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Abstract: Alzheimer’s disease (AD) is an irreversible age-related neurodegenerative disorder clini-
cally characterized by severe memory impairment, language deficits and cognitive decline. The major
neuropathological hallmarks of AD include extracellular deposits of the β-amyloid (Aβ) peptides and
cytoplasmic neurofibrillary tangles (NFTs) of hyperphosphorylated tau protein. The accumulation of
plaques and tangles in the brain triggers a cascade of molecular events that culminate in neuronal
damage and cell death. Despite extensive research, our understanding of the molecular basis of AD
pathogenesis remains incomplete and a cure for this devastating disease is still not available. A grow-
ing body of evidence in different experimental models suggests that poly(ADP-ribose) polymerase-1
(PARP-1) overactivation might be a crucial component of the molecular network of interactions
responsible for AD pathogenesis. In this work, we combined genetic, molecular and biochemical
approaches to investigate the effects of two different PARP-1 inhibitors (olaparib and MC2050) in
Drosophila models of Alzheimer’s disease by exploring their neuroprotective and therapeutic po-
tential in vivo. We found that both pharmacological inhibition and genetic inactivation of PARP-1
significantly extend lifespan and improve the climbing ability of transgenic AD flies. Consistently,
PARP-1 inhibitors lead to a significant decrease of Aβ42 aggregates and partially rescue the epigenetic
alterations associated with AD in the brain. Interestingly, olaparib and MC2050 also suppress the
AD-associated aberrant activation of transposable elements in neuronal tissues of AD flies.

Keywords: Alzheimer’s disease; PARP-1 inhibitors; Drosophila melanogaster

1. Introduction

Alzheimer’s disease (AD) is an irreversible neurodegenerative disorder that is con-
sidered one of the principal causes of age-related dementia and it is clinically described
by a severe cognitive impairment in addition to language, and memory deficits. In the
pathogenesis of AD, a pivotal role is played by two neurotoxic proteins that aggregate and
accumulate in the central nervous system: amyloid-β (Aβ) peptide and hyperphosphory-
lated tau protein. Extracellular amyloid plaques, composed of Aβ peptide, and intracellular
neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau, are considered the
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major histopathological hallmark lesions of AD; they trigger a cascade of molecular events
culminating in neuronal damage and cell death [1].

The aggregation of misfolded proteins leads to the overproduction of intracellular
free radicals, which in turn, causes oxidative stress and cellular oxidative damage, tightly
associated with the development and/or progression of neurodegenerative disorders such
as AD [2,3].

Increasing evidence suggests that epigenetic mechanisms might play a crucial role
in the development of AD (see [4] for a review). In particular, poly(ADP-ribosyl)ation
(PARylation), catalyzed by a group of enzymes known as poly(ADP-ribose)polymerases
(PARPs) [5], plays a central role in the molecular network of interactions responsible for
AD pathogenesis [6–15].

PARP-1 is the founding member of the ADP-ribosyltransferases (ARTs) family and
catalyzes a NAD+-dependent poly(ADP-ribose) (PAR) polymerization reaction onto amino
acid residues of acceptor proteins. Several proteins are described as targets of PARylation,
including core histones, histone H1 and a variety of nuclear proteins involved in gene
regulation and chromatin remodeling [16,17]. Both PARP-1 and H1 are widely distributed
across the genome and their depletion can promote large-scale alterations in chromatin
structure [18–21]. They may alter nucleosome spacing and promote the compaction of
nucleosome arrays [17,22–24]. PARP-1 and H1 compete for binding to nucleosomes and
exhibit a reciprocal pattern of binding at actively transcribed promoters: H1 is depleted
and PARP-1 is enriched [25]. By altering chromatin structure and destabilizing nucleosome
organization, PARylation contributes to the histone code that regulates chromatin structure
and gene expression. Moreover, PARP-1 modulates many other cellular processes important
for the maintenance of cellular functionality and viability such as DNA damage repair,
RNA processing, cell cycle regulation, proteasomal degradation, mitochondrial function,
oxidative stress and aging [26–32].

One of the earliest studies of PARP-1 contribution to AD was carried out by Love and
colleagues [6]. The authors observed an overactivation of PARP-1, with a concomitant increase
of PAR levels, in the frontal and temporal lobe of the brains of AD patients. These results
were subsequently confirmed with other experiments using both animal and cellular models
where PARP activity was evaluated in the presence of Aβ peptide [7,33–37]. Several PARP-
1-mediated mechanisms were proposed to promote the neurodegenerative process such as
metabolic impairment related to NAD+ depletion and glycolysis arrest or different death
pathways triggered by intracellular stress conditions and chronic inflammation [38–46].

Despite considerable efforts, the molecular mechanisms involved in the complex
phenotype of AD are still largely unknown, and effective drug therapy is still not available
to slow down or arrest the progression of the disease. Therefore, the investigation of
new therapeutic targets that allow the prevention or delay the progression of the disease,
constitutes an undeniable objective of great importance and interest, which ought to be
considered an immediate priority.

The principal AD treatments approved by the Food and Drug Administration (FDA)
are based on acetylcholinesterase inhibitors (AChEIs), including donepezil and rivastig-
mine that facilitate cholinergic transmission, and N-methyl-D-aspartate receptor (NMDAr)
antagonists, such as memantine [47,48] that regulate glutamatergic transmission. How-
ever, both therapies have modest symptomatic effects and only slow the progression of
the disease.

In the last 20 years, numerous clinical trials have been implemented to test new
anti-amyloid and tau-targeting drugs for the treatment of AD. Unfortunately, despite the
enormous efforts, both scientific and economic [49], only in 2021 did the US Food and Drug
Administration (FDA) approve, with some concern, aducanumab, a human IgG1 anti-Aβ

monoclonal antibody selective for Aβ aggregates, as the first disease-modifying treatment
for AD [50].

In the light of increasing evidence supporting an involvement of PARylation in nor-
mal neuronal functions as well as in neurodegeneration and neuropathology [12,51], we
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reasoned that PARP-1 could represent a new interesting pharmacological target in AD, and
PARP-1 inhibitors could become the objects of a drug-repurposing evaluation to identify a
new beneficial treatment for AD.

