they can
solubilize lipophilic drugs and water-Insoluble drugs (Rassu et al.,
2020). Papakyriakopoulou et al. prepared nasal powders which are
composed of Que-cyclodextrins (methyl-β-cyclodextrin and
hydroxypropyl-β-cyclodextrin), and the product significantly
improved dissolution and nasal mucosa (Papakyriakopoulou
et al., 2021). Besides, Que based-nanomaterials have been
reported as promising nose-brain drug delivery systems including
Que-loaded nanoemulsions, omega-3 nanoemulsions loaded with
Que, and novel chitosan-coated-PLGA-nanoparticles (Ahmad et al.,
2020; Vaz G. R. et al., 2022; Vaz G. et al., 2022). Therefore, the
development of Que based on BNDD seems to be a feasible scheme
for the treatment of chemobrain.

4.2.3 Naringin
Naringin (Nar) is a prominent flavonone glycoside that is

extensively present in tomatoes, grapefruits, and other citrus
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fruits. The pharmacological properties of Nar have been
acknowledged, encompassing its anti-inflammatory, anti-
oxidant, and antiradical activities, as well as its ability to
suppress tumor effects. Recent research has demonstrated that
Nar exhibits anxiolytic effects and neuroprotective actions against
neurodegenerative disorders, traumatic brain injury, and cerebral
ischemia in animal models. Furthermore, Nar has been shown to
significantly ameliorate cisplatin-induced behavioral impairments
and mitigate oxidative injury in the hippocampus. As we know,
one of the main functions of cholinergic is responsible for
modulating learning and memory (Chtourou et al., 2015). At
the same time, Chtourou and colleagues have shown that Nar
effectively alleviates cisplatin-induced upregulation of AChE
activity in the hippocampus of rats, indicating that Nar could
prevent the excitotoxicity induced by cisplatin (Chtourou et al.,
2015). Furthermore, another study also suggested that Nar could
alleviate oxidative injury, improve mitochondrial functions and
decrease TNF-α and IL-1β levels in DOX-induced behavioral
deficits mice (Kwatra et al., 2016). Interestingly, Kwatra et al.
also found that Nar could alleviate DOX-induced depressive-like
behavior and compared to sertraline, Nar showed comparable
antidepressant effects. In addition, the combined regimen
containing Nar and sertraline showed additive effects in the
treatment of DOX-induced neurotoxicity (Kwatra et al., 2016).
It gives us enlightenment that the combination with natural
products regimen may new strategy in neuroprotection, which
needs further research to confirm. Although Nar possesses the
ability to cross the BBB and shows lesser adverse effects, its low
bioavailability and fast elimination remarkably disturbed its
clinical use. Therefore, NPs loaded-Nar may improve its
delivery. For instance, compared with free Nar, the Nar
phospholipid complex showed a longer half-life and stronger
anti-oxidative abilities (Maiti et al., 2006). The Nar-cyclodextrin
complex shows higher water dissolvability and thermal stability
(Shulman et al., 2011). Furthermore, Nar-loaded liposome also
exhibits improved dissolvability and bioavailability (Wang et al.,
2017). However, to the best of our knowledge, little research about
Nar on neuroprotection through brain drug delivery strategy was
reported. More studies are needed to ascertain the insights into the
safety and efficacy of NPs loaded-Nar in the treatment of
chemobrain.

4.2.4. Ellagic acid
Ellagic acid (EA) is a naturally four-ring polyphenolic

compound abundant in vegetables and fruits, including
pomegranate, grapes, strawberries, and nuts. EA contains a
hydrophilic part with four hydroxyls and two lactones and a
lipophilic part with two hydrocarbon rings. This structure
facilitates EA to scavenge both superoxide and reactive nitrogen
species. Therefore, the pharmacological characteristics of EA are
fundamentally related to its anti-oxidative activity. There is growing
evidence revealing that MDA is regarded as one of the biomarkers of
lipid peroxidation involved in oxidative damage in nervous system
diseases. It has been reported that EA could remarkably decrease the
MDA contents and upregulate the GSH production in the brain
tissues of rats induced by DOX (Rizk et al., 2017). Beyond the well-
established antioxidative effects, EA is also known to have anti-
inflammatory activities (Mishra and Vinayak, 2014). The

production of TNF-α and the expression of iNOS were markedly
decreased after EA treatment in DOX-treated brain tissues. Besides,
EA also showed anti-apoptotic effects by decreasing the expression
of caspase-3 (Rizk et al., 2017). To sum up, it is possible that EA
could treat chemobrain by reducing oxidative stress, inflammatory
responses, and apoptosis. Nevertheless, it should be mentioned that
the poor solubility in water, poor absorption, and rapid elimination
remarkably limited the usage of EA. Currently, researchers have
designed EA-based micro- or nano-particulate systems, including
microspheres (Ogawa et al., 2002), nanoparticles (Arulmozhi et al.,
2013), liposomes (Stojiljkovic et al., 2019) and pH-dependent
microassemblies (Barnaby et al., 2011). For instance, EA-loaded
NPs are more effective than EA alone in decreasing oxidative
homeostasis and alleviating Alzheimer’s disease (Harakeh et al.,
2021). The EA-loaded calcium-alginate NPs are superior to free EA
in ameliorating pentylenetetrazol-related experimental epileptic
seizures (El-Missiry et al., 2020). Therefore, it’s attractive to
concern the clinical applications of drug delivery systems loaded
with EA in treating chemobrain.

4.2.5 Rutin
Rutin, also named vitamin P, is a flavonol glycoside that extensively

existed in natural plants. Rutin has been demonstrated to possess a full
range of pharmacological properties, including anti-inflammatory, anti-
oxidative, antidepressant, and anticancer activities. Previously, Rutin
has been proved to alleviate DOX-induced cardiotoxicity as well as
improve nephrotoxicity and reproductive toxicity induced by cisplatin
(Alhoshani et al., 2017; Ma et al., 2017). Recent research demonstrated
that Rutin could protect against DOX-triggered neuronal injury
(Ramalingayya et al., 2017). Administration of ten cycles of DOX
(2.5 mg/kg for 5 days) caused cognitive dysfunction in rats.
However, co-administration with Rutin (50 mg/kg) effectively
improved cognitive impairment (Ramalingayya et al., 2017).
Furthermore, Rutin treatment significantly improved morphological
changes caused by DOX, particularly neurite length, and width. In
addition, the neuronal apoptosis, intracellular ROS, and the levels of
TNF-α were remarkably decreased during Rutin treatment, suggesting
that Rutin might be a good anti-chemobrain drug candidate
(Ramalingayya et al., 2017). Ramalingayya and colleagues also found
that Rutin treatment alleviated episodic and spatial memory
impairment, improved myelosuppression, and ameliorated brain
oxidative stress induced by DOX (Ramalingayya et al., 2019).
Besides, they also verified that pretreatment with Rutin had little
influence on the anticancer activity of DOX (Ramalingayya et al.,
2019). In a word, these studies indicated that Rutin has the potential
to be an effective drug for chemobrain. Additionally, the
neuroprotective role of Rutin against cisplatin-induced neurotoxic
was also reported. Cisplatin causes peroxidation of lipid membranes
by increasing free oxygen radicals and decreasing the production of
antioxidants, which ultimately leads to the death of neurons (Sugihara
and Gemba, 1986). It is well known that the upregulation of TBAR in
intracellular indicates the increasing of free oxygen radicals and
glutathione guards against free radical assault (Slater et al., 1987;
Meister, 1991). Rutin treatment improved TBAR and GSH changes
in rats challenged by cisplatin (Almutairi et al., 2017). Moreover, in the
brain, as anti-oxidants, paraoxonases (PONs) play a key role in nerve
myelination (Tang et al., 2011). Exposure to cisplatin significantly
reduced PON-1 and PON-3 expression by at least four-fold.

Frontiers in Pharmacology frontiersin.org14

He et al. 10.3389/fphar.2024.1292807

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Interestingly, Almutairi et al. have shown that administration of Rutin
markedly restored PON-1 and PON-3 expression to normal levels
(Almutairi et al., 2017). Besides, the antioxidant and anti-apoptotic
effects of Rutin against the toxic effects of cisplatin in peripheral nerve
tissue have been demonstrated (Yasar et al., 2019). Taşlı et al. also
demonstrated that Rutin co-administration could alleviate the cisplatin-
induced detrimental effects through suppressing inflammation and
lipid peroxidation, thereby reducing histopathology in the retina and
optic nerves (Yasar et al., 2019). Collectively, Rutin not only plays a
neuroprotective effect in CNS but also shows a certain role in the
peripheral nervous system. Consistent with other natural products,
hepatic first-pass metabolism, and BBB contributes to less
bioavailability of Rutin in the body. Hence, novel drug carrier
systems and targeting the brain might be a promising way. For
example, compared with free Rutin, Rutin-loaded mucoadhesive
polymeric nanoparticles administrated via nasal delivery significantly
markedly increased the Rutin concentration in the brain and had better
protective effects on cerebral ischemia (Ahmad et al., 2016a). Ahmad
and Collenges also designed Rutin-loaded chitosan NPs, which
effectively improved drug delivery into the brain after intranasal
administration (Ahmad et al., 2016b). In conclusion, Rutin-loaded
NPs are promising in guarding neurons against cell death and
oxidative stress during chemotherapy.

4.2.6 Morin
Morin as a naturally resourced polyphenol extensively presents

in the leaves, branches, fruits, and stems of numerous plants.
Accumulating evidence have shown that Morin has a great ability
to improve brain damage, including Parkinson’s disease, cerebral
ischemia-reperfusion, and sepsis-triggered cognitive deficits (Xu X.
E. et al., 2020; Khamchai et al., 2020; Ishola et al., 2022). Compared
with DOX treated-only, Morin remarkably alleviated DOX-induced
degenerative changes in neurons and hyperemia (Kuzu et al., 2018).
Due to the double bond and the hydroxyl between C2 and C3 atoms,
Morin has a high antioxidant potential (Solairaja et al., 2021).
Notably, Morin can further inhibit MDA production and
upregulated the levels of antioxidative enzyme activities, such as
SOD, GSH, and GPx in brain tissues of DOX-treated animal models
(Kuzu et al., 2018). It has been reported that during
neuroinflammation, astrocytes are one of the main players (Ben
Haim et al., 2015). Morin can also block DOX-induced activation of
astrocytes in both gray matter and white matter of brain tissues, as
well as decrease TNF-α and IL-1β levels. Meanwhile, Morin showed
anti-apoptotic effects by upregulating the DOX-decreased anti-
apoptotic gene Bcl-2 in the brain. Importantly, several studies
have verified that Morin shows little toxicity and is well tolerated
(Caselli et al., 2016). To sum up, Morin seems attractive in the
treatment of chemobrain, but even better if it shows brain targeting
further. However, to the best of our knowledge, few studies have
revealed the potential therapeutic effects of Morin-loaded NPs, and
the nasal brain delivery system gives us a new idea.

4.2.7 Epicatechin
Epicatechin (EC) is one of the major catechins primarily exerted

in cocoa, apples, and the leaves of the tea plant. A number of large-
scale epidemiological studies have demonstrated positive
relationships between the consumption of these EC-rich foods
and cognitive function. Acute exposure to DOX significantly

decreased body weight and increased the mortality rate of rats,
however, pretreatment with EC remarkably reversed these changes.
EC treatment markedly reduced the morphological changes induced
by DOX (Mohamed et al., 2011). Moreover, administration of EC
before DOX treatment significantly inhibited astrocytes activation,
decreased the levels of TNF-α and NO as well as reduced TNF-α,
NF-κB and iNOS mRNA levels in brain tissues. Therefore, EC can
alleviate inflammatory response in the brain exposed to DOX. On
the other hand, EC also reversed DOX-triggered oxidative stress
with decreasing MDA production and elevating the expression level
of catalase, SOD and GSH-Px. To sum up, EC has certain protective
effects on chemobrain through anti-inflammatory and antioxidant
properties. However, the long-term toxic and side effects of EC are
still unknown. Interestingly, chitosan-coated-PLGA-nanoparticle
exhibited noteworthy enhancements in nasal permeation and
retention of catechin hydrate, rendering it a promising and
secure brain-targeted delivery system for treating brain diseases
(Ahmad et al., 2020). Therefore, the nanodrug via nose-brain
delivery might improve brain-targeting and alleviate ADR.

4.2.8 Juglanin
Juglanin (JUG) is a novel natural compound sourced from the

herb of Polygonum aviculare (Liu et al., 2008). Prior research has
established the significant antioxidant, anti-inflammatory, and
anticancer properties of JUG (Zhao et al., 2020b). It has been
reported that DOX exposure significantly induces body weight
loss, triggers behavioral deficits, and results in depression-like
behaviors. Experiment studies showed that treatment with JUG
effectively reverses these changes induced by DOX (Wei et al.,
2022). Furthermore, Wei et al. observed that the levels of SOD,
GSH, and CAT were decreased, and the contents of MDA was
increased in brain tissues of DOX-treated group, which were
subsequently reversed by JUG treatment. These findings suggest
that JUG may possess a protective effect on DOX-induced
chemobrain by modulating oxidative stress. Additionally, studies
also indicated the potential benefits of JUG in the alleviation of
neuroinflammation via decreasing the expression of TNF-α, IL-6,
IL-1β, and NF-KB. In addition, administration of JUG significantly
lowered the DOX-elevated AchE activities and caspase-3 activity
(Wei et al., 2022). Collectively, all these results suggested that JUG
might be a potential drug candidate in the treatment of chemobrain.
As we know, JUG is hydrophobic with low bioavailability, which
limits its clinical application. However, there is a lack of research on
the pharmacokinetic of JUG as well as JUG-loaded NPs targeting
the brain.

4.2.9 Galangin
Galangin (GAL; 3,5,7-trihydroxy flavone), a natural flavonoid

extensively existing in galangal and honey, has many bioactive
properties, including anti-inflammatory, antimicrobial, antiviral,
anti-obesogenic, and antioxidant effects. It has been shown that
GAL can reduce DOX-triggered cognitive deficits and anxiety-like
behavior (Abd El-Aal et al., 2022). Of course, like other flavonoids,
GAL can abolish DOX-induced inflammatory and oxidative stress
in the brain by reducing the production of IL-1β, IL-6, and TNF-α
and modulating the activities of MDA and GSH. Furthermore, El-
Aal et al. showed that GAL significantly enhanced BDNF
expression and mitigated DOX-provoked necroptosis in the
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hippocampus (Abd El-Aal et al., 2022). All these findings suggest
that GAL is a promising drug for the treatment of chemobrain
with good neuroprotective effects. At present, most studies focus
on the biochemical changes caused by GAL in animal models and
there is no direct evidence of its effectiveness in humans. Besides,
despite the benefits of GAL in neuroprotection, its efficacy has
been limited by weak intestinal absorption, poor bioavailability,
and high first-pass metabolism. Therefore, more studies are
needed to explore the benefit of NBDD in overcoming the
restriction of GAL.

4.3 Terpenoids

4.3.1 Ginsenoside
Ginsenosides, a class of triterpenoid saponin, serve as the

primary active constituents of ginseng. Among these, Ginsenoside
Rg1 (Rg1) emerges as a crucial pharmacological compound.
Experimental evidence has shown that administering DAC
intraperitoneally three times with a 2-day interval leads to a
significant reduction in MEMRI signal intensities in brain regions
and impairs cognitive performance. However, Rg1 co-
administration (5 mg/kg/day or 10 mg/kg/day) 1 week prior to
the DAC regimen for 3 weeks effectively mitigates these changes
in a dose-dependent manner (Shi et al., 2019). Moreover, empirical
evidence demonstrated that Rg1 protected DAC-induced
chemobrain by regulating the microglial polarization as well as
reducing the production of TNF-α and IL-6 (Shi et al., 2019).
Additionally, Rg1 has been extensively investigated for its
neuroprotective properties and has been widely employed in
clinical settings with minimal adverse effects. However, prior
studies have suggested that Rg1 exhibits poor absorption and
rapid depletion, and lacks efficacy in traversing the BBB to attain
the therapeutic concentrations in brain tissues (Sun et al., 2005;
Zhou et al., 2014). Hence, the utilization of a novel drug delivery
system to increase the transportation of Rg1 across the BBB appear
to be a promising approach. For instance, the transferrin receptor
(TfR), which is highly enriched in the endothelium of brain
capillaries, may facilitate transcytosis of transferrin or antibodies
against the TfR across the BBB. To target the brain and achieve
improved therapeutic outcomes, nanoparticles containing digoxin
and loperamide based on transferrin or antibodies against the TfR
(OX26 antibody) have been employed. Shen et al. have designed
poly-γ-glutamic acid and OX26 antibody-based nanoparticles to
load Rg1 (PHRO). They discovered that administrating PHRO
injection via tail venous could effectively penetrate the BBB,
resulting in the sustained release of Rg1, which ultimately
decreased the volume of cerebral infarction and enhanced
recovery of neurons in rats suffering diabetes and cerebral
infarction (Shen et al., 2017; Shen et al., 2019). Additionally,
Rg1-loaded complex nanovesicles could also across BBB and
promote angiogenesis (Shang et al., 2022). Notably, Li et al.
developed self-assembled Dox@Rg1 nanoparticles that not only
mitigated DOX-induced cardiotoxicity but also enhanced its
antitumor efficacy (Li et al., 2021). Taken together, Rg1-based
NPs hold promise as potential therapeutic agents for the
treatment of CRCI and may offer simultaneous benefits of anti-
cancer effects.

4.3.2 Asiatic acid
Asiatic acid (AA) is a naturally occurring pentacyclic triterpene

that serves as the primary bioactive constituent in the extract of the
tropical herb Centella asiatica L. This plant has been recommended
by pharmacopeia in China, Germany, and India for its potential to
improve wound healing (Thong-On et al., 2014). AA has
demonstrated a diverse range of pharmacological activities,
including anti-inflammatory, antioxidant, and apoptosis-
regulating properties, which may account for its therapeutic
efficacy in various diseases. Impressively, AA exhibits a higher
capacity to inhibit lipid peroxidation than several prominent
antioxidants such as probucol, ascorbic acid, and alpha-
tocopherol. Importantly, the lipophilicity, physicochemical
properties, and bioavailability of AA suggest that AA has the
potential to cross the BBB and provide neuroprotection.
Previously, AA has been patented as a cognition enhancer for the
treatment of dementia and amelioration of cognitive,
cerebrovascular, and central nervous system conditions
(EP0383171A2). with regard to mitigating chemobrain, rats
exposed to 5-FU (25 mg/kg) on day 8, 11, 14, 17 and
20 exhibited cognitive impairment and accelerated cell death in
the hippocampus. However, both co-treatment with AA (30 mg/kg),
either before exposure to 5-FU (preventive), after exposure to 5-FU
(recovery), or throughout the duration of the experiment could
counteract the cognitive deficits (Chaisawang et al., 2017). JU
Welbat et al. also showed that administration of AA significantly
reversed the 5-FU-caused decrease of Notch1 sex determining
region Y-box 2 (SOX2), nestin, doublecortin (DCX), and
Nrf2 levels. Besides, AA treatment also reduced p21-positive cell
number andMDA content in the hippocampus (Welbat et al., 2018).
Taken together, combining the outstanding efficacy and safety
properties of AA and its brain penetration ability, AA looks to
be a viable drug candidate for the treatment of chemobrain.

4.3.3 Ganoderic acid
Ganoderic acid (GA) is a prominent triterpenoid compound

isolated from Ganoderma lucidum. A growing body of evidence
shows that GA exhibits a diverse biological activity, such as
antibacterial, antitumor, anti-oxidation and anti-apoptosis effects.
Experimental findings indicate that the GA administration
significantly improves cognitive dysfunctions in mice exposed to
5-FU, whereas both spatial and non-spatial memory decline in the
absence of GA (Abulizi et al., 2021). Furthermore, studies have
shown that GA confers protection against 5-FU-induced structural
injuries of neurons by mitigating mitochondrial impairment, which
involves ameliorating intracellular mitochondrial swelling and crest
fractures, promoting mitochondrial biogenesis, and inhibiting
mitochondrial fission (Abulizi et al., 2021). Pro-inflammatory
cytokines have been found to exist remarkable toxic effects on
neuronal cells, particularly in the hippocampus (Wang X. M.
et al., 2015). Additionally, 5-FU has been shown to induce age-
associated cognitive decline in mice by upregulating cytokine
expression (Groves et al., 2017). Notably, supplementation of GA
significantly downregulated the production of IL-6 and decreased
the expression of COX-2. Biomedical studies have shown that GA is
a promising drug candidate for treating chemobrain, whereas the
low abundance, complex extraction, and purification procedures
cause significant restrictions on its use on a laboratory scale. Hence,
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the challenge of augmenting the concentration of GA and enhancing
the techniques for extracting and refining GA from Ganoderma
lucidum necessitates resolution (Xia et al., 2014).

