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Induction of Inducible Nitric Oxide Synthase Expression
by Manganesein C6 Glioma Cells

Gyeong-Im Yu?, Dong-Hyul Lee?, In-Sung Chung*?, Mi-Young Lee*?, Dong-Hoon Shin*?

Department of Preventive Medicine, School of Medicine and Institute for Medical Genome Research, Keimyung University”

Department of Occupational Medicine, Dongsan Hospital Keimyung University Dongsan Medical Center?

Objective: It is well established that manganese neurotoxicity is associated with clinical symptoms
similar to those of idiopathic Parkinson's disease. Recent research has shown that the exposure to man-
ganese (MnCl,) leads to induction of iINOS in BV2 microglial cells viaiNOS transcriptional up-regula-
tion and activation of both MAPKs and PI3K/Akt signaling pathways. Here, we further investigated the
effect and the action mechanism of MnCl, on iNOS expression in C6 glioma célls.

Methods: Western blot analyses demonstrated that treatment with MnCl, at 250 «M was sufficient to
induce iNOS at both the protein and mRNA levelsin C6 cells.

Results: These studies demonstrated that the induction of iNOS protein and mRNA was visible after 4
h- and 2 h-treatment with MnCl,, respectively. MnCl, treatment led to strong phosphorylation of INKs
and ERK's, members of MAP kinases (MAPKSs), and Akt, a PI3-kinase (PI3K) downstream effector, in
C6 cells. MnCl; treatment had no effect on 1«B- «in C6 cells. Notably, pretreatment with LY 294002 (a
PI3K inhibitor), which inhibited phosphorylation of Akt by MnCl,, caused strong suppression of MnCl -
induced iINOS protein and mRNA expression in C6 cells. Moreover, pretreatment with SP600125 (an
inhibitor of INKs) and PD98050 (an inhibitor of ERK's), which respectively interfered with MnCl-medi-
ated phosphorylation of INKs and ERKSs, led to the partial suppression of MnCl,-induced iNOS protein.
Interestingly, pretreatment with LY 294002 inhibited phosphorylation of not only Akt, but also ERKs and
JINKSs, in response to MnCl,. Moreover, there was an effective suppression of MnCl,-mediated phospho-
rylation of AKT by SP600125.

Conclusion: These results collectively suggest that MnCl, induces iNOS expression in C6 glioma cells
via activation of PI3K/Akt and INK-ERK MAPK signaling proteins, whose activations seem to be mutu-
aly interconnected in response to MnCl..

Key Words: Manganese, Inducible nitric oxide synthase, C6 gliomacells

094 48 7. 1A=AY: 20098 58 1Y, 2X=,dY: 2009 9F 4, AMEHY: 2009 9F 7Y)
& & = (Tel: 063-250-7495) E-mail: dhshin@dsmc. or. kr

N
o

259



cietotdelstalXl M 21 H M 3 = 20094

Mo E
Y SFANEA L] HdAR] Asketa 2-g) Al

gol By vgALRA o] FESE P3He 80%

+ mitochondrial superoxide dismutase, gluta-

B

mine synthase, calmodulin-dependent phos-
phatase, calcineurin, pyruvate carboxylases< E
zolAe ZAelms el aelzte] Aagtgd elaA
AAE7 xgxa o] Ao Hof3i},
= A%, &4, XA E5A4 ¢
gom, A2de AFA Az A7M
2 ]85+ methylcyclopentadienyl manganese
tricarbonyl (MMT)ell &g W3t =% ZFAIA] =i
7. WYHo W ol HY £E% B

wzke] AAME £A710E o7 AAS] ByHow
qgets Ao el oM A & deln £
o) F)Ae wzkol AlZul A Al FHEel A
£9) §90 Z7INA AELA0] Bolal], ©

H\

. 59 7ol AAE D AT, T3 Yzt 2l EA 0
nitric oxide (NO) AHE9 F7I2 nlAwA X
(microglial cell)9} 473w A E(astrogial cell)2] &

