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Glucose-6-Phosphate Isomerase and Fructose-1,6-Bisphosphate
Aldolase Activities in Regenerating Rat Liver after Partial Hepatectomy

Il Kyung Kim, M.D., Kyo Cheol Mun, M.D., and Chun Sik Kwak, Ph.D.

Department of Biochemustry,
Kesmyung Unwersity School of Medwoine & Institute for Medical Science, Taegu, Korea

This study was made m order to understand the changes involved with glucose-6-phsophate 1somerase(GPI)
and fructose-1, 6-bisphosphate aldolase(ALS) activities mn regenerating rat liver

Cytosolic, mitochondrial and microsomal GPl and ALS activities were determined in regenerating hver tissue
following 70%(median and left lateral lobes) partial hepatectomy 1n rats for a period of ten days The activities
of these enzymes n serum were also measured.

The activities of cytosolic and microsomal GPI in regenerating rat liver tissue showed a sigmficant increase
from the twelfth hour to the sixth day, and the from twelfth hour to the first day, respectively, followmng the
partial hepatectomy. However, the mitochondral GPI activity did not change

The actimities of both cytosolic and muitochondnal ALS in regenerating rat liver tissue showed a sigmficant
mcrease from the first day to the second day following the partial hepatectomy. However, microsomal ALS
n regenerating hiver tissue increased significantly from the twelfth hour to the second day following the partial
hepatectomy.

The actwvities of both GPl and ALS in rat serum showed a significant increase from the twelfth hour to
the third day following the partial hepatectomy.

In view of the above results, the presence of both GP! and ALS in regenerating rat liver suggest the enzymes
increase their biosynthesis in the regenerating stage
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Fructose-1, 6-bisphosphate aldolase (D—fructose-1,
6-diphosphate  D-glyceraldehyde-3~phosphate-lyase,
EC 4, 1, 2, 13 ©13} ALSZ}F ¥+ D-fructose-16-
Lisphosphate 2%-E]  glyceraldehyde 3-phosphate<t
dihydroxyacetone phosphate H=— D-fructose-1-pho-
sphate 2 5-E]  glyceraldehyde®t  dihydroxyacetone
phosphate2 AME 7}¥H oz AMAI& ¥HES
Zuj st # 4 o) (Wilkinson, 1976-Kim, 1984a) 5

Zus g FolA D-fructose-1,6-bisphosphate
€ glyceraldehyde-3-phosphate®} dihydroxyacetone
phosphate2 #2171+ ¥HE-S ZFu)dte Zlolth
(Mayes, 1993a).

EREEAA o] Ehe FHE, M, 7 4L F4,
g, F4, Ao £oz FFEA EE=] glod
(Dixon and Webb, 1978) E5ol% &8I cH(Visna-
puu et al, 1989)

EE EHEENA of E4v AB 2 C 3F9
1sozyme2 2 &2}t (Rutter et al, 1968 5 Penhoet
et al, 1969) {tHEolv F2 ALS-B/F AlEA, 4
Z ¥ mitochondria 2 endoplasmic reticulum®) = =j
3t A (Penhoet et al, 1969 5 Foemmel et al,1975 3
Weiss et al, 1981) 22 &alA gl

Glucose—6-phosphate 1somerase(D-glucose—6-pho-
sphate ketolisomerase, EC 5 3 1 9 °}3} GPigh
e gidl 22 ¢ "E2 A4 BEAA oD
~glucose  6-phosphate®}  D—fructose-6-phosphateS:
A2 rtgdez AGAIE 9SS Zujsle &
22 A (Wilkinson, 1976 3 Kim, 1984b » Mayes ; 1993a
&b) TRHEFEAAE AT A He oz
FRa EXde] lon BFdn AN Pa,
1969 + Wilkmson, 1976 5 Dixon and Webb, 1978) L
Hu} M o] E47 ARH FHo) 7} e
AEe] 7184 280 E2QTd= H(Gracy, 198
25 Mayes, 19932 & b)TF &4 A& ot}

Zroll &£2ko) oW g 48 FEEY] 9
3] Aol BAHA= A (Matsumoto and Naka
mura, 1991 Tomiya et al, 1992) 2.2 <HA o}t
et 7he] Aol g AgstA AHE ofFx
FEA Frh Aol Gug At A3sEhy

ol

e,
r

™ (Becker, 1963 ; Tsukada and Lieberman, 1964 ;
Lieberman and Kane, 1965), A& o] 944438 A]7]¢]
AT M e RS AN dAbe Sx0F 24
s A& 2 @R A ojrt, 53] A el A=
FgA dabrp bslng olo) Fojdls oy &
259 4= 5718 H(Gear, 1965 5 Dzhivaman
and Ter-Dgaman, 1979-Stemn et al, 1985~ <1 3] 2,
1986 5 Nagino et al., 1989 ; Dixit et al, 1992 : F5<F,

