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BACKGROUND AND PURPOSE
The mechanisms of paraquat (PQ)-induced toxicity are poorly understood and PQ poisoning is often fatal due to a lack of
effective antidotes. In this study we report the effects of N-[2-(2-methoxy-6H-dipyrido{2,3-a:3,2-e}pyrrolizin-11-yl)ethyl]-2-
furamide (NMDPEF), a melatonin-related inhibitor of quinone oxidoreductase2 (QR2) on the toxicity of PQ in vitro & in vivo.

EXPERIMENTAL APPROACH
Prevention of PQ-induced toxicity was tested in different cells, including primary pneumocytes and astroglial U373
cells. Cell death and reactive oxygen species (ROS) were analysed by flow cytometry and fluorescent probes. QR2 silencing
was achieved by lentiviral shRNAs. PQ (30 mg·kg-1) and NMDPEF were administered i.p. to Wistar rats and animals were
monitored for 28 days. PQ toxicity in the substantia nigra (SN) was tested by a localized microinfusion and
electrocorticography. QR2 activity was measured by fluorimetry of N-benzyldihydronicotinamide oxidation.

KEY RESULTS
NMDPEF potently antagonized non-apoptotic PQ-induced cell death, ROS generation and inhibited cellular QR2 activity. In
contrast, the cytoprotective effect of melatonin and apocynin was limited and transient compared with NMDPEF. Silencing of
QR2 attenuated PQ-induced cell death and reduced the efficacy of NMDPEF. Significantly, NMDPEF (4.5 mg·kg-1) potently
antagonized PQ-induced systemic toxicity and animal mortality. Microinfusion of NMDPEF into SN prevented severe behavioural
and electrocortical effects of PQ which correlated with inhibition of malondialdehyde accumulation in cells and tissues.

CONCLUSIONS AND IMPLICATIONS
NMDPEF protected against PQ-induced toxicity in vitro and in vivo, suggesting a key role for QR2 in the regulation of
oxidative stress.

LINKED ARTICLE
This article is commented on by Baltazar et al., pp. 44–45 of this issue. To view this commentary visit
http://dx.doi.org/10.1111/j.1476-5381.2012.02017.x
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5-(6′-triphenylphosphoniumhexyl)-5,6 dihydro-6-phenyl; NMDPEF, N-[2-(2-methoxy-6H-dipyrido{2,3-a:3,2-e}pyrrolizin-

11-yl)ethyl]-2-furamide; NRH N-riboside dihydronicotinamide; PQ, paraquat; ROS, reactive oxygen species; shRNA, short

harpin RNA; SN, substantia nigra; TTBS, Tween-Tris buffered saline

Introduction

Paraquat (1,1′-dimethyl-4,4′-bipyridinium; PQ) is a herbicide

used worldwide and the acute exposure to PQ, after acciden-

tal or suicidal ingestion, causes thousands of deaths each

year. However, clinical management of PQ poisoning is often

unsuccessful due to a lack of effective antidotes (Dinis-

Oliveira et al., 2009a). PQ poisoning leads to fatal injury of

lungs, kidneys, liver, brain and other organs. PQ is toxic to all

cell types, but the active accumulation of PQ via diamine

transporters in alveolar epithelial cells (pneumocytes type I

and II) has been proposed to be responsible for the high

sensitivity of lung tissue (Dinis-Oliveira et al., 2008).

Chronic exposure to PQ and other pesticides has been

implicated in the pathogenesis of neurodegenerative disor-

ders such as Parkinson’s disease (Hatcher et al., 2008) a

common neurodegenerative disorder in the elderly, charac-

terized by the loss of dopaminergic neurons in substantia

nigra pars compacta (SN). In support of a causative role of PQ

in Parkinsonian pathology, many animal models have been

developed that show certain features of the disease, like

nigrostratial degeneration or dyskinaesia, following acute or

chronic exposures to the herbicide or to a structurally related

toxin, MPTP (Duty and Jenner, 2011; Nistico et al., 2011). PQ

has been shown to cause a selective death of dopaminergic

neurons, a process mediated by oxidative stress and a marked

activation of microglial cells (Peng et al., 2005; 2009). These

events correlate with potent behavioural, electrocortical

(ECoG) and neurodegenerative effects following PQ injection

into several areas of the rat brain (Mollace et al., 2003). These

effects can be prevented by administration of a non-peptidyl

superoxide dismutase (SOD) mimetic (Mollace et al., 2003),

suggesting that oxidative stress is involved in the neurotoxic

response to PQ.

The mechanism whereby PQ induces oxidative stress

and elicits cell damage involves a cyclic reduction/oxidation

of the PQ di-cation with consumption of NAD(P)H and pro-

duction of superoxide anion (Bus and Gibson, 1984; Drech-

sel and Patel, 2008). This process is likely to be catalysed by

diaphorases, i.e, enzymes with oxidoreductase activity,

localized in different cellular compartments (Drechsel and

Patel, 2008; Drechsel and Patel, 2009). Several NAD(P)H-

dependent diaphorases have been identified as PQ-reducing

enzymes. These include, cytoplasmic NADPH oxidases of

the Nox family (Miller et al., 2007; Cristovao et al., 2009), a

diphenylene iodonium (DPI)-sensitive thioredoxin reduct-

ase, highly expressed in alveolar epithelium (Gray et al.,

2007), mitochondrial oxidoreductases present in the elec-

tron transport Complex I (Cocheme and Murphy, 2008) and

Complex III (Castello et al., 2007; Drechsel and Patel, 2009)

or a mitochondrial NADH-dependent reductase VDAC1

(Shimada et al., 2009). Finally, it cannot be excluded that

oxidoreductases that preferentially use an alternative elec-

tron donor to NAD(P)H, are also involved in PQ-induced

cytotoxicity.

N-riboside dihydronicotinamide (NRH) : quinone oxi-

doreductase 2 (NQO2), also known as quinone reductase 2

(QR2), is a NADPH-independent flavoenzyme typically cata-

lysing two-electron reductions of quinones and oxidation of

N-alkyl and N-ribosyl nicotinamide (NADH) derivatives

(Mailliet et al., 2005); however, one and four electron reac-

tions have also been proposed to be catalysed by this enzyme.

QR2 is a homolog of quinone oxidoreductase 1 (QR1), a more

extensively studied enzyme of phase II drug metabolism

(Bianchet et al., 2008). QR2 and QR1 have partially overlap-

ping substrate specificity, but distinct co-substrates and tissue

expression profiles. For this reason both enzymes may play

different biological roles.

Quinone and quinone-derivative conversion to hydroqui-

nones is usually detoxifying, but in some cases leads to the

bioactivation of cytotoxic compounds, such as menadione

and mitomycin (Celli et al., 2006). A remarkable feature of

human QR2 is its ability to act as a nitroreductase with high

specificity for selected substrates. This property is essential for

the bioactivation of the anti-tumour, DNA cross-linking

agent CB1954 (Knox et al., 2003). The majority of QR2 sub-

strates are xenobiotics and only a few endogenous substrates

are known. For example, a possible role of this enzyme has

been suggested in dopamine quinone metabolism and Par-

kinson’s disease (Fu et al., 2008). Interestingly, genetic studies

have identified an association of a promoter region polymor-

phism in the NQO2 gene locus characterized by a 29-bp

deletion, with idiopathic and pesticide-induced Parkinson’s

disease (Harada et al., 2001). In light of more recent findings,

this deletion disrupts the sp3 repressor binding site on the

NQO2 promoter and favours an increased expression of QR2

(Wang et al., 2004; Yu et al., 2009).