Animal models are a powerful tool to investigate the in vivo pathophysiological pro-
cesses that cause neurodegenerative diseases. Drosophila melanogaster is an excellent choice
for modelling the biochemical, genetic, and behavioral aspects of AD because it contains
a fully functional nervous system with an architecture that separates specialized func-
tions such as vision, olfaction, learning and memory similarly to mammalian nervous
systems [52–54]. Moreover, the majority of pathological features of AD can be recapitulated
in transgenic fly models, including neurotoxicity, nuclear inclusion formation, progressive
neurodegeneration, behavioral abnormalities and early death [55–58]. In addition, biochem-
ical pathways that are affected in AD, such as detoxification, protein clearance and stress
responses, are conserved between flies and humans (see [59] for a review). In Drosophila,
the PARP family includes only two members, a nuclear PARP-1 that is responsible for the
majority of PAR synthesis [60,61], and PARP-5 (tankyrase) located in the cytoplasm [62,63].
For all the above reasons, Drosophila is an excellent system for dissecting the molecular
pathways involved in AD and screening disease-modifying drugs.

In this study, two different transgenic Drosophila AD models were employed to evalu-
ate the potential therapeutic effects of PARP inhibitors: olaparib [64], already approved
for the treatment of several cancer types (for a review see [65]) and MC2050, a new in-
hibitor, previously developed by our team, that has been shown to have neuroprotective
effects in cellular models of Aβ peptides-induced neurotoxicity [35,66]. We assessed the
contribution of PARP inhibition to the molecular mechanisms involved in AD progression
by focusing on several disease-specific features, including AD-like phenotypes such as
locomotor dysfunction, reduced lifespan and epigenetic dysregulation of transposable
elements activity.

2. Materials and Methods
2.1. Fly Stocks

All transgenic fly stocks used in this study were obtained from the Bloomington Drosophila
stock center (BDSC, Indiana University, Bloomington, IN, United States, Available online:
http://flystocks.bio.indiana.edu/ accessed on 15 March 2022) and are listed below: UAS-Aβ42
(w1118; P{UAS-APP.Aβ42.B}m26a, #33769); UAS-APP, BACE1 (w1118; P{UAS-BACE1.Exel}7b,
P{UAS-APP.695.Exel}1/TM6B, Tb1, #33797); elav-Gal4 (P{GawB}elavC155 #458); elav-Gal4,
UASmCD8::GFP (P{GawB}elavC155, P{UAS-mCD8::GFP.L}Ptp4ELL4, P{hsFLP}1, w* #5146).
PARP-1 RNAi stocks (y1 sc* v1 sev21; P{TRiP.HMC04658}attP40, #57265, and y1 sc* v1 sev21;
P{TRiP.HMS01233}attP2, #34888). A detailed description of all the lines is given at FlyBase
(Available online: http://flybase.org/ accessed on 15 March 2022). Balancers used to balance
inserts on the second and third chromosomes, respectively, have been kept in our laboratory
for many years.

To generate elav-Gal4 > Aβ42; PARP-1RNAi flies, virgin females carrying the pan-
neuronal elav-Gal4 driver on the X chromosome were crossed to males carrying both
UAS-Aβ42 and UAS-PARP-1RNAi (HMC04658) transgenic constructs on the second and third
chromosome, respectively. To obtain elav-Gal4 > PARP-1RNAi; APP, BACE1 flies, virgin
females elav-Gal4 were crossed to males carrying both UAS-PARP-1RNA1 (HMS01233) and
UAS-APP, BACE1 on the second and third chromosome, respectively.

All flies were raised at 25 ◦C on a standard cornmeal-sucrose-yeast-agar medium.
All crosses were performed at 25 ◦C except for RNAi crosses that were set up at 29 ◦C to
optimize the PARP-1 knockdown. The Ore-R stock and balancer stocks used here have
been kept in our laboratory for many years under standard conditions.

2.2. Pharmacological Inhibition of PARP-1

Olaparib (AZD2281, Selleckchem, Radnor, PA, USA) and MC2050 (2-[2-(4-(2-pyridyl)-1-
piperazinyl) ethylsulfanyl]-3H-quinazolin-4-one) dihydrochloride (kindly provided by Rotili

http://flystocks.bio.indiana.edu/
http://flybase.org/
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lab, Sapienza University, Roma, Italy) were used as specific inhibitors of PARP-1 [66,67].
MC2050 was directly dissolved in water at an initial concentration of 50 mM and then was
added to the standard medium to a final concentration of 50 µM or 100 µM. Olaparib was
dissolved at a concentration of 30 mM in DMSO and then diluted to a final concentration of
25 µM in the medium.

2.3. Climbing Assay

A group of 10 male or female flies was tested for climbing ability; the number of flies
per group that climbed above the 8 cm mark by 15 s after the tap was measured, recorded
as the percentage success rate. Ten trials were performed for each group and n ≥ 100 flies
were assayed for each genotype. Experiments were performed during daylight to minimize
potential effects of circadian oscillation. All average data are presented as mean ± SEM.

2.4. Lifespan Assay

Control and experimental flies were reared at 25 ◦C on standard sugar-yeast medium
supplemented with inhibitors. To estimate the longevity of each experimental group,
150–200 flies were collected within 24 h after eclosion. Flies were transferred to a fresh
medium three times a week and dead flies were counted daily. The survival rate was
calculated as the percentage of total surviving flies. For each experiment, at least two
biological replicates were pooled. The survival rate was estimated using the Kaplan–Meier
procedure and plotted as survival curves. Mean, median, minimum and maximum lifespan
and the age of 90% mortality were calculated.

2.5. NAD+ Measurement

NAD+ was quantified in Drosophila brains using NAD+/NADH Quantification kit (Merck
KGaA, Darmstadt, Germany). Briefly, 10 total brains obtained from elav-Gal4 > Aβ42 treated
with or without PARP-1 inhibitors were lysed in NAD+/NADH extraction buffer. Elav-Gal4/+
brains were extracted in the same buffer and it was regarded as control. The assay was carried
out according to the manufacturer’s instructions and the results were expressed as NAD+

levels (pmol/10 brains). The experiment was performed in at least three biological replicates.

2.6. Western and Slot Blot

Total proteins were extracted from adult heads/brains in SDS loading buffer (60 mM
Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 10 mM dithiothreitol and 0.1% bromophenoblue).
For the Slot blot, brain samples were homogenized in an SDS sample buffer solution without
bromophenol blue and containing 3% SDS. The protein extracts were applied on a nitrocellu-
lose membrane according to Bio-Dot SF protocol application (Bio-Rad Laboratories, Hercules,
CA, USA) and air-dried. For the Western blot, proteins resolved by 4–20% SDS-PAGE were
transferred onto PVDF membrane with a TransBlot Turbo semi-dry blotting apparatus (Bio-
Rad Laboratories). Membranes were incubated with 5% BSA solution and probed with the
following antibodies: anti-beta amyloid (1–16) antibody (6E10 clone 1:500, Sigma), H3 pan-
acetyl (1:1000, Millipore, Burlington, MA, USA), H3K27me3 (1:1000, Cell Signaling, Danvers,
MA, USA), H3K9me3 (1:1000, Abcam, Cambridge, UK), PARP-1 (1:1000, kindly provided by
Gagné-Poirier lab., Laval University, Canada), α-PAR (1:1000, EnzoLife, Farmingdale, NY,
USA, 10H mAb), tubulin (1:5000, Sigma), actin (1:5000, Millipore-Merck) and histone H3
(1:5000, Abcam). The secondary antibodies were HRP-conjugated anti-mouse and anti-rabbit
used at 1:5000 dilution (Bio-Rad). The target proteins were visualized by the ECL system (Bio-
Rad) and the densitometric analyses were performed with ImageLab v6.1 software (Bio-Rad)
and normalized to tubulin, actin and histone H3. Three biological replicates were performed
with three technical replicates.

