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The current lack of disease-modifying therapeutics to manage neurological and neurodegenerative conditions justifies the
development of more efficacious agents. One distinct pathway leading to neuronal death in these conditions and which
represents a very promising and attractive therapeutic target is parthanatos, involving overactivation of PARP-1. We therefore
sought to identify small molecules that could be neuroprotective by targeting the pathway.

EXPERIMENTAL APPROACH

Using Hela cells, we developed and optimized an assay for high-throughput screening of about 5120 small molecules.
Structure—activity relationship (SAR) study was carried out in HelLa and SH-SY5Y cells for molecules related to the initial active
compound. The neuroprotective ability of each active compound was tested in cortical neuronal cultures.

KEY RESULTS

4'-Methoxyflavone (4MF) showed activity by preventing the decrease in cell viability of HeLa and SH-SY5Y cells caused by the
DNA-alkylating agent, N-methyl-N"-nitro-N-nitrosoguanidine (MNNG), which induces parthanatos. A similar compound from
the SAR study, 3’,4’-dimethoxyflavone (DMF), also showed significant activity. Both compounds reduced the synthesis and
accumulation of poly (ADP-ribose) polymer and protected cortical neurones against cell death induced by NMDA.

CONCLUSIONS AND IMPLICATIONS

Our data reveal additional neuroprotective members of the flavone class of flavonoids and show that methoxylation of the
parent flavone structure at position 4’ confers parthanatos-inhibiting activity while additional methoxylation at position 3,
reported by others to improve metabolic stability, does not destroy the activity. These molecules may therefore serve as leads
for the development of novel neurotherapeutics for the management of neurological and neurodegenerative conditions.
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Abbreviations

4MF, 4’-methoxyflavone; 5F2DU, 5-fluoro-2’-deoxyuridine; AB, alamar blue; AIF, apoptosis-inducing factor; CSS, control
salt solution; CTG, CellTiter-Glo; CV, coefficient of variation; DMF, 3’,4’-dimethoxyflavone; DMSO, dimethyl sulfoxide;
DPQ, 3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinolinone; HTS, high-throughput screening; JHDL, Johns
Hopkins Drug Library; MEM, minimum essential medium; MNNG, N-methyl-N’-nitro-N-nitrosoguanidine; MSSPL, MSSP
(Spectrum2K) Library; P/S, penicillin-streptomycin; S/B, signal-to-background; SAR, structure-activity relationship;
z-VAD-fmk, benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone

Introduction

The current burden of CNS diseases is significant, and a
number of these afflictions, such as stroke, are among the
leading causes of death, especially in the developed world
(Liang et al., 2004). The grim prospect of an unprecedented
explosion in the incidence of these disorders calls for
renewed efforts to identify novel and more efficacious agents
for their management (Dawson and Dawson, 2004), which,
unfortunately, are not available to date.

Research in neurotherapeutics development is now fo-
cused on well-defined or emerging signalling pathways, assays
to study which can be miniaturized for high-throughput
screening (HTS) of compound libraries. One major pathway
now identified to be involved in the death of neurones in
stroke and neurodegenerative diseases involves the overacti-
vation of the nuclear enzyme, PARP (Yu et al., 2002). This leads
to the production of its polymer product, poly (ADP-ribose)
(PAR), which has been shown to be directly toxic to neurones
(Andrabi et al., 2006). Although there are now at least 18
members of the PARP protein family, PARP-1 (116 KDa) pro-
duces over 95% of the total PAR polymer in most cells (Dawson
and Dawson, 2004), which is why most attention is focused on
this isoform. PAR signals to a mitochondrially localized
protein, apoptosis-inducing factor (AIF), compelling it to
translocate to the nucleus, where it (AIF) causes large-scale
(50 kb) DNA fragmentation and nuclear condensation (Yu
et al., 2002). This stage is the commitment point for cell death
in several models of neurotoxicity, and it has been shown that
AIF has the ability to mediate directly the toxicity of PAR
polymer (Yu et al., 2006). The involvement of both PARP-1
activation and the consequent nuclear AIF translocation has
been demonstrated in models of stroke (Li et al., 2007), trau-
matic brain injury (Zhang et al., 2002), neurodegeneration (Yu
et al., 2003), heart ischaemia-reperfusion injury (Song et al.,
2008) and many other pathologies (Virag, 2005). We have
termed this cell-death pathway ‘parthanatos’ (Andrabi ef al.,
2008), to distinguish it from other forms of cell death.

Typically, neurones could be buffeted by a myriad of
insults that are capable of causing excessive DNA damage,
such as ischaemia, excitotoxicity, oxidative stress, nitrosative
stress and inflammation. Some of these insults can elicit
damage directly (e.g. oxidative stress), while some do so
through excessive activation of the ionotropic NMDA recep-
tor, triggering a cascade of highly choreographed pathologi-
cal events, including, in sequence, excessive calcium influx,
activation of neuronal NOS, production of nitric oxide and
formation of the highly toxic peroxynitrite. Peroxynitrite
induces pronounced DNA damage, thus sensitizing PARP-1
to produce prodigious amount of PAR polymer, leading to
nuclear AIF translocation, large-scale DNA fragmentation and
nuclear condensation, and, eventually, neuronal death (Yu
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et al., 2002). The parthanatos cascade, therefore, represents a
very attractive and promising therapeutic target.

We have attempted to identify novel blockers of the
parthanatos cascade, hypothesizing that such molecules will
be robustly neuroprotective and thus serve as leads for
the development of more efficacious neuroprotectants. We
exploited a unique biochemical feature of parthanatos — its
resistance to caspase inhibition (Yu et al., 2002) - to design an
HTS assay, which was optimized and used to screen a few
thousand compounds, from which we identified two com-
pounds of the flavone family of flavonoids that showed novel
activity as neuroprotective inhibitors of parthanatos. We
found that methoxylation of flavone at the 3’ position
confers ability to inhibit parthanatos while additional meth-
oxylation at the 4’ position does not destroy this activity.

