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Abstract

Paraquat has been suggested to induce apoptogiengyation of reactive oxygen
species (ROS). However, little is known about thechanism of paraquat-induced
apoptosis. Here | demonstrate that extracellugwadiregulated protein kinase (ERK) is
required for paraquat -induced apoptosis of NIH8EBs. Paraquat treatment resulted
in activation of ERK, and U0126, inhibitors of tiMEK/ERK signaling pathway,
prevented apoptosis. Paraquat-induced apoptosisassaciated with cytochrome c¢
release, which could be prevented by treatment thghMEK inhibitors. Taken together,
our findings suggest that ERK activation plays ativa role in mediating paraquat -

induced apoptosis of NIH3T3 cells.



INTRODUCTION

Paraquat, a redox-cycling compound, known to bexprag¢oxin (1). Paraquat is also

able to induce behavioral and neurological dis@derich as Parkinsonism (2-4). The

molecular mechanisms responsible for the cytotoxieffects of paraquat in cells are

not fully understood but are mainly attribute teithability to generation of reactive

oxygen species (ROS) and subsequent interactiotisimtracellular marcromolecules

such as lipids, proteins, and nucleic acids togergapoptosis (5,6). However, many

studies have demonstrated paraquat -induced ap®ptogarious cells, but the detailed

mechanism of paraquat -induced apoptosis remaigslyaunknown.

ROS have been shown to participate in the numbéaupfan disease such as cancer,

neurodegeration and ageing (7,8). Therefore, RO& haen generally considered to

directly toxic to cell. However, recent studies a@emonstrated that ROS play a role as

second messengers to regulate mitogen-activateiprkinase (MAPK) in various

cells (9-11). MAPK family constitute important matbrs of signal transduction

processes that serve to coordinate the cellulgporese to a variety of extracellular

stimuli. Three major mammalian MAPK subfamilies babeen described: the

extracellular signal-regulated kinases (ERK), th#un N-terminal kinases (JNK), and

the p38 kinases. The ERK1/2 pathway is regulatedtijndy mitogenic stimuli, and



leads to the production of proteins required fdr geowth and differentiation (12-14).

In contrast, JNK and p38 are activated primarilyviayious stress and are involved in

cell transformation, stress responses and apofdsit7).

In the present study, we investigated the mechapisparaquat-induced apoptosis in

NIH3T3 cells. The results demonstrate that althdaB#, JNK, and p38 were all found

to be activated in response to paraquat treatnmery, ERK activity is important in

mediating paraquat-induced apoptosis through achytome c release-dependent

mechanism.



MATERIAL AND METHODS

Materials. Paraquat, propidium iodide were purchased from 8igithe MEK

inhibitor (U0126), the p38 inhibitors (SB203580) darwere all obtained from

CalBiochem (San Diego, CA). The anti-cytochromentibedy were purchased from

Transduction Laboratories (Lexington, KY).

Cdl cultures. The NIH3T3 mouse embryo fibroblast line was obtdifem the

ATCC (Manassas, VA) and were maintained in Dulbecooodified Eagle's medium

supplemented with 10% fetal bovine serum, 21 rh-glutamine, 100 units of

penicillin/ml, and 100 pg of streptomycin/ml (Liféechnologies, Inc.). They were

cultured at 37°C in a humidified chamber contairig CQ.

Plasmid constructs and oligonucleotides. pRL-Luc plasmid was purchased from

Promega (San Diego, CA). Gal4-cJun, Gal4-CHOP am4-GIK1 plasmid were

purchased from Stratagene (La Jolla, CA). JNK anse (AS) oligonucleotides used in

this study were synthesized at ISIS Pharmaceutidals (Carlsbad, Calif.). The

sequences of the oligonucleotides used are aswklloControl (ISIS 17552),

TCAGTAATAGCCCCACATGG; JNK1 AS (ISIS 15347),

CTCTGTAGGCCCGCTTGG; JNK2 AS (ISIS 15354), GTCCGGGXEH

GCCAAAGTC. All oligonucleotides were 2'-O-methoxygt chimers containing five



2'-O-methoxyethyl-phosphodiester  residues  flanking@  2'-deoxynucleotide-
phosphorothioate region (18).

