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Abstract: Chemotherapy-induced cognitive impairment or “chemobrain” is a prevalent long-term
complication of chemotherapy and one of the more devastating. Most of the studies performed so far
to identify the cognitive dysfunctions induced by antineoplastic chemotherapies have been focused
on treatment with anthracyclines, frequently administered to breast cancer patients, a population
that, after treatment, shows a high possibility of long survival and, consequently, of chemobrain
development. In the last few years, different possible strategies have been explored to prevent or
reduce chemobrain induced by the anthracycline doxorubicin (DOX), known to promote oxidative
stress and inflammation, which have been strongly implicated in the development of this brain
dysfunction. Here, we have critically analyzed the results of the preclinical studies from the last
few years that have evaluated the potential of phenolic compounds (PheCs), a large class of natural
products able to exert powerful antioxidant and anti-inflammatory activities, in inhibiting DOX-
induced chemobrain. Several PheCs belonging to different classes have been shown to be able to
revert DOX-induced brain morphological damages and deficits associated with learning, memory,
and exploratory behavior. We have analyzed the biological and molecular mechanisms implicated
and suggested possible future perspectives in this research area.
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1. Introduction

Chemotherapy often induces considerable short-term alterations in the functions of
multiple organ systems (such as bone marrow, mouth, digestive tract, etc.), which some-
times represent major obstacles to continuing anticancer treatments [1]. Besides these
early adverse effects, chemotherapeutic treatments may also induce additional detrimental
consequences for health in the long term, which may result in sustained extensive changes
in the quality of life. Particularly, among chemotherapy-induced long-term adverse effects,
chemotherapy-induced cognitive impairment is considered one highly prevalent complica-
tion of chemotherapy and one of the most devastating for its symptomatology, since it may
last throughout the lifetime in a considerable portion of survivors [2,3]. This peculiar form
of cognitive impairment is also referred to with more colloquial terms such as “chemobrain”
or “chemofog” and includes memory loss and difficulty in performing several tasks, such as
those related to speech, learning, concentration, and other psychomotor functioning [4–9].
Even though the affected patients have always reported their chemobrain-related symp-
tomatology to health professionals, it is quite surprising that it has had scarce relevance
for decades, probably since it has been generally thought to be an obvious consequence of
the stress related to cancer diagnosis and treatments [10]. This interpretation was probably
related to the misconception that chemotherapeutic agents are usually not able to cross
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the blood–brain barrier (BBB) [10,11]. It is only in the past two decades that this peculiar
form of cognitive impairment has started to be given due attention by researchers, with the
aims of better defining it, as well as finding possible strategies for its prevention [10,12].
Therefore, it has been recognized that a large portion of cancer patients develop this form
of cognitive impairment after chemotherapy, even though the rates reported in a variety
of studies and meta-analyses differ markedly in relation to the age and type of cancer or
therapy [13]. Most of these studies have been performed on breast cancer (BCa) patients,
especially old patients, as the possibility of survival for many years is very high in these
patients due to the advances in BCa treatments [9]. Thus, in a very recent systematic review
evaluating the prevalence of this cognitive dysfunction in old BCa patients, it was observed
that the estimated prevalence ranged from 18.6% to 27% and from 7.6 to 49% depending on
the method of assessment used (objective neuropsychological tests or subjective cognitive
assessments) [9]. Other papers, however, reported higher levels of prevalence, reaching
maximum values of 75–78% [3,14,15].

In recent years, a large body of literature has been dedicated to identifying new
ways to prevent the toxic effects of chemotherapeutics on the brain and the consequent
development of chemobrain, with the final aim of substantially improving the quality of life
of patients [16–18]. However, it should be considered that, among the chemotherapeutic
agents commonly used for treating a variety of cancers, many are able to induce chemobrain,
such as cyclophosphamide (CP) [18], mitoxantrone [19], 5-fluorouracil [20], cisplatin [21],
paclitaxel [22], and the anthracyclines [23]. However, the mechanisms thought to underline
their neurotoxic effects rarely overlap, being often different and specific for each single
drug [7]. Most of the studies performed so far on the cognitive dysfunction related to
antineoplastic chemotherapy were focused on treatments with anthracyclines and, in
particular, doxorubicin (DOX), which is one of the drugs most frequently administered
to BCa patients, a population particularly studied for the neurotoxic long-term effect of
chemotherapy [6,9]. On this basis, we decided to critically analyze the results of papers
published in the last eight years (2016–2024) and focused on identifying possible strategies
against DOX-induced chemobrain. This drug exerts prevalent pro-oxidant activity [24]
and, through the oxidative stress induced in tissues, is also able to exert pro-inflammatory
activity. On this basis, in search of a safe strategy for protecting neoplastic patients from
DOX-induced neurotoxicity, a series of preclinical studies have been performed to test
the potential of phenolic compounds (PheCs), a large class of natural dietary products
showing the main common characteristics (besides the affinity in the chemical structure)
of exerting powerful antioxidant and anti-inflammatory activities. Thus, we thought to
restrict our analysis to the results obtained so far on the possible protective activity of these
compounds against DOX-induced chemobrain. It is interesting to underline that PheCs
themselves have been also shown to possess antineoplastic properties, and, for this reason,
their constant intake is considered an important strategy for the prevention of several
kinds of cancer, including BCa [25,26]. Furthermore, we know that combinatory strategies
with multiple antineoplastic chemotherapeutics are largely and more successfully used
nowadays against many kinds of cancer as compared to single-agent therapies [27]. In this
regard, it is interesting to consider that there are also plenty of results demonstrating that
combining anticancer therapies with natural products that have antineoplastic activities
and, in particular, anthracyclines with PheC treatments may allow a reduction in the doses
of the drugs used and their toxicity, while obtaining improved anticancer effects [28–30].

Finally, however, it seems necessary to clarify that focusing on a particular type of
chemotherapy and its neurotoxic effects, as well as on the possible strategies to avoid them,
should not be considered outdated. In fact, nowadays, some may think that the use of
chemotherapy is destined to disappear and thus, any effort expended in studying the way
to improve its outcomes could appear quite inappropriate, given that more advanced forms
of antineoplastic therapies are now available, such as targeted therapy or immunotherapy.
However, this is not completely true, since chemotherapy in general, and particularly
that carried out with anthracyclines, still represents the best option for a large number of
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patients in many cases. As a matter of fact, these drugs are still among the most frequently
administered ones when we consider therapy for hematologic tumors, as well as for a large
number of solid tumors including lung, breast, ovarian, bladder, thyroid, gastric cancer and
neuroblastoma [31]. Moreover, recent observations have shown that chemotherapeutics
act not only by exerting direct cytotoxic activity on highly proliferating cancer cells but
also by inducing immunogenic cell death [32,33]. This means that these drugs have the
capacity to strengthen the immune response that is naturally, but ineffectively, carried out
against tumors. It has also been seen that, due to this capacity, chemotherapy is able to
prolong the beneficial effects of immunotherapy when combined with it [34,35]. These
recent advancements in knowledge underline that innovating chemotherapy to make it
more effective and safer for patients still represents an important objective to be pursued.

2. DOX: Chemotherapeutic Activity and Mechanisms Underlying Its Toxic Effect at
Brain Level

DOX is among the most-studied drugs in papers focusing on chemobrain [36]. It
is a powerful and widely used drug belonging to the class of anthracyclines, and it was
first isolated from the bacteria Streptomyces [37]. It is used as a chemotherapeutic agent in
a variety of tumors [38], being able to exert strong cytotoxic effects, especially in highly
proliferating cells. The main mechanisms underlying its anticancer and cytotoxic action
are related to its ability to intercalate between base pairs and, thus, alter DNA metabolism
and RNA synthesis, as well as block DNA replication and transcription and induce strand
breaks by inhibiting the activity of the enzyme topoisomerase II [39,40]. Moreover, due
to the presence of a quinone in its moiety, DOX undergoes redox cycling, which leads to
the generation of large amounts of ROS able to induce cell damage and death (Figure 1).
Furthermore, additional mechanisms underlying the anticancer activity of this drug have
recently been identified, such as the induction of senescence, autophagy, pyroptosis, and
ferroptosis, as well as its capacity to modulate the anti-tumor immune response [24,41–43].
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We know that different chemotherapeutics induce different side effects through diverse
mechanisms [6,8]. In particular, DOX has been extensively studied for many adverse effects,
above all cardiotoxicity [44], but also damage to many other organs including the liver,
kidney, and brain [45–47]. We will not discuss the specific mechanisms through which DOX
induces neurotoxicity and chemobrain here in detail, since several recent reviews of the
literature have exhaustively analyzed and discussed this subject [5–8].
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Nevertheless, we briefly consider some aspects of DOX-induced neurotoxicity that
cannot be ignored to better comprehend the healthy effect that treatments with PheCs can
exert on the DOX-induced chemobrain. First, it is important to mention here that the areas
that have been reported to be mainly affected by DOX in the brain are the prefrontal cortex
(PFC) and the hippocampus (HIP). Their damage is directly connected to the development
of deficits associated with learning and memory, as well as exploratory behavior [48].
Moreover, it is worth underlining that the pathogenesis of DOX-induced neurotoxicity has
been related to either direct effects of very small amounts of this drug that manage to cross
the BBB or indirect mechanisms. Actually, DOX shows a very limited capacity to directly
reach the brain and, for this reason, different strategies have been explored to make the
delivery of adequate amounts of this drug to intracerebral tumors possible, for instance, by
enclosing it in nanoparticles able to cross the BBB and specifically reach cancer cells located
inside the brain [49,50]. This means that most of the neurotoxic activity of this drug is
thought to be exerted through indirect mechanisms. In any case, according to what has been
obtained in plenty of in vitro studies, the small amount of DOX that succeeds in crossing
the BBB, once inside the brain, has the potential to induce many alterations in neurons,
such as crosslinking of DNA and the following production of DNA double-strand breaks,
as well as alterations in DNA repair mechanisms and the induction of apoptosis [47,51].
The DOX-induced ROS production at the brain level has also been suggested as a major
mechanism of cytotoxicity and is strictly related to the induction of apoptosis [52]. DOX-
induced morphological alterations in neuronal cells have also been reported by in vitro
studies, such as DOX-induced neuronal cell damage and death with prevailing chromatin
condensation and cell membrane alterations, as well as decreased neurite numbers and
reduced differentiation [53]. However, as considered above, the indirect mechanisms of
central neurotoxicity, such as inflammation and oxidative stress, seem to be prevalent and
are widely supported by plenty of in vivo studies [54–56]. It is quite intuitive that, due to
the above-mentioned ability of DOX to generate an excessive amount of ROS, this may also
increase oxidative stress in peripheral tissues, which, differently from the brain, are easily
reached and directly affected by DOX. In turn, ROS may modify the levels and expression
of antioxidants and cause oxidation and damage to crucial cellular macromolecules such
as lipids, proteins, and nucleic acids [57,58]. Moreover, increased levels of ROS may
induce inflammation through the activation of the nuclear transcription factor NF-κB,
which is known to activate the transcription of pro-inflammatory cytokines [59] (Figure 2).
Accordingly, the level of the pro-inflammatory cytokine TNF-α was found to be increased
in the circulation of patients following the i.p. administration of DOX [60]. Moreover, when
the same treatment was performed in animals, it was possible to observe that this cytokine
increased not only in the circulation but also at the brain level [53,61]. It was suggested that
a route for circulatory TNF-α to enter the brain is its binding to specific receptors located
in the BBB [62,63]. Then, once inside the brain, TNF-α may induce innate and adaptative
immune cells, as well as brain cells themselves, to further produce pro-inflammatory
cytokines, including TNF-α. Interestingly, another possibility suggested for explaining
the DOX-induced increase in the levels of TNF-α was related to the discovery that one
specific target of DOX-induced oxidation and destruction is apolipoprotein A1 (Apo-A1),
which was found to act as a negative regulator of TNF-α expression [64]. Moreover, it
has also been recently observed that DOX is able to induce the expression of the NLRP3
inflammasome, IL-1, and IL-18 in cardiac cells in vitro [65] and increase the levels of IL-
1 and IL-18 in the serum of animals treated with DOX and showing cardiotoxicity [66].
Interestingly, it was recently found that, in the prefrontal cortical tissue of DOX-treated
rats, the protein expression of NLRP3, caspase-1, and IL-1β was increased [67]. A similar
increase in the protein components of the NLRP3 system was also recently confirmed in
the HIP of rats treated with a combination of DOX and CP [68]. Altogether, these results
suggest that the activation of the NLRP3 inflammasome may represent a mechanism of
DOX-induced chemobrain [69].
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Figure 2. Indirect mechanisms of DOX-induced chemobrain. The most-recognized indirect mecha-
nisms underlying DOX-induced neurotoxicity and chemobrain are illustrated. (A) Through redox
cycling, DOX generates an excessive amount of ROS, which induce oxidative stress in peripheral
tissues. As a consequence, ROS-induced activation of the transcription factor NF-κB and an increase
in the NF-κB-dependent transcription of pro-inflammatory cytokines (such as TNF-α or pre-IL-1β)
are observed [59]. NF-κB has also been reported to induce the activation of the NLRP3 inflammasome
in peripheral cells after treatment with DOX [65]. (B) ROS also produce oxidation and destruction
of apolipoprotein A1 (Apo-A1), a negative regulator of TNF-α expression, thus further increasing
TNF-α levels in the circulation [64]. (C) It was suggested that TNF-α may enter the brain through its
binding to specific receptors located in the BBB [62,63]. Once inside the brain, it may induce innate
and adaptative immune cells, as well as brain cells, to further produce pro-inflammatory cytokines,
including TNF-α.

