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Oxidative stress initiates DNA damager MNNG-induced poly(ADP-
ribose)polymerase-1-dependent parthanatos cell death
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A B S T R A C T

The alkylating agent N-methyl-N0-nitro-N0-nitrosoguanidine (MNNG) can cause excess DNA strand

breaks that lead to poly(ADP-ribose)polymerase-1 (PARP-1) overactivation and cell death (parthanatos).

However, the detail mechanism of MNNG-induced parthanatos was not well-investigated. In this study,

we used MNNG-treated mouse embryonic fibroblasts (MEFs) to elucidate the signaling pathways of

MNNG-induced parthanatos. We found that MNNG-induced cell death accompanied by rapid PARP-1

activation, c-Jun N-terminal kinase (JNK) activation, biphasic reactive oxygen species (ROS) production

and intracellular calcium increase. The early ROS production occurring at 1 min and peaking at 5–15 min

after MNNG treatment partially resulted from NADPH oxidase. In contrast, the late phase of ROS

production occurring at 30 min and time-dependently increasing up to 6 h after MNNG treatment was

generated by mitochondria. The antioxidant, NAC can abrogate all phenomena caused by MNNG. Results

indicate that the calcium rise was downstream of early ROS production, and was involved in PARP-1 and

JNK activation. Moreover, the PARP inhibitor was able to reduce MNNG-induced late-phase ROS

production, calcium elevation, and cell death. Results further indicated the involvement of RIP1 in

sustained ROS production and calcium increase. We characterized the interactive roles of ROS, calcium,

JNK, and RIP1 in MNNG-induced cell death. We found that in addition to the alkylating property

previously demonstrated, ROS production triggered by MNNG results in enhanced DNA damage and

PARP-1 activation. Moreover, intracellular calcium elevation and ROS production have mutual

amplification effects and thus contribute to PARP-1-mediated parthanatos.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Poly(ADP-ribose) (PAR) polymerase-1 (PARP-1) is an abundant,
chromatin-associated nuclear enzyme responsible for a unique
post-translational polyADP-ribosylation reaction which is in-
volved in DNA repair, transcriptional control, genomic stability,
cell death and transformation [1,2]. Upon binding to DNA strand
break sites, it uses NAD+ as a substrate to synthesize long, branched
PAR polymers to accept proteins responsible for DNA repair [1].
PARP-1 activation plays an essential role in DNA repair under
moderate stress; however, in several pathological situations that
involve massive DNA damage, extensive activation of PARP-1 can
induce a specific form of cell death termed ‘‘parthanatos’’, which is
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morphologically characterized by membrane rupture, and con-
densed and shrunken nuclei [1,3].

The release of PARP activation-dependent apoptosis-inducing
factor (AIF) from mitochondria, either directly through PAR
targeting mitochondrial membranes [4] or indirectly through
calpain activation [5], is a key player in parthanatos. Other than
AIF release from mitochondria and translocation to the nucleus
leading to nuclear condensation [4,5], excessive PARP-1 activation
depletes cellular NAD+ and its precursor, ATP, leading to irreversible
cellular energy failure and mitochondrial dysfunction [2]. As to its
pathophysiological importance, PARP-1-mediated cell death was
implicated in several disease models, including ischemia-reperfu-
sion injury after cerebral ischemia and myocardial infarction,
inflammatory injury, reactive oxygen species (ROS)-induced injury,
and glutamate-induced excitotoxicity [2,6,7].

Receptor interacting protein 1 (RIP1), a death domain contain-
ing serine/threonine kinase, was originally believed to be
important for NF-kB activation [8,9]. Recently, increasing evidence
showed that RIP1 plays an important role in mitochondria-
dependent ROS generation, and the caspase-independent necrotic
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cell death pathway [10–12]. In response to death insults, cytosolic
RIP1 was demonstrated to be translocated to mitochondria where
it can interrupt ANT-CypD interactions [13]. RIP1 was also reported
to play an important role in PARP-1-mediated cell death. PARP-1
can activate c-Jun N-terminal kinase 1 (JNK1) through RIP1, and
then JNK1 activation is required for AIF release. RIP1 deficiency or
silencing of RIP1 can protect cells from PARP-1 hyperactivation-
induced cell death [14].

Calcium has versatile biological functions and is an important
messenger in many signaling pathways. Many genotoxic and
PARP-activating stimuli, oxidative stress, and UV radiation can
increase intracellular calcium levels, and thus the calcium signal
contributes to cell death [15]. Calcium signals may be correlated
with mitochondrial perturbations, because calcium chelators
efficiently block the collapse of the mitochondrial membrane
potential, secondary superoxide generation, and mitochondrial
membrane damage [16]. Furthermore, calcium signals also play a
role in the activation of PARP-1 [17–19].

Other than PAR complex accumulation and AIF translocation,
more-detailed signaling pathways in parthanatos have not been
identified. In particular, the roles of ROS, calcium, RIP1, and JNK in
parthanatos-dependent cell death and their causal relationship to
PARP-1 activation are not fully understood. Therefore, in this study,
we used N-methyl-N0-nitro-N0-nitrosoguanidine (MNNG)-treated
mouse embryonic fibroblasts (MEFs) as a cell model to clarify the
death signals following PARP-1 activation. MNNG is an alkylating
agent which has a nitrosourea structure and is a common tool for
inducing PARP-1 activation. When treating MNNG at 0.5–10 mM,
DNA damage is limited, and the physiological machinery, which
normally plays homeostatic protective and regulatory roles, can
repair the injury [20,21]. When DNA damage is extensive (e.g.,
MNNG treatment at 100–500 mM), cells cannot repair the injury.
Then disproportionate activation of PARP-1 depletes the cellular
pools of NAD+ and ATP, resulting in cell death [14,20].