Another important feature of QR2 is its ability to bind

several ligands with inhibitory properties, for example

natural flavonoids, such as resveratrol and quercetin, anti-

tumour drugs such as imatinib, and the neurohormone mela-

tonin. Importantly, QR2 has been identified as the melatonin

MT3 receptor located in the cytoplasm (Mailliet et al., 2005)

which may mediate some of the antioxidant activities of

melatonin, such as its potent protective effect against PQ

systemic toxicity in rats (Melchiorri et al., 1995).

Given the role of QR2 in nitroreduction, bioactivation of

cytoxic xenobiotics and in melatonin signalling, we exam-

ined a potential involvement of QR2 in PQ-induced toxicity.

We found that a melatonin-related and specific QR2 inhibi-

tor, N-[2-(2-methoxy-6H-dipyrido{2,3-a:3,2-e}pyrrolizin-11-

yl)ethyl]-2-furamide (NMDPEF), prevented the cytotoxic

effects of PQ in vitro in several cell lines and in primary

pneumocytes. Knock-down of QR2 partially rescued the cells

from PQ-induced toxicity and reduced the protective effect of

the QR2 inhibitor. Importantly, NMDPEF showed a potent

antidote effect in vivo in animal toxicity studies. Our data

suggest a novel pharmacological approach to the treatment

of PQ poisoning and demonstrate a role for QR2 in the

regulation of oxidative stress.
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Methods

Cell culture
The human astrocytic cell line U373 (kind gift of M. Pollicita

e S. Aquaro, Tor Vergata University, Rome) and human

embryonic kidney cells HEK293 were cultured in the com-

plete medium: low-glucose (1%) Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% heat inactivated

foetal calf serum (FCS; Lonza, Basel, Switzerland), 2 mM

glutamine, 1 mM sodium pyruvate, 100 units·mL-1 penicillin,

100 mg·mL-1 streptomycin (Pen/Strep). Mouse mammary epi-

thelial cells EpH4 were cultured as previously described

(Janda et al., 2002). A549 lung carcinoma cells were cultured

in F12-K medium, supplemented with 10% FCS and Pen/

Strep. Only few specified experiments were carried in high-

glucose DMEM (4.5% glucose) complete medium.

Measurement of QR2 activity
Fluorometric assay of QR2 activity was performed as previ-

ously described (Mailliet et al., 2005) with a few modifica-

tions. Cells were washed once in PBS, collected in PBS

with a rubber scraper and centrifuged (400¥ g, 5 min, 4°C).

The resulting cell pellet was resuspended in GPS reaction

buffer (50 mM Tris/HCl, pH 7.5, 1 mM n-octyl-b-D-

glucopyranoside) and homogenized by a tight glass Dounce

homogenizer (Weaton) with 18 strokes on ice. A amount of

0.5 mL of GPS buffer was used for 80% confluent 10 cm

dishes. Nuclei and debris were removed by centrifugation

(1000¥ g, 5 min, 4°C). Aliquots of the supernatant were stored

at -80°C until required. Protein concentration was deter-

mined by BCA assay (Pierce, Rockford, IL, USA). 1–2.5 mg

of cell lysate was used for one 170 mL reaction. Reactions

were carried out at room temperature in 96 well plates.

N-benzyldihydronicotinamide (BNAH, Santa Cruz Biotech.,

Santa Cruz, CA, USA) oxidation was measured at 1 min inter-

vals using a Victor 1420 fluorometer (Perkin Elmer, Waltham,

MA, USA) with excitation at 355 nm and emission at 460 nm.

Baseline measurements were taken before the addition of the

enzyme source and the reaction followed for 15–20 min. Data

were manipulated using Microsoft Excel and then analysed

by GraphPad Prism 3.0 software for Michelis-Menten kinetics

(GraphPad, San Diego, CA, USA). The velocity of the reaction

was determined by curve fitting and corresponded to the

velocity 2 min. after the addition of the enzyme. BNAH fluo-

rescence coefficient per well (96 well plate) was calculated

experimentally as 3.5 ¥ 108 M-1.

Isolation of pneumocytes. Primary rat alveolar epithelial cells

(mainly type II pneumocytes) were isolated from lung tissue

obtained from Wistar rats using techniques described previ-

ously (Dusinska et al., 1998) with modifications indicated in

the Supporting Information.

Flow cytometry (FACS) analysis of cell
viability and apoptosis
U373 astroglial cells were plated at 1 ¥ 104 cells cm-2 on 24 well

plates 2 days before treatment. Growth medium was removed

and 500 mL of fresh regular medium containing test com-

pounds or control vehicle was added to each well. At desired

time points the cells were washed with PBS (pH 7.4) once and

the cell supernatants were collected into FACS tubes.

EpH4 cells were seeded 2.6 ¥ 104 cells cm-2 and treated at

different time points before analysis, which was done at day

5, after plating. Cells were trypsinized for 3–4 min, (trypsin

0.05%) neutralized in pre-warmed regular medium and col-

lected in FACS tubes.

Primary rat pneumocytes were seed after isolation at a

density of 2 ¥ 105 cells cm-2 on 96 well plates and treatments

were started 24 h later. Twenty-four and 72 h after treatment

the adherent cells were detached by trypsinization (0.1%,

8 min, 37°C) and pooled with non-adherent cells as described

earlier. The cells were then pelleted by centrifugation for 5 min

at 1000 x g, and resuspended in 300 mL PBS containing 1%

FBS. Trypan blue solution in PBS (0.016%; 100 mL) was added

immediately and incubated for 5–10 min before FACS analysis

(FACSCanto II, BD Biosciences, Erenbodgem, Belgium). The

data were collected in 630 nm (PerCP-Cy5) channel.

LDH cell toxicity assay
LDH released into the medium was measured with a colori-

metric kit (CytoTox96, Promega, Madison, WI, USA) as

described in the Supporting Information.

QR2 knock-down with lentivirus short harpin
RNA (shRNA)
Lentivirus particles coding for shRNA against QR2 were

produced in 293FT cells (Invitrogen, Carlsbad, CA, USA),

transfected with specific pLKO plasmids from Mission

shRNA library (Sigma-Aldrich, St Louis, MO, USA) targeting

human NQO2 (TRCN0000036709-13) and with lentiviral

packaging vectors (kind gift of G. Morrone, UMG, Catanzaro,

Italy). G418-resistant 293FT cells (3 ¥ 106) were co-transfected

with 2.5 mg pLKO, 1 mg VSVG and 5 mg Delta 8.9 plasmids

and Lipofectamine 2000 (Invitrogen). The lentivirus superna-

tant was collected 42 h post-transfection and was used

directly to infect U373 cells. U373 cells (70% confluent)

plated on 6 cm dishes were overlaid with 2.5 mL supernatant

containing 4 mg·mL-1 polybrene (Sigma-Aldrich). The infec-

tion was carried out for 14 h. Infected U373 cells were tested

in cytotoxicity assays within 10 days post-infection. EpH4

cells were infected with shRNA lentiviruses prepared

as described above, but coding for mouse NQO2

(TRCN0000041873-7) and selected for 8 days with puromy-

cin (2 mg·mL-1). QR2 down-regulation was confirmed by

Western blots (see below). Aliquots of cells were frozen and

analysed a few days after thawing, in cytotoxicity assays. For

cytotoxicity assays, EpH4 cells were seeded on 24 well plates

and cultured in 4.5% glucose DMEM, 10% FCS and cytotox-

icity measured as described previously.

