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Abstract: The genotoxic drug doxorubicin (Dox) remains one of the most powerful
chemotherapeutic options available for a wide range of cancers including breast, ovarian,
and other cancers. However, emerging evidence links Dox treatment with chemotherapy-
induced cognitive impairment, a condition that is popularly referred to as Dox-induced
neurotoxicity or “chemobrain”, which limits the use of the drug. There are no specific
treatments for Dox-induced neurotoxicity, only interventions to mitigate the neurotoxic
effects of the drug. Accumulating evidence indicates that DNA damage, oxidative stress,
dysregulation of autophagy and neurogenesis, inflammation, and apoptosis play central
roles in Dox-induced neurotoxicity. Additionally, germline mutations in the tumour sup-
pressor genes breast cancer susceptibility genes 1 and 2 (BRCA1 and BRCA2) increase the
risk of breast, ovarian, and related cancers. BRCA1 and BRCA2 are distinct proteins that
play crucial, unique roles in homologous recombination-mediated double-stranded break
repair. Furthermore, BRCA1 and 2 mitigate oxidative stress in both neural cells and brain
microvascular endothelial cells, which suggests that they have a critical role as regulators of
pathways central to the development of Dox-induced neurotoxicity. Despite research on the
effects of Dox on cognitive function, there is a gap in knowledge about the role of BRCA1
and BRCA2 in Dox-induced neurotoxicity. In this review, we discuss existing findings
about the role of different mechanisms and the role of BRCA1 and BRCA2 in Dox-induced
neurotoxicity, along with future perspectives.
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1. Introduction

While cancer mortality is on the decline, the incidence rate for the top 10 cancers—breast,
pancreas, prostate, and liver cancer to name a few—has been increasing [1,2]. Chemotherapy is
used to kill cancer cells and enhance the effectiveness of other treatment modalities. One such
potent chemotherapy drug is doxorubicin (Dox), an anthracycline antibiotic first isolated from
randomly mutagenized Streptomyces (S.) peucetius species. Currently, Dox is commonly used to
treat breast [3], ovarian [4], and bladder cancers [5,6], soft tissue sarcomas [7,8], leukemias [9],
and other malignant tumours [10].

Dox prevents cancer progression mainly by inducing DNA damage and oxidative
stress. The drug’s mechanism of DNA damage involves DNA intercalation, which leads
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to strand separation, DNA supercoils, and torsional stress, and topoisomerase 1I (Topo II)
inhibition, which ensures continued torsional strain. Genomic stress inhibits DNA repli-
cation and transcription, ultimately causing cell death [11]. Dox induces oxidative stress
through multiple intertwined pathways. Briefly, following administration, Dox is me-
tabolized into doxorubicinol and subsequently converted into reactive intermediates in-
cluding doxorubicin-semiquinone radicals, eventually generating reactive oxygen species
(ROS) [12]. Enzymes such as nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dases (NOXs), nitric oxide synthases (NOSs), and xanthine oxidase (XO) directly contribute
to metabolizing Dox into the doxorubicin-semiquinone radical, further amplifying ROS
production during Dox metabolism [12,13]. The combined effects of Dox-induced genomic
and oxidative stress cause cancer cell death.

Dox is administered intravenously, and unfortunately, Dox’s cytotoxicity is not lim-
ited to malignant cells and can damage healthy cells as well, adversely affecting patient
survival and quality of life. Cells activate DNA damage repair pathways such as error-free
homologous recombination-mediated DNA damage repair (HDR) to repair Dox-induced
DNA double-stranded breaks (DSBs). Breast cancer susceptibility genes 1 and 2 (BRCA1
and BRCA?2) are two key tumor suppressor genes involved in this process [14]. Germline
mutations in BRCA1 and BRCA2, common mutations in hereditary breast cancer, impair the
ability of cells to effectively repair DSBs. BRCA1 and BRCA2 deficiency or HDR deficiency
increases the susceptibility of healthy cells to Dox-induced damage accumulation and
cytotoxicity [15-18]. Dox-induced cardiomyopathy (DIC) and myelosuppression are two of
the most common dose-limiting toxicities that result from Dox chemotherapy [19,20].

Studies reveal that up to 70% of cancer patients receiving chemotherapy develop
chemotherapy-induced cognitive impairment (CICI) or “chemobrain”, which negatively
affects their quality of life [21]. Patients treated with Dox are not exempt from this fate
and indeed suffer from Dox-induced neurotoxicity (DIN) and cognitive decline. In fact,
Dox exposure significantly increases early and late neuronal cell death, making it one
of the major drugs under investigation for cognitive decline [22]. Adjuvant endocrine
therapy in breast cancer patients can contribute to furthering CICI because treatments
such as aromatase inhibition prevent estrogen production, a hormone that is known to
play a protective role in cognitive function [23]. Additionally, chemotherapy-induced
neurotoxicity leads to a dose-limiting pathogenesis [24]. There are no specific treatments
for DIN, only interventions to mitigate the neurotoxic effects of the drug, many of which
will be discussed in this review. Moreover, there is currently a lack of biomarkers to identify
patients at higher risk of DIN as they are still in the early stages of discovery.

DIN manifests through two primary mechanisms: directly and indirectly. The less
common but direct mechanisms involve Dox either crossing the blood-brain barrier (BBB)
to accumulate in the brain or reaching circumventricular organs in the brain such as
the neurohypophysis, postremal area, median eminence, and subfornical organ which
are characterized by a lack of BBB [25]. Previous work analyzing the accumulation of
Dox in brain tissue reported between 0.1 and 0.3 ng of Dox per mg of fresh brain tissue
with a partition coefficient (Kp) of less than 0.5 mL of Dox per gram of brain. The Kp
represents the ratio of Dox’s concentration in brain tissue to blood, and a Kp value less
than 1 indicates a low affinity of Dox to brain tissue, consistent with Dox’s limited ability
to cross the BBB [26,27]. However, consistent localization of Dox has been observed
in circumventricular organs [25]. The indirect mechanism of DIN is substantially more
common and entails Dox-induced upregulation of tumor necrosis factor-alpha (TNF-«) in
the systemic circulation. Elevated TNF-« can cross the BBB, leading to a 200% increase
in brain TNF-« levels in some cases, and activate microglial cells, resulting in increased
production of nitric oxide, mitochondrial dysfunction, and neuronal apoptosis [21,28,29].
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The BBB creates a controlled microenvironment for the central nervous system (CNS)
by tightly controlling the passage of nutrients, oxygen, and waste products while preventing
toxins, pathogens, and immune cells from infiltrating the CNS [30]. Brain microvascu-
lar endothelial cells (BMECs) that line cerebral capillaries to form the BBB express tight
junctions, are non-fenestrated, do not have pinocytic activity, and have active transport
mechanisms such as drug efflux [31]. These characteristics of the BBB limit the entry of
undesirable substances like Dox into the CNS. Disruption of the BBB characterized by
damaged tight junctions and endothelial cell dysfunction leads to increased permeability,
potentially allowing toxic substances like Dox to accumulate in the brain (Figure 1) [32-35].
Recently, Dox was shown to cross the BBB via a newly discovered neural stem cell-blood
vessel communication pathway where vessel-associated apical projections of neural stem
cells of the dentate gyrus form direct membrane-membrane contacts with BMECs. These
projections are greater than 30 nm in diameter and have ample vesicular activity, allowing
substances to cross the intact BBB [36].

Normal Blood-Brain Disrupted Blood-Brain

Barrier Barrier

Endothelial
cell

Astrocyte Tight Junction Pericyte ‘ Damaged Endothelial
H Tight Increased cell
Junction Inflammation  dysfunction

Figure 1. A comparison of a normal and disrupted blood-brain barrier. The normal blood brain
barrier (left) contains tight junctions between endothelial cells and has supportive astrocytes and
pericytes that maintain barrier integrity by regulating the transport of molecules and preventing
harmful substances from entering the brain. Blood-brain barrier disruption (right), evident through
damaged tight junctions and endothelial cell dysfunction, leads to increased permeability thereby
permitting the accumulation of toxic substances such as Dox in the brain. Dox: Doxorubicin.

2. Breast Cancer Genes 1 and 2

As of 2020, breast cancer is the leading cause of global cancer incidence and the second
leading cause of death from cancer in North American women [37]. Moreover, 5-10% of
hereditary breast and ovarian cancer (HBOC) syndrome cases are usually due to mutations
in BRCA1 and/or BRCA2 [38,39]. The BRCA genes encode two distinct, critical, and non-
redundant mediators of HDR [14]. BRCA1 has roles in cell cycle checkpoint activation and
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DNA repair in HDR, while BRCA2's key role is to mediate the core mechanism of HDR:
recruit and activate effector proteins like RADS51 that catalyze strand invasion, exchange,
and other key reactions of homologue recombination [14,40].

2.1. BRCA1/2 in DSB Repair
2.1.1. Mechanisms of DSB Repair

DSBs are the most detrimental type of DNA damage. Cells need to conduct DDR to
avoid genomic instability, particularly since genetic impairments are known to underlie
premature aging, neurodegenerative diseases (cognitive impairment and developmental
disorders), cancer, cardiovascular diseases, and autoimmune and metabolic disorders [41-43].
There are two DDR pathways for repairing DSBs: non-homologous end-joining (NHE]) and
HDR. Both mechanisms require ATM and ATR kinases to sense DNA damage and activate
downstream players in the designated DDR pathway, including the histone H2AX and p53.
Specifically, ATM and ATR phosphorylate the Serl5 residue of p53, which is a genotoxic
phosphorylation site [44]. It should be noted that BRCC3 is a Lys63-specific deubiquitinating
enzyme with cytoplasmic and nuclear roles. In the nucleus, BRCC3 forms the BRCA complex
that recognizes the Lys63-ubiquitinated histone H2A and the phosphorylated H2AX at DNA
lesion sites, ultimately facilitating recruitment of DNA repair proteins at DNA lesion sites for
DDR [45].

NHE] ligates broken fragments of DNA but is unable to recover genetic information
lost to DSBs, which makes it an error-prone mechanism of DDR. NHE] is also a more
immediate response to DSBs that operates throughout the cell cycle, with the aim of rapidly
resolving DSBs and preventing genomic instability that could lead to apoptosis [14,46].
NHE] is initiated by 53BP1, recruited via ATM-mediated H2AX phosphorylation, which
mediates the binding of the Ku70-Ku80 heterodimer (Ku) to the DSB lesion [47,48]. Upon
Ku binding, DNA-PK stabilizes and aligns the broken DNA ends for ligation by the XRCC4-
LIG4 complex.

In contrast, HDR is an error-free DDR process that is restricted to late S or G2 phases
and requires a complete homologous template from a sister chromatid [14,46]. In HDR, the
MRN complex conducts 5" to 3’ DNA end resection to produce 3’ overhangs specific to the
template and is required to activate ATM and ATR [14,49]. Much like how 53BP1 is the
initiator for NHE], BRCA1 initiates HR upon activation by the MRN-ATM/ATR cascade.
BRCAL1 assists PALB2 in BRCA2-mediated loading of RAD51 onto the single-stranded 3’
overhangs, thereby initiating strand invasion to the correct regions on the homologous
sister chromatid. Phosphorylation of the Ser988 site in BRCA1 by checkpoint kinases
(CHKSs) is required for the formation of this BRCA1-PALB2-BRCA2 complex [14].