H

3 Edepsl, g ARl 3 Qe
7h o}t gigtel] o)gk AAA L] 47 HL o}t

1 32 O] o}

= I&L
rﬁ
>}L

34+ (OONO-, NOx,
o ApEg AT

ol
£
2
on
)
|

S0, AHAT AHAR 8 Se] AT 5
A wE A209EY BRES Yot A g

W7k Abaz}-871d 93 37F Wikl & (Mn'h) oz A
5 Ao E28L doy|m? we 44;} o]

=

¢
[
o\
1,
o
oX
o —
olN
N
>
)
&
o -
b
o
rE
E
N
o
ity
9,
rg
[o

NO A &49 nitric oxide synthase (NOS)&= %
g AR T EEEA] ot 035011% 2]
Aol ofgt 2z EAge] AT Aol st i

260

AlEoA BHE = inducible NOS (iNOS), 37 42174
A Eo|A a4 B E = neuronal NOS (nNOS) ¢ %
8] WA x4 P} TAEHE endothelial
NOS (eNOS)& 37H9 FF&aA7F geix g,
nNOS¢ eNOSE @4 AlZulol|] EAl8t= constitu-
tive NOS (cNOS)Z &## lom, Ca’o 2&2l
v INOSE & ©doln] Ca®'of njejEH ol
iNOSE nNOS$ eNOSel| H]sle] B2 ko] NOE A
et oy 7k AagFES e AEEA 2
S Uehliol AlZAl ¥t ope} A ZAEALNE FET
o geA e,

AZA ] Z-43l= brain typed NOSE SAAI7A
Fo| & sk ABA LI AFE grolr Al Eujo
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A =W o] NOZF F912 gtelo] A7dge] gas
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A,

Bagut? glomg, o Oﬂ?-oﬂﬂb HA *é owﬂ}ii
1=t

/‘ﬂE—’FE’J C6 A7 otn /‘]ioﬂiﬂ iINOS EL?ET% & 1

—

ERET

1. C6 AlZotuE M= dijet

C6 Al ZotmF AEF vkl 10% heat-inactivated
fetal bovine serum (Hyclone, Utah, USA)Z 100
U/mL penicillin, 100 w/mL streptomycin
(Hyclone, Utah, USA)& 713t DMEM (Hyclone,
Utah, USA) ®iAl & AMEsta o™, 37Cet 5% CO7L
FAE el A wiFsidtt. A27F 100 mm plate v}



gl 80% F= 3= Wl 1XTrypsin-EDTA (Invitrogen
corporation Gibco, NY, USA)Z AXE "ojrxz &
M 3EE Hemocytometer 2 countdled, 6 well plateel 5
x10° cells/well7} =7 2 mLA 53

Aol AFE3E Al2F2 manganese chloride (MnCle,
Sigma, Missouri, USA)9 Aa|Al SP600125
(Biomol, PA, USA), PD98059 (Biomol, PA,
USA), LY294002 (Biomol, PA, USA)e]t}.

2. CHHE FZ

AI32E PBS (phosphate buffered saline, pH 7.4)
2 AolE UF gt AxEs4EH (50 mmol/L
Tris-Cl (pH 7.5), 150 mmol/L NaCl, 1% NP-40,
0.25% Na-deoxycholate, 0.1% SDS). Protease
inhibitor cocktail (1x), 1 mmol/L NasVO,, 1
mmol/L NaF, 1 mmol/L 2-glycerophosphate)& &