3. PheCs: Natural Products with Antioxidant, Anti-Inflammatory and
Antineoplastic Activities

PheCs are a class of compounds widely distributed in plants and characterized by
the presence of one or more phenol rings in their molecular structure. They represent
important components of food, having relevant nutritional properties and contributing
to the organoleptic characteristics of foods, such as color and taste [70,71], and are well
known for their antioxidant, anti-inflammatory, and antineoplastic properties [72–74]. In
recent years, some of these compounds have been studied in combination with DOX, with
the aim of protecting against the side effects produced by this drug at the brain level,
where DOX provokes direct and indirect changes, producing the pathologic condition
of chemobrain, where oxidative stress and inflammation play crucial pathogenic roles.
The brain-protective activity of PheCs has also been extensively studied, and both indirect
peripheral (related to their capacity to increase the blood flow in the cerebrovascular district)
and direct actions at brain levels have also been suggested for them [75]. In particular, it
has been reported that these natural compounds can exert their powerful antioxidant and
ROS-scavenging effect at the brain level, where innate antioxidant defenses are limited, and
a variety of drugs are not delivered at sufficient levels to be therapeutically active, with the
BBB being a significant obstacle for drugs to reach the brain [76–78]. Moreover, the direct
PheC activity inside the brain was also related to the ability to modulate specific receptors,
neurotrophins, and signaling pathways [75]. Interestingly, some of these compounds were
found to be able to cross the blood–brain barrier (BBB). Thus, they are also considered
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particularly suitable to exert all their healthy effects in this body region usually reached with
difficulty by drugs [79–82]. Interestingly, once inside our body, through their digestion and
extensive conjugation at the liver and colon levels, these compounds give rise to a variety
of metabolites [83]. These metabolites, obtained in vivo and found in the circulation, have
been suggested to have differential capacities for BBB transport in relation to their specific
chemical structure and characteristics of lipophilicity [84]. In fact, by using an in vitro
model mimicking the BBB environment, it was revealed that the potential of permeation of
different PheC metabolites was consistent with their lipophilicity, and that the less polar
methylated derivatives were more able to diffuse through membranes compared to the
more polar PheC metabolites, such as sulfates and glucoronated compounds [85,86].

Here, we have considered the studies focused on this topic, restricting our analysis to
those published in the last eight years (2016–2024).

PheCs include a large number of subclasses characterized by some peculiar differences
in their structures that influence their biological properties. To describe these subclasses,
we will use the same classification that was recently followed in a recent review of ours [87]
focusing on dietary PheCs included in nanoparticles for cancer therapy. According to
this classification, PheCs may be divided into two large subclasses: Flavonoids and Non-
Flavonoids [Figure 3]. In turn, the Flavonoid subclass includes the Anthocyanins, Flavanols,
Flavanones, Flavones, Flavonols, and Isoflavones, while the Non-Flavonoids subclass
includes the Lignans, Phenolic Acids, Stilbenes, and a last subgroup including all the
remaining and named “Other polyphenols”. Figure 3 reports the PheCs that have been
investigated in preclinical models of chemobrain in the years 2016–2024 to establish their
protective potential for possible future clinical applications.
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Figure 3. Classes of natural phenolic compounds (PheCs; classification based on the Phenol-Explorer
database regarding the polyphenol content in foods, http://phenol-explorer.eu/compounds (ac-
cessed on 18 March 2024), version 3.6). The PheCs that have been evaluated in combination
with doxorubicin for reducing chemobrain in the last 8 years (2016–2024) are indicated under the
green boxes. aRh (α-Rhamnoisorobin) and Krg (Kaempferitrin) are glycosylated derivatives of the
Flavonol Kaempferol.

3.1. Effects of PheCs on DOX-Induced Chemobrain

To better analyze the results obtained in the studies, we have summarized them in
four tables (Tables 1–4), where we have reported the PheCs divided into classes, since the

http://phenol-explorer.eu/compounds
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different classes may have unique characteristics and modulate many biological activities
in a specific way.

The tables were organized to be self-explanatory, and, thus, we will not repeat the
effects observed by the authors of each study in the text, but we will discuss the peculiarity
of the outcomes, sometimes stressing the values or limitations of the studies. In the period
2016–2024, we identified twelve reports focusing on protective effects against DOX-induced
chemobrain. These reports used either purified forms of PheCs (10 reports; see Tables 1–3)
or plant extracts that, when examined for their content by the authors, were particularly
rich in PheCs (2 reports, see Table 4). Eleven of these studies were performed by using
rodent models, and among them, some included also in vitro or in silico studies, in order
to provide more support to the results obtained in the in vivo models and to better identify
the mechanisms implicated in the protective effect of the PheCs. Just one was performed
only in vitro [88].

Altogether, the outcomes of all the studies analyzed agree and concur in demonstrat-
ing the potential of PheCs in reverting the deleterious effects observed after the treatment
with DOX on the central nervous system, evaluated by behavioral tests and histologic
examinations of the two brain locations mainly affected during the development and pro-
gression of the chemobrain condition (the HIP and frontal cortex). There is also agreement
on the main biological and molecular mechanisms hypothesized to underlie the beneficial
effects of the PheCs against DOX-induced chemobrain. These mechanisms are often related
to the inhibition of the DOX-driven induction of oxidative stress and inflammatory process,
as well as of the apoptotic pathways of cell death. In some cases, the ability of PheCs to
revert the DOX-driven promotion of both endoplasmic reticulum (ER) stress or autophagy
has also been involved, as well as their capacity to normalize the DOX-induced reduction
in the production of neurotrophic factors and in neuronal growth.

There is only one study that was carried out exclusively in vitro [88], where the authors
did not find any beneficial effect against DOX-induced cytotoxicity in neuronal cells by
using two glycosides of the Flavonol Kaempferol, even though, in the same study, the same
compounds were able to revert the damage induced in the cells by other cytotoxic and
oxidant compounds, such as 6-hydroxydopamine or H2O2.

Table 1(A,B) include the subclasses of Flavonoids, with Table 1(A) reporting the four
studies performed using PheCs belonging exclusively to the class of the Flavonols (Rutin,
Kaempferol, Galangin and Juglanin) [53,88–90] and Table 1(B) reporting three studies
focusing on the effects of Naringin, which is a Flavanone [91], Catechin hydrate, which is a
Flavanol [92], and Chrysin, belonging to the class of the Flavones [67]. The larger number
of studies focused on the effect of different kinds of Flavonoids on chemobrain compared
to other classes of PheCs is related to the fact that this is the largest class, containing about
6000 different substances that naturally and abundantly occur in a variety of plants [93].
Instead, as we look at the studies on chemobrain published on Non-Flavonoids, we observe
that the studies analyzed by us regard only three different PheCs. In fact, the first study
(Table 2) is focused on the effect of a Phenolic Acid (caffeic acid) [94], three studies on the
effect of the Curcuminoid Curcumin, administered either as a free compound [95,96] or
included in a nanoformulation designed for its better delivery [97] (Table 2), while the last
three studies (Table 3) regard the effect of the Stilbene Resveratrol [95,98] or, in one case,
one metabolic derivative of Resveratrol [99].
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Table 1. (A). PheC (Flavonoids: Flavonols) modulation of anthracycline-induced chemobrain (2016–2024). (B) PheC (Flavonoids: Flavanols, Flavanones, and
Flavones) modulation of anthracycline-induced chemobrain (2016–2024).

Anthracycline-Induced
Chemobrain Model

Anthracyclin
Administered PheC Administered

Protective Effect(s) of the
Combination with Respect to the
Neurotoxic Effect of DOX Alone

Molecular Factors/Mechanisms Involved in
the Protective Effects of PheCs against

DOX-Induced Effects
Ref.

(A)

In vitro: human
neuroblastoma
(IMR32) cells.
In vivo:
twelve-week-old,
healthy female Wistar
rats, weighing
180–230 g.

In vitro: 1 µM DOX
In vivo: ten cycles with
i.p. injection of DOX:
2.5 mg/kg, every 5 days
for 50 days.

Rutin (RUT, Flavonol glucoside)
In vitro: 100 µM RUT prior to DOX
In vivo: RUT: 50 mg/kg
(82 µmol/kg), starting one week
before first DOX cycle and
continuing for further 50 days, per os

In vivo:
↓ Impairment of episodic memory
measured by ORT
In vitro:
↓ DOX-induced IMR32 cell death,
apoptosis, and intracellular
ROS generation
Restored neurite growth in
differentiated IMR32 cells

In vitro:
↓ Cell death (apoptosis)
↓ Intracellular ROS generation
↑ Neurite growth
In vivo:
In the HIP and frontal cortex:
↓ TNF-α levels
↑ CAT, GSH, total thiols, and SOD levels

[53]

In vitro:
undifferentiated and
retinoic
acid-differentiated
SH-SY5Y
neuroblastoma cells

DOX
(0.375 and 0.5 µM for
UN- and RA-SH-
SY5Y, respectively).

Isoquercetin (5–50 µM) used as a
reference compound.
Kaempferol precursors (Flavonol
glycosides) extracted from the leaves
of Maesa membranacea (5–50 µM):
α-Rhamnoisorobin (Kaempferol
7-O-α-rhamnoside, aRh) and
Kaempferitrin (Kaempferol
3,7-di-O-rhamnoside, Krg)

In vitro:
No protection by any Flavonoid
against DOX-induced cytotoxicity in
both UN-SH-SY5Y and RA-SH-SY5Y
cells (measured as cell viability
modification by WST-1 assay)

Not applicable [88]

In vivo: adult male
(8–10 weeks) Wistar rats
(180 ± 25 g)

DOX
(2 mg/kg, once/week
for 4 weeks, i.p.)

Galangin, 50 mg/kg (185 µmol/kg),
5 times/week, for 4 weeks, per os

↓ Hippocampal neurodegeneration
Cognitive and behavioral
functions improved
HIP antioxidant status ameliorated
↓ HIP DOX-induced
inflammation reduced
↓ HIP long-standing and deleterious
DOX-induced astrocyte activation

In the HIP:
↑ BDNF expression; ↓ Levels of oxidative
indexes (MDA, NO, NOX-1)
↑ NRF2 and HO-1 expression; ↑ GSH
tissue level
↓ Expression of inflammatory biomarkers:
NF-κB p65, iNOS, TNF-α, IL-6, and IL-1β
Modified expression of markers of
astrocyte activation:
↑ GFAP expression and ↓ BDNF expression
↓ Expression of necroptosis markers:
p-RIPK1, p-RIPK3, and p-MLKL

[89]
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Table 1. Cont.

Anthracycline-Induced
Chemobrain Model

Anthracyclin
Administered PheC Administered

Protective Effect(s) of the
Combination with Respect to the
Neurotoxic Effect of DOX Alone

Molecular Factors/Mechanisms Involved in
the Protective Effects of PheCs against

DOX-Induced Effects
Ref.

(A)

In vivo: six-week-old
male Sprague Dawley
rats: 180 ± 40 g

5 mg/kg DOX i.p.
administered once a
week for 3 weeks (total
dose of 15 mg/kg).

Juglanin, 30 mg/kg/day
(71 µmol/kg/day) for 4 weeks.
For the first week, alone; for the
remaining 3 weeks, in combination
with the weekly DOX injection,
per os.

↓ DOX-induced increase in immobility
time (DOX-induced sign of anxiety)
↑ DOX-induced decrease in swimming
and climbing time (DOX-induced
depression-like behaviors).
Improved learning and memory
(measured by the Y-maze test, the
Y-maze test, and the MWM test).
↓ DOX-induced neuroinflammation
and oxidative stress.
↓ Histopathologic alterations
(pyknosis, congested blood vessels,
degenerated and swollen neurons)

Measured brain homogenates:
↓ MDA level
↑ SOD, CAT, and GSH levels
↓ AChE levels
TNF-α, IL-1β, IL-6 and NF-κB content
↓ Caspase 3 activity

[90]

(B)

In vivo: healthy male
Wistar rats
(150–200 g)

DOX (15 mg/kg, i.p.)
administered on the
10th day of the
Naringin treatment.

