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Role of Intracellular Calcium in Superoxide-Induced Hepatocyte
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The mechanisms of hepatocyte injury caused by exogenous superoxide were
investigated using cultured rat hepatocytes. Cell viability, cytosolic free calcium
concentration ([Ca®']), and cell surface structure were observed. Superoxide
was produced by adding hypoxanthine and xanthine oxidase to the buffer.
[Ca®"], was calculated by ratio imaging of fura-2 fluorescence using
multiparameter digitized microscopy. In the buffer containing 1.27 mM of
calcium, lactate dehydrogenase release into the buffer began to increase at 1
hour and reached a plateau at 5 hours. Eighteen minutes after the addition of
hypoxanthine and xanthine oxidase, small blebs were recognized on the cell
surface with a scanning electron microscope, after which a gradual rise in [Ca®"],
was observed. Thirty minutes after exposure to superoxide, large blebs were
recognized with a phase contrast microscope, when [Ca®’] had risen to about 700
nM. Depriving the buffer of calcium (< 10 pM) significantly suppressed bleb
formation and cell death, and [Ca®"], was found to remain around the basal level
(200 nM). When ethylene glycol-bis ( B-aminoethyl ether ) -
N,N,N"N'-tetraacetic acid was added to the buffer, bleb formation and cell death
were more effectively suppressed, and [Ca*' ], decreased. Superoxide dismutase
combined with catalase or nifedipine allowed the hepatocytes to maintain their
viability and suppressed[Ca®'] elevation. Calpeptin, a Ca®’ —-dependent neutral
protease inhibitor, did not affect the rise in Ca*", but did prevent cell injury. We
concluded that cell injury caused by superoxide is initiated by influx of calcium
and that the resultant activation of Ca®>’-dependent protease may play an
important role in bleb formation and cell death.

Keyv Words: Hepatocyte, Superoxide, Cvtosolic free calcium, Beb formation,
Cell viability.
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Z v b BRI Z HWT, IEEEEE (SO) ICLAMFEIMEED A = L AIZDWN
THR U7ze RRC, M oviability, K ORI O B Z5 (b 2 M EDA B 1 Ca” s (
[Ca®"]) EDOBMICBNTHEELZ. SOFbufferizhypoxanthine (HX) &xanthine
oxidade (XO) ZZNTIURMKIEN250uM, 76mU/mlE 2 58ICIRNT 5 Z &1
Lo THAEXTEZ, [Ca®') Idmultiparameter digitized microscopyZif L. fura-2
O)Hdnlfﬁlf%@ttcl:Dn'fiﬁlbf_o 1.27TmMDCa* %5 Ubufferf}"C HX EXOZRINT % &
lactate dehydrogenase (LDH) (d#shn 1 Refil#g & 0 buffert i i éhbib&b S
MRITIET S b —ITE L7z, HXEXODTHRMI8/H)MBIZIZ T Tsmall blebh iz X 1
5L o 7, [Ca”' IIFEMRMEME D LA LD =, %b'(b())ﬁq 3082 1ICiE
[Ca®” [ IZM700NME T EH L, HBTHEIETE S large blebhHHBI L 7=, Buffertic
Ca” ULz hid, Ca® 1ZSOFAERMDKI200nMIZE EF 0, blebD JEEE & HIIE
AR S N7z, BufferfiCEGTAZIRINT % &[Ca” 13K F L. blebD kg &
JEAEIX S S Il S 17z, Superoxide dismutase &catalase, & % Wid nifedipine %
bufferizifihnd 2 &[Ca® |, @ L5 Efiafi® S idMmmisnrsz, £7=, calpeptin (Ca®’
KA I protease mhlbltor) ZbufferiZifiind % &[Ca®' | @ EF3HIH S n7sh-
7o/, MR S Nz, BLEX D, SO & 5 I3 Mia st X o fiam iz
Ca” MMAT DI ELICK->THED, TOFHEE L TCa kM Dprotease HYE AL
S NblebD gk EMIBSEAHET T 5 T EAVRB X 7,
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Ca”" I3 Rz « FRENHBE I ﬁwf¥2m“ﬂcmtufwéa%z5nfmé”om
No#E I K B F%’*H] fEIcOWTH, Ca OREINELDEF IV THREINTEL?
HINAMZCa™ 2RI U 7z 855 5 e 455 2 A3 i b‘f@‘%tl«\?f?ﬁ%@f)\b 0
dependence of toxic cell death" EWIBESAHRH XN . Wb, MKEA G %
Z5 &, BRALFNIRRARCaT ARIC T 5 TCa” BHIBNICIHA L, ZHuck->TH
EORMEITT D EEZSNZ. LML, WICHIIRADCA™ DIAEDRH#ERIZH < & WD #H
%Y HH0, FFRGECBIECT ORENOVTIHERSNTNEEIATH S,
%[}]Hé,{%%ﬁfrw[Cd L DZEFZDOWTIE, glyvcogen phospholvlase 1, phopholipase
AJEPE, non— Vsosomal proteinase {EE, 7R EZET Y —T 5 Z &I K DML 7R
£ O A SNTEL, ME, AT O—TTHBlura2 ZFMTHIEICLD
ERER[Ca* | JE N nlfe L7z 0, fix OIFMIRGEHETIICBWTHRENALNS
X 9iT7a-> 7=, Lemasters Hidcyanide iodoacetate Z W /zchemical hypoxia® £
FINZBWT[Ca® | &R L. fﬂlﬂ’dﬁﬂﬁkb ebPM R S NS D 2 W IG5 E 0 T
TaRIC[CA B LW &2FELEY . LiL, ’rﬁfiﬁ‘éft/kb\h@ﬁ@*’“ﬁ\biﬁ
EIhTwas 'Y Y SR, superoxide i & BRI EIC BT B [Ca”]
DRBNEZHSNMITEHIEEZHWEL TR 2,