Transfection and luciferase activity assay. Dual luciferase activity in the cell
extracts was determined according to manufacturesguction (Promega). Briefly,
each assay mixture contained |20cell lysate and 10@l firefly luciferase measuring
buffer (LAR IR, Promegapnd firefly luciferase and renilla luciferase aitgivwas
measured by luminometer. Renilla luciferase agtiwias used to normalize transfection
efficiency. All transfections were performed in tlopte, and all were repeated at least
three times.

Pl staining. Cells were collected 24 h following treatment, tixaen 70% ethanol,
and stained with propidium iodide (Pl, 3@/ml) after RNA digestion. Pl-stained
10,000 cells were analyzed for DNA content withACBcan flow cytometer (Becton
Dickinson, San Jose, CA)

ERK kinase assay. The cells were lysed and sonicated in a buffer aioimtg Tris
(10mm, pH 7.5), NaCl (150 mM), EGTA (2 mM), orthenalate (1 mM), DTT (2 mM)
and protease inhibitors: aprotinine (1Qg/ml), leupeptin (10 pg/ml) and
Phenylemethanesulfonyl fluoride (PMSF) (1 mM) fdr Biin at 4 C. Activity was

assessed using p44/42 MAP kinase assay kit (CgtlaBhg Technology, Inc.). Briefly,



the lysates were immunoprecipitated with immobdizehopho-p44/42 MAP kinase

monoclonal antibody for 5 h at 4C and the immune complexes were washed three

times with lysis buffer, once with kinase buffendaresuspended in kinase buffer

containing Elk-1 fusion protein. The reactions wereubated for 30 min at 3t and

terminated by the addition of SDS sample buffer andlyzed by immunoblotting with

anti-phopho-Elk-1 antibody. The antigen antibodymptexes were visualized by

chemiluminescence (Amersham Pharmacia Biotech).

Release of cytochrome c. Approximately 5 x 10 6 cells were trypsinized and

collected by centrifugation and the resultant pellevere washed with PBS and

resuspended in 10@ buffer containing250 mM sucrose, 20 mM HEPES, pH, 10

mM MgCl,, 1 mM EDTA, 1mM EGTA, 1mM dithiothreitol, 1mM PMSHhe cells

were then homoginized with 15 strokes of a Tefl@mbgenizer on ice, and the

resulting homogenates were centrifuged at 10004 @omin at 4 C. The supernatants

were further centrifuged at 150009 for 20 min. Tésulting supernatants were reserved

as the cytosolic fraction and used for Western hloalysis with anti-cytochrome ¢

monoclonal Ab (PharMingen) antibodies.

Determination of DNA fragmentation. After treatment, cells were harvested by

scraping, washed twice with ice-cold PBS, and lysetysis buffer (10mM Tris-HCI



pH 8.0, 10mM EDTA, and 0.2% Triton X-100) on ice 0 min. After centrifugation ,
the supernatant was incubated with RNase A (2@@nL) at 37 C for 1 h, then
incubated with proteinase K (1 mg/mL) with 1% SDfusion at 50 T for 2 h. The
soluble DNA was extracted with phenol, ethanol iéation, and resuspended in TE
buffer. DNA was loaded on 1.5% agarose gel, whighned with ethidium bromide
after migration.

Measurement of ROS The ROS were measured using previously describetatie
(27) with some modification. Briefly, Cells wereapéd at 1 x 1Uplate in 60-mm dishes
and treated for the indicated times. Cells werevdsied with trypsin/EDTA, washed
once in PBS, and resuspended in 5 pug of 2',7"alictihydrofluorescein diacetate
(DCFHDA) /ml in Hanks' balanced salt solution. Séespwvere incubated for 10 min at
37 °C and The DCF fluorescence intensity was measwedfluorescence plate reader

(Bio-Tek, FL600) (excitation wavelength, 485 nm;isesion wavelength, 530 nm).



