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3-1.
HQ BQ
O2- -OH
[1] HQ-GSH HQ GSH
HQ-GSH Fe2+
HQ HQ
02~
ESR
O2- 1-hydroxy-3-carbamoyl-2,2,5,5-tetramethyl pyrrolidine
CP-H
3-carbamoyl-2,2,5,5-tetramethyl pyrrolidine-N-oxyl CP 3 ESR
1-acetoxy-3-carbamoyl-2,2,5,5-
tetramethyl pyrrolidine ACP Yokoyama [2, 3] ACP
CP-H [3, 4]
CP-H CP Oz~
ACP CP

scheme 3-1 [2-4]
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CONH, CONH, CONH,

N7k 4 i [124]

\ | - \

O— ﬁ—C Ha OH oF
O

ACP CP-H Cp

scheme 3-1 ACP
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3-2.
3-2-1.

GSH BQ 30 hydrazine monohydrate xylenol orange
D-sorbitol diethylenetriamine-N, N, N’, N”, N"-pentaacetic acid DTPA

CP  3-carbamoyl-PROXYL Cu,Zn-superoxide

dismutase from bovine erythrocytes SOD triethylamine hypoxanthine

HPX  xanthine oxidase XOD from buttermilk  Medium 199
Sigma DMPO  Labotec American
Type Culture Collection (ATCC) 0.25% trypsin - 1mM EDTA
Dulbecco’s phosphate buffered saline (DPBS)  Gibco

HQ-GSH 2
3-2-2.
LLC-PK1 ATCC (Manassas, VA)
3% Medium 199 100 mm dish
37 5% CO2-95% air LLC-PK1
0.25% trypsin - 1ImM EDTA
4-47
3-2-3. ACP
ACP CP Saito [4] CP 3.0g¢ 22 mL
hydrazine monohydride 2.25 mL 48
CP-H CP-H
45 mL triethylamine 450 uL
8.0 mL 2
30 mL
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30 mLx<3 3%

30 mL 30mL 5% 5
30 mL 1
Silica gel 60, 0.040-0.063 mm, 151 ACP
65 % ACP H-NMR [3] H-NMR

InDMSO:60.96 s,3H,CHs 1.08 s, 3H,CHs
1.10 s,3H,CHz 1.14 s,3H,CHs 1.63 dd, 1H,CH2 2.03 s, 3H, CHs3s
2.04 br,1H,CH> 261 Br,1H,CH 6.92 s,1H,CONH2 7.26 s,1H,

CONH: ACP X-band ESR 0.1%
3-2-4. CP-H
CP-H CP CP 15 mg 5 mL
5 mg
CP-H
CP-H
3-2-5.
FOX1 assay scheme 3-2 [6]
DPBS 200 uM
HQ-GSH HQ BQ
37 30
50 puL FOX1 100 uM xylenol orange, 250 uM FeSOs4,
100 mM D-sorbitol, 25 MM H2SO4 950 uL
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30 560 nm
240 nm

¢=43.5M-1cm-1

Fe* + ROOH —» Fe®* + RO + OH

Fe* + xylenolorange = blue-purple complex (660nm)

scheme 3-2 FOX1 assay

3-2-6.
DPBS 2mM  TGHQ
100uL  500mM DMPO 200uL DPBS 700uL
37 30 ESR
ESR JES-RE1X X-band ,
9.4 GHz 4 mW 100 kHz 0.079 mT
3-2-7.
HQ-GSH HQ DPBS 800 pM
Microcaps 100uL;
Drummond Scientific Co. X-band ESR ESR
JES-TE 100 X-band ESR 9.4 GHz
4 mW 100 kHz 0.079 mT

JES FE ver. 1.01 isotropic ESR spectrum

simulation system
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3-2-8. ACP ESR

DPBS 1.2><107/mL LLC-PK1
37.5uL 25 MACP 15uL DPBS 67.5uL
4mM MGHQ TGHQ HQ 30uL
Microcaps 100uL 30 X-band ESR
ESR JES-TE 100 X-band ESR
9.4 GHz 4 mW 100 kHz 0.079 mT
3-2-9. HPX / XOD Oz ESR
O2- HPX / XOD scheme 3-3
DPBS 1.2mM HPX 15uL 0.48u/mL XOD
30uL 1.1mM DTPA 15uL DPBS 30uL
2mM MGHQ TGHQ HQ  90uL
Microcaps 100uL 14
X-band ESR ESR JES-TE 100 X-band ESR
9.4 GHz 4 mW 100 kHz

0.079 mT

G LA’A\)I‘> *A')\ e

scheme 3-3 HPX/ XOD Oy
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3-2-10.