MR E T 1k
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Hypoxanthine (HX), xanthine oxidase (XO), horse heart cytochrome C,
superoxide dismutase, catalase {ISigma chemical company (St.Luis, MO, USA) &
DHEA L7z, Willliams'E medium {ZICN Biomedicals (Costa Mesa, CA, USA) &0
A L7z, Collagenase IIRDEHIZE KL O, WA L7z, Fura—2&fura-2-AMiZ[FE{Ab

L DAL, Nifediopine (&N TV K D 5 X7z, Calpeptinid KB K #4585
U VENONGYE N (Rl U S R P S50V i

Z v b I O 75 i & K53

TR 3R HE 180g-220g D Wistar R iEE T v b & D Seglen @ HiLICHEC 7=
collagenase YEFIEIC THBEL =" 19 o EEL 7= IFsIIZ5 % fetal calf serum .
10nM dexamethasone, 100nM insulin % & Williams' E medium #1125 x 10°
cells/ml&72 5 LD ICHFE L. collagen coat L7zcover glass - T95% air 5% CO20D
SFT24RERIE L 7,
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FEaEIFRINE Z2 5 uM Ofura—2-AM Z 7 Eagle's minimum essential medium #C
1 WE, 37°CTHEE L, fura—2Z2Anm L7z, K582 Krebs—Henseleit-HEPES
buffer (Ca® : 1.27mM) T3[E¥H L. SBESiOstageicd Bz, [Ca’ i1
multiparameter digitized microscopy (Argus 100, /A7 + b =27 2)THIE L 7=,
DI AT ATIE, WEXICESFHMII O photobleaching & photodamage % i />
I29 5728, computerfilfflick s+ vy —%ZiH L7z, F/zneutral density filter
B L7z, Fura—2 267 LZZIFHIIIC340nM  (Ca® &2 M) &£380nM  (Ca® JEik
ZME) O ERN L. £od0tE i b T Enbackground ZELsIWEH D%
pixel T ST U THEMED L Z KDz, EEMEHh#RIZ . EGTA & fura-2 230
HEPES buffer Z MWk

