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Simple Summary: Poly (ADP-ribose) polymerase-1 (PARP-1) inhibitors are successful cancer ther-
apeutics that impair DNA repair machinery, leading to an accumulation of DNA damage and
consequently cell death. The shared underlying mechanisms driving malignancy and demyelinating
disease, together with the success of anticancer drugs as repurposed therapeutics, makes the repur-
posing of PARP-1 inhibitors for demyelinating diseases a worthy concept to consider. In addition,
PARP-1 inhibitors demonstrate notable neuroprotective effects in demyelinating disorders, including
multiple sclerosis which is considered the archetypical demyelinating disease.

Abstract: Over the past decade, Poly (ADP-ribose) polymerase-1 (PARP-1) inhibitors have arisen
as a novel and promising targeted therapy for breast cancer gene (BRCA)-mutated ovarian and
breast cancer patients. Therapies targeting the enzyme, PARP-1, have since established their place
as maintenance drugs for cancer. Here, we present existing evidence that implicates PARP-1 as a
player in the development and progression of both malignancy and demyelinating disease. These
findings, together with the proven clinical efficacy and marketed success of PARP-1 inhibitors in
cancer, present the repurposing of these drugs for demyelinating diseases as a desirable therapeutic
concept. Indeed, PARP-1 inhibitors are noted to demonstrate neuroprotective effects in demyelinating
disorders such as multiple sclerosis and Parkinson’s disease, further supporting the use of these drugs
in demyelinating, neuroinflammatory, and neurodegenerative diseases. In this review, we discuss
the potential for repurposing PARP-1 inhibitors, with a focus on rare demyelinating diseases. In
particular, we address the possible use of PARP-1 inhibitors in examples of rare leukodystrophies, for
which there are a paucity of treatment options and an urgent need for novel therapeutic approaches.

Keywords: repurposing; PARP-1; leukodystrophies

1. Introduction

Intrinsic DNA repair pathways are employed in response to environmental insults to
maintain cellular function and viability [1]. Dysfunctional DNA repair mechanisms lead to
a loss of genomic integrity and stability as well as increased risk of errors in the synthesis
of RNA and proteins [2]. Altered DNA repair mechanisms are also closely associated with
a multitude of cancers [1].

Poly (ADP-ribose) polymerase (PARP) is a family of 17 human enzymes (Table 1) that
coordinate DNA repair, transcriptional regulation, cell cycle, oncogene activity, and mito-
chondrial function, through an ADP-ribosylation post-translational modification named
PARylation [3]. This reaction requires the oxidation of nicotinamide adenine dinucleotide
(NAD+) to synthesise and covalently attach monomers or polymers of ADP ribose to target
proteins, which function in the rescue of DNA damage [4].

PARP-1 is the major source of poly-ADP ribose (PAR), accounting for over 90% of
PARylation activity [5]. The most well characterized function of PARP-1 is to recognize
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and repair DNA single-strand breaks (SSBs) by catalysing the addition of PAR to PARP-1
itself and other proteins such as DNA ligase II, DNA polymerase, and XRCC1 topoiso-
merases (Figure 1A) [6,7]. Such enzymes regulate genomic integrity and play an essential
role in the repair of SSBs. The DNA repair process is terminated by the intervention
of poly (ADP-ribose) glycohydrolase (PARG) that removes PAR from target proteins [8].
Failure in SSBs repair may progress to double-strand breaks, which are often lethal to
cells [9] and are associated with the development and progression of multiple diseases
(Table 1). When programmed cell death pathways such as apoptosis occur, PARP-1 is
cleaved and inactivated by activated caspases [10]. Deficiencies in PARP-1 inactivation or
prolonged DNA damage can result in excessive activation of PARP-1 and consequential
NAD+ and adenosine triphosphate (ATP) depletion [10,11]. In this case scenario, cells may
become necrotic or undergo a less common form of cell death called “PARthanatos” [10].
PARthanatos is involved in the pathogenesis of many brain diseases including neurode-
generation and neuroinflammation [10]. This process is triggered by the translocation of
free PAR into the cytoplasm and its binding to mitochondrial receptors, resulting in the
release of apoptosis-inducing factor 1 (AIF). AIF enters the nucleus and induces DNA
fragmentation [10] (Figure 1B).

Table 1. Classification of PARP enzymes and associated pathologies. The PARP family includes 17
enzymes in humans. Most PARPs are localized in nucleus and cytoplasm and contribute to genome
integrity, metabolic regulation, and immune response. Mutations or dysfunction in PARP activity
are associated with distinct pathologies. Sources: Genecards.org; Proeinatlas.org; Luscher B et al.,
2021 [12].

PARP
Enzyme Function Localization Catalysed

Reaction Associated Pathology

PARP-1

DNA break repair, chromatin
regulation and transcription,

cell cycle, metabolic
regulation, inflammation

Nucleus Poly-ADP-
ribosylation

Most malignancies,
neurodegenerative diseases, brain

injury, inflammatory-based diseases,
metabolic disorders, Diphtheria,

Xeroderma Pigmentosum,
Complementation Group A

PARP-2

DNA break repair, chromatin
regulation and transcription,

cell cycle, metabolic
regulation, inflammation

Nucleus,
Cytoplasm

Poly-ADP-
ribosylation

Most malignancies,
neuroinflammation, brain injury,

metabolic disorders,
Osebold-Remondini Syndrome,

Cockayne Syndrome

PARP-3
DNA break repair, chromatin
regulation and transcription,

cell cycle

Nucleus,
Cytoplasm

Mono-ADP-
ribosylation

Osebold-Remondini Syndrome,
Arthrogryposis, Renal Dysfunction,

Cholestasis 1

PARP-4 Tumorigenesis, immune
response

Nucleus,
Cytoplasm

Mono-ADP-
ribosylation

Osebold-Remondini Syndrome,
primary thyroid, breast cancer

TNKS1

Regulation of telomeres and
mitosis, inflammation,

metabolic regulation, stress
response

Cytoplasm Poly-ADP-
ribosylation

Cherubism, Lung Acinar
Adenocarcinoma, Herpes simplex and

Epstein Barr viral infections, severe
obesity

TNKS2
Regulation of telomeres and

mitosis, inflammation,
metabolic regulation

Cytoplasm Poly-ADP-
ribosylation

Cancer, Cherubism, systemic sclerosis,
severe obesity, Arthrogryposis, Renal

Dysfunction, Cholestasis 1

PARP-6
DNA break repair, tumour

suppressor, dendrite
morphogenesis in neuron

Cytoplasm Mono-ADP-
ribosylation

Microencephaly, Intellectual
disabilities, Epilepsy, Renal cancer,
Cervical cancer, Colorectal cancer,

Porokeratosis
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Table 1. Cont.

PARP
Enzyme Function Localization Catalysed

Reaction Associated Pathology

PARP-7

DNA break repair, chromatin
regulation and transcription,

innate immune response,
neuronal function

Nucleus,
Cytoplasm

Mono-ADP-
ribosylation Retinitis Pigmentosa, Breast cancer

PARP-8 Assembly or maintenance of
membranous organelles Cytoplasm Mono-ADP-

ribosylation

Developmental And Epileptic
Encephalopathy, Arthrogryposis,
Renal Dysfunction, Cholestasis

PARP-9

DNA break repair, chromatin
regulation and transcription,

immune response, cell
migration

Nucleus,
Cytoplasm

Mono-ADP-
ribosylation B-Cell Lymphoma, Lymphoma

PARP-10

DNA break repair, chromatin
regulation and transcription,

RNA processing, immune
response

Cytoplasm, Golgi
apparatus

Mono-ADP-
ribosylation

Diphtheria, Arthrogryposis, Renal
Dysfunction, Cholestasis 1

PARP-11

DNA break repair, chromatin
regulation and transcription,

nuclear envelope stability,
immune response

Nucleus,
Cytoplasm

Mono-ADP-
ribosylation

Osteogenesis Imperfecta,
Arthrogryposis, Renal Dysfunction,

Cholestasis 1

PARP-12

DNA break repair, chromatin
regulation and transcription,

RNA processing, stress
response, immune response

Cytoplasm Mono-ADP-
ribosylation

Renal and liver cancer,
Osebold-Remondini Syndrome,

Osteogenesis Imperfecta

PARP-13

Anti-viral factor, chromatin
regulation and transcription,

stress response, RNA
processing, immune

response

Cytoplasm Inactive Viral infections, Cancer

PARP-14

DNA break repair, chromatin
regulation and transcription,

immune response,
inflammation, metabolic

regulation, stress response

Nucleus,
Cytoplasm

Mono-ADP-
ribosylation

Cancer, atherosclerosis, allergic
inflammation

PARP-15

DNA break repair, chromatin
regulation and transcription,

RNA processing, stress
response

Mitochondria Mono-ADP-
ribosylation

Arthrogryposis, Renal Dysfunction,
Cholestasis 1, Bejel

PARP-16
Activate unfolded protein

response (UPR) effectors in
the endoplasmic reticulum

Cytoplasm Mono-ADP-
ribosylation

Osebold-Remondini Syndrome,
Arthrogryposis, Renal Dysfunction,

Cholestasis 1

Structurally, PARP-1 has a C-terminal catalytic domain, composed of a helical subdo-
main (HD) and ADP-ribosyl transferase (ART) fold [13]. Its function is to oxidize NAD+ as
a substrate to add PAR on target proteins. PARP-1 also has a Trp-Gly-Arg (WGR) domain
and an N-terminal DNA-binding domain (DBD) containing three zinc finger motifs (Zn1,
Zn2, and Zn3) [13]. Together, these domains allow PARP-1 to detect DNA breaks and
physically interact with chromatin [14]. In addition, there is a central auto-modification
domain (AMD) constituted by BRCA1 C terminus (BRCT) motif, which acts as the target of
covalent auto-modification [14] (Figure 2).
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Figure 1. PARP-1 signaling in healthy and stressed cells. (A) PARP-1 activation requires NAD+

to catalyse the addition of PAR to itself. This same pathway is also used for PARP-1 to add PAR
to DNA repair proteins including DNA ligase II, DNA polymerase, and XRCC1 topoisomerases.
(B) Prolonged DNA damage induces over-activation of PARP-1, leading to NAD+ and ATP depletion,
which may promote cell necrosis. In addition, some PAR may translocate to the cytosol and bind to
mitochondrial receptors, causing the release of AIF, which diffuses to the nucleus and triggers DNA
fragmentation. This form of cell death is known as “PARthanatos”. Parts of the figure were generated
using images from Servier Medical Art (http://smart.servier.com/ accessed on 15 January 2022).
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Figure 2. Scheme of PARP-1 structure and mechanism of action. (A) PARP-1 is comprised of three
main domains starting from N-terminal to C-terminal: DNA binding domain characterized by zinc
finger motifs Zn1, Zn2, and Zn3; auto-modification domain with the BRCT motif; WGR domain;
catalytic domain formed by HD and ART; (B) DNA SSBs are recognized by PARP-1, which become
activated and use NAD+ to catalyse the addition of PAR to target proteins that contribute to DNA’s
reparation. The reaction is ended by PARG’s recruitment that removes PAR from target proteins.
Parts of the figure were generated using images from Servier Medical Art (http://smart.servier.com/
accessed on 15 January 2022).
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2. The Pharmacology of PARP-1 Inhibitors

The chronic activation of PARP-1 is associated with the development of multiple
malignancies of the breast, ovarian, uterine, lung, skin, and prostate, along with colorectal
cancer, pediatric central nervous system cancer, Non-Hodgkin’s Lymphoma, glioblastoma
multiforme, Ewing’s sarcoma, and testicular germ cell tumour [15,16]. Despite the well-
known tumourigenic role of PARP-1 that places it as an appealing therapeutic target, the
mechanisms underlying its specific function in cancer have not yet been fully elucidated.
The most validated hypothesis is that cancer cells and non-cancer cells which are subjected
to long-term oxidative stress, extensive DNA damage, or inflammatory conditions, up-
regulate PARP-1 to repair mildly damaged DNA and harbour carcinogenetic mutations
that promote tumour growth [16]. In addition, PARP-1 strongly contributes to chronic
inflammation and genomic instability, two hallmarks of cancer [15]. Furthermore, PARP-1
functions are extended in a disease-specific manner; for example, in breast cancer and
prostate cancer, PARP-1 binds to estrogen (ER) and progesterone receptor (PR). respectively,
and activates the transcription of ER or PR target genes [17].