4.3.4 Astaxanthin
Astaxanthin (AST), a xanthophyll carotenoid present in

diverse microorganisms and marine organisms, possesses
distinctive chemical properties due to its molecular structure.
AST can directly penetrate cells and neutralize active oxygen
and free radicals, thereby acting as a naturally occurring
antioxidant with antioxidative activity surpassing that of
vitamin E by 500 times (Wu L. et al., 2020). Prior studies have
documented the diverse biological properties of AST, including
immunomodulatory, antioxidant, hypoglycaemic, and
hypolipidaemic activities. With regard to neurological diseases,
the lipid-soluble capacity of AST enables it to readily traverse BBB
and exert direct effects on CNS. Additionally, following single and
repeated dietary ingestion, AST accumulates in the hippocampus
and cerebral cortexes of rat brains, underscoring its importance in
the treatment of neurological conditions (Zhang et al., 2014;
Manabe et al., 2018). In vivo experimental investigations have
demonstrated that AST treatment (at a dose of 25 mg/kg) confers
significant protection against DOX-induced memory impairment
in rats. The restorative effects of AST on hippocampal
histopathological architecture and decrease hippocampal
apoptotic markers (cytochrome c and caspase-3 activities) have
been demonstrated (El-Agamy et al., 2018). Furthermore, AST has
been reported to reduce MDA levels and increase GSH and catalase
contents, while inhibiting astrocytes activation and
downregulating TNF-α, PGE2, and COX-2 levels. The findings
suggest that AST can strengthen the antioxidant defense system
and mitigate neuroinflammation induced by DOX (El-Agamy
et al., 2018). Currently, AST is widely utilized as a food
additive, dietary supplement, and clinical drug with no observed
side effects in animals and humans. For instance, a prior study has
confirmed that there are no adverse effects observed after
administrating AST (6 mg/day) in adult humans (Spiller and
Dewell, 2003). Hence, it appears that minimal constraints exist
in the management of chemobrain. Nonetheless, the inadequate
stability and solubility of AST contribute to poor absorption,
which ultimately impedes its clinical utilization. In recent times,
Santonocito et al. have devised AST-loaded stealth lipid
nanoparticles (AST-SSLNs) which have demonstrated a
substantial improvement in the stability and bioavailability of
AST in the brain. Furthermore, AST-SSLN has shown a superior
antioxidant capacity in comparison to free AST (Santonocito et al.,
2021). Simultaneously, Fe3O4/AST/Transferrin NPs, the AST
nanoparticles coated with transferrin and polyethylene glycol
(PEG), exhibits better water dispersibility and biocompatibility
than free AST, resulting in heightened neuroprotective activity
(You et al., 2019). Besides, the ASX thermosreversible nasal gel
(ATX-NLC in situ gel) formulated by incorporating poloxamer-127
to AST nanostructured liposomes, can augment AST accumulation
in the brain, thereby serving as an adjunctive therapeutic agent for
Parkinson’s disease (Gautam et al., 2021). In general, AST represents
a promising approach for the treatment of chemobrain, and
nanoparticle-based delivery of AST via NBDD holds
significant potential.

4.4 Others

4.4.1 CI protein
C. indicus protein (CI protein), a 43 kD protein, is extracted

and purified from the leaves of Cajanus indicus L. Historically,
these leaves have been utilized for treating various hepatic
disorders, such as jaundice and hepatomegaly (Manna et al.,
2007). Recent research has demonstrated the protective
properties of CI protein against carbon tetrachloride-related
hepatic disorders, galactosamine-induced nephrotoxicity, and
doxorubicin-triggered nephrotoxicity (Ghosh et al., 2006; Sinha
et al., 2007; Pal and Sil, 2012). Additionally, Ghosh et al. (2006)
have confirmed the capacity of CI protein in mitigating oxidant
and scavenging free radicals. As we know, the overproduction of
lipid peroxidation and subsequent neuronal cell death are primary
indicators of neurotic injury in chemobrain. Interestingly,
experimental studies have observed that CI protein
administration (3 mg/kg) for 4 days markedly inhibits DOX-
induced oxidative stress, reflected by decreased content of
MDA, protein carbonyl and GICSSG, and upregulated-GR,
GSH, and GPx activities in the brain tissue (Pal et al., 2012).
The lipid-dependent ATPases that are bound to the membrane
play a significant part in nerve transmission, active transport, and
the maintenance of cellular homeostasis. Furthermore, CI protein
treatment significantly reversed the DOX-induced decrease in the
activities of Na+, K+-ATPase, Ca2+-ATPase, and Mg2+-ATPase
(Pal et al., 2012). Additionally, the present study has also suggested
that CI protein inhibits mitochondria-dependent apoptotic cell
death by decreasing the expression of cytochrome c, caspase-3,
caspase-9, Bad/Bcl-2, and PARP in the brain tissues of mice (Pal
et al., 2012). These findings suggest that CI protein has the
potential to prevent chemobrain and develop drugs via
further research.

4.4.2 C-phycocyanin
C-phycocyanin (C-PC) a protein-binding pigment that existed in

cyanobacteria, is extensively utilized as a dietary supplement,
colorant, and fluorescent dye for the ability to aid in the process
of photosynthesis. Pharmacological studies have shown that C-PC
possesses numerous biological functions, including anti-
inflammatory, antioxidant, anti-necroptosis, and anti-tumor
properties. Recently, C-PC has garnered significant attention in the
field of neuroprotection. It has been reported that C-PC can improve
multiple sclerosis by inhibiting inflammatory responses and oxidative
stress (Penton-Rol et al., 2016). Additionally, C-PC has been found to
exert beneficial effects on streptozotocin-induced cognitive deficits by
attenuating neuroinflammation and apoptosis (Agrawal et al., 2020).
Interestingly, it has also been observed that C-PC possesses
neuroprotective effects on DOX-induced chemobrain. Wang et al.
demonstrated that C-PC (50 mg/kg) treatment improved spatial
learning and rescued synaptic density induced by DOX (Wang
et al., 2021). Co-administration of C-PC with DOX significantly
ameliorated mitochondrial damage in the hippocampus. Moreover,
C-PC inhibited DOX-induced neuroinflammatory response in the
hippocampus, as evidenced by the decrease of TNF-α, IL-1β, and IL-6
levels, as well as a reduction of the number of IBA-1 and glial fibrillary
acidic protein (GFAP)-positive cells. Additionally, C-PC
administration also decreased the content of MDA, protein
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carbonyl, and 8-OHdG while increasing the activities of GSH and
SOD. Mitochondrial dysfunction has been demonstrated to
participate in DOX-induced brain injury and serve as a
contributing factor to CRCI. Administration of C-PC significantly
ameliorated DOX-induced mitochondrial damage in the
hippocampus, demonstrated by restored mitochondrial enzyme
complex activity, increased mitochondrial respiratory control ratio,
ATP production, and reduced ROS production (Wang et al., 2021).
Importantly, as a natural constituent, C-PC has been approved to use
as functional food or dietary supplement due to its nontoxic and non-
carcinogenic (Romay and Gonzalez, 2000; Penton-Rol et al., 2021).
Taken together, these findings suggest that C-PC is a viable candidate
for the treatment of CRCI. Excitingly, the therapy for neurological
diseases utilizing C-PC and BNDD has been reported with promising
results. Min et al. have found that C-PC-based liposomes with 20%
cholesterol administrated via the nose-to-brain system showed
extended neuroprotective effects in animal models of cerebral
ischemia (Min et al., 2017). Additionally, Chung et al. designed
chitosan-coated C-PC liposome (C-PC liposome) and verified that
nasal administration of C-PC liposome resulted in smaller infarct size
and improved behavioral test outcomes in rat Middle Cerebral Artery
Occlusion (MCAO)models in comparison to free C-PC (Chung et al.,
2018). Collectively, these findings suggest that C-PC is a valuable
candidate for treating CRCI, and its efficacy might be further
enhanced by NBDD.

4.4.3 Astragali Radix
Astragali Radix (AR), a traditional Chinses medicine (Huangqi),

is the dried root of Astragalus species (Li et al., 2019). To date, there
are over 100 compounds extracted and identified in AR, containing
flavonoids, polysaccharides, saponins, and amino acids (Auyeung
et al., 2016; Liu et al., 2017). Currently, it has been demonstrated that
AR may offer protection against heart, lung, liver, kidney, and brain
injury in a variety of oxidative stress-related disease models (Hong
et al., 1992; Shahzad et al., 2016). AR administration significantly
reversed DOX-induced weight loss in rat models. Furthermore, AR
treatment remarkably recovered the elevation of MDA and the ratio
of SOD/MDA in brain tissues caused by DOX (Yu et al., 2021). The
homeostasis of amino acid metabolism is closely associated with the
redox balance in the brain of mammals. Yu et al. found that DOX
exposure significantly upregulated six amino acid expressions in
brain tissues, including glycine, serine, glutamate, citrulline,
ornithine, and alanine, which were closely associated with
reactive oxygen species occurrence. Notably, the AR
administration effectively reversed these changes (Yu et al.,
2021). In a word, given the extremely low toxicity, AR has been
approved as a dietary supplement in China and the USA, suggesting
that AR is one of the most promising candidates for the treatment of
CRCI. However, similar to many natural products, some
compounds in AR exhibit low water solubility and inadequate
bioavailability, thereby restricting their practical applications.
Consequently, additional studies are necessary to enhance its
utilization by optimizing its dosage form. For instance, Yu et al.
made a commendable effort to combine Astragalus polysaccharide
(APS) with gels to attain sustained APS release to regulate immunity
(Yu et al., 2017). Yakubogullari et al. combined Astragaloside VII
(AST VII) with APS to formulate nano-preparations, which served
as an adjuvant of influenza vaccine, resulting in prominent

regulatory effects in immunity and viral defense system
(Yakubogullari et al., 2019). Hence, future research should
concentrate on the dosage forms by utilizing and developing
polysaccharides, flavonoids, and saponins in AR, extremely nano-
preparations.

4.4.4 Extract of Tiliacora triandra
Tiliacora triandra (Colebr.) Diels (TT) as a plant of the

Menispermaceae family is widely spread in Southeast Asia. Due
to its richness in polyphenols and flavonoid compounds, TT is
commonly used for anti-pyretic, anti-bacterial, and anti-malarial
activities. A prior study has explored the neuroprotection of TT and
pointed to the protection of TT against brain oxidative stress,
neurological degeneration, and cerebral infarction in a murine
model of cerebral ischemia-reperfusion (Thong-Asa and
Bullangpoti, 2020). In addition, T. triandra leaf extract has been
found to possess the ability to improve spatial learning and memory
and maintained ChAT activity in the hippocampus (Wachiryah and
Hathaipat, 2018). Recent studies have found that TT administration
(250 mg/kg or 500 mg/kg) orally for 5 weeks significantly prevents
weight loss, alleviates pathological damage in the brain, and
improves cognitive dysfunction induced by cisplatin (Huang
et al., 2021). Simultaneously, TT significantly inhibited CDDP-
induced oxidative stress and neuroinflammation by decreasing
MDA levels, elevating the activities of GPx, SOD, GSH, and
CAT, and impeding the production of TNF-α, IL-1β, and IL-6
(Huang et al., 2021). Bcl-2 and the caspase families are key regulators
of the apoptotic pathway. It has also been reported that TT reduces
acetylcholinesterase activities, decreases caspase-3 levels, and
increases Bcl-2 expression in brain tissues, indicating that TT can
protect against cisplatin-induced neuronal death in rat models.
Collectively, although the components of the extract of Tiliacora
triandra require further elucidation, the crude TT exhibits excellent
potential for advancement through nanotechnology as medicine
and/or nutraceutical products, given the overall efficacy
against CRCI.

4.4.5 Ergothioneine
Ergothioneine (EGT), a naturally occurring compound

initially discovered from ergot fungus, is exclusively produced
by certain fungi and bacteria. Despite the inability of animals to
synthesize EGT, it is widely absorbed and transported into cells
by the cell membrane-specific carnitine/organic cation
transporter (OCTN1) (Grundemann, 2012). EGT is a potent
physiological antioxidant, thereby exerting a protective role in
many oxidative stress-related diseases, including diabetes,
chronic kidney and liver diseases, diabetes, cardiovascular
diseases, and cancer (Paul, 2022). Notably, EGT shows high
blood-brain barrier permeability and possesses neuroprotective
effects, which are associated with the expression of OCTN1
(Nakamichi et al., 2012). The regulation of cellular functions
by EGT has been found in neurons, neural stem cells, microglia,
and cerebral vascular endothelial cells (Ishimoto and Kato, 2022;
Nakamichi et al., 2022). Recent experimental studies have shown
that supplementation of EGT (2 or 8 mg/kg/day) for 58 days
significantly restores EGT levels in brain tissues, prevents
memory and learning impairment, and alleviates body weight
loss induced by cisplatin (Song et al., 2010). Simultaneously, EGT
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has been demonstrated to inhibit cisplatin-triggered
neurotoxicology by reducing MDA levels and increasing the
ratio of GSH/GSSG (Song et al., 2010). Furthermore, in vitro
studies have defined that EGT treatment can alleviate the
cisplatin-induced damage in PC12 cell proliferation and PCN
cell axonal and dendritic growth. These findings suggest that EGT
prevents cisplatin-caused neuronal injury and improves
cognition, which is possibly mediated by its inhibition of
oxidative stress and restoration of AChE content in neuronal
cells. In view of the fact that EGT can reach millimolar levels in
brain tissues with little toxicity, more experimental and clinical
studies on the treatment of CRCI with EGT supplements are
strongly encouraged (Halliwell et al., 2018; Tang et al., 2018).

4.4.6 Bixin
Bixin, a liposoluble di-apocarotenoid, is extracted from the seeds

of Bixa orellana which is extensively utilized for the treatment of
infectious and inflammatory diseases in Mexico and South America.
Due to its safety, Bixin is certified by the FDA as a natural food
colorant and additive due to its safety (Xue et al., 2018).
Pharmacological studies have reported that Bixin exhibits a
diverse range of activities, including anti-inflammatory,
antioxidative, and anti-tumor properties (Rivera-Madrid et al.,
2016). Previously, a vitro study has indicated that Bixin can
capture ROS, while animal studies also demonstrated that Bixin
protects against oxidative DNA damage and lipid peroxidation
(Kumar et al., 2018). Furthermore, the prior investigation has
established Bixin as a novel inducer of Nrf2, which has the
potential to quench ROS and impede inflammation and fibrosis
in lung tissue (Xue et al., 2018). Considering the correlation between
chemotherapeutic drug-induced neurotoxicity and ROS production,
Bixin may serve as a promising effective agent against CRCI.
Experimental findings have shown Bixin markedly decreases
DNA percentage in tail and micronuclei frequency in PC12 cells
exposed to cisplatin. Although studies have demonstrated that Bixin
can cross BBB, there is still a lack of in vivo studies of Bixin on CRCI
(Yu et al., 2020). Therefore, more effects are still required to fully
elucidate the neuroprotective effects of Bixin on CRCI and its
potential mechanisms.

5 Regulated mechanism of natural
products in CRCI

5.1 Keap1-Nrf2 signaling pathway

The transcription factor Nrf2 (NF-E2 related factor 2), is a
protein with a leucine zipper structure, accounting for
strengthening the oxidative defense system and modulating
oxidative stress. Under normal conditions, Nrf2 is sequestered
in the cytoplasm through formulating the complexes of Nrf2,
Kelch-like ECH-associated protein 1 (Keap1), and Cul3,
resulting in subsequent degradation via the ubiquitin-
proteasome system (Bellezza et al., 2018). During oxidative
stress, the Keap1 ubiquitination system is disrupted, leading to
the translocation of Nrf2 from the cytoplasm to the nucleus. In the
nucleus, Nrf2 binds to antioxidant response element (ARE) and
triggers the transcription of numerous antioxidation-related genes,

including NAD(P)H quinone dehydrogenase 1 (NQO1), Heme
oxygenase-1 (HO-1), and glutathione peroxidase (GPx) (Yu and
Xiao, 2021). Increasing evidence has shown that Nrf2 alleviates
multiple stressors-induced cell damage via modulating the gene
expression that counteracts oxidative stress or activates the
antioxidative system (Abed et al., 2015). Currently, Keap1-Nrf2
signaling pathway has been defined to play an essential role in the
treatment of CRCI. For instance, Polydatin can mitigate CRCI by
upregulating Nrf2 levels and GSH production in the hippocampus
(Tong et al., 2020). Furthermore, Hamed Arafa et al. has revealed
that Epigallocatechin-3-gallate offers protection against cisplatin-
induced cognitive impairment by enhancing the Nrf2 signaling
pathway and subsequently upregulating the expression of
antioxidant enzyme genes HO-1 and TAC (Arafa and Atteia,
2020). Additionally, natural products including Galangin,
Asiatic acid, Ganoderic acid, Magnesium Isoglycyrrhizinate, and
Piperlongumine also activate the Nrf2 signaling pathway and
alleviate oxidative stress to attenuate CRCI (Welbat et al., 2018;
Jiang et al., 2019; Abulizi et al., 2021; Abd El-Aal et al., 2022;
Ntagwabira et al., 2022). Interestingly, recent studies have revealed
that Nrf2 activation can also regulate the transcription of genes
related to mitochondrial functions, neuroinflammation,
autophagy, and ferroptosis (Zuo et al., 2022). Therefore,
Nrf2 exerts neuroprotective roles through the regulation of
multiple pathways. It’s reasonable to confirm that Nrf2 is a
powerful target for the treatment of CRCI (Figure 2).

5.2 HMGB1/TLR4/NF-κB pathway

High mobility group box 1 (HMGB1) is a damage-associated
molecular pattern molecule exerting function via binding to cell
surface receptors, such as Toll-like receptor 4(TLR4) (Kang
et al., 2014). When cells are stimulated, HMGB1 in the
nucleus will translocate to the cytoplasm to bind with
TLR4 and subsequently activate NF-κB, resulting in enhanced
production of inflammatory cytokines, such as TNF-α, IL-1β,
and IL-6 (Liang et al., 2020). It has been defined that HMGB1/
TLR4/NF-κB signaling pathway plays a significant part in
promoting inflammatory responses (Xu X. et al., 2020).
Notably, the NF-κB signaling pathway can modulate diverse
biological functions, including inflammation, immunity,
apoptosis, cell stress response, and cell adhesion (Jing and
Lee, 2014). Thus, blockade of HMGB1/TLR4/NF-κB signaling
pathway activation-enhanced inflammatory responses may be a
powerful pharmacological intervention for the treatment of
CRCI. Studies have demonstrated that Galangin can inhibit
the HMGB1/TLR4/NF-κB signaling pathway and decrease the
production of TNF-α, IL-1β, and IL-6 (Abd El-Aal et al., 2022).
Similarly, CI protein, Magnesium Isoglycyrrhizinate, Juglanin,
Epicatechin, Morin, Caffeic acid phenethyl ester,
Epigallocatechin Gallate, and Polydatin also alleviated
neuroinflammation via blocking TLR4/NF-κB signaling
(Mohamed et al., 2011; Pal et al., 2012; Kuzu et al., 2018;
Jiang et al., 2019; Ali et al., 2020; Arafa and Atteia, 2020;
Tong et al., 2020; Wei et al., 2022). Additionally, Resveratrol
and Ginsenoside Rg1 inhibit inflammatory responses through
inhibiting PPARγ/NF-κB signaling pathway (Shi et al., 2018; Shi
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et al., 2019). Hence, targeting HMGB1/TLR4/NF-κB or PPARγ/
NF-κB signaling pathway and then inhibited the production of
inflammatory cytokines might be a promising strategy
treating CRCI.