2.7. RNA Isolation and qRT-PCR Analysis

Total RNA samples were purified from adult heads using Qiazol reagent (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. RNA concentration and
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purity were determined using a NanoDrop 1000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). In total, 5 µg of total RNA was reverse-transcribed using oligo dT and
SuperScript™ Reverse Transcriptase III (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s protocol. The qPCR reactions were carried out with QuantiFast SYBR Green
PCR Kit (Qiagen) according to the manufacturer’s protocol. Relative abundance of the
different transcripts was determined using the 2−∆∆CT method [68] using rp49 transcript as
a control. qRT-PCR experiments were performed in three independent biological replicates,
each with three technical replicates. The primers used were:

parp-1 F: 5′-CCTTTGTGGCATCATTTGGA-3′

parp-1 R: 5′-ACGCAAACCAGCCAAGCT-3′

opus F: 5′-CGAGGAGTGGGGAGAGATTG-3′

opus R: 5′-TGCGAAAATCTGCCTGAACC-3′

roo F: 5′-CGTCTGCAATGTACTGGCTCT-3′

roo R: 5′-CGGCACTCCACTAACTTCTCC-3′

springer F: 5′-CCATAACACCAGGGGCA-3′

springer R: 5′-CGAGTGCTGGTCTGTCA-3′

copia F: 5′-TGGAGGTTGTGCCTCCACTT-3′

copia R: 5′-CAATACCACGCTTAGTGGCATAAA-3′

Aurora F: 5′-GAAGGAACTGAGCGTGTTCCA-3′

Aurora R: 5′-CGTCTACCGCAACTAATGCAAA-3′

Aβ42 F: 5′-TTCCGACATGACTCAGGATATGA-3′

Aβ42 R: 5′-CCAATGATTGCACCTTTGTTTG-3′

rp49 F: 5′-GCGCACCAAGCACTTCATC-3′

rp49 R: 5′-TTGGGCTTGCGCCATT-3′.

2.8. Drosophila Adult Brain Immunofluorescence

Immunofluorescence staining of adult brains was performed according to Wu and
Luo [69]. Briefly, adult brains were dissected in PBS, fixed with 4% paraformaldehyde
in PBS for 30 min at room temperature, washed three times for 10 min in PBT (PBS with
0.1% Triton X-100) and blocked in PBT-NGS (5% normal goat serum in PBT) for 30 min
at 4 ◦C. Brains were then incubated overnight at 4 ◦C with primary monoclonal anti-β-
amyloid (1–16) antibody (6E10 clone) diluted 1:100 in PBT-NGS. After 3 washes for 10 min
in PBT, brains were incubated with secondary goat anti-mouse antibodies conjugated with
AlexaFluor 568 fluorophore (1:300 in PBT) and stained with TOTO-3 iodide (1 µM) to
visualize DNA. Confocal images were acquired on a Leica DMIRE (Leica Microsystems,
Heidelberg, Germany) and a Zeiss LSM 780 (Zeiss, Berlin, Germany) microscope. Images
were analyzed and further processed using Zen Software (ZEN 2009 Light Edition) and
Adobe Photoshop CS6.

To count β-amyloid positive puncta, 6 brains from elav-Gal4 > Aβ42 flies, treated or not
with PARP-1 inhibitors, were fully optically sectioned by confocal microscopy. The number
of β-amyloid puncta in each brain section was counted using ImageJ/Fiji plugin to count
spots (Spot Counter Plug-in version 0.14) and averaged between each brain. Statistical
significance was determined using an unpaired Student’s t-test.

2.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 6.00 (GraphPad
Software, La Jolla, CA, USA). Data were expressed as mean values ± SEM from at least
three biological independent experiments. For all statistics, a p value ≤ 0.05 was considered
statistically significant. qRT-PCR analysis was performed by one- or two-way ANOVA test
(followed by Tukey’s multiple comparison test). Western blots were analyzed by unpaired
t-test or two-way ANOVA test (followed by Tukey’s post hoc multiple comparison test).
Lifespan data were analyzed by log rank test with Bonferroni adjustment. Climbing data were
compared by one- or two-way ANOVA followed by Tukey multiple comparison tests. For
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NAD+ quantification levels, one-way ANOVA followed by Tukey’s multiple comparison test
was applied. Statistical comparison of 6E10 positive puncta was performed by unpaired t-test.

3. Results
3.1. Pharmacological Inhibition or RNAi-Mediated Genetic Knockdown of PARP-1 Ameliorates
Aβ42-Induced Locomotor Defects in Aβ42 Model of AD

The impairment of locomotor coordination is an important hallmark of neurotoxicity
in different neurodegenerative disorders, including AD [70]. All transgenic Drosophila
models of AD show a severe and progressive age-dependent loss of climbing ability [71,72].

In order to study the neuroprotective and therapeutic potential of PARP-1 functional
inhibition in vivo, we evaluated the climbing ability of transgenic AD flies expressing the
human Aβ42 peptide under the control of the heterologous upstream activation sequence
(UAS) yeast sequences. The neuron-specific expression of the transgenic construct was
achieved through the transcriptional activator Gal-4 under the control of the pan-neuronal
elav promoter. The neuronal specific expression of Aβ42 in AD flies can recapitulate all the
pathophysiological characteristics of AD, including impaired locomotor capacity [72–74].

AD flies expressing Aβ42 were allowed to feed on standard sugar-yeast medium
supplemented with olaparib (25 µM) or MC2050 (100 µM) for the entire developmental
period and were then assayed for climbing activity at 10–12 days post-eclosion. This
life-period corresponds to the time window in which the phenotypic profile related to
neuronal cell death and locomotor deficits is already detectable even if AD flies are not in
the exponential decline period of their lifespan.

It is noteworthy that our choice of PARP-1 inhibitors was based on their chemical
properties. In particular, the water solubility of MC2050 has allowed us to use it without
any previous dissolution in DMSO, as requested by olaparib. Moreover, MC2050 has been
observed in the plasma and the brain tissue of CD1 mice (data not shown).