Naringin (Flavanone) 50 and
100 mg/kg (86 and 172 µmol/kg) for
14 days, i.p. injected

Alleviation of anxiety-like behavior
(time spent in open arms, closed arms)
and depressive-like behavior
(immobility time, swimming time)

In vivo:
In the HIP:
↓ plasma corticosterone, TNF-α and
IL-1β levels
↑ mitochondrial complexes I, II activities and
mitochondrial redox activity
↑ levels of serotonin and dopamine

[91]

In vitro:
undifferentiated and
RA-differentiated
neuroblastoma IMR-32
cells
In vivo:
twelve-week-old
healthy male rats
weighing 200–230 g

In vitro: 1 and 2 µg/mL
DOX
In vivo:
2.5 mg/kg b.w. i.p.
injection
(10 cycles every 5 days)

Catechin hydrate (Flavanol)
In vitro: 31–250 µg/mL
In vivo:
100 mg/kg b.w. (324 µmol/kg) for 57
days including one week prior to the
first cycle of DOX, per os

In vitro: ↑ undifferentiated
cell viability
↓ degeneration, ↑ neurite length and
prevention of DOX-induced cell cycle
arrest in differentiated cells
In vivo: prevention of DOX-induced
memory deficit by the NORT assay

In vivo:
↓ oxidative stress,
acetylcholine esterase and neuroinflammation
(reduced nitrite and MPO levels) in the HIP
and cerebral cortex

[92]
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Table 1. Cont.

Anthracycline-Induced
Chemobrain Model

Anthracyclin
Administered PheC Administered

Protective Effect(s) of the
Combination with Respect to the
Neurotoxic Effect of DOX Alone

Molecular Factors/Mechanisms Involved in
the Protective Effects of PheCs against

DOX-Induced Effects
Ref.

(B)

In vivo: eight-week-old
male Sprague Dawley
rats 180–200 g

DOX, 2 mg/kg/week,
i.p. for 4 weeks.

Free Chrysin (Flavone), 30 mg/kg
(118 µmol/kg), per os or Chrysin
formulations (transfersomal and
chitosan composite vesicles),
0.5 mg/kg, 5 times/week/4 weeks
intranasal delivery

↓ histological changes and
neurodegeneration
↑ cholinergic transmission
↑ memory acquisition and
spatial memory
(y maze test and Moris water
maze test)

In HIP and PFC:
↑ GSH levels and CAT activity
↓ level of hydrogen peroxide and
lipid peroxidation
Inhibition of TLR4/NF-κB/NLRP3
signaling pathway
↓ caspase-1 and IL-1β protein expression
↓ AchE enzyme

[67]

Table 2. PheC (Non-Flavonoids: Phenolic Acid and Curcuminoids) modulation of anthracycline-induced chemobrain.

Anthracycline-Induced
Chemobrain Model

Anthracycline
Administered PheC Administered

Protective Effect(s) of the Combination
with Respect to the Neurotoxic Effect of

DOX Alone

Molecular Factors/Mechanisms Involved in the
Protective Effects of PheCs against

DOX-Induced Effects
Ref.

Sprague Dawley male
rats (200–250 g)

DOX
(2 mg/kg, once a week,
i.p. for 4 weeks).

CAPE,
10 or 20 µmol/kg/day, 5 days
per week, for 4 weeks, i.p.
injected.

Counteraction of spatial learning and
memory impairment (measured by MWM
test; passive avoidance test; assessment of
locomotion)
↓ Hippocampal and PFC neurodegenerative
changes (nuclear pyknosis and degeneration
of the neuronal cells)

In the HIP and cortex:
↓ levels of inflammatory biomarkers (GFAP,
COX-2, NF-κB p65, TNF-α)
Normalization of GSH and MDA levels
↑ ACh levels
↓ Active caspase-3 levels

[94]

Male adult Wistar rats
(160 to 180 g)

A single dose of DOX
(20 mg/kg, i.p.) on the
10th day

Nanocurcumin,
50 mg/kg/day, for 9 days
(before the DOX injection)
and for further 4 days, per os

Not determined

Normalization of oxidative stress parameters:
in the cortex: (↓ MDA and NO levels)
in the HIP: (↑ GSH levels)
in the cortex and HIP:
no effect on the DOX-induced inhibition of AchE
and MAO activities
normalization of DOX-induced ↑ levels
of dopamine

[97]
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Table 2. Cont.

Anthracycline-Induced
Chemobrain Model

Anthracycline
Administered PheC Administered

Protective Effect(s) of the Combination
with Respect to the Neurotoxic Effect of

DOX Alone

Molecular Factors/Mechanisms Involved in the
Protective Effects of PheCs against

DOX-Induced Effects
Ref.

Male Wistar rats, 3
months of age
(290 ± 20 g)

DOX,
a weekly dose of
2.5 mg/kg for
4 weeks, i.p.

Curcumin, 10 mg/kg/day
(27 µmol/kg/day) for 28
days, started on the same day
as the first DOX injection,
per os

↓ Short- and long-term memory impairment
(NORT test at 3 and 24 h after habituation)

In frontal cortex, hypothalamus and HIP:
↓ GFAP (in astrocytes) and Iba1 (in microglia)
expression (markers of strong microglial and
astrocyte response, due to the
neuroinflammatory response)

[95]

Male Sprague Dawley
rats (200–220 g)

DOX (2.5 mg/kg
injected i.p. every
2 days)

Curcumin, 30 mg/kg/day (81
µmol/kg/day) for 3 weeks
starting 1 week before DOX
administration, per os

Improvement of DOX-induced symptoms of
depression:
(↓ sucrose preference in SPT,
↑ latency time in NSFT, immobility time in
FST and number of crossings in OFT
↓ histopathological changes (nuclear
pyknosis) and apoptosis (measured by
Tunel test)

In the HIP: ↓ oxidative stress biomarkers
(↓ HNE-positive cells, ↓ levels of MDA and NO, ↓
CAT and GPx activities
↓ Endoplasmic reticulum (ER) stress biomarkers
(↓ CHOP and GRP78 expression)
Modulation of autophagy biomarkers
(↓ LC3-II/LC3-I ratio, ↓ Atg-5, Atg-7, and Becn1,
expression; ↑ p62 expression)
Activation of NRF2-ARE pathway
(↑ NRF2 and Keap-1 nuclear expression; ↑ NQO-1
and HO-1 expression)

[96]

Table 3. PheC (Non-Flavonoids: Stilbenes) modulation of anthracycline-induced chemobrain (2016–2024).

Anthracycline-Induced
Chemobrain Model

Anthracycline
Administered PheC Administered

Protective Effect(s) of the
Combination with Respect to the
Neurotoxic Effect of DOX Alone

Molecular Factors/Mechanisms Involved in the Protective
Effects of PheCs against DOX-Induced Effects Ref.

Female C57/BL6J mice
(18–20 g)

DOX in combination with
other chemotherapies:
DTX + DOX + CP,
10/10/40 mg/kg (DAC)
Three i.p. injections at
2-day intervals

Resveratrol, 50 and 100
mg/kg/day (219 or 438
µmol/kg/day) for three
weeks, beginning one week
before the DAC treatment
per os

↓ Anxiety levels and locomotor
activity (open-field test)
↑ Cognitive performance (by
Morris water maze test)
↑ PFC and hippocampal neuronal
activity (by MEMRI test)

In serum, whole brain, PFC, and HIP:
↓ TNF-α and IL-6 levels
↑ IL-4 and IL-10 levels
In PFC and HIP:
↑ Neuroplasticity biomarker expression
(BDNF, TrkB, amino acid neurotransmitter receptors, and
CaMKII)
Regulation of components of PPARγ/NF-κB signaling
(↑ PPARγ expression, ↓ p-p65, and p-IκBα expression)

[98]
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Table 3. Cont.

Anthracycline-Induced
Chemobrain Model

Anthracycline
Administered PheC Administered

Protective Effect(s) of the
Combination with Respect to the
Neurotoxic Effect of DOX Alone

Molecular Factors/Mechanisms Involved in the Protective
Effects of PheCs against DOX-Induced Effects Ref.

Forty male Wistar rats,
3 months of age and
weighing 290 ± 20 g

DOX, 2.5 mg/kg/week
for 4 weeks, i.p.

Resveratrol, 10 mg/kg/day
(44 µmol/kg/day) for 28
days, started on the same
day as the first DOX
injection, per os

↑ Long-term memory impairment
(NORT at 24 h after habituation).

In frontal cortex, hypothalamus and HIP:
↓ GFAP (in astrocytes) and Iba1 (in microglia) expression
(markers of strong microglial and astrocyte response, due
to the neuroinflammatory response)

[95]

Six-week-old male
Sprague Dawley rats
(210–230 g)

DOX, 2 mg/kg, once a
week for 4 weeks, i.p.

Polydatin, 50 mg/kg/day
(128 µmol/kg/day) for
4 weeks, per os

↑ Spatial learning and memory
ability in rats (Morris water-maze
task).
Inhibition of nuclear pyknosis and
degeneration of neuronal cells in
the HIP

In HIP:
↓ Oxidative stress (↓ MDA levels, ↑ GSH levels;
↓ NRF2 expression)
↓ Inflammation (↓ TNF-α, PGE-2 and COX-2 levels; ↓ p-IκB
and p-p65 expression)
↓ Apoptosis (↓ cleaved caspase-3 and -9 expression)

[99]
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3.1.1. Flavonoids and DOX-Induced Chemobrain

In the first study carried out with Flavonoids [53], Rutin, a Flavonol which is also
known by the names of Rutoside or vitamin P and which is widely distributed in vegetables
and fruits, was used [100]. The Rutin moiety is a glycosylated derivative of the Flavonol
Quercetin, which is, in this case, bound to the disaccharide rutinose [101,102] (Figure 4).
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Figure 4. Chemical structure of Rutin and Quercetin.

In this rutinose-bound form, besides showing the antioxidant and anti-inflammatory
effects common to all the other Flavonoids, this bioactive compound has also been reported
to exert powerful anticancer and antimicrobial effects [103,104]. In Table 1(A), it is shown
that all the main mechanisms of DOX-induced damage or death of cells at the brain level
(apoptosis, oxidative stress growth of neurites, inflammation) were affected by the beneficial
activity of Rutin. Similar healthy properties are reported to be shared by another Flavonol,
Kaempferol [105–108], which, compared to the best-known Flavonoid Quercetin, has one
additional OH group on one of the aromatic rings of its molecule (compare Figures 4 and 5).

Due to its powerful bioactivity, the application of Kaempferol was recently hypothe-
sized to be useful in a series of diseases pathogenically related to inflammation, such as
some cardiovascular diseases, diabetes mellitus, and asthma, and in disorders related to
microbial contamination [109]. Similarly to Quercetin, found in many plants and known for
its healthy and pleiotropic bioactivities [110], Kaempferol is also found easily glycosylated
in nature. However, as already reported above, Jantas et al. [88] found that two glycosylated
derivatives of Kaempferol, i.e., α-Rhamnoisorobin (Kaempferol 7-O-α-rhamnoside, aRh)
and Kaempferitrin (Kaempferol 3,7-di-O-rhamnoside, Krg), did not succeed in reverting
the cytotoxic effect of DOX in neuroblastoma cells studied in vitro (Figure 5) (Table 1(A)).
However, it could be possible that the lack of effects in this in vitro study could be simply
related to the use of glycosylated derivatives, since it is known that the free phenolic forms
represent the active forms, and glycosylases are important to transform the glycosylated
precursors to the active forms [111]. However, these negative results do not preclude
that Kaempferol or its glycosylated derivatives could induce the same beneficial effects
observed with the other Flavonols in vivo, especially since Juglanin, which is a Flavonol
constituted by Kaempferol glycosylated with the pentose L-Arabinofuranose and known to
exert powerful anti-inflammatory, antioxidant, and anticancer activities [112–114], was also
among the other Flavonols recently reported to exert powerful neuroprotection against
DOX-induced chemobrain in vivo [90] (Table 1(A)). It is interesting to notice that this more
recent finding is in agreement with a previous observation according to which Juglanin is
able to prevent neuroinflammation in animal models of Parkinson’s disease [115]. Therefore,
altogether, these findings suggest that further studies are needed to evaluate whether the
two Kaempferol glycosides aRh and Krg, so far tested only in vitro against DOX-induced
neurotoxicity, could exert protective effects in in vivo models.
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Galangin is the last among the Flavonols to be tested against DOX-induced chemo-
brain [89] (Table 1(A)). In nature, it can be found particularly concentrated in propolis
and in Alpinia officinarum, a plant commonly known as galanga, after which it has been
named. It shows pleiotropic bioactivities, having been demonstrated that is not only able
to inhibit oxidative stress and inflammation but also exert antifibrotic, antimicrobial, and
antihypertensive effects and even reduce vascular abnormalities in rat models of metabolic
syndrome [116,117]. For some of these properties, its possible application in cancer was
hypothesized, as well as in a series of inflammatory and degenerative diseases, including
skin diseases, rheumatoid arthritis, osteoarthritis, neurodegenerative diseases, and osteo-
porosis [116,118–120]. In particular, Abd El-Aal et al. [89] focused on Galangin’s effect on
chemobrain (Table 1(A)) since previous results had proven its ability to attenuate oxidative
stress and inflammation in animal models of pathologies where these processes play a
main pathogenetic role, such as psoriasis, hepatitis, osteoarthritis, or colitis [121–124]. The
results obtained confirmed (Table 1(B)) that the beneficial effects of this compound against
DOX-induced brain degeneration were related to its capacity to reduce brain oxidative
stress, inflammation, and degeneration, as shown by the increased HIP expression of the
cell repair/growth index, BDNF. Moreover, it also reduced DOX-induced necroptosis, as
indicated by the decreased expression of some of the factors involved in this mode of cell
death (p-RIPK-1, p-RIPK-3, and p-MLKL) in the HIP.