Student’s ttest

P<0.05
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3-3.
3-3-1. HQ-GSH
HQ-GSH
HQ-GSH HQ
37 30
MGHQ TGHQ HQ
3 TGHQ
2

BQ

53

BQ DPBS
HQ-GSH
Fig. 3-1
HQ MGHQ
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ez, JWIr2n,
o HBA

Fig.3-1 HQ-GSH

HQ

BQ

200uM DPBS

37 30
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3-3-2. HQ-GSH

Fig.

HQ
ESR [6, 7] HQ-GSH
HQ
ESR TGHQ MGHQ
HQ ESR
ESR Fig. 3-2A-F HQ
1:3:6:3:1 5 Fig. 3-2E 4
1=1/2
4 H Table 3-1
Fig. 3-2F
HQ
[6, 7]
TGHQ 2 Fig. 3-2C  HQ
1 H
Table 3-1
MGHQ Fig. 3-2A
MGHQ 3 H
3 H
Table 3-1
3-2B

TGHQ MGHQ HQ ESR
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R

ImT
Fig. 3-2 HQ-GSH HQ
ESR
800uM  MGHQ (A) TGHQ (C) HQ (E) DPBS X-band ESR

Table 3-1

MGHQ (B) TGHQ (D) HQ (F)
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Table 3-1 HQ-GSH HQ ESR

H 2 H (3 H (5 H ()

TGHG (L 32l —i33) 0.128
MGHG (232l -t 33) 0.139 0.974 0.212
(BX 4R & [6]) 0.148 0.975 0.912

HG (v 32lb—3) 0.922 0.292 0.922 0.992
(BX 3R 1E [6]) 0.235 0.235 0.235 0.235
(BX3R1E [7]) 0.230 0.230 0.230 0.230
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3-3-3. HQ-GSH

HQ-GSH
TGHQ DMPO
ESR Fig. 3-3B 1:2:221 4
TGHQ
4 aN=1.49 mT, aH=1.49 mT
DMPO -OH aN=1.49 mT, aH=1.49 mT [ 8]
HQ-GSH
Fig.3-1 DMPO -OH
DMPO -OH 4
Fig. 3-3C
MGHQ HQ-GSH
-OH DMPO 100

mM DMPO  O2- ESR
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TIX ) UTTHN
Mn2+

Mn2+

C v v v v
ImT

Fig. 3-3 DMPO ESR-

TGHQ ‘OH

A:200uM TGHQ 100mM DMPO PB
B:A 37 30
C:A+840u/mL 37 30

v :DMPO -OH Mn2+ :
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3-3-4. ACP Oz~

LLC-PK1 ACP CP 3 ESR
ACP CP-H
Fig. 3-4A TGHQ

CP ESR Fig.3-4B  MGHQ HQ

Fig. 3-4C, D Fig,3-5 TGHQ

ESR Oz~
SOD CP ESR
ESR Fig. 3-6
MGHQ HQ Fig. 3-6
ACP in vivo
SOD
ESR Oz~
CP ESR
ESR SOD
2
scheme 3-4
1 SOD O2- HQ
GSH
2 O>- SOD O2-