The results obtained showed that PARP-1 inhibition significantly ameliorates the im-
paired climbing performance of Aβ42 flies (elav-Gal4 > Aβ42) when compared to the vehicle-
treated control flies (Figure 1A), but it has no effect on motor performance of control flies
(elav-Gal4/+).

To confirm the data obtained with PARP-1 inhibitors and rule out their non-specific
effects, we tested the potential neuroprotective effect of RNAi-mediated genetic knockdown
of PARP-1. We generated a transgenic line expressing both Aβ42 peptide and short inverted
repeat interfering PARP-1 (HMC04658), under the control of the pan-neuronal driver elav-
Gal4; the transgenic strain elav-Gal4 > Aβ42; PARP-1RNAi (HMC04658) allowed us to analyze
the climbing activity of AD flies in a genetic background depleted of PARP-1. Quantitative
RT-PCR (qRT-PCR) was used to verify the effective depletion of PARP-1 following in vivo
RNAi (Supplementary Figure S1A).

Consistently with the effects observed for PARP-1 inhibitors, quantitative analysis of
climbing defects following the combined pan-neuronal expression of Aβ42 and RNAi-based
PARP-1 knockdown showed a significant recovery of locomotor activity in elav-Gal4 > Aβ42;
PARP-1RNAi flies relative to elav-Gal4 > Aβ42 flies. Notably, the analysis of climbing ability
did not reveal consistent defects between elav-Gal4 > PARP-1RNAi and healthy controls
(elav-Gal4/+) (Figure 1B).

To account for a possible titration of available Gal4 across multiple UAS-driven targets
and subsequent reduction in the expression of the pathogenic construct Aβ42, we repeated
climbing experiments by adding a second unrelated UAS transgene (UAS-mCD8::GFP) in
the elav-Gal4 > Aβ42 genetic background. As shown in Supplementary Figure S2A, this
additional control did not change the experimental outcome, confirming that the results
shown in Figure 1A were not due to a dilution of Gal4 protein in the presence of two
UAS transgenes.

These results agree with and strengthen the data obtained from the pharmacological
inhibition of PARP-1 underlining the importance of PARP-1 in neurodegeneration.



Cells 2022, 11, 1284 7 of 22
Cells 2022, 11, x FOR PEER REVIEW 8 of 26 
 

 

 
Figure 1. (A) Climbing test on elav-Gal4 > Aβ42 and elav-Gal4/+ genotypes, in the presence and ab-
sence of olaparib and MC2050 PARP-1 inhibitors. Statistical significance was determined using the 
two-way ANOVA test followed by the Tukey test for multiple comparisons (*** p < 0.001). (B) 
Climbing test on AD Aβ42 flies with neuron-specific depletion of PARP-1 by RNAi. Statistical sig-
nificance was determined using the one-way ANOVA test followed by the Tukey test for multiple 
comparisons (*** p <0.001). 

To confirm the data obtained with PARP-1 inhibitors and rule out their non-specific 
effects, we tested the potential neuroprotective effect of RNAi-mediated genetic knock-
down of PARP-1. We generated a transgenic line expressing both Aβ42 peptide and short 
inverted repeat interfering PARP-1 (HMC04658), under the control of the pan-neuronal 
driver elav-Gal4; the transgenic strain elav-Gal4 > Aβ42; PARP-1RNAi (HMC04658) allowed us to 
analyze the climbing activity of AD flies in a genetic background depleted of PARP-1. 
Quantitative RT-PCR (qRT-PCR) was used to verify the effective depletion of PARP-1 
following in vivo RNAi (Supplementary Figure S1A). 

Consistently with the effects observed for PARP-1 inhibitors, quantitative analysis of 
climbing defects following the combined pan-neuronal expression of Aβ42 and 
RNAi-based PARP-1 knockdown showed a significant recovery of locomotor activity in 
elav-Gal4 > Aβ42; PARP-1RNAi flies relative to elav-Gal4 > Aβ42 flies. Notably, the analysis of 
climbing ability did not reveal consistent defects between elav-Gal4 > PARP-1RNAi and 
healthy controls (elav-Gal4/+) (Figure 1B). 

To account for a possible titration of available Gal4 across multiple UAS-driven 
targets and subsequent reduction in the expression of the pathogenic construct Aβ42, we 
repeated climbing experiments by adding a second unrelated UAS transgene 
(UAS-mCD8::GFP) in the elav-Gal4 > Aβ42 genetic background. As shown in Supple-
mentary Figure S2A, this additional control did not change the experimental outcome, 
confirming that the results shown in Figure 1A were not due to a dilution of Gal4 protein 
in the presence of two UAS transgenes. 

Figure 1. (A) Climbing test on elav-Gal4 > Aβ42 and elav-Gal4/+ genotypes, in the presence and
absence of olaparib and MC2050 PARP-1 inhibitors. Statistical significance was determined using
the two-way ANOVA test followed by the Tukey test for multiple comparisons (*** p < 0.001).
(B) Climbing test on AD Aβ42 flies with neuron-specific depletion of PARP-1 by RNAi. Statistical
significance was determined using the one-way ANOVA test followed by the Tukey test for multiple
comparisons (*** p <0.001).

3.2. PARP-1 Inhibitors Improve NAD+ Content

Several authors pointed out that increased expression and activity of PARP-1 drives
NAD+ depletion [10,75]. To assess whether PARP inhibition leads to NAD+ increase,
thus contributing to climbing recovery, we performed NAD+ determination. As shown
in Figure 2, inhibitor treatments significantly prevent NAD+ consumption observed in
elav-Gal4 > Aβ42 flies.
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flies were treated as described in the Material and Methods section. Elav-Gal4/+ was considered as
control. Data represented mean (±SEM) of three independent experiments. Statistical analysis was
performed by one-way ANOVA and Turkey post hoc test (* p < 0.05, ** p < 0.01).
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3.3. PARP-1 Inhibitors Impair PARylation without Affecting Aβ42 or PARP-1 Protein Expression

To rule out a putative effect of PARP-1 inhibitors on Aβ42 transcription, we performed
qRT-PCR on RNA samples purified from head tissues of the same flies tested for climbing
and the results showed no significant changes in the expression profile of the pathogenic
construct Aβ42 following PARP-1 inhibition (Figure 3).
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Figure 3. (A,B) qRT-PCR analysis assessing induction levels of the Aβ42 transgenic construct by
elav-Gal4. cDNA was prepared from total RNA purified from AD (elav-Gal4 > Aβ42) head tissues
treated (or not) with PARP-1 inhibitors. The constitutive rp49 was examined as an endogenous
control. The data are expressed as “fold enrichment” with respect to elav-Gal4/+ and represent the
mean ± SEM of three independent experiments. Statistical analysis, determined by unpaired t-test,
showed no significant difference between means.