The first Flavonoid included in Table 1(B) (reporting results obtained with Flavonoids
that do not belong to the Flavonol class) is the Flavanone Naringin. The authors of [91]
related its protective effect against DOX-induced chemobrain to both its anti-inflammatory
and antioxidant activities. However, similarly to what was observed above in a more recent
study carried out with the Flavonol Galangin [89], the beneficial effect of Naringin could
also be related to the neurotrophic activity that this bioactive compound is able to exert.
This finding is also in agreement with what was recently observed by Yilmaz et al. [125] in
an ischemia–reperfusion animal model, which showed that Naringin was able to revert
impaired neurogenesis to normal and increase the levels of BDFN in the HIP and frontal
cortex of the animals.

In the second study of Table 1(B) [92], the authors administered Catechin hydrate
to rats treated with DOX and confirmed the antioxidant and anti-inflammatory ability of
this Flavanol in the animal model of DOX-induced neurotoxicity that they used. In fact,
this compound, found at high levels in green tea and other plants [126], similar to the
most famous and well-studied Flavanol epigallocatechin-3-gallate (EGCG), is considered a
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powerful antioxidant that also shows anti-inflammatory activities. Moreover, it is worthy
of note that the powerful anticancer and antifibrotic activities of this compound have
been demonstrated [127,128], which make its potential use along with other antineoplastic
agents particularly interesting.

The last Flavonoid that has been evaluated for its ability to reduce the effect of DOX
on brain functions [67] (Table 1(B)) is the Flavone Chrysin, which appears particularly
appropriate for this role, since it is not only known for its antioxidant and anti-inflammatory
ability [129,130] but also for its capacity to modulate neurotrophic factors and the activities
of neurotransmitters in the central nervous system [131]. The Ibrahim et al. study [67]
appears to be particularly interesting since Chrysin was administered to the DOX-treated
rats either in the native form per os or enclosed in transferosomal lipid vesicles and chitosan
composite vesicles designed by the authors for a more direct nose-to brain delivery. In fact,
transferosomes are constituted by a lipid bilayer incorporating single-chain surfactants
that make them particularly flexible and apt to cross biological membranes [132], while
chitosan bound to liposomal vesicles enhances their residence time at the level of the nasal
mucosa, thus improving their brain uptake [133]. Since it was previously observed that
high oral doses (100 mg/kg) of Chrysin were needed to obtain appreciable beneficial effects
in neurodegenerative disorders [134], the authors evaluated whether low doses of Chrysin
(0.5 mg/kg) embedded in the two newly designed nanoformulations could match or even
improve the therapeutic efficacy of higher doses of free Chrysin (30 mg/kg) in a rat model
of chemobrain. They observed that, independently from the route of administration or type
of formulation, Chrysin reduced DOX-induced cognitive impairment and the histological
alterations and neurodegeneration induced by DOX. However, its therapeutic potential was
markedly enhanced when it was intranasally administrated inside both the nanovesicles.
Moreover, the sixty times lower doses of Chrysin delivered as nanoformulations were
sufficient to obtain comparable or even higher beneficial effects, with respect to those
observed with the higher oral dose, on DOX-induced chemobrain. In particular, the
authors observed that the superior efficiency of the Chrysin nanoformulations in reverting
the DOX-induced memory impairment was related to their enhanced ability to inhibit
acetylcholinesterase, oxidative stress, and TLR4-NF-kB-NLRP3 inflammasome pathway.

3.1.2. Non-Flavonoids and DOX-Induced Chemobrain

Instead, among the Non-Flavonoids tested against DOX-induced chemobrain and
reported in Table 2, we found the ester of caffeic acid and phenethyl alcohol (caffeic acid
phenethyl ester, CAPE) [94], which is the form of caffeic acid naturally present at high
levels in honeybee propolis, largely used in traditional medicine [135,136]. CAPE has been
demonstrated to be a powerful natural antioxidant and anti-inflammatory agent. Moreover,
it has been reported to exert potent immunomodulatory, anti-viral, and antibacterial activi-
ties and to act as a promoter of wound healing and a potential antineoplastic agent [137].
As shown in Table 2, Ali et al. [94] observed that the protective effect of this compound
was related to its ability to inhibit oxidative stress and the inflammatory process in the
brain regions critically related to DOX-induced chemobrain development (the HIP and
PFC). Of interest, they observed that CAPE reverted the tissue level of acetylcholine (ACh)
to normality after it had been dramatically reduced by the DOX treatment. This DOX-
induced alteration in ACh levels was related by the authors to the previously observed
DOX-induced oxidative stress and the ROS-induced activation of the acetylcholinesterase
enzyme [56,138]. Thus, the action of CAPE on Ach was interpreted as further important
evidence that the antioxidant activity of this compound was involved in the protective
effect observed against the neurotoxicity and altered spatial learning and memory deficits
induced by DOX. In agreement with this, previous reports have demonstrated that acetyl-
cholinesterase inhibitors protected against DOX-induced behaviors and symptomatology
of DOX-induced chemobrain [139].

Curcumin is the second Non-Flavonoid that was evaluated for its activity against
DOX-associated chemobrain in three different studies (Table 2). It deserves particular atten-
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tion since, among the PheCs, it is one of the most studied due to its pleiotropic beneficial
effects on health, being able to powerfully function as an antioxidant, anti-inflammatory,
antimicrobial, antithrombotic, and antineoplastic factor [140,141]. It is the main bioactive in-
gredient of the tropical plant Curcuma longa, which has been used in Ayurveda and Chinese
traditional medicine for thousands of years for its medicinal properties [140,142]. Moreover,
the spices derived from the root of this plant and containing high levels of Curcumin, even
though originally used only in the Eastern countries, have now extended its culinary usage
everywhere. Due to the large spectrum of its bioactivities, Curcumin has been considered
as a possible valid support for improving patient conditions in various diseases, including
diabetes mellitus, Non-Alcoholic Fatty Liver Disease, cancer, COVID-19, autoimmune
diseases, and psychological disorders [143–147]. However, it is becoming increasingly
clear that Curcumin’s therapeutic applications are quite limited due to its poor aqueous
solubility, absorbance, and bioavailability, as well as its pharmacokinetic profile. Thus,
we are now witnessing an upsurge in the research exploring the possibility of developing
new formulations containing Curcumin, especially by encapsulating it in nanoparticles
able to improve its absorption, specific delivery, and bioavailability, and, thus, its thera-
peutic effects [148]. Interestingly, one of the Curcumin studies examined was conducted
by using a nanoformulation encapsulating it (NanoCUR) [97]. However, in this study, the
effects observed were not compared to those obtained with a control represented by free
Curcumin. Moreover, the composition of the nanoformulation and its chemical–physical
characteristics were not reported since the authors used a commercial Nanocurcumin
product (from the company One Planet Nutrition). This means that demonstrating the
possible increased bioactivity of Curcumin when included in nanoparticles was not a main
objective of the authors. Moreover, the authors failed to demonstrate the effective presence
of DOX-induced chemobrain and related neurotoxicity in the DOX-treated animals (by
evaluating altered behaviors and/or objective histological modifications induced by DOX),
as well as the possible reversion of these phenomena by nanoCUR. Instead, they reported
the nanoCUR-driven normalization of some DOX-induced alterations in biochemical pa-
rameters of oxidative stress, as well as in the levels of the neurotransmitter dopamine, both
measured in the brain districts (the HIP and frontal cortex) usually analyzed in these kinds
of studies. On the other hand, it is worth noting that the other two studies carried out
with free Curcumin [95,96] (Table 2), even though carried out with different experimental
designs and dosages of both DOX and Curcumin, obtained interesting and complementary
results on the protective effect of this PheC on inflammation [95], oxidative stress, ER stress,
and autophagy [96], some of the main processes known to underlie the DOX-induced
alteration in mnemonic functions and brain morphology.

Table 3 shows the results of three studies performed with Resveratrol, a member of
the Stilbene group of the Non-Flavonoid class of PheCs, which is present in considerable
amounts in grapes and wine, peanuts, nuts, soy, berries, and tea [149–151]. This bioactive
natural product is well known for its strong antioxidant, anti-inflammatory, vasculoprotec-
tive, and anticancer properties, as well as for its immunomodulatory activities [152,153].
Due to these characteristics, Resveratrol’s possible therapeutic applications for the adjuvant
therapy of a variety of chronic diseases, including diabetes mellitus type 1 and rheumatoid
arthritis, have recently been suggested [154,155]. One of the studies considered here used
Polydatin, which is a glucoside of Resveratrol, and probably the most abundant form
of Resveratrol in nature [99] (Figure 6).

Polydatin is a metabolic precursor of Resveratrol that shows comparable efficacy
to free Resveratrol. In fact, the results of the three studies concurred in demonstrating
that, independently of its chemical form, Resveratrol showed similar effects in reverting
DOX-induced chemobrain manifestations, as well as the level or activity of molecular
factors and pathways involved in neuroinflammation. Moreover, Polydatin was also
found to be able to reduce DOX-induced oxidative stress [99], which was not evaluated
in the other two studies. Instead, in the study by Shi et al. [98], free Resveratrol was also
found to be able to revert the neuroplasticity loss induced by the DOX treatment. This
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study [98] appears to be particularly valuable for its methodology, since the authors did
not use DOX alone to induce chemobrain in the animals, but rather a combined treatment
with Docetaxel (DTX)/DOX/CP, in order to better mimic one of the first-line treatments
currently administered for the treatment of advanced BCa patients. In fact, patients treated
for BCa and affected by chemobrain are the most numerous and studied, since their post-
treatment life expectancy is increasing and allows this long-term complication to occur
more easily than in patients treated for other tumors with lower life expectancies. Moreover,
this and other combination therapies are now increasingly used, since they have some
advantages over single-agent therapies, such as the possibility to reduce the dosage of each
single drug and decrease the probability of tumor resistance development [156]. Moreover,
these combinatory regimens allow the different and specific antineoplastic activities of
multiple anticancer agents to be exerted simultaneously in the same patients. However,
despite these advantages, it has been observed that these combinatory regimens still induce
considerable side effects, including chemobrain [157]. Therefore, experimental models
using combinations of drugs are particularly appropriate for studying the biological and
molecular mechanisms underlying the side effects induced by these therapeutic regimens,
as well as possible therapeutic strategies to inhibit the development of these adverse
effects or attenuate them. Moreover, it is noteworthy that, in the same study [98], female
animals were used, as DOX is more frequently used either as a single agent or included in
a combinatory regimen for the cure of BCa, a typical female neoplasm.
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Altogether, we notice that comparable beneficial effects were reported for all the
different PheCs, both in reverting DOX-induced behavioral alterations and in reducing the
morphological modifications at the brain level. These effects were obtained irrespective
of the dosages, route, and timing of administration. In fact, even though most of the
authors administered the PheCs per os (via gavage), Naringin [91] and CAPE [94] were i.p.
injected, and Chrysin embedded in nanoparticles was intranasally delivered. Moreover,
in most studies, the compounds were administered at a dose of 50 mg/kg b.wt., with
some researchers administering lower doses (10 or 30/mg/kg b.wt.) or higher doses
(100 mg/kg b.wt.). In order to better understand and compare the effect on a dose basis,
we also reported them in the tables converted into µmol/kg/body weight (b.wt.). In this
way, the administered doses varied from 10 µmol/kg of CAPE to 342 µmol/kg/b.wt. or
438 µmol/kg/b.wt. of Catechin hydrate and Resveratrol, respectively.

