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ABSTRACT

Objectives: This study was performed to evaluate the neurototoxicity of the environmental pollutant lead acetate(LA) and the
protective effect of the D-2-amino-5-phosphonovaleric acid(APV), N-methyl-D-aspartate(NMDA) receptor antagonist on
LA-induced cytotoxicity in cultured C6 glioma cells.

Materials and Methods: For this study, cell viability in cultured C6 glioma cells was assessed by XTT assay and antioxidative
effect, such as lactate dehydrogenase(LDH) activity, by LDH detection kit.

Results: LA significantly decreased cell viability in a dose-dependent manner, and the XTT50 value was determined to be 33.3 uM
of LA. The cytotoxicity of LA was deemed highly toxic according to Borenfreund and Puerner's toxic criteria. The vitamin E
antioxidant significantly increased cell viability damaged by LA-induced cytotoxicity in these cultures. For the protective effect of
APV on LA-induced cytotoxicity, APV significantly increased not only cell viability, but also inhibition of LDH activity. From
these results, it is suggested that oxidative stress is involved in the neurotoxicity of LA, and APV effectively protected against
LA-induced cytotoxicity via an antioxidative effect as an inhibotory activity of LDH.

Conclusions: Natural resources like APV may be putative therapeutic agents for the toxic diminution of environmental pollutants
such as LA correlated with oxidative stress.
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(blood-brain barrier, BBB)& %
St A2 oju] 2k A X AR o] th(Bressler et al.,
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AGA 2R A QtHKim et al., 2013).
PAgol} 403 2o B FR4RE
= T oA R-J-2ht]Z(free radicals)S
|"HLeonard et al., 2000) &-AFS}A|of 23}
o} R itkJung et al., 2014). AFSHA &
Fo fUslE AgITRe wel AWIMTAS
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1 M=

2 Aol ARGl oAl 7 A2 C6 glioma A|3Z
Z*(American Type Culture Collection, Rockville, U.S.A.,
CCL 107)8 #9F wol AHgatoich.

2. OFN M=

2 Aol AR Ao 2 LAE H[R3 trypsin,
vitamin E(Vit. E), phosphate buffered saline(PBS),
D-2-amino-5-phosphonovaleric acid(APV), dimethylsulfoxide
(DMSO), methanol, ethanol, hydrogen peroxide(H,O,)+=
SigmaAKSt Luios. MO, U.S. Ao A +435} . LAY
A Z+= fetal bovine serum(FBS, Gibco, BRL, Grand
Island, NY, U.S.A)°] ¢l&= minimum essential
medium(MEM, Gibco Rockville, MD, USA)S Al-&3}
o] ZFZF 10 uM, 50 uM, 100 uM % 150 uM 2] #Z}Fol-S:
WISo] AF A 7b Yerke] Bkt b A% 9
oo e HE ST AT F B AHo| AHgS
At} 2,3-bis-[2-methoxy-4- nitro-5-sulfophenyl]-2H-
tetrazolium-5-caboxanilide, disodium salt(XTT, Sigma
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Chemical Company, St. Louis, MO, U.S.A.)+ PBS&
o1§3te] 50 ugmLe] AN WE F WA F2
23 wjepele] H71stol Agateic

3. NI = B Q

C6 glioma A| 2] vjF-S Park et al.(1996)2] 1 oj
w2} wjoFgr)o] RAE NEZE AEZdfse] o)
0.025% trypsine ARE-5to] #e|skqict EeE Alxs
2 AR = 10% FBS7} - MEM HfjgFelof
31 x 107 cells/wello] HE2 2He - wjodg7]
(96-well)oll EF3FA. 58 AESS 36T, 5%
CO2 A3t == v ¥7I(incubator)f ol A 724]
2t &% vk

4. ZAHEHLA) A 2]

vkl C6 glioma Aol LAZ} 20~40 uM =2

ZF ShE wFA oA A2 E 48AI7E Fot gt
AL ofste] 2t} vl 2ASFGITH

Jo L3

5.NMDA =& Z&H|(APV) 2|

ujoF=9l C6 glioma A|3Eo] APVZ} 60 uMI} 90
WM SRR 27 S weReleld AEE 247
ok Aujefet & AlZAES] oJste] 2Tt H
. 2AbsL,
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6. Vit. Q| BHAKS} EHAd