1993)
GPI®} ALSE ¥ o
4(Mayes, 1993a & b)ZH, el EH3w
d

of
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T #aEr] w2 4 A Fo g R
Lol M olE Eael &4 AL Aeg
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o] d7e HFT FEH H2AA L AAFT
3 12A1 TR E 104744 A 2HY cytosol, mitocho-
ndria @ microsomed} @A A GPISF ALSS) 84
T2 2] Azt MEEHAM ols A
ZHE HES wEax ¥ Helg

A

ME Wy

E2 U HX BEL 4F o)} B2 2=
&3 A F 320~360 gol S+ Sprague-Dawley
S8

g AMgstded e Y "2A e
12417 1Y, 29, 39, 69 E 10 HE 47
s5e1e]¥ W@ A A AF sty 2t 4
T ME B FEIPor Y Pl YA
Aoz ARG AR AFEHE FERA

=
A FABA AEe) AER ARE WES o
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Y HA Fee Ex Y9 45 HEE 1
At FHE AT A FY F ALE F£E
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st #He Y BA e BEY HFAE o
gt FEEE oF 2 om AN Y FHY A&
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HE AGS § 5y VA9 E ZES H 0
FEY H= A9 dASHEG A DEe A
A kel oF 7097 =y ol AL Yl ongmal Ii-
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Al2k © Tris(hydroxymethyl)aminomethane,  fruc-
tose 6-phosphate, sodwum azide, NADP(B-mcotina
mide adenine dinucleotide phosphate sodium salt,
Sigma grade), glicose-6-phosphate dehydrogenase
(from torula yeast, G 7878), enzyme controls(2E, S
1005 and 2N, S 2005), fructose~1,6-bisphosphate al-
dolase Kit A 2 (procedure No752) % e¥ £F4(10
£/100 ml bovine albumin)& Sigmatt A FE A
slom, 119 ANGEL AR §F Be 47
F& Ab2-Each

2t Mg U MEX 2E 0 dATAA R
o] H&L 1243 FHAZ F ethervh# sholl A A
Yslgon EX yEHozRE AUt HE
il AlRT 2ne e 4 F 4T
025 M sucrose &2 FFEL 7ho) Holdw ¥
Ag AAF oS e AEIAY HE2Y e
AXE 53] gate Ttel ol A9 sucrose &
Mg 3 B% AAAG

g QY Hoe MNP ¥HE o
2 A4 BAHLE A&

o] ARRGLE HEF HEE F4) 2~4CE
Wz & A doir BWog THER Y
3 % % 5 g8 #H3bo] ol eke] 025 M sucrose &
& -5 Teflon glass homogenizer{ ThomasAt A&,
chamber chearance 0005~0.007 inches) & 2~4CE
FR A 400 rpme) SE 2 FA2H A 53] 9B
npayate] 10 %lwv) el 2z A4S ¢EAG
o] I+ FAHN B5F& #H3ltod sucrose density gradient
MR (FEA2 B2, 1986) 2.2 cytosol, mi-
tochondna ® microsomew 88 ¥2&dch & o
o7 E NS 571 X glaverage relative centnfugal
force ©13} A2l A 10% 1 A E st 22 e
ojub 8 & gl gy el 2ue A g 2
AHAE 779 X goll A 208 dHE2E A pel
leto AN g ddon o] BAA A& FHNG
Al 104,000 X gl A 1AIRE 14l B2l 8t pellets}
A dg A ol A& FHAE cytosolF ¥
o2 ARREFTE 123 9ol HAHNA 2L pelletE
025 M sucroseoll A P& A 7|3l of Hg 10~35
%(w/v) sucrose hnear density gradient&%¥ & % &
ARG Aol ¥-31A17] 88,500 X goll A 1583t
AMEYste] A& AL H FAHYY AR
H3E pelletE RolA 83500 X goll A 1417 14
23l pelletE ¥ A 025 M sucrose o 2j

]