TGHQ
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Fig. 3-7 MGHQ HQ

TGHQ

/xanthine oxidase XOD

ESR
XOD DTPA
2
SOD
TGHQ
CP-H
CP
Fig. 3-9 CP-H
SOD
ESR scheme 3-5
HQ-GSH
CP SOD
SOD
TGHQ

Fig. 3-10

TGHQ

Oy

O2-  hypoxanthine HPX

Fig. 3-8 Oy

SOD

CP
CP-H

Fig. 3-9
CP

CP

HQ

CP ESR
MGHQ

HPX
TGHQ
O2-
TGHQ
CP
O2-
Oy
HQ



Mn?+ Mn

o
~\W~H-/‘r‘\

C
D
U 1mT
Fig. 3-4 LLC-PK1 HQ-GSH
HQ CP
A:LLC-PK1 3.0><108/mL ACP 2.5mM
30 B:A+800uM TGHQ C:A+800uM MGHQ

D : A+ 800uM HQ

v :CP Mn2+ :
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N>

1mT

Fig.3-6 LLC-PK1 HQ-GSH

HQ CP SOD
LLC-PK1 3.0x<108/mL ACP 2.5mM 800uM TGHQ A
MGHQ C HQ E 30 ESR

SOD 150u/mL B:TGHQ D:MGHQ F:HQ

v :CP Mnz2+; :HQ-GSH HQ
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scheme 3-4 SOD
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Mn# IXx LT
Fig. 3-7 TGHQ
A:1 MTGHQ DPBS 14
B:A+1mM
Mn2+ ;

ImT

ESR



Mn® rIXILITHL Mn®

A

i
B

1mT

Fig. 3-8 Oy TGHQ
A:1mM TGHQ DPBS 14 ESR
B: A+ HPX/ XOD O2- 0.1mM HPX 0.08u/mL XOD
0.09mM DTPA
Mn2+ :
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Fig. 3-9 TGHQ CP-H

1mT

A:CP-H DPBS 30 ESR
B : A+ 800uM TGHQ
C:B+3.2mM NaOH DPBS

v :CP
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scheme 3-5 SOD
CP
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3-4.

MGHQ TGHQ
ESR HQ
HQ-GSH HQ
DMPO
O~ ESR O~
HQ-GSH HQ
O~
DMPO  O>- 10 M-1s1[1]
DMPO Oz~
O
BQ HQ-GSH
HQ O~ O~
DMPO O2-
ACP ACP
HQ-GSH HQ CP ESR
O2- CP-H SOD
O2- CP ESR
CP ESR SOD
CP-H O2- SOD
scheme 3-5 O3~ 105-10°
M-1s1 [1] SOD O>-
SOD

Oy~
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4-1.
HQ-GSH

[1-3]

LLC-PK1
[4]

HQ

HQ
DCFH-DA

DCFH
490-510 nm

[5] DCFH-DA
CO3-

y-GT acivicin

LLC-PK1

y-GT  aminodipeptidase

HQ-GSH
Oz~
DCFH-DA
DCFH scheme 4-1
DCF
530 nm
‘OH NO-

[6]
DCF
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scheme 4-1 DCFH-DA
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4-2,
4-2-1.
BQ GSH Tiron y-L-glutamyl-p-nitroanilide
acivicin
GSSG bovine serum albumin  BSA
1,3-dimethyl-2-thiourea DMTU deferoxamine mesylate DFO GlyGly

Medium 199 Sigma HQ
95% Proclin 150 2’ 7’-dichlorofluorescin
diacetate DCFH-DA 0.25% trypsin - 1mM EDTA

Dulbecco’s phosphate buffered saline (DPBS) Gibco
American Type Culture Collection (ATCC)

HQ-GSH 2
4-2-2.
LLC-PK1 ATCC (Manassas, VA)
3
4-2-3.
96 LLC-PK1 2.5>104well 3%
Medium 199 68
37 10
DPBS
HQ-GSH HQ 24
DPBS 25 10
4
- 30
595 nm 96
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Multiskan, Ascent

4-2-4. y-GT
5 mM y-L-glutamyl-p-nitroanilide 100 mM GlyGly
v-L-glutamyl-p-nitroanilide 0.1 M HCI Tris
0.1M HCl pH
8.0 GlyGly NaOH pH 8.0
60mm dish 4><105/well 3%
Medium 199 DPBS
DPBS LLC-PK1
15 mL 4 1000rpm 5
DPBS 1 mL Branson Sonifier
250 60W 5 +5 3
v-GT Meister [7]
scheme 4-2 200 L 5 mM y-L-glutamyl-p-nitroanilide
200l 100 mM GlyGly 500 L 0.1M Tris-HCI pH 8.0
37 100 pL
pnitroaniline . 410 nm  ¢=8.8mM-1cm-1
BSA Lowry
[8] v-GT 1

p-nitroaniline
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DzN_O_NHCDCHzCH:jH_‘:DDH +  HHCHLCONHCH,COOH