Materials and methods

Reagents and chemicals

Culture media, TrypLE™ Express, FBS, poly-L-ornithine and
alamar blue (AB) were from Invitrogen (Carlsbad, CA, USA).
CellTiter-Glo™ (CTG) was from Promega Incorporation
(Madison, WI, USA). Horse serum was from Sigma-Aldrich (St.
Louis, MO, USA); glutamine and penicillin-streptomycin
(P/S) antibiotic were from Mediatech Inc. (Manassas,
VA, USA). 3,4-Dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-
isoquinolinone (DPQ) was from Sigma-Aldrich and
Benzyloxycarbonyl- Val-Ala-Asp(OMe) - fluoromethylketone
(z-VAD-fmk) was from both Sigma-Aldrich and R&D
Systems (Minneapolis, MN, USA). N-methyl-N"-nitro-N-
nitrosoguanidine (MNNG) was obtained from Chem Service
(West Chester, PA, USA). Anti-PAR polyclonal primary anti-
body was from Trevigen (Gaithersburg, MD, USA), while anti-
rabbit IgG secondary antibody and HRP-conjugated anti-f-
actin antibody were from Sigma-Aldrich. MSSP Library
(2 mM) was purchased from the Johns Hopkins ChemCORE
Facility (10 mM stock was originally purchased from Micro-
Source Discovery Inc., Groton, CT, USA). Johns Hopkins Drug
Library (JHDL) was supplied by one of the authors, Prof. Jun
Liu. Flavonoid compounds and related chemicals were pur-
chased from Indofine Chemicals (Hillsborough, NJ, USA),
except wogonin, which was purchased from Sigma-Aldrich.
Culture plates were from BD Falcon (Franklin Lakes, NJ, USA),
except NUNC plates and specialized screening plates that
were obtained from Fisher Scientific (Pittsburgh, PA, USA).
Reagents and chemicals were properly stored.

Cell culture: cell lines and primary

neuronal cultures

HeLa and SH-SYSY cells were grown in DMEM supple-
mented with 10% FBS and 1% P/S antibiotic combination.



They were incubated at 37°C in a humidified atmosphere of
5% COs.

Primary neuronal cultures were prepared from gestational
day 15-16 (E15-E16) fetal CD1 mice according to standard
protocols as previously described (Dawson etal., 1993).
Experiments were performed in accordance with the National
Institutes of Health Guidelines and approved by the Institu-
tional Animal Care and Use Committee. Cultures were pre-
pared and grown in minimum essential medium (MEM)
supplemented with 20% horse serum, 3% 1M b-glucose
and 1% glutamine (designated ‘mouse plating medium’).
Inhibition of glial proliferation was achieved by addition to
the growth medium at 3-4 days in vitro of 5-fluoro-2’-
deoxyuridine (5F2DU, Sigma-Aldrich; 30 uM), prepared in
mouse plating medium but with reduced (10%) horse serum
supplementation (designated ‘mouse feeding medium’). Cul-
tures so treated represent 80-90% neurones. Experiments
were conducted in 12-well NUNC plates previously coated
with polyornithine (0.1 mg-mL™") to enhance cell attach-
ment. Cultures were incubated at 37°C in a humidified
atmosphere of 7% CO, (this slightly more acidic condition,
compared with 5% CO,, produces a pH of between 7.2 and
7.3, which favours neuronal growth in particular).

Assay development and optimization for HTS
Assay development and optimization were conducted in
normal or specialized (fluorescence or luminescence) 96-well
flat-bottom plates, into which 100 pL of cells was seeded per
well. Cultures were allowed to adhere overnight and treated
in multiple wells with MNNG (50 uM, prepared fresh every
15 min in DMEM) for 25 min (a condition which selectively
induced parthanatos) in the presence or absence of each
tested compound or condition. They were then incubated
overnight (15-20 h) in the presence of each tested compound
before cell viability was assessed as the end point, drawing
from our previous findings that the toxic insult MNNG
reduces the survival of HeLa cells through PARP-1 overacti-
vation and this effect is significantly attenuated by DPQ, but
not affected by z-VAD-fmk (Yu et al., 2002).

For the primary screen, AB was used to assess cell viability.
AB is added to cells in a single step, and the extent of its
reduction, indicated by a colour change (blue to red), is
proportional to the number of living cells. It has been success-
fully employed to quantify cell viability in HTS campaigns
(e.g. see Sykes and Avery, 2009). Pre-warmed AB was added to
cultures at 10% v/v and plates were incubated for 3 h at 37°C.
They were then left at room temperature for 20 min and the
dye’s fluorescence was determined with a fluorometer at an
excitation of 530 nm and an emission of 590 nm, using the
XFluor4Safirell (version V 4.62b) software (Tecan, Mdnnedorf,
Switzerland). To optimize the use of AB, a range of cell densi-
ties (1 x 10*-2 x 10° cells-mL™) and durations of incubation
(2-9 h) were initially tested as recommended. A seeding
density of 5000 cells per well for an incubation duration of 3 h
was eventually chosen as the optimal working condition.

In order to assess HTS readiness and robustness of our
assay, several parameters were quantified as follows:

Coefficient of Variation (CV) = SD/Average x 100

Signal-to-Background ratio (S/B) = Average/SD

Methoxyflavones as inhibitors of parthanatos

Z'factor =1-3(S_. +S_)/(m. -m_), where m_, and m_
are the mean values of signal of the positive control (DPQ in
this case) and the negative control (z-VAD-fmk in this case)
in the assay, and Se and S. are the standard deviations
of the positive and negative controls (Zhang et al., 1999),
respectively.

An HTS-ready assay would have a CV of less than 10, an
S/B ratio of at least 5 and a Z’ factor of between 0.5 and 1.
Other parameters assessed include intra- and inter-plate and
day-to-day variations, dimethyl sulfoxide (DMSO) tolerance
and stability of reagents to storage and assay conditions.
All parameters were optimized and number of assay steps
reduced to the barest minimum.

For the secondary screen, the CTG luminescent cell viabil-
ity assay was used. This assay makes use of the luciferase
reaction to quantify ATP, a global indicator of cellular
metabolism. The luminescent signal is proportional to the
amount of ATP in cells. The simple and rapid nature of the
method enables a single-step addition of the reagent directly
to the cultured cells (Lovborg et al., 2002). Treated culture
plates were maintained at room temperature for 30 min, after
which the re-constituted CTG reagent was added to each well
at a 1:1 ratio. Plates were agitated for 2 min on an orbital
shaker to lyse the cells and left at room temperature for
10 min to stabilize the luminescence signal (signal half-life
>5 h). Plates were then read with a luminometer, using the
software XFluor4Safirell (Version V 4.62b).