FACS detection of reactive oxygen species
(ROS) in live cells
3,8-phenanthridinediamine, 5-(6′-triphenylphosphonium

hexyl)-5,6 dihydro-6-phenyl (MitoSOX; Mito-

hydroethidium) and 3′-(p-aminophenyl)fluorescein (APF),

(Molecular Probes, Eugene, OR, USA) were used to monitor

mitochondrial and cytoplasmic ROS levels, respectively,

according to the procedure described in the Supporting

Information.
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Western blot analysis
For Western blot analysis of QR2, U373 cells (80% confluent)

and EpH4 cells (90–100% confluent) were lysed in RIPA buffer

(50 mM Tris-HCl, 150 mM NaCl, Igepal 1%) and processed as

described by Janda et al., 2011). After addition of Laemmli

sample buffer, the lysates were incubated 20 min at 90°C.

Protein lysates (50-100 mg) were loaded on ae 8% or 10%

SDS-PAGE gel. For Bis-Tris gradient NuPage gels (Invitrogen)

lysates were processed according to the manufacturer’s

indications. The gels were blotted on PVDF membrane and

blocked with 5% milk in Tris buffered saline supplemented

with 0.05% Tween-20 (TTBS) for 3 h. QR2 and QR1 were

detected by overnight incubation with goat anti-QR2 (Sc-

18574, Santa Cruz Biotech.) diluted 1:100 in 5% BSA and then

with secondary horseradish peroxidase-conjugated anti-goat

antibody (Ab) (Santa Cruz Biotech., Sc-2020) 1:5000 in 5%

milk.

Immun-Star WesternC Chemiluminescent kit was used

for the chemiluminescent (ECL)signal detection. Mouse anti-

a-tubulin (Santa Cruz Biotech.) was used to detect tubulin on

the same PVDF membrane by standard procedures, but the

ECL signal was recorded by ChemiDoc XRS (Biorad, Hercules,

CA, USA).

Studies of systemic toxicity in Wistar rats
All animal care and experimental procedures used in the

PQ-induced toxicity studies were approved by the Italian

Ministry of Health according to the law DL 116/92. Wistar

rats (290–310 g; Harlan, Italy) were used. Animals were

housed under controlled temperature (20 + 2°C), humidity

(60%) and a 12 h light/12 h dark cycle (light on at 0800 h);

food and water were available ad libitum. Rats were divided in

five groups (six per group): G1 – Control, G2 – PQ only, G3 –

NMDPEF only and G4, G5 – PQ plus NMDPEF 3 and

4.5 mg·kg-1 respectively. A 50 mg·mL-1 NMDPEF solution in

DMSO was diluted in pre-warmed 150 mM NaCl solution (1

or 1.5:100) and vigorously mixed. PQ was diluted to

60 mg·mL-1 in 150 mM NaCl.

Animals (groups G2 and G4) and were injected i.p. with

PQ (30 mg·kg-1). NMDPEF solution (0.5 mg·kg-1 [G4 group] or

0.75 mg·kg-1 [G5 group]) was injected i.p. at 2, 4, 24, 28, 48

and 52 h after PQ treatment. Control animals (G1) were

injected with the same amount of vehicle (NaCl solution plus

DMSO) at the same times. G3 animals were treated with

vehicle (0.9% NaCl) instead of PQ solution, followed by

NMDPEF i.p. injections at the same times as the G5 animals.

The animals were monitored daily for signs of toxicity for 28

days and longer. A group of surviving treated animals was

killed 3.5 months after PQ treatment to assess any late PQ

toxicity, such as lung fibrosis.

Microinfusion into the SN
PQ-induced brain toxicity studies were approved by the

Italian Ministry of Health according to the law DL 116/92.

Animals were housed as described earlier. Rats were anaesthe-

tized with chloral hydrate (400 mg·kg-1 i.p.) and positioned

in a stereotaxic frame (D. Kopf Instruments, Tujunga, CA,

USA). A stainless steel guide cannulae (25 gauge) was then

implanted unilaterally into the SN under stereotaxic guid-

ance and secured to the skull with a dental acrylic. In the

same session, four electrodes were chronically inserted into

each frontoparietal cortex to permit recording of ECoG activ-

ity (Bagetta et al., 1994). Rats were allowed 2 days of recovery

before experiments were carried out. No alteration of posture

or motor activity changes have been found over this period.

For testing, the animals were placed into individual transpar-

ent Perspex cages and allowed to acclimatize to the new

environment for 15 min.

PQ was solubilised in PBS. Drugs were solubilised in

DMSO and then diluted in PBS. Microinfusion of drugs or

vehicle (5% DMSO diluted in PBS) was carried out by means

of a 10 mL Hamilton syringe connected by a Teflon tube to an

injector cannula. Test compounds were microinjected in a

total volume of 1 mL. The injector cannula was left in place

for a further 2 min after completing the injection. Drugs or

vehicle were infused for 30 min before PQ injection. Each

animal was treated only once and monitored continuously

for 4 h after treatment. Postural, locomotor changes and con-

vulsive behaviour were recorded by two independent observ-

ers who were unaware of the treatment the animals had

received.

Malondialdehyde (MDA) determination in
brain tissue and isolated cells
MDA standard was prepared by hydrolysis of 1,1,3,3-

tetraethoxypropane. Endogenous MDA was determined

indirectly by quantifying the content of 2,4-

dinitrophenylhydrazone, which is the product of the deriva-

tization reaction of MDA with 2,4-dinitrophenylhydrazine

(DNPH).

In order to obtain brain tissue, the animals were killed

24 h after treatment and the SN area excised. 0.5 g of tissue

per sample was homogenized in phosphate buffer (0.01 M,

pH 7.0). Cultured cells (8 ¥ 106) were treated as required with

PQ plus NMDPEF or vehicle (DMSO) and 18 h later cells were

resuspended in phosphate buffer by scraping. The biological

material was sonicated and then centrifuged at 4500¥ g for

5 min. The supernatant was collected and used for the deri-

vatization reaction, which was carried out for 30 min at room

temperature. The solid-phase extraction procedure was

applied to isolate 2,4-dinitrophenylhydrazone from biologi-

cal samples.

Quantitative analysis of derivatization reaction products

was performed on Agilent 1200 using a 20 mL loop injection

valve (Agilent, Santa Clara, CA, USA). The chromatographic

system was attached to a diode-array detector. A methanol

solution of hydrazone and acid solution of DNPH were

injected into the column and identified by their relative

retention times determining the maximum wavelength of

absorption of the hydrazone at 310 nm. A mixture of H2O

acidified by CF3COOH (pH = 2.20) and acetonitrile, in ratio of

45:55 (v/v) was used as mobile phase. It was delivered at a

flow rate of 1.0 mL·min-1 through a Nucleosil 100-5 RP/18 (25

¥ 4.6 cm, 4 mm) reverse phase column (Agilent), with a rela-

tive guard column (4.5 ¥ 0.46 cm).