Hz

—— HDDEHEEHNDEch—NHEDEHEEHEEH—CDDH + DgN—O—HHg

Hz

scheme 4-2 y-GT -

4-2-5. DCFH-DA

35mm dish  2><105/well 3% Medium
199 18 DMSO 10pM DCFH-DA
37 15
37 10
HQ-GSH HQ 1
1mL
Becton Dickinson 10000

Becton Dickinson FACSCalibur flow cytometer

488 nm
fluorescence 1 FL1 530%15 nm BD CELLQuest
Pro
4-2-6.
12 LLC-PK1 4><105/well 3%
Medium 199 24
HQ-GSH HQ
1 DPBS
0.4 M HCIO4-1mM EDTA 12000 rpm 5

78



syringe filter 0.2 ym Minisart RC4, Sartorius
50 b HPLC HPLC CCP&8020
TSK-GEL OCTYL-80Ts 4.6><250 mm
ECD ESA  Coulochem

MODEL 5010 0.1 M NaH2PO4/0.15 mM 1-octanesulfonic
acid sodium salt pH 2.7 980 mL 20mL  95% Proclin
150 50uL 0.6 mL/min

35 ECD 550 mV 850
mV GSH GSSG

0.05 % Triton-0.05mM EDTA
Lowry  [8]
BSA

4-2-7.

Student’s £test P <0.05
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4-3.

4-3-1. HQ-GSH v-GT
LLC-PK1 HQ-GSH
HQ-GSH HQ LLC-PK1 24
Fig. 4-1
TGHQ HQ
GSH v-GT
aminodipeptidase Cys
scheme 1-2 [1-3] HQ-GSH
LLC-PK1 v-GT
16 68 LLC-PK1 v-GT
Fig. 4-2 y-GT [9]
acivicin v-GT 68
acivicin v-GT
TGHQ acivicin
68 acivicin TGHQ
acivicin TGHQ
Fig. 4-3
TGHQ v-GT
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FHfk & FERE L Ch 5 O

Fig. 4-2 LLC-PK1 y-GT acivicin

LLC-PK1 4><105/well 1mM acivicin

3 3 =+ *P <0.01

[1: () acivicin : (+) acivicin
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4-3-2. HQ-GSH

HQ-GSH v-GT
GSH HQ
HQ-GSH Oz~
HQ-GSH
HQ-GSH
LLC-PK1 HQ-GSH
HQ 24 HQ-GSH
MGHQ TGHQ
Fig. 4-4 HQ
TGHQ HQ
Fig. 4-4 TGHQ
HQ OH
DMTU TGHQ HQ 24
TGHQ DMTU
HQ
Fig. 4-5 DFO
TGHQ HQ Fig. 4-6

HQ-GSH TGHQ HQ
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4-3-3. HQ-GSH

HQ-GSH HQ
Fig.
4-4
HQ-GSH HQ
DCFH-DA
DCFH-DA LLC-PK1 MGHQ TGHQ
HQ 1
Fig. 4-7
MGHQ TGHQ HQ
MGHQ TGHQ
HQ Fig. 4-8
TGHQ HQ
-OH DMTU TGHQ
HQ TGHQ
HQ DMTU Fig.
4-9 DFO TGHQ HQ

(Fig. 4-10)
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Fig. 4-7 HQ-GSH HQ

LLC-PK1 2>105/well 10uM DCFH-DA HQ-GSH
HQ 200uM 1

= control =—: HQ-GSH HQ

A:TGHQ B:MGHQ C:HQ
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Fig. 4-8 HQ-GSH HQ

LLC-PK1 2> 105/well 10uM DCFH-DA 100u/mL
10 HQ-GSH HQ 200uM
1
= :control = :HQ-GSH HQ E

A:TGHQ B:MGHQ C:HQ
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Fig. 49 TGHQ HQ
DMTU
LLC-PK1 2><105/well 10uM DCFH-DA 30mM

DMTU 10 TGHQ HQ 200uM 1

= control = : TGHQ HQ []: pmTU

A:TGHQ B:HQ
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Fig. 4-10 TGHQ HQ