In this study, using specific molecule inhibitors we character-
ized the interactive roles of ROS, calcium, JNK, and RIP1 in MNNG-
induced PARP-1 activation and cell death. We found that in
addition to the alkylating property previously demonstrated, ROS
production triggered by MNNG results in enhanced DNA damage
and PARP-1 activation. Moreover, intracellular calcium elevation
and ROS production have mutual amplification effects and thus
contribute to PARP-1-mediated parthanatos.

2. Materials and methods

2.1. Materials

DMEM, RPMI 1640, FBS, penicillin and streptomycin were
purchased from Gibco BRL (Grand Island, NY, USA). MNNG was
obtained from Chem Service (West Chester, PA, USA). Polyclonal
antibodies specific for b-actin, ERK2, p38, JNK1, and horseradish
peroxidase-conjugated anti-mouse and anti-rabbit antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Z-
Val-Ala-Asp-fluoromethylketone (z-VAD-FMK), SB203580,
SP600125, U0126 and BAPTA/AM were obtained from Calbiochem
(San Diego, CA, USA). Phosphorylated antibodies of ERK, JNK, and
p38 were purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibody against PAR was obtained from BD Pharmingen (San
Diego, CA, USA). Butylated hydroxyanisol (BHA), N-acetylcysteine
(NAC), diphenyliodonium (DPI), 20,70-dichloro-dihydrofluorescein
diacetate (DCFH2-DA), 3-(4,5-dimethylthiazol-2-yl)2,5-dephenyl-
tetrazolium bromide (MTT), 3-aminobenzamide (3AB), 3,4-dihydro-
5[4-(1-piperindinyl) butoxy]-1(2H)-isoquinoline (DPQ), rotenone
and propidium iodide (PI) were obtained from Sigma–Aldrich (St.
Louis, MO, USA). MitoSOXTM was purchased from Invitrogen-
Molecular Probes (Eugene, OR, USA). CellTiter-Glo1 Luminescent
kit was purchased from Promega (Madison, WI, USA). 8-Hydroxy-2-
deoxy guanosine (8-OH-dG) EIA kit was from Cayman Chemical
(Ann Arbor, MI, USA). siRNA duplexes specific for mouse RIP1
(Catalog No. M-040150-00) were obtained from Dharmacon RNA
Technologies (Lafayette, CO, USA). Nuclear Extraction Kit was
purchased from Panomics (Santa Clara, CA, USA).

2.2. Cell culture

RIP1�/� MEFs were kindly provided by Dr. J. Han (Xiamen
University, Fujian, China). Wild type and RIP1�/�MEFs as well as
HeLa cervical cancer cells were cultured in DMEM, and HCT116
colon cancer cells were cultured in RPMI 1640, both supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin,
100 mg/ml streptomycin and incubated at 37 8C in a humidified
atmosphere of 5% CO2 in air.

2.3. Measurement of cell viability by MTT assay

Cells (104/ml) plated in 96-well plates were incubated with the
indicated drugs at 37 8C. MTT (5 mg/ml) was added for 45 min,
then the culture medium was removed, and the formazan granules
generated by live cells were dissolved in 100% DMSO and shaken
for 10 min. The optical densities (ODs) at 550 and 630 nm were
measured using a microplate reader. The net absorbance (OD550–
OD630) indicates the enzymatic activity of mitochondria and
implies the cell viability.

2.4. Determination of ATP content

Cells (104/ml) plated in 96-well plates were treated with the
indicated drugs at 37 8C. Cells were lysed, and the total
intracellular ATP content was analyzed with the CellTiter-Glo1

Luminescent kit following the manufacturer’s instructions. Lumi-
nescence was measured in a Berthold LB96V MicroLumat plus
(American Laboratory Trading, East Lyme, CT, USA). The ATP
quantified in control cells was referred to as 100%.

2.5. Measurement of cell necrosis by propidium iodide (PI) uptake

assay

Cell membrane integrity was assessed by determining the
ability of cells to take up PI. Cells were trypsinized, collected by
centrifugation, washed once with phosphate-buffered saline (PBS),
and re-suspended in PBS containing 25 mg/ml of PI. The cells were
incubated for 20 min at 37 8C. After incubation, cells were analyzed
by FACScan flow cytometry (Becton Dickinson, Franklin Lakes, NJ,
USA). The level of PI uptake by cells was quantified, and this
represented the percentage of cell necrosis.

2.6. Immunoblot analysis

After stimulation, the medium was aspirated. Cells were rinsed
twice with ice-cold PBS, and 25–100 ml of cell lysis buffer (20 mM
Tris–HCl, pH 7.5, 125 mM NaCl, 1% Triton X-100, 1 mM MgCl2,
25 mM b-glycerophosphate, 50 mM NaF, 100 mM Na3VO4, 1 mM
PMSF, 10 mg/ml leupeptin, and 10 mg/ml aprotinin) was then
added to each well. After harvesting, cell lysates were sonicated
and centrifuged, and equal protein amounts of soluble protein, as
determined by the Bradford protein assay, were denatured,
subjected to sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), and transferred to a polyvinylidene difluor-
ide (PVDF) membrane. Nonspecific binding was blocked with TBST
(50 mM Tris–HCl, pH 7.5, 150 mM NaCl, and 0.02% Tween 20)
containing 5% nonfat milk for 1 h at room temperature. After
immunoblotting with the first specific antibody, membranes were
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Fig. 1. MNNG-induced PARP activation leads to cell death in MEFs. (A) MEFs were treated with MNNG at the indicated concentrations for 9 h. Cell viability was assessed by an

MTT assay. (B) MEFs were treated with MNNG (250 mM) for the indicated times. Cell viability was assessed by an MTT assay. (C) MEFs were pretreated with or without 3AB (3

or 10 mM), DPQ (50 mM) or zVAD (50 mM) for 30 min, then MNNG was added for 9 h. Cell viability was assessed by measuring the ATP content as described in Section 2. (D)

MEFs were pretreated with or without 3AB (10 mM) or zVAD (50 mM), then MNNG was added for 9 h. Cells were harvested and incubated in PBS containing 25 mg/ml of PI.

