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Alloxan Radical-Induced Generation of Reactive Oxygen Species
in the Reaction System of Alloxan with Ascorbate
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The diabetogenic action of alloxan is thought to be initiated by generation of reactive oxygen species (ROS) . Ascor-
bate can be an antioxidant in a predominantly aqueous environment, such as plasma and extracellular fluids. We have
investigated the generation of ROS in the interaction of alloxan with ascorbate. Rapid oxygen consumption was ob-
served in the reaction system of alloxan with ascorbate. The oxygen consumption was suppressed by superoxide dis-

mutase and catalase, suggesting that superoxide and hydrogen peroxide could be generated in the reaction system. In ad-
dition, the generation of alloxan radical, an electron reductance of alloxan, and ascorbate free radical (AFR), an elec-
tron oxidant of ascorbate, was observed using electron spin resonance (ESR) . Under anaerobic conditions, the ESR sig-
nal intensity of alloxan radical was significantly increased in comparison with that under aerobic conditions, whereas the
intensity of AFR was significantly decreased. These results suggest that alloxan radical and AFR were generated in the
reaction system of alloxan with ascorbate, and that the alloxan radical but not AFR reacted with molecular oxygen,

resulting in the generation of ROS.

Key words—alloxan; alloxan radical; ascorbate; reactive oxygen species; ESR

& i

AR, BERECHOREREREL S DR E

EBREOERITIEMREFZE OGN RB SN T
% 70 ROSMED E WG EE #1E, KRS TH D
BE, &N HE, s EIIERBRANTER L,
EERICEEZEZS.Y KRS > 7IVN AR (5
) B#ifEE, 2—N—FFH A1 RPALY—TF
(SOD) W% 57—tz EHiE(LEEE OIEE M D
MR EER TR N Z & 5, 67 BERIFFEAE ICHB W
T, ZOIEMERICHT 2EWEZENREET 2]
REMEDMHER I NS,

TOFY X, EERRFERERENLT, BT K
S ERNICEEL, BREZFHFET
2. 8510 7y OFg L FEeNRBRIEHTH D, B
MI7NHFA4> (GSH) FAL RFT2RED

ALiEE SRR AR R

e-mail: katomika @hokuyakudai.ac.jp

ARNEITMEICKDESITELEI N, TYOFH >
FONNRDTIVIVEE E T2 5 161D #E3F 513561,
GSH OFET, yaFsg nyodxs > I h))
RIS N, Zo70FY >IN o BRI
e ThHTIREFE (0) N—BETFEILIN, X—
N=FFHA RITPHI (0;7) BNERTDHIE%E
WL ARNICB TS 7 O0F9 > DEITIT,
FALRFI O —FF L RFI U —ERD
FhoO—ALPA0UY I H—ERIEENHEET
% ZENRBINTND A, 419 2 TR D FE 1T
BH 5 Tl 7R,

T ADVE CgIZ 03, lEg{b/AKE (H,0)), b
rROoF IV 20)l, —EHEHERFEOLDRTY —7F
CPANVERIBL, YAIINE BT NIV (ascor-
bate free radical: AFR) 2725, 1619 AFR |ZfthD)
B EDORISEN IR <, AFR HE X371 —
SN ERIBL, U= OTaNT =
a RN ERESES. £, YRAIIVE VB,
a—hA7xO0=)VOT7 /) FIINTIHIVERKIN



832

Vol. 122 (2002)

U, o—hravzoO—)VEEETSHIEITKD, &
KOTY >FFFIH L MR EHEEBIED T EAUR
INTVBE 92 INS5DORIBICZEST, 7R3
VE IR R FIC K DREEN S AR ERE L T
W5, —J, Fet Xid Cu*t OFEFET, YA
EogiiyoxrFo 4> MERZERT. 2D 2h
SOHREMNS, 7 AI)E CBIIEIEREENE ST
DEEREEICHLT, 2 DODOMBHRSEEEET S
ZENMRBINS.

TAANWECBEO_E TR THSTEROY
A )L E Uk (DHA) OZwE#&5I1, 7 v bk
RIG#HEHT 5,262 2O DHA WX Y OFH > &5
BORYT b HEERD.® 0;- £RICEAET 2
TOaFY >IN, TaFd o d 5 3@
DT N EOFROT N EO—ETFRITICL DA
9 %. DHA HEMRIC, 7 b HEO—FBTIEITIC
KO AFR Z4EKTHZENG, EERNIIBITSY
A )V E > DFRALIER TC KOG H S R IR D75 78 1 B 5
LTWBSR[EEENE Z 5N 5.