5.3 Mitogen-activated protein kinase
(MAPK) pathway

MAPKs, a group of serine-threonine protein kinases, are
responsible for regulating various cellular properties in response to a
wide range of extracellular stimuli. Extensive research has demonstrated
the crucial role of the MAPK family in modulating the proliferation,
survival, differentiation, and apoptosis of cells (Sun et al., 2015).
Currently, several MAPK members have been recognized, including
p38 MAPK, c-jun N-terminal kinase (JNK), and extracellular signal-
regulated kinase (ERK1/2) et al. Recent work has suggested that in
reaction to extracellular stimuli, especially chemotherapeutic agents,
MAPK can facilitate apoptosis through modulating apoptotic-related
proteins such as Bcl-2, BAX, and Bim (Sui et al., 2014). Hence, targeting
p38MAPK, ERK1/2, or JNKMAPK is considered a promising strategy
to prevent neuronal cell death in CRCI. It has been discovered that
inhibition of cell apoptosis is involved in the protective effects of CUR
against cisplatin-induced cognitive deficits (Yi et al., 2020). Necroptosis

is also implicated in learning and memory impairment in various
neurodegenerative diseases (Yuan et al., 2019). Galangin has been
demonstrated to significantly inhibit the phosphorylation of three
members of the MAPK family, namely p38MAPK, JNK1/2, and
ERK1/2, and alleviate necroptosis biomarkers in the brain exposed
to DOX (Abd El-Aal et al., 2022). A growing body of evidence supports
that Ganoderic acid and Piperlongumine also possess the ability to
alleviate CRCI through regulatingMAPK signaling (Abulizi et al., 2021;
Ntagwabira et al., 2022). In addition, some studies have highlighted the
essential role of the MAPK signaling pathway in oxidative stress and
inflammation, thus targeting MAPK might be a promising strategy to
alleviate CRCI. However, the intricacies surrounding the activation of
MAPK signal pathways necessitate further investigation to elucidate the
mechanisms by which natural products modulate the MAPK family in
the treatment of CRCI.

5.4 BDNF-TrkB pathway

BDNF as a 27-kDa polypeptide is recognized as a significant
neurotrophic factor that plays a crucial role in cell survival,
proliferation, and differentiation in both peripheral and
central neurons. BDNF is widely acknowledged for its
involvement in use-dependent plasticity mechanisms, such as

FIGURE 2
The signaling pathway of the natural products in the treatment of CRCI. The arrow symbol indicates the promoting role and the “┴” symbol indicates
the inhibiting role.
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learning, memory, and long-term potentiation (Colucci-
D’Amato et al., 2020). In vivo, BDNF can bind to the receptor
tropomyosin receptor kinase B (TrkB) and initiate a series of
signaling pathways, including PI3K/Akt, MAPK/ERK, and Ca2+/
calmodulin-dependent protein kinase II (CaMKII), ultimately
leading to the enhanced transcription of cAMP-response element
binding protein (CREB)-regulated genes (Leal et al., 2014). For
instance, resveratrol treatment has been demonstrated to reverse
DAC-induced downregulation of BDNF and TrkB, and
overexpression of p-CaMKII in both the prefrontal cortex and
hippocampus (Shi et al., 2018). Similarly, Ginsenoside Rg1 also
has been found to elevate the levels of BDNF and TrkB as well as
decrease p-CaMKII expression in DAC-induced CRCI models
(Shi et al., 2019). Ganoderic acid has been found to have the
potential in mitigating cognitive impairment induced by 5-FU
through the BDNF-TrkB-ERK-CREB axis (Abulizi et al., 2021).
Similarly, Galangin can also treat CRCI via modulating this
signaling (Abd El-Aal et al., 2022). These studies collectively
suggest that targeting the BDNF-TrkB pathway and safeguarding
against neuronal cell death caused by chemotherapy may offer a
therapeutic approach for CRCI. Nevertheless, it cannot be
ignored that BDNF and its receptor TrkB are remarkably
upregulated in a wide range of tumors (Jin et al., 2021;
Malekan et al., 2023). Activation of the BDNF-TrkB signaling
pathway can exert oncogenic effects, including promoting cancer
cell survival and growth and decreasing chemotherapeutic

sensitivity (Xu et al., 2019). Thus, further studies are required
to ascertain whether is it still safe to activate BDNF-TrkB for the
treatment of CRCI.

5.5 Cholinergic pathway

Cholinergic synapses are widespread throughout the brain. The
choline and acetyl coenzyme A can produce ACh, which subsequently
transports to the synapse where it interacts with cholinergic
muscarinic (metabotropic) and nicotinic (ionotropic) postsynaptic
receptors. AChE, a serine hydrolase, possesses the ability to terminate
neuronal transmission at the cholinergic synapse through hydrolyzing
ACh into choline and acetate ions (Massoulie et al., 1993). Numerous
studies have indicated that dysfunction within the cholinergic system
is implicated in a broad spectrum of cognitive disorders. It is
important to acknowledge that numerous pathophysiological
factors induce the occurrence of CRCI which have yet to be fully
understood, and the cholinergic hypothesis does not serve as a causal
explanation for the disease. For example, the expression and activity of
AChE were significantly decreased by cisplatin exposure, while the
levels of ACh were elevated in the brain cortex of rats.
Epigallocatechin Gallate treatment effectively reversed these
alterations and mitigated cognitive impairments (Arafa and Atteia,
2020). Consistently, Kandeil et al. also found that treatment with only
CP and TQ significantly increased AChE activities in the brain tissues

FIGURE 3
Nose-to-Brain drug delivery based natural products prospects in treating CRCI.

Frontiers in Pharmacology frontiersin.org21

He et al. 10.3389/fphar.2024.1292807

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


in cisplatin-induced CRCI models. However, A. Ali et al. Have
reported that DOX treatment obviously increases the expression of
AchE and downregulates the levels of Ach in both hippocampal and
cortical tissues, and CAPE treatment significantly decreased AchE
levels and upregulated Ach contents (Ali et al., 2020). In line with
these findings, several other studies have also observed similar results
in DOX-triggered CRCImodels. Additionally, the protective effects of
Morin, Juglanin, and CI protein against CRCI is associated with the
inhibition of AchE (Pal et al., 2012; Kuzu et al., 2018; Wei et al., 2022).
It is important to note that the contradictory results observed in these
studies may be attributed to variations in the chemotherapy drugs and
the specific method employed to determine AChE levels in different
brain regions. Additionally, it is noteworthy that various types of
tumors have exhibited an aberrant expression of AChE. AChE plays a
pivotal role in regulating oncogenic signaling pathways which is
associated with cellular proliferation, differentiation, and adhesion.
Consequently, this discovery raises concerns regarding potential
detrimental effects on patients, necessitating further investigation
to determine the safety of activating AChE as a treatment for CRCI.

6 Limitations and future prospects

It is well known that natural products are a tremendous source
of new drug discovery. Natural products show clearly anti-
inflammatory, antioxidant, and neuroprotective effects and have
attracted the growing interest of scientists. This review summarized
the newest discoveries on natural products for the treatment of
CRCI. As shown in numerous studies, these natural products may
protect against CRCI by regulating different signaling pathways.
Nevertheless, further studies are required to improve the delivery of
natural products into brain tissues in the future. It is essential for
researchers to study these issues thoroughly (Figure 3).

Nose-to-brain delivery offers tremendous opportunities to
enhance drug translocation into brain tissues for treating CNS
disorders. Administrating drugs via olfactory and trigeminal nerve
pathways circumvents can avoid the disadvantages of oral
administration, such as first-pass metabolism, BBB transport, and
enzyme degradation, resulting in elevated-brain bioavailability, and
minimized-systemic side effects. Furthermore, to further eliminate the
existed-restriction of nasal administration, novel strategies, such as
nanosized drug carriers have been extensively utilized, which
markedly extend the drug resident time, and promote drug
transportation via nasal mucosa, leading to promoted drug
bioavailability and elevated therapeutic efficacy. Additionally, it has
been suggested that optimizing parameters, such as phospholipid
composition, PEGylation, and liposome modification, can further
promote drug bioavailability in brain tissues. These drug
nanoparticles based on NBDD can block drug degradation in the
nasal route, providing long-term sustained release and ameliorating
the conglutinative degree of nasal mucosal. Additionally, the drug
nanoparticles based on NBDD are difficult to remove by the
mucociliary system and therefore easily across the BBB due to
their specific size and physiochemical properties.

However, there are existing several potential disadvantages of
delivering drug-loaded nanoformulations into brain tissues
through nose-to-brain delivery systems. Although the
utilization of intranasal administration can benefit to some

extent, the absorption rate and membrane permeability of
natural products, which are found to be helpful for treating
CRCI, are still low. Consequently, there is a necessity to
promote drug absorption in nasal mucosa through adopting
osmotic enhancers or new dosage forms. Notably, some agents
may possess nasal mucosa toxicity, thus, the toxicity evaluation is
needed before intranasal administration. And the nasal drug
preparations should be taken seriously and comprehensively.
Naturally sourced bioactive agents are precious resources for
new drug discovery in the treatment of brain diseases, and NBDD
is beneficial for elevating the absorption, and bioavailabilities of
these natural agents in treating brain diseases. However, it has
been discovered that some drug-loaded lipids or polymers show
brain toxicity. Thus, more researches are required to design novel
biodegradable materials which are safe and can be metabolized in
the brain. Meanwhile, the NBDD delivery system also possesses
limitations, for example, drug degradation, mucociliary
clearance, and less residence time in the nasal cavity.

7 Conclusion

Collectively, accumulating research has pointed out that
natural products have potential benefits for treating CRCI.
Nevertheless, how to decrease the toxicity and elevate the
bioavailability of natural products is a critical challenge.
NBDD is believed to be able to promote effectiveness and
mitigate toxicity for treating CRCI. Therefore, more in-depth
research is required to make great progress in the utilization of
NBDD in delivering natural products into brain tissues for
treating CRCI.

Author contributions

Y-QH: Investigation, Writing–original draft. C-CZ:
Investigation, Writing–original draft. S-GJ: Investigation,
Writing–review and editing. W-QL: Writing–review and
editing. FZ: Investigation, Writing–review and editing. XT:
Conceptualization, Writing–review and editing. W-SC:
Conceptualization, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the National Natural Science Foundation of China
(81830109, 82274173, 82204537), Shanghai Sailing Program
(23YF1458100), and Jin-Zi-Ta Talent projects of Changzheng
Hospital, China (0806).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Pharmacology frontiersin.org22

He et al. 10.3389/fphar.2024.1292807

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abbas, H., Sayed, N. S. E., Youssef, N., Mousa, M. R., Fayez, A. M., Elsheikh, M. A.,
et al. (2022). Novel luteolin-loaded chitosan decorated nanoparticles for brain-targeting
delivery in a sporadic Alzheimer’s disease mouse model: focus on antioxidant, anti-
inflammatory, and amyloidogenic pathways. Pharmaceutics 14 (5), 1003. doi:10.3390/
pharmaceutics14051003

Abd El-Aal, S. A., AbdElrahman, M., Reda, A. M., Afify, H., Ragab, G.M., El-Gazar, A.
A., et al. (2022). Galangin mitigates DOX-induced cognitive impairment in rats:
implication of NOX-1/Nrf-2/HMGB1/TLR4 and TNF-α/MAPKs/RIPK/MLKL/
BDNF. Neurotoxicology 92, 77–90. doi:10.1016/j.neuro.2022.07.005

Abed, D. A., Goldstein, M., Albanyan, H., Jin, H., and Hu, L. (2015). Discovery of
direct inhibitors of Keap1-Nrf2 protein-protein interaction as potential therapeutic and
preventive agents. Acta Pharm. Sin. B 5 (4), 285–299. doi:10.1016/j.apsb.2015.05.008

Abulizi, A., Ran, J., Ye, Y., An, Y., Zhang, Y., Huang, Z., et al. (2021). Ganoderic acid
improves 5-fluorouracil-induced cognitive dysfunction in mice. Food Funct. 12 (24),
12325–12337. doi:10.1039/d1fo03055h

Agrawal, M., Perumal, Y., Bansal, S., Arora, S., and Chopra, K. (2020). Phycocyanin
alleviates ICV-STZ induced cognitive and molecular deficits via PI3-Kinase dependent
pathway. Food Chem. Toxicol. 145, 111684. doi:10.1016/j.fct.2020.111684

Ahmad, N., Ahmad, R., Alrasheed, R. A., Almatar, H. M. A., Al-Ramadan, A. S., Amir,
M., et al. (2020). Quantification and evaluations of catechin hydrate polymeric
nanoparticles used in brain targeting for the treatment of epilepsy. Pharmaceutics
12 (3), 203. doi:10.3390/pharmaceutics12030203

Ahmad, N., Ahmad, R., Naqvi, A. A., Alam, M. A., Ashafaq, M., Abdur Rub, R., et al.
(2018). Intranasal delivery of quercetin-loaded mucoadhesive nanoemulsion for
treatment of cerebral ischaemia. Artif. Cells Nanomed Biotechnol. 46 (4), 717–729.
doi:10.1080/21691401.2017.1337024

Ahmad, N., Ahmad, R., Naqvi, A. A., Alam, M. A., Ashafaq, M., Samim, M., et al.
(2016a). Rutin-encapsulated chitosan nanoparticles targeted to the brain in the
treatment of Cerebral Ischemia. Int. J. Biol. Macromol. 91, 640–655. doi:10.1016/j.
ijbiomac.2016.06.001

Ahmad, N., Ahmad, R., Naqvi, A. A., Alam, M. A., Samim, M., Iqbal, Z., et al. (2016b).
Quantification of rutin in rat’s brain by UHPLC/ESI-Q-TOF-MS/MS after intranasal
administration of rutin loaded chitosan nanoparticles. EXCLI J. 15, 518–531. doi:10.
17179/excli2016-361

Alam, M., Ali, S., Ashraf, G. M., Bilgrami, A. L., Yadav, D. K., and Hassan, M. I.
(2022). Epigallocatechin 3-gallate: from green tea to cancer therapeutics. Food Chem.
379, 132135. doi:10.1016/j.foodchem.2022.132135

Alhoshani, A. R., Hafez, M.M., Husain, S., Al-Sheikh, A. M., Alotaibi, M. R., Al Rejaie,
S. S., et al. (2017). Protective effect of rutin supplementation against cisplatin-induced
Nephrotoxicity in rats. BMC Nephrol. 18 (1), 194. doi:10.1186/s12882-017-0601-y

Ali, M. A., Menze, E. T., Tadros, M. G., and Tolba, M. F. (2020). Caffeic acid phenethyl
ester counteracts doxorubicin-induced chemobrain in Sprague-Dawley rats: emphasis
on the modulation of oxidative stress and neuroinflammation.Neuropharmacology 181,
108334. doi:10.1016/j.neuropharm.2020.108334

Almutairi, M. M., Alanazi, W. A., Alshammari, M. A., Alotaibi, M. R., Alhoshani, A.
R., Al-Rejaie, S. S., et al. (2017). Neuro-protective effect of rutin against Cisplatin-
induced neurotoxic rat model. BMC Complement. Altern. Med. 17 (1), 472. doi:10.1186/
s12906-017-1976-9

Amri, A., Chaumeil, J. C., Sfar, S., and Charrueau, C. (2012). Administration of
resveratrol: what formulation solutions to bioavailability limitations? J. Control Release
158 (2), 182–193. doi:10.1016/j.jconrel.2011.09.083

Arafa, M. H., and Atteia, H. H. (2020). Protective role of epigallocatechin gallate in a
rat model of cisplatin-induced cerebral inflammation and oxidative damage: impact of
modulating NF-κB and Nrf2. Neurotox. Res. 37 (2), 380–396. doi:10.1007/s12640-019-
00095-x

Areklett, E. W., Fagereng, E., Bruheim, K., Andersson, S., and Lindemann, K. (2022).
Self-reported cognitive impairment in cervical cancer survivors: a cross-sectional study.
Psychooncology 31 (2), 298–305. doi:10.1002/pon.5818

Argyriou, A. A., Assimakopoulos, K., Iconomou, G., Giannakopoulou, F., and
Kalofonos, H. P. (2011). Either called "chemobrain" or "chemofog," the long-term
chemotherapy-induced cognitive decline in cancer survivors is real. J. Pain Symptom
Manage 41 (1), 126–139. doi:10.1016/j.jpainsymman.2010.04.021

Arulmozhi, V., Pandian, K., and Mirunalini, S. (2013). Ellagic acid encapsulated
chitosan nanoparticles for drug delivery system in human oral cancer cell line
(KB). Colloids Surf. B Biointerfaces 110, 313–320. doi:10.1016/j.colsurfb.2013.
03.039

Auyeung, K. K., Han, Q. B., and Ko, J. K. (2016). Astragalus membranaceus: a review
of its protection against inflammation and gastrointestinal cancers.Am. J. Chin. Med. 44
(1), 1–22. doi:10.1142/S0192415X16500014

Babcock, K. R., Page, J. S., Fallon, J. R., and Webb, A. E. (2021). Adult hippocampal
neurogenesis in aging and Alzheimer’s disease. Stem Cell Rep. 16 (4), 681–693. doi:10.
1016/j.stemcr.2021.01.019

Bagnall-Moreau, C., Chaudhry, S., Salas-Ramirez, K., Ahles, T., and Hubbard, K.
(2019). Chemotherapy-induced cognitive impairment is associated with increased
inflammation and oxidative damage in the Hippocampus. Mol. Neurobiol. 56 (10),
7159–7172. doi:10.1007/s12035-019-1589-z

Barnaby, S. N., Yu, S. M., Tsiola, A., Fath, K. R., and Banerjee, I. A. (2011).
pH dependent spontaneous growth of ellagic acid assemblies for targeting HeLa
cells. J. Nanosci. Nanotechnol. 11 (9), 7579–7586. doi:10.1166/jnn.2011.4709

Barodia, S. K., Creed, R. B., and Goldberg, M. S. (2017). Parkin and PINK1 functions
in oxidative stress and neurodegeneration. Brain Res. Bull. 133, 51–59. doi:10.1016/j.
brainresbull.2016.12.004

Basta-Kaim, A., Slusarczyk, J., Szczepanowicz, K., Warszynski, P., Leskiewicz, M.,
Regulska, M., et al. (2019). Protective effects of polydatin in free and nanocapsulated
form on changes caused by lipopolysaccharide in hippocampal organotypic cultures.
Pharmacol. Rep. 71 (4), 603–613. doi:10.1016/j.pharep.2019.02.017

Batiha, G. E., Beshbishy, A. M., Ikram, M., Mulla, Z. S., El-Hack, M. E. A., Taha, A. E.,
et al. (2020). The pharmacological activity, biochemical properties, and
pharmacokinetics of the major natural polyphenolic flavonoid: quercetin. Foods 9
(3), 374. doi:10.3390/foods9030374

Bellezza, I., Giambanco, I., Minelli, A., and Donato, R. (2018). Nrf2-Keap1 signaling
in oxidative and reductive stress. Biochim. Biophys. Acta Mol. Cell Res. 1865 (5),
721–733. doi:10.1016/j.bbamcr.2018.02.010

Ben Haim, L., Carrillo-de Sauvage, M. A., Ceyzeriat, K., and Escartin, C. (2015).
Elusive roles for reactive astrocytes in neurodegenerative diseases. Front. Cell Neurosci.
9, 278. doi:10.3389/fncel.2015.00278

Bharadwaj, V. N., Lifshitz, J., Adelson, P. D., Kodibagkar, V. D., and Stabenfeldt, S. E.
(2016). Temporal assessment of nanoparticle accumulation after experimental brain
injury: effect of particle size. Sci. Rep. 6, 29988. doi:10.1038/srep29988

Bhat, A., Mahalakshmi, A. M., Ray, B., Tuladhar, S., Hediyal, T. A., Manthiannem, E.,
et al. (2019). Benefits of curcumin in brain disorders. Biofactors 45 (5), 666–689. doi:10.
1002/biof.1533

Bianchi, E., Di Cesare Mannelli, L., Micheli, L., Farzad, M., Agliano, M., and
Ghelardini, C. (2017). Apoptotic process induced by oxaliplatin in rat Hippocampus
causes memory impairment. Basic Clin. Pharmacol. Toxicol. 120 (1), 14–21. doi:10.
1111/bcpt.12629

Brandolini, L., d’Angelo, M., Antonosante, A., Allegretti, M., and Cimini, A. (2019).
Chemokine signaling in chemotherapy-induced neuropathic pain. Int. J. Mol. Sci. 20
(12), 2904. doi:10.3390/ijms20122904