These results strongly suggest that PARP-1 pharmacological inhibition could exert,
in vivo, a neuroprotective effect in AD.

In order to quantify the efficiency of olaparib and MC2050 in compromising PARP-1
activity, we analyzed the pattern of PARylated cellular proteins after each pharmacological
inhibitor treatment (Figure 4). Whole cell lysate from AD (elav-Gal4 > Aβ42) and control (elav-
Gal4/+) head tissues, treated or untreated (vehicle only), were analyzed by Western blotting
using an anti-PAR antibody. As shown in Figure 4, densitometric analysis of PARylation
revealed a significant increase in PARylation levels in elav-Gal4 > Aβ42 samples relative to
control elav-Gal4/+ samples, similar to previous results obtained in mouse and human models,
an observation that suggests that the activation of PARP-1 is an important early event in the
pathogenesis of AD. As expected, PARylation levels of AD flies treated with PARP-1 inhibitors
lie in a range comparable to that of the vehicle-treated control (Figure 4).

In addition, we quantified parp-1 mRNA levels by quantitative RT-PCR assay (qRT-PCR)
in head tissues from elav-Gal4 > Aβ42 and elav-Gal4/+ flies and PARP-1 protein levels by
Western blot using anti-PARP-1 antibodies. Results showed no significant changes in parp-1
mRNA and PARP-1 protein levels between elav-Gal4 > Aβ42 and elav-Gal4/+ samples (Figure 5).
No changes in PARP-1 expression profiles following olaparib or MC2050 treatments were
detected, thus suggesting that in our AD model, the enzymatic activity of PARP-1 following
inhibitor treatments is not directly correlated with its transcriptional regulation.
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Figure 4. Protein extracts obtained from elav-Gal4/+ and elav-Gal4 > Aβ42 head tissues, at 10–12 days
of age, were analyzed by SDS-PAGE, transferred onto PVDF membrane, and probed with antibodies
against α-PAR. Densitometry analysis was performed with ImageLab software; total PARylated
protein lane samples were normalized with Tubulin. Data are expressed as a percentage of the
elav-Gal4/+ control values and represent the mean ± SEM of at least three independent experiments.
Statistical significance was determined using the two-way ANOVA test followed by the Tukey test
for multiple comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 5. (A,B) qRT-PCR analysis assessing induction levels of PARP-1 transcript following olaparib (A)
or MC2050 (B) treatments. cDNA was prepared from total RNA purified from AD (elav-Gal4 > Aβ42)
and control (elav-Gal4/+) head tissues, treated (or not) with PARP-1 inhibitors. The constitutive rp49 was
examined as an endogenous control. The data are expressed as “fold enrichment” with respect to elav-
Gal4/+ and represent the mean± SEM of three independent experiments. Statistical analysis, determined
by unpaired t-test, showed no significant difference between means. (C,D) Western blot analysis of head
protein extracts from elav-Gal4/+ and elav-Gal4 > Aβ42 flies, treated or not with olaparib (C) or MC2050 (D),
probed with PARP-1 specific antibody. Densitometry analysis was performed using ImageLab software
and normalized to Actin. The data are expressed as a percentage of the elavG4/+ control values and
represent the mean± SEM of at least three independent experiments. Two-way ANOVA followed by the
Tukey test for multiple comparisons showed no significant differences among the means of the different
groups.
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3.4. Olaparib and MC2050 Inhibits Aggregation of Aβ42 Peptides in AD Adult Brains

Aβ oligomers and plaques are specific neuropathological hallmarks of AD [76,77]. Aβ

is produced through the sequential proteolytic processing of APP [78] and its progressive
accumulation in brain senile plaques is proposed to be an early toxic event leading to neu-
ronal degeneration and death [79]. Therefore, Aβ42 is predicted to be the most potentially
efficient target of drug therapies [80]. In a previous work, Iijima and collaborators reported
that flies expressing human Aβ42 peptides raised at 25 ◦C exhibit amyloid-containing
puncta in their brain compared to controls [81].

In order to investigate whether PARP-1 inhibitors can interfere in vivo with Aβ42
aggregation, we performed whole-mount immunostaining on elav-Gal4 > Aβ42 brains with
6E10 antibody which is directed against amino acids 6–10 of amyloid-β (Aβ).

In the brains of transgenic Aβ42 flies, pan-neuronal expression of secreted Aβ42
(using the elav-Gal4 driver) promotes the formation of abundant amyloid-β-positive toxic
aggregates, the number and intensity of which were both reduced following olaparib
treatment (Figure 6A,B). We obtained similar effects with the MC2050 treatment (data
not shown). Results obtained by whole-mount immunofluorescence on elav-Gal4 > Aβ42
adult brains were confirmed by Slot and Western blot analysis (Figure 5C,D). Although the
mechanistic details remain unclear and need further study, these observations point to an
important and unexplored role of PARP-1 in Aβ42 toxic oligomers self-aggregation.
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Figure 6. (A) Confocal images of representative fly brains from 15-day-old elav-Gal4 > Aβ42 flies
raised on standard medium supplemented with DMSO or olaparib showing immunoreactivity to
anti-amyloid-β antibody (6E10). Scale bar indicates 50 µm. (B) Histogram depicts the quantification
of 6E10-positive puncta. n = 6 adult brains. Error bars represent SEM. (* p < 0.05). (C,D) Slot and
Western blot analysis of brain protein extracts from elav-Gal4 > Aβ42 flies probed with Aβ42 specific
antibody (6E10) (left panel). Quantification (right panel) was made using Actin for normalization and
results are expressed as percentage relative to levels measured in vehicle-treated elav-Gal4 > Aβ42
flies. Statistical significance was determined by unpaired t-test (* p < 0.05, ** p < 0.01).

3.5. Effects of PARP-1 Inhibitors on the Transposable Elements’ Expression

It is well known that transposable elements (TE) uncontrolled activation represents a
common feature of several neurodevelopmental and neurodegenerative disorders, making
them an interesting common denominator, which opens up possibilities for alternative
diagnostic and treatment strategies [82–84]. Rett syndrome was the first neurodevel-
opmental disorder in which an increase in somatic L1 retrotransposon insertions was
discovered [85]. Pathological TE activation has also been observed in ataxia telangiec-
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tasia [86], macular degeneration [87], prion disease [88], schizophrenia [89], Parkinson’s
disease [90], amyotrophic lateral sclerosis (ALS) [91–93] and Huntington’s disease (HD) [94].
It is noteworthy that integrated studies on human postmortem brains from patients with
AD and tau-expressing Drosophila models demonstrated that, also in AD, aberrant acti-
vation and mobilization of TEs substantially contribute to neurodegeneration [95–97]. To
verify whether expression profiles of TEs could be dysregulated in the Aβ42 model and
to understand whether PARP-1 inhibition could modulate Aβ42-induced TE activation,
we performed qRT-PCR experiments on RNA samples purified from elav-Gal4 > Aβ42 and
elav-Gal4/+ head tissues, in the presence or absence of PARP-1 inhibitors.