Being the more sophisticated DSB repair mechanism, HDR is preferred over NHE]
when the cell has the necessary components. Accordingly, the HDR initiator BRCA1 is
known to antagonize 53BP1, and BRCA1’s bioavailability relative to 53BP1 determines
whether NHE] or HDR is executed to repair DSBs [50]. DNA damage was found to
facilitate BRCA1 recruitment to DSBs via interaction of its N-terminus with the Ku80
subunit, suggesting a more prominent role of BRCA1 in NHE] that could explain its
interaction with 53BP1 [14]. Moreover, the 3’ overhangs generated by the MRN complex
replace Ku proteins with RPA which are then replaced by RAD51, inhibiting NHE] [51].
Should DNA repair be unsuccessful, p53-mediated intrinsic apoptosis or cell cycle arrest is
activated by DNA-PK and BRCA1 in NHE] and HDR, respectively (Figure 2) [52,53].
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Figure 2. The roles of BRCA1 and BRCA2 in NHE] and HDR. Both NHE] and HDR begin with the
detection of DSBs by ATM or ATR, which phosphorylate H2AX and enable it to bind to the broken
DNA ends. To activate NHE], YH2AX recruits 53BPI which then recruits the Ku70-Ku80 heterodimer
for DSB stabilization. Ku70-Ku80 then recruits DNA-PK to further stabilize the break and align the
broken DNA ends. After alignment, the XRCC4-LIG4 complex ligates the broken ends. In HDR,
the MRN complex plays a role in activating ATM or ATR and performing 5’ to 3’ DNA resection at
the DSB when bound to BRCA1 that has been activated by ATM or ATR. HDR is preferred when
there is greater bioavailability of BRCA1 relative to 53BPI, which leads to BRCA1 antagonizing 53BP1
and the replacement of Ku proteins at the broken DNA ends by the 3’ overhangs. RPA proteins
then bind to the overhangs and are replaced by RAD51, which is recruited to the DSB via a BARD1-
BRCA1-PALB2-BRCA2 complex. RAD51 then performs strand invasion, permitting repair of the DSB
using a homologous DNA template. Phosphorylated BRCA1 can form a complex with BRIP1 and
TOPBP1 to participate in S-phase checkpoints while BRCA1-BARDI1 participates in activating the
G1/S checkpoint via p53 phosphorylation and activating the G, /M checkpoint via the formation of a
complex with Abraxas and RAP80. BRCALI: breast cancer susceptibility gene 1; BRCA2: breast cancer
susceptibility gene 2; CHK: checkpoint kinase; HDR: homologous recombination-mediated DNA
damage repair; HNE]: non-homologous end-joining; TOPBP1: Topo II-binding protein 1.

2.1.2. Role of BRCA1/2 in Modulating Oxidative Stress and Cellular Stress Reponses

Apart from participating in DDR, BRCA1 and 2 also modulate intracellular ROS levels
by producing antioxidants. Specifically, BRCA1 directly interacts with and stabilizes NRF-
2, which then upregulates gene expression of other antioxidants [54-57]. BRCA2 on the
other hand indirectly upregulates antioxidant signalling via PALB2 stabilization and eventual
NRF-2 activation [58]. Furthermore, BRCA1 plays a crucial role in the activation of cell
cycle checkpoints where it complexes with several checkpoint factors. Activated ATM or
ATR phosphorylates BRCA1 which enables the formation of the BRCA1-BARD1 complex
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that is involved in activating G;/S and G,/M checkpoints. At the G;/S checkpoint, the
complex facilitates phosphorylation of Serl5 on p53 which induces the cyclin-dependent
kinase inhibitor p21, ultimately activating the G, /M checkpoint. Effective G, /M checkpoint
activation requires BRCA1 to form a complex with HR proteins RAP80 and abraxas in addition
to BARD1. During the S-phase, BRCA1 forms the BRCA1-BRIP1-DNA Topo II-binding protein
1 (TOPBP1) megacomplex to interact with Topo II and regulate replication [14,59,60].

ATM also recruits scaffolding proteins such as XRCC1 which is involved in ROS-
induced single-stranded DNA break repair [61]. This protein acts downstream of the
enzyme poly-ADP ribose polymerase, which is a common target of breast cancer therapies
due to the synthetic lethality of the treatment in the absence of BRCA1/2. On the other
hand, fused in Sarcoma (FUS) is involved in transcription, DNA repair, and mediating
shuttling between the nucleus and cytoplasm. Recently, the protein has also been found to
play a role in DDR downstream of PARP [62].

3. Mechanisms of Direct DIN

Dox contributes to DIN through both direct and indirect mechanisms. The intercon-
nection between these mechanisms is complex and requires comprehensive understanding
to devise effective therapeutic interventions to prevent or treat DIN. This section focuses
on Dox-induced direct neurotoxicity because despite having a limited ability to cross the
BBB, the amount of Dox that does cross the BBB is sufficient to induce severe neurotoxicity,
a process in which oxidative stress plays a key role (Figure 3). A schematic overview of
mechanisms involved in direct DIN can be found in Figure 4.

Doxorubicin
e $. T B
Redox Mitochondrial Peroxisomal
Imbalance Dysfunction Dysfunction
TROS Complex |, 1, IV mPTP  Distal Peripheral { B-oxidation
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Degeneration
SOD iNOS
. Lipid Peroxidation
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Figure 3. The mechanisms of Dox-induced neuronal oxidative stress. Dox initially leads to redox
imbalance with excessive generation of ROS, including O, e. O, e are then broken into other
ROS and RNS (H,0O,, «¢OH, ONOO™), propagating the cycle of oxidative stress. Dox-induced ROS
also cause mitochondrial dysfunction, which is characterized by the inhibition of the function of
complexes I, II, and IV in the electron transport chain, reduced antioxidant enzyme activity (GPX4,
MnSOD), and increased mPTP opening, all of which impair ATP synthesis. Dysfunctional electron
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transport chain complexes and antioxidant defenses exacerbate ROS production. On the other hand,
Dox-induced mitochondrial dysfunction in peripheral neurons leads to distal neuron axon degenera-
tion. Peroxisomal dysfunction also follows Dox treatment, where Dox leads to reduced 3-oxidation
and eventual lipid peroxidation, characterized by the byproducts MDA and HNE. Redox imbalance
and mitochondrial and peroxisomal dysfunction culminate in oxidative stress, with a vast range of
downstream cellular impacts and behavioural impairments. BBB: blood-brain barrier; GPX4: glu-
tathione peroxidase 4; HyO,: hydrogen peroxide; HNE: 4-hydroxy-2-nonenal; iNOS: inducible nitric
oxide synthase; MDA: malondialdehyde; MnSOD: manganese-containing superoxide dismutase;
mPTP: mitochondrial permeability transition pore; O, ~ e: superoxide anions; ONOO™: peroxynitrite;
RNS: reactive nitrogen species; ROS: reactive oxygen species; SOD: superoxide dismutase.
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Figure 4. A schematic of the mechanisms of direct DIN. Dox-induced endothelial damage permits
Dox to cross the BBB and exert its neurotoxic effects. (A) Dox induces DNA damage by intercalating
with DNA and inhibiting Topo II. (B) Redox cycling of Dox by XO, NOX, and iNOS produces
ROS which inflict oxidative stress in neurons. RNS are also formed by iNOS via Dox-mediated NF-«B



Int. J. Mol. Sci. 2025, 26, 4736

8 of 37

activation. ROS and RNS lead to (C) mitochondrial dysfunction by inhibiting ATP synthesis and dam-
aging mitochondrial DNA. Dox directly furthers mitochondrial dysfunction by inhibiting complexes
in the ETC as well as mitochondrial antioxidant MnSOD, permitting ROS and RNS accumulation.
(D) Dox-mediated accumulation of Bax and the opening of the mPTP permit Cyt. C release, triggering
neuronal apoptosis. (E) Excessive ROS production in the mitochondria also leads to lipid peroxida-
tion in membranes, and the byproduct of this process, HNE, impairs ApoA-I activity. Collectively,
these effects impair neuronal membrane integrity. (F) Dox-induced cellular damage also includes
peroxisomal dysfunction where the drug impairs $-oxidation of VLCFA, contributing to lipid peroxi-
dation. (G) Dox-mediated impaired autophagy is evident through dysregulated pre-autophagosome
initiation, increased autophagosome production via elevated LC3-II and p62 levels, and impaired
autolysosome production (autophagosome turnover). (H) The drug also leads to neurotransmitter
dysfunction through the dysregulation of NMDA and AMPA receptors and associated glutamate
clearance and Ca?* influx, unbalanced dopamine, serotonin, and norepinephrine levels, and impaired
ACh turnover via dysregulated AChE activity. (I) NT dysfunction, through Dox-mediated reduction
in the cytoskeletal proteins synaptophysin and synapsin, impairs synaptic plasticity and leads to
synaptic dysplasia. 5-HT: serotonin; ACh: acetylcholine; AChE: acetylcholinesterase; AMPA: x-amino-
3-hydroxyl-5-methyl-4-isoxazole-propionate receptor; ApoA-I: apolipoprotein A-I; BBB: blood-brain
barrier; Ca%*: calcium; Cyt. C: cytochrome C; DA: dopamine; DIN: Dox-induced neurotoxicity;
Dox: doxorubicin; ETC: electron transport chain; HNE: 4-hydroxy-2-nonenal; iNOS: inducible ni-
tric oxide synthase; LC3-1I: light chain 3 II; MnSOD: manganese-containing superoxide dismutase;
mPTP: mitochondrial permeability transition pore; NE: norepinephrine; NF-kB: nuclear factor kappa
beta; NMDA: N-methyl-d-aspartate; NO: nitric oxide; NOX: NADPH oxidase; ROS: reactive oxygen
species; RNS: reactive nitrogen species; Topo II: Topoisomerase II; VLCFA: very-long-chain fatty
acids; XO: xanthine oxidase.

3.1. Oxidative Stress
3.1.1. Enzymatic Amplification of ROS and Redox Imbalance

Dox induces neurotoxicity through systemic and local oxidative stress mechanisms. As
mentioned earlier, neural cells—neurons and glial cells—metabolize Dox, which eventually
leads to the production of ROS, including superoxide anions (O, ") [12,63]. In microglia,
while ROS production is thought to be a part of their host defense function, it can also
account for tissue destruction in the brain [64]. In fact, oxidative stress in all classes of
macromolecules, such as proteins, nucleic acids, lipids, and carbohydrates, is found in
neurons in diseased states [65,66]. O~ e are rapidly converted to hydrogen peroxide
(H205), a less reactive compound, by superoxide dismutase (SOD). H,O, can further form
hydroxyl radicals (¢OH), exacerbating oxidative stress [67]. Additionally, redox cycling of
Dox between its quinone and semiquinone form and Dox-induced XO activity generates
additional O, ~ e which serve as substrates for SOD [68]. Altogether, this creates a feedback
loop that propagates oxidative damage due to disrupted cellular redox homeostasis [13,64].