At the time of going to press, PARP-1 inhibitors are a targeted therapy for the treat-
ment of breast cancer gene (BRCA)-mutated ovarian and breast cancers [14]. The rational
underlying the development of PARP-1 inhibitors is based primarily on the ability of these
therapeutics to target cancer cells with a high replication rate and/or a deficiency in DNA
repair machinery [14]. In the example of BRCA mutations, these tumour cells harbour
unrepaired SSBs, and, in this scenario, PARP-1 activation is fundamental to rescuing DNA
damage and cell death. Therefore, PARP-1 inhibition is cytotoxic for cancer cells and is
used both as a cancer monotherapy or in combination with chemotherapy [18,19].

The first PARP-1 inhibitor was nicotinamide, a reaction product released from NAD+

during the synthesis of PAR [20]. Thereafter, all successive PARP-1 inhibitors have been
modelled on nicotinamide and contain a carboxamide group bound to an aromatic ring
that competes with NAD+ for the catalytic pocket of PARP-1 [20]. As of 2021, US Food and
Drug Administration (FDA) and European Medicine Agency (EMA) have approved four
PARP-1 inhibitors as anti-cancer therapies for breast or ovarian cancer, namely: Olaparib
(IC50 = 13 nM), Rucaparib (IC50 = 80 nM), Niraparib (IC50 = 35 nM), and Talazoparib
(IC50 = 3 nM) [20]. These drugs promote cell death in cancer by acting at two levels.
Firstly, PARP-1 inhibitors compete with the binding site of NAD+ in the catalytic domain
of PARP-1 enzymes and inhibit their activity, leading to an increased error in repair of
DNA, particularly in rapidly dividing cancer cells [10]. Secondly, PARP-1 inhibitors pre-
vent auto-PARylation and consequently the release of PARP-1, downregulating PARP-1
levels and thus reducing DNA repair in cancer cells [21]. Their high selectivity, oral avail-
ability, pharmacokinetic and pharmacodynamic properties, and potency make PARP-1
inhibitors attractive for multiple cancers that share high levels of replication and genomic
instability [21]. Although the clinical potential of PARP-1 inhibitors is unquestionable with
more than 100 ongoing clinical trials in both solid tumours and hematologic malignancies
(clinicaltrials.gov accessed on 11 November 2021), many PARP-1 inhibitors have poor
selectivity [22,23]. Their binding affinity for PARP-2 has mostly been reported, due to
the high homology of PARP-1 and PARP-2 in the catalytic domain, and their sequence
similarity [23]. Therefore, off-target inhibition of PARP-2 is likely to contribute to the
efficacy of PARP-1 inhibitors [14]. On the other hand, there is evidence that PARP-2 inhibi-
tion could be responsible for adverse reactions such as hematological and gastrointestinal
toxicities [24]. As such, there is significant interest in refining the selectivity and potency of
PARP-1 inhibitors such as NMS-P118, a selective compound that inhibits PARP-1 80-fold
more potently than PARP-2 and totally represses the growth of breast cancer cells and
pancreatic ductal adenocarcinoma xenografts [25].

3. PARP-1 in Inflammation

PARP-1 has a key role in chronic inflammation in the context of many inflammatory-
driven pathologies as well as in tumours [26]. This has been confirmed by the resistance

clinicaltrials.gov
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of PARP-1 knock out (KO) mice or mice treated with PARP-1 inhibitors to various types
of inflammation such as lipopolysaccharide-induced septic shock [27,28]. PARP-1′s pro-
inflammatory effects are not limited to immune cells and have been observed in astro-
cytes, endothelial cells, and fibroblasts, contributing to the inflammatory process in nearly
all tissues [15,29,30]. PARP-1 achieves this through two key pathways. Firstly, via co-
activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), which
induces the transcription of genes-encoding proteins such as inducible nitric oxide synthase
(iNOS), tumour necrosis factor-α (TNFα), cell adhesion molecules (e.g., intercellular adhe-
sion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1)), interleukin-1 (IL-1),
interleukin-6 (IL-6), and pro-metastatic cytokines [31,32]. Together these molecules enhance
inflammation, which in turn augments the expression of reactive oxygen species (ROS)
and increases genomic instability as well as the sensitivity of surrounding cells to oxida-
tion [26,31]. In addition, NF-κB induces further PARP-1 activation, thus creating a chronic
oxidative loop [33]. Secondly, PARP-1 over-activation causes massive PAR synthesis, NAD+

and ATP depletion, and, ultimately, cell death [32] (Figure 3). Given the ubiquitous role of
PARP-1 in cell physiology, its use as a drug target in other indications outside the field of
oncology has been explored and has proved promising. Several FDA-approved PARP-1
inhibitors, particularly Olaparib and Veliparib, have demonstrated cytoprotective and
anti-inflammatory effects in preclinical models of non-oncological diseases such as lung in-
flammatory disorders, neurological disorders (e.g., stroke, Parkinson’s disease, Alzheimer’s
disease, multiple sclerosis), diabetes, and myocardial infarction [34–36]. PARP-1 inhibitors
in chronic inflammatory diseases contribute to reduce oxidative stress, decrease PAR syn-
thesis and consequent AIF release by the mitochondria, prevent NAD+ depletion and
cell death, decrease NF-κB activation, and reduce expression of adhesion molecules and
lymphocyte infiltration [14,15,37]. All these mechanisms can be targeted simultaneously
with synergistic effects, thus explaining why lower doses of PARP-1 inhibitors are needed
to confer efficacy in non-oncological conditions, compared to cancer [15]. These studies
strengthen a case for repurposing these PARP-1 drugs for non-oncological indications,
particularly in illnesses for which there are few therapeutic options.
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the transcription of pro-inflammatory genes including IL-1, IL-6, TNFα, and iNOS. The consequent
synthesis of NO that reacts with the superoxide anion to form peroxynitrite (ONOO−), causes DNA
damage in other cells such as endothelial cells, triggering PARP-1 overactivation. This ultimately
leads to cell death through necrosis or AIF release and eventual PARthanatos. Parts of the figure
were generated using images from Servier Medical Art (http://smart.servier.com/ accessed on 15
January 2022).

4. Role of PARP-1 in the Central Nervous System

PARP-1 is expressed by all brain cells in the central nervous system (CNS) [38]. In
addition to its predominant role in the synthesis of PAR, PARP-1 is involved in multiple
biological processes in the CNS including cell differentiation and maturation, regulation
of cholinergic and glutamatergic signaling, and memory formation [39,40]. Here, we
present the current knowledge on the role of PARP-1 in the CNS, its implication in diseases
of the CNS, and its potential as a therapeutic target in neurological inflammatory and
demyelinating diseases.

4.1. PARP-1 Expression in Neurons

Neurons are highly susceptible to free radical molecules, which are generated during
cell respiration, oxidative stress, and neurotransmission, and can lead to DNA damage
as well as PARP-1 activation [41]. Under basal conditions, PARP-1 is associated with
signaling pathways, which are essential for neuronal survival and synaptic plasticity such
as Akt, extracellular signal-regulated kinases (ERKs), and the transcription factor cyclic
AMP response element-binding protein (CREB) [42].

In acute neuronal injury, PARP-1 activation is thought to induce neuronal death via
AIF translocation from mitochondria to the nucleus [43]. It has been described in both
human and animal cells that NMDA receptor-mediated excitotoxicity is induced by the
synthesis of nitric oxide (NO), which reacts with the superoxide anion to form peroxynitrite
(ONOO−), a potent toxic molecule that causes high levels of neuronal DNA damage and
leads to PARP-1 activation [44,45]. Subsequently, treatment of neuronal cells with PARP-1
inhibitors (Rucaparib, Veliparib, Talazoparib, Olaparib, and DPQ) can rescue cells from
oxidative stress or NMDA-induced cell death, indicating potential use of these drugs in
neuronal diseases [43,45].

PARP-1 chronic activation, which occurs in many CNS disorders, not only causes
neuronal death via apoptotic-independent pathways but is also implicated in axonal
degeneration [46]. The mechanisms underlying this toxicity include the depletion of NAD+

and ATP, which are crucial biomolecules for neuronal viability, growth, axonal survival,
and motility [46]. In addition, PARP-1 is responsible for cytotoxic expression of glutamate-
type Ca2+-permeable AMPA receptors in hippocampal neurons and therefore neuronal
death [47,48]. Overall, PARP-1 inhibition is a promising therapeutic strategy to rescue
neuronal loss and promote axonal regeneration in chronic brain injury [49,50].

4.2. PARP-1 Expression in Oligodendrocytes

Oligodendrocytes represent 5–10% of the glial cell population [51] and are responsible
for axonal myelination, a process that is fundamental for axonal integrity and rapid neuron
communication [52]. Oligodendrocytes differentiate from oligodendrocyte progenitor cells
(OPCs) into immature and then mature myelinating cells, before and after birth in a highly
regulated manner [53]. All cell linages of oligodendrocytes (OPCs, immature and mature
myelinating cells) are susceptible to oxidative stress, inflammation, and DNA damage [54].
Damage to these cells ultimately results in loss of myelin around neuronal axons and in
synaptic conduction aberrancies, axonal dysfunction, and neurological disorders such as
multiple sclerosis and leukodystrophy [54].

During CNS development, PARP-1 transcript concentration is increased in oligoden-
drocytes, where it is thought to act as a positive regulator of oligodendrocyte differentiation
and maturation [54]. Recent publications have demonstrated that PARP-1 KO mice present
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a significant reduction in oligodendrocyte density and essential myelin proteins (e.g.,
myelin oligodendrocyte glycoprotein (MOG), myelin basic protein (MBP), myelin associ-
ated glycoprotein (MAG)) with consequential hypomyelination in the corpus callosum [55].
In addition, purified primary OPCs from PARP-1 KO mice show severe inhibition of dif-
ferentiation and maturation [55]. These studies suggest that therapeutic enhancement
of PARP-1 could be a viable strategy to induce remyelination in demyelinating diseases.
There are, however, contrasting reports in the literature showing that PARP-1 inhibition by
4-hydroxyquinazoline (4HQ) prevents oligodendrocyte death in diseases such as multiple
sclerosis and ischemia [56,57]. Additional studies have reported that the role of PARP-1 in
oligodendrocytes may depend on cellular age and a specific stage of cell differentiation [58].
Despite differences reported, these studies support the hypothesis that PARP-1 plays a
direct role in oligodendrocyte differentiation, viability, and myelination state.