RESULTSAND DISCUSSION

Induction of apoptosis by paraquat in NIH3T3 cells. Accumulation evidences

indicate that paraquat lead to cell death by tlieiction of apoptosis (2-6). Although

several prior studies have investigated the meshamif paraquat -induced apoptosis,

however, it is not fully understood. In the presshidy, we therefore attempted to

investigate the mechanism of paraquat-induced ap@pusing NIH3T3 cells. After

exposure to 0.1, 0.25, 0.5, or 1 mM paraquat, sUbDMEA content and chormatin

fragmentation were evaluated in NIH3T3 cells. Hié showed that paraquat caused

apoptosis of NIH3T3 cells in a dose-dependent mamwiéh a concentration of 1 mM

paraquat resulting in death of greater than 80%hef cell population by 24 h of

treatment. The intensity of paraquat-induced DNAdkxs increased with increasing

dose of paraquat in NIH3T3 cells (Fig. 1B). Theatadndicate that paraquat is able to

induce apoptosis in a dose-dependent manner in T8H2lls.

ERK signaling pathway contributes to paraquat-induced apoptosis. To define

signaling pathway that mediate paraquat-inducedptasc in NIH3T3 cells, we

evaluated the contribution of the ERK. We firstestigated whether paraquat treatment

led to ERK activation. NIH3T3 cells were cotranséet with Gal4-EIK1, which

contains the Gal4 DNA binding domain fused to th&-E carboxyl-terminal



transactivation domain, and pRL-Luc, which contaims renilla luciferase gene, and
fresh medium containing different dose of paraguas then added to cellBhe cells
were harvested 12 h later, and the luciferase itesvwere determined by a
luminometer. EIK1 is a transcriptional factor tlstactivated in response to activation
of mitogen activated protein kinase (MAPK) and tkailla luciferase plasmid (pRL-
Luc) was used to normalize the transfection efficie As shown in Fig. 2A, luciferase
activity was elevated by 0.1 mM paraquat and irsedan a dose-dependent manner. To
confirm the phosphorylation of ERK by paraquat, RT3 cells were exposed to
different dose of paraquat for various lengthsiofet and ERK activation was then
assessed by measuring its kinase activity usingnamunocomplex kinase assay with
Elk-1 fusion protein as a substrate, and by examgints degree of phosphorylation by
Western blot analysis with anti-phospho Elk-1 amiip Total ERK protein levels was
monitored using antibody capable of recognizing hagphorylated forms of the
proteins. As shown in Fig. 2B, 1 mM paraquat, whiebulted in significant apoptosis,
led to strong activation of ERK. Activation was apgnt at about 30 min following
treatment with 1mM paraquat and persisted foratl@4 h.

To evaluate the functional consequence of ERK atitm in paraquat-induced

NIH3T3 cell apoptosis, we used commercially avadaldEK1/2 inhibitory compound

10



U0126, which are highly selective in its inhibitioh ERK pathway. We observed that

treatment of NIH3T3 cells with 2QM U0126 totally abolished ERK phosphorylation

in response to paraquat treatment (Fig.3, loweelpaRaraquat-induced apoptosis was

significantly reduced when cells were pretreatedhwy0126 for 30 min prior to

addition of 1mM paraquat, and this protective dffgicthe MEK inhibitors was dose-

dependent and occurred with doses expected to espERK activation (Fig. 3, upper

panel). The importance of MAPK signaling pathwagsreégulating apoptosis during

conditions of stress has been widely investigaMdny prior studies have provided

evidence indicating that the ERK1/2 pathway is tata mostly by mitogenic stimuli,

and leads to the production of proteins requiredcél growth and differentiation (15-

17). However, more recently, several studies hamahstrated that inhibition of ERK

signaling leads to increased sensitivity of antieardrug (19,20) and ERK activation is

involved in the development of apoptosis in B lyrapta cells (21), neuronal cells (22),

HelLa and human lung A549 cells (23). Such diffae¢m@ffects of ERK pathway could

reflect cell type- and extracellular stress-speittifi In the present studies using NIH3T3

cells, we have provided evidence that activatioEBK is important for the induction

of paraquat-induced apoptosis in NIH3T3 cells. Baaa treatment resulted in high and

sustained activation of ERK in these cells. We &smd that down-regulation of ERK

11



led to an inhibition of paraquat-induced apoptosis.