Dox-derived ROS also upregulate inducible NOS (iNOS), a key transcription factor
that regulates inflammatory and oxidative stress responses [69-71]. iNOS produces nitric
oxide, which reacts with O, ~ e to form peroxynitrite (ONOO™), a highly reactive nitrogen
species (RNS) also capable of damaging macromolecules [13,68]. This enzymatic pathway
is particularly damaging in the brain’s vascular tissues and endothelium, where oxidative
stress can impair the BBB and exacerbate neuroinflammatory responses, which is an indirect
mechanism of DIN [64].

3.1.2. Peroxisomal and Mitochondrial Dysfunction

As neurons have a high metabolic demand and limited regenerative capacity, they
are especially vulnerable to oxidative damage, making the integrity of their antioxidant
defense critical for maintaining brain health. Unfortunately, neuronal cells exhibit reduced
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expression of key antioxidant enzymes, such as catalase, glutathione peroxidase (GPX),
S0OD1, and manganese-containing SOD (MnSOD), implying poor antioxidant defenses
compared to other tissues [72-76]. In particular, neuronal catalase levels are approximately
thirty-times lower than those in hepatocytes, which limits the brain’s capacity to neutralize
H,0O; and excessive ROS induced by Dox [77,78]. Additionally, Dox disrupts peroxisomal
[3-oxidation of very-long-chain fatty acids, leading to their accumulation. This not only con-
tributes to lipid peroxidation, the process by which oxidants attack lipids to generate more
free radicals, but also affects neuronal membrane integrity [79]. Indeed, increased levels
of lipid peroxidation byproducts malondialdehyde (MDA) and protein-bound 4-hydroxy-
2-nonenal (HNE) are observed in Dox-treated hippocampal tissues [80,81]. Combined,
these effects of Dox chemotherapy compromise neuronal integrity and lead to neuronal
apoptosis [64,82].

Beyond peroxisomal impairment, Dox also disrupts mitochondrial function, further
exacerbating oxidative stress and energy deficits in neurons. Mitochondrial dysfunction is
a hallmark of Dox-induced oxidative stress in the brain. Dox and ONOO™ inhibit complex
I (a NOX enzyme) in the electron transport chain, which leads to excessive ROS generation
during redox cycling at complex I, reducing the oxygen consumption rate and ultimately
impairing ATP synthesis [69,83,84]. Mitochondrial ROS also damage mitochondrial DNA
and compromise mitochondrial function and neuronal membrane integrity [69,85]. The
oxidative insult is compounded by the high glucose turnover in the brain and the reduced
capacity of neurons to counteract ROS [77,84]. Elevated oxidative stress correlates with
reduced Bcl-2 and elevated Bax levels in hippocampal tissues, indicative of a pro-apoptotic
shift [86].

Dox also induces the opening of the mitochondrial permeability transition pore (mPTP)
which disrupts the mitochondrial membrane potential and ATP production, eventually
leading to cell death via the release of cytochrome c [87]. Such mitochondrial dysfunction is
also correlated with premature aging, thereby increasing the risk of neurodegenerative dis-
eases [88]. Pharmacological inhibitors of mPTP prevent mitochondrial swelling, membrane
potential dissipation, and the release of pro-apoptotic factors [85].

Given the mitochondria’s role as both a major source and target of ROS, specialized
antioxidant enzymes like MnSOD are vital for neutralizing oxidative threats within these
organelles. MnSOD is an analog of SOD located in the mitochondrial matrix that catalyzes
the dismutation of O, e into H,O, and molecular oxygen [69]. Dox inhibits the activity of
MnSOD and other mitochondrial enzymes (complex I, II, IV, and GPX4) through ONOO™-
mediated nitration of their tyrosine residues [89]. This loss of MnSOD function contributes
to an accumulation of O, e, creating another feedback loop of oxidative damage [64].
Interestingly, iNOS knockout (iNOSKO) mice were protected from Dox-induced mito-
chondrial dysfunction by preserving MnSOD activity. Pharmacological inhibition of iNOS
using Nw-Nitro-L-arginine methyl ester (L-NAME) further confirmed these findings [90].
Combined, the various oxidative stress-associated mitochondrial insults create a feedback
loop that contributes to neuronal apoptosis, ultimately establishing oxidative stress as a
central mediator of DIN.

3.1.3. Mitochondrial Dysfunction in the Peripheral Nervous System

While much of the focus on DIN centers on the CNS, it is important to recognize
that the peripheral nervous system (PNS) is also susceptible to oxidative damage and
mitochondrial dysfunction. Dox-induced PNS toxicity is a significant concern due to
its debilitating effects on sensory and motor functions. Dox-induced oxidative stress
damages peripheral neurons, particularly sensory neurons in the dorsal root ganglia,
eventually leading to axonal degeneration and neuronal apoptosis [91]. Additionally,
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Dox reduces antioxidant defenses in peripheral nerves [80], and oxidative damage in
dorsal root ganglion neurons leads to axonal degeneration and impaired nerve conduction,
resulting in sensory neuropathy [92,93]. The loss of mitochondrial integrity further disrupts
energy-dependent axonal transport, leading to distal axon degeneration—a phenomenon
characteristic of “dying-back neuropathy” observed in Dox-treated patients [92]. Moreover,
Dox impairs calcium (Ca?*) homeostasis and alters NOS activity, both of which are critical
for maintaining peripheral nerve function [94]. Alpha-lipoic acid (ALA) has been shown to
mitigate these effects by reducing oxidative stress and preserving mitochondrial integrity in
dorsal root ganglion neurons, offering potential neuroprotection against chemotherapy [93].
Collectively, these findings emphasize that Dox-induced peripheral neurotoxicity results
from a complex interplay of oxidative stress, mitochondrial dysfunction, and impaired
axonal transport.

3.1.4. Neurobehavioural Impairments Associated with Oxidative Stress

Oxidative stress and the resulting neuronal damage not only impair cognitive and
motor functions but also contribute to emotional and behavioural disturbances. Significant
depression-like symptoms characterized by increased immobility in the forced swim test
(FST) and reduced sucrose preference in the sucrose preference test (SPT) are observed in
Dox-treated rats [72,95]. Other studies reported significant deficits in locomotive behaviour
following Dox treatment [75]. The cerebellum is responsible for motor coordination; thus,
oxidative stress and subsequent neuronal death in the cerebellum can help explain locomo-
tive impairments detected in animal models and in clinical settings [75]. The elevated plus
mase (EPM) test and open field test (OFT) revealed prominent anxiety-like behaviours in
Dox-treated rats [72,95,96].

Neuroprotective interventions have demonstrated efficacy in ameliorating these
deficits. Antioxidants and anti-inflammatory agents such as diphenyl diselenide (DPDS)
and quercetin (QE) reversed motor coordination deficits and normalized anxiety- and
depression-like behaviour in rats [75,95]. Coenzyme Q10 (CoQ10) is a ubiquitously ex-
pressed antioxidant and anti-inflammatory agent whose expression is reduced upon Dox
exposure. CoQ10 supplementation improved neuronal function by attenuating Dox-
induced inflammatory markers and increasing antioxidant pathways in neuronal cells
due to CoQ10’s ability to cross the BBB. Moreover, the EPM and OFT revealed significantly
reduced anxiety-like behaviours and partially restored locomotion with co-treatment of
Dox-treated rats with CoQ10 [97]. dl-3-n-Butylphthalide (dl-NBP), a compound used
for acute ischemic stroke treatment, reduced Dox-associated depressive behaviours in
the FST and SPT [72]. Dox-treated rats displayed hindered performance in locating the
hidden platform in the Morris Water Maze (MWM) test and spent less time in the target
quadrant during probe trials, demonstrating negative consequences in spatial memory.
However, rats co-treated with melatonin exhibited improved MWM performance, with
reduced latency to the platform and increased time in the target area. These results were
linked to Dox-induced oxidative stress which led to hippocampal damage and melatonin’s
anti-oxidative and anti-inflammatory properties, mitigating damage [98].

3.1.5. Therapeutic Interventions to Mitigate DIN-Associated Oxidative Stress

Given the central role of oxidative stress in the pathogenesis of DIN, a variety of
therapeutic strategies have been investigated to either neutralize ROS or bolster antioxidant
defenses. NOX inhibitors such as apocynin and diphenylene iodonium showed efficacy in
reducing NOX-derived ROS production, while mitochondrial protectants like CoQ10 and
mitoquinone supported ATP synthesis [13,97]. Antioxidant supplementation with ROS
scavengers N-acetylcysteine (NAC), xanthone, and edaravone improved the adverse neural
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impacts of Dox by reducing the levels of iNOS, HNE, and other oxidized and nitrated
proteins [79,99,100]. Similarly, antioxidant supplementation with omega-3 polyunsaturated
fatty acids (w-3 PUFAs) and berberine increased the activity of key antioxidant enzymes,
reduced neuronal apoptosis, and preserved neural morphology and function in the cerebral
cortex and hippocampus [70,101,102]. On the other hand, co-treatment with luteolin
reduced XO enzyme activity, and pro-inflammatory and pro-apoptotic marker activity in the
cerebrum, cerebellum, and hypothalamus of Dox-treated rats [74]. Osthole, a plant-based
chemical compound, was reported to have neuroprotective effects against traumatic brain
injury and Dox-induced apoptosis in human breast carcinoma cells [103,104]. Pretreatment
of osthole to Dox-treated neuronal cells revealed increased neurogenesis and cell viability
and reduced Dox-mediated ROS production and neuronal apoptosis [105]. Evidently,
osthole is a promising neuroprotective agent and warrants in vivo investigation of its
neuroprotective properties to elucidate its translational value.

3.2. Impaired Neurogenesis and Altered Neural Cell Morphology

In addition to inducing neurotoxic oxidative stress, Dox exposure impairs
neurogenesis—the process by which new neurons are formed in the brain—further con-
tributing to cognitive and behavioural deficits observed after chemotherapy. Adult neu-
rogenesis and its role in learning and memory is emerging as a highly active area of
research [106]. Focus is given to the hippocampal dentate gyrus and subventricular zone,
two regions in the brain which continue to participate in neurogenesis well into adulthood,
although Dox-induced damage to the cerebral cortex has also been reported [107].