Vit. ] aH4ta} 24 V37| 95ke] BAIA
o] %0l H,0, 20 uME HjF A|Eo| #2|5}l7] 2
7t Ao] Vit. E7} 30~50 uM s=2 7kt 23bE v
koo A AEZZ st S NEAZEL| o5}
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7. LAO| Ci 8t vit. E2| Ad&F

XTTsy 5&=2] LAS HijekAlol| A &al7] 2417k
Aol Vit. E7} 40 uM¥} 50 uM2 z+7 ZgE ujjoF
Hol| A NZE et ok A|ZZAYEEol 25t of
Za 3 v ZAFSH T

A EZAYEE0] B2 Mosmann(1983)2] HIHof u}
2k Yotk &, viek Ao AU A EFEES
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h= =
ug/mL)E welld 20 ul®] Y1 36TC2 ZHE F27]
ol Al 4AIZE &<t vk vie) ¢k® - DMSOE

o] Aleojx A3 t}& ELISA reader® 450 nm
oMM EFES 2SI XTTy ghe AR A4
(regression equation)©f] 2]} AFE3}iTh

9. Lactate dehydrogenase(LDH) A £X

vl A 3ol LAY RIS 212F A 2eh ok vkl
2250 x goll 4 10 <t AN U o=
3 50 ul9] A59S F3t th2 LDH CytoTox detection
kit(Asan Co. Seoul, Korea)2] ¥H2-21(0.05 U/ml) 50 uL&
Yo the Aeold 308 B BASD: BE T
ELISA readerZ 490 nmoj|A SF =5 =A3}%ch
LDH /2 dizof gt WEg= FASHTH

10. SH Mz2|

A1 A3+ = SPSS/WIN 18.02 AFE-8}91 2. meant
SDE #A|sF T A3 A}of tfs) one way ANOVA
tests Yot om, ALE £4]2 Tukey HSDE 3}3ITh.
E3L, p-value7} 0.05 mRke] -5 o3t A o= 8t
ATk

mZz nf

1.LAS| SM &1}

LAS| g0 w2 54454 A3k= Table 13} 2.
2o MEZAYZEL 047£0.02, 20 uM LA:=
0.34+0.03, 30 uM LAX= 0.26+0.02, 12|31 40 uM LA=
0.20£0.028 Ffkof oJEH o R AEZAYEEo| F2st
A HaEo] ANxmAgdol = o= YERth
(p<0.000). T3}, o] A2 T ol A XTTs) - 33.3 uM
o Al vrEbsith A4 A3 40 uM LA, 30 uM LA,
20 uM LAY 08 =A4o] =2 Ao YEylth

2.Vit. EQ| &AlE} &t =X

obRd A Z 3kA g x| Hlste] 20 uM
H0,7He A 2] 3t 7% Al ZAYE-E0] 43.2%(0.16+0.02)
2 UEhd ’EE, 30 uM, 40 uM, 50 uMe] Vit. E2] A2
M= Z2F 70.3%(0.260.01), 75.7%(0.28+0.03), 86.5%
(0.32+0.03)2 LFERSTHp<0.000). 20 uM Hy0,0] thgt
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Table 1. The cell viability of LA on cultured C6 glioma cells by XTT assay

XTT assay(450nm)

(LA")Group MeantSDh F )4 Tukey HSD
Control® 0.47+0.02
20LA® 0.3420.03
JOLAS 0.26£0.02 189.58 .000 a>b>c>d
40LA" 0.20£0.02
"LA: Lead acetate, p<.000
Table 2. The antioxidative activity of Vit. E on the H,0O, in cultured C6 glioma cells
o XTT assay(450nm)
(Vit. E)Group F P Tukey HSD
Mean+SD
Control® 0.37+0.04
20H,0," 0.16:0.02
30 Vit.E* 0.26+0.01 73.57 .000 a>e>cd>b
40 Vit.E? 0.28+0.03
50 Vit.E* 0.32+0.03

"Vit. E: vitamin E, "H,0x: Hydrogen peroxide. p<.000

Vit. E9] ghikel &g o) A7 23} 50 uM Vit E,
30 uM Vit. E9} 40 uM Vit. E, 20 uM H,0,&0 2 =2
Ao Uehgon, 30 uM Vit. E@F 40 uM Vit. E€]
Fatstag2 zpel7h glltk(Table 2).