4.3. PARP-1 Expression in Microglia

Microglia constitute 10–15% of glial cells in the CNS and are the primary line of im-
mune defense in the brain [59]. Specifically, microglia are considered the resident immune
macrophages of the CNS, with an ability to phagocytose pathogens, dead cells, protein
aggregates, and soluble antigens that might prove harmful to the CNS [60]. Furthermore,
microglia are pivotal mediators of neuroinflammation and the main producer of proin-
flammatory cytokines and chemokines in the CNS [61]. Neuroinflammatory disorders are
often associated with an excessive accumulation of reactive microglia, which are seen to
contribute to neuronal damage in neurodegenerative diseases, stroke, brain injury, brain tu-
mours and infections, and other brain diseases [62,63]. Therefore, therapeutically targeting
reactive microglia and their inflammatory responses could be clinically useful.

Importantly, the interaction between PARP-1 and NF-κB is required for microglial
migration, activation, proliferation, and production of pro-inflammatory molecules such
as iNOS, TNF-α, ICAM-1, CCL2, as well as ROS [64]. Furthermore, PARP-1 deletion or
inhibition in microglia promotes neuroprotection in the injured brain [65]. This was evident
in excitotoxic damaged organotypic hippocampal slice cultures derived from mice, in
which PARP-1 downregulation inhibited CD11a expression, a crucial microglial integrin,
and attenuated microglial migration towards the sites of neuronal injury, thus rescuing
neuronal damage [66]. In addition, inhibition of microglia PARP-1 by the selective inhibitor,
PJ34, has been shown to reduce the production of pro-inflammatory molecules like ICAM-1,
granulocyte-macrophage colony-stimulating factor (GM-SCF), and CXCL9 [67].

4.4. PARP-1 Expression in Astrocytes

Astrocytes are the most abundant glial cells accounting for 25% of total brain cells [68].
Along with their traditional function of regulating CNS homeostasis, astrocytes participate
in innate immune responses and neuroinflammation, mitochondrial biogenesis, synapse
modulation, neuronal survival, defense from oxidative stress, and elimination of protein
aggregates [68,69]. Astrocytes play an important role in supporting neurons, forming a
functional tripartite synapse composed of two neurons and one astrocyte [70]. In this unit,
neurons and astrocytes collectively modulate synaptic behaviour by neurotransmitter and
gliotransmitter-based crosstalk [71]. In addition, astrocytes support CNS myelination by
producing the major fraction of brain cholesterol, where an absence in astrocyte cholesterol
production results in hypomyelination [72]. Furthermore, astrocytic endfeet that express
the water channel aquaporin 4 (AQP4) and the Kir4.1 K+ channel, are one of the major
regulators of blood–brain barrier (BBB) integrity [73]. Overall, astrocytes play a crucial and
multifaceted role in regulating brain homeostasis and in maintaining brain health.

Similar to microglia, PARP-1 is crucial for astrocyte activation and pro-inflammatory
cytokine production [74]. PARP-1 is constitutively expressed in the nucleus of astro-
cytes [75]. Primary astrocytes derived from PARP-1 KO mice exhibit partial suppression
of NO, interleukin-1β (IL-1β), TNF-α, and CCL2 production compared to wild type (WT)
cells [75]. Excessive activation of PARP-1 leads to astrocyte cell death via NAD+ and
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ATP depletion. In addition, dysfunction of PARP-1 alters the permeability of the inner
mitochondrial membrane, causing the release of apoptotic factors into the cytoplasm [76].
PARP-1 also regulates astrocytic glutamate transporters, which are essential in glutamate
neurotransmission and neuroprotection [77]. The activation of PARP-1 with the DNA
alkylating agent, N-methyl-N′-nitro-N-nitrosoguanidine (MNNG), in astrocytes causes
significant reduction in astrocytic glutamate uptake, which is rescued by treatment with
PARP-1 inhibitor PJ34 [77]. In contrast, however, studies have reported that Talazoparib and
Olaparib worsen the astrocytic toxic effect caused by sodium nitroprusside [78]. Despite
these conflicting studies, there is growing interest in targeting microglial and astrocytic
PARP-1 as a novel potent anti-inflammatory and neuroprotective therapy for chronic
neuroinflammatory diseases.

4.5. PARP-1 Inhibitors for Use in Brain Cancer

Glioblastoma multiforme (GBM) is the most common and aggressive form of brain
cancer in adults [79]. Current treatments, such as surgical resection, have limitations due to
the infiltrative nature of GBM and the lack of identifiable tumour margins [80]. Treatment
with alkylating agents such as temozolomide (TMZ) is challenged by the blood–brain
barrier (BBB), with only ~20% of systemically administered drug reaching the tumour [81].
Chemotherapy efficacy is also significantly hampered by treatment resistance, resulting
in GBM regrowth [81]. The BBB has always represented a major obstacle to the delivery
of drugs to GBM tumours, and PARP-1 inhibitors have shown some success in clinical
studies in overcoming this [82]. With a better understanding of GBM biology, PARP-1
has emerged as a key player in the pathology of this malignancy and has been shown to
be overexpressed and inversely correlated with survival in GBM patients [83]. PARP-1
inhibition is currently under investigation to evaluate its efficacy to sensitize GBM tumours
to chemotherapy and radiotherapy (Table 2). Among FDA-approved PARP-1 inhibitors,
Talazoparib and Rucaparib reported a poor distribution and a limited TMZ sensitization
in an orthotopically implanted GBM patient-derived xenograft model [84,85]. In contrast,
Veliparib shows more promise, demonstrating superior brain penetrance and effective TMZ
sensitisation [86,87]. In addition, Olaparib, which has proved a discrete BBB penetration
in patient-derived xenografts model [85], is currently in phase II studies as a single agent
therapeutic for patients with advanced glioma, cholangiocarcinoma, or solid tumours with
isocitrate dehydrogenase 1 or 2 (IDH1 or IDH2) mutations (Table 2).

Table 2. Clinical trials on PARP inhibitors in brain tumours. Summary table highlights the current
PARP inhibitors in clinical trials for brain tumours.

PARP Inhibitor Clinical Trials Indication ClinicalTrials.gov Identifier

Olaparib Phase I In combination with Temozolomide for the
treatment of patients with relapsed glioblastoma NCT01390571

Phase II
Treatment of patients with advanced glioma,

cholangiocarcinoma, or solid tumours with IDH1 or
IDH2 mutations

NCT03212274

NMS-03305293 Phase I In combination with Temozolomide for the
treatment of patients with diffuse gliomas NCT04910022

Phase II
In combination with Temozolomide for the

treatment of patients with IDH wild type recurrent
glioblastoma

Fluzoparil Phase II In combination with Temozolomide for the
treatment of patients with recurrent glioblastoma NCT04552977

BGB-290 Phase I/II
In combination with Temozolomide for the

treatment of patients with recurrent gliomas with
IDH1/2 mutations

NCT03914742

ClinicalTrials.gov
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Table 2. Cont.

PARP Inhibitor Clinical Trials Indication ClinicalTrials.gov Identifier

Veliparib Phase I
In combination with temozolomide work for the

treatment of children with recurrent/refractory CNS
tumours

NCT00994071

Phase I
In combination with whole brain radiation therapy

for the treatment of cancer patients with brain
metastases

NCT00649207

Phase II

In combination with radiation therapy, and
temozolomide for the treatment of patients with
newly diagnosed malignant glioma without H3

K27M or BRAFV600 mutations

NCT03581292

Phase II
In combination with radiation therapy, and

temozolomide for the treatment of patients with
newly diagnosed diffuse pontine gliomas

NCT01514201

Phase II

Cisplatin with or without Veliparib for the treatment
of patients with recurrent or metastatic

triple-negative and/or BRCA mutation-associated
breast cancer with or without brain metastases

NCT02595905

Talazoparib Phase II In combination with Carboplatin for the treatment of
patients with recurrent high-grade glioma NCT04740190

Niraparib Early Phase I Treatment of patients with newly diagnosed
glioblastoma and recurrent glioma NCT05076513

Phase II Treatment of patients with recurrent glioblastoma NCT04221503

Overall, the overexpression of PARP-1 in a multitude of brain diseases and the capacity
of PARP-1 inhibitors to penetrate the BBB, places this enzyme as a desirable therapeutic
target for brain disorders that share chronic inflammation and/or oxidative stress and
a high rate of DNA damage. In the next sections we will review the role of PARP-1 in
examples of neurodegenerative diseases.

5. Evidence for PARP-1 as a Drug Target for Neurodegenerative Diseases

Chronic inflammation and DNA damage underpin several neurological disorders,
including Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis [88]. Multiple
sclerosis is an autoimmune, inflammatory, demyelinating disease of the CNS [89]. In the
rodent model of multiple sclerosis, experimental allergic encephalomyelitis (EAE), PAR,
the marker of PARP-1 activation, accumulates in astrocytes as well as oligodendrocytes,
microglia, and neurons, surrounding demyelinated plaques [90]. PARP-1 inhibition with
selective inhibitors (PJ34 or INH2BP) in the EAE model reduces disease progression and
improves symptoms, via a reduction in the expression of inflammatory cytokines TNF-α, IL-
1β, interferon-γ (IFN-γ), interleukin-2 (IL-2), and iNOS in the spinal cord [91,92] (Table 3).
In addition, PARP-1 inhibitors reduce infiltration of immune cells via alterations of the
BBB and/or via inhibition of PARP-1 activity in monocytes [93]. Lack of immune cell
transmigration across the BBB is also likely to be associated with a decrease in immune
cell adhesion to brain endothelium due to altered conformation of integrins such as VLA-
4 and LFA-1 [92,94,95]. Parkinson’s disease is caused by an accumulation of fibrillary
α-synuclein (α-syn) and is associated with elevated levels of oxidative stress and likely
the activation of PARP-1 [96]. The injection of preformed α-syn fibrils into mouse brain
results in the accumulation of PAR, likely via enhanced PARP-1 enzyme activity, in neu-
rons of the substantia nigra and striatum [88,97]. This accumulated PAR subsequently
interacts with α-syn, resulting in a positive loop that accelerates its fibrillization. Genetic
deletion of PARP-1 or treatment with Rucaparib or Veliparib reduces α-syn aggregation,
spreading, and neurotoxicity in primary neuron cells [97] (Table 3). Several studies have
also demonstrated that PARP-1 is over-activated in brains of patients with Alzheimer’s
disease [98,99]. Furthermore, PARP-1 inhibition using nicotinamide or PJ34, which have

ClinicalTrials.gov


Cancers 2022, 14, 687 11 of 22

now been established as weak inhibitors [100], in transgenic mouse models of Alzheimer’s
disease ameliorates brain pathology through a reduction of β-amyloid production [101]
(Table 3). Taken together, these pre-clinical reports provide strong evidence for the utility
of PARP-1 inhibitors in neurological disorders, neuroinflammation, and neurodegenerative
diseases (Figure 4).
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Figure 4. Overactivation and pre-clinical evidence of PARP-1 inhibitor efficacy for PD, AD, and MS.
Fibrillary α-syn in PD causes PAR accumulation, a marker of PARP-1 activation, in neurons in the
substantia nigra and in the striatum, which subsequently interacts with α-syn and accelerates its
fibrillization. PARP-1 selective inhibition with Rucaparib or Veliparib, reduced α-syn aggregation,
spreading, and neurotoxicity in a PD mouse model. In MS, PAR accumulation is measured in cells
surrounding demyelinated plaques. PARP-1 inhibition with selective inhibitors PJ34 or INH2BP
in the EAE model markedly reduces neuro-inflammation by preventing NF-κB, microglia, and
astrocytes over-activation. In AD, amyloid β plaques enhance ROS production, leading to PARP-
1 over-activation which, in different transgenic mouse models, is rescued by the treatment with
nicotinamide or PJ34. Parts of the figure were generated using images from Servier Medical Art
(http://smart.servier.com/ accessed on 15 January 2022).