3.2.1. Dox-Mediated Impaired Neurogenesis

Dox impairs neurogenesis through multiple mechanisms, including reducing the
proliferation and survival of neural progenitor cells and dysregulating key molecular
pathways involved in neuron development. Studies in Dox-treated mice and rats re-
vealed impaired neurogenesis through reduced expression of markers of immature neurons
(doublecortin)—in the dentate gyrus—and proliferation (Ki67), mitochondrial dysfunc-
tion, and dysregulation of extracellular signal-regulated kinase and protein kinase B (also
known as AKT) activity, all of which play important roles in neurogenesis signalling
pathways [108-110]. Additionally, Dox treatment reduced the proliferation and survival
of neural progenitor cells in the hippocampus. Due to the hippocampus’ critical role in
mood regulation, impaired hippocampal neurogenesis is correlated with anxiety-like be-
haviours [111]. Dox-induced oxidative stress and inflammation also contribute to neural
stem cell damage, further attenuating neurogenesis [109,112]. Interestingly, chronic nico-
tine treatment normalized cell proliferation in the hippocampus of Dox-exposed rats [113].
Ultimately, the reduction in hippocampal neurogenesis explains a significant component of
CICI, highlighting the hippocampus as a vulnerable target of neurotoxicity. Understanding
the mechanisms of neurogenesis suppression and the successes of available interventions
can guide strategies to mitigate “chemobrain,” thereby improving the quality of life for
cancer survivors.

3.2.2. Dox-Induced Structural and Morphological Changes to Brain Tissue

Beyond impairing neurogenesis, Dox treatment causes profound structural and mor-
phological changes to brain tissue, which can be visualized through histopathological
analyses. Histopathological studies have shown that Dox exposure results in abnormal
dendritic development, disrupted neuronal organization and shape in the cortex and
hippocampus, and increased neuronal degeneration [101,108]. Dox-induced neuronal dam-
age was particularly evident through a reduction in cell number, increased autolysis and
necrosis, disordered arrangements of nerve cells with edema—excess fluid build-up—,
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swelling, and deformation [114-116]. Type II Herring bodies, characteristic of degenerated
neurosecretory axons, were observed in circumventricular organs [116].

Moreover, Dox-treatment in mice increased glial fibrillary acidic protein, an astrocyte
biomarker, in the CA3 region of the hippocampus which correlated with reactive astroglio-
sis. Reactive astrogliosis is the production of astrocytes in response to CNS damage and
is necessary for the onset and progression of many neuropathies [64,86,117]. Given the
important role of the CA3 region in pattern separation and pattern completion, damage to
this area would further help explain memory impairment in patients treated with Dox [118].
Physical exercise such as running improves memory in addition to its ability to enhance
immature neuron proliferation in the hippocampus [119,120].

Damage is not restricted to the hippocampus—Dox also induces morphological alter-
ations in the cerebral cortex, which governs key executive functions such as problem-solving,
thinking, and planning. The cerebral cortex’s six layers, composed of granule, pyrami-
dal, stellate, and fusiform cells, showed marked gliosis, a spongiform appearance of brain
tissue, swollen mitochondria, and a dilated endoplasmic reticulum (ER) following Dox treat-
ment [101]. Shrunken pyramidal and granular cells with pyknotic nuclei—shrunken and irreg-
ular nuclei commonly formed during necrosis or apoptosis—were also observed [114,115,121].
In line with this, Mohamad et al. revealed significantly increased apoptosis in the cortex of
Dox-treated rats using immunofluorescence staining [121].

Importantly, co-administration with neuroprotective agents like luteolin and QE allevi-
ated these histopathological and ultrastructure changes, increasing neuronal cell density in
the cerebellum, motor cortex, and hypothalamus, which is indicative of improved neuronal
health in regions critical for motor and cognitive function [74,101]. Similarly, treatment
with DPDS preserved neuronal structure and health in the cerebrum and cerebellum, as
evidenced by increased Nissl substance intensity, a marker of healthy neurons [75]. Dis-
ruption of nascent neuron maturation and morphology, characteristic of brain injury in the
hippocampus and the cortex, points to disrupted cognitive function upon Dox exposure.
Animal models with these deficits display impaired hippocampal-dependent memory tasks,
such as poor contextual fear memory, but intact amygdala-dependent cue-specific fear mem-
ory, deficits in reference spatial memory, and poor novel object recognition [108,110,122].

3.3. Impaired Neurotransmitter Regulation

Neurotransmitter synthesis, release, uptake, and receptor activity are crucial for
maintaining proper function of the neural circuit and overall cognitive health. Patients
undergoing Dox treatment show dysregulation of these processes, leading to impaired
long-term potentiation (LTP) and synaptic plasticity, a process critical for learning and
memory [123]. Deficits in learning and memory ultimately affect neurotransmitter regula-
tion and synaptic integrity, targeting the mechanisms contributing to cognitive decline and
behavioural changes.

3.3.1. Dysregulation of Neurotransmitter Systems

LTP is a process by which synaptic connections are strengthened over time, forming
the cellular basis for learning and memory. This process depends on the proper function of
both presynaptic and postsynaptic mechanisms and relies heavily on the proper function of
key glutamate receptors that mediate excitatory neurotransmission. LTP is also a common
target of Dox treatment characterized by the disruption of neurotransmitter pathways and
receptor function. N-methyl-d-aspartate receptor (NMDAR) and x-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionate receptor (AMPAR) are glutamate receptors required for
the induction of LTP and excitatory neurotransmission [28,110]. Glutamate is a primary
excitatory neurotransmitter found throughout the CNS [124]. A study reported that Dox
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treatment decreased AMPAR function and downstream protein signalling, including brain-
derived neurotrophic factors in the hippocampus of mice, which can reduce Ca?* influx at
synaptic terminals [110]. On the other hand, another study reported increased expression
of AMPAR and NMDAR subunits that were permeable to Ca?* upon Dox treatment [123].
Ca?* homeostasis is essential for neurotransmission and neuronal excitability. Ca®* acts
as a crucial intracellular messenger in neurons, regulating a wide range of processes from
neurotransmitter release to synaptic plasticity. Reduced Ca?* prevents LTP and impairs
synaptic plasticity and spatial memory, whereas increased Ca?* influx over-activates neu-
rons and leads to neuron toxicity (excitotoxicity) [110,123]. In fact, increased Ca?* influx
could help explain the opening of the mPTP since Ca?* binds to cyclophilin D, which is a
key regulatory protein of the mPTP [125]. This toxicity can start a cascade of deleterious ef-
fects that cause oxidative stress and mitochondrial dysfunction, which contribute to further
neuronal damage and indirectly cause neuronal death [126]. Such Ca®*-associated learning
and memory deficits are also found in the aging brain, which highlights the complex ways
in which DIN can affect cognitive function and neurodegeneration [127].

The neurotransmitter glutamate requires precise regulation due to its crucial role in
preventing excitotoxicity: a condition where accumulated glutamate levels overstimulate
neurons, eventually leading to cell death [128]. Thomas et al. reported reduced gluta-
mate clearance by 45% and 48% in the frontal cortex and dentate gyrus of Dox-treated
mice, respectively, and increased potassium (K*)-evoked glutamate overflow in the dentate
gyrus [129]. These changes may contribute to excitotoxicity and synaptic dysfunction, fur-
ther exacerbating cognitive deficits observed following Dox treatment. Excessive glutamate
levels in humans are cleared by astrocytes using excitatory amino acid transporters (EAATs)
in the synaptic cleft [130]. EAAT hypo-expression or hypofunction is implicated in many
neurodegenerative diseases [131]. TNF-a was found to inhibit EAAT?2; thus, Dox-induced
inflammation (discussed in the next section) can explain the cognitive implications of
DIN which are like those seen in patients with chronic neurodegenerative diseases [132].
Moreover, EAAT dysfunction prevents cysteine uptake into neurons which is required to
produce GSH and mitigate oxidative stress [133]. Recent studies aimed to explore therapeu-
tic strategies that restored glutamate homeostasis by targeting the antioxidant NAC [134].
NAC can indirectly modulate extracellular glutamate levels via increasing the exchange
between cysteine uptake and glutamate export across EAAT3, releasing more glutamate
into the extracellular space [133]. EAAT3 has a higher affinity for cysteine than other
EAATs; thus, NAC-mediated elevated function of EAAT2 may lead to increased uptake
of extracellular glutamate from the synaptic cleft, allowing for a reduction in glutamate
concentration and preventing the excitotoxity normally induced by Dox [135].

The enzyme acetylcholinesterase (AChE) regulates acetylcholine (ACh) levels in the
synaptic cleft. ACh is a major neurotransmitter in the CNS and PNS crucial for memory
function, coordinating neuronal network responses, and setting the cholinergic tone [136].
ACh turnover by AChE terminates the actions of the neurotransmitter, avoids constant acti-
vation of cholinergic receptors, and allows for precise control over synaptic transmission.
Beyond its classical role of breaking down ACh, AChE also engages in non-classical sig-
nalling pathways (non-hydrolytic activity) that influence neuronal excitability and survival.
Dysfunction of AChE has also been implicated in DIN. For example, Dox administra-
tion significantly increased hippocampal AChE expression and activity, which disrupts
cholinergic signalling critical for learning and memory. On the other hand, some animal
models reveal that Dox treatment downregulated AChE activity, which led to excessive
ACh accumulation and resulted in excitotoxicity [136-138]. Interestingly, a non-classical
function of AChE has been linked to similar outcomes as those associated with cancer and
neurodegeneration, where the AChE-derived C-terminal peptide acts at an allosteric site
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on the a7 nicotinic acetylcholine receptor (¢7-nAChR) instead of ACh, thereby enhanc-
ing Ca?* influx [139-141]. Dox-induced AChE dysfunction may exacerbate this response,
making it relevant to regulate the classical function of AChE. Co-administration with an-
tioxidants such as astaxanthin and luteolin normalized AChE activity in the cerebellum,
cerebrum, and hypothalamus of Dox-treated rats, restored hippocampal architecture, and
alleviated associated memory deficits [74,137]. Additionally, co-treatment with AChE
inhibitors donepezil and galantamine improved spatial learning, memory retention, and
behavioural outcomes in Dox-treated animals, highlighting the therapeutic potential of
targeting cholinergic pathways to mitigate Dox-induced cognitive dysfunction [28,142].

Finally, monoamine neurotransmitter systems are disrupted following Dox adminis-
tration. Monoamines, including dopamine, serotonin, and norepinephrine, are crucial for
mood regulation, attention, and executive function. These neurotransmitters are damaged
by Dox-induced ROS, which leads to decreased monoamine activity in the CNS and PNS,
reflecting widespread neurochemical dysregulation [143]. Dox-induced inhibition of ATP
production also prevents monoamine synthesis, resulting in decreased storage and release
of essential monoamines [96]. Treatments such as naringin, a compound with neuroprotec-
tive properties, and sertraline, a selective inhibitor of serotonin uptake and a weak inhibitor
of dopamine and norepinephrine uptake, have shown efficacy in restoring monoamine
levels, improving behavioural outcomes, and mitigating anxiety-like and depressive-like
symptoms associated with DIN [96]. Neurotransmitter levels need to be maintained at
basal levels as even high neurotransmitter levels can lead to cellular dysfunction. For
example, the activity of monoamine oxidase (MOA), an enzyme required for regular brain
monoamine neurotransmitter turnover and therefore normal synaptic transmission, was
inhibited by Dox. This was linked to elevated dopamine levels in the cortex and hip-
pocampus of rats, which led to oxidative stress and disrupted prefrontal cortex function.
Co-treatment with nanocurcumin brought dopamine back to basal levels, increased MAO
activity, and was associated with reduced oxidative stress [138].