High-throughput screen of compound libraries
For the screening of the MSSP library (MSSPL), HeLa cells
were seeded at 5000 cells per well (100 uL per well) into 25
BD Falcon™ (BD Biosciences, Bedford, MA, USA) 96-well
black/clear, tissue culture-treated, flat-bottom plates, incu-
bated and allowed to adhere overnight. Microscopic exami-
nation confirmed that the cultures were healthy and
uncontaminated. Working compound plates were prepared
in DMSO as 2 mM dilutions of the 10 mM master plates. The
MSSPL contains 2000 compounds in 25 plates, with 80 com-
pounds in each plate. The columns on the right and left sides
of each plate (columns 1 and 12) contain DMSO only. They
were therefore used for the assessment, in corresponding
culture plates, of DMSO control treatment (column 1, top 4
wells), MNNG only-treatment (column 1, bottom 4 wells),
MNNG treatment in the presence of positive control (DPQ,
30 uM) (column 12, top 4 wells) and MNNG treatment in the
presence of negative control (Z-VAD-fmk, 100 uM) (column
12, bottom 4 wells). Corresponding compound plates (co-
lourless) and culture plates (black) were labelled with the
same identification number, from 1 to 25.

Compounds for addition to cultures were prepared in
growth medium to a final concentration of 10 uM with
the aid of CyBi™-well Liquid Handler (CyBio AG, Jena,
Germany). MNNG was prepared at 11x concentration
(550 uM) in DMEM every 15 min, and with the aid of the
Multi-Drop Combi Liquid Dispenser (Thermo Fisher Scien-
tific, Hudson, NH, USA), 10 pL was dispensed into each well
to achieve a final concentration of 50 uM [same concentra-
tion (100%) and volume of DMSO dispensed into normal
control wells]. Plates were shaken gently and briefly and
incubated for 25 min. The entire content of each plate was
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then dumped and medium from corresponding plates con-
taining library or control compounds added by the use of the
Liquid Handler. Each library compound was tested in a single
well. Plates were then incubated overnight. AB was added to
each well with the aid of the Multi-Drop Combi Liquid Dis-
penser. Plates were returned to the incubator for 3 h, after
which they were allowed to equilibrate at room temperature
for 20 min. The 25 plates, tagged for automated identifica-
tion, were then stacked in a Twister II Plate Handler (Zymark
Corporation, Hopkinton, MA, USA). Fluorescence for each
plate was read using the Tecan microplate reader with the
XFluor4Safirell software, generating data automatically in an
Excel spreadsheet. These data were analysed by comparing
fluorescence value in the presence of each compound (or
average fluorescence value in case of DPQ or z-VAD-fmk) to
average fluorescence value for the four normal control wells
per plate.

The JHDL was screened in a way similar to the MSSPL’s
screen, but manually. A total of 3120 compounds (80 com-
pounds per plate) were contained in 42 plates. Columns 1
and 12 of the stock (2 mM) compound plates contained
DMSO only and corresponding positions in the culture plates
were used for assessing the effect of DMSO only, as well as the
effects of MNNG in the presence or absence of the positive
and negative controls. The manual screening was executed in
four project batches.

Assembly and screening of customized library
Each of the 27 compounds was prepared in DMSO as a
10 mM stock and diluted to 2 mM (with DMSO). Cells (HeLa,
SH-SYS5Y) were seeded into 96-well white, tissue culture-
treated, flat-bottom plates suitable for luminescence reading.
Screening was performed manually at 1, 10 and 20 uM of the
compounds. Viability was determined using the CTG reagent.
When hydrogen peroxide was used, cells were exposed to it at
2 mM for 2 h.

Immunoblot analysis

Treated cultures were washed twice with cold PBS and lysed
by the addition of sample loading buffer (Laemmli sample
buffer, with 2-mercaptoethanol added) containing SDS. Lysed
samples were boiled on a heating block at 100°C for 5 min,
and 20 uL was loaded onto 8% SDS-PAGE gel and electro-
phoresed in standard running buffer at 120 V for 1-1.5 h.
Protein marker (Precision Plus Protein Standard, Biorad, Her-
cules, CA, USA) was included. The separated proteins were
transferred electrophoretically to a nitrocellulose membrane
(run at 120 V for 1.5 h in transfer buffer containing 10% of
10x Tris-glycine stock and 20% methanol). Non-specific
binding was blocked by 1 h incubation with 5% non-fat dry
milk. This was followed by overnight incubation on a slowly
rotating shaker at 4°C with anti-PAR rabbit polyclonal
primary antibody (1:10 000; Trevigen, Gaithersburg, MD,
USA), prepared in 1% non-fat dry milk, with 0.01% w/v
sodium azide added. Non-fat dry milk was prepared in PBS
containing 0.1% Tween 20 (PBS-T). Blots were then washed
with three 5 min changes of PBS-T and incubated for 1 h at
room temperature with anti-rabbit IgG (whole molecule) —
peroxidase secondary antibody (produced in goat; 1:5000;
Sigma-Aldrich), prepared in 1% non-fat dry milk. Afterwards,
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blots were washed with three 10 min changes of PBS-T (blots
placed on a fast-rotating shaker) and signals were detected by
chemiluminescence using SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce, Rockford, IL, USA). Immunoblots
were visualized on x-ray films. B-Actin was used as a loading
control. To probe for B-actin, blots were incubated for 30 min
with stripping buffer (Restore PLUS Western Blot Stripping
Buffer, Thermo Scientific, Rockford, IL, USA), washed thrice
with PBS-T, incubated with 5% non-fat dry milk for 1 h and
then with HRP-conjugated anti-B-actin antibody for 1 h, after
which signals were detected by chemiluminescence and visu-
alized on x-ray films.