Table 3. Pre-clinical studies of PARP-1 inhibitors in neurodegenerative diseases. Table display-
ing examples of in vitro and in vivo models of brain disorders in which PARP-1 inhibitors have
shown efficacy.

Disease/Unhealthy
Condition

In Vivo
Pre-Clinical

Model
Effects of PARP-1 Inhibitor

In Vitro
Pre-Clinical

Model

Effect of PARP-1
Inhibitor References

Parkinson’s
disease

MTPT mouse
model

Benzamide show protective
effects against the

catecholamine depletions
induced by MPTP in cortex
and striatum and prevents
NAD+ and ATP depletion.

Neurons purified
from a

Parkinson’s
disease mouse
model injected

with preformed
α-synuclein

fibrils

Rucaparib or
Veliparib reduces

α-synuclein
phosphorylation
and aggregation,
spreading and
neurotoxicity

[97,102,103]
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Cancers 2022, 14, 687 12 of 22

Table 3. Cont.

Disease/Unhealthy
Condition

In Vivo
Pre-Clinical

Model
Effects of PARP-1 Inhibitor

In Vitro
Pre-Clinical

Model

Effect of PARP-1
Inhibitor References

Alzheimer’s
disease

3 × Tg-AD mouse
model

Nicotinamide reduces levels
of phosphorylated species

of tau and β-amyloid in the
hippocampus and cerebral

cortex and restores cognitive
functions.

Rat pheochromo-
cytoma (PC12)

cells treated with
1 µM Aβ 1–42

oligomers
Neuroblastoma
cells (SH-SY5Y)

treated with
Aβ25–35 fragment

PJ-34 enhances
transcription of

antioxidant genes
and regulation of

mitochondria
function.
MC2050

diminishes NF-κB
activation, ROS
production, and

pro-apoptotic
proteins.

[101,104–
106]

Stroke

Mouse model of
middle cerebral
artery occlusion

(MCAO)
Mouse model of
transient middle
cerebral artery

occlusion
MCAO rat model

injected with
thrombin

PJ34 alleviates post-stroke
neuro-inflammation and
neurological deficits and

suppresses microglial
activation.

Olaparib reduces infarct
size, immunoglobulin G

extravasation, and
ameliorates neurological

deficits.
HYDAMTIQ reduces

neurological impairment by
up to 40%

INO-1001 reduces infarct
volume by 86%, prevents

AIF migration to the nucleus

Cultured human
neurons exposed

to
oxygen–glucose

deprivation
(OGD)

Olaparib reduces
OGD-induced
neuronal cell

death.

[106–109]

Multiple sclerosis

A primary
demyelination
mouse model,
induced by a

copper chelator
cuprizone in

weanling mice,
results in

multi-focal
demyelination and

loss of
oligodendrocytes

in the corpus
callosum and

superior cerebellar
peduncle

EAE mouse model
EAE mouse model

4-hydroxyquinazoline
(4HQ) protects against

cuprizone-induced
demyelination in the brain,

prevents weight loss,
decreases AIF-mediated cell

death.
PJ34 suppresses the

development of clinical
signs of EAE, reduces CNS
Inflammation in the spinal

cord, and limits BBB
disruption.

INH2BP delays onset and
reduces severity of EAE

reducing the expression of
pro-inflammatory molecules

and immune cells
infiltration.

Primary mouse
neurons exposed

to chondroitin
sulfate

proteoglycans
(CSPGs)

PJ34, 4HQ, or 3AB
promote neurite

outgrowth

[50,91,92,
110]
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Table 3. Cont.

Disease/Unhealthy
Condition

In Vivo
Pre-Clinical

Model

Effects of PARP-1
Inhibitor

In Vitro
Pre-Clinical

Model

Effect of PARP-1
Inhibitor References

Traumatic brain
injury and

Disrupted blood
brain barrier

Controlled cortical
impact mouse

model
Controlled cortical
impact rat model

PJ-34 administration
improves motor

functions, reduces AIF
release from

mitochondria and
neuronal loss in cortex

and hippocampus.
INO-1001

administration
suppresses microglia

activation

Primary brain
microvascular

endothelial cells
(BMVEC)

5-aminoisoquinoline
or Olaparib increases

BBB integrity,
down-regulate
production of

pro-inflammatory
molecules and

decreases human
monocyte adhesion,
migration through

BBB.

[49,107,111]

6. Potential Utility of PARP-1 Inhibitors in Leukodystrophies
6.1. The Clinical Challenge and Therapeutic Landscape of Leukodystrophies

Leukodystrophies are a group of heterogeneous, genetically-based disorders affect-
ing the development or maintenance of the myelin in the white matter of the CNS [112].
Collectively, leukodystrophies have an incidence of 1 in 7700 live births and can present at
any age from infancy to adulthood, with a considerable variability in disease progression
and clinical presentation [113]. Patients with leukodystrophies experience a large array of
significant and disabling symptoms including motor impairment, dysautonomia, cognitive
impairment, and ataxia [113]. Most of the diagnosis for leukodystrophies are not precise
and are based on a combination of history, expected prevalence, physical and neurologic
features, and radiological examination [114]. More promisingly, recent advances in genetic
medicine and imaging have led to the identification of specific genetic and biochemical
defects associated with individual leukodystrophies including metachromatic leukodystro-
phy and X-linked adrenoleukodystrophy, which are the most frequent diagnosed among
leukodystrophies, and Krabbe disease [115].

In the past decades, existing dogma has been questioned suggesting that mutations
within myelin- or oligodendrocyte-specific genes were the sole causative factors behind
leukodystrophies [116]. Nowadays, leukodystrophies are linked to defects in astrocytes,
microglia, axons, and blood vessel function [116]. Causes of leukodystrophies have also
been associated with pathological mechanisms that share features with the archetypical
demyelinating disease, multiple sclerosis, including BBB disruption, disorders of DNA
transcription, translation, production of essential proteins for myelin, and neuroinflam-
mation [117]. Both diagnosis and treatment of leukodystrophies possess a significant
challenge due to the limited information regarding the mechanisms behind their patholo-
gies. Symptomatic treatments can decrease the burden of events and assist somewhat in the
quality of life [115]. To date, however, effective cures for patients with leukodystrophies are
greatly lacking. In this scenario, reducing neuroinflammation, which plays a pivotal role in
leukodystrophy progression presents a desirable strategy, either possibly as a monotherapy
or part of a combinatorial approach. The repurposing of approved drugs with a clinically
proven ability to attenuate inflammation, could be an attractive strategy to pursue. Be-
low we address the role of PARP-1 in exemplar leukodystrophy diseases and discuss the
possibility of repurposing PARP-1 inhibitors for these diseases.

6.2. Krabbe Disease—Psychosine as a Toxin

Globoid cell leukodystrophy (Krabbe disease) is a rare autosomal recessive neurode-
generative disorder that affects approximately 1/100,000 live births [118]. Krabbe disease
typically has an early onset, is rapidly progressing, and is inevitably fatal in infants [119].
The majority (85–90%) of cases are of the infantile form and are characterized by symp-
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toms including irritability, hypersensitivity, psychomotor arrest, and hypertonia, followed
by optic atrophy, rapid mental and motor deterioration, and seizures [118]. Typically,
death usually ensues within the first 2 years of life [120,121]. Krabbe disease is caused
by a mutation in the lysosomal enzyme galactosylceramidase (GALC) [122], resulting in
the accumulation of a toxic lipid metabolite psychosine (galactosylsphingosine) and, to
a lesser extent, β-galactosylceramide [123]. Progressive accumulation of psychosine in
the brains of Krabbe disease patients is thought to be the major driver of this illness [120].
Pathological features of Krabbe disease include profound demyelination and almost com-
plete loss of oligodendrocytes in the white matter, reactive astrocytosis, and infiltration
of numerous multinucleated macrophages termed “globoid cells” [120]. Several reports
have demonstrated that the cellular cytotoxicity caused by psychosine is in part medi-
ated by inflammatory molecules, such as NF-κB, AMP-activated protein kinase (AMPK),
prostaglandin D, iNOS, and pro-inflammatory cytokines among all TNF-α and IL-6 [124].
There is currently no cure for KD, except for hematopoietic stem cell transplantation, which
is effective only if performed at the early stage of the disease [125]. More recently, we
demonstrated the potential therapeutic avenue utilizing the oral multiple sclerosis drug,
fingolimod, in the Twitcher mouse model of Krabbe disease [126].

6.3. X-Linked Adrenoleukodystrophy—The Build-Up of Very Long Fatty Acids

X-linked adrenoleukodystrophy (X-ALD) is a severe neurodegenerative disorder
with an overall incidence of 1/17,000 [127]. X-ALD is characterized by progressive de-
myelination within the central and peripheral nervous system, adrenal insufficiency, and
accumulation of very-long-chain fatty acids (VLCFA) in plasma, skin fibroblasts, and all
tissues [127]. The phenotype of this disease depends on the age of presentation and the
organs affected [128]. The hallmark feature that characterizes childhood cerebral X-ALD
is developmental regression, followed by severe disability, coma, and death [129]. The
adrenal gland dysfunction characterizes a phenotype named Addison disease that develops
usually during adolescence [128]. In the third decade of life, the typical symptoms are
walking difficulties, unbalanced gait, and bowel/bladder sphincter dysfunction [130]. The
toxic effects of VLCFA accumulation in X-ALD are still not fully understood, although most
of the symptoms are associated with inflammation and oxidative stress [131]. The mecha-
nisms that lead to the inflammatory reaction in cerebral X-ALD might involve abnormal
acylation of gangliosides and phospholipids by VLCFA [128]. The abnormal accumulation
of lipids results in immune reaction of brain macrophages and astrocytes [132]. These
changes usually result in the loss of the myelin sheets, oligodendrocytes, and neuronal
axons [128]. In case of X-ALD, treatment with monoenoic fatty acids reduces inflamma-
tion [133]. The inhibition of iNOS by L-N-methylarginine normalizes VLCFA levels and
β-oxidation in cytokine-treated cell model [134]. At present, there is no effective treatment
for most of the forms of X-ALD. Supportive care by optimizing nutrition, occupational
therapy, and respiratory support can help alleviate some of the symptomology but typically
does not significantly impact survival or long-term outcomes [133]. Corticosteroid and
mineralocorticoid replacement therapy is the recommended therapy in those with impaired
adrenal gland function [133]. Some reports have shown that allogeneic hematopoietic cell
transplant (HCT) may have beneficial effects in X-ALD asymptomatic patients at the time
of diagnosis or those with mild symptoms and CNS involvement [127].