JNK(cJun N-terminal kinase) and p38 have been papd in stress-related

responses and the induction of apoptosis. Therefoeenvestigated whether JNK and

p38 involved in the induction of paraquat-inducetpsis. To compare the patterns of

activation of the JNK and p38 pathways in respdosgaraquat in NIH3T3 cells, cells

were cotransfected with either Gal4-cJun for maaguiNK activation, or Gal4-CHOP

for measuring p38 kinase activation and pRL-Ludéof@ing exposure to different dose

of paraquat for 12 h, and then cells were harvested luciferase activities were

measured. The results, shown in Fig. 4A and B, detnated that both JNK and p38

were activated in response to paraquat treatmeat.inVestigate the functional

consequences of JNK and p38 activation, paraquiaiced apoptosis after prevention

of JNK and P38 was measured. NIH3T3 cells werergaetd with p38 specific

inhibitor, SB203580 or transiently transfected wtl2 uM each antisense JNK1 and

JNK2 oligonucleotides (JNK1+JNK2AS), which was pblesrothioate oligonucleotides

targeted to JNK1 and JNK2 mRNA to block JINK/SPAKhpeay. As shown in Fig. 4C,

the JINK1+JNK2AS-transfecting NIH3T3 cells and theeatment of cells with

SB203580 during exposure to paraquat did not ptepamaquat-induced apoptosis.

These results indicate that although JNK and p3& aetivated in response to paraquat,

12



neither JNK nor p38 plays a role in regulating paed-induced apoptosis of NIH cells.

Taken together, of the three MAPKSs, only ERK appetr play a major role in

influencing the survival of paraquat -treated NI333ells.

Role of ERK in mediating cytochrome c release in paraquat-treated cells. Two

major pathways of apoptosis have been describeskdant years. One pathway is

Fas/APO-1-dependnet. Fas/APO-1 interacts with eélceptor-associated death protease

caspase-8 leading to activation of downstream &ffecaspases (24, 25). The second

pathway of apoptosis is mitochondria-dependentraadits from release of cytochrome

c leading to caspase-9 activation through the apcpprotease-activating factor-1

(Apaf-1) (26-29). Therefore, we sought to invesggahether cytochrome c release

occurred in response to paraquat treatment, arsw,ifto determine whether it was

dependent on ERK activation. We isolated cytosioictions from lysates of NIH3T3

cells treated with paraquat for 24 h in the preseoc absence of U0126 (20 puM).

Western blot analysis revealed accumulation of spfio cytochrome c release in

paraquat-induced apoptosis (Fig. 5). Importanti process was markedly inhibited in

the presence of the MEK inhibitors, U0126, suggesthat ERK activation is required

for paraquat-induced cytochrome c release (Figlrbjhe present studies, we did not

observe any change in either Fas or FasL expressiparaquat-treated NIH3T3 cells

13



(data not shown). We did, however, observe incokdseels of cytochrome c in the

cytoplasm of paraquat-treated cells relative toaated cells. These results suggest that

cytochrome c release play a role in mediating paamduced apoptosis. The ability of

the MEK inhibitors to diminish this effect suggesktat the ERK signaling pathway

functions upstream of cytochrome c release in Hraquat-induced apoptosis.

Intracellular ROS production by paraquat requires activation of ERK1/ 2. Recent

evidence has suggested that ROS stimulate MAPKites including ERK, p38 and

JNK, which are key events in many cellular proceg®e11). Therefore, intracellular

ROS production by paraquat treatment was examimelgtermine whether or not it led

to ERK activation, which could be involved in thargaquat-induced apoptosis. To test

this possibility, the level of intracellular ROSogiuction in response to paraquat was

investigated using DCFHDA. We found that paraqueatment led to significantly

increase the intracellular ROS production, whichuldobe completely blocked by

treatment with 5 mM N-acetylcysteine (NAC) (data sbown). To further investigate

the enhancement of ROS production by paraquat velvad in the induction of

apoptosis, NIH3T3 cells were pretreated with NAC 1@ h. Subsequently, the cells

were incubated with 1mM of paraquat for an addalo@4 h, and stained with

propidium iodide, and the level of apoptosis wassueed by FACsan flow cytometry.

14



The data presented in Fig. 6A shows that NAC wads &b significantly prevent

paraquat-induced apoptosis, suggesting that inludaeROS production is required for

paraquat-induced apoptosis in NIH3T3 cells.