A Al A 88500 X goll A} 1417 AU E2 8 pe-
let® ). ©] pellet& microsome ¥H2 2 A}
|5

A Sl 77% X gollA] 2083 AHFEHI}e
HHgella) A& pelletE 025 M sucrose? o] FEA|
713l ol - 20~45 %(w/v) sucrose linear density
gra-dient&¥-E W& AT FRo) R3AA 452
00 X goll A} 2087 A4 Eejste] A& AHEE 025
M sucrose®ioll AMEEAIA 7,796 X gol A 2083t
AR E2] 8l pelletd UL
Fgo= Agadrt

9ol AERYYoIA BE ZZL 2~4TCAN A)
gaton] ofnf A3t P4¥-el7le Du Pont
Sorvall*t®] RC-5B refrigerated superspeed centr-
fuge?t OTD-65B ultracentrifugedth. =3 olw A}
&3 rotore Du Pont SorvallAt®} SS-34 ¥ T865
rotord I sucrose lmear density gradient-%<} e} 2]
%% gradient former(ISCO model 570) & A& %
=t

B2 AR X=X GPISF ALS EAE 54 A8
9} Al ¥e¥ cytosol, mitochondria ' micro-
some TS AV 5 mgmi7} HEF 025
M sucrose Ho] HEAH ALE3tH )

4 M 5F . €43 79 cytosol, mitocho-
ndna ¥ microsome® 3 &) GPI 845 &3 & A 8¢}
7 fructose 6-phosphate® 71H2 A&3t pH
8.7(50 mM tris buffer, pH 8.7), 25C Z oA s& 2t
wrg-Al7le 5ot A4 ¥ glucose 6-phosphate”}
NADP ¥ glucose 6-phosphate dehydrogenase & &
3}l Al 6-phosphogluconate ¢+ NADPHE 3$H qj
340 nm A F74he FRZEN Ha 84
& 3= Bueding and Mackinnon(1955) ]
Hell 9J3lom o] 4 G4k dew 1E1H
1ml 8% £ 1 mge] dlo] wg3t A4 3
NADPHE nmol® JeER) LT}

A4 212 cytosol, mitochondria ¥ microsome
B89 ALS 8HE &AL fructose 1,6-hisphosph-
ate® 7122 A3 pH 7.0(1.5 mM sodum fluo-
nde m 03 M tns buffer, pH 7.0) 37C ZdellA
308 wrgAFE FUo MAE glyceraldehyde
3-phosphate® sodwm hydroxide®} ¥F-8-A1# hydro-
xypyruvic aldehyde® HEAIZ -8 2, 4 dintro-
phenylhydrazine® ©hA] ¥H-8-A1 A WA ¥ hydrazone
< alkah® HHAIA 560 nm el A] vl 4 A et
Siebly and Lehninger(1949)% & 583 Sigmarly)

o] A2 mitochondna
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Kit Alekell oJiict o] Ao A @
Bbol 1wl 83 EE 1 mge o] ¥
ZAE fructose 1,6-bisphosphate® nmol® WERY
Ak

o] AFelA AMedd Ax: FHAE AU AE

& #0]7] 93l Sigmarle] enzyme control& A}
|3t HA}RLn 2& A5 gistd 28] A
sted I HIFXE H3UCh o] AGAAM & A
45 o AR BEFF A computer co-
ntrolled enzyme spectrophotometer(Varin, Cary 210)
Rt

CHHZE Mak: 54 AlF Fo il AHFLE 05
M perchloric acid®} methanolether& (3 1)L
2 uAg AASE Greenberg and Rothstemn
(195782 52 A8 Fof v Ag AT O
buret® (Gomnall et al, 1949) 2.2 AF3lgPtt

MH UYE foAA4 HAL Student's t-testE 3}
Foo FAFEL 0050132 stdT

o]

Ad p.s]
(=] =

BIFZ ME2EOIM GPiel 2R FH HAEE

oA GPI®) ZFAALE cytosol, mutochondria 2
microsome®] 1. W o} F GPI #4=7t 7+ w2
8L cytosolit oo 71 S4mr) e 2
42 mitochondna®& o} ATHE 1.