Data and statistical analysis
Data are expressed as means � SEM for the number n of

independent experiments or as means � SD for the number n

of independent samples, from a representative experiment
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out of at least 3 independent experiments that yielded com-

parable results, as indicated for each figure. Numerical data

from all the experiments were analysed with ANOVA, followed

by Student–Newman–Keuls test. IC50 was calculated by XLfit

software package.

Materials
NMDPEF, a kind gift from Philipe Delagrange, Servier, France

[100 or 20 mM stock in DMSO], melatonin (Sigma-Aldrich,

500 mM stock in DMSO), apocynin (Sigma-Aldrich, 200 mM

stock in EtOH), PQ (Sigma-Aldrich, 100 mM in PBS), roten-

one (Sigma-Aldrich, 10 mM in PBS) were stored in aliquots

at -80°C, and dilutions were prepared shortly before

treatments.

Results

The QR2 inhibitor NMDPEF prevents
non-apoptotic PQ-induced cell death in
astroglial and epithelial cells
In order to examine a potential involvement of QR2 in

PQ-induced toxicity we tested a specific and potent QR2

inhibitor NMDPEF (Mailliet et al., 2005) (Figure 1A), in dif-

ferent cell systems, including lung, brain, kidney and

mammary gland-derived cell lines. NMDPEF exerted a

marked cytoprotective effect against PQ-induced cell death in

human U373 astroglial cells, in embryonic kidney HEK293

cells (Supporting Information Figure S2A and C) and moder-

ate or poor cytoprotective effect in other cell types These

observations may be a reflection of different expression levels

of QR2 in different cell lines (Supporting Information

Figure S2E).

We chose U373 astroglial cells, which responded very well

to NMDPEF, as a model system to evaluate the QR2 inhibitor

in vitro. We first determined the IC50 of the cytoprotective

effect of NMDPEF in U373 cells in the presence of lethal doses

of PQ (100 mM). This concentration of PQ induced a

non-apoptotic cell death in 60–86% U373 cells 72 h after

treatment (Supporting Information Figure S1). NMDPEF

prevented cell death in a dose-dependent fashion, with a

maximum effect at 20–50 mM (Figure 1B) and an IC50 =

6.5 mM. We also analysed the protective effect of NMDPEF

over time at different PQ concentrations. NMDPEF delayed

cell death induced by 100 mM PQ (Figure 1C and D) and also

against millimolar concentrations. of PQ (Supporting Infor-

mation Figure S2A). Furthermore, when tested against lower

concentrations of PQ (1 and 10 mM) NMDPEF fully prevented

cell death over a period of 7 days (Figure 1D).

NMDPEF is structurally related to melatonin and has been

reported to inhibit QR2 by binding to the same site on the

enzyme as melatonin (Mailliet et al., 2005) and has been

shown to inhibit PQ toxicity in vivo (Melchiorri et al.,

1995).Therefore, we tested if this neurohormone was able to

counteract the cytoxicity of PQ in astroglial cells. Melatonin

effectively blocked morphological changes induced by PQ in

astroglial cells at 24–48 h, but showed only a modest and

transient protection against PQ-induced cell mortality

(100 mM) at later time points (Figure 1E). This effect of mela-

tonin demonstrates a 10,000 fold weaker inhibition of QR2

activity, compared with that of NMDPEF (Mailliet et al.,

2005). Apocynin, a NADH oxidase inhibitor was also shown

to have a significant protective effect against PQ-induced

toxicity in vitro and in vivo (Cristovao et al., 2009). However,

apocynin only delayed the onset of PQ-induced cell death

for several hours and had only a marginal effect at 72 h

(Figure 1F). These observations correlated with our findings

that, in U373 cells melatonin and apocynin had no inhibi-

tory effect and melatonin only a weak inhibitory effect on

QR2 activity (Figure 2A and B).

PQ is toxic to all organs and tissues, but the major cause

of death is respiratory failure mainly as a consequence of

damage to alveolar epithelial cell (pneumocytes type I and II)

(Dinis-Oliveira et al., 2008). For this reason we evaluated the

protective effect of NMDPEF on PQ-induced cell death in

pneumocytes. We decided to perform experiments on freshly

isolated primary pneumocytes to avoid variability in the

response due to genetic alterations present in existing cell

lines (Supporting Information Figure S2). It is interesting to

note that the QR2 gene is localized on a distal region of

chromosome 6 (6p25), which is frequently deleted in many

lung tumours (Merlo et al., 1994). Rat alveolar epithelial cells

were several times more sensitive to PQ than astroglial cells

and 20 mM PQ was sufficient to kill 80% of cells within 72 h

(Figure 1G). NMDPEF significantly counteracted cell death

induced by high and low doses of PQ (Figure 1G and H).

The effect of NMDPEF and PQ on QR2
activity in vitro
NMDPEF had a significant effect on QR2 activity in U373 cell

lysates (IC50 between 0.1 and 1 mM). As expected, the inhibi-

tory effect of melatonin (100 mM) was weak, but significant,

whereas apocynin did not inhibit QR2 activity (Figure 2A and

B). In order to determine whether PQ has any effect on QR2

activity we performed two types of assays. In the first assay we

determined QR2 activity from U373 cell lysates in the pres-

ence of PQ with or without NMDPEF added to the in vitro

reaction (Figure 2C). In the second assay, we tested QR2 activ-

ity in protein lysates prepared from cells treated for 24 h with

PQ with or without the QR2 inhibitor (Figure 2D). PQ added

exogenously to the QR2 activity assay did not increase BNAH

consumption in the absence of menadione (Figure 2C) and

had no significant effect on QR2 activity in the presence of

substrate (Figure 2C). Interestingly, we could detect a statisti-

cally significant increase in QR2 activity in cells treated for

24 h with PQ (100 mM) (Figure 2D), which could be inhibited

by NMDPEF (20 mM). Both assays showed that NMDPEF

inhibited QR2 activity, however, the concentration required

to detect a significant inhibition of QR2 in whole cells

(20 mM) (Figure 2D) was much higher than the concentration

required for potent inhibition of QR2 in vitro (0.1–1 mM)

(Figure 2C).