FRAL&l Y Ot > SEoHl 7 X )V E 2O KOk
IZED, YOFH T ONIVNERKRT S.P Tiab
L, 7O0FY 2 ET RN ECENRFEEFELE (YO
FH =T ANVECROER) HBE, LIFITRY
4 DDRENERINDATREMENH S, (VERT S
TOFY T IHIVITED O ElRNEREINS.
Q)7 A3)VE VN, RISRTHERLE Oy ZHE
BHEET 2. Q7 RAANVECERTYOFY TN
WERIGL, 7aF5 2520 HE#E L EHE
THZEWCEDTO; OEREHETS. W7 A
JJ)VE > B, AFR % L T DHA OEE{LE TR IGIZ
XU, 07 AmRMEET D, KRR TEE ST,
7 OFY —7 Z)VE CBIKISRITBT DIG
FOERK, KOTOFY TP H)LE AFR D4R
WDOWTHE L, TO/E, KIERIZHNWTHHE
BBEEMNENEREINDZE, TaFH I SINIL
EAFRDHETHZ &, AT 270FY 27D
TIVDIEWERFZAERICE G T 5 Z 25 ML
. Utk Ens, 7ZXA)NECEE T OFY >
12K 2 IETERE 4 ol & MEERICIEHE T 2 & AR
N7z,

£ B o #

E O 7OFY IR SER IR A4

EEII’I

() K0, 7RAVE CBITF S FLFEAS
(KRB X0, GSHIZFEHZE T KR4
(Kf) &0, =TFL 27 I MERET U T L
—H =8k (EDTA-Fe’t) JBAR b #EHAatt CF
) &£, Cu/Zn-SOD (from Erythrocytes) & 7
4 5 —+% (from Bovine Liver) |d Sigma Chemical
Co. (St. Louis, MO, USA) L DAL ZOfth
DOt FEE, Wl U .

2. EERFIE

2-1. 7O0FH—TXALECERER 7
OFY > KOT7A2)VEVEEE, HonrCOYIVIT
CUHATERLZ0.15M NaCl 253 10mMm 1 >
MeiE R (pH7.4) (PBS) B L7z, S 5I1THKS
ST ATEBRL, EBRIZHNWS L TKE
REFEL. $XTOFERICHW PBS ik O 7 &
121E, I U-Q #li/k%EE academic A10 (HAI UR
7 UITy R)ICKo THEL 2 HKZE Az,

222, BERHEBEOAE ToFHd—7Aa)
ECBRKIGRICBITSMHEHEEL, Y AIVE U
%z PBS AW (AR 3mlD ML, 37°C T
kL7, yoFdzRml TERLZ. Bk
h DR ERE FEL, Clark BIEE FEM 2 2 0H L 72
R"—50%7 57 1— (Yellow Springs Instrument
Co., Inc., model 5300, USA) ZFHWTHIEL, 7O
FHBME 1 SEICHE SN B R AR EIE R
HEOWYHEE (uM O,/min) & U7z, BEWHE I
IOV RIRMOZEBER DD, H5ML
¥® SOD (1000 U/ml), #H %4 Z—+t (2000U/ml),
XM G 2 RMUEE b Utk EgrEfrolz, 5
BICBIT570FY 2 ET7RADIVE CBOBEIL,
ROMEITRU 2.

2-3. BFAEHIBEE (ESR) (C£BT72H
LOAE  7OFHPETAIVECE, TOF
B2 & GSH Xid 7 A J)VE U & EDTA-Fe** %
PBS VAMRICHINL, 37°C T1 A > Fax—
a7z, RINRTERT DIV ZE, ®¥Ea
¥t )L Z MW, JES-REIX % T AE > gLk E
(HAET, ®ul) THELZ. ESR HIESRMHITL
T EBDTHS : magnetic field 336.7 mT, micro-
wave power 1 mW, microwave frequency 9.450 GHz,
time constant 0.3 sec, gain 2000 2 U\ sweep time 0.5
mT/min. 7 OFH>—7 ZI)VE CEEMIGRICH
WT, 70FH >IN ERET 5729, field
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modulation width Z 0.025 mT, AFR Z#H[E 3 % /=
», 0.063mT IZHRELRE. YOFH I h &
AFR O [EEFHIELL, sweep time 1mT/min, field
modulation width 0.025 mT {Z8%E L7z. GSH T &
H27O0FH > OBIICKXDAEKRT S YOFY T
F1)V1Z, gain 1000, field modulation width 0.032 mT
WCEELTHIELZ., 7 AJ)VE “ B & EDTA-
Fe3t O KNIz L D ERRT 5 AFR 1E, gain 1000,
field modulation width 0.040 mT |23 L CTHIE L
2. BRRMERIZ, o UOR30 M7 IVd >
HATEML 2 PBSERE W TITo 72, FERIC
BIF2&% OEOREIRX, KOMIEIIRLE 7
OFH > 5P HIV KR AFR OEIFICBNWT, gl
WEERE > >R —H—Z2 NS U THWTK
Wiz, F£7z, ESR 7 FI)VigEIR, HEL N
NO T I HEERFERENRD SNBZNWD
IEZEfTORN D 7.