DFO

LLC-PK1 2>105/well 10pM DCFH-DA 1mM DFO
10 TGHQ HQ 200uM 1

= . control = : TGHQ HQ [1: bFo

A:TGHQ B:HQ
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4-3-4. HQ-GSH

GSH
GSSG GSH GSSG
HO-GSH HO LLC-PK1 TGHQ
MGHQ TGHQ GSH
Fig. 4-11 GSSG  TGHQ

HQ HQ
GSH GSSG
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D: MGHQ GSSG

C:HQ GSH
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A:MGHQ GSH
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4-4,

LLC-PK1 HQ-GSH HQ
HQ-GSH v-GT acivicin
HQ-GSH r-GT
HQ-GSH HQ
DMTU DFO TGHQ
DCFH-DA
TGHQ
DMTU
DFO HQ
DFO DMTU
HQ TGHQ
DFO DMTU
HQ-GSH HQ
TGHQ
OH
HQ-GSH
HQ-GSH
Oy
-OH

HQ
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102 HQ BQ HQ
BQ GSH
3 HQ-GSH
ACP Oz HQ-GSH
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HQ
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HQ-GSH
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HQ-GSH
[1-3] v-GT
HQ-GSH
HQ-GSH
HQ

GSH

GSH

HQ-GSH

HQ-GSH

Cys

100

GSH

[4]

acivicin

v-GT
HQ

ESR
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[7]

in vivo

HQ-GSH

in vivo

L-band ESR 1 GHz
ESR

HQ-GSH

101

[5. 6]

[8,



)
[1] Monks, T. J., and Lau, S. S. (1987) Commentary : Renal transport
processes and glutathione conjugate-mediated nephrotoxicity. Drug Metab.
Dispos. 15, 437-441
[2] Schaeffer, V. H., and Stevens, J. L. (1987) The transport of S-cysteine
conjugates in LLC-PK1 cells and its role in toxicity. Mol. Pharmacol. 31,
506-512
[3] Lash, L. H., and Jones, D. P. (1984) Renal glutathione transport:
Characteristics of the sodium-dependent system in the basal-lateral
memrane J. Biol. Chem. 259, 14508-14514
[4] Stucker, M., Struk, A., Altmeyer, P., Herde, M., Baumgartl, H., and
LUbbers, D. W. (2002) The cutaneous uptake of atmospheric oxygen
contributes significantly to the oxygen supply of human dermis and
epidermis. J. Physiol. 538 (Pt 3), 985-994
[5] Utsumi, H. and Yamada, K. (2003) In vivo electron spin
resonance-computed tomography / nitroxyl probe technique for
non-invasive analysis of oxidative injuries. Arch. Biochem. Biophys. 416,
1-8

[6] Takeshita, K., and Ozawa, T. (2004) Recent progress in in vivo ESR
spectroscopy. J. Radiat. Res. 45, 373-384

[7] Lukiewicz, S.J., and Lukiewicz, S.G. (1984) In vivo ESR spectroscopy of
large biological objects. Magn. Reson. Med. 1, 297-298

[8] Takeshita, K., Chi. C., Hirata, H., Ono, M., and Ozawa, T. In vivo
generation of free radicals in the skin of live mice under ultraviolet light,
measured by L-band EPR spectroscopy. Free Radic. Biol. Med. in press

[9] Takeshita, K., Takajo, T., Hirata, H., Ono, M., and Utsumi, H. (2004) /n

vivo oxygen radical generation in the skin of the protoporphyria model

102



mouse with visible light exposure: an L-band ESR study. J. /nvest.

Dermatol. 122, 1463-1470

103



1. Nishizawa. C., Takeshita. K., Ueda. J., Mizuno. M., Suzuki. T. K., and
Ozawa. T. : Hydroxyl radical generation caused by the reaction of singlet
oxygen with a spin trap, DMPO, Increases significantly in the presence of
biological reductants. Free Radical Research 38 385-392 (2004)

2. Nishizawa. C., Takeshita. K., Ueda. J., Nakanishi. I., Suzuki. T. K., and
Ozawa. T. : Reaction of parabens with singlet oxygen in the presence of
glutathione produces glutathione conjugates of hydroquinone, potent

inducers of oxidative stress. Free Radical Research In press

104



105



106