3. LAO|| Cst vit. EQ| &F

XTTs) ‘5=°] LA AejolAls AlZAYEE0]
o 2ol H]Eke] 43.8%(0.07+0.02) & LFERT Aof| 1]
slo] 40 uMT} 50 uMe] Vit. EQ] AHg|o|Ae zkz)

68.8%(0.11£0.02)2}  75.0%(0.12+0.02)2  UtEbyIT}
(»<0.000). LAS] 3t Vit. EQ] F4l3159] AlsAA
Z3} 40 uM Vit. E, 50 uM Vit. E, 20 uM H,0, &2
2 =2 Aoz elgon, 40 uM Vit. EF 50 uM
Vit. EQ] gAksks2 Zlo|7}F §lgith(Table 3).

APV7} LAS] AZEAo] 0|75 L 2AS]
Sfetol Wk AZo XTTus =9 LA Helsh] 2

Table 3. The effect of Vit. E on the cytotoxicity induced by LA in cultured C6 glioma cells

XTT assay(450nm)

(Vit. E)Group MeamiSD F p Tukey HSD
Control® 0.16+0.02
\
LA‘.) 0.070.02 33.41 .000 a>cd>b
40 Vit.E° 0.11+0.02
50 Vit.E* 0.12+0.02
"Vit. E: vitamin E, 'LA: Lead acetate. p<.000
Table 4. The protective effect of APV on LA-induced cytotoxicity in cultured C6 glioma cells
. XTT assay(450nm)
(APV)Group F )4 Tukey HSD
Mean+SD
Control® 0.25+0.02
LA” 0.10+0.03 56.04 .000 a>cd>b
60 APV® 0.17+0.02
90 APV‘ 0.18+0.03

*APV: D-2-amino-5-phosphonovaleric acid, "LA: Lead acetate. p<.000
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Table 5. The LDH' activity of APV measured wavelength of 490 nm

XTT release(490nm)

APV")Grou F Tukey HSD
( ) P Mean+SD r 4
Control® 0.32+0.02
LAY 0.46+0.06
. 24.81 .000 b>c>ad
60APV' 0.39+0.05
90APV! 0.30+0.02

"APV: D-2-amino-5-phosphonovaleric acid, "LA: Lead acetate. F LDH: lactate dehydrogenase, p<.000
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Figure 1. C6 glioma cell were pretreated 60 uM/ml and 90 uM
APV for 2 hours. The data indicate the mean+SD for
triplicate experiments. Significantly different from the
positive control(LA)

o] 60 uMZ} 90 uM2] APVE 7H7} A gt Aak= o
53} ZFtH(Table 4, Figure 1). LATFS] X 2]of A= A
ZRZGo] 2ol BIEl] 40.0%(0.10£0.03)F L}
Eldd] H])3te] 60 uM APV A 2|0 A= 68.0%(0.17+
0.02)2 UEFFOoH, 3k 90 uM APV A g|oA=
72.0%(0.18+ 0.03)2 LERFTHp<0.000). N EYZE
o] A3 7A% AT} 60 uM APVS} 90 uM APV, LA &=
o7 o Ao et on, 60 uM APVS}F 90 uM
APV O] itk Ztol7t §lgleh
5.LDH &M =3
LDH 2/4& 2AFe17| 98t XTTsps =] LAE Hf
F Az AEst7] Aol 60 uMZt 90 uMe] APVE
27y A 2|gt Aab= vh3ah Zri(Table 5, Figure 2).
LAYES] AHE|oA= LDH Aol djZRtof H]s}he]
143.8%(0.46+0.06) 2 L}ERE| B]5+o] 60 uM APV
o] A= 121.9%(0.39+ 0.05)= LFeFTh =3 90 uM
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Control LA 60APV 90APY
Concentration of APV(uM)

Figure 2. C6 glioma cell were pretreated 60 uM/ml and 90 uM
APV for 2 hours. The data indicate the mean+SD for
triplicate experiments. Significantly different from the
positive control(LA)

APV 2|0 A= LDH 4J0] 93.8%(0.30+0.02)& L}
Eftom, mE LAVES] Ao H|ate] fojgt Has
HATHp<0.000). E3+ ALF A% A} 90 uM APV, 60
UM APV, LA 408 A3zl 2:4) uho]go| lag 7o
2 Uepdth 223 90 uM APV O] Aj3E
o] &2 Ao|7t FAtt.