3.3.2. Synaptic Dysplasia

The structure and stability of synaptic connections rely heavily on cytoskeletal and scaffold
proteins, which organize synaptic components and support effective neurotransmission. Synap-
tic dysplasia is heavily associated with deficits in synaptic structure and function. Structural
changes include altered morphology in the dendritic spine, reduced spine density, and im-
paired synaptic architecture, while functional impairments are characterized by disrupted NT
release, receptor function, and synaptic signalling. Acute Dox exposure impaired LTP, which is
indicative of compromised synaptic plasticity [85]. In fact, synaptic dysplasia is a well-known
hallmark for DIN. Dox treatment induces synaptic dysplasia through two major mechanisms,
cytoskeletal and scaffold protein disruption and oxidative stress [129]. Of importance is that
this disruption of LTP occurs without affecting presynaptic function, suggesting postsynaptic
disruptions in signalling [85]. However, a proteomic study in a Dox-treated breast cancer cell
line detected downregulation in pathways pertaining to CNS neuron differentiation and the
neuron projection membrane [144]. Replication of these findings in Dox-treated neurons would
provide another mechanism that may contribute to impaired synapse function.

Disruption of cytoskeletal and scaffold proteins, including synaptophysin and
synapsin, led to impaired synaptic architecture maintenance [112,145]. Damage in these
proteins caused a loss of dendritic spine and synaptic connections, resulting in synaptic
dysplasia, particularly in the hippocampal neurons, vital for learning and memory [146]. In
fact, Dox treatment reduced synapsin and synaptophysin expression in vitro and in the cere-
bral cortex and hippocampus of rats, both of which correlated with neurite loss. Oxidative
stress was reported to reduce synaptic function in neurons with altered levels of synaptic
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markers such as synapsin-1 and postsynaptic density protein 95 in the hippocampus of
Dox-treated rats [147]. Oxidative stress is also implicated in hindering LTP, which causes
an imbalance between excitatory and inhibitory neurotransmission, aggravating cognitive
function impairment [148]. Neuronal impairment associated with reduced synapsin and
synaptophysin expression was alleviated by levetiracetam and QE, respectively, showing
neuroprotective activity [101,112].

3.4. Autophagic Dysregulation

Autophagy, or “self-eating”, is a fundamental cellular process that plays a key role in
maintaining cellular health by degrading and recycling damaged or dysfunctional components.
Cellular biowaste such as proteins, nucleic acids, lipids, glycogen, and organelles are recycled
via lysosomal degradation into metabolic building blocks, such as amino acids, nucleotides,
fatty acids, etc., which can be reused for cellular maintenance and energy production [149]. All
cells engage in this pathway as it is necessary to maintain cellular homeostasis and to respond
to cellular stress [81,149,150]. In particular, the process involves (1) the initiation and formation
of a pre-autophagosome, (2) maturation into an autophagosome upon biowaste enclosure, and
(3) autophagosome-lysosome fusion and lysosome-mediated biowaste degradation [12,151].
This dynamic process is also known as autophagic flux. Defective autophagy leads to the
accumulation of mitochondria and abnormal autophagic substrates, autophagosomes and
oxidative stress, and reduced antioxidant enzyme activity [81,152]. In the brain, impaired
autophagic flux can accelerate aging, lead to lipid droplet accumulation in neurons, impair
cognitive function, and lead to neuronal death [81,153].

3.4.1. Dox-Induced Autophagic Dysregulation in the Brain

Dox impairs autophagic flux at all stages in the pathway. Dox treatment increased
levels of neural microtubule-associated protein light chain 3 II (LC3-II) and p62, markers of
autophagosome formation and degradation, respectively, in the hippocampus of rats [81,153].
LC3-1II is a protein that associates with autophagosomes during their formation, and ele-
vated LC3-1I expression can indicate either an increase in autophagosome formation upon
Dox exposure or impaired autophagosome-lysosome fusion. Elevated protein levels of the
selective autophagic substrate p62, on the other hand, indicate impaired autophagosome
degradation [81,153]. Lysosomal proteolytic activity was also impaired due to Dox-induced
alkalization of lysosomes [153]. Moreover, p62 participates in multiple critical signalling
pathways, including activation of the NRF-2-regulated antioxidant pathway which is critical
in protecting neural cells from oxidative injury [154]. In fact, Dox reduces cytoplasmic and
nuclear NRF-2 protein expression, thus increasing oxidative stress in the nervous system.
NRF-2’s antioxidant function was rescued upon pretreatment of rats with antioxidant cur-
cumin with known, anti-inflammatory, and neuroprotective functions [154]. Dox also affects
Beclin-1 expression, a protein essential for the formation of pre-autophagosome [81,153].

3.4.2. Prospective Therapeutic Interventions

It has been proposed that upregulating transcription factor EB (TFEB) may be neuro-
protective in patients with Dox-mediated impaired autophagy due to its role in promoting
autophagosome degradation and preventing dysfunctional organelle accumulation [153].
Overexpression of TFEB in Dox-treated neurons normalized autophagic flux through
improved lysosomal acidity and improved neuronal survival by restoring cellular home-
ostasis [153]. Co-treatment of Dox-exposed neurons with a pharmacologic activator of
TFEB improved autophagy and survival [153,155]. Altogether, it is evident that Dox im-
pairs autophagic flux in neural cells and contributes to neurotoxicity, and that restoring
autophagy is crucial to prevent the adverse impacts of autophagy dysregulation on DIN
and to improve neural cell survival.
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4. Mechanisms of Indirect DIN

Due to the restricted permeability of the BBB, the majority of Dox-induced CNS toxicity
occurs indirectly through systemic pathways. Dox-induced oxidative stress-mediated
elevation of pro-inflammatory cytokines and their ability to cross the BBB is proposed as
the leading mechanism of indirect DIN [96,150]. Dox-induced ROS upregulate systemic
inflammatory cytokines that cross the BBB and ultimately impact neurogenesis, survival,
neuronal viability, and other factors contributing to DIN [21]. A schematic overview of the
mechanisms involved in indirect DIN can be found in Figure 5.
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Figure 5. A schematic of the mechanisms of indirect DIN. A large majority of DIN is induced by the
indirect effects of Dox on brain tissue. (A) Dox triggers peripheral TNF-« production via the oxidation of
ApoA-I. The inflammatory molecule crosses the BBB and enters microglia via TNFR1 and 2 and astrocytes
via TNFR1, thereby activating both glial cells. (B) Microglia activation triggers inflammation due to the
production of inflammatory signalling molecules and cytokines such as NF-kB, IL-1§3, and IL-16. This
induces (C) oxidative stress through ROS and RNS production by iNOS. The ROS/RNS then go and
trigger (D) mitochondrial dysfunction and (E) neural apoptosis via the same mechanisms as they did
in direct DIN. (F) Astrocyte activation induces neurotransmitter dysfunction via increased glutamate
release into the synaptic cleft as it leads to excitotoxicity. (G) Finally, elevated ROS impair amino acid
(Met, Phe, Tyr, Glu, GABA) turnover, which is required for neurotransmitter synthesis, contributing to
metabolic dysfunction. ApoA-I: apolipoprotein A-I; DIN: Dox-induced neurotoxicity; BBB: blood—brain
barrier; Dox: doxorubicin; GABA: gamma-aminobutyric acid; Glu: glutamine; IL-13: interleukin-1 beta;
IL-6: interleukin-6; iNOS: inducible nitric oxide synthase; Met: methionine; MnSOD: manganese-
containing superoxide dismutase; mPTP: mitochondrial permeability transition pore; NF-«B: nuclear
factor kappa beta; Phe: phenylalanine; ROS: reactive oxygen species; RNS: reactive nitrogen species;
TNF-o: tumour necrosis factor-alpha; TNFR1/2: tumour necrosis factor-alpha receptor 1/2; Tyr: tyrosine.
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4.1. Neuroinflammation

Oxidation-mediated neurotoxic effects of Dox are compounded by neuroinflamma-
tion via elevated TNF-« levels, which can cross the BBB via receptor-mediated transport
and activate microglia and astrocytes [21,156,157]. Astrocytic TNF receptor-mediated
TNF-« signalling is associated with increased glutamate release at synapses in the hip-
pocampal dentate gyrus, indicating enhanced presynaptic activity [156]. Dox-mediated
elevated TNF-« can similarly impair synaptic activity observed in Dox-treated animals.
In addition, microglial activation triggers the local production of additional TNF-o and
pro-inflammatory cytokines, such as interleukin-1 beta (IL-1p3) and IL-6 via NF-«B activ-
ity [21,70,83]. These cytokines exacerbate oxidative stress by stimulating the production of
additional ROS and RNS via iNOS, ultimately perpetuating a cycle of neuroinflammation
and oxidative stress [13,83,86,90]. Elevated TNF-« in hippocampal tissues correlates with
increased apoptosis, highlighting the role of inflammation in aggravating neuronal dam-
age in DIN [28,72,83,123]. These inflammatory changes contribute to the development of
anxiety and depression-like behaviours and underscore the multifaceted nature of DIN.

Studies have demonstrated that neutralizing systemic TNF-« reduced brain mito-
chondrial injury, oxidative damage, and neuronal apoptosis, highlighting its pivotal role
in the inflammatory cascade [76,83,90]. In TNF-a« KO (TNFKO) mice, Dox-induced ox-
idative stress was significantly mitigated, and mitochondrial respiration was preserved.
Neurochemical disruption in the hippocampus, such as reduced choline/creatine ratios
observed in wild-type mice, was partially restored in TNFKO mice treated with Dox,
demonstrating the neuroprotective effect of TNF-a deficiency [69]. Additionally, antiox-
idant supplementation with 2-mercaptoethane sulfonate sodium (MESNA), w-3 PUFAs,
QE, xanthone, galantamine, and dlI-NBP has been shown to reduce neuroinflammation
by downregulating inflammatory mediators (TNF-«, NF-«B, IL-1f3, lipoxygenase, and
cyclooxygenase) [28,70,72,80,100,101].

4.2. Impaired Metabolism

Dox’s systemic impacts lead to profound alterations in brain metabolism. These
changes impact key metabolic pathways that regulate essential functions such as cholesterol,
amino acid and energy metabolism, and neurotransmitter regulation. These metabolic
disruptions can contribute to DIN by compromising the proper functioning of neuronal
cells and impairing cognitive functions.