Breedveld, P., Beijnen, J. H., and Schellens, J. H. (2006). Use of P-glycoprotein and
BCRP inhibitors to improve oral bioavailability and CNS penetration of anticancer
drugs. Trends Pharmacol. Sci. 27 (1), 17–24. doi:10.1016/j.tips.2005.11.009

Cadeddu, C., Piras, A., Mantovani, G., Deidda, M., Dessi, M., Madeddu, C., et al.
(2010). Protective effects of the angiotensin II receptor blocker telmisartan on
epirubicin-induced inflammation, oxidative stress, and early ventricular impairment.
Am. Heart J. 160 (3), 487 e1–e7. doi:10.1016/j.ahj.2010.05.037

Caselli, A., Cirri, P., Santi, A., and Paoli, P. (2016). Morin: a promising natural drug.
Curr. Med. Chem. 23 (8), 774–791. doi:10.2174/0929867323666160106150821

Cetin, A., and Deveci, E. (2019). Evaluation of PECAM-1 and p38 MAPK expressions
in cerebellum tissue of rats treated with caffeic acid phenethyl ester: a biochemical and
immunohistochemical study. Folia Morphol. Warsz. 78 (2), 221–229. doi:10.5603/FM.
a2018.0085

Cevik, O., Cadirci, S., Sener, T. E., Tinay, I., Akbal, C., Tavukcu, H. H., et al. (2013).
Quercetin treatment against ischemia/reperfusion injury in rat corpus cavernosum
tissue: a role on apoptosis and oxidative stress. Free Radic. Res. 47 (9), 683–691. doi:10.
3109/10715762.2013.814912

Chaisawang, P., Sirichoat, A., Chaijaroonkhanarak, W., Pannangrong, W.,
Sripanidkulchai, B., Wigmore, P., et al. (2017). Asiatic acid protects against
cognitive deficits and reductions in cell proliferation and survival in the rat
hippocampus caused by 5-fluorouracil chemotherapy. PLoS One 12 (7), e0180650.
doi:10.1371/journal.pone.0180650

Frontiers in Pharmacology frontiersin.org23

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.3390/pharmaceutics14051003
https://doi.org/10.3390/pharmaceutics14051003
https://doi.org/10.1016/j.neuro.2022.07.005
https://doi.org/10.1016/j.apsb.2015.05.008
https://doi.org/10.1039/d1fo03055h
https://doi.org/10.1016/j.fct.2020.111684
https://doi.org/10.3390/pharmaceutics12030203
https://doi.org/10.1080/21691401.2017.1337024
https://doi.org/10.1016/j.ijbiomac.2016.06.001
https://doi.org/10.1016/j.ijbiomac.2016.06.001
https://doi.org/10.17179/excli2016-361
https://doi.org/10.17179/excli2016-361
https://doi.org/10.1016/j.foodchem.2022.132135
https://doi.org/10.1186/s12882-017-0601-y
https://doi.org/10.1016/j.neuropharm.2020.108334
https://doi.org/10.1186/s12906-017-1976-9
https://doi.org/10.1186/s12906-017-1976-9
https://doi.org/10.1016/j.jconrel.2011.09.083
https://doi.org/10.1007/s12640-019-00095-x
https://doi.org/10.1007/s12640-019-00095-x
https://doi.org/10.1002/pon.5818
https://doi.org/10.1016/j.jpainsymman.2010.04.021
https://doi.org/10.1016/j.colsurfb.2013.03.039
https://doi.org/10.1016/j.colsurfb.2013.03.039
https://doi.org/10.1142/S0192415X16500014
https://doi.org/10.1016/j.stemcr.2021.01.019
https://doi.org/10.1016/j.stemcr.2021.01.019
https://doi.org/10.1007/s12035-019-1589-z
https://doi.org/10.1166/jnn.2011.4709
https://doi.org/10.1016/j.brainresbull.2016.12.004
https://doi.org/10.1016/j.brainresbull.2016.12.004
https://doi.org/10.1016/j.pharep.2019.02.017
https://doi.org/10.3390/foods9030374
https://doi.org/10.1016/j.bbamcr.2018.02.010
https://doi.org/10.3389/fncel.2015.00278
https://doi.org/10.1038/srep29988
https://doi.org/10.1002/biof.1533
https://doi.org/10.1002/biof.1533
https://doi.org/10.1111/bcpt.12629
https://doi.org/10.1111/bcpt.12629
https://doi.org/10.3390/ijms20122904
https://doi.org/10.1016/j.tips.2005.11.009
https://doi.org/10.1016/j.ahj.2010.05.037
https://doi.org/10.2174/0929867323666160106150821
https://doi.org/10.5603/FM.a2018.0085
https://doi.org/10.5603/FM.a2018.0085
https://doi.org/10.3109/10715762.2013.814912
https://doi.org/10.3109/10715762.2013.814912
https://doi.org/10.1371/journal.pone.0180650
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Chen, Q., Xu, Z., Li, X., Du, D., Wu, T., Zhou, S., et al. (2021). Epigallocatechin gallate
and theaflavins independently alleviate cyclophosphamide-induced ovarian damage by
inhibiting the overactivation of primordial follicles and follicular atresia. Phytomedicine
92, 153752. doi:10.1016/j.phymed.2021.153752

Chen, X., Zhi, F., Jia, X., Zhang, X., Ambardekar, R., Meng, Z., et al. (2013). Enhanced
brain targeting of curcumin by intranasal administration of a thermosensitive
poloxamer hydrogel. J. Pharm. Pharmacol. 65 (6), 807–816. doi:10.1111/jphp.12043

Cheng, C. Y., Barro, L., Tsai, S. T., Feng, T. W., Wu, X. Y., Chao, C. W., et al. (2021).
Epigallocatechin-3-Gallate-Loaded liposomes favor anti-inflammation of microglia
cells and promote neuroprotection. Int. J. Mol. Sci. 22 (6), 3037. doi:10.3390/
ijms22063037

Cheng, H., Li, W., Gan, C., Zhang, B., Jia, Q., and Wang, K. (2016). The COMT
(rs165599) gene polymorphism contributes to chemotherapy-induced cognitive
impairment in breast cancer patients. Am. J. Transl. Res. 8 (11), 5087–5097.

Cheng, K. K., Yeung, C. F., Ho, S. W., Chow, S. F., Chow, A. H., and Baum, L. (2013).
Highly stabilized curcumin nanoparticles tested in an in vitro blood-brain barrier model
and in Alzheimer’s disease Tg2576 mice. AAPS J. 15 (2), 324–336. doi:10.1208/s12248-
012-9444-4

Christie, L. A., Acharya, M. M., Parihar, V. K., Nguyen, A., Martirosian, V., and
Limoli, C. L. (2012). Impaired cognitive function and hippocampal neurogenesis
following cancer chemotherapy. Clin. Cancer Res. 18 (7), 1954–1965. doi:10.1158/
1078-0432.CCR-11-2000

Chtourou, Y., Gargouri, B., Kebieche, M., and Fetoui, H. (2015). Naringin abrogates
cisplatin-induced cognitive deficits and cholinergic dysfunction through the down-
regulation of AChE expression and iNOS signaling pathways in Hippocampus of aged
rats. J. Mol. Neurosci. 56 (2), 349–362. doi:10.1007/s12031-015-0547-0

Chung, G. Y., Shim, K. H., Kim, H. J., Min, S. K., and Shin, H. S. (2018). Chitosan-
coated C-phycocyanin liposome for extending the neuroprotective time window against
ischemic brain stroke. Curr. Pharm. Des. 24 (17), 1859–1864. doi:10.2174/
1381612824666180515123543

Colucci-D’Amato, L., Speranza, L., and Volpicelli, F. (2020). Neurotrophic factor
BDNF, physiological functions and therapeutic potential in depression,
neurodegeneration and brain cancer. Int. J. Mol. Sci. 21 (20), 7777. doi:10.3390/
ijms21207777

Costantini, D. (2019). Understanding diversity in oxidative status and oxidative stress:
the opportunities and challenges ahead. J. Exp. Biol. 222 (13), jeb194688. doi:10.1242/
jeb.194688

Cox, K. H., Pipingas, A., and Scholey, A. B. (2015). Investigation of the effects of solid
lipid curcumin on cognition and mood in a healthy older population.
J. Psychopharmacol. 29 (5), 642–651. doi:10.1177/0269881114552744

Crohns, M., Saarelainen, S., Erhola, M., Alho, H., and Kellokumpu-Lehtinen, P.
(2009). Impact of radiotherapy and chemotherapy on biomarkers of oxidative DNA
damage in lung cancer patients. Clin. Biochem. 42 (10-11), 1082–1090. doi:10.1016/j.
clinbiochem.2009.02.022

Das, A., Ranadive, N., Kinra, M., Nampoothiri, M., Arora, D., and Mudgal, J. (2020).
An overview on chemotherapy-induced cognitive impairment and potential role of
antidepressants. Curr. Neuropharmacol. 18 (9), 838–851. doi:10.2174/
1570159X18666200221113842

Deprez, S., Amant, F., Yigit, R., Porke, K., Verhoeven, J., Van den Stock, J., et al.
(2011). Chemotherapy-induced structural changes in cerebral white matter and its
correlation with impaired cognitive functioning in breast cancer patients. Hum. Brain
Mapp. 32 (3), 480–493. doi:10.1002/hbm.21033

de Ruiter, M. B., Reneman, L., Boogerd, W., Veltman, D. J., Caan, M., Douaud, G., et al.
(2012). Late effects of high-dose adjuvant chemotherapy on white and gray matter in breast
cancer survivors: converging results from multimodal magnetic resonance imaging. Hum.
Brain Mapp. 33 (12), 2971–2983. doi:10.1002/hbm.21422

DeVita, V. T., Jr., and Chu, E. (2008). A history of cancer chemotherapy. Cancer Res.
68 (21), 8643–8653. doi:10.1158/0008-5472.CAN-07-6611

Dey, A., Bhattacharya, R., Mukherjee, A., and Pandey, D. K. (2017). Natural products
against Alzheimer’s disease: pharmaco-therapeutics and biotechnological interventions.
Biotechnol. Adv. 35 (2), 178–216. doi:10.1016/j.biotechadv.2016.12.005

Diedrich, C., Camargo Zittlau, I., Schineider Machado, C., Taise Fin, M., Maissar
Khalil, N., Badea, I., et al. (2022). Mucoadhesive nanoemulsion enhances brain
bioavailability of luteolin after intranasal administration and induces apoptosis to
SH-SY5Y neuroblastoma cells. Int. J. Pharm. 626, 122142. doi:10.1016/j.ijpharm.2022.
122142

Dogan, Z., Kocahan, S., Erdemli, E., Kose, E., Yilmaz, I., Ekincioglu, Z., et al. (2015).
Effect of chemotherapy exposure prior to pregnancy on fetal brain tissue and the
potential protective role of quercetin. Cytotechnology 67 (6), 1031–1038. doi:10.1007/
s10616-014-9742-z

Dou, Y., Zhao, D., Yang, F., Tang, Y., and Chang, J. (2021). Natural phyto-antioxidant
albumin nanoagents to treat advanced Alzheimer’s disease. ACS Appl. Mater Interfaces
13 (26), 30373–30382. doi:10.1021/acsami.1c07281

Du, J., Zhang, A., Li, J., Liu, X., Wu, S., Wang, B., et al. (2021). Doxorubicin-induced
cognitive impairment: the mechanistic insights. Front. Oncol. 11, 673340. doi:10.3389/
fonc.2021.673340

El-Agamy, S. E., Abdel-Aziz, A. K., Wahdan, S., Esmat, A., and Azab, S. S. (2018).
Astaxanthin ameliorates doxorubicin-induced cognitive impairment (chemobrain) in
experimental rat model: impact on oxidative, inflammatory, and apoptotic machineries.
Mol. Neurobiol. 55 (7), 5727–5740. doi:10.1007/s12035-017-0797-7

El-Missiry, M. A., Othman, A. I., Amer, M. A., Sedki, M., Ali, S. M., and El-Sherbiny, I.
M. (2020). Nanoformulated ellagic acid ameliorates pentylenetetrazol-induced
experimental epileptic seizures by modulating oxidative stress, inflammatory
cytokines and apoptosis in the brains of male mice. Metab. Brain Dis. 35 (2),
385–399. doi:10.1007/s11011-019-00502-4

Elsheikh, M. A., El-Feky, Y. A., Al-Sawahli, M. M., Ali, M. E., Fayez, A. M., and Abbas,
H. (2022). A brain-targeted approach to ameliorate memory disorders in a sporadic
Alzheimer’s disease mouse model via intranasal luteolin-loaded nanobilosomes.
Pharmaceutics 14 (3), 576. doi:10.3390/pharmaceutics14030576

Fakhri, S., Gravandi, M. M., Abdian, S., Akkol, E. K., Farzaei, M. H., and Sobarzo-
Sanchez, E. (2021). The neuroprotective role of polydatin: neuropharmacological
mechanisms, molecular targets, therapeutic potentials, and clinical perspective.
Molecules 26 (19), 5985. doi:10.3390/molecules26195985

Fan, F., and Lei, M. (2022). Mechanisms underlying curcumin-induced
neuroprotection in cerebral ischemia. Front. Pharmacol. 13, 893118. doi:10.3389/
fphar.2022.893118

Fardell, J. E., Zhang, J., De Souza, R., Vardy, J., Johnston, I., Allen, C., et al. (2014). The
impact of sustained and intermittent docetaxel chemotherapy regimens on cognition
and neural morphology in healthy mice. Psychopharmacol. Berl. 231 (5), 841–852.
doi:10.1007/s00213-013-3301-8

Fernandez, S. P., Muzerelle, A., Scotto-Lomassese, S., Barik, J., Gruart, A., Delgado-
Garcia, J. M., et al. (2017). Constitutive and acquired serotonin deficiency alters memory
and hippocampal synaptic plasticity.Neuropsychopharmacology 42 (2), 512–523. doi:10.
1038/npp.2016.134

Ferreira-Vieira, T. H., Guimaraes, I. M., Silva, F. R., and Ribeiro, F. M. (2016).
Alzheimer’s disease: targeting the cholinergic system. Curr. Neuropharmacol. 14 (1),
101–115. doi:10.2174/1570159x13666150716165726

Ferry, D. R., Smith, A., Malkhandi, J., Fyfe, D. W., deTakats, P. G., Anderson, D., et al.
(1996). Phase I clinical trial of the flavonoid quercetin: pharmacokinetics and evidence
for in vivo tyrosine kinase inhibition. Clin. Cancer Res. 2 (4), 659–668.

Fischer, S. J., Benson, L. M., Fauq, A., Naylor, S., and Windebank, A. J. (2008).
Cisplatin and dimethyl sulfoxide react to form an adducted compound with reduced
cytotoxicity and neurotoxicity. Neurotoxicology 29 (3), 444–452. doi:10.1016/j.neuro.
2008.02.010

Fitzgerald, P. J. (2021). Norepinephrine may be an underlying factor in chemobrain.
Int. J. Cancer 148 (12), 3119–3120. doi:10.1002/ijc.33548

Fung, K. L., Kapoor, K., Pixley, J. N., Talbert, D. J., Kwit, A. D., Ambudkar, S. V., et al.
(2016). Using the BacMam baculovirus system to study expression and function of
recombinant efflux drug transporters in polarized epithelial cell monolayers. Drug
Metab. Dispos. 44 (2), 180–188. doi:10.1124/dmd.115.066506

Ganesan, P., Ko, H. M., Kim, I. S., and Choi, D. K. (2015). Recent trends in the
development of nanophytobioactive compounds and delivery systems for their possible
role in reducing oxidative stress in Parkinson’s disease models. Int. J. Nanomedicine 10,
6757–6772. doi:10.2147/IJN.S93918

Gangloff, A., Hsueh, W. A., Kesner, A. L., Kiesewetter, D. O., Pio, B. S., Pegram, M. D.,
et al. (2005). Estimation of paclitaxel biodistribution and uptake in human-derived
xenografts in vivo with (18)F-fluoropaclitaxel. J. Nucl. Med. 46 (11), 1866–1871.

Gautam, D., Singh, S., Maurya, P., Singh, M., Kushwaha, S., and Saraf, S. A. (2021).
Appraisal of nano-lipidic astaxanthin cum thermoreversible gel and its efficacy in
haloperidol induced parkinsonism. Curr. Drug Deliv. 18 (10), 1550–1562. doi:10.2174/
1567201818666210510173524

Geraghty, A. C., Gibson, E. M., Ghanem, R. A., Greene, J. J., Ocampo, A., Goldstein, A.
K., et al. (2019). Loss of adaptive myelination contributes to methotrexate
chemotherapy-related cognitive impairment. Neuron 103 (2), 250–265. doi:10.1016/j.
neuron.2019.04.032

Ghosh, A., Sarkar, K., and Sil, P. C. (2006). Protective effect of a 43 kD protein from
the leaves of the herb, Cajanus indicus L on chloroform induced hepatic-disorder.
J. Biochem. Mol. Biol. 39 (2), 197–207. doi:10.5483/bmbrep.2006.39.2.197

Gibson, E. M., Nagaraja, S., Ocampo, A., Tam, L. T., Wood, L. S., Pallegar, P. N., et al.
(2019). Methotrexate chemotherapy induces persistent tri-glial dysregulation that
underlies chemotherapy-related cognitive impairment. Cell 176 (1-2), 43–55. doi:10.
1016/j.cell.2018.10.049

Ginos, J. Z., Cooper, A. J., Dhawan, V., Lai, J. C., Strother, S. C., Alcock, N., et al.
(1987). [13N]cisplatin PET to assess pharmacokinetics of intra-arterial versus
intravenous chemotherapy for malignant brain tumors. J. Nucl. Med. 28 (12),
1844–1852.