Moreover, sometimes, the PheC treatment was started 7-10 days in advance with
respect to that with DOX, as in the case of Rutin [53], Juglanin [90], Naringin [91], Cate-
chin hydrate [92], Nanocurcumin [97], Resveratrol [98], and Curcumin [95]. Interestingly,
Curcumin was used in two different studies and administered in different ways. In fact,
whereas, in the first study, 30 mg/kg/day (81 µmol/kg/day) Curcumin was administered
one week before the beginning of DOX treatment [95], in the second one [96], 10 mg/kg/day
(27 µmol/kg/day) Curcumin was administered simultaneously to DOX, and the effects on
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the DOX-induced memory impairments were perfectly comparable. This could suggest that
preventive treatment with Curcumin is not needed to protect from the devastating effect of
DOX on brain functions. However, the usefulness of preventive treatment with Curcumin
should not be ruled out, since it can be observed that the treatment with the highest dose
of Curcumin that was preventively administered in the first study was needed to contrast
chemobrain-related effects obtained with a much higher dose of DOX (7.5 mg/kg/week).
Instead, in the second study, the lower dose of Curcumin was sufficient, even though it
was administered simultaneously to DOX, probably since the DOX dose used was much
lower (2.5 mg/kg/week). Similarly, Resveratrol was used in two studies at different
dosages, and both showed comparable abilities in reverting a series of brain dysfunctions
typical of chemobrain. In the first study [98], Resveratrol was used at 50–100 mg/kg/day
(219–438 µmol/kg/day) starting one week before DOX, whereas, in the second one [95],
it was used at 10 mg/kg/day (44 µmol/kg/day) and given simultaneously to the DOX
treatment. However, in this case, a comparison in terms of dosages used and timing of
administration is also not possible, since, in the first study [98], a higher dose of Resveratrol
was administered to contrast the effect of a combinatory regimen represented by 10 mg/kg
DOX and two other chemobrain-inducing drugs, i.e., DTX (10 mg/kg) and CP (40 mg/kg)
(three i.p. injections at 2-day intervals). On the other hand, in the second study [95],
Resveratrol was given at a lower dosage to contrast the effect of 2.5 mg/kg DOX alone
administered once a week for 4 weeks.

3.1.3. Extracts of Plants with High Contents of PheCs and DOX-Induced Chemobrain

Finally, Table 4 reports two recent studies [158,159] carried out by administering
extracts of the plants Carissa macrocarpa and Thunbergia erecta, both with high contents of
PheCs. The peculiarity of these two studies is that the authors accurately performed the
chemical characterization of the plant extracts, identifying the PheC constituents present in
the prevalent polyphenolic fraction by using either liquid chromatography–electrospray
ionization–tandem mass spectrometry (LC-ESI-MS/MS) or ultra-performance (UPLC)-ESI-
MS/MS.

In any case, the design of the two studies is quite similar to the others already exam-
ined, and the authors first evaluated the brain-related side effects of the treatment with
DOX, combined or not with a parallel treatment with PheCs. In particular, they evaluated
the changes in the animal behaviors especially related to memory and, correspondingly,
post-mortem, they examined the histology of HIP and PFC, since, as also demonstrated by
all the other studies, the function of memory is strictly related to these two brain districts.
Of interest, these two studies confirmed their results by using in silico experiments. In the
first one [158], on the basis of the results of the molecular docking experiments of TNF-α-
converting enzyme (TACE), the authors observed that some PheCs present at high levels
in the Carissa m. extract [procyanidin B6 (a Catechin dimer), procyanidin B5 (epicatechin
dimer), epicatechin3-o-β-D-glucopyranoside, and hyperoside (a galactoside of Quercetin)]
showed the highest affinity for TACE and, thus, could be responsible for the inhibitory activ-
ity against DOX-induced neuroinflammation. In the second study [159], molecular docking
experiments were performed within the active site of the Receptor for Advanced Glyca-
tion End-products (RAGE), since the authors had found that the extracts obtained from
Thunbergia erecta interfered with the High-Mobility Group Box 1 (HMGB1)/RAGE pathway
by inhibiting the expression of HMBG, RAGE, p65, and IL-1β. Among the polyphenolic
compounds identified in the LC-ESI-MS/MS analysis, Rosmarinic acid (an ester of caffeic
acid and 3,4-dihydroxy phenyl lactic acid) was found to have the highest affinity for the
active site of RAGE and, thus, could be partially responsible for the protective activity of
the Thunbergia erecta extracts against the RAGE-dependent induction of ROS production
and inflammation implicated in DOX-induced chemobrain.
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Table 4. PheC-rich plant extracts and modulation of anthracycline-induced chemobrain.

Anthracycline-Induced
Chemobrain Model

Anthracycline
Administered Administered Sources of PheCs

Protective Effect(s) of the Combination
with Respect to the Neurotoxic Effect of
DOX Alone or in Combination with CP

Molecular Factors/Mechanisms
Involved in the Protective Effects of
PheCs against DOX-Induced Effects

Ref.

Male Wistar rats,
weighing 120–160 g

DOX
2.5 mg/kg/week for
4 weeks, i.p.

Carissa macrocarpa leaves polar
fraction of hydromethanolic extract
containing high % of PheCs
(evaluated by
UPLC-ESI-MS/MS profiling)
100–500 mg/kg/day Carissa m.
extract for 4 weeks, per os

↓ Short- and long-term memory
impairments (measured by Y-maze test and
NORT, respectively) in a
dose-dependent manner
Partial recovery from histopathological
alterations in the HIP
(↓ perivascular space; ↓ neuropil
vacuolation; ↓ neuroglia cell pyknosis and
hyperchromasia; ↓ pyramidal
cell degeneration)

↓ ROS and TNF-α serum levels
↓ caspase-3 expression in the HIP
↑ NGF brain levels
in a dose-dependent manner

[158]

Male Wistar rats
(180–200 g, 8 weeks old)

DOX
(4 mg/kg/week, i.v.) in
combination with CP,
(40 mg/kg/week, i.v.) in
the rats’ tail
vein once per week for
3 weeks

Thunbergia erecta leaf ethyl acetate
fraction of alcohol extract (TEAF),
(50, 100, or 200 mg/kg) containing
21 characterized phytoconstituents,
mostly PheCs (especially Phenolic
Acids and Flavonoid glycosides),
5 times per week for 3 weeks, per os

↓ Learning and memory impairments
(measured by NORT, Morris water maze
tests, and step-through passive
avoidance test)
In PFC and HIP:
↓ Histological alterations in a
dose-dependent manner
Normalization of oxidative stress markers
(CAT activity; MDA, GSH, hydrogen
peroxide level)

↓ Protein expression of
inflammation-related factors
(HMBG1, RAGE, p65 NF-κB,
and IL-1β)

[159]
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4. Conclusions and Future Perspectives

All the studies analyzed concur in demonstrating the powerful potential of PheCs
against the development of DOX-induced chemobrain and suggest that the main mecha-
nisms involved are related to their capacity to reduce oxidative stress and inflammation
induced by DOX, as well as to reestablish more physiological levels of neurotrophic factors
and neurotransmitters (Figure 7). The figure also shows other processes implicated in
DOX-induced chemobrain (ER stress, autophagy, mitochondrial dysfunction, apoptosis,
and necroptosis) that have been demonstrated to be modulated by PheCs.
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It is worth noting that only two out of the twelve studies analyzed here used preclinical
models that better mimicked the conditions of most patients affected by chemobrain, i.e.,
female patients affected by BCa and therapeutically treated not with a single-drug therapy,
but with a combinatory regimen. In fact, only Ramalingayya et al. [53] and Shi et al. [98]
used female animals, while only El-Din et al. [159] and Shi et al. [98] treated the animals
with DOX/CP or DOX/CP/DTX, respectively. Therefore, for future studies, it would be
more appropriate to use similar conditions that better mimic those actually found in clinical
practice. Moreover, it should be underlined that only in one [67] out of the twelve studies
analyzed by us was there an attempt to verify whether the inclusion of these PheCs in
innovative delivery nanosystems could enhance their therapeutic potential against the
development of neurotoxicity and chemobrain. This strategy has recently been widely used
for obtaining more efficient and specific delivery of drugs or natural bioactive compounds,
including PheCs [87,160–163]. In particular, we have recently developed different deliv-
ery systems for natural products known for their anti-inflammatory and antineoplastic
effects [164–167]. In some cases, this strategy was finalized to reduce the amounts of the
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antineoplastic drug administered and obtain antineoplastic effects comparable to those
of larger amounts [160]. Moreover, in a recently published review of ours, we analyzed
the studies where PheCs were used as the main components of a variety of nanosystems
designed to carry anticancer drugs more efficiently and specifically to tumors [87]. On
this basis, we suggest that these kinds of innovative nanostrategies could be used in two
ways in studies focusing on the secondary neurotoxic effects induced by antineoplastic
treatment with DOX. On the one hand, DOX could be administered enclosed in one of
the multiple nanoparticles recently developed and specifically targeted for different types
of cancer [168–170], particularly for BCa [28,171]. This strategy would allow the delivery
of this drug more specifically to the tumor and impede it from reaching the brain and
other non-specific districts in high proportions. Moreover, it would allow the use of lower
doses of DOX, which are associated with fewer side effects. On the other hand, PheCs
could be simultaneously administered enclosed in different nanoparticles designed for the
specific and increased delivery of these compounds to the nervous central system, with
the aim of acting directly there to avoid the development of DOX-induced chemobrain. Of
note, the nose-to-brain delivery suggested by Ibrahim et al. [67] for Chrysin seems to be
a valuable approach to obtain a stronger effect with lower doses of PheCs administered
for reducing DOX-induced chemobrain. This treatment could precede treatment with
DOX and continue for long periods after the anticancer treatment is over, given the safety
profile of PheCs, with the aim of obtaining long-lasting preventive and curative effects on
DOX-induced neurotoxicity.
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Abbreviations

Ach acetylcholine
AchE acetylcholinesterase
ARE antioxidant response element
ATG autophagy-related protein
BDNF brain-derived neurotropic factor
Becn1 beclin 1
CaMKII calmodulin-dependent protein kinase II
CAPE caffeic acid phenethyl ester
CAT catalase
CHOP C/EBP homologous protein
COX cyclooxygenase
CP cyclophosphamide
CUR Curcumin
DTX docetaxel
FST forced swimming test
GFAP anti-glial fibrillary acidic protein
GPx glutathione peroxidase
GRP78 glucose-regulated protein 78
GSH reduced glutathione
HIP hippocampus
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HMBG1 High-Mobility Group Box 1 protein
HNE 4-hydroxynonenal
HO-1 heme oxygenase-1
Iba1 ionized calcium-binding adaptor molecule 1
IκB inhibitor of the nuclear factor κ
iNOS inducible nitric oxide synthase
MAO monoamine oxidase
MDA malondialdehyde
MEMRI manganese-enhanced magnetic resonance imaging
MLKL mixed-lineage kinase domain-like protein
MPO mieloperoxidase
NF-κB nuclear factor κB
NGF nerve growth factor
NLRP3 Nod-like receptor pyrin-containing 3
NO nitric oxide
NORT novel object recognition test
NOX NADPH oxidase-1
NQO-1 NAD(P)H quinone oxidoreductase
NRF2 nuclear factor (erytheroid-derived-2)-like 2
NSFT novelty-suppressed feeding test
OFT open-field test
PFC prefrontal cortex
PGE2 prostaglandin E2
PPARγ peroxisome proliferator-activated receptor
RA retinoic acid
RAGE Receptor for Advanced Glycation End-products
RIPK receptor-interacting serine/threonine protein kinase
ROS reactive oxygen species
SOD superoxide dismutase
SPT sucrose preference test
TLR4 Toll-like receptor 4
TrkB tropomyosin receptor kinase B

UPLC-ESI-MS/MS
ultra-performance liquid chromatography–electrospray
ionization–tandem mass spectrometry.
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43. Kciuk, M.; Kołat, D.; Kałuzińska-Kołat, Ż.; Gawrysiak, M.; Drozda, R.; Celik, I.; Kontek, R. PD-1/PD-L1 and DNA Damage
Response in Cancer. Cells 2023, 12, 530. [CrossRef]

44. Rawat, P.S.; Jaiswal, A.; Khurana, A.; Bhatti, J.S.; Navik, U. Doxorubicin-Induced Cardiotoxicity: An Update on the Molecular
Mechanism and Novel Therapeutic Strategies for Effective Management. Biomed. Pharmacother. 2021, 139, 111708. [CrossRef]

45. Prasanna, P.L.; Renu, K.; Valsala Gopalakrishnan, A. New Molecular and Biochemical Insights of Doxorubicin-Induced Hepato-
toxicity. Life Sci. 2020, 250, 117599. [CrossRef] [PubMed]

46. El-Moselhy, M.A.; El-Sheikh, A.A. Protective mechanisms of atorvastatin against doxorubicin-induced hepato-renal toxicity.
Biomed. Pharmacother. 2014, 68, 101–110. [CrossRef]

47. Alhowail, A.H.; Bloemer, J.; Majrashi, M.; Pinky, P.D.; Bhattacharya, S.; Yongli, Z.; Bhattacharya, D.; Eggert, M.; Woodie, L.;
Buabeid, M.A.; et al. Doxorubicin-induced neurotoxicity is associated with acute alterations in synaptic plasticity, apoptosis, and
lipid peroxidation. Toxicol. Mech. Methods 2019, 29, 457–466. [CrossRef]