As shown in Figure 7, we found that expression levels of Aurora, opus, copia, roo and
springer were significantly increased in elav-Gal4 > Aβ42 AD flies compared to elav-Gal4/+
control flies, indicating that TE activation actually represents an intrinsic feature of AD.
Notably, PARP-1 inhibition had no effect on TE expression (except for opus) in control
flies, but strongly suppressed Aβ42-induced TE dysregulation in elav-Gal4 > Aβ42 AD flies,
indicating again that the functional correlation between PARP-1 activity and TE expression
could be crucial in determining the AD pathological phenotype.

Cells 2022, 11, x FOR PEER REVIEW 14 of 26 
 

 

 
Figure 7. qRT-PCR analysis of transposable element expression in head tissues of flies expressing 
the pathogenic construct Aβ42 in neurons (elav-Gal4 > Aβ42) treated or not with PARP-1 inhibitors 
olaparib (A) or MC2050 (B) relative to untreated controls (elav-Gal4/+); heads were analyzed at 10–
12 days post-eclosion; transcript levels were normalized to rp49 and displayed as fold change rela-
tive to untreated control flies (elav-Gal4/+). Statistical significance was determined using the 
two-way ANOVA test followed by the Tukey test for multiple comparisons (* p < 0.05, ** p < 0.01, *** 
p < 0.001). 

3.6. PARP-1 Inhibition Restores Histone Modifications in the Aβ42 Model 
The involvement of PARP-1 in controlling epigenetic modifications and chromatin 

architecture in a context-dependent manner makes PARylation an important player in 
the epigenetic control of transcriptional activity of genes potentially implicated in the 
pathogenesis of AD. Although the precise molecular mechanisms underlying the con-
tribution of PARP-1 to chromatin organization and transcriptional regulation are sophis-
ticated and remain not completely defined, it is clear that PARP-1 is able to regulate the 
complex interplay between histone acetylation and methylation by modulating the ac-
tivity of histone and chromatin-modifying enzymes [98–101]. 

In order to investigate whether histone acetylation and/or methylation were dereg-
ulated in our AD Aβ42 model and to verify whether PARP-1 inhibition with olaparib and 
MC2050 may affect histone acetylation and/or methylation levels, we performed Western 

Figure 7. qRT-PCR analysis of transposable element expression in head tissues of flies expressing the
pathogenic construct Aβ42 in neurons (elav-Gal4 > Aβ42) treated or not with PARP-1 inhibitors olaparib
(A) or MC2050 (B) relative to untreated controls (elav-Gal4/+); heads were analyzed at 10–12 days post-
eclosion; transcript levels were normalized to rp49 and displayed as fold change relative to untreated control
flies (elav-Gal4/+). Statistical significance was determined using the two-way ANOVA test followed by the
Tukey test for multiple comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001).
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3.6. PARP-1 Inhibition Restores Histone Modifications in the Aβ42 Model

The involvement of PARP-1 in controlling epigenetic modifications and chromatin
architecture in a context-dependent manner makes PARylation an important player in the
epigenetic control of transcriptional activity of genes potentially implicated in the patho-
genesis of AD. Although the precise molecular mechanisms underlying the contribution
of PARP-1 to chromatin organization and transcriptional regulation are sophisticated and
remain not completely defined, it is clear that PARP-1 is able to regulate the complex inter-
play between histone acetylation and methylation by modulating the activity of histone
and chromatin-modifying enzymes [98–101].

In order to investigate whether histone acetylation and/or methylation were dereg-
ulated in our AD Aβ42 model and to verify whether PARP-1 inhibition with olaparib
and MC2050 may affect histone acetylation and/or methylation levels, we performed
Western blotting experiments of epigenetic markers from head tissue of elav-Gal4 > Aβ42
and elav-Gal4/+ control flies. As shown in Figure 8, we found a significant increase of H3
pan-acetylated, H3K27 trimethylated and H3K9 trimethylated in elav-Gal4 > Aβ42 relative
to the control elav-Gal4/+. Notably, the treatments with olaparib on elav-Gal4 > Aβ42 flies
restore H3 pan-acetylation and both H3K9 and H3K27 trimethylation, whilst it seems to
have no effect on these histone modifications in the elav-Gal4/+ genotype. Although related
to a limited number of histone modifications, these results demonstrated that PARP-1
inhibition can restore the histone modification landscape altered in AD.

3.7. RNAi-Mediated Gene Silencing of PARP-1 Rescues Motor Dysfunction and Improves the Life
Expectancy of a Transgenic Model Expressing Human APP and BACE1 (APP/BACE1 Model)

To assess the neuroprotective effect of PARP-1 knockdown on Aβ-induced neurotoxic-
ity, we extended our analysis to a different transgenic AD model expressing the human
amyloid precursor (APP695) protein and the β-secretase enzyme BACE1 within the central
nervous system. APP protein is cleaved by transgenic human BACE1 and then by endoge-
nous Drosophila γ-secretase to generate Aβ peptides in the brain [102]. This Drosophila
model is another powerful tool for AD research as the files exhibit several clinical AD
neuropathology and symptomology for both familial and sporadic AD, including Aβ42
aggregation, synaptic abnormalities at the neuromuscular junction and behavioral and
memory defects [71,102,103].

To investigate whether PARP-1RNAi may ameliorate APP/BACE-induced motor dys-
function, we generated transgenic flies overexpressing the PARP-1RNAi construct (HMS01233)
in the APP/BACE1 model and quantified the climbing ability for each genotype combination
after checking by qRT-PCR the effective genetic depletion of PARP-1 following in vivo RNAi
(Supplementary Figure S1B).

Consistent with the data collected in the Aβ42 model, we observed that elav-Gal4 > APP,
BACE1 flies have reduced climbing activities, indicating that APP and BACE1 compromised CNS
functions. Remarkably, knockdown of PARP-1 completely rescued the APP/BACE-induced motor
impairment (Figure 9A). To rule out a possible titration of available Gal4 in the presence of multiple
UAS transgenes, we repeated climbing experiments by adding the unrelated UAS-mCD8::GFP
transgene in the elav-Gal4 > APP, BACE1 genetic background. As shown in Supplementary Figure
S2B, this additional control confirms the results presented in Figure 9A.