AN IC fura—2 ZAm L72%, HX & XO 2L, To% 30, [Ca’ | #fllE
L. [AERHCEEICTIBEDOR(LEBIZR L /2. S 512 2 %elutaraldehvde & 2 %
osmium THEE L, AEEEME (HV284ET) THilREmos bzl z. HXE
XOZFEMLU =% OO viabilityid, buffertiZ it & 15 LDHIG M THEAM L 7=,
LDH {EPEUnikit  (FpAAEEE) 2 W TEREFEMICHIE Uz, LDH O KB auid.
PR Z 3 [l sifAs alfe U 7= Il S Nzt &\ R Lz, SEBRTOLDHIGMEIL,
KB REICHT B /8—t > hTRUZ, HXEXOZEA LR34t d Ssuperoxide
DERIZ. cytochrome CETHIELZ'Y . T74abB, cytochrome COFELE KT
HX EXOZ RS LZREDS550nM OB D2 b Z 1 nlE L. T DARLL DR 7,

M Ca* DR PR B -DIT, Ca” 2R L7z WKrebs-Henseleit-HEPES
buffer. »5Wid, Ca” ZHEMET0.5mMDECTAZRI L 7=bufferZ i L TlHlkk
DEBREIT- 7=, X 5HIT, superoxide dismutase &catalase (#%10-1000U/ml)
nifedipine (1 M) . calpeptin (RIS @ PECa™ (K fF 1 protease inhibitor ,
10-100 uM) DENRZEHF Rz, WTNH, superoxide DFEEHEFTICbufferiz iz 7z,

o RE P U
A RER DA B AR EITIE D WaATE (ANOVA, analysis of variance ) ZH W=, W

TNHHABAKEZERRS % E L. AP OBHEB XK H O LRIT, B E
AThHoHDOLT.
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Superoxide F& 4 &

250 yMDHX &, 25, 50, 76 mU/mIOXOZEEAT S L, TNEN3.97, 7.96,
12.5 puM/minute @Osuperoxide ¥4 L7z (Fig.1.) . LA FOFEERTIE75 mU/mlo
XOZMM L7,

M Oviability, [Ca®'l, JEEAML

HX EXOZIRI U 2K, bufferiTHit NS LDHIEMEL, #n#0.5. 1.0, 3.0,
5.0Rfl TZENENO, 39, 75. 95% TH-o7 (Fig.2.) . [Ca”' |, DFIHIIZH
200nM T, HXEXODIMI8 KD LA LIZT D300 FEITIFH700nMIZE L= (
Fig.3.) . EEEMEICTI8 )% ITidsmall bleb 238z X4, 21/ Tidlarge bleb 23
U LZE Nz (Fig. 4.) . 300X, ZORZIFIHEBMALZ. [Ca” | MM
BEIZ IR S N7zblebD T IZHIBEANR 517z, SuperoxideF§4:2150#%. [Ca® o
MBI SN OF & A ST EblebhViE® 57z,

Ca ™" JEIRIN Oz R

Ca? Z#mL 7z wbufferZfn5 &[Ca* FHX EXODHM 3 0 0B ET LA L
Moz, I HICbuffericEGTAZIRING 2 &, [Ca” [ I3th&4 1K F L7 (Fig.3.) .
BufferfdCa® %1.27mM & T % E HX EXODTSINB00 1 57% D [ 21 12 large
blebMEZZ I N/ DI L, Ca® ZEFLawbuffert T, 26%0RINE D L HiIC D
Alarge bleb\ B X 7=, & 5ICTbufferiCEGTAZRINT 5 &, large blebD#iZERE 1
2 IRIZ10%ICE TR Lz (Fig. 5.) . MilgstoCa® o4 8IC#H 59, LDHIZ
HX EXODFMN300 % F Tt Eniamn-> 7z, superoxide ®FEA1ECa > ZEI L7z W
WAETH (11.6 uM/min) , Ca? ZHEMETECTAZRM LA TS (11.6
uM/min) ZEEINEN-T.