] R

1. 70F%Y—7XALECEBRIERICETS
MEHEE TUOFHIICLIBENEICNTEY
ZA)VE UEEDEEZ DWTHF L=, Figure 112
RTEII, TAIIIECEBEETR, 7O0FY %
WINS 2 EEBICBABHENEL SN/ (line o).
LiLRNs, 7O0FH X7 AT)VE BEDON
TNHZERMLUIZGS, BRAWRIIIFTLACHRS
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Fig. 1. Oxygen Consumption in Reaction System of Alloxan
with Ascorbate

Experiments were carried out as described in ‘‘Experimental Proce-
dure”’. The concentrations of alloxan and ascorbate were 0.5 mm. Alloxan
and ascorbate were added at times as indicated arrows. Line a, alloxan alone;
line b, ascorbate alone; line ¢, alloxan and ascorbate. Typical results on an
experiment are shown, and similar results were obtained in above 12 experi-
ments.

N/smo 7= (lines aand b).

Figure 2 1213, MIGRICBWTHEBEINIEEEY
BIZWHT D57 0FY O ROT AD)VE CBRIEEDOE
BERLE, —ERBO7 AI)LE # (0.5mM)
FIETF, BL2REOYOFY 2 2RMT5E, YO
FH REITKE U TRRFEHE OYEE OB M5
I INk (Fig. 2A). HELXREOY XAJ)VE >
RAEET, —EEZO7O0FP > (0.5mM) ZHEMN
LEBad TR, TAINE CBIBEIKEL T
FHBEOEEOHE MM &K Z Sk (Fig.
2B). I OERNS, YOoFH—rYXa)lE
SRS RICHBT SR FEHEL, WLEWOMEANRE
HICKDEEIND Z &R N,
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Fig. 2. Dependence of Oxygen Consumption on Alloxan and
Ascorbate Concentrations
Experiments were carried out as described in ‘‘Experimental Proce-
dure”. A: Various concentrations of alloxan were incubated without (O) or
with (@) 0.5 mM ascorbate. B: Various concentrations of ascorbate were in-
cubated without (O) or with (@) 0.5 mm alloxan. Each datum is the mean
+S.E. of three experiments.
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Table 1. Effect of SOD and/or Catalase on Oxygen Con-
sumption in Reaction System of Alloxan with Ascorbate

Additions Percentage of control
Control 100£3.9
+SOD (1000 U/ml) 87.7+1.6*
+ catalase (2000 U/ml) 73.3+1.2%
+SOD (1000 U/ml) and *
catalase (2000 U/ml) 53.4%1.3
+ heat-denatured SOD 106.4+£3.1
+ heat-denatured catalase 100.0x+6.6
+ heat-denatured SOD and 106.4+4.2

heat-denatured catalase

The reaction system consisted of 0.5 mm alloxan and 0.5 mm ascorbate.
SOD and/or catalase were included from the beginning of the incubation.
Other conditions were the same as described in “Experimental Procedure.”
Each datum is the mean +S.E. of 3 to 7 experiments. * p<0.01 compared
with control.

a, MAEHEBEOVHEITEL <HH SN, BEHS
BlBRZHANGE, BRIBWEEOYEEITHT S
EEIENINBN O NS ORERNS KGR
IZHBNT 03~ & Hy0, WA T 2 AlREME N /RIZ X
nrz.