galo] Y dgolM 3080 & F 4 ¢, 12,000 rpm
oA 1587t YA EeEste] FEde Ak

3. Western blot analysis

Bio-Rad Protein Assay Kit (Bio-Rad, CA,
USA)& AHgste] 59 oild s sl s58 7
sttt (40 we/lane)d ©@¥AE 10% SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide
gel) 4719% % nitrocellulose membrane (Milipore
Co. Bedford, MA)2.2 #A7]olE& ATt 1 tf
< membranes 5% skim milk7} 52 TBS-T&
(20 mM Tris (pH7.5), 137 mM NaCl, 0.05%
Tween-20)° 1A17F ¢ o] blocking g & TBS-T
Sdoz ¥ FAst AFAE 12413F, o|AgAE
241t db& AlZl & ECL Western detection
reagents (Amersham Biosciences, Bucking-
hamshire, UK)& o]&3dte] 5% iz S A&
sttt dargkAll= INOS (Upstate, NY, USA), B-
actin (Sigma, Missouri, USA), phospho-Akt (p-
Akt, Cell Signaling, MA, USA), phospho-extra-
cellular signal regulated kinases (p-ERKs, Cell
Signaling, MA, USA), phospho-Jun-N-terminal
kinases (p-JNKs, Cell Signaling, MA, USA),
inhibitory kappa B-alpha (IkB-«, Cell Signaling,
MA, USA)E 7247t 1:200022 3)dste] A3l
o oz} A=A Anti-rabbit IgG (Amersham
Biosciences, Buckinghamshire, UK) T+ Anti-
mouse IgG (Amersham Biosciences, Bucking-
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hamshire, UK)Z 1:20002.& 3]A4ate] ALg-a}sict.
4. Total RNA 22| & ATl St AMErS

Total RNAE Tri Reagent kit (Mrcgene,
Cincinnati, USA)E o]&ste] Estadnt. &gt
total RNA 3 wgs M-MLV Reverse Transcriptase
5Xreaction buffer (Promega, Madison, USA) 6 ¢
L. 10 mM dNTP Mix (Promega, Madison, USA)
3 ¢L, 2,500 U Ribonuclease inhibitor (Promega,
Madison, USA) 0.45 w¢L, 10,000 U M-MLV
Reverse Transcriptase (Promega, Madison, USA)
0.3 L9 50 pmol/#L oligo dT (Bioneer,
Chungbuk, Korea) 1.5 pLE ¥o] % 30 pL2 SAA}
(reverse transcription)& A8ttt JAAE wHE
o7 ¢DNA 1 #Le°] 10xReaction buffer (JMR
Holdings, London, UK) 2.5 4L, 10 mM dNTP
Mix (Finnzymes, Espoo, Finland) 0.6 4L, 1,000
U Super-Therm Polymerase (JMR Holdings,
London, UK) 0.2 pL¢} rat iNOS, GAPDH<S| 10
pmol/sL sense®t antisense primer (Bioneer,
Chungbuk, Korea)Z 7z} 0.6 ¢ & ¥o] & 25 uL.2
Rat iNOSE 94Tol|A 183t denaturation, 54l
A 187F annealing, 72ColA 1%7F extension &7
oA 30 cycles, GAPDHE 94TClA 3033t denat-
uration, 57l 30%%} annealing, 72¢ColA 30%
7+ extension Z7eA 18 cycles FTHELLAAS
(polymerase chain reaction, PCR) #&3}7]7
Gene-Amp PCR system 9600 (Perkin-Elmer,
Foster City, CA)dlA PCRE AAlett. £Zd
PCR 228 1.2% agarose gelol A7]19% sto] =7]
£ 3l 39d. Rat iNOSQ primere] 47 AMdL
sense?] A% 5-CTC CTT CAA AGA GGC AAA
AAT A-3". antisense® 7% 5-CAC TTC CTC
CAG GAT-3 °lH SZH PCR 2HE2 A7+ 729 bp
olty, GAPDH® ¢7] M¥& sense® A-F 5-GGT
GAA GGT CGG TGT GAA CG-3', antisense®] 7
+ 5 -GGT AGG AAC ACG GAA GGC CA-3 °|H
Z2Zd PCR 4H29| 27]%E 703 bpolth.
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MnC|2 (/lM) - + - + - + . *
Time (hr) 2 4 8 24

Fig. 1. Induction of iNOS by MnCl; in C6 glioma cells. (A) C6 glioma cell were treated with the indicated concentrations of MnCl,
for 9 hr. Whole cell lysates and total RNA were prepared, and used for iNOS or actin immunoblot and iNOS or GAPDH RT-PCR,
respectively. (B) C6 glioma cells were treated with MnCl, in the indicated times. At each time, whole cell lysates and total RNA pre-

pared were used for immunoblot and RT-PCR, respectively.