Induction of neuronal death

Cultures were used for experiments at 12-14 days in vitro.
Control cultures were treated with control salt solution (CSS)
containing 120 mM NaCl, 54 mM KCl, 1.8 mM CaCl,,
25 mM Tris-HCI, pH 7.4, and 20 mM b-glucose. NMDA was
always freshly prepared in CSS, with 10 uM glycine added to
act as a co-agonist at the NMDA receptor. Each treatment
lasted 5 min. Growth medium (conditioned) was first aspi-
rated (and saved). Cultures were then washed with CSS and
treated with CSS, NMDA or NMDA in the presence of the
tested compounds, added concomitantly with NMDA and
also included in the conditioned growth medium for resto-
ration following NMDA treatment. The treatment conditions
were such that NMDA selectively induced parthanatos, as
earlier reported (Yu et al., 2002). To control for any potential
effect of DMSO employed as the vehicle for the chemical
compounds, an equivalent volume of DMSO for the highest
concentration of the tested compounds was added to CSS
only-treated or NMDA only-treated cultures. After treatment,
cultures were washed once with CSS, restored to the condi-
tioned growth medium containing control or tested com-
pounds and incubated for 15-20 h.

Assessment of cell death

Treated cultures were stained with Hoechst 33342
(5 mg-mL™, labels all cells blue) for 5 min and propidium
iodide (1 mg-mL™, labels dead cells red) for a further 5 min.
Medium was then aspirated and cultures were washed with,
and maintained in, CSS before image acquisition. Plates were
placed on the mechanized stage of a Zeiss microscope and
images acquired with the x20 objective (Hoechst: DAPI
channel and PI: rhodamine channel) and saved. Computer-
assisted cell counting was then performed with the aid of
specialized software (Axiovision 4.6, Zeiss, Jena, Germany). At
least three separate representative fields were counted for
each treatment. Cell death was calculated as the ratio of
PI-positive (red) cells to Hoechst 33342-positive (blue) cells,
expressed as a percentage.

Statistics

Data are expressed as mean + SEM. Data were either normal-
ized to the control or to a given reference treatment, or stated
as absolute values. For comparison of more than two means,
one-way ANovA was used, followed by either the Dunnett’s
(comparison with control) or the Student-Newman-Keuls’
post hoc test, and a P-value of <0.05 was considered statisti-
cally significant.



Results

Development and optimization of a
high-throughput primary assay to identify
inhibitors of parthanatos

The flow chart of the experimental steps for the screening
project is shown in Figure 1. MNNG was adopted as the
stimulus for parthanatos, having been previously shown to
kill HeLa cells, under the treatment conditions adopted,
specifically in a PARP-1-dependent, caspase-independent
manner requiring AIF translocation (Yu etal.,, 2002). The
PARP-1 inhibitor, DPQ (30 uM), and the pan-caspase inhibi-
tor, z-VAD-fmk (100 uM), were chosen as positive and nega-
tive controls, respectively. DPQ significantly protects against
the reduction in cell viability induced by MNNG, while
z-VAD-fmk has no effect, and neither DPQ nor z-VAD-fmk
has any effect on its own (Figure 2A). We show that
AB adequately quantifies the concentration- and time-
dependent reduction in HeLa cell viability induced by
increasing concentrations of MNNG (25-100 uM), from 3 to
20 h following restoration to growth medium after 25 min of
exposure to the toxin (Figure 2B). Similarly, cell viability fol-
lowing exposure to another toxin, hydrogen peroxide (0.25-
4 mM), for up to 2 h, was shown by AB quantification to be
decreased in a concentration- and time-dependent fashion
(Figure 2C).

To optimize our assay for robustness for HTS, standard
parameters were determined, including plate-to-plate and
day-to-day variations, signal-to-background (S/B) ratio, co-
efficient of variation (CV) and Z’' factor. Variations within
and between plates and between days were very minimal.
Whereas MNNG reduced cell viability significantly, against
which DPQ protected, but z-VAD lacked any effect, variations
between the 2 days of experiment were insignificant (data not
shown). The Z’ factors were within the 0.5-1 range, com-
monly taken as index of assay readiness for HTS. DMSO up to
1% had no effect on cell viability (data not shown).

To reduce the number of screening steps and cost, we
tested whether protection against MNNG could be achieved
by adding DPQ to the recovery medium only (i.e. after expo-
sure to MNNG), rather than adding it before, during and after
MNNG exposure. The presence of DPQ in the recovery
medium only was sufficient to elicit protection (Figure 2D-F).
This model was therefore adopted for HTS, thus reducing
screening steps and project cost considerably by affording
addition of each tested compound once, rather than thrice.

An initial small library of 84 kinase and phosphatase
inhibitors (BIOMOL) was screened at 5 and 20 uM, and the
assay was able to pick up differential effects of the various
compounds tested, although no compound from the library
significantly protected against MNNG effect (data not
shown).

High-throughput screen identifies
4’-methoxyflavone (4MF) as protective
against MNNG

We used our primary assay to screen two chemical libraries at
a final concentration of 10 uM — MSSP (Spectrum2K) library
(MSSPL) and JHDL. MSSPL has 2000 compounds (50% drug
components, 30% natural products and 20% other bioac-

Methoxyflavones as inhibitors of parthanatos

tives), while JHDL is a collection of about 3120 drugs
approved by US Food and Drug Administration or its foreign
counterparts or drugs that have entered phase II clinical trials
(Chong et al., 2007; an overall total of about 5120 small
molecules). Figure 3A and B show the results of the HTS for
the MSSPL and the JHDL, respectively. Small molecules from
MSSPL were contained in 25 plates while those from JHDL
were contained in 42 plates, so values shown in Figure 3A and
B were normalized to a set value of 40% for the effect of
MNNG on viability in each plate. Z' factors for MSSPL and
JHDL were within the acceptable range, the positive control
(DPQ) elicited protective response, while the negative control
(z-VAD) had no effect. The overall pooled data in each case
mimicked our standard model (Figure 3C and D, respec-
tively), with an average Z’ factor of 0.7 in each case. Plates 19,
21 and 25 from the MSSPL were rescreened because of some
deviations shown in the effects of MNNG, DPQ or z-VAD.
Compounds toxic in the initial screen were rescreened at
lower concentrations (2 and 5 uM) while those with border-
line protection were rescreened at 20 uM.