2. 7O0FHYCFHILEAFRDAERK YO
FYETAANVE BT, ERENEAE TR
DOBEETYOFY TP HIE AFRIZR S, A
T, 7O0FH > —7 XA)VE VEBERIERICB
57 0FY 2T 2L AFR QA RRIZDNT
ESR ZH W THH L7z, Figure 3A-1 K2 1TRT
£O21T, HRWKOHAWGET, 7aoFHg &
GSH ORI K Dt 58 1 :4:8:10: 8¢
4:1DTADE—=7N572% ESR 27 F )V EH
IN, FD gl 2.0052 ZRL7=. ZDOITF)
1%, Ay 7Y ek aN=at=0.045mT ® A-3 12
RLUET7OFH IO HNDYIalb—varE—
UL ad, BREMET, ARkl ey o+
>IN D T FIVEEIIHF RIS T Sk L
THRITKEM>7=. Figure 3B-1 N 2121, #F
L[ RO BRR ST, 7 X))V E VB & EDTA-
Fe3* ORIGICE > TH SN/ ESR > 7 F)L&aRL
e, TOTTFINVFZERUCEREEZRT 2AKDE —
TMBR0, FO g fEld2.0054 2R L. DY
TFIE Iy T 2T EEK al=0.186 mT @ B-3 IT
RUZAFRDY 2 alb—2 3> &—FL & 00
BEESRMER, AR L7 AFR O 7 F )L O EI
RS T S U THERIT/NE o /=, Figure

3C-1ITRT KD, WIS HET, YOoFd > —
7 AINE VEBEKIERIIBWTYOFY TP
CRAELRALIAHAL T AOE - 05725 ESR &
THIIVHBEBIE N, CITRT XD, HRME
B, HRRNEEICB W TEIIE N ESR > 7
W ERIED AFR I L2 KADOE—I 585
ESR > 7 FIIV il s Nz, C-3 1R 7 aFH
SV HIVEAFR DAY I a2l —2 3 iE, C-
1LICRLUZESR 7 FIVE—FL, BRAWEH
T, KnRicBwTryoaFg>I524)L & AFR O
2D VAN H_ET S ENRI NG Ll
S, HRWRET, BlcNI 2L (C-2)
Z, Ya3lb—>3> (C3) &—HLliho/=Z
EMB, KIRRFITHEET S 0, %, RIGFR THRL
TH57OFY IO HIIXITAFR ERT 5 2 &
MRBINE. =kl 7OF92SPHILOEMS
3FH®ESR > F)LE—7~ (Fig. 3A, closed ar-
row) ¥, AFR > 7 F )V EF—N—=F v T LN
ZEMS, ZOE—VDEmIERIERTEKT ST
OFY >V ofeEsE Lz F, YOaFH 2
FPHIVDESR P FI)EF—=N—=F v T Lz
AFR OLEfID ESR > 7 F)VE—27 OEMHRET
(Fig. 3B, open arrow) 2 AFR A DfEFEEE L 7=,
Figure 4 |21, 7 OFH>—7 A2V E BRIt
RIZBIFH70FH > 7P HIIVERKICHT 57 OF
PBOROT ADVE VBRIBEOFEZRLUZ. R
R BERIEET, —EEOY A ) E
(0.5mMm) ICHEZBEEOY OFY 2 2IHFMNT 5 &,
T OFY VBEIKEFELTTYOFY IO Y
TFIVEEENHEMU 7=, BRREE T ICEBIS N
TOFH I ININDOT T FIVEER, WTNOT
OF Y VRECBVWTHHKINRE N L TEH
BlCKkEho/z (Fig. 4A). A BEEOY A2 E
CEEETE R, —EROTYOFY > (0.5mM) EH
M2 E7 ANV ERBEIKEL Ty Oody >
FPANDTTFIVEENEML = (Fig. 4B). L
MUBHRS, WIMULAET AIVE D BEEEMN 4.5
mM P EOBE, 7OFY I IONNDT T F IV
ERAERICHED U, BRI N OB 24
NESN, 3mMPLEOY ZO)VE CEEERMU &
WA, 7OFY I ININDOT T FIVEREIRAD L
Z. TNH5ORRNS, BREICEAT ST AI)LE
CEENT OFY 2T OV ERINT B AR R
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Fig. 3. ESR Spectra of Alloxan Radical and/or AFR
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A: ESR spectra were observed when alloxan (1 mm) was incubated with GSH (0.5 mm) under anaerobic (1) or aerobic (2) conditions. The g-value was esti-
mated to be 2.0052. Simulated ESR spectrum (3) was best matched the experimental results using following parameters; hyperfine coupling constant of aH=aN=
0.045 mT. B: ESR spectra were observed when ascorbate (1 mm) was incubated with EDTA-Fe3* (0.05 mm) under anaerobic (1) or aerobic (2) conditions. The g-
value was estimated to be 2.0054. Simulated ESR spectrum (3) was best matched the experimental results using following parameters; hyperfine coupling constant
of aH=0.186 mT. C: ESR spectra were observed in reaction system of alloxan (0.5 mm) with ascorbate (0.5 mm) under anaerobic (1) or aerobic (2) conditions.
Simulated ESR spectrum (3) was obtained when the spectrum A-3 put together the spectrum B-3. Other conditions were the same as described in ‘‘Experimental
Procedure’’. Typical results on an experiment are shown, and similar results were obtained in above 12 experiments. The closed arrows were indicated the determi-
nation site for the intensity of alloxan radical, and the open arrows were indicated that of AFR.