MnC|2 (250 /‘M) -+ -+ -+ . *
Time (hr) 05 2 4 8

Fig. 2. Activation of INK, ERK, Akt, but not NF-«B by MnCl,
in C6 glioma cells. C6 glioma cells were treated with or with-
out MnCl, for the indicated times. At each time, whole cell
lysates were prepared and used for p-INKs, p-ERKSs, p-Akt, I«
B-a or actin immunoblot using respective antibodies. p-JNKs,
phospho-INKSs; p-ERKs, phospho-ERKSs; p-Akt, phospho-Akt.

2ol oJ&l] INOS7F fresl=A] goli sttt RT-PCRel
Al MnCl; &% 100 M ©]’dellA] iNOS mRNA¢] &
4 37 & & dden, INOS ©ijde] wye
MnCl; % 100 eM ©]’3ellA sx F7t & INOS
gl vty 1S B 4 A (Fig. 1A).

C6 217l E Alxd MnCl2E F= 250 MMZE A E]5}
o Alztol|l w2 Wit o INOSe| IdE PolH st
MnCl, 2] & 4A17F, 8AIZE 24417141 iNOS mRNA
o IAE E 4 9llem, MnClel Azl Alzte] S714

1 w2l iNOS mRNA F3xte] ddE F7kete 2 TE—)-:

AATE, INOS wrei o] 7% MnClee] A +
8 17F, 244174 INOS ©ide] WS & 4 9\)\919.
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nClel A2] Alzte] S7kdel weh INOS wjd e
s7kte 2 & ¢ Atk (Fig. 1B).
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INOS o] AfH A5 Ag ghilag dolry] 9
A C6 AlAotuF: A|EF MnCl® F%& 250 uMZ
Aeglste] Azt w2 JNKs, ERKs, Akte] <l4tsl &
s 2 23 JNKs, ERKs, Akte] Al7bol] W& <14t
3} 24 2t ¥hd MnCly 2] Al w2 kB
Bl Holx gkl INKse W3t g 3 441743} 8
AlZrl| A Zdet Q4ksl @A BElen, ERKe 30%, 2
AZEE 4A LA ZhgE Q1aks) EdE Akte W3 A E
30 Foll 73t ddatsl S5 E“W(Flg 2).

Fol

ofet INOS & AXMEZnt Al=ME
o] M o

2T A dade AARZ 20 «M SP600125
(JNK AalAl), 50 M PD98059 (ERK #8Al), 20 u
M LY294002 (Akt A3l#)E 22 1417 A Agsta
MnClLE % 250 oMz A3 & INOS &7} 25
Ag guldol <liE d4S B Ay SP600125,
PD98059, L.Y294002 2514 iNOS mRNA<S &
3} iNOS g de] B S oga)] Al7le AS 2 & I
oun E3] LY294002¢14 7HF 7gk oA FeS B 5
AAHFig. 3). g, 7 Az A Tzl A4
(20 #M SP600125. 50 #M PD98059, 20 #M
LY294002) & 1717 A AHglsta MnCI2E % 250 #