6.4. Metachromatic Leukodystrophy—Sulfatides as the Culprits

Metachromatic leukodystrophy (MLD) is a demyelinating, autosomal recessive genetic
leukodystrophy with an estimated birth prevalence of approximately 1–2/100,000, and
an incidence of 1/40,000 births [135]. MLD is a progressive disease that causes the loss
of muscle and cognitive function, as well as progressive loss of vision [136,137]. Lifespan
often depends on the age of diagnosis. In the late infantile form of this disease, death
typically occurs within 5–6 years, while juvenile and adult form may facilitate survival
until early adulthood or more [136]. The disease is caused by mutations in the arylsulftase
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A gene (ARSA) and consequentially a deficient activity of the arylsulfatase A lysosomal
enzyme [138]. The loss of function in ARSA enzyme activity leads to the accumulation
of sulfatides in oligodendrocytes, which result in the dysfunction and destruction of the
neuronal myelin sheaths [138]. Sulfatides also accumulate in visceral organs, pancreas,
liver, adrenal glands, lymph nodes, and ovaries [138]. Inflammation is a key driver of MLD
disease progression, with elevated levels of CCL2, interleukin-1 receptor antagonist (IL-
1Ra), interleukin 8 (IL-8), and macrophage inflammatory protein 1β (MIP-1β) in the cerebral
spinal fluid of patients with MLD [139]. Furthermore, excessive glial cell proliferation and
microglia hyperactivation are observed in a mouse model of MLD [140]. Microglia markers
in human autopsy of MLD and adrenoleukodystrophy reveal that microglial death is
caused by DNA fragmentation and precedes demyelination [141]. Moreover, in mouse
models of multiple sulfatase deficiency, sulfatide accumulation induces mRNA expression
of TNF-α among all other pro-inflammatory cytokines, and T-cell infiltration [142]. Various
therapeutic approaches to MLD have been tested in experimental animal models, but so
far, no curative treatment is available. Among the promising approaches with potential
clinical utility are: (i) enzyme-replacement therapy (ERT); (ii) bone marrow transplant
(BMT); (iii) gene therapy by ex vivo transplantation of genetically modified hematopoietic
stem cells (HSC); and (iv) AAV-mediated gene therapy directly to the CNS [138].

7. Future Potential for Targeting PARP-1 in Leukodystrophies

To date, there is no direct evidence of PARP-1 involvement in leukodystrophies
such as KD, X-ALD, or MLD, and as of yet, there are no PARP-1 inhibitors under clin-
ical investigation in this disease space. There are, however, several hypothetical and
mechanistic links that are worthy of mention. First, leukodystrophies such as KD, X-
ALD, or MLD are associated with altered levels of inflammatory signals such as NF-
κB and TNF-α [127,136,142]. These inflammatory intracellular and extracellular signaling
molecules are well known to be regulated by PARP-1. Second, the neurotransmitter and
neuromodulator NO (synthesized by iNOS) is overproduced in glial cells of demyelinating
diseases including X-ALD and KD [143,144]. It is noteworthy that NO is partially sup-
pressed in PARP-1 KO mice, indicating that PARP-1 inhibitors may control levels of NO in
these diseases. Third, DNA fragmentation is augmented in leukodystrophies. For example,
in cultured fibroblasts and glia-derived MOCH-1 cells with characteristics of myelinating
cells, psychosine causes cytotoxic cell death and DNA fragmentation [145]. In this case,
targeting PARP-1 may provide benefits in controlling DNA fragmentation. Finally, PARP-1
plays a pivotal role in disrupted BBB, which is observed in leukodystrophies [117]. PARP-1
inhibition with 5-aminoisoquinoline or Olaparib in primary human brain microvascular
endothelial cells (BMVEC) stimulated with TNF-α, increases expression of tight junctions,
augments BBB integrity, and decreases human monocyte adhesion and migration through
the BBB. PARP-1 inhibitors also down-regulate expression of inflammatory genes and secre-
tion of pro-inflammatory factors increased by TNF-α in BMVEC [95]. Overall, the current
data indicate that PARP-1 might play a role in the mechanisms underlying leukodystrophies
such as KD, X-ALD, or MLD based on the effects of PARP-1 inhibition on inflammatory and
neuromodulatory mediators. Further interrogation of PARP-1 expression and its potential
dysregulation is warranted before it can be considered as a potential therapeutic target for
these disorders.

8. Considerations for Long-Term Use of PARP-1 Inhibitors in Leukodystrophies

The clinical benefit of PARP-1 inhibitors outside the oncological disease space raises
questions about potential therapeutic challenges and side effects of long-term treatment.
One of the most common objections against the use of PARP-1 inhibitors for chronic diseases
relates to the potential increased risk of mutagenesis or oncogenesis. Indeed, inhibition
of PARP-1 or gene disruption augments the frequency of chromosomal aberrations af-
ter treatment with genotoxic agents [146,147]. However, the increased susceptibility to
genotoxic agent-induced genomic instability does not always result in the insurgence of
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spontaneous tumours. Multiple animal studies have shown that treatment with PARP-1
inhibitors for extended time periods or the deletion of PARP-1 gene, does not lead to any
predisposition to tumourigenesis [34,148]. Moreover, potent and specific PARP-1 inhibitors
such as GPI 6150 do not induce genetic instability compared to less specific compounds
like 3-aminobenzamide [149,150].

In addressing the caution regarding the risk of tumourigenesis by PARP-1 inhibition, it
is important to consider that PARP-1 has a key role in oxidative stress and inflammation. In
chronic inflammatory-driven pathologies in which DNA damage is induced by the disease
itself, PARP-1 inhibitors may reduce the release of mitochondrial cell death factors such as
AIF, and downregulate NF-κB and pro-inflammatory cytokines transcription, ultimately
decreasing NO synthesis and consequent peroxynitrite-induced DNA damage.

The multifaceted role of PARP-1 together with the insufficient data in the literature
that report mostly preclinical studies on short duration of treatments, suggest that further
disease-specific studies are warranted to ascertain the risk:benefit ratio pertaining to the
use of PARP-1 inhibitors in chronic disease.

Considering that for many chronic inflammatory diseases there are no curative treat-
ments, the use of PARP-1 inhibitors could be a valuable therapeutic strategy. However,
not all chronic indications are equal. Several severe and debilitating chronic indications
with no alternative therapeutic options (e.g., leukodystrophies or Parkinson’s disease)
represent a significant unmet clinical need and therefore remain candidates for urgent
drug repurposing. In these indications, the currently available therapeutic options are
extremely limited and of marginal efficacy. For indications of this type, treatment with
PARP-1 inhibitors may be considered in an intermittent fashion. Alternatively, low dose
PARP-1 inhibition may be investigated for its clinical efficacy.

9. Concluding Remarks

Many neurological disorders lack specific therapeutic candidates due to the limited
understanding of molecular mechanisms underlying their pathology and potential drug
targets that underpin such diseases. PARP-1 is an essential player in DNA integrity main-
tenance, cellular energy metabolism, and inflammation. Therefore, it is not surprising
that dysregulation of PARP-1 is associated with chronic inflammatory diseases as well as
cancers. Inhibition of PARP-1 in cancer has led to the marketing of four PARP-1 inhibitors
for breast cancer and ovarian cancer, namely, Olaparib, Rucaparib, Niraparib, and Tala-
zoparib. PARP-1 inhibitors could also be used in the therapy of inflammatory diseases,
including neurological disorders, as inhibition of ADP-ribosylation activity lessens neurode-
generation and demyelination in several animal disease models (e.g., Parkinson’s disease,
Alzheimer’s disease, and multiple sclerosis). These data lead us to hypothesize on putative
mechanisms linked to PARP-1 signaling that are aberrant in three exemplar leukodystrophy
diseases associated with demyelination: Krabbe disease, X-linked adrenoleukodystrophy,
and Metachromatic leukodystrophy, for which no therapeutic options currently exist. Tar-
geted drugs with potential to penetrate the BBB and attenuate neuroinflammation are
highly desirable for these poor prognosis diseases. Therefore, here we propose that PARP-1
inhibitors are worthy candidates for repurposing for such rare diseases, either as monother-
apies or as combination therapies. Further insights into the function of PARP-1 in brain
homeostasis and dysregulation in pathological states may assist in the development of
PARP-1 inhibitors for rare demyelinating diseases such as leukodystrophies.

Author Contributions: M.M., K.K.D. and M.J.C. co-devised the concept of the manuscript. M.M.
wrote the manuscript and prepared the figures. M.M. discussed the revisions of the manuscript
with K.K.D. and M.J.C., who co-edited and provided guidance on the necessary revisions of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Cancers 2022, 14, 687 17 of 22

Acknowledgments: This work was supported by Trinity College Dublin, Ireland.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mata-Garrido, J.; Tapia, O.; Casafont, I.; Berciano, M.T.; Cuadrado, A.; Lafarga, M. Persistent accumulation of unrepaired DNA

damage in rat cortical neurons: Nuclear organization and ChIP-seq analysis of damaged DNA. Acta Neuropathol. Commun. 2018,
6, 68. [CrossRef] [PubMed]

2. Heuvel, D.V.D.; van der Weegen, Y.; Boer, D.E.; Ogi, T.; Luijsterburg, M.S. Transcription-Coupled DNA Repair: From Mechanism
to Human Disorder. Trends Cell Biol. 2021, 31, 359–371. [CrossRef] [PubMed]

3. Feng, F.Y.; de Bono, J.S.; Rubin, M.; Knudsen, K.E. Chromatin to Clinic: The Molecular Rationale for PARP1 Inhibitor Function.
Mol. Cell 2015, 58, 925–934. [CrossRef] [PubMed]

4. Engbrecht, M.; Mangerich, A. The Nucleolus and PARP1 in Cancer Biology. Cancers 2020, 12, 1813. [CrossRef] [PubMed]
5. Jubin, T.; Kadam, A.; Jariwala, M.; Bhatt, S.; Sutariya, S.; Gani, A.; Gautam, S.; Begum, R. The PARP family: Insights into functional

aspects of poly (ADP-ribose) polymerase-1 in cell growth and survival. Cell Prolif. 2016, 49, 421–437. [CrossRef]
6. Alemasova, E.E.; Lavrik, O.I. Poly(ADP-ribosyl)ation by PARP1: Reaction mechanism and regulatory proteins. Nucleic Acids Res.

2019, 47, 3811–3827. [CrossRef] [PubMed]
7. Chaudhuri, A.R.; Nussenzweig, A. The multifaceted roles of PARP1 in DNA repair and chromatin remodelling. Nat. Rev. Mol.

Cell Biol. 2017, 18, 610–621. [CrossRef] [PubMed]
8. Houl, J.H.; Ye, Z.; Brosey, C.A.; Balapiti-Modarage, L.P.F.; Namjoshi, S.; Bacolla, A.; Laverty, D.; Walker, B.L.; Pourfarjam, Y.;

Warden, L.S.; et al. Selective small molecule PARG inhibitor causes replication fork stalling and cancer cell death. Nat. Commun.
2019, 10, 5654. [CrossRef] [PubMed]

9. Noordermeer, S.M.; van Attikum, H. PARP Inhibitor Resistance: A Tug-of-War in BRCA-Mutated Cells. Trends Cell Biol. 2019, 29,
820–834. [CrossRef] [PubMed]

10. Curtin, N.J.; Szabo, C. Poly(ADP-ribose) polymerase inhibition: Past, present and future. Nat. Rev. Drug Discov. 2020, 19, 711–736.
[CrossRef] [PubMed]

11. Koehler, R.C.; Dawson, V.L.; Dawson, T.M. Targeting Parthanatos in Ischemic Stroke. Front. Neurol. 2021, 12, 622. [CrossRef]
[PubMed]

12. Lüscher, B.; Ahel, I.; Altmeyer, M.; Ashworth, A.; Bai, P.; Chang, P.; Cohen, M.; Corda, D.; Dantzer, F.; Daugherty, M.D.; et al.
ADP-ribosyltransferases, an update on function and nomenclature. FEBS J. 2021. [CrossRef] [PubMed]

13. Pascal, J.M. The comings and goings of PARP-1 in response to DNA damage. DNA Repair 2018, 71, 177–182. [CrossRef] [PubMed]
14. Berger, N.A.; Besson, V.C.; Boulares, A.H.; Bürkle, A.; Chiarugi, A.; Clark, R.S.; Curtin, N.J.; Cuzzocrea, S.; Dawson, T.M.;

Dawson, V.L.; et al. Opportunities for the repurposing of PARP inhibitors for the therapy of non-oncological diseases. Br. J.
Pharmacol. 2018, 175, 192–222. [CrossRef] [PubMed]