SN Fz, BKMIEHTIBIIE N /=Y oY
CIPANDITFIVEER, HFRNSEMGT &g
LTEHERICREN ., ZORENS, YOFT
—7 AI)VE VENRRTERTH YOFH T
FIVE, HFRGEHET, KINEF D 0, EKINT %
AIREMEDVRIE S 7.

Figure 5 121%, ISR ICHBIT S AFR D4 RRIT
T570FY 2 KROT7 AV E S HBIEE DR ER R
L7z, —EEO7AI)VE B (0.5mMm) IZHE 4
BEOYOFH 2R MTsE, 7O+ 2 RE
0.1 mM F TEEIZIKEL T AFR O 7 F)LEREMN

BNl 7= (Fig. 5A). BEKMSEMHIIBNTHIZIEF
Bk RN GO N, BEICEET L7 0FY 20T
AFR @ ESR 27 HIVICHEERIT S Ieho . B
QUEIERIETR, BTSN /= AFR O 27 F)LigEI,
0.015mM L L7 OFH VREIZHB W THRAMS
HFREHB LU TERICNS oz, £/, A EE
DY A)VECRIZ—EEO Y OFH > (0.5mMm)
ERNTZE, TRAANECBEEITIKEL T
AFR O 27 F)VEENHEML 7= (Fig. 5B). HX
&M, Bl N7z AFR O 7 FI)LEER, »
THOY ZADVE VBBEICBWTHHKAMEET
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Fig. 4. Dependence of Generation of Alloxan Radical on Al-
loxan and Ascorbate Concentrations

The experimental conditions were as described in ‘‘Experimental Proce-
dure’’. The reaction was performed under aerobic (@) or anaerobic (O)
conditions. A: The reaction system was consisted of various concentrations
of alloxan and 0.5 mm ascorbate. B: The reaction system was consisted of 0.5
mu alloxan and various concentrations of ascorbate. Each datum is the mean
+S.E. of three experiments.

L THERITNI o2, iz, 7= IR
IRBNWhEFL — IO EDTA, PTFL > KU
7 I UAMBKOADIET 7 2 O0F 2 > ORIG
RANDOHEINZL, BFWHERSYOFY I E
AFR ARICHBREEBEZRIT IRV Enb, Z
DRIERICHEET 2MERKIT T OFY > &7 2
IVE 2B DSOS O R A B 5 B % JUE S 73
HOEHEZRL T2

% £

RFFKET, 7OFH—7 XD E CBKIERIC
BWT, 7OFH > TNV & AFR RO RN #E
NERINSZEZRLE YOFFETY X
EBOIAET, LLNMTRT IS ETTT S &
EAoN5.
alloxan+ascorbate —> alloxan radical + AFR (1)

[A]

12, }
k)
2
2
g 6+
g o
]

1 1 /
% 0.05 0.V h‘.‘s
alloxan concentration (mM)
[B]
12}
k-]
2 »
g
g 6r
z :
. \ // ;
° 1 2 4 5

ascorbate concentration (mM)

Fig. 5. Dependence of Generation of AFR on Alloxan and
Ascorbate Concentrations

The experimental conditions were as described in ‘‘Experimental Proce-
dure”’. The reaction was performed under aerobic (@) or anaerobic (O)
conditions. A: The reaction system consisted of 0.5 mm ascorbate and vari-
ous concentrations of alloxan. B: The reaction system was consisted of vari-
ous concentrations of ascorbate and 0.5 mwm alloxan. Each datum is the mean
+S.E. of three experiments.

alloxan radical +ascorbate

— dialuric acid+ AFR 2)
alloxan+AFR
—> alloxan radical + dehydroascorbate (3)