The percentage of PI uptake by dying cells was measured by FACScan. (E) MEFs were pretreated with or without 3AB (3 mM) for 30 min, and then MNNG (250 mM) was added

for the indicated times. To determine the formation of PAR, total cell lysates were prepared and subjected to SDS-PAGE, followed by immunoblotting with a PAR antibody. b-

Actin was used as the loading control. (F) MEFs were treated with MNNG (250 mM) for the indicated times. Intracellular ATP levels were assessed. Data are the mean � S.E.M.

from three independent experiments. *p < 0.05, indicating the protective effects of 3AB on MNNG-induced responses.
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Fig. 2. ROS production is involved in MNNG-induced cell death. (A) MEFs were treated with MNNG (250 mM) for the indicated times. After treatment, cells were harvested,

followed by measuring cytosolic and mitochondrial ROS as described in Section 2. (B) MEFs were pretreated with DPI (1 mM) or rotenone (1 mM) for 30 min, then MNNG

(250 mM) was treated for the indicated times. After treatment, cells were harvested, followed by measurement of intracellular ROS. (C) MEFs were pretreated with NAC

(10 mM) or BHA (150 mM) for 30 min, then MNNG (250 mM) was treated for the indicated times. After treatment, cells were harvested, followed by measurement of

intracellular ROS. (D–F) MEFs were pretreated with NAC (10 mM) for 30 min, then MNNG (250 mM) was treated for 9 h, and intracellular ATP levels (D), PI uptake (E), and cell

viability (F) were assessed. (G) MEFs were pretreated with or without NAC (10 mM) for 30 min, then MNNG (250 mM) was treated for 15 min. 8-Hydroxy-2-deoxy guanosine

(8-OH-dG) levels were measured as described in Section 2. (H) MEFs were pretreated with or without NAC (10 mM) for 30 min, then MNNG (250 mM) was treated for the
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washed three times with TBST and incubated with a horseradish
peroxidase (HRP)-conjugated secondary antibody for 1 h. After
three washes with TBST, the protein bands were detected with
enhanced chemiluminescence detection reagent. To make sure
equal amounts of sample protein were applied for electrophoresis
and immunoblotting, b-actin was used as an internal control.

2.7. Cytosolic and mitochondrial ROS detection

To measure cytosolic ROS, we used DCFH2DA, which can readily
enter cells and be cleaved by esterase to yield DCFH, a polar, non-
fluorescent product. ROS in cells promote the oxidation of DCFH to
yield the fluorescent product, dichlorofluorescein. After treatment
for the indicated time periods, cells were collected and then
incubated in PBS containing the reagent DCFH2DA (5 mM) for
30 min at 37 8C. After incubation, cells were washed by PBS twice,
trypsinized, re-suspended in 0.5 ml PBS, and immediately submit-
ted to flow analysis using a FACScan flow cytometer. The data
based on the FL1 channel were analyzed with the CellQuest
program. To measure mitochondrial ROS, we used MitoSOXTM,
which is a live-cell permeant and is rapidly and selectively targeted
to mitochondria. Once in the mitochondria, MitoSOXTM Red
reagent is oxidized by superoxide and exhibits red fluorescence
(with excitation at 510 nm and emission at 580 nm). After drug
treatment for the indicated time periods, cells were collected and
then incubated in Hank’s balanced salt solution (HBSS) containing
5 mM MitoSOXTM for 30 min at 37 8C. After incubation, cells were
washed with PBS twice, then trypsinized, re-suspended in 0.5 ml
PBS, and immediately submitted to flow analysis. Data based on
the FL2 channel were analyzed with the CellQuest program.

2.8. Nuclear fractionation

After treatment with MNNG or NAC, nuclear extracts were
isolated using the Nuclear Extraction Kit according to the
manufacturer’s protocol. Briefly, 5 � 106 cells were washed with
cold PBS twice. Buffer A (100 ml; 10 mM HEPES, pH 7.9, 10 mM KCl,
10 mM EDTA, 1 mM dithiothreitol, 0.4% [octylphenoxy] polyethox-
yethanol, plus protease inhibitors) was added, and the plate was
put on a rocking platform at 4 8C for 10 min. Cells were scraped
from the plates, and cell clumps were disrupted by repetitive
pipetting. The suspension was centrifuged at 15,000 � g at 4 8C for
5 min. The pellet was resuspended into 50 ml of buffer B (20 mM
HEPES, pH 7.9, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM
dithiothreitol, plus protease inhibitors) by vigorous vortexing for
5 min and then at a medium vortex setting for 30 min at 4 8C. The
suspension was centrifuged at 15,000 � g at 4 8C for 5 min, and the
supernatant was collected (nuclear fraction). Equal amounts of
protein extracts were subjected to immunoblot analysis and
nuclear protein Rb was used as internal control.