Gomes, B. A. Q., Silva, J. P. B., Romeiro, C. F. R., Dos Santos, S. M., Rodrigues, C. A.,
Goncalves, P. R., et al. (2018). Neuroprotective mechanisms of resveratrol in
Alzheimer’s disease: role of SIRT1. Oxid. Med. Cell Longev. 2018, 8152373. doi:10.
1155/2018/8152373

Groves, T. R., Farris, R., Anderson, J. E., Alexander, T. C., Kiffer, F., Carter, G., et al.
(2017). 5-Fluorouracil chemotherapy upregulates cytokines and alters hippocampal

Frontiers in Pharmacology frontiersin.org24

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.1016/j.phymed.2021.153752
https://doi.org/10.1111/jphp.12043
https://doi.org/10.3390/ijms22063037
https://doi.org/10.3390/ijms22063037
https://doi.org/10.1208/s12248-012-9444-4
https://doi.org/10.1208/s12248-012-9444-4
https://doi.org/10.1158/1078-0432.CCR-11-2000
https://doi.org/10.1158/1078-0432.CCR-11-2000
https://doi.org/10.1007/s12031-015-0547-0
https://doi.org/10.2174/1381612824666180515123543
https://doi.org/10.2174/1381612824666180515123543
https://doi.org/10.3390/ijms21207777
https://doi.org/10.3390/ijms21207777
https://doi.org/10.1242/jeb.194688
https://doi.org/10.1242/jeb.194688
https://doi.org/10.1177/0269881114552744
https://doi.org/10.1016/j.clinbiochem.2009.02.022
https://doi.org/10.1016/j.clinbiochem.2009.02.022
https://doi.org/10.2174/1570159X18666200221113842
https://doi.org/10.2174/1570159X18666200221113842
https://doi.org/10.1002/hbm.21033
https://doi.org/10.1002/hbm.21422
https://doi.org/10.1158/0008-5472.CAN-07-6611
https://doi.org/10.1016/j.biotechadv.2016.12.005
https://doi.org/10.1016/j.ijpharm.2022.122142
https://doi.org/10.1016/j.ijpharm.2022.122142
https://doi.org/10.1007/s10616-014-9742-z
https://doi.org/10.1007/s10616-014-9742-z
https://doi.org/10.1021/acsami.1c07281
https://doi.org/10.3389/fonc.2021.673340
https://doi.org/10.3389/fonc.2021.673340
https://doi.org/10.1007/s12035-017-0797-7
https://doi.org/10.1007/s11011-019-00502-4
https://doi.org/10.3390/pharmaceutics14030576
https://doi.org/10.3390/molecules26195985
https://doi.org/10.3389/fphar.2022.893118
https://doi.org/10.3389/fphar.2022.893118
https://doi.org/10.1007/s00213-013-3301-8
https://doi.org/10.1038/npp.2016.134
https://doi.org/10.1038/npp.2016.134
https://doi.org/10.2174/1570159x13666150716165726
https://doi.org/10.1016/j.neuro.2008.02.010
https://doi.org/10.1016/j.neuro.2008.02.010
https://doi.org/10.1002/ijc.33548
https://doi.org/10.1124/dmd.115.066506
https://doi.org/10.2147/IJN.S93918
https://doi.org/10.2174/1567201818666210510173524
https://doi.org/10.2174/1567201818666210510173524
https://doi.org/10.1016/j.neuron.2019.04.032
https://doi.org/10.1016/j.neuron.2019.04.032
https://doi.org/10.5483/bmbrep.2006.39.2.197
https://doi.org/10.1016/j.cell.2018.10.049
https://doi.org/10.1016/j.cell.2018.10.049
https://doi.org/10.1155/2018/8152373
https://doi.org/10.1155/2018/8152373
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


dendritic complexity in aged mice. Behav. Brain Res. 316, 215–224. doi:10.1016/j.bbr.
2016.08.039

Grundemann, D. (2012). The ergothioneine transporter controls and indicates
ergothioneine activity--a review. Prev. Med. 54 (1), S71–S74. doi:10.1016/j.ypmed.
2011.12.001

Gu, Z., Chu, L., and Han, Y. (2019). Therapeutic effect of resveratrol on mice with
depression. Exp. Ther. Med. 17 (4), 3061–3064. doi:10.3892/etm.2019.7311

Halliwell, B., Cheah, I. K., and Tang, R. M. Y. (2018). Ergothioneine - a diet-derived
antioxidant with therapeutic potential. FEBS Lett. 592 (20), 3357–3366. doi:10.1002/
1873-3468.13123

Hao, J., Zhao, J., Zhang, S., Tong, T., Zhuang, Q., Jin, K., et al. (2016). Fabrication of an
ionic-sensitive in situ gel loaded with resveratrol nanosuspensions intended for direct
nose-to-brain delivery. Colloids Surf. B Biointerfaces 147, 376–386. doi:10.1016/j.
colsurfb.2016.08.011

Harakeh, S., Qari, M. H., Ramadan, W. S., Al Jaouni, S. K., Almuhayawi, M. S., Al
Amri, T., et al. (2021). A novel nanoformulation of ellagic acid is promising in restoring
oxidative homeostasis in rat brains with Alzheimer’s disease. Curr. Drug Metab. 22 (4),
299–307. doi:10.2174/1389200221666201216170851

Helal, G. K., Aleisa, A. M., Helal, O. K., Al-Rejaie, S. S., Al-Yahya, A. A., Al-Majed, A.
A., et al. (2009). Metallothionein induction reduces caspase-3 activity and TNFalpha
levels with preservation of cognitive function and intact hippocampal neurons in
carmustine-treated rats. Oxid. Med. Cell Longev. 2 (1), 26–35. doi:10.4161/oxim.2.1.
7901

Hochster, H. S., and Sargent, D. J. (2016). One good DNA-damage deserves another:
oxaliplatin in MSI-high colon cancer. J. Natl. Cancer Inst. 108 (7), djw011. doi:10.1093/
jnci/djw011

Hong, C. Y., Ku, J., and Wu, P. (1992). Astragalus membranaceus stimulates human
sperm motility in vitro. Am. J. Chin. Med. 20 (3-4), 289–294. doi:10.1142/
S0192415X92000308

Hong, Z., Xu, Y., Yin, J. F., Jin, J., Jiang, Y., and Du, Q. (2014). Improving the
effectiveness of (-)-epigallocatechin gallate (EGCG) against rabbit atherosclerosis by
EGCG-loaded nanoparticles prepared from chitosan and polyaspartic acid. J. Agric.
Food Chem. 62 (52), 12603–12609. doi:10.1021/jf504603n

Huang, B., Liu, J., Meng, T., Li, Y., He, D., Ran, X., et al. (2018). Polydatin prevents
lipopolysaccharide (LPS)-Induced Parkinson’s disease via regulation of the AKT/
GSK3β-Nrf2/NF-κB signaling Axis. Front. Immunol. 9, 2527. doi:10.3389/fimmu.
2018.02527

Huang, Y., Liu, C., Song, X., An, M., Liu, M., Yao, L., et al. (2021). Antioxidant and
anti-inflammatory properties mediate the neuroprotective effects of hydro-ethanolic
extract of Tiliacora triandra against cisplatin-induced neurotoxicity. J. Inflamm. Res. 14,
6735–6748. doi:10.2147/JIR.S340176

Iarkov, A., Appunn, D., and Echeverria, V. (2016). Post-treatment with cotinine
improved memory and decreased depressive-like behavior after chemotherapy in rats.
Cancer Chemother. Pharmacol. 78 (5), 1033–1039. doi:10.1007/s00280-016-3161-0

Ibrahim Fouad, G., El-Sayed, S. A. M., Mabrouk, M., Ahmed, K. A., and Beherei, H. H.
(2022). Neuroprotective potential of intranasally delivered sulforaphane-loaded iron
oxide nanoparticles against cisplatin-induced neurotoxicity. Neurotox. Res. 40 (5),
1479–1498. doi:10.1007/s12640-022-00555-x

Imosemi, I. O., Owumi, S. E., and Arunsi, U. O. (2022). Biochemical and histological
alterations of doxorubicin-induced neurotoxicity in rats: protective role of luteolin.
J. Biochem. Mol. Toxicol. 36 (3), e22962. doi:10.1002/jbt.22962

Ince, S., Kucukkurt, I., Demirel, H. H., Acaroz, D. A., Akbel, E., andCigerci, I. H. (2014).
Protective effects of boron on cyclophosphamide induced lipid peroxidation and
genotoxicity in rats. Chemosphere 108, 197–204. doi:10.1016/j.chemosphere.2014.01.038

Ishimoto, T., and Kato, Y. (2022). Ergothioneine in the brain. FEBS Lett. 596 (10),
1290–1298. doi:10.1002/1873-3468.14271

Ishola, I. O., Awogbindin, I. O., Olubodun-Obadun, T. G., Oluwafemi, O. A., Onuelu,
J. E., and Adeyemi, O. O. (2022). Morin ameliorates rotenone-induced Parkinson
disease in mice through antioxidation and anti-neuroinflammation: gut-brain axis
involvement. Brain Res. 1789, 147958. doi:10.1016/j.brainres.2022.147958

Jacobs, S., McCully, C. L., Murphy, R. F., Bacher, J., Balis, F. M., and Fox, E. (2010).
Extracellular fluid concentrations of cisplatin, carboplatin, and oxaliplatin in brain,
muscle, and blood measured using microdialysis in nonhuman primates. Cancer
Chemother. Pharmacol. 65 (5), 817–824. doi:10.1007/s00280-009-1085-7

Janelsins, M. C., Mustian, K. M., Palesh, O. G., Mohile, S. G., Peppone, L. J., Sprod, L.
K., et al. (2012). Differential expression of cytokines in breast cancer patients receiving
different chemotherapies: implications for cognitive impairment research. Support Care
Cancer 20 (4), 831–839. doi:10.1007/s00520-011-1158-0

Jarmolowicz, D. P., Gehringer, R., Lemley, S. M., Sofis, M. J., Kaplan, S., and Johnson,
M. A. (2019). 5-Fluorouracil impairs attention and dopamine release in rats. Behav.
Brain Res. 362, 319–322. doi:10.1016/j.bbr.2019.01.007

Jehn, C. F., Becker, B., Flath, B., Nogai, H., Vuong, L., Schmid, P., et al. (2015).
Neurocognitive function, brain-derived neurotrophic factor (BDNF) and IL-6 levels in
cancer patients with depression. J. Neuroimmunol. 287, 88–92. doi:10.1016/j.jneuroim.
2015.08.012

Jeppesen, D. K., Bohr, V. A., and Stevnsner, T. (2011). DNA repair deficiency in
neurodegeneration. Prog. Neurobiol. 94 (2), 166–200. doi:10.1016/j.pneurobio.2011.
04.013

Jiang, W., Guo, H., Su, D., Xu, H., Gu, H., and Hao, K. (2019). Ameliorative effect of
Magnesium isoglycyrrhizinate on hepatic encephalopathy by epirubicin. Int.
Immunopharmacol. 75, 105774. doi:10.1016/j.intimp.2019.105774

Jim, H. S., Phillips, K. M., Chait, S., Faul, L. A., Popa, M. A., Lee, Y. H., et al. (2012).
Meta-analysis of cognitive functioning in breast cancer survivors previously treated with
standard-dose chemotherapy. J. Clin. Oncol. 30 (29), 3578–3587. doi:10.1200/JCO.2011.
39.5640

Jin, Z., Lu, Y., Wu, X., Pan, T., Yu, Z., Hou, J., et al. (2021). The cross-talk between
tumor cells and activated fibroblasts mediated by lactate/BDNF/TrkB signaling
promotes acquired resistance to anlotinib in human gastric cancer. Redox Biol. 46,
102076. doi:10.1016/j.redox.2021.102076

Jing, H., and Lee, S. (2014). NF-κB in cellular senescence and cancer treatment. Mol.
Cells 37 (3), 189–195. doi:10.14348/molcells.2014.2353

Joshi, G., Aluise, C. D., Cole, M. P., Sultana, R., Pierce, W. M., Vore, M., et al. (2010).
Alterations in brain antioxidant enzymes and redox proteomic identification of oxidized
brain proteins induced by the anti-cancer drug adriamycin: implications for oxidative
stress-mediated chemobrain. Neuroscience 166 (3), 796–807. doi:10.1016/j.
neuroscience.2010.01.021

Kang, R., Chen, R., Zhang, Q., Hou, W., Wu, S., Cao, L., et al. (2014). HMGB1 in
health and disease. Mol. Asp. Med. 40, 1–116. doi:10.1016/j.mam.2014.05.001

Kaplan, S. V., Limbocker, R. A., Gehringer, R. C., Divis, J. L., Osterhaus, G. L., Newby,
M. D., et al. (2016). Impaired brain dopamine and serotonin release and uptake in wistar
rats following treatment with carboplatin. ACS Chem. Neurosci. 7 (6), 689–699. doi:10.
1021/acschemneuro.5b00029

Karschnia, P., Parsons, M.W., and Dietrich, J. (2019). Pharmacologic management of
cognitive impairment induced by cancer therapy. Lancet Oncol. 20 (2), e92–e102.
doi:10.1016/S1470-2045(18)30938-0

Keeney, J. T. R., Ren, X., Warrier, G., Noel, T., Powell, D. K., Brelsfoard, J. M., et al.
(2018). Doxorubicin-induced elevated oxidative stress and neurochemical alterations in
brain and cognitive decline: protection by MESNA and insights into mechanisms of
chemotherapy-induced cognitive impairment ("chemobrain"). Oncotarget 9 (54),
30324–30339. doi:10.18632/oncotarget.25718

Kesler, S., Janelsins, M., Koovakkattu, D., Palesh, O., Mustian, K., Morrow, G., et al.
(2013). Reduced hippocampal volume and verbal memory performance associated with
interleukin-6 and tumor necrosis factor-alpha levels in chemotherapy-treated breast
cancer survivors. Brain Behav. Immun. 30, S109–S116. doi:10.1016/j.bbi.2012.05.017

Khadrawy, Y. A., El-Gizawy, M. M., Sorour, S. M., Sawie, H. G., and Hosny, E. N.
(2019). Effect of curcumin nanoparticles on the cisplatin-induced neurotoxicity in rat.
Drug Chem. Toxicol. 42 (2), 194–202. doi:10.1080/01480545.2018.1504058

Khadrawy, Y. A., Hosny, E. N., and Mohammed, H. S. (2021). Protective effect of
nanocurcumin against neurotoxicity induced by doxorubicin in rat’s brain.
Neurotoxicology 85, 1–9. doi:10.1016/j.neuro.2021.04.003

Khamchai, S., Chumboatong, W., Hata, J., Tocharus, C., Suksamrarn, A., and
Tocharus, J. (2020). Morin protects the blood-brain barrier integrity against cerebral
ischemia reperfusion through anti-inflammatory actions in rats. Sci. Rep. 10 (1), 13379.
doi:10.1038/s41598-020-70214-8

Khayatan, D., Razavi, S. M., Arab, Z. N., Niknejad, A. H., Nouri, K., Momtaz, S., et al.
(2022). Protective effects of curcumin against traumatic brain injury. Biomed.
Pharmacother. 154, 113621. doi:10.1016/j.biopha.2022.113621

Khoury, N., Xu, J., Stegelmann, S. D., Jackson, C. W., Koronowski, K. B., Dave, K. R.,
et al. (2019). Resveratrol preconditioning induces genomic and metabolic adaptations
within the long-term window of cerebral ischemic tolerance leading to bioenergetic
efficiency. Mol. Neurobiol. 56 (6), 4549–4565. doi:10.1007/s12035-018-1380-6

Kitamura, Y., Kanemoto, E., Sugimoto, M., Machida, A., Nakamura, Y., Naito, N.,
et al. (2017). Influence of nicotine on doxorubicin and cyclophosphamide combination
treatment-induced spatial cognitive impairment and anxiety-like behavior in rats.
Naunyn Schmiedeb. Arch. Pharmacol. 390 (4), 369–378. doi:10.1007/s00210-016-
1338-z

Kitamura, Y., Ushio, S., Sumiyoshi, Y., Wada, Y., Miyazaki, I., Asanuma, M., et al.
(2021). N-acetylcysteine attenuates the anxiety-like behavior and spatial cognition
impairment induced by doxorubicin and cyclophosphamide combination treatment in
rats. Pharmacology 106 (5-6), 286–293. doi:10.1159/000512117

Koppelmans, V., Breteler, M. M., Boogerd, W., Seynaeve, C., Gundy, C., and Schagen,
S. B. (2012). Neuropsychological performance in survivors of breast cancer more than
20 years after adjuvant chemotherapy. J. Clin. Oncol. 30 (10), 1080–1086. doi:10.1200/
JCO.2011.37.0189

Kumar, N. B. (2021). The promise of nutrient-derived bioactive compounds and
dietary components to ameliorate symptoms of chemotherapy-related cognitive
impairment in breast cancer survivors. Curr. Treat. Options Oncol. 22 (8), 67.
doi:10.1007/s11864-021-00865-w

Kumar, Y., Phaniendra, A., and Periyasamy, L. (2018). Bixin triggers apoptosis of
human Hep3B hepatocellular carcinoma cells: an insight to molecular and in silico
approach. Nutr. Cancer 70 (6), 971–983. doi:10.1080/01635581.2018.1490445

Frontiers in Pharmacology frontiersin.org25

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.1016/j.bbr.2016.08.039
https://doi.org/10.1016/j.bbr.2016.08.039
https://doi.org/10.1016/j.ypmed.2011.12.001
https://doi.org/10.1016/j.ypmed.2011.12.001
https://doi.org/10.3892/etm.2019.7311
https://doi.org/10.1002/1873-3468.13123
https://doi.org/10.1002/1873-3468.13123
https://doi.org/10.1016/j.colsurfb.2016.08.011
https://doi.org/10.1016/j.colsurfb.2016.08.011
https://doi.org/10.2174/1389200221666201216170851
https://doi.org/10.4161/oxim.2.1.7901
https://doi.org/10.4161/oxim.2.1.7901
https://doi.org/10.1093/jnci/djw011
https://doi.org/10.1093/jnci/djw011
https://doi.org/10.1142/S0192415X92000308
https://doi.org/10.1142/S0192415X92000308
https://doi.org/10.1021/jf504603n
https://doi.org/10.3389/fimmu.2018.02527
https://doi.org/10.3389/fimmu.2018.02527
https://doi.org/10.2147/JIR.S340176
https://doi.org/10.1007/s00280-016-3161-0
https://doi.org/10.1007/s12640-022-00555-x
https://doi.org/10.1002/jbt.22962
https://doi.org/10.1016/j.chemosphere.2014.01.038
https://doi.org/10.1002/1873-3468.14271
https://doi.org/10.1016/j.brainres.2022.147958
https://doi.org/10.1007/s00280-009-1085-7
https://doi.org/10.1007/s00520-011-1158-0
https://doi.org/10.1016/j.bbr.2019.01.007
https://doi.org/10.1016/j.jneuroim.2015.08.012
https://doi.org/10.1016/j.jneuroim.2015.08.012
https://doi.org/10.1016/j.pneurobio.2011.04.013
https://doi.org/10.1016/j.pneurobio.2011.04.013
https://doi.org/10.1016/j.intimp.2019.105774
https://doi.org/10.1200/JCO.2011.39.5640
https://doi.org/10.1200/JCO.2011.39.5640
https://doi.org/10.1016/j.redox.2021.102076
https://doi.org/10.14348/molcells.2014.2353
https://doi.org/10.1016/j.neuroscience.2010.01.021
https://doi.org/10.1016/j.neuroscience.2010.01.021
https://doi.org/10.1016/j.mam.2014.05.001
https://doi.org/10.1021/acschemneuro.5b00029
https://doi.org/10.1021/acschemneuro.5b00029
https://doi.org/10.1016/S1470-2045(18)30938-0
https://doi.org/10.18632/oncotarget.25718
https://doi.org/10.1016/j.bbi.2012.05.017
https://doi.org/10.1080/01480545.2018.1504058
https://doi.org/10.1016/j.neuro.2021.04.003
https://doi.org/10.1038/s41598-020-70214-8
https://doi.org/10.1016/j.biopha.2022.113621
https://doi.org/10.1007/s12035-018-1380-6
https://doi.org/10.1007/s00210-016-1338-z
https://doi.org/10.1007/s00210-016-1338-z
https://doi.org/10.1159/000512117
https://doi.org/10.1200/JCO.2011.37.0189
https://doi.org/10.1200/JCO.2011.37.0189
https://doi.org/10.1007/s11864-021-00865-w
https://doi.org/10.1080/01635581.2018.1490445
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Kuzu, M., Kandemir, F. M., Yildirim, S., Kucukler, S., Caglayan, C., and Turk, E.
(2018). Morin attenuates doxorubicin-induced heart and brain damage by reducing
oxidative stress, inflammation and apoptosis. Biomed. Pharmacother. 106, 443–453.
doi:10.1016/j.biopha.2018.06.161

Kwatra, M., Jangra, A., Mishra, M., Sharma, Y., Ahmed, S., Ghosh, P., et al. (2016).
Naringin and sertraline ameliorate doxorubicin-induced behavioral deficits through
modulation of serotonin level and mitochondrial complexes protection pathway in rat
Hippocampus. Neurochem. Res. 41 (9), 2352–2366. doi:10.1007/s11064-016-1949-2

Lambert, J. D., Kim, D. H., Zheng, R., and Yang, C. S. (2006). Transdermal delivery of
(-)-epigallocatechin-3-gallate, a green tea polyphenol, in mice. J. Pharm. Pharmacol. 58
(5), 599–604. doi:10.1211/jpp.58.5.0004

Leal, G., Comprido, D., and Duarte, C. B. (2014). BDNF-induced local protein
synthesis and synaptic plasticity. Neuropharmacology 76 Pt C, 639–656. doi:10.1016/j.
neuropharm.2013.04.005

Li, C., Gou, X., and Gao, H. (2021). Doxorubicin nanomedicine based on ginsenoside
Rg1 with alleviated cardiotoxicity and enhanced antitumor activity. Nanomedicine
(Lond) 16 (29), 2587–2604. doi:10.2217/nnm-2021-0329

Li, Z. X., Zhao, G. D., Xiong, W., Linghu, K. G., Ma, Q. S., Cheang, W. S., et al. (2019).
Immunomodulatory effects of a new whole ingredients extract from Astragalus: a
combined evaluation on chemistry and pharmacology. Chin. Med. 14, 12. doi:10.1186/
s13020-019-0234-0

Liang, W. J., Yang, H. W., Liu, H. N., Qian, W., and Chen, X. L. (2020).
HMGB1 upregulates NF-kB by inhibiting IKB-α and associates with diabetic
retinopathy. Life Sci. 241, 117146. doi:10.1016/j.lfs.2019.117146