SOD & catalase D%h 5

SOD & catalase {3 &FEICLDHO it 2 43 32 U Gid 2 61%, 10 U/ml :
62%. 100 U/ml: 31%, 1000 U/ml: 0%) . 1000 U/mlTiE[Ca* | FR-&Hik S
N7 (Fig.6.) . Superoxide ®FE4:121000 U/MIDLEE F Tl nsg (1.7
}ll\rl/min ) o

Nifedipine ® %) %

HX EXO i 3 Ref2iICbuffert Tt S5 LDHIX, 1 pM Dnifedipine D{EAE
FTER I E 4 Gt 67%. nifedipine : 39%) . £72[Ca™ D L5 BHI X




N7z (Fig. 7.)., Superoxide ® ¥4 iEnifedipine DFEIEIZ L O B A2 Z T ah-> 7= (
11.9 uM/min ) .

Ca “"&f#protease inhibitor M%) %

30 uM D calpeptin D fEff F THX EXOZbuffer IZEMdT % &, LDHD UHIEAT &I
M E N7z, L L 100 pMDcalpeptin O fF{E FTIRLDHIZE 612 R U7z (ki
53%., 10 uM : 51%, 30 uM : 32%, 100 uM : 75%) . Bleb® k&30 uM D
calpeptin DFEE FTIEMBIE /=, UL LICa™ | o EFH3m Sz h-7= (Fig. 8.)
Calpeptin OfFAEIZ L > THsuperoxide DFEAIIIHI S Nan->72 (11.1uM/min) .

HR

PLRT& O 4 Dt DRzl « ARG EICBVTCa DIEHICEERN - THDH I &
MHEINTVS Y 2%, L, HEfiloCa™ |AWE TSR, TOHNEE S 5IC
PEHNCRRETT B 2 EMTES LD IR 2. HEiFMilICd U TRtk a4 9 % 38545 %
mINT B E, HEZZFEMBOCA X ER L, ZhdphospholipaseCa”* &1 M
Oprotease ZIEMALL . BENHETT B I EARINTNVWS 'Y 2 i - FHEER
BEICBNWTBREKZANZZLBEZSNTVSA, Lemasters 5° 1ZKCN &
iodoacetate % JHl \  7zchemical hypoxia @487 T, TFRIRG & DA [Ca® | D L5
RUICKRES Z &R L. i - HEEREFICBTSCa” ORENZESEMN Sz TN S,
— 4, McCord?®® {3zl « H#ERSEHOEK & L Tsuperoxide D G2 B L7z, &
mHB, ERE OB E RN T 5 &, i iCadenine nucleotides @77 i
PEM & U CEE S N/zhypoxanthine (HX) 22 5xanthine oxidase(XO) 12Xk > T
superoxideE UL, ZIAMENEMEZEOMIRZEHTSHEVWOIEFTHD. €
T, AR TR EFMIICHX EXO & ZRML, superoxide Z%EE L 8, [zl -
MR EDETIVE L. T 0RO IS & O g & [Ca™ | O BEIfRZ R L7z,

eI C superoxide 2R INT 5 &, 1 Ki# X O buffert iCLDHAWH LI U
B, HMMENELSNELDIT/RD, S5KHITIEZE A EOMIAViabilityZ k-7, ZD
ZT, MKENAE B LA, T 72b Bsuperoxide & /E#307) £ TO[Ca™ |02k Ll
K D22 8%eT 5 &, [Ca® 13180 K » FHZPIAL . LI LR i 5 L,
304> TIZ700-800nM & 725 7z, [Ca® | A% L5 LA % & [WRF S|l 21 i small bleb
WERBBETRININAKDIZRD, TOBRIEMTb#ILinnE/zlarge bleb2M B L 7=,
LU, superoxide 784 #3070 AN TILMIEIL A iehe 3 M3 e -7z, TDELD
(2, ARBRET) TIIHIRRIRER 02t &[Ca® | MBI L TWA Z ENH S e 7z,
2T, [Ca M ERHUTL B ETICI8H M ORMIZEN B B, BUEE TIZIHIRD
[Ca®" | d 2 b2 i L7z Tid. phenylephrine, vasopressin, hepatocyte
growth factor?s EZRM LA, KOLWNOCa™ |0 EAsRrENTnE Y 21,