2.9. Intracellular calcium ([Ca2+]i) measurement

Intracellular calcium was measured by Fluo-3. The most
important properties of Fluo-3 are an absorption spectrum
compatible with excitation at 488 nm by argon-ion laser sources,
and a very large fluorescence intensity increase in response to Ca2+

binding. After treating cells with the indicated drugs for different
time periods, cells were incubated in PBS containing Fluo-3 (3 mM)
for 30 min at 37 8C. Cells were subjected to a flow analysis, and FL2
channel data were analyzed.
indicated times. Nuclear fraction was prepared and equal amounts of nuclear protein we

mean � S.E.M. from three independent experiments. *p < 0.05, indicating the protective e

effects of DPI and rotenone on MNNG-induced ROS production.
2.10. DNA damage measurement

We used a competitive enzyme-linked immunosorbent 8-OH-
dG EIA kit to determine the 8-OH-dG levels of MEF cell lysates.
Experimental procedures were performed as per the instructions
in the manual.

2.11. Gene silencing with small interfering (si) RNA

The siRNA for RIP1 contained four RNA sequences in a
SmartPool selected from the National Center for Biotechnology
Information RefSeq Database using a proprietary algorithm. The
control is a pool of four functional nontargeting siRNAs with
guanine cytosine content comparable to that of the functional
siRNA but lacking specificity for known gene targets. We
transfected cells with the siRNA for 24–48 h, followed by drug
treatment, and then evaluated the gene silencing effects by
Western blot analysis.

2.12. Statistical evaluation

Values are expressed as the mean � S.E.M. of at least three
experiments. Analysis of variance was used to assess the statistical
significance of the differences, with a p value of <0.05 considered
statistically significant.

3. Results

3.1. MNNG induced parthanatos in MEFs

It was reported that the alkylating agent, MNNG, can produce
DNA strands break and then activate PARP-1 leading to cell death.
Herein, we confirmed the cell death effects induced by MNNG in
MEFs. MNNG can induce cell death of MEFs in concentration- and
time-dependent manners (Fig. 1A and B). This effect was inhibited
by the PARP inhibitors, 3-aminobenzamide (3AB, 3 and 10 mM) and
3,4-dihydro-5[4-(1-piperindinyl) butoxy]-1(2H)-isoquinoline
(DPQ, 50 mM), but not by zVAD (Fig. 1C), indicating that caspase
activation might not participate in this pathway. Since a remarkable
morphology of parthanatos is the rupture of plasma membranes, we
conducted a PI uptake assay to verify whether cell integrity was
destroyed with MNNG-induced cell death. We found that after 9 h of
treatment, MNNG had largely increased PI uptake, and this effect
was abrogated by PARP inhibitor (3AB) (10 mM). Again zVAD could
not reverse this phenomenon (Fig. 1D). Immunoblot results
indicated that MNNG could rapidly induce PAR formation, an index
of PARP-1 activation, within 15 min. Moreover, MNNG-induced PAR
formation was inhibited by 3AB (Fig. 1E). Then we evaluated the
effect of MNNG on the intracellular ATP content. As shown in Fig. 1F,
MNNG treatment significantly decreased the ATP level after 15 min
of incubation and had almost completely depleted ATP after 30 min.
The loss of ATP content lasted for at least 6 h, indicating that MNNG
can induce rapid and long-lasting PARP-1 activation. Overall, MNNG
could induce parthanatos in MEFs.

3.2. ROS is upstream of MNNG-induced parthanatos

To investigate whether ROS are involved in MNNG-induced
parthanatos, we used the fluorescent dyes, DCFH2DA and MitoSOX,
to respectively determine the cytosolic and mitochondrial ROS
production after MNNG treatment. As shown in Fig. 2A, we found
re subjected to immunoblot analysis. Rb was used as internal control. Data are the

ffects of NAC and BHA on MNNG-induced responses. #p < 0.05, indicating significant
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Fig. 3. Reciprocal interplay between MNNG-induced ROS production and PARP activation: early ROS production contributes to PARP activation. (A) MEFs were pretreated

with 3AB (3 or 10 mM) or DPQ (50 mM), then MNNG (250 mM) was treated for indicated time periods. After treatment, cells were harvested, followed by cytosolic ROS

measurement. (B) MEFs were pretreated with NAC (10 mM), and then MNNG (250 mM) was treated for the indicated time course. Total cell lysates were prepared and

subjected to SDS-PAGE, followed by immunoblotting with a PAR antibody. b-Actin was used as a loading control. (C) MEFs were pretreated with or without NAC (10 mM), and

then MNNG (250 mM) was treated for the indicated time periods. Intracellular ATP levels were measured and presented as the percentages of control cells. Data are the

mean � S.E.M. from three independent experiments. *p < 0.05, indicating a significant inhibitory effect of 3AB and NAC on MNNG-induced responses.
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that there was biphasic ROS production in the cytosol after MNNG
treatment. The first phase appeared within 1 min and reached a
peak within 5–15 min. The second phase gradually appeared from
1 to 6 h, the longest time point we tested. With mitochondrial ROS
measurements, we found no significant ROS increase within
30 min of treatment with MNNG, but later mitochondrial ROS
increased along with the incubation time up to 6 h. These results
suggest that at least two different sources for ROS production are
involved; the first phase which peaked at 5–15 min might not
come from mitochondria, while the second phase that occurred
after 30 min was derived from mitochondria.