4.2.1. Impaired Cholesterol Metabolism and Apolipoprotein A-I Dysfunction

Dox-mediated lipid peroxidation produces reactive aldehydes like HNE which form
adducts with critical proteins such as apolipoprotein A-I (ApoA-I), impairing its struc-
ture and neuronal membrane function [158]. ApoA-I is integral to regulating TNF-«-
mediated inflammatory responses and to reverse cholesterol transport, a process critical
for maintaining lipid balance in the brain, whereas cholesterol is essential for maintaining
neuronal membrane fluidity, synaptic plasticity via myelin integrity, and neurotransmit-
ter receptor function [159,160]. Oxidized ApoA-I is unable to suppress serum TNF-«,
exacerbating the oxidation-mediated inflammatory responses [90,158,161]. Interestingly,
oxidative damage inflicted to ApoA-I by the peroxidase myeloperoxidase reduced its
interaction with ATP-binding cassette transporter A1 (ABCA1), a key protein mediating
cholesterol efflux [162]. Dox-induced oxidative damage and resultant ApoA-I adducts
may similarly disrupt ABCA1 interaction and compromise cholesterol homeostasis. This
could lead to cholesterol accumulation in neuronal membranes and affect neuronal mem-
brane repair and synaptic plasticity [162]. The observed cholesterol elevation upon Dox
treatment has widespread impacts as it occurs in multiple tissues apart from the brain,
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namely the heart, liver, and kidney [159]. Dox impairs neuronal membrane health by
decreasing phosphatidylcholine-specific phospholipase D activity, an enzyme critical for
maintaining membrane health [90]. The associated upregulated neuroinflammation ex-
acerbates metabolic dysfunctions by reducing complex I activity and amplifying lipid
peroxidation [69].

4.2.2. Impaired Amino Acid Metabolism

Metabolomic studies revealed that Dox induced region-specific changes in amino acid
and lipid metabolism in the brain. Altered amino acid levels are highly associated with
Dox-induced oxidative damage [163]. Key alterations included reductions in methionine and
elevated phenylalanine—precursors for neurotransmitter dopamine—and altered tyrosine,
glutamate, and GABA levels in the hippocampus, prefrontal cortex, and neocortex, which
impairs neurotransmitter synthesis [164]. Moreover, disrupted GABA and glutamate balance
contributes to excitotoxicity [164,165]. On the other hand, elevated phenylalanine and reduced
methionine reflect molecular imbalances observed in aging mouse brains [164]. Correlations
between amino acid level alterations in the brain to their levels in the liver and kidney suggest
that Dox-induced systemic metabolic disorders indirectly affect brain function [159].

Therapeutic strategies aimed at restoring metabolic balance and enhancing antioxidant
defenses offer promise for mitigating DIN. Antioxidants such as ALA and naringin have
shown efficacy in reducing ROS levels and inflammation, restoring mitochondrial function
and antioxidant levels, and improving cell viability [163,166]. ALA exerts these antioxidant
effects via the NRF-2 signalling pathway [163]. Naringin prevented an imbalance in lipid
metabolism by restoring levels of urea, cholesterol, triglyceride, and creatine kinase that
are normally elevated by Dox [166]. Understanding the interplay between these metabolic
pathways provides a foundation for developing targeted therapies to protect the brain
during Dox-based chemotherapy.

Table 1 provides a summary of the main proteins involved in the aforementioned
direct and indirect DIN mechanisms, as well as the outcomes induced by Dox and the
relevant studies.

Table 1. A summary of the different mechanisms of DIN, related proteins and molecules, and their
respective studies. AChE: acetylcholinesterase; AMPA: a-amino-3-hydroxyl-5-methyl-4-isoxazole-
propionate receptor; ApoA-I: apolipoprotein A-I; Ca?*: calcium; DIN: Dox-induced neurotoxicity;
Dox: doxorubicin; iNOS: inducible nitric oxide synthase; IL-13: interleukin-1 beta; IL-6: interleukin-6;
LC3-II: light chain 3 II; mPTP: mitochondrial permeability transition pore; NF- kB: nuclear factor
kappa beta; NMDA: N-methyl-d-aspartate; NOX: NADPH oxidase; ROS: reactive oxygen species;
RNS: reactive nitrogen species; TNF-«: tumour necrosis factor-alpha; XO: X=xanthine oxidase.

Process Protein/Molecule Effect of Dox Study Type
Reduced NRF-2 protein
NRF-2 expression and impaired In vivo [154]
Oxidative Stress antioxidant functions.
iv .
Increased production of ROS .
ROS and RNS and RNS via iNOS, XO,and 1 VIVOIL63;ZE(')7[46’§]?"86'90]
NOX activity.
mPTP opening and
Mitochondrial Dysfunction mPTP subsequent cytochrome c In vivo [87]
release.
AMPAR/NMDAR Altered AMPAR and NMDAR In vivo [110,123]
Neurotransmitter function and Ca~* influx.
Dvsreeulation AChE Altered AChE activity. In vivo [137,138]
ystes Monoamine ROS-mediated reduction in

In vivo [96]

Neurotransmitters monoamine levels.
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Table 1. Cont.

Process Protein/Molecule Effect of Dox Study Type
Decreased synapsin and
. . . . synaptophysin expression, In vivo [101,147]
Synaptic Dysplasia Synapsin and Synaptophysin dendritic spine loss, and In vitro [112]
synaptic dysfunction.
Increased LC3-II levels: .
LC3-II impaired autopha m In vivo [83]
pairec autophagosome In vitro [153]
turnover.
2 Elevated p62 levels: impaired In vivo [83]
Autophagy p autophagosome degradation. In vitro [153]
Reduced expression of
. Beclin-1: impaired In vivo [83]
Beclin-1 pre-autophagosome In vitro [153]
formation.

Systemic TNF-« elevation and
TNF-o subsequent microglia and
astrocyte activation.
Dox-induced upregulation of

In vivo [72,83,123,156,157]
In vitro [157]

Neuroinflammation IL-1p and IL-6 IL-1B and IL-6 via NF-kB In vivo [70,83]
pathway.
Dox-induced ApoA-I )
ApoA-I oxidization and impaired In vivo [90,158,161]

TNF-« regulation. Clinical study [161]

Disrupted cholesterol
Cholesterol metabolism: al’fe.r ed In vivo [158,159]
membrane composition and
impaired neuronal function.
Altered amino acid levels and
dysregulated
neurotransmitter synthesis

and homeostasis.

Metabolism

Amino Acid In vivo [164]

5. Endotheliotoxicity and BRCA1/2 in Cancer and Neurotoxicity
5.1. Endotheliotoxicity

The BBB is composed of BMECs that mediate signalling between the systemic circula-
tion and the CNS to support neuronal metabolism, which is vital for optimal functioning of
the brain’s ~86 billion neurons [167]. Endothelial cell damage upon exposure to physical
and chemical stresses disrupts key endothelial functions such as its role in the formation
of a protective barrier. This leakiness facilitates the passage of unwanted substances from
the circulation into the brain. Prolonged endothelial dysfunction and apoptosis, coined
endotheliotoxicity, can impair the BBB and lead to neuronal and brain damage. Virtually
all cytotoxic pathways that affect neurons and glial cells upon Dox exposure also impact
endothelial cells. Therefore, it is imperative to obtain a comprehensive understanding of
the mechanisms that alter endothelial function and lead to DIN.

5.1.1. Endothelial Dysfunction

The endothelium is a dynamic, multifunctional layer of cells lining blood vessels that
plays a crucial role in vascular homeostasis. Under physiological conditions, endothelial
cells produce nitric oxide via endothelial NOS (eNOS) which promotes vasodilation, in-
hibits platelet aggregation, and suppresses inflammation [168]. Another critical function
is immune regulation, where endothelial cells, in a resting state, prevent excessive leuko-
cyte adhesion and migration [169]. However, under pathological conditions, these finely
tuned mechanisms become dysregulated, leading to endothelial dysfunction, a hallmark
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of cardiovascular diseases and neurodegeneration. Endothelial dysfunction is primarily
characterized by a loss of NO bioavailability, which impairs vasodilation and promotes
vascular stiffness and inflammation. A key driver of this dysfunction is oxidative stress,
which contributes to reversible endothelial activation where endothelial cells enter a pro-
inflammatory, procoagulant, permeable, and proliferative state [170,171]. Endothelial cells
express adhesion molecules such as ICAM-1, VCAM-1 and E-selectin, facilitating leukocyte
adhesion, infiltration, and chronic inflammation. Activation of inflammatory pathways
further amplify endothelial dysfunction by upregulating pro-inflammatory cytokines [167].
Over time, these pathological changes become irreversible, driving non-compensatory
vascular remodeling and contributing to diseases [167,170].

Extending beyond the systemic vasculature, endothelial dysfunction significantly
impacts the BBB. In aging and neurodegenerative diseases, BBB integrity is compromised,
contributing to increased permeability, disrupted homeostasis, neuronal injury, and cogni-
tive decline [169]. Oxidative stress and inflammation primarily disrupt the BBB, leading
to the expression of adhesion molecules and the recruitment of immune cells, which can
further damage the BBB [167,169]. Additionally, pericyte loss and astrocyte dysfunction,
often observed in aging, exacerbate BBB permeability and contribute to neurodegenera-
tive processes.

5.1.2. Dox-Induced Endothelial Dysfunction, Endotheliotoxicity, and Neurotoxicity

Dox’s cytotoxic mechanisms impair key elements of endothelial function and promote
endotheliotoxicity. While limited studies exist that assess the direct impact of Dox on
endothelial cells composing the BBB, there are many findings pertaining to the general
correlation between Dox treatment and endotheliotoxicty which can be extrapolated to
BMEC toxicity. This is of importance as Dox-induced endothelial damage can compromise
BBB integrity, leading to increased permeability and subsequent neuronal exposure to
neurotoxic substances [32-35].

Dox-induced oxidative stress plays a pivotal role in endothelial dysfunction. Specif-
ically, ROS overproduction disrupts the bioactivity of eNOS and endothelin-1, which
reduces nitric oxide bioavailability, leading to altered vascular tone and RNS-mediated
oxidative stress [20,35,172]. Many of these findings were obtained in cultured human
endothelial cells, further supporting the notion that a similar mechanism of oxidative
damage may occur in BMECs. Interestingly, restoration of cardiac NO preserved cardiac
function in Dox-treated mice [173]. Dox-induced oxidative damage eventually leads to
endothelial cell apoptosis and endothelium permeability. Tight junction proteins like ZO-1
are crucial to keep the endothelium, including the BBB, impermeable, thereby protecting
tissues such as neurons from harmful substances. Dox has been observed to inhibit ZO-1
expression in endothelial cells, resulting in an increased endocardium permeability to
Dox [35]. Furthermore, Dox-induced mitochondrial dysfunction in endothelial cells can
lead to energy deficits and greater ROS production, which may affect neural cells that
rely on proper endothelial function for nutrient and oxygen supply [172]. The release of
cytochrome ¢ and subsequent activation of apoptotic pathways in endothelial cells can also
have downstream effects on neuronal survival.