QR2 inhibition prevents ROS generation in
response to PQ and other oxidative agents
Next, we evaluated the ability of NMDPEF to prevent ROS

generation in response to PQ, hydrogen peroxide and roten-

one. ROS generation was determined by an indirect method

based on the mean fluorescence intensity (MFI) measurement

by FACS of mitochondrial superoxide-reactive MitoSOX

BJP E Janda et al.
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Control ControlPQ 100 µM PQ 20 µMPQ+NMDPEF PQ+NMDPEF

Figure 1
Protective effect of the QR2 inhibitor against PQ-induced cell death in vitro. (A) Structure of QR2 inhibitor NMDPEF. (B) Dose-dependent effect

of NMDPEF against PQ-induced cell death in human astroglial cells U373. Cells were treated with 100 mM PQ and different concentrations of

NMDPEF. Cell death was assessed by Trypan blue and FACS analysis 72 h post-treatment. (C) Long-term protective effect of NMDPEF (20 mM)

against different concentrations of PQ was analysed in U373 cells for 7 days. (D) Phase-contrast micrographs of U373 cells treated with 100 mM

PQ +/– 20 mM NMDPEF taken 72 h post-treatment. Bar 100 mm. (E,F) Weak and transient protective effect of melatonin (E) and a NADPH inhibitor

apocynin (F) against PQ-induced cell death in U373 cells. The experiments were performed as in B but the cells were analysed at 66 and 72 h

post-treatment. (G) Protective effect of NMDPEF against PQ-induced cell death in primary rat alveolar epithelial cells. Cell death was assessed by

Trypan blue and FACS analysis. (H) Phase-contrast micrographs of primary pneumocytes treated with 20 mM PQ with or without 20 mM NMDPEF

for 72 h. Bar 50 mM. The graphs in (B), (E) and (G) show the mean � SEM of 3 independent experiments performed in triplicate (n = 9). The

graphs C and G show the mean � SD, n = 3, of a representative experiment out of at least three independent experiments performed in triplicate

that yielded similar results. *P < 0.05, **P < 0.01; significant effect of NMDPEF, n = 9.
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probe. Although MitoSOX does not allow quantitative meas-

urements of superoxide, it is a method of choice for compara-

tive evaluations of oxidative stress in mitochondria

(Mukhopadhyay et al., 2007). In U373 cells PQ (100mL)

induced a threefold increase in MitoSOX fluorescence at 24 h

and a lower, but significant increase at earlier time points

(Figure 3A). Co-treatment with NMDPEF strongly attenuated

mitochondrial ROS induction by PQ at each tested time point

(Figure 3A and B). Rotenone (10mL) caused a comparable

increase in mitochondrial superoxide levels, but the decrease

in MitoSOX-MFI caused by NMDPEF was significantly less

pronounced (Figure 3A and B). In line with these findings,

NMDPEF delayed or prevented cell death induced by roten-

one, but was more effective in preventing PQ-dependent

cytotoxicity (Supporting Information Figure S3). The antioxi-

dant activity of NMDPEF was further confirmed by the use of

another fluorescent probe, APF, which is sensitive to hydroxyl

radicals and NO, but not to hydrogen peroxide levels in the

cytoplasm (Setsukinai et al., 2003). PQ induced a maximal

shift in cytoplasmic ROS levels around 11 h post-treatment. A

similar effect was observed when H2O2 (1 mM) was applied.

The increase in APF-MFI was attenuated by NMDPEF, but its

antioxidant effect was significantly weaker against H2O2-

induced oxidative stress (Figure 3C and D).

One consequence of an oxidative insult to whole cells is

lipid peroxidation, which we measured by determining the

MDA content in cells treated with PQ and NMDPEF. NMDPEF

efficiently inhibited the increase in MDA induced by PQ

(Figure 3E–H).

These data suggest that NMDPEF is able to attenuate the

oxidative stress induced by various stimuli, but with a higher

specificity against PQ-induced ROS.

Silencing of QR2 attenuates PQ-induced cell
death in astroglial and epithelial cells
Next we determined if QR2 is a key player in PQ-induced

toxicity and if NMDPEF exerts its protective activity by

binding to QR2. To answer this question we expressed shRNA

against QR2, initiated by lentiviral particles, to down-regulate

QR2 expression. First we evaluated the ability of four different

Figure 2
Effect of NMDPEF and PQ on QR2 activity is dependent on the assay. (A) QR2 reaction progress in the presence of substrate K3 (menadione,

100 mM), co-substrate BNAH (100 mM), U373 cell lysate (2.5 mg) and indicated conc. of NMDPEF or melatonin (100 mM) or apocynin (100 mM).

The decrease in co-substrate (BNAH) fluorescence was measured by fluorimetry in triplicate. Best-fitted curves to all experimental points are

shown. (B) QR2 activity in the presence of NMDPEF, melatonin (MLT) and apocynin (APO) at indicated concentrations. The reactions were carried

out as described in (A) and QR2 activity was calculated. The graph shows the mean � SEM of three independent experiments (n = 9). *P < 0.01;

significantly different from control. (C) No effect of PQ on QR2 activity in vitro. U373 cell lysate (1 mg) was incubated with 100 mM PQ and 20,

1 and 0.1 mM NMDPEF in the presence or absence of K3. The graph shows the mean � SEM of three independent experiments (n = 9). (D) Effects

of PQ and NMDPEF on QR2 activity in whole cells. Cells were treated for 24 h with PQ (100 mM) with or without NMDPEF (1, 20 mM), lysed and

1 mg of the lysates (in quadruplicate) was assayed in the presence of different concentrations of substrate as indicated above. Michaelis-Menten

curves were fitted by non-linear regression. The graph shows a representative experiment out of three independent experiments performed in

quadruplicate, means � SEM Note, QR2 activity is enhanced in cells exposed to PQ for 24 h and blocked by cytoprotective doses of NMDPEF.
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lentiviral constructs to silence QR2 expression. Two shRNAs

were able to decrease strongly QR2 levels in U373 cells

(Figure 4A). U373 cells expressing different shRNAs were then

tested in an LDH-based cytotoxicity assay 72 h after exposure

to PQ. QR2 down-regulation strongly decreased LDH release,

compared with the cells with normal QR2 levels (Figure 4B).

Although QR2 silencing significantly augmented basal cell

mortality in astroglial cells, it strongly attenuated the

increase (~20%) in cell death in response to 100 mM PQ, as

determined by FACS analysis (Figure 4C, right panel).

However, shRNA QR2 cells did not show a significant resist-

ance to 1 mM PQ (Figure 4C, left panel). In addition, QR2

silencing led to a markedly reduced response to NMDPEF in

U373 cells treated with 1 mM and 100 mM PQ (Figure 4C).

The higher resistance to PQ and to NMDPEF correlated with

lower expression levels of QR2 in cells expressing one of the

shRNAs against QR2 – h10 (Figure 4D). We confirmed these

observations in a non-transformed mammary epithelial cell

Figure 3
QR2 inhibitor NMDPEF prevents ROS production induced by PQ, hydrogen peroxide and rotenone, but the protective effect is greater against PQ.

The oxidative stress was measured by an MFI of MitoSOX using FACS. (A) U373 cells were treated with PQ (100 mM) or rotenone (10 mM) + /–

NMDPEF (20 mM). Six, 10, 24 h later the cells were loaded with MitoSOX, trypsinized and analysed by FACS. (B) Representative fluorescence

histograms of the experiment shown in A (two histograms for each 24 h treatment). (C) U373 cells were treated with PQ (100 mM) and or H2O2

(1 mM) and APF probe was used to quantify ROS levels. (D) Representative FITC channel fluorescence histograms of the experiment shown in C

(two histograms for each 11 h treatment). Data represent the mean � SEM, n = 6, of three independent experiments performed in duplicate.

*P < 0.05, **P < 0.01, significant differences between untreated versus PQ-, rotenone- or H2O2-treated cells. #P < 0.05, significant effect of NMDPEF.