KnRiZBWwWTryoFy 3 —ETEIL, 7A3
NWE BRI —ETFRIEIN, YOFH 520 E
AFR 7Y % (OS(1), Fig. 3). RIBRITH
WT, 7O0FHICHRTEVWEIVEELRO 7 20
WECEBNEEL S, 7aF3 220y
TFIVEEENEAD L= (Fig. 4). KHXQ)ITRT
KO, YaFT I PHIVBENEADSL T IVIV
BT 2720121%, BEIEDOY X )V E N
WETHo I ENS, ANV ECBIZYOFY
CIOVANEOTOFY D EERNIIKIETHI &
MERINZ, 7AI)VECBEICHEXRXTEHEWE)E
ElkoyoFg > NEELEES, AFROY 7 )
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WEREOEBLIZEN s N aho =2 &S (Fig.
5), 7O0FH>EAFR O G (KGR (3)) i
EANEHETLIRNWZ ENHERIND., Lo &n
5, 7OFH > —7 2 ECEBKIERIZBANT,
TOFHET XN ECBENPKIGL Y OF Y 2T
PHILE AFR VERT 5 Z EAUREE N, ESR %
AW Z 2V ORERESE (Figs. 3, 4and 5) &—
KLU
FEMEHET, 7O0F8>—7 22 E P BRIG
RIZSOD Z2IRMT 5 &, BMAMEOVHEIIFRE
IZ{E R L7z (Table 1). SOD 1% O3~ ORI It
2L, H0, & O, 2485 (Kbh@)).
W, O3~ OHEFEAEIE D EERIL, 5X
1M~ 's ' DI R TH B4, SOD OFEMIcL->TE
DOREERIZ2XI00M 1571 £725.323 2D &
M5, FISRICBWNT SOD OFHIMTELD, IS
@) RSN, KINET D Oy BEN DT NITH
U, MeEWEOYLEE DI T AR S N/ alhelE
MEZSNS.
0;~+0;~+2H*+ — H,0,+0, (4)
N85 —Eid H0, 250k L, H,0 & O DRI
i 5 (RN (5)).
H,0, — H,0+1/20, (5)
NE T —EaERISRITEHEMNT 5 &, BEHEDOYE
EIZAEZIIKLFL (Table 1), MIGRIZHBNWT H0,
MR T HUREENN R I N, SOD &y T —
YEEKRIRML 258, SOD Xidhy 75—t D
WM EIRINL 72858 & i U TR R IHE O ¥)#E
BEZE L (KT L/ (Table1). SOD &h % 55—+
NEFLESGE, K@ &0G)icksd 0, DA
MEEL, FERELU TREBWHEDHEIND LHEE
IND. LnLRNS, RIGHRTERT HTEHRKSE
BORE/JRNZFORIIDNT, & 5ICEEMICHET
ZEND 5.
FEHZESWIT7OFY >IN EHBHERITEN
O, M—BETRILIN, O NERT DI LEREI
WwELE D ZoZEnS, YOFY 2 —7 X))
ECBMISRIZBWTARLZ7OFY > T2 H))
bFEZ, O 2ERTBHIENEZZLGND. 5
12, AWFZEICBIT % SOD & h Y 7 —EiRmERD
fERNS, 7O0FY>—T7 Z2I)VE DB RIZH
WT 0~ & HO0, WEEIET B EEEN RSN/ =,
ZFZT, 7OFY>—7 AA)VE CBKISRICBT

% 05 RO DOWTLL FIZER L.

alloxan radical + 0, < alloxan+ O3~ (6)
dialuric acid+ O, == alloxan radical+0O;~ (7)
AFR + O, == dehydroascorbate+ O3~ (8)

HRMGEET, YaF3 >IN0 D2 7 )Lk
X, BERMSE TRl TELEAL (Fig.
4), 7OFH T IPAINN0, ERIEL, 07 B4
RS2 AFetE R Nz (R (6). 7 oF
OB TRAMEDTIIIES L/ 0, % %
TEITL, Oy ZEAIRLZENG, ¥ 7OF
YT ADVEVBKIERICBT HEEREERICY
TIWINVEOREENE 2505 (OSRK (7). BKW
ZHETF, BEEO7ZAANECBNEELEZSA
(7OFH > ETAANECEBOBEELLMN 16 L1
), YyaFHg I hINoT T FIVEEZED L
(Fig. 4), 7 IVIVBE DA HEIT LT T EDHERR
IND. HRIWEET, RIRRTERLEZY OFH
DIOITVANEO ERIELYOFH RS LD
(= (6)), PT7IVIVEEE TEILT 5121, LD
WEEOY ZAII)VE CENBEERD, EBRIHR
MERETF, 7O0F9> 50 MIVDOT T FIVEIRLY
OF Y &Y ZADVE CBOEEL 13 9 LA 1T
MU=, —0, BEEHEOYEE, EER 19
PlEZBWTHEML 7z (Fig. 2). DI ELORERX
0, KIGRIZBIHBFAHEEIEITYOFT I
HIVIBEIEKEFEL, BEEDY X J)VE BINTFE
L7%a, 7afxg >IP0I ECTIVIVER L D
BEICIKET D REERMB I /. —J%, SOD
ENE TR, FHFoAFIHY—F—LRF
P 2F 2R HNTIEEREFERGRICHERML 25 &
AT, YOF Y HEETIIBIT2BANEEEZH
ETLHLDICELBEOBMBENLETH D I ENHES
NTN5D, 30 F—=FIZIZR L TWRND, FHESIZX
SOD XiZh¥S—tonwsnrzRiml =5a
kgL C, SOD &h% I —EDHET, 7yOoFYy
SOV ANDITFINGERENEL AL L%
BRUILE ZoZ&hs, 7O0FH2RBEDF ) >
ftaMmc L 2BmFHEDOHEICIX, SOD &h%
T —E OFRFFRMNEZN T H 5 nJHEEARIB I NS,