48. Barry, R.L.; Byun, N.E.; Tantawy, M.N.; Mackey, C.A.; Wilson, G.H., 3rd; Stark, A.J.; Flom, M.P.; Gee, L.C.; Quarles, C.C. In vivo
neuroimaging and behavioral correlates in a rat model of chemotherapy-induced cognitive dysfunction. Brain Imaging Behav.
2018, 12, 87–95. [CrossRef] [PubMed]

49. Steiniger, S.C.; Kreuter, J.; Khalansky, A.S.; Skidan, I.N.; Bobruskin, A.I.; Smirnova, Z.S.; Severin, S.E.; Uhl, R.; Kock, M.; Geiger,
K.D.; et al. Chemotherapy of glioblastoma in rats using doxorubicin-loaded nanoparticles. Int. J. Cancer 2004, 109, 759–767.
[CrossRef]

50. Byeon, H.J.; Thao le, Q.; Lee, S.; Min, S.Y.; Lee, E.S.; Shin, B.S.; Choi, H.G.; Youn, Y.S. Doxorubicin-loaded nanoparticles consisted
of cationic- and mannose-modified-albumins for dual-targeting in brain tumors. J. Control. Release 2016, 225, 301–313. [CrossRef]

51. Manchon, J.F.; Dabaghian, Y.; Uzor, N.E.; Kesler, S.R.; Wefel, J.S.; Tsvetkov, A.S. Levetiracetam mitigates doxorubicin-induced
DNA and synaptic damage in neurons. Sci. Rep. 2016, 6, 25705. [CrossRef] [PubMed]

52. Shokoohinia, Y.; Hosseinzadeh, L.; Moieni-Arya, M.; Mostafaie, A.; Mohammadi-Motlagh, H.R. Osthole attenuates doxorubicin-
induced apoptosis in PC12 cells through inhibition of mitochondrial dysfunction and ROS production. Biomed. Res. Int. 2014,
2014, 156848. [CrossRef] [PubMed]

53. Ramalingayya, G.V.; Cheruku, S.P.; Nayak, P.G.; Kishore, A.; Shenoy, R.; Rao, C.M.; Krishnadas, N. Rutin protects against neuronal
damage in vitro and ameliorates doxorubicin-induced memory deficits in vivo in Wistar rats. Drug. Des. Devel. Ther. 2017, 11,
1011–1026. [CrossRef] [PubMed]

54. Imosemi, I.O.; Owumi, S.E.; Arunsi, U.O. Biochemical and histological alterations of doxorubicin-induced neurotoxicity in rats:
Protective role of luteolin. J. Biochem. Mol. Toxicol. 2022, 36, e22962. [CrossRef]

55. Ongnok, B.; Khuanjing, T.; Chunchai, T.; Pantiya, P.; Kerdphoo, S.; Arunsak, B.; Nawara, W.; Jaiwongkam, T.; Apaijai, N.;
Chattipakorn, N.; et al. Donepezil Protects Against Doxorubicin-Induced Chemobrain in Rats via Attenuation of Inflammation
and Oxidative Stress without Interfering with Doxorubicin Efficacy. Neurotherapeutics 2021, 18, 2107–2125. [CrossRef]

56. El-Agamy, S.E.; Abdel-Aziz, A.K.; Wahdan, S.; Esmat, A.; Azab, S.S. Astaxanthin Ameliorates Doxorubicin-Induced Cognitive
Impairment (Chemobrain) in Experimental Rat Model: Impact on Oxidative, Inflammatory, and Apoptotic Machineries. Mol.
Neurobiol. 2018, 55, 5727–5740. [CrossRef] [PubMed]

57. Wu, Q.; Li, W.; Zhao, J.; Sun, W.; Yang, Q.; Chen, C.; Xia, P.; Zhu, J.; Zhou, Y.; Huang, G.; et al. Apigenin ameliorates
doxorubicin-induced renal injury via inhibition of oxidative stress and inflammation. Biomed. Pharmacother. 2021, 137, 111308.
[CrossRef]

58. Sangweni, N.F.; Gabuza, K.; Huisamen, B.; Mabasa, L.; van Vuuren, D.; Johnson, R. Molecular insights into the pathophysiology
of doxorubicin-induced cardiotoxicity: A graphical representation. Arch. Toxicol. 2022, 96, 1541–1550. [CrossRef]

59. Gomes, A.; Capela, J.P.; Ribeiro, D.; Freitas, M.; Silva, A.M.; Pinto, D.C.; Santos, C.M.; Cavaleiro, J.A.; Lima, J.L.; Fernandes,
E. Inhibition of NF-kB activation and cytokines production in THP-1 monocytes by 2-styrylchromones. Med. Chem. 2015, 11,
560–566. [CrossRef]

60. Hayslip, J.; Dressler, E.V.; Weiss, H.; Taylor, T.J.; Chambers, M.; Noel, T.; Miriyala, S.; Keeney, J.T.; Ren, X.; Sultana, R.; et al.
Plasma TNF-α and Soluble TNF Receptor Levels after Doxorubicin with or without Co-Administration of Mesna-A Randomized,
Cross-Over Clinical Study. PLoS ONE 2015, 10, e0124988. [CrossRef]

https://doi.org/10.1002/bit.260110607
https://doi.org/10.2174/092986709788803312
https://doi.org/10.1111/j.2042-7158.2012.01567.x
https://www.ncbi.nlm.nih.gov/pubmed/23278683
https://doi.org/10.1111/febs.15583
https://www.ncbi.nlm.nih.gov/pubmed/33022843
https://doi.org/10.1038/s41591-019-0432-4
https://doi.org/10.1038/s41598-019-51537-7
https://doi.org/10.3390/cells12040530
https://doi.org/10.1016/j.biopha.2021.111708
https://doi.org/10.1016/j.lfs.2020.117599
https://www.ncbi.nlm.nih.gov/pubmed/32234491
https://doi.org/10.1016/j.biopha.2013.09.001
https://doi.org/10.1080/15376516.2019.1600086
https://doi.org/10.1007/s11682-017-9674-2
https://www.ncbi.nlm.nih.gov/pubmed/28108946
https://doi.org/10.1002/ijc.20048
https://doi.org/10.1016/j.jconrel.2016.01.046
https://doi.org/10.1038/srep25705
https://www.ncbi.nlm.nih.gov/pubmed/27168474
https://doi.org/10.1155/2014/156848
https://www.ncbi.nlm.nih.gov/pubmed/25013759
https://doi.org/10.2147/DDDT.S103511
https://www.ncbi.nlm.nih.gov/pubmed/28408800
https://doi.org/10.1002/jbt.22962
https://doi.org/10.1007/s13311-021-01092-9
https://doi.org/10.1007/s12035-017-0797-7
https://www.ncbi.nlm.nih.gov/pubmed/29039023
https://doi.org/10.1016/j.biopha.2021.111308
https://doi.org/10.1007/s00204-022-03262-w
https://doi.org/10.2174/1573406411666150209114702
https://doi.org/10.1371/journal.pone.0124988


Antioxidants 2024, 13, 486 25 of 29

61. Tangpong, J.; Cole, M.P.; Sultana, R.; Joshi, G.; Estus, S.; Vore, M.; St Clair, W.; Ratanachaiyavong, S.; St Clair, D.K.; Butterfield,
D.A. Adriamycin-induced, TNF-alpha-mediated central nervous system toxicity. Neurobiol. Dis. 2006, 23, 127–139. [CrossRef]
[PubMed]

62. Osburg, B.; Peiser, C.; Dömling, D.; Schomburg, L.; Ko, Y.T.; Voigt, K.; Bickel, U. Effect of endotoxin on expression of TNF
receptors and transport of TNF-alpha at the blood-brain barrier of the rat. Am. J. Physiol. Endocrinol. Metab. 2002, 283, E899–E908.
[CrossRef] [PubMed]

63. Pan, W.; Kastin, A.J. TNFalpha transport across the blood-brain barrier is abolished in receptor knockout mice. Exp. Neurol. 2002,
174, 193–200. [CrossRef] [PubMed]

64. Hyka, N.; Dayer, J.M.; Modoux, C.; Kohno, T.; Edwards, C.K., 3rd; Roux-Lombard, P.; Burger, D. Apolipoprotein A-I inhibits
the production of interleukin-1beta and tumor necrosis factor-alpha by blocking contact-mediated activation of monocytes by T
lymphocytes. Blood 2001, 97, 2381–2389. [CrossRef] [PubMed]

65. Zhang, L.; Fan, C.; Jiao, H.C.; Zhang, Q.; Jiang, Y.H.; Cui, J.; Liu, Y.; Jiang, Y.H.; Zhang, J.; Yang, M.Q.; et al. Calycosin Alleviates
Doxorubicin-Induced Cardiotoxicity and Pyroptosis by Inhibiting NLRP3 Inflammasome Activation. Oxid. Med. Cell Longev.
2022, 2022, 1733834. [CrossRef] [PubMed]

66. Chen, X.; Tian, C.; Zhang, Z.; Qin, Y.; Meng, R.; Dai, X.; Zhong, Y.; Wei, X.; Zhang, J.; Shen, C. Astragaloside IV Inhibits NLRP3
Inflammasome-Mediated Pyroptosis via Activation of Nrf-2/HO-1 Signaling Pathway and Protects against Doxorubicin-Induced
Cardiac Dysfunction. Front. Biosci. 2023, 28, 45. [CrossRef] [PubMed]

67. Ibrahim, S.S.; Abo Elseoud, O.G.; Mohamedy, M.H.; Amer, M.M.; Mohamed, Y.Y.; Elmansy, S.A.; Kadry, M.M.; Attia, A.A.; Fanous,
R.A.; Kamel, M.S.; et al. Nose-to-brain delivery of chrysin transfersomal and composite vesicles in doxorubicin-induced cognitive
impairment in rats: Insights on formulation, oxidative stress and TLR4/NF-kB/NLRP3 pathways. Neuropharmacology 2021,
197, 108738. [CrossRef] [PubMed]

68. Jia, L.; Zhou, Y.; Ma, L.; Li, W.; Chan, C.; Zhang, S.; Zhao, Y. Inhibition of NLRP3 alleviated chemotherapy-induced cognitive
impairment in rats. Neurosci. Lett. 2023, 793, 136975. [CrossRef] [PubMed]

69. Zeng, C.; Duan, F.; Hu, J.; Luo, B.; Huang, B.; Lou, X.; Sun, X.; Li, H.; Zhang, X.; Yin, S.; et al. NLRP3 inflammasome-mediated
pyroptosis contributes to the pathogenesis of non-ischemic dilated cardiomyopathy. Redox Biol. 2020, 34, 101523. [CrossRef]

70. Zeb, A. Concept, mechanism, and applications of phenolic antioxidants in foods. J. Food Biochem. 2020, 44, e13394. [CrossRef]
71. Aleixandre-Tudo, J.L.; Buica, A.; Nieuwoudt, H.; Aleixandre, J.L.; du Toit, W. Spectrophotometric Analysis of Phenolic Compounds

in Grapes and Wines. J. Agric. Food Chem. 2017, 65, 4009–4026. [CrossRef] [PubMed]
72. Liu, H.M.; Cheng, M.Y.; Xun, M.H.; Zhao, Z.W.; Zhang, Y.; Tang, W.; Cheng, J.; Ni, J.; Wang, W. Possible Mechanisms of Oxidative

Stress-Induced Skin Cellular Senescence, Inflammation, and Cancer and the Therapeutic Potential of Plant Polyphenols. Int. J.
Mol. Sci. 2023, 24, 3755. [CrossRef]

73. Chimento, A.; De Luca, A.; D’Amico, M.; De Amicis, F.; Pezzi, V. The Involvement of Natural Polyphenols in Molecular
Mechanisms Inducing Apoptosis in Tumor Cells: A Promising Adjuvant in Cancer Therapy. Int. J. Mol. Sci. 2023, 24, 1680.
[CrossRef] [PubMed]

74. Maleki Dana, P.; Sadoughi, F.; Asemi, Z.; Yousefi, B. The role of polyphenols in overcoming cancer drug resistance: A comprehen-
sive review. Cell Mol. Biol. Lett. 2022, 27, 1. [CrossRef] [PubMed]

75. Rendeiro, C.; Rhodes, J.S.; Spencer, J.P. The mechanisms of action of flavonoids in the brain: Direct versus indirect effects.
Neurochem. Int. 2015, 89, 126–139. [CrossRef]

76. Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3–14. [CrossRef] [PubMed]
77. Rinaldi, M.; Caffo, M.; Minutoli, L.; Marini, H.; Abbritti, R.V.; Squadrito, F.; Trichilo, V.; Valenti, A.; Barresi, V.; Altavilla, D.; et al.