(E-H) NMDPEF blocks lipid peroxidation in cells exposed to PQ. (E) Cells were treated for 20 h with 100 mM PQ plus 20 mM NMDPEF or with PQ

plus vehicle (DMSO) and compared with control cells (DMSO treated). MDA was measured by HPLC. Mean � SEM, n = 3, of three independent

experiments. (F) Representative HPLC profiles of MDA-derivatization products extracted from control cells, (G) cells treated with PQ (100 mM) for

20 h and (H) cells co-treated with indicated concentrations of PQ and NMDPEF for 20 h. ABS, 280 nm absorbance; red circles, MDA derivatization

product – 2,4-dinitrophenylhydrazone; #P < 0.05, significant difference between untreated and PQ-treated cells. *P < 0.05, significant effect of

NMDPEF.
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line EpH4 (Supporting Information Figure S2B). EpH4 cells

required puromycin selection to achieve a satisfactory down-

regulation of QR2 (Figure 4E), but in contrast to astroglial

cells, EpH4 QR2 shRNA expressing cells showed lower basal

cell mortality compared with control cells. This observation

correlated with the marked resistance to PQ-induced cell

death in response to high (Figure 4F, left panel) as well as low

dose PQ (Figure 4F, right panel), as compared with control

(shRNA virus infected and puromycin-resistant cells). Signifi-

cantly, QR2 knock-down led to a complete loss of the protec-

tive effect mediated by NMDPEF in epithelial cells.

NMDPEF prevents systemic toxicity of PQ
As NMDPEF was a potent inhibitor of PQ effects in cultured

cells, we decided to test the effects of the compound in vivo. In

the systemic toxicity studies, animals were injected i.p. with

PQ (30 mg·kg-1, n = 6) or vehicle. Two and 4 h later animals

were injected i.p. with NMDPEF. The injections of NMDPEF

were subsequently repeated on days 1 and 2 after the PQ

treatment. PQ given i.p. caused visible toxicity in animals

(piloerection, tremors, extended limbs, limited motor activity)

which was observed the day after treatment. Animal deaths

usually occurred between 4 and 14 days after injection

Figure 4
QR2 silencing attenuates cell death induced by PQ. (A) U373 cells were infected with four different lentiviruses encoding shRNA against human

QR2 (shQR2) or control lentivirus [Lenti GFP and shRNA control (shCon)] and efficacy of QR2 silencing was assessed by Western blot 5 days after

infection. Cell lysate (40 mg) was run on 8% SDS-PAGE gel. (B) In parallel, the cells analysed in A, were seeded in 24 well plates and incubated

in the presence of PQ. Seventy-two hours post-treatment the PQ-induced toxicity was assessed by colorimetric assay for LDH content. This

experiment was performed three times and yielded comparable results. Means � SD, n = 4, of a representative experiment. The values start from

the mean serum LDH background absorbance. (C) Human U373 cells infected as in A, with anti- hQR2 shRNA h10 and h11, lentiviruses effective

in blocking the expression of QR2 (see Western blot in A), were incubated for 50 h with 1 mM PQ (left panel) or 72 h with 100 mM PQ (right

panel). The PQ treatment was started 8 days post-infection (Day 0). Cell mortality was assessed by Trypan blue and FACS. Means � SD, n = 3,

of a representative experiment out of three experiments that yielded comparable results. (D) Western blot analysis of QR2 expression in U373 cells

used in (C). Cells were lysed on day 0 of the experiment showed in C and analysed as in (A). (E) Western blot analysis of QR2 silencing in mouse

epithelial cells EpH4. Cells were infected with lentiviruses producing shRNA against mouse QR2 (mQR2) and selected with puromycin for 8 days.

Cell lysate (50 mg) was run on a gradient (4–12%) NuPage gel. (F) High resistance to a high and low dose of PQ in EpH4 shRNA m5 (shm5)

expressing cells compared with pLKO-control shRNA cells. Eighty per cent confluent EpH4 cells, were treated with 100 mM PQ and analysed 30 h

later (left panel) or with 10 mM PQ and analysed 72 h later (right panel) as described for C. Means � SD, n = 3, of a representative experiment

out of three independent experiments, performed in triplicate that yielded comparable results. *P < 0.05, statistically significant differences for

shRNA QR2 cells versus the ‘no target’ shRNA pLKO control cells. #P < 0.05, significantly different from NMDPEF-untreated cells.
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(Figure 5A). The manifestations of PQ-induced toxicity were

markedly reduced in all animals treated with NMDPEF. In

addition, NMDPEF reduced (3 mg·kg-1) or fully prevented

(4.5 mg·kg-1) animal mortality (Figure 5A), and potently

reduced lung fibrosis in surviving PQ-treated animals

(Figure 5B). Moreover, we did not observe any toxic effects

after treatment with NMDPEF alone, as measured by animal

behaviour or histological analysis of organs (data not shown).

QR2 prevents direct effects of PQ in nigral
areas of the brain
In a second in vivo experiment PQ was directly microinfused

into the SN. We previously reported that such a treatment

leads to electrocorticographic (EcoG), epileptogenic dis-

charges and behavioural stimulation in rats that resembles

Parkinsonian movements in humans (Mollace et al., 2003).

We tested the ability of NMDPEF to prevent these immediate

effects of PQ and compared it with a non-peptidyl SOD

mimetic, M40401. The microinfusion of 1 mL of vehicle into

SN failed to modify the animal behaviour and EcoG record-

ings (Figure 6A) and did not induce any lethality in treated

rats (Figure 6B). In contrast, PQ (25 mg) produced increased

motor activity, jumping and circling of animals, starting from

27 min post-injection. EcoG showed a pattern of desynchro-

nization with high voltage and long lasting (4 h) epilep-

togenic discharges (Figure 6A). All the animals died 32 �

2.5 h after the microinfusion of PQ into SN. Pre-treatment of

rats with NMDPEF or M40401 (10 mg infused into SN; n = 10)

antagonized motor convulsion, ECoG epileptogenic dis-

charges (Figure 6A) and the mortality of rats receiving PQ

(Figure 6B). In particular, NMDPEF (10 mg; n = 10) injected

into SN 30 min before PQ administration, prolonged the

latency of symptoms (Figure 6C) and reduced PQ-related

mortality of rats by 80% (Figure 6B). This observation corre-

lated with a strong reduction in MDA levels in the nigrostra-

tial areas of the brain in animals treated with NMDPEF,

compared with PQ-treated animals (Figure 6D). The overall

protective effect of NMDPEF was comparable with M40401,

in terms of reduction of mortality, latency of symptoms and

lipid peroxidation (Figure 6B–D), suggesting that the inhibi-

tion of QR2 strongly attenuated the oxidative stress elicited

by PQ in this SN toxicity model.

Discussion and conclusions

This report shows that NMDPEF, a novel, melatonin-related

tetracyclic compound, previously characterized as a potent

inhibitor of QR2 (also known as NQO2) (Mailliet et al., 2005),

prevents PQ-induced toxicity in vitro and in vivo in rat models

of systemic and brain toxicity. NMDPEF is several times more

potent than melatonin and apocynin, which have been pre-

viously shown to antagonize PQ-induced toxicity (Melchiorri

et al., 1995; Cristovao et al., 2009). The protective effect of

QR2 knock-down in astroglial and epithelial cells confirms

the involvement of this enzyme in the complex toxic mecha-

nisms elicited by PQ (Figure 4). In addition, the reduced sen-

sitivity to the QR2 inhibitor, following QR2 silencing in

astroglial cells, as well as the lack of response to NMDPEF in

epithelial cells, suggested that QR2 was the main target of

NMDPEF in the protection against PQ (Figure 4).