We next investigated whether the intracellular R@&duction induced by paraquat

could stimulate ERK activation. The NIH3T3 cellsregretreated with NAC for 12 h

and the medium was replaced with fresh medium enpilesence or absence of 1 mM

paraquat and the ERK activity was measured. Theltsgsshown in Fig. 6B,

demonstrated that the inhibition of intracellulad®& generation using 5 mM NAC led

to markedly decrease in paraquat activation of ERiggesting that intracellular ROS,

which was produced by paraquat, contributes t&eREK activation in the NIH3T3 cells.

In summary, paraquat treatment led to apoptosisgshmvas associated with release

of cytochrome c from the mitochondria, and increB®K1/2 activity. In addition, the

MEK specific inhibitor, U0126, was quite effectiue protecting NIH3T3 cells against

paraquat-mediated apoptosis. The correlation ofovemg intracellular ROS with

increased cell survival as well as decreased ERKilgcafter exposure to paraquat

suggest that raising the intracellular ROS indudsd paraquat stimulates ERK

activation, which may, at least in part, involve the paraquat-induced apoptosis in

NIH3T3 cells. Identification of the downstream targof the ROS-cascade in the

15



paraquat-signaling pathway will require additiorstldy. Characterization of this

pathway will contribute to the understanding abouportant signaling pathway of

paraquat-induced apoptosis, which will lead todbeelopment of specifically targeted

drugs to achieve attenuated paraquat toxicity.
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FIGURE LEGENDS

Fig 1. Induction of apoptosis by paraquat in NIH33&8Is. A. Cells were treated with

paraquat at final concentration indicated for 24 Qells were then stained with

propidium iodide and apoptosis examined by flowooytry. B. Cells were treated with

different dose of paraquat for 24 h and DNA fragtagan was analyzed by 1.5%

agarose gel electrophoresis. DNA bands were vimglby staining with ethidium

bromide.

Fig 2. The effect of paraquat on activation of MEKMAPKSs in NIH3T3 cells. A.

Cells were cotransfected with GAL4-Elk and pRL-LOxfferent dose of paraquat were

then treated for 12 h. Transfection with pRL-Luagrhid was used to normalized the

transfection. B. Upper panel, cells were treateth whe different dose of paraquat for

indicated time. Lower panel, cells were treatechvitmM paraquat for indicated time.

Phosphorylation of ERK was determined by an immoomplex kinase assay using

Elk-1 fusion protein as substrate. Immunostainiighe same blot after striping and

reprobing with anti-ERK1/2 antibody is shown.

Fig 3. Inhibition of induction of apoptosis in NIA3 cells exposed to paraquat after
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pretreatment with the MEK inhibitor, U0126. (A-C)pper panel, percentage of

apoptotic cells in sub-G1 phase. Lower panel, imibib of ERK1/2 activation by 20

UM U0126 was determined as described in Fig 2B.

Fig. 4. The effect of paraguat on activation of Jaid p38 MAPKSs in NIH3T3 cells.

Cells were cotransfected with either Gal4-CHOP mplds(A) or GAL4-cJUN plasmid

(B) and pRL-Luc and then cells were treated witthedent dose of paraquat for 12 h.

Renilla luciferase was used to normalized the fesmion. C. Cells were preincubated

with p38 inhibitors SB203580, or transiently traexted with a combination of JNK1

and JNK2 antisense oligonucleotides (AS) or contadigonuleotide (c), and

subsequently treated with | mM paraquat for 24 then the extent of apoptosis was

measured.

Fig. 5. MEK inhibitor suppresses cytochrome c rede&Cells were pretreated with the

U0126 (20uM) for 30 min and then treated with 1 mM paraquat®4 h. The cytosolic

fraction was separated from mitochondria-enrichedtion and subjected to Western

blot analysis with a monoclonal antibody to cytaohe c.
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Fig. 6. The effect of ROS on the activation of ERKinduced by paraquat in NIH3T3
cells A. Cells were pretreated with different do$§&AC for 12 h and then treated with
1 mM paraquat. The extent of apoptosis was measi#ddlater. C. Cells were treated
with 1mM paraquat for indicated time in the pregepnc absence of 5 mM NAC, and

Phosphorylation of ERK was determined as descrih&dg 1B.
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