TOFH 2 ETZXA)E CEOREEIELIL T
HZEMNS,® 7OFY TV H)LEFE AFR O
HENL RS 05~ ERRICBE 59 5 nlgElNE 2
5%, UL, BILEITEMN O, & 03 1 300
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mV LR THZDIZHL, AFR &7 2a)VE V#
12300mV L ETH S, 73 NP A, KIHRITH
WTAFRIZEKZ O, BIL KDL L A 05 A% AFR
Y ADVECRIC—ETEILT S I ENHRRE
2N, K@ IIFEAEETLRVWDD EZ X
7z. UEDZERFEEDSHE, YOFT 22— A3
WE DB RONRICHBT DIETERE R AL D A 1 =X L
1E, ROKDIC2EEORISTHIATE S, (D7 X
DVECBRICID Y OFy 3y aFd oo
WEILEINS. Q7 aFH I HIINT 0, =&
TEILL O ARSI ES. LaLlirs, 70
FH =T XADVE CEBERISRICBWTAERKL 21E
MBFEEDOFTITIES 5RI2RANVLETHEEA
9.

T A)VE I, EEE NI 0.05£0.02
mM, T v bE& S RS/ A2 3.53+£0.1 mM
SEN, BT MO RY T E BRI RE
LU TWS, 240 i QS T, 7 aF3 2 REI
FHLUT, ZEOTAINVECENEFELEZSEETSH
BHREENERLEINZZE (Fig. 2), EERNOE
FEE I EBNENR Y OFY 2 52 h)NE0 IR
R EREIIKIET D ENS, EERNIZBNWTDH
TOFHONT A ECBICIDE LI N, EE
feF Ak z A UMluEE 25 Sk 29 nlaelt, &
5122 b3 RYU ZNTZORIGHMERE X 15 ] fE
HENEZEND, EHESEZTOFT NIy MR
ca> RUYONEEBEELEFETSH I &, 40
7 O FY AT KD R AR B MRk INS-1 0 X b
I RUTHEENT R =2 A0OHEICBEEGT 5
EEHE L. 5%, 7 OFH X DT K
B AMIEEED AN =X L, BIZHIEANT 23
ECBOEGIZDW TR T2 0END 5.

REFERENCES

1) Corbett J. A., Lancaster J. R. Jr., Sweetland
M. A., McDaniel M. L., J. Biol. Chem., 266,
21351-21354 (1991).

2) Kneepkens C. M. F., Lepage G., Roy C. C.,
Free Radic. Biol. Med., 17, 127-160 (1994) .

3) LeeM.-S., Wogensen L., Shizuru J., Oldstone
M. B. A., Sarvetnick N., J. Clin. Invest., 93,
1332-1338 (1994) .

4) Tanaka Y., Gleason C. E., Tran P. O. T.,

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

Harmon J. S., Robertson R. P., Proc. Natl.
Acad. Sci. U.S.A., 96, 10857-10862 (1999) .
Aruoma O. I., Kaur H., Halliwell B., J. R.
Soc. Health., 111, 172-177 (1991).
Grankvist K., Marklund S. L., Téljedal I1.-B.,
Biochem. J., 199, 393-398 (1981).

Malaisse W. J., Malaisse-Lagae F., Sener A.,
Pipeleers D. G., Proc. Natl. Acad. Sci.
U.S.A., 79, 927-930 (1982).

Heikkila R. E., Cabbat F. S., Eur. J. Phar-
macol., 52, 57-60 (1978).

Grankvist K., Marklund S., Téljedal I.-B.,
Nature, 294, 158-160 (1981).