15. Pazzaglia, S.; Pioli, C. Multifaceted Role of PARP-1 in DNA Repair and Inflammation: Pathological and Therapeutic Implications
in Cancer and Non-Cancer Diseases. Cells 2019, 9, 41. [CrossRef] [PubMed]

16. Wang, L.; Liang, C.; Li, F.; Guan, D.; Wu, X.; Fu, X.; Lu, A.; Zhang, G. PARP1 in Carcinomas and PARP1 Inhibitors as Antineoplastic
Drugs. Int. J. Mol. Sci. 2017, 18, 2111. [CrossRef]

17. Schiewer, M.J.; Knudsen, K.E. Transcriptional Roles of PARP1 in Cancer. Mol. Cancer Res. 2014, 12, 1069–1080. [CrossRef]
18. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.; Helleday, T. Specific

killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005, 434, 913–917; Erratum in Nature
2007, 447, 346. [CrossRef]

19. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.J.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.; Hickson, I.;
Knights, C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy. Nature 2005, 434, 917–921.
[CrossRef]

20. Steffen, J.D.; Brody, J.R.; Armen, R.S.; Pascal, J.M. Structural Implications for Selective Targeting of PARPs. Front. Oncol. 2013,
3, 301. [CrossRef]

21. Rose, M.; Burgess, J.T.; O’Byrne, K.; Richard, D.J.; Bolderson, E. PARP Inhibitors: Clinical Relevance, Mechanisms of Action and
Tumor Resistance. Front. Cell Dev. Biol. 2020, 8, 564601. [CrossRef] [PubMed]

22. Yu, J.; Luo, L.; Hu, T.; Cui, Y.; Sun, X.; Gou, W.; Hou, W.; Li, Y.; Sun, T. Structure-based design, synthesis, and evaluation of
inhibitors with high selectivity for PARP-1 over PARP-2. Eur. J. Med. Chem. 2021, 227, 113898. [CrossRef] [PubMed]

23. Wang, Y.-Q.; Wang, P.-Y.; Wang, Y.-T.; Yang, G.-F.; Zhang, A.; Miao, Z.-H. An Update on Poly(ADP-ribose)polymerase-1 (PARP-1)
Inhibitors: Opportunities and Challenges in Cancer Therapy. J. Med. Chem. 2016, 59, 9575–9598. [CrossRef] [PubMed]

24. Farrés, J.; Martín-Caballero, J.; Martínez, C.; Lozano, J.J.; Llacuna, L.; Ampurdanés, C.; Ruiz-Herguido, C.; Dantzer, F.; Schreiber, V.;
Villunger, A.; et al. Parp-2 is required to maintain hematopoiesis following sublethal γ-irradiation in mice. Blood 2013, 122, 44–54.
[CrossRef]

25. Papeo, G.; Posteri, H.; Borghi, D.; Busel, A.A.; Caprera, F.; Casale, E.; Ciomei, M.; Cirla, A.; Corti, E.; D’Anello, M.; et al. Discovery
of 2-[1-(4,4-Difluorocyclohexyl)piperidin-4-yl]-6-fluoro-3-oxo-2,3-dihydro-1H-isoindole-4-carboxamide (NMS-P118): A Potent,
Orally Available, and Highly Selective PARP-1 Inhibitor for Cancer Therapy. J. Med. Chem. 2015, 58, 6875–6898. [CrossRef]

http://doi.org/10.1186/s40478-018-0573-6
http://www.ncbi.nlm.nih.gov/pubmed/30049290
http://doi.org/10.1016/j.tcb.2021.02.007
http://www.ncbi.nlm.nih.gov/pubmed/33685798
http://doi.org/10.1016/j.molcel.2015.04.016
http://www.ncbi.nlm.nih.gov/pubmed/26091341
http://doi.org/10.3390/cancers12071813
http://www.ncbi.nlm.nih.gov/pubmed/32640701
http://doi.org/10.1111/cpr.12268
http://doi.org/10.1093/nar/gkz120
http://www.ncbi.nlm.nih.gov/pubmed/30799503
http://doi.org/10.1038/nrm.2017.53
http://www.ncbi.nlm.nih.gov/pubmed/28676700
http://doi.org/10.1038/s41467-019-13508-4
http://www.ncbi.nlm.nih.gov/pubmed/31827085
http://doi.org/10.1016/j.tcb.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31421928
http://doi.org/10.1038/s41573-020-0076-6
http://www.ncbi.nlm.nih.gov/pubmed/32884152
http://doi.org/10.3389/fneur.2021.662034
http://www.ncbi.nlm.nih.gov/pubmed/34025565
http://doi.org/10.1111/febs.16142
http://www.ncbi.nlm.nih.gov/pubmed/34323016
http://doi.org/10.1016/j.dnarep.2018.08.022
http://www.ncbi.nlm.nih.gov/pubmed/30177435
http://doi.org/10.1111/bph.13748
http://www.ncbi.nlm.nih.gov/pubmed/28213892
http://doi.org/10.3390/cells9010041
http://www.ncbi.nlm.nih.gov/pubmed/31877876
http://doi.org/10.3390/ijms18102111
http://doi.org/10.1158/1541-7786.MCR-13-0672
http://doi.org/10.1038/nature03443
http://doi.org/10.1038/nature03445
http://doi.org/10.3389/fonc.2013.00301
http://doi.org/10.3389/fcell.2020.564601
http://www.ncbi.nlm.nih.gov/pubmed/33015058
http://doi.org/10.1016/j.ejmech.2021.113898
http://www.ncbi.nlm.nih.gov/pubmed/34656898
http://doi.org/10.1021/acs.jmedchem.6b00055
http://www.ncbi.nlm.nih.gov/pubmed/27416328
http://doi.org/10.1182/blood-2012-12-472845
http://doi.org/10.1021/acs.jmedchem.5b00680


Cancers 2022, 14, 687 18 of 22

26. Ke, Y.; Wang, C.; Zhang, J.; Zhong, X.; Zeng, X.; Ba, X. The Role of PARPs in Inflammation—and Metabolic—Related Diseases:
Molecular Mechanisms and Beyond. Cells 2019, 8, 1047. [CrossRef]

27. Oliver, F.; Murcia, J.M.; Nacci, C.; Decker, P.; Andriantsitohaina, R.; Muller, S.; De La Rubia, G.; Stoclet, J.C.; De Murcia, G.
Resistance to endotoxic shock as a consequence of defective NF-kappa B activation in poly (ADP-ribose) polymerase-1 deficient
mice. EMBO J. 1999, 18, 4446–4454. [CrossRef]

28. Mabley, J.G.; Jagtap, P.; Perretti, M.; Getting, S.J.; Salzman, A.L.; Virág, L.; Szabó, É.; Soriano, F.G.; Liaudet, L.;
Abdelkarim, G.E.; et al. Anti-inflammatory effects of a novel, potent inhibitor of poly (ADP-ribose) polymerase. Agents
Actions 2001, 50, 561–569. [CrossRef]

29. Carrillo, A. Transcription regulation of TNF- -early response genes by poly(ADP-ribose) polymerase-1 in murine heart endothelial
cells. Nucleic Acids Res. 2004, 32, 757–766. [CrossRef]

30. Chiarugi, A. Inhibitors of poly(ADP-ribose) polymerase-1 suppress transcriptional activation in lymphocytes and ameliorate
autoimmune encephalomyelitis in rats. J. Cereb. Blood Flow Metab. 2002, 137, 761–770. [CrossRef]

31. Swindall, A.F.; Stanley, J.A.; Yang, E.S. PARP-1: Friend or Foe of DNA Damage and Repair in Tumorigenesis? Cancers 2013, 5,
943–958. [CrossRef] [PubMed]

32. Schreiber, V.; Dantzer, F.; Ame, J.-C.; De Murcia, G. Poly(ADP-ribose): Novel functions for an old molecule. Nat. Rev. Mol. Cell
Biol. 2006, 7, 517–528. [CrossRef] [PubMed]

33. Peralta-Leal, A.; Rodríguez-Vargas, J.M.; Aguilar-Quesada, R.; Rodríguez, M.I.; Linares, J.L.; de Almodóvar, M.R.; Oliver, F.J.
PARP inhibitors: New partners in the therapy of cancer and inflammatory diseases. Free Radic. Biol. Med. 2009, 47, 13–26.
[CrossRef] [PubMed]

34. Gariani, K.; Ryu, D.; Menzies, K.J.; Yi, H.-S.; Stein, S.; Zhang, H.; Perino, A.; Lemos, V.; Katsyuba, E.; Jha, P.; et al. Inhibiting poly
ADP-ribosylation increases fatty acid oxidation and protects against fatty liver disease. J. Hepatol. 2017, 66, 132–141. [CrossRef]
[PubMed]

35. Sachdev, E.; Tabatabai, R.; Roy, V.; Rimel, B.J.; Mita, M.M. PARP Inhibition in Cancer: An Update on Clinical Development. Target.
Oncol. 2019, 14, 657–679. [CrossRef] [PubMed]

36. Sriram, C.S.; Jangra, A.; Kasala, E.R.; Bodduluru, L.N.; Bezbaruah, B.K. Targeting poly(ADP-ribose)polymerase1 in neurological
diseases: A promising trove for new pharmacological interventions to enter clinical translation. Neurochem. Int. 2014, 76, 70–81.
[CrossRef]

37. Laudisi, F.; Sambucci, M.; Pioli, C. Poly (ADP-ribose) polymerase-1 (PARP-1) as immune regulator. Endocr. Metab. Immune
Disord.-Drug Targets 2011, 11, 326–333. [CrossRef]

38. Kim, J.-E.; Kim, Y.-J.; Kim, J.-Y.; Kang, T.-C. PARP1 activation/expression modulates regional-specific neuronal and glial responses
to seizure in a hemodynamic-independent manner. Cell Death Dis. 2014, 5, e1362. [CrossRef]

39. Jacewicz, M.; Czapski, G.A.; Katkowska, I.; Strosznajder, R.P. Systemic administration of lipopolysaccharide impairs glutathione
redox state and object recognition in male mice. The effect of PARP-1 inhibitor. Folia Neuropathol. 2009, 47, 20054784.

40. Goldberg, S.; Visochek, L.; Giladi, E.; Gozes, I.; Cohen-Armon, M. PolyADP-ribosylation is required for long-term memory
formation in mammals. J. Neurochem. 2009, 111, 72–79. [CrossRef] [PubMed]

41. Pieper, A.; Blackshaw, S.; Clements, E.E.; Brat, D.J.; Krug, D.K.; White, A.J.; Pinto-Garcia, P.; Favit, A.; Conover, J.R.;
Snyder, S.H.; et al. Poly(ADP-ribosyl)ation basally activated by DNA strand breaks reflects glutamate-nitric oxide neurotransmis-
sion. Proc. Natl. Acad. Sci. USA 2000, 97, 1845–1850. [CrossRef] [PubMed]

42. Wang, H.; Shimoji, M.; Yu, S.-W.; Dawson, T.M.; Dawson, V.L. Apoptosis inducing factor and PARP-mediated injury in the MPTP
mouse model of Parkinson’s disease. Ann. N. Y. Acad. Sci. 2006, 991, 132–139. [CrossRef] [PubMed]

43. Meinertzhagen, I.A.; Takemura, S.-Y.; Lu, Z.; Huang, S.; Gao, S.; Ting, C.-Y.; Lee, C.-H. From Form to Function: The Ways to Know
a Neuron. J. Neurogenet. 2009, 23, 68–77. [CrossRef] [PubMed]

44. Hocsak, E.; Szabo, V.; Kalman, N.; Antus, C.; Cseh, A.; Sumegi, K.; Eros, K.; Hegedus, Z.; Gallyas, F.; Sumegi, B.; et al. PARP
inhibition protects mitochondria and reduces ROS production via PARP-1-ATF4-MKP-1-MAPK retrograde pathway. Free Radic.
Biol. Med. 2017, 108, 770–784. [CrossRef]

45. Dawson, T.M.; Dawson, V.L. Nitric oxide signaling in neurodegeneration and cell death. In Advances in Pharmacology; Elsevier:
Amsterdam, The Netherlands, 2018; Volume 82, pp. 57–83.