To our knowledge this report is the first to suggest a role

of QR2 in PQ-induced toxicity, although QR2 has been impli-

cated in the toxic effects of other xenobiotics. In fact, in

contrast to QR1, which usually works as a detoxifying

enzyme, QR2 was found to mediate the toxicity of exogenous
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Figure 5
QR2 inhibitor prevents PQ-induced systemic toxicity and mortality in Wistar rats. (A) The animals (six per group) were injected i.p. with PQ

(30 mg·kg-1) followed by i.p. injections of NMDPEF (0.5 mg·kg-1 or 0.75 mg·kg-1 each) 2 and 4 h later (Day 0). The drug was also administered

twice on the Day 1 and twice on the Day 2 post-PQ treatment, 0.5 mg·kg-1 or 0.75 mg·kg-1 each time, to the final dose 3 and 4.5 mg·kg-1

respectively. The animals were monitored daily for signs of toxicity for 28 days post-treatment. (B) The animals surviving after the PQ treatment

and controls were killed 3.5 months later and lungs were analysed for macroscopic signs of fibrosis. Note, enlarged lungs and extended areas of

fibrosis in animals that survived from PQ treatment and normal size and normal appearance of lungs isolated form animals treated with

4.5 mg·kg-1 of NMDPEF and PQ.
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quinones and other compounds. For example, in the case of

menadione, a cytotoxic synthetic analogue of vitamin K, QR2

is a bio-activating enzyme such that cells deficient in QR2

and also QR2 knock-out mice are resistant to menadione

toxicity. Furthermore, activation of QR2 with NRH, a

non-biogenic co-substrate, augments the toxic effects of

menadione (Long et al., 2002; Celli et al., 2006). QR2 also

bioactivated mitomycin C leading to the generation of the

cytotoxic, nitroreductase anti-tumour drug CB1954. Kerati-

nocytes isolated from skin tumours of QR2 knock-out mice

show increased resistance to CB1954 and mitomycin C,

whereas addition of NRH or overexpression of QR2 enhances

drug toxicity (Celli et al., 2006).

Our data suggest that PQ-induced toxicity is mediated via

QR2 activity. Several other oxidoreductases have also been

implicated in PQ bioactivation, such as NADPH oxidases of the

Nox family (Miller et al., 2007; Cristovao et al., 2009), a DPI-

sensitive thioredoxin reductase (Gray et al., 2007), as well as a

mitochondrial NADH-dependent reductase (Shimada et al.,

2009). However, in spite of a wide specificity of QR2 in terms

of substrates and co-substrates, it is unlikely that QR2 directly

catalyses the conversion of the PQ di-cation into a PQ radical,

thus using PQ as a substrate in a mechanism analogous to the

diaphorases listed above. This is a likely explanation because

QR2, just as its homologue QR1, is considered to be a two-

electron oxidoreductase mediating the transfer of two or four

electrons from a co-substrate to a substrate, no matter whether

it is a quinone reduction or nitroreduction (Wu et al., 1997;

Chen et al., 2000). However, an alternative, yet widely,

accepted mechanism of PQ reduction involves the single

electron transfer on the nitrogen of the pyridine ring (Drechsel

and Patel, 2008), which is rather incompatible with the obliga-

tory two-electron transfer mediated by the FAD catalytic

centre of QR enzymes (Li et al., 1995). In fact, PQ added to the

QR2 activity fluorometric assay using BNAH as substrate, did

not increase BNAH consumption and had no significant effect

on BNAH decay in vitro in the presence of menadione

(Figure 2C). This observation suggested that PQ was not a QR2

substrate and any positive effect on QR2 activity, such as the

one observed after 24 h treatment (Figure 2D), was indirect

and cell-system dependent. Therefore, even though it has been

suggested that QR2 may be able to catalyse one electron

reductions (Vella et al., 2005) we would exclude QR2 as a

candidate enzyme directly involved in PQ redox cycling,

Further experiments should clarify the indirect role of QR2 in

PQ redox cycling and PQ-induced toxicity.

QR2 may play a more general role in oxidative stress

regulation. In fact, NMDPEF attenuated rotenone and

hydrogen peroxide-induced ROS levels in vitro (Figures 2 and

Supporting Information Figure S3). QR2 stabilizes the tran-

scription factor p53 by a MDM2 ubiquitination-independent

mechanism (Gong et al., 2007) and p53 is an important cel-

lular mediator of the oxidative stress response (Vousden and

Ryan, 2009). Moreover, QR2 knock-down and knockout cells

have an increased resistance to benzopyrene-mediated cell

death and decreased basal cell mortality, thereby facilitating

the survival of cells with DNA damage (Gong et al., 2007) and

decreasing sensitivity to chemical carcinogens (Shen et al.,

2010). Finally, a function of QR2 in PQ-induced toxicity

might be even more indirect and could be related to a poten-

tial role in the regulation of cellular metabolism, similar to

mitochondrial aconitase. Aconitase has been shown to

mediate PQ toxicity not only via release of oxidized iron from

its 4Fe-S clusters and thereby favouring Fenton reactions, but

also by its active role in the Krebs cycle and respiration.

Indeed, knock-down of aconitase caused a decrease in cellular

metabolism, which protected against PQ-mediated cell death

(Cantu et al., 2011).

Figure 6
NMDPEF prevents ECoG discharges, lipid peroxidation and death induced by the infusion of PQ into the SN of Wistar rats. (A) Representative

traces showing high voltage epileptogenic discharges induced by the infusion of PQ (25 mg) or vehicle with or without pre-treatment (20 min)

with NMDPEF or a MnSOD mimetic M40401 (10 mg). Traces are representative of ECoG effect observed 30 min after administration of the

herbicide. (B) Mortality following the infusion of PQ (25 mg, n = 10) and NMDPEF or M40401 as in A (n = 10, each treatment). (C) The effect of

NMDPEF and M40401 (10 mg) on the latency (min) of seizures induced by PQ (25 mg). Mean � SEM, n = 10. (D) MDA accumulation in the brain

tissue in rats receiving PQ (25 mg) with or without pre-treatment with NMDPEF or M40401 as in A and B. SN homogenates were subjected to

derivatization and analysed by HPLC Data shown are means � SEM, n = 10. *P < 0.05, significantly different from PQ alone.
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QR2 has been proposed to act as the third melatonin

receptor MT3 in the cell (Nosjean et al., 2000; Mailliet et al.,

2004). The relationship between the many physiological

functions of melatonin and this enzyme remains unclear, but

the weak inhibitory effect of melatonin on QR2 may explain

the anti-oxidant properties of this neurohormone (Vella

et al., 2005; Luchetti et al., 2010). Melatonin exhibited signifi-

cant protection against systemic toxicity of PQ in two rat

strains (Melchiorri et al., 1995). We did not directly compare

the effects of melatonin and NMDPEF in vivo, but considering

the high doses of melatonin necessary to attenuate

PQ-induced mortality in rats, it is likely that NMDPEF is

much more potent in vivo, giving full protection at

4.5 mg·kg-1 (Figure 5). In addition, melatonin was only par-

tially cytoprotective in astroglial cells when used at ~100 mM

(Figure 1E). These findings are in agreement with a weak

inhibitory activity of melatonin on QR2 activity (IC50 = 130 �

35 mM). In contrast, NMDPEF has been structurally designed

to resemble melatonin and bind to the melatonin-binding

site on QR2. It is a very powerful QR2 inhibitor (IC50 = 14 nM)

(Mailliet et al., 2005) and a potent blocker of PQ-induced

toxicity as shown here.