A<
uf &=AF uf

v.o &

AALAY F e uIRW S0} A8 2L
FHE5L S40] Ul Zl] He] ol5o] o
59 49 Ayl %—% zefahe ojn] & orejxl
ApAo]EK(Leonard et al., 2000). wFebH, o]F HAJo
e A Eaolt 7W¥WOI JERE A
§ elolut A2 ZHold he- Fagk Bl oA

o] Hjoitt. uhebd, 2 ATAL BHe AU sht
o] ZAPH(LA)Q] A1 =4S Hi9F C6 glioma Al ZE
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tdez FaAstaich 2 A3doA LA XTTs
ZHE 333 uMojlA] YEFE S 24 Borenfreund & Puerner
(1984)o] o3t H/AduA 7ol wet a=d(highly-
oxi) 2.2 Utk o5 ok SATA 1AL
XTTso %ol 100 uM ©]3}¢1 7% 31E4, 100~1,000
uMel -2 271 (mid-toxic), 1,000~2,000 uM H €]
o] AL A&A(lower-toxic), 2,000 uM o]Atel A F
=4 (non-toxic) 0.2 717} WA B A Ashe
Jung et al.(2014)°0] NIH3T3 vjoFA|3Eo] LAS A 2|35t
A7} AEEAHL ebgiths A Aok Son & Jung
(2012)0] vjoF t] A4 @A o A LATH A EEA
& Uehiirks BIekE AAFE o 4 Uitk o2
o] LA7} HjF C6 glioma A|Zol AL mel 712 LA
7 AlZU o ehegh oy SAHEA O] 43S Welist
H AZ9] gAolut £31E Asfsto] AlizAEEol
WS VRS HeAE A2 4 O Kem ot al,
1993), 1 Ht} LAo| oJ3t Ats}a &40 2 EAAsQ]
EH7F S %3 NMDA =847} #F2Hds} Hrke
AE 183 & wj(Zeman et al., 1994), Lim et al.(1995)
o] Ca’'-chelator7} Ata}2] EARS WholshQints Bl
oF Zro] LA o5k 4taba &Afe] oa Eu]E EAAs
7h Az ZeAfdel d3s nReE2N Alxits
TS 7Hs o] & A o2 AbmEth(Busselberg
et al, 1991). 0|9} TA]o] Ca*' & w7 == A Z L 25
ehel 2o gAeelE GFE Fee Aow Ya
TH(Pellegrini-Giampietro et al., 1990).

s, o EAo] Abebd 4T Belol gl
A= HA FAsE SHAAN =4S A =7sHE =
71 Al=Eal Qth(Jung et al., 2014). wf2ba], &
TolA= olE I8kl WA vitamin EQ] 3HAiksHs
2AGTE B AFe] AgelA Vit S| A
H,0,9He] A 2jof v|ste] NZAYEEO] F5H
7Kk AL Vit E7h B SRS AT 988
Zmala Qe 2 i AR Kim & Jekal(2016)0]
Vit. B9} 22 3H4FSHA| 9] 9dE<21 BHT7} Hy0,00 tf
dto] o FABSS MATT B AT Ao}

[e]
wo] =47} sty 4T
o] A& A7 fl8ho] vitamin EE LA A2
Aol wief Mlae] AA 23t & MEPEES A
AUk & A48 Vit E A2]7F LARES] A 2] H]

ik

o ofN N o 2 2 K

it
£ 4
50
58
s
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sto] Ala2AEE0] FostA Skt A2 Vit Eofl
ofstol LAS| AZS4o] ol A% eJulstu, LA
O] Njai5idol 4te}A] &4fo] Tosial S& AAl
s Ao wekEch B A3 Jung et al(2014)0]
HjQF NIH3T3H A2 E o= 3F A H e}
% Axshget.
sh, 2 7l LAY AZEA0