Our selection criterion defined a hit as any compound
that gave a normalized value of at least 60%, that is, at least
20% above the normalized value for the effect of MNNG
alone. Based on this criterion, we identified 10 hits from the
primary screen (0.2% hit rate), seven of them from the MSSPL
[plate identification (ID) numbers: 2F08, 3B04, 3B06, 3C06,
3C07, 3D0S5, 3HOS] and three from the JHDL (ID: 11ES,
16F10, 37C4). The effects of these compounds on MNNG
toxicity are as shown in Figure 4A. Subsequent screens of
initially toxic or marginally protective compounds at lower or
higher concentrations, respectively, yielded no hits. Of all the
10 hits from the primary screen, 2F08 from the MSSPL elic-
ited the highest protective effect against MNNG and was the
only compound that retained its robust protection following
confirmatory repeat screens (data not shown); it was thus
confirmed as a true hit. 2FO8 was identified as 4MF, a member
of the flavone class of bioflavonoids. The structure of 4MF is
shown in Figure 4B. The effect of 4MF was concentration-
dependent, peaking at 25 uM (Figure 4C), with an ECs, value
of 10.41 + 1.31 uM (Figure 4D).

Secondary screen of customized

flavonoid library

We examined whether the protective effect of 4MF was
shared by other compounds of the same or similar chemical
classes. We customized a small library of 27 flavonoids,
including flavones carrying the hydroxy- or methoxy-
substitutions, or both, to different degrees (up to penta-
substitutions) and in different positions on the parent
flavone structure (Figures 4E and 5, Supporting Information
Table S1). The parent compound, flavone (Figure 4E), was
included (to reveal any basal effect of the class), as were two
non-flavone but polyphenolic compounds: epigallocatechin
gallate, a flavanol, and resveratrol, a phytoalexin. 4MF was
included as an internal control.

The luminescence-based assay (with the CTG reagent)
used to assess cell viability was optimized for HTS. As shown
in Figure 6A, MNNG reduced viability to about 12% of the
control. The positive control DPQ protected significantly
against the MNNG effect, raising cell viability to 86% of the
control, but the negative control z-VAD had no effect (16% of
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Assay design and optimization in HeLa cells:

- Primary assay: fluorescence-based (alamar blue)

- Secondary assay: luminescence-based (CellTiterGlo)
- End point: cell viability

- Parameters: Z' factor, Z factor, SIB ratio, CV

- Prelim screen: BIOMOL Library (84 compounds)

Rescreening at a higher
concentration (20 M)

Assays HTS-ready

Marginal
protection

—

Significant
protection

HTS of selected

chemical libraries using primary assay:
- MSSP (Spectrum 2K) Library - 2000 compounds
- Johns Hopkins Drug Library (JHDL) - circa 3000

Toxicity

—

Rescreening compounds
at lower concentrations (2 and
5 M)

compounds
lSigniﬁcant protection

- Screening at 10 uM

Repeat and secondary screens

(using secondary assay) to confirm hits
obtained from primary or previous
secondary screen(s)

l Protection retained

Structure-activity relationship studies:

- Preparation of customised library of related compounds
- Screening against toxic compounds (MNNG, H202)

- Re-screening of protective molecules for confirmation

- Screening in a different cell line (SH-SY5Y)

l Protection

Dose-response studies to establish IC 50

Evidence of potency

Assessment of neuroprotective properties
of lead molecules:
- protection against NMDA toxicity in cortical neurones

Significant
protection

Neuroprotection

Figure 1

Flow chart for the screening project. Assay was developed and optimized in Hela cells and then employed for high-throughput screen of two
chemical libraries: the MSSP Library and the JHDL. AB (fluorescence-based) or CTG (luminescence-based) was used to quantify cell viability.
Compounds showing toxicity were rescreened at 2 and 5 uM while those with marginal protective effects were rescreened at 20 uM. The 10 hits
from the primary screen were rescreened for validation. One compound was confirmed as true hit. A number of small molecules belonging to the
same class as this compound or similar classes were then selected and screened, resulting in one more hit that was then validated. Dose-response
data were obtained for the two hits; they were proven to block the synthesis and accumulation of toxic PAR polymer and were also neuroprotective

Investigating mechanisms of action:
- Inhibition of PARP
- Inhibition of PAR synthesis/accumulation
- Blockade of AIF translocation

Proof-of-concept studies (planned):

- Assessment of neuroprotection in animal models of stroke

and neurodegenerative diseases

Inhibition of
parthanatos
cascade

in cell culture. They are now to be investigated for their ability to afford neuroprotection in animal models of neuronal death.
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Assay development and optimization for high-throughput screen. (A) Model assay for the screening project. MNNG reduces cell viability
significantly, protected against by DPQ (positive control), but not by Z-VAD-fmk (negative control), although neither control had any effect on
its own. Viability was quantified 15-20 h after restoration of cultures to growth medium following 25 min exposure to MNNG (50 uM). (B) MNNG
reduces cell viability in a concentration- and time-dependent manner, up to 20 h of recovery. (C) Hydrogen peroxide reduces viability in a
concentration and time-dependent manner, up to 2 h of exposure. (D) Replication of model assay with positive and negative controls present
before, during and after MNNG treatment (viability was quantified 15-20 h post recovery). (E) Replication of model assay with positive and
negative controls present during and after MNNG treatment. (F) Replication of model assay with positive and negative controls present only after
MNNG treatment. Values shown inside columns (D-F) are normalized, with control viability taken as 100%. Optimization was conducted in Hela
cells and viability was quantified by AB. **P < 0.01, ***P < 0.001 compared with the control; ##P < 0.001; ns, not significant compared with the
effect of MNNG alone. Data shown represent the average of at least four separate experiments or replicates.

the control), consistent with our model. Day-to-day and against MNNG (data not shown). At 10 and 20 uM, 4MF
other variations were minimal and the Z’ factor was between and another compound elicited significant concentration-
0.5 and 1 (data not shown). dependent protection against MNNG (Figure 6B, for 10 uM).