It was previously reported that pan-neuronal co-expression of APP and BACE-1
strongly reduced the lifespan of the adult flies [71]. To test whether PARP-1 knockdown
was able to rescue the reduced lifespan of elav-Gal4 > APP, BACE1 flies, we performed
lifespan assays using the same genotypes tested for climbing experiments. The log-rank
analysis of survival curves showed that median survival of elav-Gal4 > APP, BACE1 flies was
markedly decreased (55.9%) compared with elav-Gal4/+ control flies (the median survival
was 26 days for elav-Gal4 > APP, BACE1 flies vs. 59 days for elav-Gal4/+). Depletion of
PARP-1 significantly reduced the lifespan of control flies by 20.3% (the median survival
was 47 days for elav-Gal4 > PARP-1RNAi flies vs. 59 days for elav-Gal4/+), but significantly
increased the median lifespan of elav-Gal4 > APP, BACE1 by 34.6% (the median survival
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was 26 days for elav-Gal4 > APP, BACE1 flies vs. 35 days for elav-Gal4 > PARP-1RNAi;
APP, BACE1) (Figure 9B).
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Figure 8. Total protein extracts obtained from head tissues of elav-Gal4/+ and elav-Gal4 > Aβ42 flies,
treated or not with PARP-1 inhibitors olaparib (A) or MC2050 (B), were resolved by SDS-PAGE,
transferred onto PDVF membrane and probed with antibodies against histone H3 trimethylated
in lysine 9 (H3K9me3), trimethylated in lysine 27 (H3K27me3) and histone H3 pan-acetylated (H3
pan-Ac). Densitometry analysis was performed using ImageLab software and normalized to H3. The
data are expressed as a percentage of the elav-Gal4/+ control values and represent the mean ± SEM of
at least three independent experiments. Statistical significance was determined using the two-way
ANOVA test followed by the Tukey test for multiple comparisons. (* p < 0.05; ** p < 0.01; *** p < 0.001.)

To verify whether PARP-1 inhibition could have relevant systemic effects in rescuing
reduced lifespan of elav-Gal4 > APP, BACE1 flies, we performed lifespan experiments by
feeding AD (elav-Gal4 > APP, BACE1) and control (elav-Gal4/+) flies on a standard cornmeal-
sucrose-yeast-agar medium supplemented with 25 µM olaparib or 50 µM MC2050 over the
entire developmental period. For MC2050, we used a final concentration of 50 µM since the
100 µM concentration, even if it is very effective for short-term exposures, appeared to be
toxic over a long period of time. The log-rank analysis of survival curves showed that both
olaparib and MC2050 treatments significantly prolonged the median survival of AD flies
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by 32 and 300% respectively, as compared to vehicle-treated flies (the median survival was
18.5 days for olaparib-treated AD flies vs. 14 days for DMSO-treated AD flies and 20 days
for MC2050-treated flies vs. 5 days for untreated AD flies) (Figure 9C,D).
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RNAi. Statistical significance was determined using the one-way ANOVA test followed by the Tukey
test for multiple comparisons (* p < 0.01; *** p < 0.001). (B) Survival curves of AD APP/BACE1 flies
with neuron-specific depletion of PARP-1 by RNAi and related controls. The log-rank (Mantel–Cox)
test with Bonferroni correction for multiple comparisons indicates a significant difference between
all survival curves (*** p < 0.001). (C) Survival curves of AD APP/BACE1 flies treated with 25 µM
olaparib and related controls. The log-rank (Mantel–Cox) test with Bonferroni correction for multiple
comparisons indicates a significant difference between all survival curves (* p < 0.01) except for
elav-Gal4/+ DMSO vs. elav-Gal4/+ OLA. (D) Survival curves of AD APP/BACE1 flies treated with
50 µM MC2050 and related controls. The log-rank (Mantel–Cox) test with Bonferroni correction for
multiple comparisons indicates a significant difference between all survival curves (*** p < 0.001).

Unexpectedly, MC2050 treatment resulted in a mild toxic effect on the control elav-
Gal4/+ genotype: 50% of MC2050-treated control flies died at 42.5 days, while 50% of
the untreated group died at 51.5 days (Figure 9D). The observed toxic effect could be
explained by the important physiological roles played by PARP-1 in cellular physiology
and in genomic stability (refer to [104] for a review).

4. Discussion

Despite growing public attention and funding directed into dementia research, the
fundamental cause of AD remains elusive, providing no treatment or intervention strategy
against the molecular events that constitute its pathophysiology. In the last decade, a grow-
ing body of experimental evidence suggests that PARP-1 is activated in neurodegenerative
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diseases, neurodevelopmental disorders and aging, leading to neuroinflammation, au-
tophagy dysregulation and mitochondrial dysfunction [105–108]. Kam et al. [109] reported
that in Parkinson’s disease (PD), pathologic a-synuclein accumulation induces PARP-1
hyperactivation and that PARylation, in a feed-forward loop, accelerates neuronal cell death
by rendering a-synuclein more toxic. In addition, Puentes et al. [110] demonstrated that
PAR interacts with phosphorylated α-Synuclein (pαSyn) in post-mortem brain samples of
PD, Parkinson’s Disease dementia (PDD) and multiple system atrophy (MSA) patients, thus
providing direct evidence for a role of PARP-1 and PARylation in the progression and sever-
ity of synucleinopathies. In ataxia telangiectasia mouse and C. elegans models, the levels of
PARylation are increased, and the mitochondria result is significantly dysfunctional [111].
Similarly, overactivation of PARP-1 has been shown in other neurodegenerative diseases,
such as HD [112], ALS [113,114] and multiple sclerosis [115].

In the brain of patients with Alzheimer’s disease, extensive PARP-1 activation is con-
sidered an early and important event of the pathogenesis [10]. PARP-1 overactivation is
mainly related to the generation of reactive oxygen species (ROS) by β-amyloid aggregates
which might depend on both the damaged function of the electron transport chain and/or
on metals redox reaction (Cu2+, Zn2+ and Fe2+) involving Aβ species [116]. The accumula-
tion of misfolded proteins may cause the functional decline of the mitochondria through
bioenergetic defects, apoptosis, or autophagy [117–119].

Aβ accumulation activates PARP-1 protein specifically in astrocytes, leading indirectly
to neuronal cell death [9]. Activated PARP-1 colocalizes with Aβ, tau and microtubule-
associated protein 2 [12] and acts by promoting both the Aβ deposition and the formation
of tau tangles that, in turn, aggravate the symptoms of AD [51]. Hyperactivated PARP-1
also promotes the DNA binding of NFkB in microglia [120], and Aβ-induced microglial
activation is mitigated in mice mutant for PARP-1 [34]. Collectively, these findings support
a crucial role of PARP-1 in the pathogenesis of AD and strongly suggest that targeting
PARP-1 could be a promising strategy for minimizing the detrimental effects correlated
with PARP-1 overactivation in AD.