Previous studies demonstrated that NADPH oxidase is respon-
sible for tumor necrosis factor (TNF)-a-induced generation of O2

�

in mouse L929 fibrosarcomas [22], so we tested whether NADPH
oxidase was the source of early-phase ROS production after MNNG
treatment. Our results showed that the NADPH oxidase inhibitor,
DPI (1 mM), was able to inhibit MNNG-elicited ROS production
within 30 min by approximately 50%. DPI could also inhibit
MNNG-induced ROS production for the longer time course of 3 and
6 h (Fig. 2B, upper panel). This phenomenon suggests that the first
burst of ROS might be an important signal to initiate downstream
events. We also used the mitochondrial complex 1 inhibitor,
rotenone, to further verify whether the early phase of ROS comes
from mitochondria. Results showed that rotenone did not inhibit,
but even enhanced, the early phase of ROS production, ruling out a
mitochondrial source for early ROS production. However, rotenone
pretreatment inhibited ROS production in the late phase (3 h)
(Fig. 2B, lower panel). Nevertheless both phases of ROS production
were inhibited by the antioxidants, NAC and BHA (Fig. 2C).
Moreover, NAC inhibited MNNG-induced ATP loss, PI uptake, and
cytotoxicity (Fig. 2D–F). We also examined the 8-OH-dG level after
MNNG treatment in MEFs, which represents oxidative stress-
induced DNA strand breaks. NAC pretreatment reversed MNNG-
induced 8-OH-dG elevation at 5 min of incubation (Fig. 2G). AIF
translocation has been reported as a key player of parthanatos
previously [1,4,23]. We also observed MNNG-induced AIF accu-
mulation in the nuclear fraction. Otherwise, ROS scavenger can
inhibit AIF translocation (Fig. 2H). Overall, ROS production
participates in MNNG-induced parthanatos, and NADPH oxidase
might contribute to the early phase of ROS production.

After showing the contribution of PARP and ROS in MNNG-
induced parthanatos, we wanted to investigate in detail the causal
relationship between both events. First, we used the PARP
inhibitors, 3AB and DPQ, to examine their effects on ROS
production. As shown in Fig. 3A, 3AB and DPQ effectively inhibited
the late phase of ROS production at 6 h, but could not inhibit the
early phase. Moreover, NAC pretreatment not only inhibited
MNNG-induced PAR formation within 1 h (Fig. 3B), but also
maintained the ATP level following MNNG treatment (Fig. 3C).
These results suggest that MNNG-induced rapid ROS production is
upstream of PARP-1 activation, while the latter response is also
involved in amplification of the ROS increase.

3.3. MNNG-induced ROS mediates mitogen-activated protein kinases

(MAPKs) activation, and JNK amplifies ROS production

MAPKs are important signaling cascades involved in regulating
cell death, so we investigated their roles in MNNG-induced
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Fig. 4. Positive interaction between ROS production and JNK activation. (A) MEFs

were pretreated with or without NAC (10 mM) and 3AB (10 mM), and then MNNG

was treated for the indicated time periods. To determine the phosphorylation status

of MAPKs, total cell lysates were prepared and subjected to SDS-PAGE, followed by

immunoblotting with phosphorylated JNK, ERK, and p38 antibodies. Total levels of

JNK1, ERK, and p38 were used as the loading controls. (B) MEFs were pretreated

with SP600125 (10 mM), U0126 (10 mM), or SB203580 (10 mM) for 30 min, and

then treated with MNNG (250 mM) for the indicated time periods. After treatment,

cells were harvested, followed by measurement of intracellular ROS. Data are the

mean � S.E.M. from three independent experiments. *p < 0.05, indicating the

significant inhibition of MNNG response by SP600125. (C) MEFs were pretreated

with SP600125 (10 mM), and then MNNG was treated for the indicated time course.

Total cell lysates were prepared and subjected to SDS-PAGE, followed by

immunoblotting with a PAR antibody. b-Actin was used as a loading control.
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parthanatos. We found that MNNG could strongly induce
extracellular signal-regulated kinase (ERK), JNK, and p38 phos-
phorylation within 1 h, but after pretreatment with NAC, MAPKs
activation was significantly inhibited. In contrast, 3AB pretreat-
ment did not inhibit MNNG-induced MAPKs activation (Fig. 4A).
These data demonstrate that MAPKs, but not PARP-1, activation is
mediated by the early phase of ROS production. Next, we used
SP600125 (a JNK inhibitor), U0126 (a MEK inhibitor), and
SB203580 (a p38 inhibitor) pretreatment to elucidate the
relationship between the early and late phases of ROS production
and MAPKs activation. We found that only the JNK inhibitor,
SP600125, could inhibit the late phase but not the early phase of
ROS production. The other two inhibitors exhibited no inhibition
on either the early or late phase of ROS production (Fig. 4B).
Moreover, to elucidate consequences of JNK and PARP, we treated
cells with SP600125 before determining PAR formation. As a result,
we found that SP600125 pretreatment did not affect MNNG-
induced PAR formation (Fig. 4C). These results together with above
ones indicate that MNNG-induced early ROS production mediates
MAPKs and PARP activation. In turn, JNK further amplifies
sustained ROS production.