The assay was used to screen the customized library at 1, The second compound was 3’,4’-dimethoxyflavone (DMF),
10 and 20 uM. At 1 uM, no library compound protected which, structurally, is 4MF with an extra methoxy group at
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High-throughput screen of chemical libraries. Screening data for (A) MSSPL and (B) JHDL. MSSPL contains 2000 compounds in 25 plates while
JHDL has 3120 compounds in 42 plates, making a total of 5120 compounds that were screened. MSSPL was screened robotically while JHDL was
screened manually. Values shown represent normalized values after the effect of the toxic stimulus MNNG was set to 40% of the normal control
for each plate. A hit was taken as a compound giving a normalized value of at least 60% (indicated by the solid horizontal line in Figure A or
Figure B). (C) Pooled data for plates in the MSSPL confirming overall screening replication of the model assay for 22 plates (three plates, numbers
19, 21 and 25, that required rescreening, were excluded). (D) Pooled data for all 42 plates in the JHDL confirming overall screening replication
of the model assay. The average Z’ factor for each library was 0.7. ***P < 0.001 compared with control; **P < 0.001 compared with MNNG alone.

position 3’ of the flavone structure (Figure 4F). Both 4MF and
DMF only mildly protected against the reduction in cell
viability induced by another toxin, hydrogen peroxide
(2mM, 2 h) (Figure 6C), with the degrees of protection sig-
nificantly lower than obtained against MNNG, consistent
with the fact that they blocked the PARP-1 activation com-
ponent of the multiple pathways activated by peroxide. To
eliminate any cell type-specific artefact, screens against
MNNG were run in the dopaminergic SH-SYSY cells, the data
from which were comparable with those obtained in Hela
cells, as both 4MF and DMF at 10 and 20 uM afforded signifi-
cant protection against the reduction in SH-SYSY viability
induced by MNNG (Figure 6D, for 10 uM).

Concentration-response data for both compounds were
then obtained. Again, as observed using the AB assay, the
protective effects of both compounds peaked around 25 pM
(Figure 7A) and ECs, values were determined as 11.41 =+
1.04 uM and 9.94 = 1.05 uM for 4MF and DMEF, respectively
(Figure 7B).
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4MF and DMF inhibit synthesis and
accumulation of PAR polymer

We examined whether 4MF or DMF affects PAR levels.
Whereas PAR levels were not detectable in control HeLa cul-
tures treated with DMSO for 5 min, robust PAR levels were
found in cultures treated with MNNG, which were not
affected by Z-VAD-fmk, but significantly reduced by DPQ.
Remarkably, in the presence of 4MF or DMF, levels of
PAR induced by MNNG significantly decreased in a
concentration-dependent fashion (Figure 7C and D).

4MF and DMF protect against NMDA
toxicity in cortical neurones

As our ultimate goal is to find neuroprotective small mol-
ecules, we examined the effects of the compounds against
neuronal toxicity induced by the overactivation of the
NMDA receptor, which is a rallying point for most insults
that buffet and eventually kill neurones in the CNS (Fatokun
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Hit identification and confirmation. (A) Compounds from the two primary screens showing MNNG value-normalized percentage viability of at
least 60%. Ten (10) such compounds were identified, seven (7) from the MSSPL (thick, black horizontal line) and three (3) from the JHDL (thick,
grey horizontal line). The 40% dotted horizontal line represents normalized MNNG value while the 60% dotted horizontal line represents the
minimal level of protection required for a compound to be classified as a hit. Compounds on or above the 60% line were taken as hits. Only one
out of the ten compounds, 4MF, was confirmed as a true hit. (B) Chemical structure of 4MF, showing methoxylation (-OCH3) of the parent
flavone structure at the 4’ position of the heterocycle. (C) 4MF protects against toxic MNNG effect in a concentration-dependent manner,
reaching significance and peaking at 25 pM. Concentrations were chosen in twofold increments up to 100 uM. Numerals on the horizontal axis
represent 4MF (2F08) concentrations in uM (100 uM included to demonstrate that effect peaked at 25 uM). (D) Concentration-response data
transformed to a sigmoid curve for the determination of ECs, value of 4MF (2F08), calculated as 10.41 = 1.31 uM (GraphPad Prism 5.03;
GraphPad Software Inc., San Diego, CA, USA). (E) Chemical structure of the parent compound, flavone. (F) Chemical structure of DMF, showing
methoxylation of the parent flavone structure at the 3’ and 4’ positions. Viability was quantified by AB. Values shown in (C) or (D) are for four
separate experiments. ***P < 0.001 compared with control; *P < 0.05, #P < 0.01 compared with MNNG alone.
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Serial number Flavonoid
1 Epigallocatechin gallate
‘ Non-flavones
2 R trol
Parent — 3 Flavone

4 Chrysin (5,7-dihydroxyflavone)
5 Baicalein (5,6,7-trihydroxyflavone)
6 Apigenin (5,7,4'trihydroxyflavone)

Hydroxy-flavones 7 Fisetin (3,3',4',7 - tetrahydroxyflavone)
8 Luteolin (3'4',5,7-tetrahydroxyflavone)
9 Scutellarein (5,6,7,4"tetrahydroxyflavone or 6-hydroxyapigenin)
10 Quercetin (3,5,7,3' 4'-pentahydroxyflavone)
1 Myricetin (3,3'4'5',5',7-hexahydroxyflavone)
12 Tectochrysin (5-hydroxy-7-methoxyflavone)

Hydroxy-methoxy- 13 Wogonin (5,7-dihydroxy-8-methoxyflavone) - hydrate

flavones

14 Kaempferide (3,5,7-trihydroxy-4"-methoxyflavone)
15 5-methoxyflavone
16 7-methoxyflavone
17 3-methoxyflavone
18 4-methoxyflavone (lead compound from primary screen) ‘
19 3'4-dimethoxyflavone
2 7 4'-dimethoxyflavone
21 5,3-dimethoxyflavone

Methoxy-

flavones 2 5,4'-dimethoxyflavone
23 5,7-dimethoxyflavone
24 5,7 4-trimethoxyflavone
25 Sinensetin (5,6,7,3'4'-pentamethoxyflavone)
26 Tangeretin (5,6,7,8,4'-pentamethoxyflavone)
27 Nobiletin (5,6,7,8,3',4'-hexamethoxyflavone)
Figure 5

Customized flavonoid library for structure-activity relationship study.
The library contains 27 compounds, consisting of 2 non-flavone
polyphenolic compounds, the parent compound (flavone), 8 com-
pounds carrying only hydroxy-substitutions on the parent
compound, 3 compounds with both hydroxy- and methoxy-
substitutions, and 13 compounds carrying only methoxy-
substitutions on the parent flavone. The substitutions are in varied
positions on the ring and are to different degrees. The lead com-
pound, 4MF, is included as an internal control (serial number 18,
highlighted). These compounds were initially prepared in DMSO as
10 mM stock solutions, from which 2 mM working stock solutions
for screening were prepared.

et al., 2008), with NMDA inducing parthanatos in a cascade
of events (David et al., 2009).