ROS and Brain Gliomas: An Overview of Potential and Innovative Therapeutic Strategies. Int. J. Mol. Sci. 2016, 17, 984. [CrossRef]
78. Mittal, P.; Dhankhar, S.; Chauhan, S.; Garg, N.; Bhattacharya, T.; Ali, M.; Chaudhary, A.A.; Rudayni, H.A.; Al-Zharani, M.; Ahmad,

W.; et al. A Review on Natural Antioxidants for Their Role in the Treatment of Parkinson’s Disease. Pharmaceuticals 2023, 16, 908.
[CrossRef]

79. Gibellini, L.; Pinti, M.; Nasi, M.; Montagna, J.P.; De Biasi, S.; Roat, E.; Bertoncelli, L.; Cooper, E.L.; Cossarizza, A. Quercetin and
cancer chemoprevention. Evid. Based Complement Alternat. Med. 2011, 2011, 591356. [CrossRef]

80. Bastianetto, S.; Ménard, C.; Quirion, R. Neuroprotective action of resveratrol. Biochim. Biophys. Acta 2015, 1852, 1195–1201.
[CrossRef]

81. Asgharian, P.; Tazekand, A.P.; Hosseini, K.; Forouhandeh, H.; Ghasemnejad, T.; Ranjbar, M.; Hasan, M.; Kumar, M.; Beirami, S.M.;
Tarhriz, V.; et al. Potential mechanisms of quercetin in cancer prevention: Focus on cellular and molecular targets. Cancer Cell Int.
2022, 22, 257. [CrossRef] [PubMed]

82. Feng, J.; Zheng, Y.; Guo, M.; Ares, I.; Martínez, M.; Lopez-Torres, B.; Martínez-Larrañaga, M.R.; Wang, X.; Anadón, A.; Martínez,
M.A. Oxidative stress, the blood-brain barrier and neurodegenerative diseases: The critical beneficial role of dietary antioxidants.
Acta Pharm. Sin. B 2023, 13, 3988–4024. [CrossRef] [PubMed]

83. Williamson, G.; Clifford, M.N. Colonic metabolites of berry polyphenols: The missing link to biological activity? Br. J. Nutr. 2010,
104 (Suppl. S3), S48–S66. [CrossRef]

84. Figueira, I.; Garcia, G.; Pimpão, R.C.; Terrasso, A.P.; Costa, I.; Almeida, A.F.; Tavares, L.; Pais, T.F.; Pinto, P.; Ventura, M.R.; et al.
Polyphenols journey through blood-brain barrier towards neuronal protection. Sci. Rep. 2017, 7, 11456. [CrossRef]

https://doi.org/10.1016/j.nbd.2006.02.013
https://www.ncbi.nlm.nih.gov/pubmed/16697651
https://doi.org/10.1152/ajpendo.00436.2001
https://www.ncbi.nlm.nih.gov/pubmed/12376316
https://doi.org/10.1006/exnr.2002.7871
https://www.ncbi.nlm.nih.gov/pubmed/11922661
https://doi.org/10.1182/blood.V97.8.2381
https://www.ncbi.nlm.nih.gov/pubmed/11290601
https://doi.org/10.1155/2022/1733834
https://www.ncbi.nlm.nih.gov/pubmed/35035656
https://doi.org/10.31083/j.fbl2803045
https://www.ncbi.nlm.nih.gov/pubmed/37005753
https://doi.org/10.1016/j.neuropharm.2021.108738
https://www.ncbi.nlm.nih.gov/pubmed/34339751
https://doi.org/10.1016/j.neulet.2022.136975
https://www.ncbi.nlm.nih.gov/pubmed/36427814
https://doi.org/10.1016/j.redox.2020.101523
https://doi.org/10.1111/jfbc.13394
https://doi.org/10.1021/acs.jafc.7b01724
https://www.ncbi.nlm.nih.gov/pubmed/28475326
https://doi.org/10.3390/ijms24043755
https://doi.org/10.3390/ijms24021680
https://www.ncbi.nlm.nih.gov/pubmed/36675194
https://doi.org/10.1186/s11658-021-00301-9
https://www.ncbi.nlm.nih.gov/pubmed/34979906
https://doi.org/10.1016/j.neuint.2015.08.002
https://doi.org/10.1602/neurorx.2.1.3
https://www.ncbi.nlm.nih.gov/pubmed/15717053
https://doi.org/10.3390/ijms17060984
https://doi.org/10.3390/ph16070908
https://doi.org/10.1093/ecam/neq053
https://doi.org/10.1016/j.bbadis.2014.09.011
https://doi.org/10.1186/s12935-022-02677-w
https://www.ncbi.nlm.nih.gov/pubmed/35971151
https://doi.org/10.1016/j.apsb.2023.07.010
https://www.ncbi.nlm.nih.gov/pubmed/37799389
https://doi.org/10.1017/S0007114510003946
https://doi.org/10.1038/s41598-017-11512-6


Antioxidants 2024, 13, 486 26 of 29

85. Youdim, K.A.; Dobbie, M.S.; Kuhnle, G.; Proteggente, A.R.; Abbott, N.J.; Rice-Evans, C. Interaction between flavonoids and the
blood-brain barrier: In vitro studies. J. Neurochem. 2003, 85, 180–192. [CrossRef] [PubMed]

86. Youdim, K.A.; Qaiser, M.Z.; Begley, D.J.; Rice-Evans, C.A.; Abbott, N.J. Flavonoid permeability across an in situ model of the
blood-brain barrier. Free Radic. Biol. Med. 2004, 36, 592–604. [CrossRef] [PubMed]

87. Serini, S.; Trombino, S.; Curcio, F.; Sole, R.; Cassano, R.; Calviello, G. Hyaluronic Acid-Mediated Phenolic Compound Nanodeliv-
ery for Cancer Therapy. Pharmaceutics 2023, 15, 1751. [CrossRef] [PubMed]

88. Jantas, D.; Malarz, J.; Le, T.N.; Stojakowska, A. Neuroprotective Properties of Kempferol Derivatives from Maesa membranacea
against Oxidative Stress-Induced Cell Damage: An Association with Cathepsin D Inhibition and PI3K/Akt Activation. Int. J. Mol.
Sci. 2021, 22, 10363. [CrossRef] [PubMed]

89. Abd El-Aal, S.A.; AbdElrahman, M.; Reda, A.M.; Afify, H.; Ragab, G.M.; El-Gazar, A.A.; Ibrahim, S.S.A. Galangin mitigates DOX-
induced cognitive impairment in rats: Implication of NOX-1/Nrf-2/HMGB1/TLR4 and TNF-α/MAPKs/RIPK/MLKL/BDNF.
Neurotoxicology 2022, 92, 77–90. [CrossRef]

90. Wei, T.; Wang, L.; Tang, J.; Ashaolu, T.J.; Olatunji, O.J. Protective effect of Juglanin against doxorubicin-induced cognitive
impairment in rats: Effect on oxidative, inflammatory and apoptotic machineries. Metab. Brain Dis. 2022, 37, 1185–1195.
[CrossRef]

91. Kwatra, M.; Jangra, A.; Mishra, M.; Sharma, Y.; Ahmed, S.; Ghosh, P.; Kumar, V.; Vohora, D.; Khanam, R. Naringin and Sertraline
Ameliorate Doxorubicin-Induced Behavioral Deficits Through Modulation of Serotonin Level and Mitochondrial Complexes
Protection Pathway in Rat Hippocampus. Neurochem. Res. 2016, 41, 2352–2366. [CrossRef]

92. Cheruku, S.P.; Ramalingayya, G.V.; Chamallamudi, M.R.; Biswas, S.; Nandakumar, K.; Nampoothiri, M.; Gourishetti, K.; Kumar,
N. Catechin ameliorates doxorubicin-induced neuronal cytotoxicity in in vitro and episodic memory deficit in in vivo in Wistar
rats. Cytotechnology 2018, 70, 245–259. [CrossRef] [PubMed]

93. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef] [PubMed]
94. Ali, M.A.; Menze, E.T.; Tadros, M.G.; Tolba, M.F. Caffeic acid phenethyl ester counteracts doxorubicin-induced chemobrain

in Sprague-Dawley rats: Emphasis on the modulation of oxidative stress and neuroinflammation. Neuropharmacology 2020,
181, 108334. [CrossRef]

95. Moretti, R.L.; Dias, E.N.; Kiel, S.G.; Augusto, M.C.M.; Rodrigues, P.S.; Sampaio, A.C.S.; Medeiros, L.S.; Martins, M.F.M.;
Suffredini, I.B.; Cardoso, C.V.; et al. Behavioral and morphological effects of resveratrol and curcumin in rats submitted to
doxorubicin-induced cognitive impairment. Res. Vet. Sci. 2021, 140, 242–250. [CrossRef]

96. Liao, D.; Shangguan, D.; Wu, Y.; Chen, Y.; Liu, N.; Tang, J.; Yao, D.; Shi, Y. Curcumin protects against doxorubicin induced
oxidative stress by regulating the Keap1-Nrf2-ARE and autophagy signaling pathways. Psychopharmacology 2023, 240, 1179–1190.
[CrossRef]

97. Khadrawy, Y.A.; Hosny, E.N.; Mohammed, H.S. Protective effect of nanocurcumin against neurotoxicity induced by doxorubicin
in rat’s brain. Neurotoxicology 2021, 85, 1–9. [CrossRef]

98. Shi, D.D.; Dong, C.M.; Ho, L.C.; Lam, C.T.W.; Zhou, X.D.; Wu, E.X.; Zhou, Z.J.; Wang, X.M.; Zhang, Z.J. Resveratrol, a natural
polyphenol, prevents chemotherapy-induced cognitive impairment: Involvement of cytokine modulation and neuroprotection.
Neurobiol. Dis. 2018, 114, 164–173. [CrossRef]

99. Tong, Y.; Wang, K.; Sheng, S.; Cui, J. Polydatin ameliorates chemotherapy-induced cognitive impairment (chemobrain) by
inhibiting oxidative stress, inflammatory response, and apoptosis in rats. Biosci. Biotechnol. Biochem. 2020, 84, 1201–1210.
[CrossRef]

100. Harborne, J.B. Nature, distribution and function of plant flavonoids. Prog. Clin. Biol. Res. 1986, 213, 15–24.
101. Ganeshpurkar, A.; Saluja, A.K. The Pharmacological Potential of Rutin. Saudi Pharm. J. 2017, 25, 149–164. [CrossRef] [PubMed]
102. Budzynska, B.; Faggio, C.; Kruk-Slomka, M.; Samec, D.; Nabavi, S.F.; Sureda, A.; Devi, K.P.; Nabavi, S.M. Rutin as Neuroprotective

Agent: From Bench to Bedside. Curr. Med. Chem. 2019, 26, 5152–5164. [CrossRef] [PubMed]
103. Lee, J.; Lee, J.; Sim, W.; Kim, J.H.; Choi, C.; Jeon, J. Discovering the anti-cancer phytochemical rutin against breast cancer through

the methodical platform based on traditional medicinal knowledge. BMB Rep. 2023, 56, 594–599. [CrossRef] [PubMed]
104. Saleemi, M.A.; Alallam, B.; Yong, Y.K.; Lim, V. Synthesis of Zinc Oxide Nanoparticles with Bioflavonoid Rutin: Characterisation,

Antioxidant and Antimicrobial Activities and In Vivo Cytotoxic Effects on Artemia Nauplii. Antioxidants 2022, 11, 1853. [CrossRef]
[PubMed]

105. Almatroudi, A.; Allemailem, K.S.; Alwanian, W.M.; Alharbi, B.F.; Alrumaihi, F.; Khan, A.A.; Almatroodi, S.A.; Rahmani,
A.H. Effects and Mechanisms of Kaempferol in the Management of Cancers through Modulation of Inflammation and Signal
Transduction Pathways. Int. J. Mol. Sci. 2023, 24, 8630. [CrossRef]

106. Alam, W.; Khan, H.; Shah, M.A.; Cauli, O.; Saso, L. Kaempferol as a Dietary Anti-Inflammatory Agent: Current Therapeutic
Standing. Molecules 2020, 25, 4073. [CrossRef]

107. Periferakis, A.; Periferakis, A.T.; Troumpata, L.; Periferakis, K.; Scheau, A.E.; Savulescu-Fiedler, I.; Caruntu, A.; Badarau, I.A.;
Caruntu, C.; Scheau, C. Kaempferol: A Review of Current Evidence of Its Antiviral Potential. Int. J. Mol. Sci. 2023, 24, 16299.
[CrossRef]