Plant flavonoids such as resveratrol and quercetin also act

as QR2 inhibitors (Vella et al., 2005). Interestingly, both com-

pounds have been shown to protect against PQ-induced tox-

icity and even though these effects have been explained by

other mechanisms (Park et al., 2010; Robb and Stuart, 2011),

it is likely that some of the antioxidant activity of flavonoids

depends on their interaction with QR2.

Equimolar concentrations of QR2 inhibitor compared

with PQ (10 mM) were required for full protection against cell

death in vitro in U373 cells (Figure 1C). Interestingly,

NMDPEF was effective at much lower concentrations than PQ

in vivo in preventing the systemic and nigral toxicity of PQ in

the majority of animals, suggesting that NMDPEF had better

pharmacokinetic properties than PQ (Figure 5). NMDPEF

exhibited no inherent toxicity at 4.5 mg·kg-1 in vivo and was

effective even if administered after PQ. This profile suggests

that NMDPEF could be a candidate for the therapeutic man-

agement of PQ poisoning. Indeed, the current methods of

clinical intervention in cases of PQ poisoning are often

unsuccessful due to the lack of effective treatments (Dinis-

Oliveira et al., 2009a). Recently, sodium salicylate (Dinis-

Oliveira et al., 2007) as well as lysine acetylsalicylate

(Dinis-Oliveira et al., 2009b), commonly available non-

steroidal anti-inflammatory drugs, have been proposed as

promising antidotes for the treatment of PQ poisoning. The

modulation of pro-oxidant and pro-inflammatory pathways

has been suggested as essential features of the beneficial

effects of both sodium salicylate and lysine acetylsalicylate.

However, in animal models, high doses of these drugs

(~200 mg·kg-1) are required to protect against PQ (25 mg·kg-1

i.p.) toxicity. Furthermore, in these animals, the compounds

themselves demonstrated inherent toxicity at 400 mg·kg-1

kg-1 suggesting a limited therapeutic window for these agents

in the treatment of PQ poisoning (Dinis-Oliveira et al.,

2009b). Other anti-inflammatory and ROS scavenging drugs

are used in current PQ detoxification protocols, including

dexamethasone, methylprednisolone, cyclophosphamide

and N-acetylcysteine. All these agents seem to offer only a

limited benefit for patients with acute PQ poisoning (Dinis-

Oliveira et al., 2009a). Other compounds able to attenuate

the toxic effects of PQ in vitro, such as apocynin and DPI

(Cristovao et al., 2009; Gray et al., 2007), show a protective

effect specific for SN dopaminergic degeneration in vivo trig-

gered by low dose PQ (Cristovao et al., 2009), yet their effi-

cacy against acute systemic PQ-induced toxicity has not been

addressed.

Thus the data presented here suggest a novel pharmaco-

logical approach to the treatment of acute PQ poisoning.

Future studies should elucidate the molecular mechanisms of

the antidote-like effect of NMDPEF and the role of QR2 in the

regulation of oxidative stress.
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Supporting information

Additional Supporting Information may be found in the

online version of this article:

Figure S1 The cell death induced by PQ in U373 and EpH4

cells is not apoptosis. (A) The 48 h PQ treatment failed to

induce significant apoptosis in U373 cells. Annexin V stain-

ing was performed as above 48 h after the addition of PQ.

Mean � SEM, n = 3. (B) The 18 h PQ treatment (1 and 2 mM)

did not induce any significant increase in Annexin V positive

astroglial cells. Cells were trypsinized, stained with

PE-labelled Annexin V and 7-AAD to monitor dead cells and

analysed by FACS. After gating the populations the percent-

age of 7-AAD and Annexin V-positive cells was determined.

(C) U373 cells, exposed to PQ for 60 h, were treated for

20 min with PE-fmk-zVAD caspase-3 inhibitor (Casp3* Red),

recognizing the activated caspase-3. After trypsinization, cells

were co-stained with Trypan blue and analysed by FACS.

Mean � SEM, n = 3. (D) PQ failed to induce caspase-3 activa-

tion in highly sensitive mammary epithelial cells EpH4. Cells

were stained as in C and analysed by FACS. Mean � SEM,

n = 3. (E) Representative dot-plots of double PE-fmk-zVAD

(Casp3* Red) and Trypan blue staining from the experiment

shown in C.

Figure S2 The protective effect of QR2 inhibitor NMDPEF

on PQ-induced cell death correlates with QR2 expression in

different cell types. (A) U373 astroglial cells were seeded at

standard conditions and treated with PQ (as above) for indi-

cated times and co-treated with 20 mM NMDPEF. The per-

centage of dead cells was analysed by Trypan blue and FACS.

A representative experiment out of 3 independent experi-

ments performed in triplicate, Mean � SD, n = 3; *P < 0.05,

compared with the time-matched PQ alone controls. (B)

EpH4 cells were seeded as indicated in methods and treated

with PQ as indicated above. The cell death analysis was per-

formed on day 5 after seeding as in A. *P < 0.05 and **P <

0.01 compared with the time-matched PQ alone controls. (C)

6 ¥ 104 HEK293 cells were seeded per well (24 well plates),

24 h before the addition of PQ and NMDPEF. The cells were

exposed for indicated times to indicated agents. The graph

shows the mean of independent experiments performed in

triplicate, Mean � SD, n = 6; *P < 0.05 and **P < 0.01 com-

pared with the time-matched PQ alone controls. (D) A549

lung adenocarcinoma cells were seeded at a density 4 ¥ 104

per well (24 well plate). The cells were exposed for indicated

times to PQ and NMDPEF added next day after seeding and

analysed as above. The graph shows the mean of independ-

ent experiments performed in triplicate, Mean � SD, n = 9.

(E) The expression levels of QR2 in different cell lines com-

pared with rat liver and lung tissue. Around 80 mg of cell

lysate were run on 10% SDS-PAGE and QR2 expression was

analysed by Western blot. GAPDH expression is shown as

loading control. Note the highest expression of QR2 in

HEK293 cells and U373 cells that respond very well to

NMDPEF and a very low expression in A549 cells, which are

not protected by NMDPEF.

Figure S3 QR2 inhibitor NMDPEF protects against PQ and

rotenone toxicity, but the protective effect is much stronger

for PQ. The cells were treated with PQ (10 mM) or rotenone

(10 mM) and the percent of dead cells was determined by

Trypan blue staining and FACS analysis at time points indi-

cated. Mean � SEM of 3 independent experiments performed

at least in duplicate, n = 6, *P < 0.05, compared with the

time-matched rotenone alone, #P < 0.01, compared with the

time-matched PQ alone.
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