Exposure of neuronal cultures to NMDA induced signifi-
cant neuronal death (parthanatos), compared with cells
exposed to control CSS. Death was significantly reduced in
the presence of 4MF in a concentration-dependent fashion,
bringing the cell-death level to that comparable with the
control at the highest concentration tested (100 uM;
Figure 8A). Photomicrographs confirmed that cell death in
NMDA-treated neuronal cultures was significantly more than
in CSS-treated controls and 4MF decreased the cell death,
abolishing it at 100 uM (Figure 8B). Similarly, DMF elicited
concentration-dependent neuroprotection, although it was
less potent than 4MF, with the cell-death level at the three
highest concentrations tested significantly lower than that in
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NMDA-treated cultures, but still significantly higher than in
the CSS-treated control cultures (Figure 8C). This was further
confirmed by photomicrographs revealing the death-
inducing effect of NMDA and the protection afforded by DMF
(Figure 8D).

Discussion

This work reports HTS-enabled identification of two novel
inhibitors of parthanatos (PARP-1-mediated cell death). Our
assay development exploited caspase independency as one of
the distinguishing features of our target pathway; and the
experimental conditions used in both cell lines and neurones
were optimized to specifically induce parthanatos, as earlier
reported (Yu et al., 2002). Success in finding these inhibitors
demonstrates the capability of the assay to reveal compounds
that target parthanatos, even if applied to bigger libraries. The
two flavone compounds, 4MF and DMF, belong to the class of
plant-derived polyphenolic flavonoids, which have been
shown in several studies to possess a broad spectrum of
biological activities, including antioxidant, anti-cancer, anti-
inflammatory, anti-atherogenic, hypolipidaemic, and neuro-
protective or neurotrophic effects (Middleton et al., 2000;
Datla et al., 2001; Pan et al., 2002; Kurowska and Manthey,
2004; Nagase et al., 2005a,b).

Earlier reports found methoxyflavones (not 4MF) to have
less antioxidant activity than hydroxyflavones or other fla-
vonoids (Arora et al., 1998; Dugas et al., 2000; Takano et al.,
2007), although methoxyflavones protected cells against cell
death induced by endoplasmic reticulum stress in vitro and
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine injection in
vivo (a model of Parkinson’s disease), whereas hydroxyfla-
vones lacked any protective effect in these conditions
(Takano et al., 2007). Methoxyflavones have also been shown
to have higher metabolic stability than hydroxyflavones
(Walle and Walle, 2007). Our customized library, therefore,
afforded the assessment of the potential differential effects of
hydroxy- and methoxy-substitutions on the potential ability
of the molecules to inhibit parthanatos. Because substitution
at the 3’ position alone (3"-methoxyflavone, 3MF) did not
produce any protection in our screen, our findings reveal that
methoxylation at the 4’ position of the flavone structure may
be required for a flavone to inhibit PARP-1-mediated cell
death, at least within the range of the low micromolar con-
centrations tested. We reckon that the protection afforded by
4MF and DMF in our experimental paradigm was not due to
their exhibition of any significant antioxidant or free radical-
scavenging ability, as there were many compounds in the
customized library known to have such properties that did
not show any appreciable protection, including epigallocate-
chin gallate, quercetin and wogonin. Besides, the effects of
4MF and DMF are not thought to have been simply mediated
by their better penetration of the cell membranes, as activity
by the two compounds was retained across two different cell
lines (and in neurones) in which the other flavones in the
library with reasonably similar cell membrane penetration
profiles showed no activity whatsoever. Most flavonoids and
other polyphenols are known to easily penetrate cultured
cells; and for most cell culture studies using polyphenolic
aglycones (non-glycosides), cellular uptake is not hindered by
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Customized library screen. (A) Model screening assay using luminescence-based CTG for the quantification of cell viability. MNNG reduced cell
viability significantly. DPQ protected against the toxic MNNG effect, but z-VAD did not. Quantification was done 15-20 h after 25 min exposure
to MNNG followed by restoration to growth medium. (B) Customized library compounds screened at 10 uM against MNNG in Hela cells. (C)
Customized library compounds screened at 10 uM against hydrogen peroxide (H,0O,) in Hela cells. (D) Customized library compounds screened
at 10 uM against MNNG in dopaminergic SH-SY5Y cells. Arrows, arrowheads or inscriptions show, as indicated, the lack of effect of the parent
compound, flavone, the effect of 4MF, or the effect of a second protective compound, DMF. ***P < 0.001 compared with control; ##P < 0.001
compared with MNNG alone. Data in A represent an average of four independent experiments, while B-D show representative data for
experiments conducted twice, with similar results obtained in both cases.

poor membrane penetration or efflux transporters and/or
metabolic instability (Walle, 2007).

In terms of neuroprotection, 4MF was found to be more
potent against NMDA-induced neuronal death than DME
whereas both compounds were nearly equipotent against
MNNG in HeLa and SH-SY5Y neuroblastoma cells, while DMF
was more efficacious in HeLa cells, observations that may
suggest some subtle differences in the response machinery
within neuronal and non-neuronal cells (MNNG induces
DNA damage directly while NMDA acts through its receptor,
found on neuronal cells). A previous study of the pharma-
cokinetic disposition of a number of methoxyflavones and
hydroxyflavones found that DMF was significantly more

stable than 4MF, with its elimination half-life fourfold more
than that of 4MF (intrinsic clearance fourfold less), thus
placing DMF among the most stable of the methoxyflavones
tested, whereas 4MF and 3MF both had comparably poor
stability (Walle and Walle, 2007). Therefore, in an in vivo
setting, the additional methoxylation of 4MF at the 3’ posi-
tion to produce DMF, while retaining significant ability
to inhibit PARP-1-mediated cell death, may significantly
enhance metabolic stability, a property that is desirable in
drug development.