3.4. An increase in calcium is involved in the MNNG-induced

signaling pathway

Since calcium is a crucial signal in the cell death pathway, we
tested whether cytosolic calcium levels changed after MNNG
treatment. As shown in Fig. 5A, MNNG increased intracellular
calcium levels in MEFs after 15 min of incubation, and this
increasing effect continued until 6 h. Since ROS production and
PARP-1 activation also occurred within 15 min, we investigated
the regulation among ROS, PARP-1, and calcium. As a result, NAC
pretreatment significantly inhibited the calcium increase in both
the early or late time courses (Fig. 5A). Even though 3AB
significantly inhibited the calcium increase after 30 min, but not
at 15 min (Fig. 5A), chelating intracellular calcium with BAPTA/AM
decreased PAR formation within 1 h (Fig. 5B). These results suggest
that an ROS-dependent calcium increase is required for PARP
activation. To understand if calcium is involved in ROS-dependent
JNK signaling as we mentioned above, we determined the effect of
BAPTA/AM. Results further showed that BAPTA/AM inhibited
MNNG-induced JNK activation (Fig. 5B). Moreover, BAPTA/AM did
not alter the early phase of ROS production, but inhibited the late-
phase response (Fig. 5C). In agreement with this finding, BAPTA/
AM could partially protect MEFs against MNNG-induced cell death
as assessed by the attenuation of ATP loss upon MNNG treatment
from 15 min to 9 h (Fig. 5D). These data indicate that the early
phase of ROS production is upstream of the calcium increase
within 15 min, which independently leads to PARP-1 and JNK
activation, followed by triggering sustained increases in ROS and
calcium.

3.5. RIP1 is required for the MNNG-induced late phase of ROS

production, calcium elevation, and cell death

Previous reports demonstrated that MNNG-induced cell death
is RIP1-dependent [14]. To understand the role of RIP1 in
parthanatos signaling mediated by MNNG, we tested the effects
of MNNG in RIP1�/� MEFs. We found that MNNG-induced cell
death was attenuated, but not abrogated, in RIP1-deficient MEFs
(Fig. 6A). Knocking down RIP1 with specific siRNA can also obtain
the similar result (Fig. 6F, upper panel). Next we examined the ROS
production and calcium increase in RIP1�/� MEFs. Results
revealed that only the late phase, not the early phase, of ROS
production was inhibited in RIP1�/�MEFs and also RIP1 silencing
cells (Fig. 6B and F, lower panel). Consistently, MNNG still induced
comparable calcium increases in wild-type (WT) and RIP1�/� cells
within 3 h, but the late phase of calcium increase at 6 h was
reduced by a deficiency of RIP1 (Fig. 6C). When testing intracellular
ATP levels, we found that RIP1�/�MEFs had a similar susceptibil-
ity as did WT cells for early ATP depletion in response to MNNG
treatment. However, the sustained ATP depletion within 3–9 h was
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Fig. 5. Intracellular calcium increase is upstream of PARP activation and reciprocally interacts with ROS. (A) MEFs were pretreated with the vehicle, 3AB (10 mM), or NAC

(10 mM) for 30 min, then treated with MNNG (250 mM) for the indicated time periods. After treatment, cells were harvested, followed by measurement of intracellular

calcium as described in Section 2. (B) MEFs were pretreated with or without BAPTA/AM (10 mM), and then MNNG (250 mM) was added for the time indicated. Total cell

lysates were prepared and subjected to SDS-PAGE, followed by immunoblotting with PAR, phosphorylated JNK, and JNK1. b-Actin was used as a loading control. (C) MEFs

were pretreated with BAPTA/AM (10 mM), then MNNG (250 mM) was treated. After treatment for different periods, cells were harvested, followed by measurement of

intracellular ROS. (D) MEFs were pretreated with BAPTA/AM (10 mM) for 30 min, and then MNNG (250 mM) was treated for the indicated time intervals. Cell viability was

assessed by the ATP content. Data are the mean � S.E.M. from three independent experiments. *p < 0.05, indicating significant inhibition of MNNG responses by 3AB, NAC, and

BAPTA/AM.
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partially inhibited in RIP1�/� MEFs (Fig. 6D). Consistent with
the non-effectiveness of RIP1 deficiency on the early death
mediators (ROS, calcium, and ATP loss), we found that MNNG-
induced PARP-1 and JNK activations within 1 h were not
significantly altered in RIP1�/� cells compared to control WT
cells (Fig. 6E). These results suggest that RIP1 might not
participate in the regulation of early PARP-1 activation but is
required for sustained ROS production, calcium increase, and
ATP loss in response to MNNG.

3.6. MNNG also induced oxidative stress and parthanatos

in cancer cells

We wonder whether MNNG-induced parthanotos is a general
effect among different cell types. As shown in Fig. 7A, MNNG can
also induce significant cell death in HeLa and HCT116 cancer cells
after 9 h incubation. However, cancer cells were more sensitive to
lower dose (50 mM) of MNNG as compared to MEFs (Fig. 1A). We
also found that MNNG as its effect observed in MEFs can induce
ROS production either at early phase (15 min) or at late phase (6 h)
in both cancer cell types (Fig. 7B). Results revealed that higher fold
of ROS production was induced by MNNG in HeLa cells than in
HCT116 cells. In addition, there were also rapid PAR complex
formation and JNK activation after MNNG treatment in both cancer
cell types (Fig. 7C).
4. Discussion

PARP-1 activation was shown to play important roles in the
pathogenesis of many diseases and tissue injuries, such as
ischemia-reperfusion injury after cerebral ischemia and myocar-
dial infarction, inflammatory injury, ROS-induced injury, and
glutamate excitotoxicity [2,5,14,24]. In this study, in an attempt to
elucidate the regulating mechanisms for PARP-1 activation, MNNG
was used as a PARP-1 activator. As reported, MNNG is a nitrosourea
compound which is used as an alkylating agent. These compounds
covalently modify bases in the DNA, resulting in massive
production of DNA strand breaks; PARP-1 is then activated to
repair the damage. To understand the molecular details of PARP-1-
dependent cell death, we used MNNG and confirmed its effect in
inducing PARP-1 hyperactivation, as represented by the formation
of PAR (Fig. 1E), the decrease in ATP content (Fig. 1F), and MEF cell
death (Fig. 1A and B). Moreover, consistent with previous reports
[15], we found that the PARP inhibitors, 3AB and DPQ, could
protect cells against cell death (Fig. 1C and D), indicating that
PARP-1 mediates MNNG-induced cell death in MEFs.