Endothelial cells express both isoforms of Topo II (Il and II3) due to their proliferative
nature, especially during stress-induced activation, wound healing, and angiogenesis [35].
This characteristic renders them susceptible to Dox-mediated inhibition of Topo II, as well
as Dox-induced DNA intercalation and micronuclei formation. The presence of cytoplasmic
micronuclei activates the cGAS-STING pathway, leading to the production of IFN-«/f3,
which contributes to chronic endothelial inflammation and damage [35,174]. Moreover,
Dox-induced cellular stress and endothelial cell activation further promote inflammatory
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responses in endothelial cells through activation of the NF-«kB pathway [175]. In the brain,
these inflammatory cytokines can further damage the BBB and promote infiltration of
peripheral inflammatory mediators and immune cells into the CNS, exacerbating inflam-
matory injury in neural tissues.

Autophagy is critical for endothelial function and its metabolic processes; as such,
impaired autophagy leads to endothelial dysfunction. Since Dox impairs autophagy at
various stages in neurons, it is likely that a similar mechanism of dysregulation occurs in
endothelial cells, pointing to Dox-induced endothelial dysfunction via impaired endothelial
autophagy. A recent study reported an increased LC3II/LC3I ratio in endothelial cells upon
Dox treatment even in the presence of the autophagy inhibitor, pointing to upregulated
autophagy. While the effects of Dox on essential autophagy-related proteins (ATG and p62)
were not measured, the authors found that Dox inhibited mTOR, sustaining autophagy,
and suppressed VEGFR?2, a receptor for VEGF-a which regulates endothelial function
and autophagy [176]. Furthermore, endothelial cell-specific loss of autophagy was shown
to exacerbate Dox-induced mortality [177]. These findings reinforce that Dox induces
endothelial dysfunction and impairs endothelial autophagy. Similarly, it is likely that Dox-
induced endothelial autophagy impairment compromises the BBB and contributes to DIN.
Emerging evidence also suggests that Dox can induce the endothelial-to-mesenchymal
transition, a process where endothelial cells lose their function, exacerbating endothelial
dysfunction [178].

Despite the significant role of Dox in inducing endotheliotoxicity and the importance
of endothelial health in cognitive function, there remains a lack of investigation on Dox-
induced endotheliotoxicity in the BBB and associated neurotoxicity. Although Dox’s ability
to cross the BBB is limited, endothelial cells are one of the first cell types to interact with
circulatory Dox, enabling the drug to induce oxidative and nitrosative stress on the BBB.
We propose endothelial dysfunction as a novel mechanism contributing to DIN, warranting
further investigation.

5.2. DDR Impairments, Cancer, and Neurodegeneration

As discussed, defective BRCA1 and BRCA2 increase cancer risk in men and women
due to increased genomic instability [14,18]. However, non-functional checkpoint control is
required in combination with impaired genome integrity for the development of cancer
as defective checkpoints enable damaged cells to continue proliferation. In fact, common
genetic alterations associated with BRCA mutants include a loss of ATM expression and
mutations in TP53 (the gene encoding p53) [14]. Given the vast range of roles that BRCA1
plays in checkpoint activation, mutated BRCA1 could also impair checkpoint control
throughout the cell cycle. Moreover, the broader range of functions of BRCA1 implies that
it is the more critical counterpart of the two BRCA genes, with more severe genotoxicity
found in tumours associated with faulty BRCA1 than defective BRCA2 [14,179]. In line
with this, women carrying BRCA1 mutations have a higher risk of developing breast and
ovarian cancers [180,181]. In contrast, BRCA2 mutations are associated with an increased
risk of developing cancers of the breast, prostate, pancreas, and skin in men [182,183].

Additionally, BRCA mutation carriers were found to be at a higher risk of cardiovas-
cular disease and neurodegeneration [57]. In fact, over half of breast cancer deaths are
because of organ dysfunction-related complications [184]. This is because defects in DDR
in proliferating cells can lead to cancer, while the same defects in post-mitotic cells such
as adult cardiomyocytes and neurons lead to cardiomyopathy and neurodegeneration,
respectively [24,185]. Surprisingly, nucleotide excision repair was found to be repressed in
terminally differentiated cells. Being terminally differentiated, neurons would be under
relatively more stress due to a second attenuated DDR mechanism [186,187]. Knockdown
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of BRCAL1 led to changes in neuronal structure that impaired LTP in humans. BRCA1 loss
was also associated with learning and memory deficits like “chemobrain” symptoms. In
mature, non-mitotic neurons, BRCA1 reduction did not impair cognitive function through
neuron apoptosis, meaning that the negative impacts of BRCA1 deficiency are context-
dependent [188]. A preclinical study in 2014 revealed a novel interaction and feedback
mechanism between BRCA1 and sirtuin 1 (SIRT1), an NAD-dependent histone deacetylase
that is linked to metabolism, ER stress responses, epigenetic regulation, and genome sta-
bility. The authors proposed a compensatory mechanism for maintaining SIRT1-related
functions that could provide therapeutic options for BRCA1-related ovarian cancers in the
context of ER stress resistance [189]. This is of importance as sustained ER stress, due to at-
tenuated ER stress response, initiates apoptosis and is linked to neurodegenerative diseases,
whereas hyperactivation of this stress response mechanism is observed in cancer [190].

On the other hand, a study proposed BRCA1 as a potential early biomarker for AD
since BRCA1 dysfunction correlated with DNA fragmentation, genomic instability, and
synaptic loss, all hallmarks of AD [191]. In fact, BRCA1 hyperactivation, despite having a
protective role initially, has been found to trigger proapoptotic pathways depending on
the neurodevelopmental stage of neurons [188,191]. Additionally, overexpression of the
BRCA1-Aex11 isoform, which lacks a nuclear localization signal, is particularly relevant
in pathological conditions and upon increased DDR induced by Dox [192]. BRCA1-Aex11
overexpression and its mis-localization contributes to cell cycle deregulation, centrosome
dysfunction, and apoptosis in AD brains [191]. To further support these findings, post-
mortem studies show hypomethylation of the BRCA1 promoter in AD brains, leading to
increased BRCAL1 expression and cytoplasmic mis-localization [193]. Thus, the isoform
and subcellular location of BRCA1 determines whether the DDR protein has a protective
or pro-death role. This opens targeting BRCA1l-related pathways as a viable therapeutic
intervention for neurodegenerative diseases.

There is considerable evidence in the literature pointing to a connection between over-
all impaired DDR and neurodegeneration. For example, p53 dysfunction-associated events
are linked to chronic neurodegenerative diseases including AD [194-196], PD [197,198],
HD [199], Down syndrome [200,201], ALS [202,203], and MS [204,205]. Dietary supple-
ments can increase tumour suppressor (BRCA1 or p53) activity or remove hypermethylation
on tumour suppressor genes to restore their expression and in turn mitigate neurodegenera-
tion associated with AD [196]. Such interventions may prove to be beneficial in ameliorating
“chemobrain” symptoms in anthracycline treatment cancer patients.

Many cancer patients have been characterized by increased neurodegeneration
[197,206-210] and recent studies have also revealed the role of miRNAs, protoonco-
genes (DJ-1), and other tumour suppressor genes (MM-1) in the pathology of both dis-
eases [211,212]. Unfortunately, the correlation between cancer and neurodegeneration
negatively impacts the quality of care that patients with cognitive impairments (such as
dementia) receive. This includes late diagnosis, less treatment yet more invasive proce-
dures, more treatment complications, and poorer survival compared to cancer patients
without dementia [213,214]. Evidently, there is a need for standardized guidelines for
decision-making and eventual cancer treatment in patients with dementia to avoid biases.

A loss of BRCA1 and 2 due to haploinsufficiency or heterozygous mutations has
similar effects to that of Dox treatment (Figure 6). Overlap in the impaired mechanisms
suggests that the mechanisms of Dox cytotoxicity may conflict with BRCA1- and 2-regulated
pathways. Despite this overlap, there is still a critical gap in knowledge pertaining to BRCA-
Dox interactions.
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Figure 6. A comparison between (A) doxorubicin’s mechanism of cytotoxicity in the brain and (B) the
impact of a loss of BRCAL1 or 2 functions. (A) Dox induces oxidative stress in cells via the upregula-
tion of NOS, NOX, and XO and the overproduction of ROS. The generated oxidative stress leads to
mitochondrial dysfunction and overall cellular dysfunction and apoptosis, triggered by cytochrome c
release. At the same time, Dox intercalates with DNA and inhibits Topo II, impairing DNA repair while
exacerbating DNA damage. DNA damage leads to inflammation via micronuclei- and TNF-«-mediated
signalling, ultimately leading to cell death. Cytotoxicity in neurons (neurotoxicity) induces cognitive
impairment. (B) BRCA1 and 2 loss follows a similar mechanism, with impaired DNA repair and dysfunc-
tional antioxidant activity (NRF-2) being direct consequences. BRCA loss-mediated neurotoxicity may
lead to cognitive impairment, however, research on this relationship is still emerging and is therefore
represented with a “?”. BRCA: breast cancer gene; NOS: nitric oxide synthase; NOX: NADPH oxidase;
NREF-2: nuclear factor erythroid 2-related factor 2; ROS: reactive oxygen species; RNS: reactive nitrogen
species; Topo II: Topoisomerase II; TNF«: tumour necrosis factor-alpha; XO: xanthine oxidase.

5.3. BRCA Mutation Screening, Doxorubicin, and Neurotoxicity

Despite the well-established critical roles that BRCA1 and BRCA2 play in maintaining
genomic integrity and determining cellular survival, and the widespread cytotoxic impacts
of Dox, there remains an extensive gap in the field pertaining to the effects of BRCA1 and
BRCA2 on endotheliotoxicity and DIN.