st 7y —2NLERIVEOEBNBERNT, KbHWRRHICEZSZ EHH
iR TE %, F/-tert-butyl hydroperoxide 2 & 5T *ﬁﬂlﬂ’?{%,%T)l/'CB[Cd NEe: &
PINIZ —i@PEIC B L. TORBIRAIC LA LMTEICE> TV, | ”]Eﬁf;ra(h@a”:c}:é
M5 55T, g_hbmsz\’i CZERIZH S M TRV, radical® Ok D W & b
PRI DB IR D 2 E Z 6N 5. FUEERITFIIZ 24N MILA LR 3T % &
phenylephrine®vasopressiniZ & 5[Ca” | D KIGHME F T3 Z N 6NTNS? )
B4 OETIVTIEIMIIZ24R M 2 L2 H O Z WA, tert-butyl
hvdroperoxide (2 X 5 EGHDETIVTI 11(5II’H" BELEZSONHW SN,

ESL7z[Ca™ | ORIRZE RS DIl Ca™ BB 2 48 L 7z, Buffe IZCa” &I
MLz (Ca’'<10uM) &, [Ga™ W k= fﬂ'v‘f EGTAZRINT % &[Ca*’ N €7 gl bt i
FL7z. AEEBRETIVIC iah‘é[@l”‘ WA Norganellazy 5 dCa® @b)(ul H A E
Té:t@f%mw#‘uka%m%iDi‘Lwﬁﬁh&”‘” AN )
& DHIANADCA” DIFAICK > T ERT B aMREMEDE W, Lz T,
superoxide V£ U % EMIRBICA S A0 EiEE R I L, T 2 THIlAA L b Ca® 2tk 4
AT DR E/RD, T LT, MEMICIEsmall blebNT&E 35, ZDEEDCa” A
DANIZZX L EL TR, Ca’'channeld® 2 WIEZDLD X 1 = X ADE 2 505 055 H
EAHTH S, HENE I EITMBERABIE SN2 DTIRBZNENWZDLTHA D,

Kz, L#Ca® channel blocker & L THI 5 T W Bnifedipine Z/HWz&E 5,
LM Dnifedipineld[Ca* | @ L5 ELDHD U & S0 ifl Lz, Z OB%RIZCa™
channel OfFEZE/RBET BFERN D Lz, BIEE T, il Tidvoltage
sensitive 72Ca’’ channel DFEENGEH ENTH S T2Y | Z 0% Hi3Ca* channel®
NEWD A A =X A, #il 2 dantioxidant & U TOMEM . F7=phophlipase A, D
EZERZENEGLTWSAEESEX 55T,

T, [Ca® | ERLASE. TOMBNTHAEE 55, Nicoterabid
non- lwogomal proteases MG EDHEFFIC HE AR E 2 RZL TVWBE T E2 MG L
=29, Ca® dependent protease @ calpain (3fEpHM HPET, Ca®ick > THI S
ihénon— lysosomalZgcysteine protease & UL THISNEB D, Fix OMifL Tproteolytic
BBRICBWTEEAREIZ LT EREINTVRS?Y 29 L MR TIZ
calmodulin binding protein¥>phospholipase A,A3calpainiZ & > THiE T % L] S
Ntz Y X 5izactin binding protein’z £ O£ ©Ca* dependent
protease DEEIC/E D EINTWS? 2 2P | SO pFE TR &Y calpain
inhibitor T# % calpeptin ®ZhFIT DWW T R/=, 30uM DcalpeptiniIbleb® Bk &
LDH® B 247 Bl U7zA%, [Ca®' | o LRI L Zsh - 7z, 205 OfEH L%k
OHE2Y 2V ko, ERUKZCA” | calpain Z2iEME(L L. Ml ZmdE L, #i
WBIZEZHD EEZ BNz, @R Dcalpeptinldifi/MRICBIT BT T F R R
EH 4 OMIMESRE B E R IFT EREIN TS Y . SRIOERICBVTH100uM
Dcalpeptinidsuperoxide (2 & B MG 2 B5R L 7~