Liang, Z., Currais, A., Soriano-Castell, D., Schubert, D., and Maher, P. (2021). Natural
products targeting mitochondria: emerging therapeutics for age-associated neurological
disorders. Pharmacol. Ther. 221, 107749. doi:10.1016/j.pharmthera.2020.107749

Lim, I., Joung, H. Y., Yu, A. R., Shim, I., and Kim, J. S. (2016). PET evidence of the
effect of donepezil on cognitive performance in an animal model of chemobrain.
Biomed. Res. Int. 2016, 6945415. doi:10.1155/2016/6945415

Liu, D., Wang, H., Zhang, Y., and Zhang, Z. (2020). Protective effects of chlorogenic
acid on cerebral ischemia/reperfusion injury rats by regulating oxidative stress-related
Nrf2 pathway. Drug Des. Devel Ther. 14, 51–60. doi:10.2147/DDDT.S228751

Liu, J. X., Di, D. L., Wei, X. N., and Han, Y. (2008). Cytotoxic diarylheptanoids from
the pericarps of walnuts (Juglans regia). Planta Med. 74 (7), 754–759. doi:10.1055/s-
2008-1074536

Liu, P., Zhao, H., and Luo, Y. (2017). Anti-aging implications of Astragalus
membranaceus (huangqi): a well-known Chinese tonic. Aging Dis. 8 (6), 868–886.
doi:10.14336/AD.2017.0816

Lomeli, N., Di, K., Czerniawski, J., Guzowski, J. F., and Bota, D. A. (2017). Cisplatin-
induced mitochondrial dysfunction is associated with impaired cognitive function in
rats. Free Radic. Biol. Med. 102, 274–286. doi:10.1016/j.freeradbiomed.2016.11.046

Lu, H., Li, S., Dai, D., Zhang, Q., Min, Z., Yang, C., et al. (2022). Enhanced treatment of
cerebral ischemia-Reperfusion injury by intelligent nanocarriers through the regulation of
neurovascular units. Acta Biomater. 147, 314–326. doi:10.1016/j.actbio.2022.05.021

Lv, L., Mao, S., Dong, H., Hu, P., and Dong, R. (2020). Pathogenesis, assessments, and
management of chemotherapy-related cognitive impairment (CRCI): an updated
literature review. J. Oncol. 2020, 3942439. doi:10.1155/2020/3942439

Ma, Y., Yang, L., Ma, J., Lu, L., Wang, X., Ren, J., et al. (2017). Rutin attenuates
doxorubicin-induced cardiotoxicity via regulating autophagy and apoptosis. Biochim.
Biophys. Acta Mol. Basis Dis. 1863 (8), 1904–1911. doi:10.1016/j.bbadis.2016.12.021

Madane, R. G., and Mahajan, H. S. (2016). Curcumin-loaded nanostructured lipid
carriers (NLCs) for nasal administration: design, characterization, and in vivo study.
Drug Deliv. 23 (4), 1326–1334. doi:10.3109/10717544.2014.975382

Madhyastha, S., Somayaji, S. N., Rao, M. S., Nalini, K., and Bairy, K. L. (2002).
Hippocampal brain amines in methotrexate-induced learning and memory deficit. Can.
J. Physiol. Pharmacol. 80 (11), 1076–1084. doi:10.1139/y02-135

Maiti, K., Mukherjee, K., Gantait, A., Saha, B. P., and Mukherjee, P. K. (2006).
Enhanced therapeutic potential of naringenin-phospholipid complex in rats. J. Pharm.
Pharmacol. 58 (9), 1227–1233. doi:10.1211/jpp.58.9.0009

Majumdar, D., Jung, K. H., Zhang, H., Nannapaneni, S., Wang, X., Amin, A. R., et al.
(2014). Luteolin nanoparticle in chemoprevention: in vitro and in vivo anticancer
activity. Cancer Prev. Res. (Phila) 7 (1), 65–73. doi:10.1158/1940-6207.CAPR-13-0230

Malekan, M., Nezamabadi, S. S., Samami, E., Mohebalizadeh, M., Saghazadeh, A., and
Rezaei, N. (2023). BDNF and its signaling in cancer. J. Cancer Res. Clin. Oncol. 149 (6),
2621–2636. doi:10.1007/s00432-022-04365-8

Manabe, Y., Komatsu, T., Seki, S., and Sugawara, T. (2018). Dietary astaxanthin can
accumulate in the brain of rats. Biosci. Biotechnol. Biochem. 82 (8), 1433–1436. doi:10.
1080/09168451.2018.1459467

Manchon, J. F., Dabaghian, Y., Uzor, N. E., Kesler, S. R., Wefel, J. S., and Tsvetkov, A.
S. (2016). Levetiracetam mitigates doxorubicin-induced DNA and synaptic damage in
neurons. Sci. Rep. 6, 25705. doi:10.1038/srep25705

Manna, P., Sinha, M., and Sil, P. C. (2007). A 43 kD protein isolated from the herb
Cajanus indicus L attenuates sodium fluoride-induced hepatic and renal disorders in
vivo. J. Biochem. Mol. Biol. 40 (3), 382–395. doi:10.5483/bmbrep.2007.40.3.382

Massoulie, J., Pezzementi, L., Bon, S., Krejci, E., and Vallette, F. M. (1993). Molecular
and cellular biology of cholinesterases. Prog. Neurobiol. 41 (1), 31–91. doi:10.1016/0301-
0082(93)90040-y

McElroy, T., Brown, T., Kiffer, F., Wang, J., Byrum, S. D., Oberley-Deegan, R. E., et al.
(2020). Assessing the effects of redox modifier MnTnBuOE-2-PyP 5+ on cognition and
hippocampal physiology following doxorubicin, cyclophosphamide, and paclitaxel
treatment. Int. J. Mol. Sci. 21 (5), 1867. doi:10.3390/ijms21051867

Mehmood, S., Maqsood, M., Mahtab, N., Khan, M. I., Sahar, A., Zaib, S., et al. (2022).
Epigallocatechin gallate: phytochemistry, bioavailability, utilization challenges, and
strategies. J. Food Biochem. 46 (8), e14189. doi:10.1111/jfbc.14189

Meister, A. (1991). Glutathione deficiency produced by inhibition of its synthesis, and
its reversal; applications in research and therapy. Pharmacol. Ther. 51 (2), 155–194.
doi:10.1016/0163-7258(91)90076-x

Merzoug, S., Toumi, M. L., and Tahraoui, A. (2014). Quercetin mitigates Adriamycin-
induced anxiety- and depression-like behaviors, immune dysfunction, and brain
oxidative stress in rats. Naunyn Schmiedeb. Arch. Pharmacol. 387 (10), 921–933.
doi:10.1007/s00210-014-1008-y

Meyers, C. A., Albitar, M., and Estey, E. (2005). Cognitive impairment, fatigue, and
cytokine levels in patients with acute myelogenous leukemia or myelodysplastic
syndrome. Cancer 104 (4), 788–793. doi:10.1002/cncr.21234

Miguel, C. A., Noya-Riobo, M. V., Mazzone, G. L., Villar, M. J., and Coronel, M. F.
(2021). Antioxidant, anti-inflammatory and neuroprotective actions of resveratrol after
experimental nervous system insults. Special focus on the molecular mechanisms
involved. Neurochem. Int. 150, 105188. doi:10.1016/j.neuint.2021.105188

Min, S. K., Kwon, Y. S., Cho, M. K., and Shin, H. S. (2017). Nasal delivery of
antioxidants by cholesterol-incorporated liposomes extends the neuroprotective time
window in cerebral ischemia. Curr. Pharm. Des. 23 (40), 6223–6230. doi:10.2174/
1381612823666170825124515

Mishra, S., and Vinayak, M. (2014). Ellagic acid inhibits PKC signaling by improving
antioxidant defense system in murine T cell lymphoma. Mol. Biol. Rep. 41 (7),
4187–4197. doi:10.1007/s11033-014-3289-0

Mitsuki, S., Diksic, M., Conway, T., Yamamoto, Y. L., Villemure, J. G., and Feindel, W.
(1991). Pharmacokinetics of 11C-labelled BCNU and SarCNU in gliomas studied by
PET. J. Neurooncol 10 (1), 47–55. doi:10.1007/BF00151246

Mohamed, R. H., Karam, R. A., and Amer, M. G. (2011). Epicatechin attenuates
doxorubicin-induced brain toxicity: critical role of TNF-α, iNOS and NF-κB. Brain Res.
Bull. 86 (1-2), 22–28. doi:10.1016/j.brainresbull.2011.07.001

Momtazmanesh, S., Amirimoghaddam-Yazdi, Z., Moghaddam, H. S., Mohammadi,
M. R., and Akhondzadeh, S. (2020). Sulforaphane as an adjunctive treatment for
irritability in children with autism spectrum disorder: a randomized, double-blind,
placebo-controlled clinical trial. Psychiatry Clin. Neurosci. 74 (7), 398–405. doi:10.1111/
pcn.13016

Moretti, R. L., Dias, E. N., Kiel, S. G., Augusto, M. C. M., Rodrigues, P. S., Sampaio, A.
C. S., et al. (2021). Behavioral and morphological effects of resveratrol and curcumin in
rats submitted to doxorubicin-induced cognitive impairment. Res. Vet. Sci. 140,
242–250. doi:10.1016/j.rvsc.2021.09.009

Moruno-Manchon, J. F., Uzor, N. E., Kesler, S. R., Wefel, J. S., Townley, D. M.,
Nagaraja, A. S., et al. (2016). TFEB ameliorates the impairment of the autophagy-
lysosome pathway in neurons induced by doxorubicin. Aging (Albany NY) 8 (12),
3507–3519. doi:10.18632/aging.101144

Moujalled, D., Strasser, A., and Liddell, J. R. (2021). Molecular mechanisms of cell
death in neurological diseases. Cell Death Differ. 28 (7), 2029–2044. doi:10.1038/s41418-
021-00814-y

Mounier, N. M., Abdel-Maged, A. E., Wahdan, S. A., Gad, A. M., and Azab, S. S.
(2020). Chemotherapy-induced cognitive impairment (CICI): an overview of etiology
and pathogenesis. Life Sci. 258, 118071. doi:10.1016/j.lfs.2020.118071

Mustafa, S., Walker, A., Bennett, G., and Wigmore, P. M. (2008). 5-Fluorouracil
chemotherapy affects spatial working memory and newborn neurons in the adult rat
hippocampus. Eur. J. Neurosci. 28 (2), 323–330. doi:10.1111/j.1460-9568.2008.
06325.x

Myers, J. S., Pierce, J., and Pazdernik, T. (2008). Neurotoxicology of chemotherapy in
relation to cytokine release, the blood-brain barrier, and cognitive impairment. Oncol.
Nurs. Forum 35 (6), 916–920. doi:10.1188/08.ONF.916-920

Nakamichi, N., Taguchi, T., Hosotani, H., Wakayama, T., Shimizu, T., Sugiura, T.,
et al. (2012). Functional expression of carnitine/organic cation transporter OCTN1 in
mouse brain neurons: possible involvement in neuronal differentiation.Neurochem. Int.
61 (7), 1121–1132. doi:10.1016/j.neuint.2012.08.004

Nakamichi, N., Tsuzuku, S., and Shibagaki, F. (2022). Ergothioneine and central nervous
system diseases. Neurochem. Res. 47 (9), 2513–2521. doi:10.1007/s11064-022-03665-2

Natarajan, K., Singh, S., Burke, T. R., Jr., Grunberger, D., and Aggarwal, B. B. (1996).
Caffeic acid phenethyl ester is a potent and specific inhibitor of activation of nuclear
transcription factor NF-kappa B. Proc. Natl. Acad. Sci. U. S. A. 93 (17), 9090–9095.
doi:10.1073/pnas.93.17.9090

Ng, T. P., Chiam, P. C., Lee, T., Chua, H. C., Lim, L., and Kua, E. H. (2006). Curry
consumption and cognitive function in the elderly. Am. J. Epidemiol. 164 (9), 898–906.
doi:10.1093/aje/kwj267

Frontiers in Pharmacology frontiersin.org26

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.1016/j.biopha.2018.06.161
https://doi.org/10.1007/s11064-016-1949-2
https://doi.org/10.1211/jpp.58.5.0004
https://doi.org/10.1016/j.neuropharm.2013.04.005
https://doi.org/10.1016/j.neuropharm.2013.04.005
https://doi.org/10.2217/nnm-2021-0329
https://doi.org/10.1186/s13020-019-0234-0
https://doi.org/10.1186/s13020-019-0234-0
https://doi.org/10.1016/j.lfs.2019.117146
https://doi.org/10.1016/j.pharmthera.2020.107749
https://doi.org/10.1155/2016/6945415
https://doi.org/10.2147/DDDT.S228751
https://doi.org/10.1055/s-2008-1074536
https://doi.org/10.1055/s-2008-1074536
https://doi.org/10.14336/AD.2017.0816
https://doi.org/10.1016/j.freeradbiomed.2016.11.046
https://doi.org/10.1016/j.actbio.2022.05.021
https://doi.org/10.1155/2020/3942439
https://doi.org/10.1016/j.bbadis.2016.12.021
https://doi.org/10.3109/10717544.2014.975382
https://doi.org/10.1139/y02-135
https://doi.org/10.1211/jpp.58.9.0009
https://doi.org/10.1158/1940-6207.CAPR-13-0230
https://doi.org/10.1007/s00432-022-04365-8
https://doi.org/10.1080/09168451.2018.1459467
https://doi.org/10.1080/09168451.2018.1459467
https://doi.org/10.1038/srep25705
https://doi.org/10.5483/bmbrep.2007.40.3.382
https://doi.org/10.1016/0301-0082(93)90040-y
https://doi.org/10.1016/0301-0082(93)90040-y
https://doi.org/10.3390/ijms21051867
https://doi.org/10.1111/jfbc.14189
https://doi.org/10.1016/0163-7258(91)90076-x
https://doi.org/10.1007/s00210-014-1008-y
https://doi.org/10.1002/cncr.21234
https://doi.org/10.1016/j.neuint.2021.105188
https://doi.org/10.2174/1381612823666170825124515
https://doi.org/10.2174/1381612823666170825124515
https://doi.org/10.1007/s11033-014-3289-0
https://doi.org/10.1007/BF00151246
https://doi.org/10.1016/j.brainresbull.2011.07.001
https://doi.org/10.1111/pcn.13016
https://doi.org/10.1111/pcn.13016
https://doi.org/10.1016/j.rvsc.2021.09.009
https://doi.org/10.18632/aging.101144
https://doi.org/10.1038/s41418-021-00814-y
https://doi.org/10.1038/s41418-021-00814-y
https://doi.org/10.1016/j.lfs.2020.118071
https://doi.org/10.1111/j.1460-9568.2008.06325.x
https://doi.org/10.1111/j.1460-9568.2008.06325.x
https://doi.org/10.1188/08.ONF.916-920
https://doi.org/10.1016/j.neuint.2012.08.004
https://doi.org/10.1007/s11064-022-03665-2
https://doi.org/10.1073/pnas.93.17.9090
https://doi.org/10.1093/aje/kwj267
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Nokia, M. S., Anderson, M. L., and Shors, T. J. (2012). Chemotherapy disrupts
learning, neurogenesis and theta activity in the adult brain. Eur. J. Neurosci. 36 (11),
3521–3530. doi:10.1111/ejn.12007

Ntagwabira, F., Trujillo, M., McElroy, T., Brown, T., Simmons, P., Sykes, D., et al.
(2022). Piperlongumine as a neuro-protectant in chemotherapy induced cognitive
impairment. Int. J. Mol. Sci. 23 (4), 2008. doi:10.3390/ijms23042008

Nudelman, K. N., McDonald, B. C., Wang, Y., Smith, D. J., West, J. D., O’Neill, D. P.,
et al. (2016). Cerebral perfusion and gray matter changes associated with
chemotherapy-induced peripheral neuropathy. J. Clin. Oncol. 34 (7), 677–683.
doi:10.1200/JCO.2015.62.1276

Nudelman, K. N., Wang, Y., McDonald, B. C., Conroy, S. K., Smith, D. J., West, J. D.,
et al. (2014). Altered cerebral blood flow one month after systemic chemotherapy for
breast cancer: a prospective study using pulsed arterial spin labeling MRI perfusion.
PLoS One 9 (5), e96713. doi:10.1371/journal.pone.0096713

Oboh, G., Akomolafe, T. L., Adefegha, S. A., and Adetuyi, A. O. (2011). Inhibition of
cyclophosphamide-induced oxidative stress in rat brain by polar and non-polar extracts of
Annatto (Bixa orellana) seeds. Exp. Toxicol. Pathol. 63 (3), 257–262. doi:10.1016/j.etp.2010.
01.003

Ogawa, Y., Kanatsu, K., Iino, T., Kato, S., Jeong, Y. I., Shibata, N., et al. (2002).
Protection against dextran sulfate sodium-induced colitis by microspheres of ellagic
acid in rats. Life Sci. 71 (7), 827–839. doi:10.1016/s0024-3205(02)01737-x

Oz, M., Nurullahoglu Atalik, K. E., Yerlikaya, F. H., and Demir, E. A. (2015).
Curcumin alleviates cisplatin-induced learning and memory impairments.
Neurobiol. Learn Mem. 123, 43–49. doi:10.1016/j.nlm.2015.05.001

Pal, S., Ahir, M., and Sil, P. C. (2012). Doxorubicin-induced neurotoxicity is
attenuated by a 43-kD protein from the leaves of Cajanus indicus L. via NF-κB and
mitochondria dependent pathways. Free Radic. Res. 46 (6), 785–798. doi:10.3109/
10715762.2012.678841

Pal, S., and Sil, P. C. (2012). A 43 kD protein from the leaves of the herb Cajanus
indicus L. modulates doxorubicin induced nephrotoxicity via MAPKs and both
mitochondria dependent and independent pathways. Biochimie 94 (6), 1356–1367.
doi:10.1016/j.biochi.2012.03.003

Pandareesh, M. D., Mythri, R. B., and Srinivas Bharath, M. M. (2015). Bioavailability
of dietary polyphenols: factors contributing to their clinical application in CNS diseases.
Neurochem. Int. 89, 198–208. doi:10.1016/j.neuint.2015.07.003

Papakyriakopoulou, P., Manta, K., Kostantini, C., Kikionis, S., Banella, S., Ioannou, E.,
et al. (2021). Nasal powders of quercetin-β-cyclodextrin derivatives complexes with
mannitol/lecithin microparticles for Nose-to-Brain delivery: in vitro and ex vivo
evaluation. Int. J. Pharm. 607, 121016. doi:10.1016/j.ijpharm.2021.121016

Park, S. R., Namkoong, S., Friesen, L., Cho, C. S., Zhang, Z. Z., Chen, Y. C., et al. (2020).
Single-cell transcriptome analysis of colon cancer cell response to 5-fluorouracil-induced
DNA damage. Cell Rep. 32 (8), 108077. doi:10.1016/j.celrep.2020.108077

Paul, B. D. (2022). Ergothioneine: a stress vitamin with antiaging, vascular, and
neuroprotective roles? Antioxid. Redox Signal 36 (16-18), 1306–1317. doi:10.1089/ars.
2021.0043

Pei, Y., Liu, Y., Xie, C., Zhang, X., and You, H. (2020). Detecting the formation
kinetics of doxorubicin-DNA interstrand cross-link at the single-molecule level and
clinically relevant concentrations of doxorubicin. Anal. Chem. 92 (6), 4504–4511.
doi:10.1021/acs.analchem.9b05657

Penton-Rol, G., Lagumersindez-Denis, N., Muzio, L., Bergami, A., Furlan, R.,
Fernandez-Masso, J. R., et al. (2016). Comparative neuroregenerative effects of
C-phycocyanin and IFN-beta in a model of multiple sclerosis in mice.
J. Neuroimmune Pharmacol. 11 (1), 153–167. doi:10.1007/s11481-015-9642-9

Penton-Rol, G., Marin-Prida, J., and McCarty, M. F. (2021). C-Phycocyanin-derived
phycocyanobilin as a potential nutraceutical approach for major neurodegenerative
disorders and COVID-19- induced damage to the nervous system. Curr.
Neuropharmacol. 19 (12), 2250–2275. doi:10.2174/1570159X19666210408123807