M=z Hgg & JNKs, ERKs, Akt 94ks} @4S
B A3 SP600125% JNKsot Akte] 914k} g <A



omf, PDI8059= ERKs®| ¢14tst 24 oA £,
LY294002E JNKs, ERKs, Akt BFolA Ql4ts} &
3 AAE Hdk(Fig. 4).
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Fig. 3. Effects of SP600125, PD98059 or LY 294002 on
MnCl,-induced iNOS expression in C6 glioma cells. (A) C6
glioma cells pretreated for 1 hr with SP600125 (20 «M),
PD98059 (50 #M) or LY 294002 (20 M) were treated with
MnCI2 for 9 hr. Whole cell lysates prepared were analyzed by
immunoblot to detect INOS or actin. (B) C6 glioma cells pre-
treated for 1 hr with SP600125, PD98059 or LY 294002 were
treated with MnCl; for 9 hr. Total RNAs were prepared and
analyzed for iINOS or GAPDH RT-PCR. N, no inhibitor; SP,
SP600125 (INK inhibitor); PD, PD98059 (ERK inhibitor); LY,
LY 294002 (Akt inhibitor).
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C6 Al7Zotud AEFA F3te] 23] iNOS
mRNA % 1NOS chil o] LdEon o] AR B
o} ztol| <& INOSS] mRNAS9 ©uldl wglo] 7}
ks 3s 9 & 7 Ak 3t o iINOSe| &
do] JNK-ERK MAPK¢®} PI3K/Akt 2le d=ze] &
Aslel A-bE Je AS A & 4 ddg. A2
Bae 579 elr BV2 wlMa AlEFo] @3+ A
Al iINOS mRNA¢® ©azo] @y glom  JNK-
ERK MAPKS$F PI3K/Akt A& ZA=Zol|xe] &Ads1r}
iINOSe] W&z z1& #do] kn HuHr}, o 2
= A EAA ] 1] 9% INOS #3298 2%
A gl o] ﬂ‘qi‘rc’ﬂ & dojut= AS & F Ut

Barhoumi 5" Wzte] wEZ=zlole] ukgA Aka

Fo F7keh NF-«B] &4l ofsf C6 AZAotuE AX

FollA lipopolysaccharide (LPS)7} fr=3tE iINOSE]
e S ZIA7Ict B siglen | wite] JNK-ERK
MAPK®] IXsls 7RItk Bausiled|, ol g

A o AT Anel BTt Witel 2s kB
o] QA Z7bEm | LPSel olg kBao] <laksiel
7k 2AZkIA HUlE Holw | Wtz LPSH| 9% Ik
B9 914ksl7} LPS @5 A A B} f ge 3718
Zgtta B itk ol Ao Ae Wit 9% 1
kB-a2] <144sl 2 Hale dojupx] gk},

Shinoda 5"& C6 4A17olwE AEe] LPS, TNF-
a, LPS9 TNF-eZ Helsled NO A4S ¥ 23
TNF-e3t A7) 3159S ws NO AL 2 4 glon,
LPS, LPS9 TNF-<Z Az 3%< w iNOS mRNA
Tdo] 7} ghtkal B oFqitt.

SP PD LY

p—JNKs

p—-ERKs

p—AKT

Actin

Mnal, (250 £M) - * + + +
Fig. 4. Effects of SP600125, PD98059 or LY 294002 on activa
tion of JNK, ERK or Akt by MnCl; in C6 glioma cells. C6
glioma cells pretreated for 1 hr with SP600125 (20 uM),
PD98059 (50 #M) or LY 294002 (20 M) were treated with
MnCl; for 4 hr. Whole cell lysates prepared were analyzed by
immunoblot to detect p-INKs, p-ERKSs, p-Akt or actin.
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21} C6 AAotuE AT Piha Alste] Az
Ag ddel g4dsts 2 47 JNKS, ERKs, the
PI3-kinase (PI3K) downstream effector Akte] 7
gk QIAkSLE B 4= QIdth. whA W A Azt wE
kB« Fal& HolA] &t} JNK A4, ERK A3l
A, PISK/Akt AgiAlE A A2 & INOS whjze]
|3 JNK-ERK MAPK¢F PI3K/Akt 4l& ool
293 94 284S B An PI3K/Akt As)A7F iNOS
S s dAlske Aoz yUskerm, JNK AsAl,
ERK AaAlAZ <kt INOS Hde] dAze-S &
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