108. Silva Dos Santos, J.; Gonçalves Cirino, J.P.; de Oliveira Carvalho, P.; Ortega, M.M. The Pharmacological Action of Kaempferol in
Central Nervous System Diseases: A Review. Front. Pharmacol. 2021, 11, 565700. [CrossRef]

https://doi.org/10.1046/j.1471-4159.2003.01652.x
https://www.ncbi.nlm.nih.gov/pubmed/12641740
https://doi.org/10.1016/j.freeradbiomed.2003.11.023
https://www.ncbi.nlm.nih.gov/pubmed/14980703
https://doi.org/10.3390/pharmaceutics15061751
https://www.ncbi.nlm.nih.gov/pubmed/37376199
https://doi.org/10.3390/ijms221910363
https://www.ncbi.nlm.nih.gov/pubmed/34638702
https://doi.org/10.1016/j.neuro.2022.07.005
https://doi.org/10.1007/s11011-022-00923-8
https://doi.org/10.1007/s11064-016-1949-2
https://doi.org/10.1007/s10616-017-0138-8
https://www.ncbi.nlm.nih.gov/pubmed/28900743
https://doi.org/10.1017/jns.2016.41
https://www.ncbi.nlm.nih.gov/pubmed/28620474
https://doi.org/10.1016/j.neuropharm.2020.108334
https://doi.org/10.1016/j.rvsc.2021.09.009
https://doi.org/10.1007/s00213-023-06357-z
https://doi.org/10.1016/j.neuro.2021.04.003
https://doi.org/10.1016/j.nbd.2018.03.006
https://doi.org/10.1080/09168451.2020.1722057
https://doi.org/10.1016/j.jsps.2016.04.025
https://www.ncbi.nlm.nih.gov/pubmed/28344465
https://doi.org/10.2174/0929867324666171003114154
https://www.ncbi.nlm.nih.gov/pubmed/28971760
https://doi.org/10.5483/BMBRep.2023-0057
https://www.ncbi.nlm.nih.gov/pubmed/37357538
https://doi.org/10.3390/antiox11101853
https://www.ncbi.nlm.nih.gov/pubmed/36290575
https://doi.org/10.3390/ijms24108630
https://doi.org/10.3390/molecules25184073
https://doi.org/10.3390/ijms242216299
https://doi.org/10.3389/fphar.2020.565700


Antioxidants 2024, 13, 486 27 of 29

109. Imran, M.; Rauf, A.; Shah, Z.A.; Saeed, F.; Imran, A.; Arshad, M.U.; Ahmad, B.; Bawazeer, S.; Atif, M.; Peters, D.G.; et al.
Chemo-preventive and therapeutic effect of the dietary flavonoid kaempferol: A comprehensive review. Phytother. Res. 2019, 33,
263–275. [CrossRef]

110. Anand David, A.V.; Arulmoli, R.; Parasuraman, S. Overviews of Biological Importance of Quercetin: A Bioactive Flavonoid.
Pharmacogn. Rev. 2016, 10, 84–89.

111. Yang, J.; Lee, H.; Sung, J.; Kim, Y.; Jeong, H.S.; Lee, J. Conversion of Rutin to Quercetin by Acid Treatment in Relation to Biological
Activities. Prev. Nutr. Food Sci. 2019, 24, 313–320. [CrossRef] [PubMed]

112. Chen, L.; Xiong, Y.Q.; Xu, J.; Wang, J.P.; Meng, Z.L.; Hong, Y.Q. Juglanin inhibits lung cancer by regulation of apoptosis, ROS and
autophagy induction. Oncotarget 2017, 8, 93878–93898. [CrossRef] [PubMed]

113. Hou, G.R.; Zeng, K.; Lan, H.M.; Wang, Q. Juglanin ameliorates UVB-induced skin carcinogenesis via anti-inflammatory and
proapoptotic effects in vivo and in vitro. Int. J. Mol. Med. 2018, 42, 41–52. [CrossRef] [PubMed]

114. Kong, Y.H.; Xu, S.P. Juglanin administration protects skin against UVB-induced injury by reducing Nrf2-dependent ROS
generation. Int. J. Mol. Med. 2020, 46, 67–82. [CrossRef]

115. Zhang, F.X.; Xu, R.S. Juglanin ameliorates LPS-induced neuroinflammation in animal models of Parkinson’s disease and cell
culture via inactivating TLR4/NF-κB pathway. Biomed. Pharmacother. 2018, 97, 1011–1019. [CrossRef] [PubMed]

116. Wang, D.; Chen, J.; Pu, L.; Yu, L.; Xiong, F.; Sun, L.; Yu, Q.; Cao, X.; Chen, Y.; Peng, F.; et al. Galangin: A food-derived flavonoid
with therapeutic potential against a wide spectrum of diseases. Phytother. Res. 2023, 37, 5700–5723. [CrossRef] [PubMed]

117. Pakdeechote, P.; Poasakate, A.; Prasatthong, P.; Potue, P.; Khamseekaew, J.; Maneesai, P. Mitigation effect of galangin against
aortic dysfunction and hypertrophy in rats with metabolic syndrome. Heliyon 2023, 9, e16500. [CrossRef]

118. Huh, J.E.; Jung, I.T.; Choi, J.; Baek, Y.H.; Lee, J.D.; Park, D.S.; Choi, D.Y. The natural flavonoid galangin inhibits osteoclastic bone
destruction and osteoclastogenesis by suppressing NF-κB in collagen-induced arthritis and bone marrow-derived macrophages.
Eur. J. Pharmacol. 2013, 698, 57–66. [CrossRef]

119. Tuli, H.S.; Sak, K.; Adhikary, S.; Kaur, G.; Aggarwal, D.; Kaur, J.; Kumar, M.; Parashar, N.C.; Parashar, G.; Sharma, U.; et al.
Galangin: A metabolite that suppresses anti-neoplastic activities through modulation of oncogenic targets. Exp. Biol. Med. 2022,
247, 345–359. [CrossRef]

120. Zhang, F.; Yan, Y.; Zhang, L.M.; Li, D.X.; Li, L.; Lian, W.W.; Xia, C.Y.; He, J.; Xu, J.K.; Zhang, W.K. Pharmacological activities and
therapeutic potential of galangin, a promising natural flavone, in age-related diseases. Phytomedicine 2023, 120, 155061. [CrossRef]

121. Sangaraju, R.; Alavala, S.; Nalban, N.; Jerald, M.K.; Sistla, R. Galangin ameliorates Imiquimod-Induced psoriasis-like skin
inflammation in BALB/c mice via down regulating NF-κB and activation of Nrf2 signaling pathways. Int. Immunopharmacol.
2021, 96, 107754. [CrossRef] [PubMed]

122. Salama, S.A.; Elshafey, M.M. Galangin mitigates iron overload-triggered liver injury: Up-regulation of PPARγ and Nrf2 signaling,
and abrogation of the inflammatory responses. Life Sci. 2021, 283, 119856. [CrossRef] [PubMed]

123. Su, Y.; Shen, L.; Xue, J.; Zou, J.; Wan, D.; Shi, Z. Therapeutic evaluation of galangin on cartilage protection and analgesic activity
in a rat model of osteoarthritis. Electron. J. Biotechnol. 2021, 53, 8–13. [CrossRef]

124. Gerges, S.H.; Tolba, M.F.; Elsherbiny, D.A.; El-Demerdash, E. The natural flavonoid galangin ameliorates dextran sulphate
sodium-induced ulcerative colitis in mice: Effect on Toll-like receptor 4, inflammation and oxidative stress. Basic Clin. Pharmacol.
Toxicol. 2020, 127, 10–20. [CrossRef] [PubMed]

125. Yilmaz, E.; Acar, G.; Onal, U.; Erdogan, E.; Baltaci, A.K.; Mogulkoc, R. Effect of 2-Week Naringin Supplementation on Neurogenesis
and BDNF Levels in Ischemia-Reperfusion Model of Rats. Neuromolecular Med. 2024, 26, 4. [CrossRef] [PubMed]

126. Isemura, M. Catechin in Human Health and Disease. Molecules 2019, 24, 528. [CrossRef] [PubMed]
127. Alshatwi, A.A. Catechin hydrate suppresses MCF-7 proliferation through TP53/Caspase-mediated apoptosis. J. Exp. Clin. Cancer

Res. 2010, 29, 167. [CrossRef] [PubMed]
128. Bragança de Moraes, C.M.; Bitencourt, S.; de Mesquita, F.C.; Mello, D.; de Oliveira, L.P.; da Silva, G.V.; Lorini, V.; Caberlon, E.;

de Souza Basso, B.; Schmid, J.; et al. (+)-Catechin attenuates activation of hepatic stellate cells. Cell Biol. Int. 2014, 38, 526–530.
[CrossRef] [PubMed]

129. Yao, Y.; Chen, L.; Xiao, J.; Wang, C.; Jiang, W.; Zhang, R.; Hao, J. Chrysin protects against focal cerebral ischemia/reperfusion
injury in mice through attenuation of oxidative stress and inflammation. Int. J. Mol. Sci. 2014, 15, 20913–20926. [CrossRef]

130. Lee, B.K.; Lee, W.J.; Jung, Y.S. Chrysin attenuates VCAM-1 expression and monocyte adhesion in lipopolysaccharide-stimulated
brain endothelial cells by preventing NF-κB signaling. Int. J. Mol. Sci. 2017, 18, 1424. [CrossRef]

131. Krishnamoorthy, A.; Upadhyay, R.; Sevanan, M. Chrysin for Neurotrophic and Neurotransmitter Balance in Parkinson’s Disease.
Methods Mol. Biol. 2024, 2761, 477–490. [PubMed]

132. Aboud, H.M.; Ali, A.A.; El-Menshawe, S.F.; Elbary, A.A. Nanotransfersomes of carvedilol for intranasal delivery: Formulation,
characterization and in vivo evaluation. Drug Deliv. 2016, 23, 2471–2481. [CrossRef] [PubMed]

133. Sava, V.; Fihurka, O.; Khvorova, A.; Sanchez-Ramos, J. Enriched chitosan nanoparticles loaded with siRNA are effective in
lowering Huntington’s disease gene expression following intranasal administration. Nanomedicine 2020, 24, 102119. [CrossRef]
[PubMed]

134. Castro, N.R.; Pinto, C.S.C.; Santos, E.P.; Mansur, C.R.E. Hybrid Vesicular Nanosystems Based on Lipids and Polymers Applied in
Therapy, Theranostics, and Cosmetics. Crit. Rev. Ther. Drug Carrier Syst. 2020, 37, 271–303. [CrossRef] [PubMed]

https://doi.org/10.1002/ptr.6227
https://doi.org/10.3746/pnf.2019.24.3.313
https://www.ncbi.nlm.nih.gov/pubmed/31608257
https://doi.org/10.18632/oncotarget.21317
https://www.ncbi.nlm.nih.gov/pubmed/29212196
https://doi.org/10.3892/ijmm.2018.3601
https://www.ncbi.nlm.nih.gov/pubmed/29620254
https://doi.org/10.3892/ijmm.2020.4589
https://doi.org/10.1016/j.biopha.2017.08.132
https://www.ncbi.nlm.nih.gov/pubmed/29136779
https://doi.org/10.1002/ptr.8013
https://www.ncbi.nlm.nih.gov/pubmed/37748788
https://doi.org/10.1016/j.heliyon.2023.e16500
https://doi.org/10.1016/j.ejphar.2012.08.013
https://doi.org/10.1177/15353702211062510
https://doi.org/10.1016/j.phymed.2023.155061
https://doi.org/10.1016/j.intimp.2021.107754
https://www.ncbi.nlm.nih.gov/pubmed/34162135
https://doi.org/10.1016/j.lfs.2021.119856
https://www.ncbi.nlm.nih.gov/pubmed/34329667
https://doi.org/10.1016/j.ejbt.2021.05.005
https://doi.org/10.1111/bcpt.13388
https://www.ncbi.nlm.nih.gov/pubmed/31943791
https://doi.org/10.1007/s12017-023-08771-0
https://www.ncbi.nlm.nih.gov/pubmed/38457013
https://doi.org/10.3390/molecules24030528
https://www.ncbi.nlm.nih.gov/pubmed/30717121
https://doi.org/10.1186/1756-9966-29-167
https://www.ncbi.nlm.nih.gov/pubmed/21167021
https://doi.org/10.1002/cbin.10228
https://www.ncbi.nlm.nih.gov/pubmed/24353036
https://doi.org/10.3390/ijms151120913
https://doi.org/10.3390/ijms18071424
https://www.ncbi.nlm.nih.gov/pubmed/38427256
https://doi.org/10.3109/10717544.2015.1013587
https://www.ncbi.nlm.nih.gov/pubmed/25715807
https://doi.org/10.1016/j.nano.2019.102119
https://www.ncbi.nlm.nih.gov/pubmed/31666200
https://doi.org/10.1615/CritRevTherDrugCarrierSyst.2020030671
https://www.ncbi.nlm.nih.gov/pubmed/32749140


Antioxidants 2024, 13, 486 28 of 29

135. Sroka, Z.; Cisowski, W. Hydrogen peroxide scavenging, antioxidant and anti-radical activity of some phenolic acids. Food Chem.
Toxicol. 2003, 41, 753–758. [CrossRef] [PubMed]

136. Purushothaman, A.; Babu, S.S.; Naroth, S.; Janardanan, D. Antioxidant activity of caffeic acid: Thermodynamic and kinetic
aspects on the oxidative degradation pathway. Free Radic. Res. 2022, 56, 617–630. [CrossRef] [PubMed]
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