46. Alano, C.C.; Garnier, P.; Ying, W.; Higashi, Y.; Kauppinen, T.; Swanson, R. NAD+ Depletion Is Necessary and Sufficient
forPoly(ADP-Ribose) Polymerase-1-Mediated Neuronal Death. J. Neurosci. 2010, 30, 2967–2978. [CrossRef]

47. Gerace, E.; Masi, A.; Resta, F.; Felici, R.; Landucci, E.C.T.; Mello, T.; Pellegrinigiampietro, D.E.; Mannaioni, G.; Moroni, F. PARP-1
activation causes neuronal death in the hippocampal CA1 region by increasing the expression of Ca2+-permeable AMPA receptors.
Neurobiol. Dis. 2014, 70, 43–52. [CrossRef]

48. Weiss, J.H. Ca2+ Permeable AMPA Channels in Diseases of the Nervous System. Front. Mol. Neurosci. 2011, 4, 42. [CrossRef]
49. Stoica, B.A.; Loane, D.; Zhao, Z.; Kabadi, S.V.; Hanscom, M.; Byrnes, K.; Faden, A.I. PARP-1 Inhibition Attenuates Neuronal Loss,

Microglia Activation and Neurological Deficits after Traumatic Brain Injury. J. Neurotrauma 2014, 31, 758–772. [CrossRef]
50. Brochier, C.; Jones, J.I.; Willis, D.E.; Langley, B. Poly(ADP-ribose) polymerase 1 is a novel target to promote axonal regeneration.

Proc. Natl. Acad. Sci. USA 2015, 112, 15220–15225. [CrossRef]
51. Zhou, B.; Zhu, Z.; Ransom, B.R.; Tong, X. Oligodendrocyte lineage cells and depression. Mol. Psychiatry 2021, 26, 103–117.

[CrossRef]

http://doi.org/10.3390/cells8091047
http://doi.org/10.1093/emboj/18.16.4446
http://doi.org/10.1007/PL00000234
http://doi.org/10.1093/nar/gkh239
http://doi.org/10.1038/sj.bjp.0704934
http://doi.org/10.3390/cancers5030943
http://www.ncbi.nlm.nih.gov/pubmed/24202328
http://doi.org/10.1038/nrm1963
http://www.ncbi.nlm.nih.gov/pubmed/16829982
http://doi.org/10.1016/j.freeradbiomed.2009.04.008
http://www.ncbi.nlm.nih.gov/pubmed/19362586
http://doi.org/10.1016/j.jhep.2016.08.024
http://www.ncbi.nlm.nih.gov/pubmed/27663419
http://doi.org/10.1007/s11523-019-00680-2
http://www.ncbi.nlm.nih.gov/pubmed/31625002
http://doi.org/10.1016/j.neuint.2014.07.001
http://doi.org/10.2174/187153011797881184
http://doi.org/10.1038/cddis.2014.331
http://doi.org/10.1111/j.1471-4159.2009.06296.x
http://www.ncbi.nlm.nih.gov/pubmed/19645746
http://doi.org/10.1073/pnas.97.4.1845
http://www.ncbi.nlm.nih.gov/pubmed/10677544
http://doi.org/10.1111/j.1749-6632.2003.tb07471.x
http://www.ncbi.nlm.nih.gov/pubmed/12846982
http://doi.org/10.1080/01677060802610604
http://www.ncbi.nlm.nih.gov/pubmed/19132600
http://doi.org/10.1016/j.freeradbiomed.2017.04.018
http://doi.org/10.1523/JNEUROSCI.5552-09.2010
http://doi.org/10.1016/j.nbd.2014.05.023
http://doi.org/10.3389/fnmol.2011.00042
http://doi.org/10.1089/neu.2013.3194
http://doi.org/10.1073/pnas.1509754112
http://doi.org/10.1038/s41380-020-00930-0


Cancers 2022, 14, 687 19 of 22

52. Elbaz, B.; Popko, B. Molecular Control of Oligodendrocyte Development. Trends Neurosci. 2019, 42, 263–277. [CrossRef] [PubMed]
53. Domingues, H.S.; Cruz, A.; Chan, J.R.; Relvas, J.; Rubinstein, B.; Pinto, I.M. Mechanical plasticity during oligodendrocyte

differentiation and myelination. Glia 2018, 66, 5–14. [CrossRef] [PubMed]
54. Bercury, K.K.; Macklin, W.B. Dynamics and Mechanisms of CNS Myelination. Dev. Cell 2015, 32, 447–458. [CrossRef] [PubMed]
55. Wang, Y.; Zhang, Y.; Zhang, S.; Kim, B.; Hull, V.L.; Xu, J.; Prabhu, P.; Gregory, M.; Martinez-Cerdeno, V.; Zhan, X.; et al. PARP1-

mediated PARylation activity is essential for oligodendroglial differentiation and CNS myelination. Cell Rep. 2021, 37, 109695.
[CrossRef] [PubMed]

56. Veto, S.; Acs, P.; Bauer, J.; Lassmann, H.; Berente, Z.; Setalo, G.; Borgulya, G.; Sumegi, B.; Komoly, S.; Gallyas, F.; et al. Inhibiting
poly(ADP-ribose) polymerase: A potential therapy against oligodendrocyte death. Brain 2010, 133, 822–834. [CrossRef] [PubMed]

57. Domercq, M.; Mato, S.; Soria, F.N.; Sánchez-Gómez, M.V.; Alberdi, E.; Matute, C. Zn2+-induced ERK activation mediates
PARP-1-dependent ischemic-reoxygenation damage to oligodendrocytes. Glia 2013, 61, 383–393. [CrossRef]

58. Baldassarro, V.A.; Marchesini, A.; Giardino, L.; Calzà, L. PARP activity and inhibition in fetal and adult oligodendrocyte precursor
cells: Effect on cell survival and differentiation. Stem Cell Res. 2017, 22, 54–60. [CrossRef]

59. Subhramanyam, C.S.; Wang, C.; Hu, Q.; Dheen, S.T. Microglia-mediated neuroinflammation in neurodegenerative diseases.
Semin. Cell Dev. Biol. 2019, 94, 112–120. [CrossRef]

60. Wolf, S.A.; Boddeke, H.W.G.M.; Kettenmann, H. Microglia in Physiology and Disease. Annu. Rev. Physiol. 2017, 79, 619–643.
[CrossRef]

61. Nayak, D.; Roth, T.L.; McGavern, D.B. Microglia Development and Function. Annu. Rev. Immunol. 2014, 32, 367–402. [CrossRef]
62. Raivich, G. Like cops on the beat: The active role of resting microglia. Trends Neurosci. 2005, 28, 571–573. [CrossRef] [PubMed]
63. Streit, W.J.; Walter, S.A.; Pennell, N. Reactive microgliosis. Prog. Neurobiol. 1999, 57, 563–581. [CrossRef]
64. Kauppinen, T.M.; Swanson, R.A. Poly(ADP-Ribose) Polymerase-1 Promotes Microglial Activation, Proliferation, and Matrix

Metalloproteinase-9-Mediated Neuron Death. J. Immunol. 2005, 174, 2288–2296. [CrossRef] [PubMed]
65. Mehrabadi, A.R.; Korolainen, M.A.; Odero, G.; Miller, D.W.; Kauppinen, T.M. Poly(ADP-ribose) polymerase-1 regulates microglia

mediated decrease of endothelial tight junction integrity. Neurochem. Int. 2017, 108, 266–271. [CrossRef] [PubMed]
66. Ullrich, O.; Diestel, A.; Eyüpoglu, I.Y.; Nitsch, R. Regulation of microglial expression of integrins by poly(ADP-ribose) polymerase-

1. Nat. Cell Biol. 2001, 3, 1035–1042. [CrossRef] [PubMed]
67. Raghunatha, P.; Vosoughi, A.; Kauppinen, T.M.; Jackson, M.F. Microglial NMDA receptors drive pro-inflammatory responses via

PARP-1/TRMP2 signaling. Glia 2020, 68, 1421–1434. [CrossRef]
68. Guillamón-Vivancos, T.; Gómez-Pinedo, U.; Matías-Guiu, J. Astrocitos en las enfermedades neurodegenerativas (I): Función y

caracterización molecular. Neurología 2015, 30, 119–129. [CrossRef]
69. Kim, Y.; Park, J.; Choi, Y.K. The Role of Astrocytes in the Central Nervous System Focused on BK Channel and Heme Oxygenase

Metabolites: A Review. Antioxidants 2019, 8, 121. [CrossRef]
70. Verharen, J.P.; de Jong, J.W.; Lammel, S. Dopaminergic Control over the Tripartite Synapse. Neuron 2020, 105, 954–956. [CrossRef]
71. Farhy-Tselnicker, I.; Allen, N.J. Astrocytes, neurons, synapses: A tripartite view on cortical circuit development. Neural Dev. 2018,

13, 7. [CrossRef]
72. Camargo, N.; Goudriaan, A.; Van Deijk, A.-L.F.; Otte, W.; Brouwers, J.F.; Lodder, H.; Gutmann, D.; Nave, K.-A.; Dijkhuizen, R.M.;

Mansvelder, H.; et al. Oligodendroglial myelination requires astrocyte-derived lipids. PLoS Biol. 2017, 15, e1002605. [CrossRef]
[PubMed]

73. Abbott, N.J.; Rönnbäck, L.; Hansson, E. Astrocyte–endothelial interactions at the blood–brain barrier. Nat. Rev. Neurosci. 2006, 7,
41–53. [CrossRef] [PubMed]

74. Martínez-Zamudio, R.I.; Ha, H.C. PARP 1 enhances inflammatory cytokine expression by alteration of promoter chromatin
structure in microglia. Brain Behav. 2014, 4, 552–565. [CrossRef] [PubMed]

75. Phulwani, N.K.; Kielian, T. Poly (ADP-ribose) polymerases (PARPs) 1-3 regulate astrocyte activation. J. Neurochem. 2008, 106,
578–590. [CrossRef] [PubMed]

76. Alano, C.C.; Ying, W.; Swanson, R. Poly(ADP-ribose) Polymerase-1-mediated Cell Death in Astrocytes Requires NAD+ Depletion
and Mitochondrial Permeability Transition. J. Biol. Chem. 2004, 279, 18895–18902. [CrossRef]

77. Tang, K.S.; Suh, S.W.; Alano, C.C.; Shao, Z.; Hunt, W.T.; Swanson, R.A.; Anderson, C.M. Astrocytic poly(ADP-ribose) polymerase-1
activation leads to bioenergetic depletion and inhibition of glutamate uptake capacity. Glia 2009, 58, 446–457. [CrossRef]

78. Sinha, A.; Katyal, S.; Kauppinen, T.M. PARP-DNA trapping ability of PARP inhibitors jeopardizes astrocyte viability: Implications
for CNS disease therapeutics. Neuropharmacology 2021, 187, 108502. [CrossRef]

79. Alexander, B.M.; Cloughesy, T.F. Adult Glioblastoma. J. Clin. Oncol. 2017, 35, 2402–2409. [CrossRef]
80. Park, J.K.; Hodges, T.; Arko, L.; Shen, M.; Iacono, D.D.; McNabb, A.; Bailey, N.O.; Kreisl, T.N.; Iwamoto, F.M.; Sul, J.; et al. Scale to

Predict Survival After Surgery for Recurrent Glioblastoma Multiforme. J. Clin. Oncol. 2010, 28, 3838–3843. [CrossRef]
81. Jihong, Z.; Malcolm, F.G.S.; Tracey, D.B. Temozolomide: Mechanisms of Action, Repair and Resistance. Curr. Mol. Pharmacol.