S ——
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Superoxide {2 & % G SR IR L O MIRPICCa® DBIRAT B Z &ick -
TlCa® 1 ER- L. TO#5HCa” dependent non-lysosomal protease 2355 AL & 4,
AT # DRI EBEREN G I NS T EAVRE SN,

o B

Bab 52 B VAN OMEE 5 A TWEEE, WHU)7 5 EHS, L %0
DX LZHRRHEAR MNT, MO ICER L OMfEE, MEoRZHEXL M
SPABYEER. g RIS Al IS O SR T L EBIT, ARA/MITEHML £T.
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FIGURE LEGENDS

Fig. 1. Production of superoxide as a function of XO concentration. The rate
of superoxide generation was assessed by the cyvtochrome C method described
in Materials and Methods. Superoxide produced after addition of HX ( fixed at
250 M) and XO at 25, 50, and 75 mU/ml were 3.98, 7.96, and 12.5 uM/min,
respectively.

Fig. 2. Time course of hepatocyvte death after addition of HX and XO. The
initial rise in LDH was observed at 1 hour, with the release reaching 95% of the
total amount at 5 hours.

Fig. 3 Extracellular calcium environment and changes in [Ca*"], following
superoxide generation. In the buffer with calcium, a significant rise in [Ca*"],
from the basal level (about 200 nM) was first observed at 18 min, and [Ca *'],
reached about 700 nM in 30 min. In the buffer without added calcium, [Ca*"]
was sustained around the basal level. Furthermore, in the buffer without
additional calcium and with EGTA, [Ca”'], decreased.

Fig. 4. Phase contrast microscopic observation of the hepatocytes. (A)
Hepatocytes just prior to superoxide generation. No large blebs are seen. (B)
Many blebs can be recognized 30 hours after addition of HX and XO. (original
magnification x 400 )

Fig. 5. Percentage of cells with large blebs at 30 min. In the buffer containing
1.27 mM of calcium, 57% of the cells had blebs on cell the surface. In the buffer
without added calcium, blebs were observed on 26 % of the hepatocytes. In the
buffer without additional calcium and with EGTA, only 10% of the cells had
blebs.

*P<0.01 compared with Ca®'(+)

**P<().01 compared with Ca*'(-)

Fig. 6. Effect of SOD and catalase on LDH release and [Ca”'. (A) LDH release
3 hours after addition of HX and XO. In the presence of SOD and catalase (100
U/ml each), LDH leakage was significantly suppressed. More complete
suppression was observed at1000 U/ml of each. (B) Change in [Ca”']. The rise
in [Ca”'], was completely suppressed with 1000 U/ml of SOD and catalase.

*P<(0.01 compared with control




Fig. 7. Effect of nifedipine on LDH release and [Ca ®"]. (A) LDH release 3 hours
after addition of HX and XO. LLDH release was partially suppressed by nifedipine
at 1 M. (B) Change in [Ca®'], The rise in [Ca®'|was suppressed by nifedipine at
1 uM.

*P=0.077

Fig. 8. Effect of a calcium dependent protease inhibitor (calpeptin) on LDH
release and [Ca®']. (A) LDH release 3 hours after addition of HX and XO.
Calpeptin at 30 M significantly suppressed the LLDH release, whereas a smaller
or larger amount was ineffective. (B) Change in [Ca®"]. The rise in [Ca®'] was
not suppressed at all by calpeptin at 30 pM.

*P<0.01 compared with control

**xP<(0.01 compared with control
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