It should be noted that current genetic screenings for BRCA mutants and HBOC syn-
drome only look for exonal mutations and do not measure BRCA haploinsufficiency, where
haploinsufficiency refers to below-basal BRCA expression or malfunctional BRCA-related
phenotypes. As a result, non-neoplastic implications for BRCA haploinsufficiency are
overlooked. Notably, factors independent of BRCA mutation such as hormonal regulation,
transcription factors, genetic modifiers, and SNPs in promoter/5 UTR can cause haploin-
sufficiency. Diagnostic screenings that evaluate Dox-induced cytotoxicity do not consider
BRCA haploinsufficient patients as BRCA mutation carriers even though haploinsuffi-
ciency is associated with the development of breast and ovarian cancer. Mutations in HDR-
associated genes that interact with BRCA—PALB2 [215]; ATM [216,217]; RAD51C/D [218];
BRIP1 [219]; BARD1 [220]; and CHK2 [221]—create an HDR-deficient phenotype and
contribute to HBOC syndrome, yet they too are not considered BRCA-related risks of
breast cancer [14,222]. In the brain, mutations, mis-localization, and reduced expression of
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ATM [223], XRCC1 [61,224], BRCC3 [225], p53 [226,227], and FUS [62] also have implica-
tions in neurodegeneration, impaired synaptic transmission, and motor dysfunction. As
such, these current measures have led to discrepancies in the literature and oversight in clin-
ical examinations for implications of impaired BRCA functions [228,229]. This is reinforced
by the fact that the estimated prevalence of pathogenic BRCA mutations in the general
population is 1 in 400, with 75% of breast cancer cases associated with non-BRCA genes
related to HBOC [230,231]. Due to existing gaps in the literature on the extent of the clinical
impact of compromised BRCA genes in patient health, current measures underestimate
the effects of BRCA in non-neoplastic settings. Notably, a clinical retrospective study from
2009 observed higher non-cancer mortality associated with BRCA mutation carriers [232].
Apart from haploinsufficiency and HRD, BRCAness is another challenge that needs to
be overcome to effectively translate preclinical results to clinical practice. In brief, BRCAness
refers to a specific HRD tumour phenotype that mimics the effects of BRCA mutations (e.g.,
abundant C—T transitions and promoter methylations, rarity of homozygotic variation)
without involving actual mutations in the BRCA genes [233]. In fact, BRCAness is prevalent
in 20% of breast and 45% of ovarian cancers, and widely present in 21 other cancers.
Like BRCA mutants, the BRCAness phenotype is also responsive to poly ADP-ribose
polymerase inhibitor (PARPi) treatment, which prevents the repair of single-stranded DNA
breaks [233,234]. Additionally, much like haploinsufficiency and HRD, current genetic
screenings for HBOC syndrome fail to detect BRCAness. This limitation hinders accurate
risk stratification and obscures potential neurotoxic vulnerabilities in patients without
canonical BRCA mutations. Effective translation of preclinical results thus requires refined
diagnostic strategies that can differentiate between BRCA-mutant and BRCA-associated
genotypes and BRCAness phenotypes. Only through such stratification can therapeutic
insights from models accurately inform personalized interventions in clinical oncology.

5.4. BRCA Mutations in DIN and Endotheliotoxicity

Given the important role of BRCA1 and 2 in maintaining neuronal health, we propose
that a loss of expression of either gene has the potential to severely exacerbate DIN and
endotheliotoxicity, which compromises the BBB. Although BRCA1 or BRCA2 KO models
have primarily been studied in the context of DIC, their findings provide valuable insights
into potential neurotoxic mechanisms. Studies demonstrate that cardiomyocyte-specific
BRCA1 or BRCAZ2 deficiency exacerbate DNA DSBs and upregulate mitochondrial dys-
function and apoptotic signalling [17,18]. Given that both cardiomyocytes and neurons
are terminally differentiated cells, these findings in cardiomyocytes suggest that neurons
lacking BRCA may experience similar vulnerabilities under Dox treatment.

Research is beginning to demonstrate the essential roles of BRCA genes in endothelial
function. For example, endothelial cell-specific loss of BRCA2 exacerbated oxidative stress-
induced DNA damage, apoptosis, and endothelial dysfunction [235]. Endothelial cell-
specific loss of BRCA1 has been found to similarly increase endothelial cell susceptibility
to oxidative and inflammatory damage. On the other hand, overexpression of BRCA1
rescued endothelial cells from genotoxic and inflammatory stressors [16]. Combined, this
points to a protective role of BRCA genes in endothelial cell function, suggesting that
dysfunction of these key DDR genes can impair endothelial health. As these findings were
observed in cultured human endothelial cells, it is likely that a loss of BRCA1 or BRCA2
will similarly impair BBB integrity, facilitating Dox passage into the CNS. Interestingly,
in our Dox-treated endothelial cell-specific BRCA2 knockout mice, Dox treatment led
to an accumulation of Dox, impaired neurotransmitter expression and distribution, and
increased DNA damage in brain tissues in comparison to wild-type mice (own unpublished
data). Another study from the early 2000s reported unchanged brain/plasma concentration
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ratios of Dox despite treating mice with a drug that impaired P-glycoprotein activity. The
results imply that elevated Dox in plasma led to a proportional increase in Dox in the brain,
rather than enhanced BBB (endothelium) permeability [27]. However, these experiments
were conducted in healthy mice that did not reflect the genetic defects in DDR players
commonly found in breast and ovarian cancer patients.

Building on these findings, it is essential to consider how BRCA mutation status may
inform prevention or treatment strategies for DIN. Therapeutic interventions differ between
BRCA-mutated and non-mutated patient cohorts, with PARPi being a common targeted ther-
apy for BRCA-mutated patients. As mentioned early in this review, there are no treatments
for DIN, only preventative strategies to reduced chemotherapy-induced cytotoxicity—such
as those discussed in this review— which may be applied to both patient groups. However,
PARPi may show promise in mitigating DIN in BRCA patients, as these interventions have
shown neuroprotective effects against peripheral nerve injury [236]. Additionally, drugs such
as empagliflozin—though not a PARPi—have demonstrated reductions in PARP-1 activity and
conferred neuroprotection against CICI in genotypically wild-type rats [237]. Given their abil-
ity to prevent DNA repair in rapidly dividing cells, empagliflozin and other BBB-permeable
PARP4i agents, such as niraparib and pamiparib, offer therapeutic potential for DIN mitigation
in BRCA-mutant patients. Future studies should employ endothelium- and neuron-specific
BRCA1 or BRCA2 KO models to investigate structural, metabolic, mechanistic, and cognitive
changes in the brain under Dox treatment. Expanding on these findings, the inclusion of
TNFKO and iNOSKO models in combination with BRCA1 or 2 KOs could provide additional
insights into the roles of inflammatory cytokines and oxidative stress in mediating DIN. Ex-
amining the interplay between DNA damage repair deficiencies, mitochondrial dysfunction,
and inflammatory pathways could uncover novel therapeutic targets for mitigating neuronal
damage in breast and ovarian cancer patients.

A summary of the discussed mechanisms of DIN and available interventions can be
found in Figure 7.
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Figure 7. A summary of the mechanistic pathways underlying DIN and available preventative
measures. Dox promotes oxidative and nitrosative stress (increased ROS and lipid peroxidation,
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reduced antioxidants) through NOS, NOX, and XO activity. Concurrently, Dox induces DNA damage
such that there is an increase in YH2AX yet a decrease in RAD51-mediated double-stranded break
repair. BRCA1/2 KO models display similar DNA damage and trigger the same downstream effects.
Dox induces mitochondrial dysfunction both directly and via ROS/RNS, which presents as reduced
ATP synthesis and increased mPTP opening-associated cytochrome c release. Accumulating DNA
damage and mitochondrial dysfunction leads to endogenous apoptosis activation (increased Bax/Bcl-
2 ratio and caspase-3 activity). Oxidative damage impairs metabolism (ApoA-I adducts and impaired
cholesterol transport, dysregulated amino acid levels, and impaired autophagy) and induces glial
cell activation via upregulation of systemic TNF-o«. Both mechanisms induce neuroinflammation,
characterized by upregulated pro-inflammatory cytokines (NF-«B, IL-6, IL-1§3), along with synaptic
dysfunction and impaired neurotransmission (impaired LTP and synaptic plasticity, excitotoxicity,
and dysregulated monoamine activity). Neuroinflammation can increase oxidative stress, creating
a feedforward loop of oxidative stress and inflammation. Inflammation and neural cell death cul-
minate in cognitive, neurological, and emotional deficits such as elevated anxiety and depression,
accelerated aging, and impaired motor coordination and memory. iNOS and TNFKO models and
antioxidants like DPDS, luteolin, iNOSi, NOXi, xanthones, NAC, edaravone, berberine, and osthole
have been effective in mitigating oxidative stress in Dox-treated systems. w-3 PUFAS, QE, xanthones,
galantamine, dI-NBP, and CoQ10 can successfully mitigate the side effects of Dox-induced neuroin-
flammation. At the same time, NAC, astaxanthin, luteolin, AChEi, naringin, sertraline, nanocurcumin,
levetiracetam, and QE supplementation is effective against Dox-mediated synaptic dysfunction and
impaired neurotransmission. Finally, melatonin, DPDS, QE, dI-NBP, naringin, and sertraline are also
effective in alleviating Dox-induced cognitive impairments. AChEi: acetylcholinesterase inhibitor;
ApoA-I: apolipoprotein A-I; BRCA1/2: breast cancer susceptibility gene 1/2; Co-Q10: coen-
zyme Q10; dI-NBP: dI-3-n-Butylphthalide; DPDS: diphenyl diselenide; IL-1f3: interleukin-1 beta;
IL-6: interleukin-6; iNOS: inducible nitric oxide synthase; iNOSi: inducible nitric oxide synthase
inhibitor; KO: knockout; LTP: long-term potentiation; MESNA: 2-mercaptoethane sulfonate sodium;
mPTP: mitochondrial permeability transition pore; NAC: N-acetylcysteine; NF-«B: nuclear factor
kappa beta; NOXi: NADPH oxidase inhibitor; w-3 PUFAS: omega-3 polyunsaturated fatty acids;
ROS: reactive oxygen species; RNS: reactive nitrogen species; TNF-o:: tumour necrosis factor-alpha;
QE: quercetin.

6. Conclusions

In conclusion, Dox is a highly effective yet cytotoxic chemotherapeutic agent, with
DIN emerging as a significant but less characterized complication. Dox disrupts neural
cell genomic integrity, redox homeostasis, autophagy, and metabolism, which collectively
contribute to BBB dysfunction and neuronal injury. Patients treated with Dox commonly
experience cognitive impairments including impaired spatial and episodic memory, re-
duced locomotion, and increased anxiety and depression. Increasing evidence suggests that
endotheliotoxicity may play a critical role in DIN, with endothelial dysfunction leading to
increased BBB permeability, neuroinflammation, and oxidative stress-related neuronal dam-
age. Furthermore, the impact of Dox on BRCA1 and BRCA2 functions in the CNS remains
largely unexplored. Increasing research in this field is imperative as BRCA genes have
key roles in DNA repair, the modulation of oxidative stress, and the regulation of cellular
stress responses—all mechanisms that are impacted by Dox. Thus, BRCA mutations would
negatively affect these key processes and increase Dox-induced cellular stress. Current
diagnostic approaches for BRCA mutations overlook haploinsufficiency, thereby missing
critical implications of impaired BRCA function in the clinical setting. Emerging studies
indicate that BRCA and related DDR genes play essential roles in maintaining endothe-
lial and neuronal function, and their dysregulation may contribute to neurodegenerative
complications. Given the noticeable overlap in mechanisms between BRCA-associated
phenotypic loss and DIN pathogenesis, further investigation into the functional interplay
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between Dox and BRCA1 and BRCA?2 is warranted. This may include endothelium- and
neuron-specific BRCA1 or BRCA2 KO models to investigate structural, cognitive, and
mechanistic changes in the brain as well as TNFKO and iNOSKO models to assess the
interplay between DDR deficiency, inflammation, and oxidative stress. A deeper under-
standing of these mechanisms may aid in developing personalized therapeutic strategies
for BRCA-mutant cancer patients to mitigate neurotoxicity while preserving the drug’s
anticancer efficacy.
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