Intriguingly, our results showed that MNNG could rapidly
induce ROS production within 1–15 min when stained with
DCFH2-DA but not with MitoSOX. But after incubation for 0.5–
6 h, DCFH2-DA detected another peak production of ROS, and
MitoSOX also detected the increase in ROS (Fig. 2A). These results
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Fig. 6. RIP1 is required for MNNG-induced ROS production and cell death. (A) Wild type (WT) and RIP1�/�MEFs were treated with MNNG at the indicated concentrations for

9 h. Cell viability was assessed by an MTT assay. (B) WT and RIP1�/�MEFs were treated with MNNG (250 mM) for different intervals. After treatment, cells were harvested,

followed by measurement of intracellular ROS. (C) WT and RIP1�/�MEFs were pretreated with MNNG (250 mM) for the indicated time intervals. After treatment, cells were

harvested, followed by measurement of intracellular calcium. (D) WT and RIP1�/�MEFs were treated with MNNG (250 mM) for the indicated time, and then the intracellular

ATP level was determined. Data are the mean � S.E.M. from three independent experiments. (E) WT and RIP1�/�MEFs were treated with MNNG (250 mM) for the indicated time.

Total cell lysates were prepared and subjected to SDS-PAGE, followed by immunoblotting with PAR and phosphorylated JNK. b-Actin and JNK1 were used as the loading controls. (F)

Wild-type MEFs were transfected with RIP1 siRNA to knock down endogenous RIP1 or with non-targeting siRNA as a control. After transfection for 48 h, cells were treated with

MNNG (250 mM), then cell viability at 9 h (upper panel) and intracellular ROS production at indicated time (lower panel) were determined by MTT assay and flow cytometry,

respectively. RIP1 protein expression was determined by immunoblot. *p < 0.05, indicating significant inhibition of MNNG-induced responses in RIP1�/� or RIP1 silencing cells.
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together with the inhibitory effect of rotenone on late-phase ROS
production (Fig. 2B) indicate that there is a biphasic ROS
production in MEFs following MNNG treatment, and the late
phase of ROS production might be generated from mitochondria.
These findings support a previous notion that mitochondrial
dysfunction is involved in MNNG-induced cell death [4,25]. Our
data ruled out the origin of the first phase of ROS production being
from mitochondria. Since DPI significantly inhibited the early ROS
production (Fig. 2B), NADPH oxidase might be the source for early
phase ROS production.
In addition to activating PARP-1 via alkylating agent-induced
DNA strand breaks as previously described, our results notably
showed that oxidative stress is crucial for MNNG to induce PARP-1
activation. In our study, PARP inhibitors (3AB and DPQ) did not
inhibit the early phase of ROS production (Fig. 3A), while NAC
effectively abolished PARP-1 activation (Fig. 3B). We also
compared the time course of the early-phase ROS production
and PARP-1 activation. We found that the timing of ROS production
was earlier than that of ATP depletion, suggesting that the early-
phase ROS increase might be an upstream signal for PARP-1
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Fig. 7. MNNG also induced oxidative stress and parthanatos in cancer cells. (A) HeLa and HCT116 were treated with MNNG at the indicated concentrations for 9 h. Cell

viability was assessed by an MTT assay. (B) HeLa and HCT116 were treated with MNNG at the indicated concentration for the indicated time periods. After treatment, cells

were harvested, followed by measuring cytosolic ROS. Data are the mean � S.E.M. from three independent experiments. (C) HeLa and HCT116 were treated with MNNG (100 mM)

for the time indicated. Total cell lysates were prepared and subjected to SDS-PAGE, followed by immunoblotting with PAR, and JNK. b-Actin was used as a loading control.
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activation. Even though our present data cannot rule out the
contribution of direct DNA alkylation in MNNG-induced DNA
damage and PARP-1 activation, we suggest rapid and marked ROS
increase rather than DNA alkylation might plays a major role in
MNNG-induced PAPR-1 activation. This suggestion is based on the
abolishment of rapid PAR formation by NAC as well as BAPTA/AM
(see below). Consistently, previous findings also demonstrated
that oxidative stress can activate PARP-1 and trigger downstream
signaling [26–28].

ROS are important second messengers in many signaling
pathways, and activate many downstream kinases to transduce
signals. We found that MNNG treatment significantly induced
MAPK activation, and this event was mediated by early-phase ROS
production (Fig. 4A). Nevertheless, neither SP600125 (a JNK
inhibitor), U0126 (a MEK inhibitor), nor SB203580 (a p38 inhibitor)
inhibited early-phase ROS production (Fig. 4B). A previous study
reported that PARP-1 can activate JNK1 through the RIP1 and
TRAF2 complex, and JNK1 activation is required for AIF release,
indicating the importance of JNK1 in PARP-1-mediated necrosis
[14]. In our results, we found that JNK might participate in the late-
phase ROS production, since SP600125 did not influence the early-
phase but did inhibit the late-phase ROS increase (Fig. 4B). Thus the
interconnectivity and amplification network between ROS and
JNK, which was extensively documented [29–32], was also
suggested in the case of MNNG.