Poprac, P., Jomova, K., Simunkova,M., Kollar, V., Rhodes, C. J., and Valko, M. (2017).
Targeting free radicals in oxidative stress-related human diseases. Trends Pharmacol.
Sci. 38 (7), 592–607. doi:10.1016/j.tips.2017.04.005

Rajamani, R., Muthuvel, A., Senthilvelan, M., and Sheeladevi, R. (2006). Oxidative
stress induced bymethotrexate alone and in the presence of methanol in discrete regions
of the rodent brain, retina and optic nerve. Toxicol. Lett. 165 (3), 265–273. doi:10.1016/j.
toxlet.2006.05.005

Ramalingayya, G. V., Cheruku, S. P., Nayak, P. G., Kishore, A., Shenoy, R., Rao, C. M.,
et al. (2017). Rutin protects against neuronal damage in vitro and ameliorates
doxorubicin-induced memory deficits in vivo in Wistar rats. Drug Des. Devel Ther.
11, 1011–1026. doi:10.2147/DDDT.S103511

Ramalingayya, G. V., Gourishetti, K., Nayak, P. G., Rao, C. M., Kishore, A., Alnaseer,
S. M., et al. (2019). Rutin protects against doxorubicin-induced cognitive dysfunction
while retaining the anticancer potential of Dox in a murine model of N-methyl-N-
nitrosourea - induced mammary carcinoma. J. Environ. Pathol. Toxicol. Oncol. 38 (2),
153–163. doi:10.1615/JEnvironPatholToxicolOncol.2019028294

Rao, V., Bhushan, R., Kumari, P., Cheruku, S. P., Ravichandiran, V., and Kumar, N.
(2022). Chemobrain: a review on mechanistic insight, targets and treatments. Adv.
Cancer Res. 155, 29–76. doi:10.1016/bs.acr.2022.04.001

Rassu, G., Fancello, S., Roldo, M., Malanga, M., Szente, L., Migheli, R., et al. (2020).
Investigation of cytotoxicity and cell uptake of cationic beta-cyclodextrins as valid tools
in nasal delivery. Pharmaceutics 12 (7), 658. doi:10.3390/pharmaceutics12070658

Reddy, P. H., Manczak, M., Yin, X., Grady, M. C., Mitchell, A., Tonk, S., et al. (2018).
Protective effects of Indian spice curcumin against amyloid-β in Alzheimer’s disease.
J. Alzheimers Dis. 61 (3), 843–866. doi:10.3233/JAD-170512

Reger, M. A., Watson, G. S., Frey, W. H., 2nd, Baker, L. D., Cholerton, B., Keeling, M.
L., et al. (2006). Effects of intranasal insulin on cognition in memory-impaired older
adults: modulation by APOE genotype. Neurobiol. Aging 27 (3), 451–458. doi:10.1016/j.
neurobiolaging.2005.03.016

Rivera-Madrid, R., Aguilar-Espinosa, M., Cardenas-Conejo, Y., and Garza-Caligaris,
L. E. (2016). Carotenoid derivates in achiote (Bixa orellana) seeds: synthesis and health
promoting properties. Front. Plant Sci. 7, 1406. doi:10.3389/fpls.2016.01406

Rizk, H. A., Masoud, M. A., and Maher, O. W. (2017). Prophylactic effects of ellagic
acid and rosmarinic acid on doxorubicin-induced neurotoxicity in rats. J. Biochem. Mol.
Toxicol. 31 (12). doi:10.1002/jbt.21977

Romay, C., and Gonzalez, R. (2000). Phycocyanin is an antioxidant protector of
human erythrocytes against lysis by peroxyl radicals. J. Pharm. Pharmacol. 52 (4),
367–368. doi:10.1211/0022357001774093

Sakane, T., Yamashita, S., Yata, N., and Sezaki, H. (1999). Transnasal delivery of 5-
fluorouracil to the brain in the rat. J. Drug Target 7 (3), 233–240. doi:10.3109/
10611869909085506

Salem, H. F., Kharshoum, R. M., Abou-Taleb, H. A., and Naguib, D. M. (2019).
Nanosized transferosome-based intranasal in situ gel for brain targeting of resveratrol:
formulation, optimization, in vitro evaluation, and in vivo pharmacokinetic study.AAPS
PharmSciTech 20 (5), 181. doi:10.1208/s12249-019-1353-8

Santonocito, D., Raciti, G., Campisi, A., Sposito, G., Panico, A., Siciliano, E. A., et al.
(2021). Astaxanthin-loaded stealth lipid nanoparticles (AST-SSLN) as potential carriers
for the treatment of Alzheimer’s disease: formulation development and optimization.
Nanomater. (Basel) 11 (2), 391. doi:10.3390/nano11020391

Schagen, S. B., Tsvetkov, A. S., Compter, A., andWefel, J. S. (2022). Cognitive adverse
effects of chemotherapy and immunotherapy: are interventions within reach? Nat. Rev.
Neurol. 18 (3), 173–185. doi:10.1038/s41582-021-00617-2

Schneider-Futschik, E. K., and Reyes-Ortega, F. (2021). Advantages and
disadvantages of using magnetic nanoparticles for the treatment of complicated
ocular disorders. Pharmaceutics 13 (8), 1157. doi:10.3390/pharmaceutics13081157

Schneiderman, B. (2004). Hippocampal volumes smaller in chemotherapy patients.
Lancet Oncol. 5 (4), 202. doi:10.1016/s1470-2045(04)01443-3

Seigers, R., Schagen, S. B., Beerling, W., Boogerd, W., van Tellingen, O., van Dam, F.
S., et al. (2008). Long-lasting suppression of hippocampal cell proliferation and
impaired cognitive performance by methotrexate in the rat. Behav. Brain Res. 186
(2), 168–175. doi:10.1016/j.bbr.2007.08.004

Seruga, B., Zhang, H., Bernstein, L. J., and Tannock, I. F. (2008). Cytokines and their
relationship to the symptoms and outcome of cancer. Nat. Rev. Cancer 8 (11), 887–899.
doi:10.1038/nrc2507

Shahzad, M., Shabbir, A., Wojcikowski, K., Wohlmuth, H., and Gobe, G. C. (2016).
The antioxidant effects of Radix astragali (Astragalus membranaceus and related
species) in protecting tissues from injury and disease. Curr. Drug Targets 17 (12),
1331–1340. doi:10.2174/1389450116666150907104742

Shang, W., Zhao, X., Yang, F., Wang, D., Lu, L., Xu, Z., et al. (2022). Ginsenoside
Rg1 nanoparticles induce demethylation of H3K27me3 in VEGF-A and jagged
1 promoter regions to activate angiogenesis after ischemic stroke. Int.
J. Nanomedicine 17, 5447–5468. doi:10.2147/IJN.S380515

Sheldrick, A. J., Krug, A., Markov, V., Leube, D., Michel, T. M., Zerres, K., et al. (2008).
Effect of COMT val158met genotype on cognition and personality. Eur. Psychiatry 23
(6), 385–389. doi:10.1016/j.eurpsy.2008.05.002

Shen, J., Zhao, Z., Shang, W., Liu, C., Zhang, B., Xu, Z., et al. (2019). Fabrication and
evaluation a transferrin receptor targeting nano-drug carrier for cerebral infarction
treatment. Artif. Cells Nanomed Biotechnol. 47 (1), 192–200. doi:10.1080/21691401.
2018.1548471

Shen, J., Zhao, Z., Shang, W., Liu, C., Zhang, B., Zhao, L., et al. (2017). Ginsenoside
Rg1 nanoparticle penetrating the blood-brain barrier to improve the cerebral function
of diabetic rats complicated with cerebral infarction. Int. J. Nanomedicine 12,
6477–6486. doi:10.2147/IJN.S139602

Shi, D. D., Dong, C. M., Ho, L. C., Lam, C. T. W., Zhou, X. D., Wu, E. X., et al. (2018).
Resveratrol, a natural polyphenol, prevents chemotherapy-induced cognitive
impairment: involvement of cytokine modulation and neuroprotection. Neurobiol.
Dis. 114, 164–173. doi:10.1016/j.nbd.2018.03.006

Shi, D. D., Huang, Y. H., Lai, C. S. W., Dong, C. M., Ho, L. C., Li, X. Y., et al. (2019).
Ginsenoside Rg1 prevents chemotherapy-induced cognitive impairment: associations
with microglia-mediated cytokines, neuroinflammation, and neuroplasticity. Mol.
Neurobiol. 56 (8), 5626–5642. doi:10.1007/s12035-019-1474-9

Shinde, R. L., and Devarajan, P. V. (2017). Docosahexaenoic acid-mediated, targeted
and sustained brain delivery of curcumin microemulsion. Drug Deliv. 24 (1), 152–161.
doi:10.1080/10717544.2016.1233593

Frontiers in Pharmacology frontiersin.org27

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.1111/ejn.12007
https://doi.org/10.3390/ijms23042008
https://doi.org/10.1200/JCO.2015.62.1276
https://doi.org/10.1371/journal.pone.0096713
https://doi.org/10.1016/j.etp.2010.01.003
https://doi.org/10.1016/j.etp.2010.01.003
https://doi.org/10.1016/s0024-3205(02)01737-x
https://doi.org/10.1016/j.nlm.2015.05.001
https://doi.org/10.3109/10715762.2012.678841
https://doi.org/10.3109/10715762.2012.678841
https://doi.org/10.1016/j.biochi.2012.03.003
https://doi.org/10.1016/j.neuint.2015.07.003
https://doi.org/10.1016/j.ijpharm.2021.121016
https://doi.org/10.1016/j.celrep.2020.108077
https://doi.org/10.1089/ars.2021.0043
https://doi.org/10.1089/ars.2021.0043
https://doi.org/10.1021/acs.analchem.9b05657
https://doi.org/10.1007/s11481-015-9642-9
https://doi.org/10.2174/1570159X19666210408123807
https://doi.org/10.1016/j.tips.2017.04.005
https://doi.org/10.1016/j.toxlet.2006.05.005
https://doi.org/10.1016/j.toxlet.2006.05.005
https://doi.org/10.2147/DDDT.S103511
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2019028294
https://doi.org/10.1016/bs.acr.2022.04.001
https://doi.org/10.3390/pharmaceutics12070658
https://doi.org/10.3233/JAD-170512
https://doi.org/10.1016/j.neurobiolaging.2005.03.016
https://doi.org/10.1016/j.neurobiolaging.2005.03.016
https://doi.org/10.3389/fpls.2016.01406
https://doi.org/10.1002/jbt.21977
https://doi.org/10.1211/0022357001774093
https://doi.org/10.3109/10611869909085506
https://doi.org/10.3109/10611869909085506
https://doi.org/10.1208/s12249-019-1353-8
https://doi.org/10.3390/nano11020391
https://doi.org/10.1038/s41582-021-00617-2
https://doi.org/10.3390/pharmaceutics13081157
https://doi.org/10.1016/s1470-2045(04)01443-3
https://doi.org/10.1016/j.bbr.2007.08.004
https://doi.org/10.1038/nrc2507
https://doi.org/10.2174/1389450116666150907104742
https://doi.org/10.2147/IJN.S380515
https://doi.org/10.1016/j.eurpsy.2008.05.002
https://doi.org/10.1080/21691401.2018.1548471
https://doi.org/10.1080/21691401.2018.1548471
https://doi.org/10.2147/IJN.S139602
https://doi.org/10.1016/j.nbd.2018.03.006
https://doi.org/10.1007/s12035-019-1474-9
https://doi.org/10.1080/10717544.2016.1233593
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Shulman, M., Cohen, M., Soto-Gutierrez, A., Yagi, H., Wang, H., Goldwasser, J., et al.
(2011). Enhancement of naringenin bioavailability by complexation with
hydroxypropyl-β-cyclodextrin. [corrected]. PLoS One 6 (4), e18033. doi:10.1371/
journal.pone.0018033

Singh, A., Kukreti, R., Saso, L., and Kukreti, S. (2019). Oxidative stress: a key
modulator in neurodegenerative diseases. Molecules 24 (8), 1583. doi:10.3390/
molecules24081583

Singh, K., and Zimmerman, A.W. (2016). Sulforaphane treatment of young men with
autism spectrum disorder. CNS Neurol. Disord. Drug Targets 15 (5), 597–601. doi:10.
2174/1871527315666160413122525

Sinha, M., Manna, P., and Sil, P. C. (2007). Amelioration of galactosamine-induced
nephrotoxicity by a protein isolated from the leaves of the herb, Cajanus indicus L. BMC
Complement. Altern. Med. 7, 11. doi:10.1186/1472-6882-7-11

Sintov, A. C. (2020). AmyloLipid Nanovesicles: a self-assembled lipid-modified starch
hybrid system constructed for direct nose-to-brain delivery of curcumin. Int. J. Pharm.
588, 119725. doi:10.1016/j.ijpharm.2020.119725

Slater, T. F., Cheeseman, K. H., Davies, M. J., Proudfoot, K., and Xin, W. (1987). Free
radical mechanisms in relation to tissue injury. Proc. Nutr. Soc. 46 (1), 1–12. doi:10.
1079/pns19870003

Small, B. J., Rawson, K. S., Walsh, E., Jim, H. S., Hughes, T. F., Iser, L., et al. (2011).
Catechol-O-methyltransferase genotype modulates cancer treatment-related
cognitive deficits in breast cancer survivors. Cancer 117 (7), 1369–1376. doi:10.
1002/cncr.25685

Solairaja, S., Andrabi, M. Q., Dunna, N. R., and Venkatabalasubramanian, S. (2021).
Overview of Morin and its complementary role as an adjuvant for anticancer agents.
Nutr. Cancer 73 (6), 927–942. doi:10.1080/01635581.2020.1778747

Song, T. Y., Chen, C. L., Liao, J. W., Ou, H. C., and Tsai, M. S. (2010). Ergothioneine
protects against neuronal injury induced by cisplatin both in vitro and in vivo. Food
Chem. Toxicol. 48 (12), 3492–3499. doi:10.1016/j.fct.2010.09.030

Sonvico, F., Clementino, A., Buttini, F., Colombo, G., Pescina, S., Staniscuaski
Guterres, S., et al. (2018). Surface-Modified nanocarriers for nose-to-brain delivery:
from bioadhesion to targeting. Pharmaceutics 10 (1), 34. doi:10.3390/
pharmaceutics10010034

Spiller, G. A., and Dewell, A. (2003). Safety of an astaxanthin-rich Haematococcus
pluvialis algal extract: a randomized clinical trial. J. Med. Food 6 (1), 51–56. doi:10.1089/
109662003765184741

Stojiljkovic, N., Ilic, S., Stojanovic, N., Jankovic-Velickovic, L., Stojnev, S., Kocic, G.,
et al. (2019). Nanoliposome-encapsulated ellagic acid prevents cyclophosphamide-
induced rat liver damage. Mol. Cell Biochem. 458 (1-2), 185–195. doi:10.1007/
s11010-019-03541-8

Subhashini, Chauhan, P. S., Kumari, S., Kumar, J. P., Chawla, R., Dash, D., et al.
(2013). Intranasal curcumin and its evaluation in murine model of asthma. Int.
Immunopharmacol. 17 (3), 733–743. doi:10.1016/j.intimp.2013.08.008

Sugihara, K., and Gemba, M. (1986). Modification of cisplatin toxicity by
antioxidants. Jpn. J. Pharmacol. 40 (2), 353–355. doi:10.1254/jjp.40.353

Sui, X., Kong, N., Ye, L., Han, W., Zhou, J., Zhang, Q., et al. (2014). p38 and JNK
MAPK pathways control the balance of apoptosis and autophagy in response to
chemotherapeutic agents. Cancer Lett. 344 (2), 174–179. doi:10.1016/j.canlet.2013.
11.019

Sun, J., Wang, G., Haitang, X., Hao, L., Guoyu, P., and Tucker, I. (2005). Simultaneous
rapid quantification of ginsenoside Rg1 and its secondary glycoside Rh1 and aglycone
protopanaxatriol in rat plasma by liquid chromatography-mass spectrometry after
solid-phase extraction. J. Pharm. Biomed. Anal. 38 (1), 126–132. doi:10.1016/j.jpba.
2004.12.007

Sun, Y., Liu,W. Z., Liu, T., Feng, X., Yang, N., and Zhou, H. F. (2015). Signaling pathway of
MAPK/ERK in cell proliferation, differentiation, migration, senescence and apoptosis.
J. Recept Signal Transduct. Res. 35 (6), 600–604. doi:10.3109/10799893.2015.1030412

Sun, Z., and Wang, X. (2020). Protective effects of polydatin on multiple organ
ischemia-reperfusion injury. Bioorg Chem. 94, 103485. doi:10.1016/j.bioorg.2019.
103485

Sung, P. S., Lin, P. Y., Liu, C. H., Su, H. C., and Tsai, K. J. (2020). Neuroinflammation
and neurogenesis in Alzheimer’s disease and potential therapeutic approaches. Int.
J. Mol. Sci. 21 (3), 701. doi:10.3390/ijms21030701

Tang, D., Zhang, Q., Duan, H., Ye, X., Liu, J., Peng, W., et al. (2022). Polydatin: a
critical promising natural agent for liver protection via antioxidative stress. Oxid. Med.
Cell Longev. 2022, 9218738. doi:10.1155/2022/9218738

Tang, R. M. Y., Cheah, I. K., Yew, T. S. K., and Halliwell, B. (2018). Distribution and
accumulation of dietary ergothioneine and its metabolites in mouse tissues. Sci. Rep. 8
(1), 1601. doi:10.1038/s41598-018-20021-z

Tang, X. Q., Ren, Y. K., Chen, R. Q., Zhuang, Y. Y., Fang, H. R., Xu, J. H., et al. (2011).
Formaldehyde induces neurotoxicity to PC12 cells involving inhibition of paraoxonase-
1 expression and activity. Clin. Exp. Pharmacol. Physiol. 38 (4), 208–214. doi:10.1111/j.
1440-1681.2011.05485.x

Thomas, T. C., Beitchman, J. A., Pomerleau, F., Noel, T., Jungsuwadee, P., Butterfield,
D. A., et al. (2017). Acute treatment with doxorubicin affects glutamate

neurotransmission in the mouse frontal cortex and hippocampus. Brain Res. 1672,
10–17. doi:10.1016/j.brainres.2017.07.003

Thong-Asa, W., and Bullangpoti, V. (2020). Neuroprotective effects of Tiliacora
triandra leaf extract in a mice model of cerebral ischemia reperfusion. Avicenna
J. Phytomed 10 (2), 202–212.

Thong-On, W., Arimatsu, P., Pitiporn, S., Soonthornchareonnon, N., and
Prathanturarug, S. (2014). Field evaluation of in vitro-induced tetraploid and diploid
Centella asiatica (L.) Urban. J. Nat. Med. 68 (2), 267–273. doi:10.1007/s11418-013-
0761-4

Tong, Y., Wang, K., Sheng, S., and Cui, J. (2020). Polydatin ameliorates
chemotherapy-induced cognitive impairment (chemobrain) by inhibiting oxidative
stress, inflammatory response, and apoptosis in rats. Biosci. Biotechnol. Biochem. 84
(6), 1201–1210. doi:10.1080/09168451.2020.1722057

Torre, M., Dey, A., Woods, J. K., and Feany, M. B. (2021). Elevated oxidative stress
and DNA damage in cortical neurons of chemotherapy patients. J. Neuropathol.
Exp. Neurol. 80 (7), 705–712. doi:10.1093/jnen/nlab074

Trotta, V., Pavan, B., Ferraro, L., Beggiato, S., Traini, D., Des Reis, L. G., et al. (2018).
Brain targeting of resveratrol by nasal administration of chitosan-coated lipid
microparticles. Eur. J. Pharm. Biopharm. 127, 250–259. doi:10.1016/j.ejpb.2018.02.010

Tsai, Y. M., Chien, C. F., Lin, L. C., and Tsai, T. H. (2011). Curcumin and its nano-
formulation: the kinetics of tissue distribution and blood-brain barrier penetration. Int.
J. Pharm. 416 (1), 331–338. doi:10.1016/j.ijpharm.2011.06.030

Tsavaris, N., Kosmas, C., Vadiaka, M., Kanelopoulos, P., and Boulamatsis, D. (2002).
Immune changes in patients with advanced breast cancer undergoing chemotherapy
with taxanes. Br. J. Cancer 87 (1), 21–27. doi:10.1038/sj.bjc.6600347

Turner, R. S., Thomas, R. G., Craft, S., van Dyck, C. H., Mintzer, J., Reynolds, B. A.,
et al. (2015). Alzheimer’s Disease Cooperative: a randomized, double-blind, placebo-
controlled trial of resveratrol for Alzheimer disease. Neurology 85 (16), 1383–1391.
doi:10.1212/WNL.0000000000002035

Vaz, G., Clementino, A., Mitsou, E., Ferrari, E., Buttini, F., Sissa, C., et al. (2022b). In
vitro evaluation of curcumin- and quercetin-loaded nanoemulsions for intranasal
administration: effect of surface charge and viscosity. Pharmaceutics 14 (1), 194.
doi:10.3390/pharmaceutics14010194

Vaz, G. R., Carrasco, M. C. F., Batista, M. M., Barros, P. A. B., Oliveira, M. D. C.,
Muccillo-Baisch, A. L., et al. (2022a). Curcumin and quercetin-loaded lipid
nanocarriers: development of omega-3 mucoadhesive nanoemulsions for intranasal
administration. Nanomater. (Basel) 12 (7), 1073. doi:10.3390/nano12071073

Wachiryah, T. A., and Hathaipat, L. (2018). Enhancing effect of Tiliacora triandra
leaves extract on spatial learning, memory and learning flexibility as well as
hippocampal choline acetyltransferase activity in mice. Avicenna J. Phytomed 8 (4),
380–388.