Jorns A., Tiedge M., Lenzen S., Munday R.,
Free Radic. Biol. Med., 26, 1300—-1304 (1999) .
Nukatsuka M., Sakurai H., Kawada J.,
Biochem. Biophys. Res. Commun., 165, 278-
283 (1989).

Winterbourn C. C., Munday R., Biochem.
Pharmacol., 38, 271-277 (1989).

Sakurai K., Miura T., Ogiso T., Chem.
Pharm. Bull., 38, 993-997 (1990) .

Holmgren A., Lyckeborg C., Proc. Natl.
Acad. Sci. U.S.A., 77, 5149-5152 (1980) .
Sakurai K., Ogiso T., Biol. Pharm. Bull., 17,
1451-1455 (1994).

Chou P.-T., Khan A. U., Biochem. Biophys.
Res. Commun., 115, 932-937 (1983).

Rose R. C., Bode A. M., FASEB J., 7, 1135—-
1142 (1993).

Buettner G. R., Jurkiewicz B. A., ‘“New De-
velopments in ESR and Spin—-Trapping, Anal-
ysis Free Radical Biological Systems,”’ ed. by
Favier A. E., Cadet J., Kalyanaraman B.,
Fontecave M., Pierre J.-L., Birkhduser Verlag
Basel, Boston, Berlin, 1995, pp. 145-164.
Niki E., Saito T., Kawakami A., Kamiya Y.,
J. Biol. Chem., 259, 4177-4182 (1984).
Scarpa M., Rigo A., Maiorino M., Ursini F.,
Gregolin C., Biochim. Biophys. Acta, 801, 215
-219 (1984).

Buettner G. R., Arch. Biochem. Biophys.,
300, 535-543 (1993).

Udenfriend S., Clark C. T., Axelrod J.,
Brodie B. B., J. Biol. Chem., 208, 731-739
(1954) .

Breslow R., Lukens L. N., J. Biol. Chem.,
235, 292-296 (1960) .

Gao D., Sakurai K., Katoh M., Chen J., Ogiso



No. 10

839

25)

26)

27)

28)

29)

30)

31)

32)

33)

T., Biochem. Mol. Biol. Int., 39, 215-225
(1996) .

Andorn A. C., Britton R. S., Bacon B. R., J.
Neurochem., 67, 717-722 (1996) .

Patterson J. W., J. Biol. Chem., 183, 81-88
(1950) .

Pillsbury S., Watkins D., Cooperstein S. J., J.
Pharmacol. Exp. Ther., 185, 713-718 (1973).
Davis J. L. Jr., Mendiratta S., May J. M.,
Biochem. Pharmacol., 55, 1301-1307 (1998) .
Lagercrantz C., Yhland M., Acta Chem.
Scand., 17, 1677-1682 (1963) .

Pietri S., Séguin J. R., Arbigny P. D., Culcasi
M., Free Radic. Biol. Med., 16, 523-528
(1994) .

Benderitter M., Maupoil V., Vergely C., Dal-
loz F., Briot F., Rochette L., Fundam. Clin.
Pharmacol., 12, 510-516 (1998).

Nakano M., ‘‘Kasseisanso no syoukyo, Kas-
seisanso,”” ed. by Niki E., Shimazaki H.,
Ishiyaku Shuppan Co., Ltd., 1987, pp. 64-85.
Forman H. J., Fridovich 1., Arch. Biochem.

34)

35)

36)

37)

38)

39)

40)

41)

42)

Biophys., 158, 396400 (1973).

Cohen G., Heikkila R. E., J. Biol. Chem.,
249, 2447-2452 (1974).

Munday R., Biochem. Pharmacol., 37, 409—
413 (1988).

Winterbourn C. C., Biochem. J., 207, 609-612
(1982).

Njus D., Wigle M., Kelley P. M., Kipp B. H.,
Schlegel H. B., Biochemistry, 40, 11905-11911
(2001).

Kim H., Rosenthal I., Kirschenbaum L. J.,
Riesz P., Free Radic. Biol. Med., 13, 231-238
(1992).

Zhou A., Nielsen J. H., Farver O., Thorn N.
A., Biochem. J., 274, 739744 (1991).

Tsuji A., Sakurai H., Biochem. Biophys. Res.
Commun., 245, 11-16 (1998).

Sakurai K., Katoh M., Fujimoto Y., J. Biol.
Chem., 276, 26942-26946 (2001).

Sakurai K., Katoh M., Someno K., Fujimoto
Y., Biol. Pharm. Bull., 24, 876-882 (2001).