In this study, we found that MNNG induced a Ca2+ level increase
after 15 min which was sustained to 6 h (Fig. 5A). We also showed
that the early-phase ROS increase might be the upstream signal of
the Ca2+ increase (Fig. 5A), and Ca2+ may in turn regulate PARP-1
activation (Fig. 5B and D). This finding is consistent with previous
studies suggesting that Ca2+ is an important co-factor for PARP-1
hyperactivation either in the absence (e.g., electrical stimulation)
or presence of DNA breaks (e.g., after ROS-induced DNA damage)
[17,19]. Other than the regulatory role for PARP-1 activation in the
early stage, we also found that the Ca2+ signal is involved in
regulating late-phase ROS production. Since BAPTA/AM can inhibit
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Fig. 8. Summary of the signaling pathways for MNNG-induced cell death.
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late-phase ROS (Fig. 5C), and NAC can also abrogate Ca2+ rise at 6 h
(Fig. 5A), there may be a loop amplification between the late phase
of ROS production and the Ca2+ increase.

Previous reports demonstrated that PARP-1 activation leads to
JNK1 activation and a subsequent cell death program through
RIP1/TRAF2 [14]. In this study, based on the result that MNNG-
induced cell death was more resistant in RIP1 knockout or
silencing cells than WT cells (Fig. 6A and F), we also confirmed the
involvement of RIP1 in MNNG-induced parthanatos. However, in
our study, since MNNG-induced JNK activation with a 60-min
incubation was not reversed by PARP-1 inhibition (Fig. 4A), and
this action showed no significant difference between WT and
RIP1�/� MEFs (Fig. 6E), we suggest that JNK activation is
independent of PARP-1 and RIP1 activation. Nevertheless, from
our results shown in Figs. 4B, 6B and F, JNK and RIP1 may both
participate in regulating the late-phase ROS event.

Currently, molecular mechanisms for RIP1-dependent ROS
production are well documented. RIP1 was shown to inhibit ANT-
conducted ADP transport into mitochondria, leading to a progres-
sive reduction in ATP levels, vacuolization of organelles, and
disintegration of plasma membranes, with only negligible nuclear
shrinkage [22]. Inhibition of ADP/ATP exchange coincides with
sustained H2O2 production, so RIP1 may have an important
regulatory role in mitochondrial ROS production [13]. Since
MNNG-induced late-phase ROS also came from mitochondria,
we suggest that RIP1-elicited mitochondrial dysfunction contrib-
utes to parthanatos. Recently, some papers discussed the impor-
tance of RIP3, a protein kinase that has an N-terminal kinase
domain similar to that found in RIP1. Studies revealed that RIP3
may participate in regulating the switch between apoptosis and
necrosis after TNF-a treatment [33]. RIP3 can interact with some
key metabolic enzymes during necrosis, like glycogen phosphory-
lase, glutamate-ammonia ligase, and glutamate dehydrogenase,
and might thus increase energy metabolism-associated ROS
production [33]. In MNNG-induced parthanatos, besides involving
in late-phase ROS production and energy loss (Fig. 6B, D and F),
whether RIP1 shares similar mechanistic action in metabolic
enzymes as RIP3 does in promoting necrosis is an intriguing topic
for further investigation.

It was interesting to note that compared to the protective
extents exerted by a PARP inhibitor and ROS scavenger, RIP1
deficiency only moderately prevented cell death (Fig. 6A and F). In
light of this finding, we propose that besides acting as a death
mediator, RIP1 might also be involved in other signals induced by
DNA strand breaks. In this aspect, recent studies indicated that
RIP1 is critical for NF-kB activation during DNA damage [34]. RIP1
may participate in NEMO sumoylation, which can regulate ataxia
telangiectasia mutated (ATM), a nuclear double strand break-
activated protein kinase which initiates IKK activation, resulting in
activation of NF-kB via IkB degradation [35]. On the other hand,
since JNK activation is independent of RIP1, we propose that the
amplification loop between JNK and ROS may be a separate
pathway other than RIP1.

Besides using MEFs as a model to investigate death signaling for
parthanatos, we also observed the similar effects of MNNG-
induced cell death in two cancer cell types. Although HeLa and
HCT116 were more sensitive to MNNG-induced cell death at
50 mM, under the toxic dose of MNNG, significant ROS production,
rapid PAR formation and JNK phosphorylaion can also be found in
both cancer cells (Fig. 7). Thus, we may propose that no matter in
normal or cancer cells, MNNG can initiate oxidative stress and
PARP-1-dependent cell death.

In conclusion, our results for the first time reveal that ROS
production is the key mediator and regulator of MNNG-induced
cell death. We demonstrate biphasic ROS production after MNNG
treatment in MEFs. NADPH oxidase may be the source of early-
phase ROS production, while late-phase ROS production is from
mitochondria and depends on RIP1. Moreover, the early phase of
ROS production is the upstream signal for the intracellular calcium
increase and contributes to DNA strand breaks, which together
induce PARP-1 hyperactivation and depletion of ATP contents. The
energy imbalance may eventually lead to mitochondrial dysfunc-
tion and ROS production. On the other hand, calcium-mediated JNK
activation also contributes to late-phase ROS production. Overall,
ROS production exerts amplification regulation on JNK activity and
the intracellular calcium increase, and in turn contributes to cell
death. We summarize the signaling cascades responsible for
MNNG-induced cell death in Fig. 8. Since PARP-1-mediated cell
death is involved in a variety of pathologic conditions, specific
inhibitors targeting this pathway may provide future clinical
benefits.
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