Wang, C., Zhao, Y., Wang, L., Pan, S., Liu, Y., Li, S., et al. (2021). C-Phycocyanin
mitigates cognitive impairment in doxorubicin-induced chemobrain: impact on
neuroinflammation, oxidative stress, and brain mitochondrial and synaptic
alterations. Neurochem. Res. 46 (2), 149–158. doi:10.1007/s11064-020-03164-2

Wang, D., and Lippard, S. J. (2005). Cellular processing of platinum anticancer drugs.
Nat. Rev. Drug Discov. 4 (4), 307–320. doi:10.1038/nrd1691

Wang, J., Lian, C. L., Zheng, H., Lin, L. E., Yu, Y. F., Lin, Q., et al. (2020). Cognitive
dysfunction in patients with nasopharyngeal carcinoma after induction chemotherapy.
Oral Oncol. 111, 104921. doi:10.1016/j.oraloncology.2020.104921

Wang, Q., Xu, J., Rottinghaus, G. E., Simonyi, A., Lubahn, D., Sun, G. Y., et al. (2002).
Resveratrol protects against global cerebral ischemic injury in gerbils. Brain Res. 958 (2),
439–447. doi:10.1016/s0006-8993(02)03543-6

Wang, X., Guan, Q., Chen, W., Hu, X., and Li, L. (2015a). Novel nanoliposomal
delivery system for polydatin: preparation, characterization, and in vivo evaluation.
Drug Des. Devel Ther. 9, 1805–1813. doi:10.2147/DDDT.S77615

Wang, X. M., Walitt, B., Saligan, L., Tiwari, A. F., Cheung, C. W., and Zhang, Z. J.
(2015b). Chemobrain: a critical review and causal hypothesis of link between cytokines
and epigenetic reprogramming associated with chemotherapy. Cytokine 72 (1), 86–96.
doi:10.1016/j.cyto.2014.12.006

Wang, Y., Wang, S., Firempong, C. K., Zhang, H., Wang, M., Zhang, Y., et al. (2017).
Enhanced solubility and bioavailability of naringenin via liposomal nanoformulation:
preparation and in vitro and in vivo evaluations. AAPS PharmSciTech 18 (3), 586–594.
doi:10.1208/s12249-016-0537-8

Wardill, H. R., Mander, K. A., Van Sebille, Y. Z., Gibson, R. J., Logan, R. M., Bowen,
J. M., et al. (2016). Cytokine-mediated blood brain barrier disruption as a conduit for
cancer/chemotherapy-associated neurotoxicity and cognitive dysfunction. Int. J. Cancer
139 (12), 2635–2645. doi:10.1002/ijc.30252

Wefel, J. S., Saleeba, A. K., Buzdar, A. U., and Meyers, C. A. (2010). Acute and late
onset cognitive dysfunction associated with chemotherapy in women with breast
cancer. Cancer 116 (14), 3348–3356. doi:10.1002/cncr.25098

Wei, T., Wang, L., Tang, J., Ashaolu, T. J., and Olatunji, O. J. (2022). Protective effect
of Juglanin against doxorubicin-induced cognitive impairment in rats: effect on
oxidative, inflammatory and apoptotic machineries. Metab. Brain Dis. 37 (4),
1185–1195. doi:10.1007/s11011-022-00923-8

Frontiers in Pharmacology frontiersin.org28

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.1371/journal.pone.0018033
https://doi.org/10.1371/journal.pone.0018033
https://doi.org/10.3390/molecules24081583
https://doi.org/10.3390/molecules24081583
https://doi.org/10.2174/1871527315666160413122525
https://doi.org/10.2174/1871527315666160413122525
https://doi.org/10.1186/1472-6882-7-11
https://doi.org/10.1016/j.ijpharm.2020.119725
https://doi.org/10.1079/pns19870003
https://doi.org/10.1079/pns19870003
https://doi.org/10.1002/cncr.25685
https://doi.org/10.1002/cncr.25685
https://doi.org/10.1080/01635581.2020.1778747
https://doi.org/10.1016/j.fct.2010.09.030
https://doi.org/10.3390/pharmaceutics10010034
https://doi.org/10.3390/pharmaceutics10010034
https://doi.org/10.1089/109662003765184741
https://doi.org/10.1089/109662003765184741
https://doi.org/10.1007/s11010-019-03541-8
https://doi.org/10.1007/s11010-019-03541-8
https://doi.org/10.1016/j.intimp.2013.08.008
https://doi.org/10.1254/jjp.40.353
https://doi.org/10.1016/j.canlet.2013.11.019
https://doi.org/10.1016/j.canlet.2013.11.019
https://doi.org/10.1016/j.jpba.2004.12.007
https://doi.org/10.1016/j.jpba.2004.12.007
https://doi.org/10.3109/10799893.2015.1030412
https://doi.org/10.1016/j.bioorg.2019.103485
https://doi.org/10.1016/j.bioorg.2019.103485
https://doi.org/10.3390/ijms21030701
https://doi.org/10.1155/2022/9218738
https://doi.org/10.1038/s41598-018-20021-z
https://doi.org/10.1111/j.1440-1681.2011.05485.x
https://doi.org/10.1111/j.1440-1681.2011.05485.x
https://doi.org/10.1016/j.brainres.2017.07.003
https://doi.org/10.1007/s11418-013-0761-4
https://doi.org/10.1007/s11418-013-0761-4
https://doi.org/10.1080/09168451.2020.1722057
https://doi.org/10.1093/jnen/nlab074
https://doi.org/10.1016/j.ejpb.2018.02.010
https://doi.org/10.1016/j.ijpharm.2011.06.030
https://doi.org/10.1038/sj.bjc.6600347
https://doi.org/10.1212/WNL.0000000000002035
https://doi.org/10.3390/pharmaceutics14010194
https://doi.org/10.3390/nano12071073
https://doi.org/10.1007/s11064-020-03164-2
https://doi.org/10.1038/nrd1691
https://doi.org/10.1016/j.oraloncology.2020.104921
https://doi.org/10.1016/s0006-8993(02)03543-6
https://doi.org/10.2147/DDDT.S77615
https://doi.org/10.1016/j.cyto.2014.12.006
https://doi.org/10.1208/s12249-016-0537-8
https://doi.org/10.1002/ijc.30252
https://doi.org/10.1002/cncr.25098
https://doi.org/10.1007/s11011-022-00923-8
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807


Weijl, N. I., Elsendoorn, T. J., Lentjes, E. G., Hopman, G. D., Wipkink-Bakker, A.,
Zwinderman, A. H., et al. (2004). Supplementation with antioxidant micronutrients and
chemotherapy-induced toxicity in cancer patients treated with cisplatin-based
chemotherapy: a randomised, double-blind, placebo-controlled study. Eur. J. Cancer
40 (11), 1713–1723. doi:10.1016/j.ejca.2004.02.029

Weijl, N. I., Hopman, G. D.,Wipkink-Bakker, A., Lentjes, E. G., Berger, H.M., Cleton, F. J.,
et al. (1998). Cisplatin combination chemotherapy induces a fall in plasma antioxidants of
cancer patients. Ann. Oncol. 9 (12), 1331–1337. doi:10.1023/a:1008407014084

Welbat, J. U., Chaisawang, P., Pannangrong, W., and Wigmore, P. (2018).
Neuroprotective properties of asiatic acid against 5-fluorouracil chemotherapy in the
Hippocampus in an adult rat model. Nutrients 10 (8), 1053. doi:10.3390/nu10081053

Wu, L., Mo, W., Feng, J., Li, J., Yu, Q., Li, S., et al. (2020b). Astaxanthin attenuates
hepatic damage and mitochondrial dysfunction in non-alcoholic fatty liver disease by
up-regulating the FGF21/PGC-1α pathway. Br. J. Pharmacol. 177 (16), 3760–3777.
doi:10.1111/bph.15099

Wu, M., Li, X., Wang, S., Yang, S., Zhao, R., Xing, Y., et al. (2020a). Polydatin for
treating atherosclerotic diseases: a functional and mechanistic overview. Biomed.
Pharmacother. 128, 110308. doi:10.1016/j.biopha.2020.110308

Xia, Q., Zhang, H., Sun, X., Zhao, H., Wu, L., Zhu, D., et al. (2014). A comprehensive
review of the structure elucidation and biological activity of triterpenoids from
Ganoderma spp. Molecules 19 (11), 17478–17535. doi:10.3390/molecules191117478

Xie, J., Shen, Z., Anraku, Y., Kataoka, K., and Chen, X. (2019). Nanomaterial-based
blood-brain-barrier (BBB) crossing strategies. Biomaterials 224, 119491. doi:10.1016/j.
biomaterials.2019.119491

Xu, X., Piao, H. N., Aosai, F., Zeng, X. Y., Cheng, J. H., Cui, Y. X., et al. (2020b).
Arctigenin protects against depression by inhibiting microglial activation and
neuroinflammation via HMGB1/TLR4/NF-κB and TNF-α/TNFR1/NF-κB pathways.
Br. J. Pharmacol. 177 (22), 5224–5245. doi:10.1111/bph.15261

Xu, X. E., Li, M. Z., Yao, E. S., Gong, S., Xie, J., Gao, W., et al. (2020a). Morin exerts
protective effects on encephalopathy and sepsis-associated cognitive functions in a
murine sepsis model. Brain Res. Bull. 159, 53–60. doi:10.1016/j.brainresbull.2020.03.019

Xu, Y., Jiang, W. G., Wang, H. C., Martin, T., Zeng, Y. X., Zhang, J., et al. (2019).
BDNF activates TrkB/PLCγ1 signaling pathway to promote proliferation and invasion
of ovarian cancer cells through inhibition of apoptosis. Eur. Rev. Med. Pharmacol. Sci.
23 (12), 5093–5100. doi:10.26355/eurrev_201906_18173

Xue, L., Zhang, H., Zhang, J., Li, B., Zhang, Z., and Tao, S. (2018). Bixin protects
against particle-induced long-term lung injury in an NRF2-dependent manner. Toxicol.
Res. (Camb) 7 (2), 258–270. doi:10.1039/c7tx00304h

Yakubogullari, N., Genc, R., Coven, F., Nalbantsoy, A., and Bedir, E. (2019).
Development of adjuvant nanocarrier systems for seasonal influenza A (H3N2)
vaccine based on Astragaloside VII and gum tragacanth (APS). Vaccine 37 (28),
3638–3645. doi:10.1016/j.vaccine.2019.05.038

Yallapu, M. M., Jaggi, M., and Chauhan, S. C. (2012). Curcumin nanoformulations: a
future nanomedicine for cancer. Drug Discov. Today 17 (1-2), 71–80. doi:10.1016/j.
drudis.2011.09.009

Yasar, H., Ersoy, A., Cimen, F. K., Mammadov, R., Kurt, N., and Arslan, Y. K. (2019).
Peripheral neurotoxic effects of cisplatin on rats and treatment with rutin. Adv. Clin.
Exp. Med. 28 (11), 1537–1543. doi:10.17219/acem/111819

Yi, L. T., Dong, S. Q., Wang, S. S., Chen, M., Li, C. F., Geng, D., et al. (2020). Curcumin
attenuates cognitive impairment by enhancing autophagy in chemotherapy. Neurobiol.
Dis. 136, 104715. doi:10.1016/j.nbd.2019.104715

You, Z. Q., Wu, Q., Zhou, X. M., Zhang, X. S., Yuan, B., Wen, L. L., et al. (2019).
Receptor-mediated delivery of astaxanthin-loaded nanoparticles to neurons: an
enhanced potential for subarachnoid hemorrhage treatment. Front. Neurosci. 13,
989. doi:10.3389/fnins.2019.00989

Yu, C., and Xiao, J. H. (2021). The keap1-nrf2 system: a mediator between
oxidative stress and aging. Oxid. Med. Cell Longev. 2021, 6635460. doi:10.1155/
2021/6635460

Yu, X., Guo, L., Deng, X., Yang, F., Tian, Y., Liu, P., et al. (2021). Attenuation of
doxorubicin-induced oxidative damage in rat brain by regulating amino acid
homeostasis with Astragali Radix. Amino Acids 53 (6), 893–901. doi:10.1007/
s00726-021-02992-y

Yu, Y., Wu, D. M., Li, J., Deng, S. H., Liu, T., Zhang, T., et al. (2020). Bixin attenuates
experimental autoimmune encephalomyelitis by suppressing TXNIP/
NLRP3 inflammasome activity and activating NRF2 signaling. Front. Immunol. 11,
593368. doi:10.3389/fimmu.2020.593368

Yu, Z., Guo, F., Guo, Y., Zhang, Z., Wu, F., and Luo, X. (2017). Optimization and
evaluation of astragalus polysaccharide injectable thermoresponsive in-situ gels. PLoS
One 12 (3), e0173949. doi:10.1371/journal.pone.0173949

Yuan, J., Amin, P., and Ofengeim, D. (2019). Necroptosis and RIPK1-mediated
neuroinflammation in CNS diseases. Nat. Rev. Neurosci. 20 (1), 19–33. doi:10.1038/
s41583-018-0093-1

Zhang, X. S., Zhang, X., Zhou, M. L., Zhou, X. M., Li, N., Li, W., et al. (2014).
Amelioration of oxidative stress and protection against early brain injury by astaxanthin
after experimental subarachnoid hemorrhage. J. Neurosurg. 121 (1), 42–54. doi:10.3171/
2014.2.JNS13730

Zhao, J., Quan, X., Xie, Z., Zhang, L., and Ding, Z. (2020b). Juglanin suppresses
oscillatory shear stress-induced endothelial dysfunction: an implication in
atherosclerosis. Int. Immunopharmacol. 89, 107048. doi:10.1016/j.intimp.2020.107048

Zhao, J., Zuo, H., Ding, K., Zhang, X., Bi, Z., and Cheng, H. (2020a). Changes in
plasma IL-1β, TNF-α and IL-4 levels are involved in chemotherapy-related cognitive
impairment in early-stage breast cancer patients. Am. J. Transl. Res. 12 (6),
3046–3056.

Zhou, Y., Li, H. Q., Lu, L., Fu, D. L., Liu, A. J., Li, J. H., et al. (2014). Ginsenoside
Rg1 provides neuroprotection against blood brain barrier disruption and neurological
injury in a rat model of cerebral ischemia/reperfusion through downregulation of
aquaporin 4 expression. Phytomedicine 21 (7), 998–1003. doi:10.1016/j.phymed.2013.
12.005

Zimmer, P., Mierau, A., Bloch, W., Struder, H. K., Hulsdunker, T., Schenk, A., et al.
(2015). Post-chemotherapy cognitive impairment in patients with B-cell non-Hodgkin
lymphoma: a first comprehensive approach to determine cognitive impairments after
treatment with rituximab, cyclophosphamide, doxorubicin, vincristine and prednisone
or rituximab and bendamustine. Leuk. Lymphoma 56 (2), 347–352. doi:10.3109/
10428194.2014.915546

Zuo, C., Cao, H., Song, Y., Gu, Z., Huang, Y., Yang, Y., et al. (2022). Nrf2: an all-
rounder in depression. Redox Biol. 58, 102522. doi:10.1016/j.redox.2022.102522

Frontiers in Pharmacology frontiersin.org29

He et al. 10.3389/fphar.2024.1292807

https://doi.org/10.1016/j.ejca.2004.02.029
https://doi.org/10.1023/a:1008407014084
https://doi.org/10.3390/nu10081053
https://doi.org/10.1111/bph.15099
https://doi.org/10.1016/j.biopha.2020.110308
https://doi.org/10.3390/molecules191117478
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1016/j.biomaterials.2019.119491
https://doi.org/10.1111/bph.15261
https://doi.org/10.1016/j.brainresbull.2020.03.019
https://doi.org/10.26355/eurrev_201906_18173
https://doi.org/10.1039/c7tx00304h
https://doi.org/10.1016/j.vaccine.2019.05.038
https://doi.org/10.1016/j.drudis.2011.09.009
https://doi.org/10.1016/j.drudis.2011.09.009
https://doi.org/10.17219/acem/111819
https://doi.org/10.1016/j.nbd.2019.104715
https://doi.org/10.3389/fnins.2019.00989
https://doi.org/10.1155/2021/6635460
https://doi.org/10.1155/2021/6635460
https://doi.org/10.1007/s00726-021-02992-y
https://doi.org/10.1007/s00726-021-02992-y
https://doi.org/10.3389/fimmu.2020.593368
https://doi.org/10.1371/journal.pone.0173949
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.1038/s41583-018-0093-1
https://doi.org/10.3171/2014.2.JNS13730
https://doi.org/10.3171/2014.2.JNS13730
https://doi.org/10.1016/j.intimp.2020.107048
https://doi.org/10.1016/j.phymed.2013.12.005
https://doi.org/10.1016/j.phymed.2013.12.005
https://doi.org/10.3109/10428194.2014.915546
https://doi.org/10.3109/10428194.2014.915546
https://doi.org/10.1016/j.redox.2022.102522
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1292807

	Natural products for the treatment of chemotherapy-related cognitive impairment and prospects of nose-to-brain drug delivery
	1 Introduction
	2 Mechanisms of chemotherapy-related cognitive impairment
	2.1 Oxidative stress
	2.2 Neuroinflammation
	2.3 DNA damages
	2.4 Impaired neurogenesis
	2.5 Disturbed neurotransmitter release
	2.6 Neuronal cell death

	3 Natural products based nose to brain drug delivery (NBDD)
	4 Natural products for the treatment of CRCI
	4.1 Phenols
	4.1.1 Resveratrol
	4.1.2 Polydatin
	4.1.3 Epigallocatechin-3-gallate
	4.1.4 Curcumin
	4.1.5 Caffeic acid phenethyl ester
	4.1.6 Sulforaphane

	4.2 Flavonoid
	4.2.1 Luteolin
	4.2.2 Quercetin
	4.2.3 Naringin
	4.2.4. Ellagic acid
	4.2.5 Rutin
	4.2.6 Morin
	4.2.7 Epicatechin
	4.2.8 Juglanin
	4.2.9 Galangin

	4.3 Terpenoids
	4.3.1 Ginsenoside
	4.3.2 Asiatic acid
	4.3.3 Ganoderic acid
	4.3.4 Astaxanthin

	4.4 Others
	4.4.1 CI protein
	4.4.2 C-phycocyanin
	4.4.3 Astragali Radix
	4.4.4 Extract of Tiliacora triandra
	4.4.5 Ergothioneine
	4.4.6 Bixin


	5 Regulated mechanism of natural products in CRCI
	5.1 Keap1-Nrf2 signaling pathway
	5.2 HMGB1/TLR4/NF-κB pathway
	5.3 Mitogen-activated protein kinase (MAPK) pathway
	5.4 BDNF-TrkB pathway
	5.5 Cholinergic pathway

	6 Limitations and future prospects
	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