2012, 5, 102–114.
82. Carruthers, R.; Chalmers, A.J. The potential of PARP inhibitors in neuro-oncology. CNS Oncol. 2012, 1, 85–97. [CrossRef]

[PubMed]

http://doi.org/10.1016/j.tins.2019.01.002
http://www.ncbi.nlm.nih.gov/pubmed/30770136
http://doi.org/10.1002/glia.23206
http://www.ncbi.nlm.nih.gov/pubmed/28940651
http://doi.org/10.1016/j.devcel.2015.01.016
http://www.ncbi.nlm.nih.gov/pubmed/25710531
http://doi.org/10.1016/j.celrep.2021.109695
http://www.ncbi.nlm.nih.gov/pubmed/34610310
http://doi.org/10.1093/brain/awp337
http://www.ncbi.nlm.nih.gov/pubmed/20157013
http://doi.org/10.1002/glia.22441
http://doi.org/10.1016/j.scr.2017.05.011
http://doi.org/10.1016/j.semcdb.2019.05.004
http://doi.org/10.1146/annurev-physiol-022516-034406
http://doi.org/10.1146/annurev-immunol-032713-120240
http://doi.org/10.1016/j.tins.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16165228
http://doi.org/10.1016/S0301-0082(98)00069-0
http://doi.org/10.4049/jimmunol.174.4.2288
http://www.ncbi.nlm.nih.gov/pubmed/15699164
http://doi.org/10.1016/j.neuint.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28461173
http://doi.org/10.1038/ncb1201-1035
http://www.ncbi.nlm.nih.gov/pubmed/11781564
http://doi.org/10.1002/glia.23790
http://doi.org/10.1016/j.nrl.2012.12.007
http://doi.org/10.3390/antiox8050121
http://doi.org/10.1016/j.neuron.2020.02.031
http://doi.org/10.1186/s13064-018-0104-y
http://doi.org/10.1371/journal.pbio.1002605
http://www.ncbi.nlm.nih.gov/pubmed/28549068
http://doi.org/10.1038/nrn1824
http://www.ncbi.nlm.nih.gov/pubmed/16371949
http://doi.org/10.1002/brb3.239
http://www.ncbi.nlm.nih.gov/pubmed/25161822
http://doi.org/10.1111/j.1471-4159.2008.05403.x
http://www.ncbi.nlm.nih.gov/pubmed/18410506
http://doi.org/10.1074/jbc.M313329200
http://doi.org/10.1002/glia.20936
http://doi.org/10.1016/j.neuropharm.2021.108502
http://doi.org/10.1200/JCO.2017.73.0119
http://doi.org/10.1200/JCO.2010.30.0582
http://doi.org/10.2217/cns.12.13
http://www.ncbi.nlm.nih.gov/pubmed/25054302


Cancers 2022, 14, 687 20 of 22

83. Murnyák, B.; Kouhsari, M.C.; Hershkovitch, R.; Kálmán, B.; Marko-Varga, G.; Klekner, Á.; Hortobágyi, T. PARP1expression and
its correlation with survival is tumour molecular subtype dependent in glioblastoma. Oncotarget 2017, 8, 46348–46362. [CrossRef]
[PubMed]

84. Kizilbash, S.; Gupta, S.K.; Chang, K.; Kawashima, R.; Parrish, K.E.; Carlson, B.L.; Bakken, K.K.; Mladek, A.C.; Schroeder, M.A.;
Decker, P.A.; et al. Restricted Delivery of Talazoparib Across the Blood–Brain Barrier Limits the Sensitizing Effects of PARP
Inhibition on Temozolomide Therapy in Glioblastoma. Mol. Cancer Ther. 2017, 16, 2735–2746. [CrossRef] [PubMed]

85. Parrish, K.E.; Cen, L.; Murray, J.W.; Calligaris, D.; Kizilbash, S.; Mittapalli, R.K.; Carlson, B.L.; Schroeder, M.A.; Sludden, J.;
Boddy, A.; et al. Efficacy of PARP Inhibitor Rucaparib in Orthotopic Glioblastoma Xenografts Is Limited by Ineffective Drug
Penetration into the Central Nervous System. Mol. Cancer Ther. 2015, 14, 2735–2743. [CrossRef] [PubMed]

86. Clarke, M.J.; Mulligan, E.A.; Grogan, P.T.; Mladek, A.C.; Carlson, B.L.; Schroeder, M.A.; Curtin, N.J.; Lou, Z.; Decker, P.A.;
Wu, W.; et al. Effective sensitization of temozolomide by ABT-888 is lost with development of temozolomide resistance in
glioblastoma xenograft lines. Mol. Cancer Ther. 2009, 8, 407–414. [CrossRef]

87. Gupta, S.K.; Kizilbash, S.H.; Carlson, B.L.; Mladek, A.C.; Boakye-Agyeman, F.; Bakken, K.K.; Pokorny, J.L.; Schroeder, M.A.;
Decker, P.A.; Cen, L.; et al. Delineation of MGMT Hypermethylation as a Biomarker for Veliparib-Mediated Temozolomide-
Sensitizing Therapy of Glioblastoma. J. Natl. Cancer Inst. 2016, 108, djv369. [CrossRef]

88. Mao, K.; Zhang, G. The role of PARP1 in neurodegenerative diseases and aging. FEBS J. 2021. [CrossRef]
89. Ghasemi, N.; Razavi, S.; Nikzad, E. Multiple Sclerosis: Pathogenesis, Symptoms, Diagnoses and Cell-Based Therapy. Cell J. 2017,

19, 1–10.
90. Kauppinen, T.M.; Suh, S.W.; Genain, C.P.; Swanson, R.A. Poly(ADP-ribose) polymerase-1 activation in a primate model of

multiple sclerosis. J. Neurosci. Res. 2005, 81, 190–198. [CrossRef]
91. Scott, G.; Hake, P.; Kean, R.; Virág, L.; Szabó, C.; Hooper, D. Role of poly(ADP-ribose) synthetase activation in the development of

experimental allergic encephalomyelitis. J. Neuroimmunol. 2001, 117, 78–86. [CrossRef]
92. Scott, G.S.; Kean, R.B.; Mikheeva, T.; Fabis, M.J.; Mabley, J.; Szabó, C.; Hooper, D.C. The Therapeutic Effects of PJ34 [N-(6-

Oxo-5,6-dihydrophenanthridin-2-yl)-N,N-dimethylacetamide.HCl], a Selective Inhibitor of Poly(ADP-Ribose) Polymerase, in
Experimental Allergic Encephalomyelitis Are Associated with Immunomodulation. J. Pharmacol. Exp. Ther. 2004, 310, 1053–1061.
[CrossRef] [PubMed]

93. Cavone, L.; Chiarugi, A. Targeting poly(ADP-ribose) polymerase-1 as a promising approach for immunomodulation in multiple
sclerosis? Trends Mol. Med. 2012, 18, 92–100. [CrossRef] [PubMed]

94. Cavone, L.; Aldinucci, A.; Ballerini, C.; Biagioli, T.; Moroni, F.; Chiarugi, A. PARP-1 inhibition prevents CNS migration of
dendritic cells during EAE, suppressing the encephalitogenic response and relapse severity. Mult. Scler. J. 2011, 17, 794–807.
[CrossRef] [PubMed]

95. Rom, S.; Zuluaga-Ramirez, V.; Reichenbach, N.L.; Dykstra, H.; Gajghate, S.; Pacher, P.; Persidsky, Y. PARP inhibition in leukocytes
diminishes inflammation via effects on integrins/cytoskeleton and protects the blood-brain barrier. J. Neuroinflamm. 2016, 13, 254.
[CrossRef] [PubMed]

96. Goedert, M. Alpha-synuclein and neurodegenerative diseases. Nat. Rev. Neurosci. 2001, 2, 492–501. [CrossRef] [PubMed]
97. Kam, T.-I.; Mao, X.; Park, H.; Chou, S.-C.; Karuppagounder, S.S.; Umanah, G.E.; Yun, S.P.; Brahmachari, S.; Panicker, N.;

Chen, R.; et al. Poly(ADP-ribose) drives pathologic α-synuclein neurodegeneration in Parkinson’s disease. Science 2018,
362, eaat8407. [CrossRef] [PubMed]

98. Salech, F.; Ponce, D.P.; Sanmartín, C.D.; Rogers, N.K.; Henríquez, M.; Behrens, M.I. Cancer Imprints an Increased PARP-1 and
p53-Dependent Resistance to Oxidative Stress on Lymphocytes of Patients That Later Develop Alzheimer’s Disease. Front.
Neurosci. 2018, 12, 58. [CrossRef] [PubMed]

99. Salech, F.; Ponce, D.P.; Paula-Lima, A.C.; Sanmartin, C.D.; Behrens, M.I. Nicotinamide, a Poly [ADP-Ribose] Polymerase 1
(PARP-1) Inhibitor, as an Adjunctive Therapy for the Treatment of Alzheimer’s Disease. Front. Aging Neurosci. 2020, 12, 255.
[CrossRef]

100. Michelena, J.; Lezaja, A.; Teloni, F.; Schmid, T.; Imhof, R.; Altmeyer, M. Analysis of PARP inhibitor toxicity by multidimensional
fluorescence microscopy reveals mechanisms of sensitivity and resistance. Nat. Commun. 2018, 9, 2678. [CrossRef]

101. Green, K.N.; Steffan, J.S.; Martínez-Coria, H.; Sun, X.; Schreiber, S.S.; Thompson, L.M.; LaFerla, F.M. Nicotinamide Restores
Cognition in Alzheimer’s Disease Transgenic Mice via a Mechanism Involving Sirtuin Inhibition and Selective Reduction of
Thr231-Phosphotau. J. Neurosci. 2008, 28, 11500–11510. [CrossRef]

102. Cosi, C.; Colpaert, F.; Koek, W.; Degryse, A.; Marien, M. Poly(ADP-ribose) polymerase inhibitors protect against MPTP-induced
depletions of striatal dopamine and cortical noradrenaline in C57B1/6 mice. Brain Res. 1996, 729, 264–269. [CrossRef]

103. Cosi, C.; Guerin, K.; Marien, M.; Koek, W.; Rollet, K. The PARP inhibitor benzamide protects against kainate and NMDA but not
AMPA lesioning of the mouse striatum in vivo. Brain Res. 2004, 996, 1–8. [CrossRef] [PubMed]

104. Liu, D.; Pitta, M.; Jiang, H.; Lee, J.-H.; Zhang, G.; Chen, X.; Kawamoto, E.M.; Mattson, M.P. Nicotinamide forestalls pathology and
cognitive decline in Alzheimer mice: Evidence for improved neuronal bioenergetics and autophagy procession. Neurobiol. Aging
2013, 34, 1564–1580, Erratum in Neurobiol. Aging 2013, 34, e3. [CrossRef] [PubMed]
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