Currently some PARP-1 inhibitors, including olaparib, rucaparib and niraparib, are
approved as a therapy for several cancer types due to their synthetic lethality mecha-
nism [121,122]. Repurposing of already approved PARP-1 inhibitors for pathological
conditions characterized by PARP-1 hyperactivity could be an attractive strategy, since it
may offer accelerated and cost-effective therapeutic opportunities for different neurodegen-
erative diseases, including AD.

Several previous studies indicate that PARP-1 inhibition could attenuate neurodegen-
eration and delay the progression of AD by preventing oxidative damage, mitochondrial
impairment and neuroinflammation [35,123–125].

Nevertheless, most of them rely on in vitro cellular models that cannot capture the
inherent complexity of a living organism.

In this study, taking advantage of AD transgenic fly models, we provided functional
evidence that PARP-1 pharmacological inhibition can exert in vivo neuroprotective effects
which might be helpful in preventing and treating AD symptoms.

In particular, we took advantage of two different genetically engineered Drosophila
models; in the APP/BACE1 model, transgenic flies expressing both human APP and
β-secretase BACE1 in the nervous system recapitulate the amyloidogenic proteolytic pro-
cessing of APP by β- and γ-secretase, respectively, leading to the production of Aβ [71]. In
the model Aβ42, transgenic flies overexpress a pan-neuronally secreted form of the human
Aβ42 peptide, allowing them to bypass the side effects of the amyloid precursor process-
ing [72]. Our results showed that both PARP inhibitors olaparib and MC2050 partially
rescue the short lifespan of elav-Gal4 > APP, BACE1 flies, as well as significantly improve
the impaired locomotor activity of elav-Gal4 > Aβ42 flies. In particular, the locomotor
performance of elav-Gal4 > Aβ42 models increased when the flies were treated with 100
µM of MC2050, while the same concentration had no positive effect on the vitality of
elav-Gal4 > APP, BACE1 models. On the other hand, the latter showed a positive response
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in terms of lifespan when treated with a concentration of 50 µM. This difference in drug
efficiency could be due to the implicit diversity of the two models related to the severity of
pathological phenotype.

The climbing and lifespan data obtained with PARP-1 inhibitors were further con-
firmed by RNAi-mediated genetic knockdown of PARP-1 in AD genetic background.
Quantitative analysis of NAD+ cellular levels suggests that the phenotypic recovery ob-
tained in lifespan and climbing assays could be related to an improvement in bioener-
getic metabolism promoted by the inhibition of PARP-1, which favors the restoration of
NAD+ concentrations.

Moreover, consistent with the results obtained in lifespan and climbing experiments,
PARP-1 inhibition also leads to a strong reduction of Aβ42-positive puncta in adult brains
from elav-Gal4 > Aβ42 flies. Since treatments with inhibitors do not impair the transcription
of the Aβ42 pathogenic construct, we hypothesized that the effects of olaparib or MC2050
might be due to an increase of Aβ42 clearance or decreased Aβ42 toxic oligomers self-
aggregation. The latter possibility is supported by recent papers showing that PARylation
causes liquid demixing of intrinsically disordered proteins, accelerating their aggregation
under pathological conditions [109,126].

Growing evidence suggests a detrimental effect of TEs activity in neurodegenerative
disorders including AD [95,97]. In Drosophila models of human tauopathy, heterochromatin
decondensation contributes to aberrant transposable element transcription [95,127,128].
Given that PARP-1 can substantially alter chromatin structure [129], we investigated
whether PARP-1 inhibitors were capable of suppressing AD-induced transposable ele-
ment dysregulation. The expression profiles of opus, copia, roo, springer and Aurora
were analyzed in adult heads from elav-Gal4 > Aβ42 flies treated with or without PARP-1
inhibitors. PARP-1 inhibition exerted significant TEs downregulation, suggesting that its
capability in suppressing AD-induced TEs activation might reside in the restoration of a
more condensed chromatin on TE sequences. Tulin and coworkers also demonstrated that
PARP-1 homozygous mutant larvae and adults exhibit significant changes in the expres-
sion of several TEs, suggesting that PARP-1 may be effectively involved in regulating the
expression of mobile elements [63,130].

Several additional reports showed that TEs are modulated by histone modifications
in complex patterns [131] and that PARP-1 is able to directly interact with nucleosomal
core histones that, in turn, trigger PARP-1 enzymatic activity through their N-terminal
domain modifications [132]. In addition, different authors also highlighted the potential
functional relation between the activation of PARP-1 and the phosphorylation of the histone
variant H2AX (γ-H2AX), normally observed in the presence of DNA damage [133,134].
Moreover, it has been observed that PARP-1 modulates the activity of histone-modifying
enzymes [24,135,136]. Considering that, we determined the protein levels of the main
histone post-translational modifications (PTM) involved in chromatin repression or activa-
tion such as H3K27me3, H3K9me3 and H3 pan-acetylated. In particular, a decrease in H3
pan-acetylation, H3K9me3 and H3K27me3 levels is shown in the elav-Gal4 > Aβ42 genotype
treated with both PARP-1 inhibitors. The decrease of H3K9me3 induced by PARP-1 inhi-
bition is in agreement with Bartlett et al. [137]. The authors showed that the competition
between PARP-1/HPF1 (eponymous Histone PARylation Factor 1) complex and histone
acetyltransferase leads to the mutual exclusion between the PARylation of H3S10 and
H3K9ac, which is the PTM expected when the H3K9me3 is reduced. The overall results
demonstrate that PARP-1 is able to modulate histone PTM profiles through its intrinsic
enzyme activity to direct transcription [24] or structural component of chromatin [138].

Collectively, our data strongly suggest that PARP-1 inhibitors exert neuroprotective
effects in AD through two different mechanisms. On the one hand, functional inhibition
of PARP-1 antagonizes the aggregation of toxic Aβ oligomers; on the other hand, it par-
tially suppresses AD-induced transposable element activation by epigenetically regulating
chromatin structure and function. Our findings thus provide molecular mechanisms under-
lying neuroprotective effects of PARP-1 inhibitors and strengthen existing evidence for the
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potential therapeutic repurposing of PARP-inhibitors for the therapy of neurodegenerative
disorders [121,139–141].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11081284/s1, Figure S1: Quantitative analysis of transcript
levels of PARP-1 in Aβ42 and APP/BACE1 fly models; Figure S2: Quantitative analysis of climbing
defects in AD fly models.
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