In this study, the effective concentrations of 4MF and
DMF were found to be within the micromolar range. While it
remains to be fully clarified why a number of reports have
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Figure 7

Comparative concentration-response data and inhibition of PAR synthesis and accumulation by 4MF and DMF. (A) Graph showing the
concentration-dependent protective effects of 4MF and DMF against MNNG in Hela cells, with viability quantified by CTG. Values shown are
averages of two separate experiments (100 uM shown to demonstrate that effects of the compounds peaked at 25 uM). (B) Concentration—
response data in (A) transformed into a sigmoid curve for the determination of ECso. The ECsq values are 11.41 = 1.04 uM and 9.94 = 1.05 uM,
for 4MF and DMF respectively (GraphPad Prism 5.03). (C, D) Assessment of the effects of 4MF and DMF on the levels of PAR polymer induced
by MNNG in Hela cells. Cultures were treated with MNNG (controls treated with DMSO) for 5 min in the presence or absence of increasing
concentrations of 4MF or DMF. They were then probed with anti-PAR rabbit polyclonal primary antibody (1:10 000; Trevigen) and, after washing,
incubated with anti-rabbit IgG (whole molecule) — peroxidase secondary antibody (1:5000; Sigma). Detection was by chemiluminescence with
SuperSignal West Pico Chemiluminescent Substrate (Pierce) and immunoblots were visualized on X-ray films. B-Actin was used as a loading
control. Data shown are representative of experiments that were repeated at least three times with similar results.
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4MF and DMF protect against neuronal death induced by NMDA. Primary neuronal cultures were prepared from gestational day 15-16 fetal CD1
mice. Inhibition of glial proliferation was achieved by addition to the growth medium of 5-fluoro-2’-deoxyuridine (5F2DU, Sigma, 30 uM) at 3-4
days in vitro. Cultures so treated represent at least 80% neurones. Cultures were used for experiments at 12-14 days in vitro. Control cultures were
treated with CSS. NMDA was always freshly prepared in CSS, with 10 uM glycine added to act as a co-agonist at the NMDA receptor. Each treatment
was for 5 min. Cultures were then restored to their conditioned growth medium for the next 15-20 h. To assess cell death, cultures were stained with
Hoechst 33342 (5 mg-mL™, labels all cells blue) for 5 min and propidium iodide (1 mg-mL™, labels dead cells red) for a further 5 min. Medium was
then aspirated and cultures washed with CSS before image acquisition after placing the plates on a motorized stage of a Zeiss microscope.
Computer-assisted cell counting was then performed with the aid of specialized software (Axiovision 4.6, Zeiss, Germany). At least three separate
fields were counted for each treatment. Cell death was calculated as the ratio of Pl-stained (red) cells to Hoechst 33342-stained (blue) cells, expressed
as a percentage. (A) 4MF concentration-dependently reduced neuronal death induced by exposure to NMDA. (B) Photomicrographs showing dead-
and live-cell staining to indicate the death-inducing effect of NMDA on neurones and the concentration-dependent neuroprotective effect of 4MF.
Neuroprotection is clearly evident even from the lowest 4MF concentration tested. (C) DMF concentration-dependently reduced neuronal death
induced by exposure to NMDA but was less potent than 4MF. (D) Photomicrographs showing dead- and live-cell staining to indicate the
death-inducing effect of NMDA on neurones and the concentration-dependent neuroprotective effect of DMF. Neuroprotection is evident with DMF
concentration of 25 uM or higher. Data shown are an average of three different fields and are representative of at least three separate experiments
with similar results. ***P < 0.0017 compared with CSS control; #P < 0.01, ##P < 0.001 compared with NMDA alone.
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described activity for flavonoids at nanomolar range of con-
centrations against some targets (e.g. see Nilsson et al., 2008;
Feng et al., 2010; Cuccioloni et al., 2011), whereas several
other reports have only found activity at micromolar range of
concentrations, it is possible that the cell type used and the
nature of the molecular target(s) in question may explain the
differences, at least in part (Fraga and Oteiza, 2011). With
regard to what is reported as an attainable physiological con-
centration for a flavonoid, it should be noted that the plasma
concentrations of flavonoids are usually in the nanomolar
range, whereas serum concentrations can reach the high
micromolar range (Lin et al., 1999; Silberberg et al., 2005;
Braidy et al., 2010; Fraga and Oteiza, 2011). The behaviour of
a flavonoid in an intact animal depends on its nature (e.g.
susceptibility to metabolism) and the target tissue (Walle,
2007). Because methoxyflavones are fairly metabolically
stable (especially DMF in this case; Walle and Walle, 2007),
their effects in vivo may not be mediated by their metabolites
to any appreciable extent, if any at all. We reckon that the
evidence of activity for 4MF and DMF at the micromolar
concentrations examined in this study is consistent with
reports of several previous elegant studies conducted in
neuronal and non-neuronal cells or tissues, for example
(Schroeter etal., 2001; Hanneken etal., 2006; Fernandez
etal.,, 2012), with flavonoid activity against PARP in cell
culture models having been almost always reported at micro-
molar concentrations (Geraets ef al., 2007a,b; Braidy et al.,
2010; Yashiroda et al., 2010). However, it is possible to obtain,
through synthetic chemistry, more potent structural deriva-
tives of the compounds identified in this work that will retain
their parthanatos-blocking activity, but regardless of the
potency they exhibited, the observation that they both
blocked parthanatos at the concentrations used, while other
flavonoids in the customized library showed no such activity,
makes them attractive as promising pharmacological probes
for the study of parthanatos. Of course, a number of PARP-1
inhibitors are commonly used experimentally at micromolar
(Garcia et al., 2008; Radnai et al., 2012) or even millimolar
(Kuo et al., 1998) concentrations.

Overall, although a series of studies reported a number of
flavones to have ability to inhibit PARP-1 in human pulmo-
nary epithelial and vascular endothelial cells (Geraets et al.,
2007a,b), our study, as far as we know, is the first to report
4MF and DMF as neuroprotective inhibitors of parthanatos.
Although not as potent as most existing PARP-1 inhibitors,
they are potentially useful in the pharmacological elucida-
tion of parthanatos. These compounds are to be examined in
the near future for their neuroprotective activity in animal
models of stroke and neurodegeneration. Our work lends
credence to the fact that flavonoids may target specific sig-
nalling pathways to elicit their pharmacological actions.
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