=84 23A120 APV7L LAY EAL v
Ha et al.(2003)0] LA®} -2 5491 WE29 A
EEHE APVIL Wolstsiths A7 Ik A8l
%tk 5 LA B4l ofaf 745 A|EAERO] APV
o elsto] foja 57H% ek AL LA SA4o]
B eAfh plo] ook AR g, g
X, ALEFE afo] EAAsE HBlETIE QA ma
(Zeman et al., 1994)9} EAA-dependent Ca®'-channel-&
a3 = wi(Jung, 2009), LAS] AFSHA] E4Fof ofsf
HH]%] EAAs7} Ca?*-channel®} &3 o] Z-& NMDA <=
|AZ B 7= AL APVIL dhojho 2 M) A
W ok e] Aol Asisl AlazdAol f-oJsiA 4
4E oz gtk APVE EAAset FAZHO R
NMDA 4g&-A|o]| F2}510] EAAso] 2J3] NMDA <&
A7l BB AL ARHoR ol & oot
(Jung, 2009). A2 thde] ZaRdS AlZ2E 1es
BAAA BrEAS 2 Bk oby el AlE Y Ca®
7 Afefel o) S SHXTeEN o= Qg Al
Zf BN B8, S 53 A 2
o] Al & wre] x| AapikekE Qs AlZe EShfAl=
APH3HA =tk Buchan et al., 1994). o]of LA2] Al3}A
oz FUE o B4 it APVE] ke oot
517] 919 LDH $4:& ZAJ5}sic. LDH 4.8 s}

o3k NMDA
ok ol

ARl sl 5o EAH | shutE oA Qlok
(Han et al,, 2001). & A Ax}oflA] APV7Z} LA 2|5
S7Hel LDH 84S frofsHA dard o= LAY
Ofgh Alauke] £AHE iAo wrolstgitt o]
Jung(2009)°] AFs}2] &/fofl 2Jgt LDH 25 NMDA
=87 23A| 21 CKA(7-chlorokynurenic acid)7} "o
SFRths el fARRS & 4= AqdTh $19] B A
U 2 A5t9] dibk= LAY 418 &4o] APVY CKA
of ofsl w&Ao] ®rojd Zle& FHskal Uk ol=

ChAES), LAS] 4] &4fol o]t EAAse| EH|2

o &

ftjo
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oF7]%:= NMDA =84 3}&4dS APV7ZE SAlte &
W AZW Zeades Adste] 1Y dAe =58,
Ca*"-dependent free radical AJ4]S #|3ljalo] A LAQ)
AFebA] Aol ogt A AASES APVZE Hrofgt At
212 AN ek ol4te] ZATHs NMDA 48] 2
3A|9] APVZ} LAQ] =A1LE Hol3l Ao R A o]E T
S SEES] Qe = LAE A 2|k kA 2ol A
APVE} 7 AgAe] Helda Aziwe] e
glutamate AJAJ TS =4 (Bakker et al,, 1991) Z 24
o] @t} E 3= glutamatel} kainic acid@} -
agonistE WIPAEE £43 5 AFAe] Hel Azt A
250 odars ZAsH= 70| chKikuchi & Kim, 1993).
Eo, ge gHAEs WEE welo] ol A%
NMDA =§A|ote AtE|o] Sl= A2 & d2A Q)
CH(Busselberg et al.,, 1991). 18]y 541} NMDA
S8 A 7he] ABTAS AAE] Wol7] A
AgA 0 Az e Sof gt Az Zws29
S4< glutamate AJFY A4S H|WSk] NMDA &
Ho) SAZA A7, A Ao gt 5
LA 0] TAA =S =% AT (Busselberg et al., 1991)
ool agdnh wepA F5 Aol & A
oA F7taFER= Ado] A HEE = WIE AN

ahe}.

o} 745747} olof tigk NMDA
BA AFA Y] = dotEr] fisto] wief
ARZEANEZ C6 glioma AZE TJAICE LAY
Jo AEA &4 Zdeld mAstgon, wa
Lae] AESHol dish APVE] 3e A5
H AFo A Hj9F C6 glioma A|3Eo] 20~40 uM<]
LA % 2202 Aejat A, el Sme) oEHo
2 AZAEEY] daddes Hion o= dxdt
of wlste] folstA Faskich o] #H F LAY
XTTsp 4 33.3 uMZ =4 (highly-toxic)Ql AL &
UrE‘r‘;lEU%, E3 FASHAIQL vitamin Ei= LAS] A
EE4S mIH oD Wolalgt. B, LAY AE

E" °ﬂ e APVE] ek Al A3 Ladl oot
of a8 AEYELE APVE f95H F7HA17
obf, w3 LDH BHAHE RYO=H LAY Az
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