ElFolAM 2+ EH F XMZER] cytosolic, mito-
chondral % micorosomal GPI2| EME 2HE [ 2t
A & AL cytosohe GPIY BAEE T
A F 12AEE 647 BARAOE {9
7+ Yehlsien A 8219 microsomal GPI
A 7hg A F 1240%E 1974A #
Ve VEIRIYE 289Y mitochondrial GPI
T ARz 8 \5E YERRA E%

o 1o o o 2 2
W o of

ok o ox

x
i

ElFolM Z2HY =M & XJMZHe] cytosolic, mito-
chondrnal % microsomal ALSS] EME HE . 7}
4 dal 3 A cytosolic B mitochondrial GPI
o) ST ool g AHA ¥ 19%E 2UVHA
FAgHoR fold F7HE JeRAT Az
microsomal ALSS] 84 =+ g HA F 12430
5 247tA £9% F7HE JEIITHE 2)

EFoiAM 24 B F Ao GP EME HE
L A F g3 GPL 84RE G 2A F

Table 1 Activities of cytosohic, mitochondnal, and microsomal glucose-6-phosphate 1somerase in regenerating rat liver after

partial hepatectomy

Glucose-6-phosphate 1somerase activities

(nmol NADPH min™'mg protein™?)

post Cytosol Mitochondria Microsome
gzﬁztectomy Ongnal Regenerating Ongmnal Regenerating Onginal Regenerating
liver hver liver liver hver liver
05 5077+ 446 9799+ 87 4° 372+ 54 394+67 814+ 113 1091+ 1420
(93) * (34)
1 5163+ 439 9500+ 75 1¢ 383+58 432473 806+ 122 101.8+ 1312
(84) (26)
2 5127+471 932 1+ 726¢ 378+62 428+ 81 821+118 945+ 124
(82) (15)
3 5075+ 448 6496+ 63 7° 381+ 66 419+ 76 808+ 127 924+ 121
(28) (14)
6 5034+ 462 6323+ 588 376+ 60 397+68 824+ 125 873+132
(26)
10 4988+ 455 568 6+ 60 6 370£55 39.1+59 817+ 116 834+ 128
(14

The data are expressed as mean + SD with 5 rats in each group
Significant difference from original hvers(a i P05, b . P{G01, ¢, P<OOOD)
* Valuse in the parentheses indicate percent increase of the enzyme activities relative to the respective orginal hver values
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Table 2. Activities of cytosolic, mitochondnal, and microsomal fructose-1,6-bisphosphate aldolase m regenerating rat hver
after partial hepatectomy

Fructose-1,6-bisphosphate aldolse activities
(nmol fructose 16-bisphosphate reduced mun™‘mg protein™*)

post Cytosol Mitochondria Microsome
gssstectomy Ongmal Regenerating Ongnal Regenerating Ongnal Regenerating
liver hver hiver liver lhver liver
05 813+ 165 992+ 206 153+ 2.7 149+23 03+ 141 119.2+ 23.1°
(22) * (32)
1 824+ 154 1313+ 3142 158+ 24 230+49 916+ 138 1217+ 228
(59) (46) (33)
2 807+ 167 1187+ 2812 161+31 215+ 362 906+ 144 1412+ 252°
(47) (34) (56)
3 818+ 163 1062+ 205 156+28 188+33 912+ 151 1163+ 227
(30) 2D (28)
6 835+ 158 98.6+ 190 155+ 25 148+ 24 923+ 147 1032+ 186
(18) (19)
10 849+ 149 813+212 163+ 30 156+27 917+ 142 985+ 155

The data are expressed as mean + SD with 5 rats in each group
Significant difference from ongmnal livers(a i P{005, b ;5 P<0.01)
* Valuse in the parentheses indicate same as Table 1

Table 4. Activities of serum fructose-1,6-bisphosphate al-
dolse after partial hepatectomy 1n rats

Table 3. Activities of serum glucose-6-phosphate 1somerase
after partial hepatectomy n rats

post Glucose-6-phosphate 1somerase activities post Fructose-1, 6-bisphosphate aldolase activities
hepatectomy {nmol NADPH min™! m¢™%) hepatectomy (nmol fructose 1,6-bisphosphate reduced min ™! mé™ 1)
days Sham Hepatectomy days Sham Hepatectomy

05 2213+ 503 25421+ 7138 (1,049) * 05 79+ 12 123+ 26" ( 56)

1 2184+ 478 1,022 7+ 4354°  (368) 1 77+ 14 128+ 30° ( 66)

2 2166+ 526 5563+ 2197°  (157) 2 76+ 17 172+ 34° (126)

3 2124+ 514 5442+ 2332¢  (156) 3 74419 148+ 46 (100)

6 2142+ 483 3119+ 1128 ( 46) 6 74415 84+29 ( 14

10 2117+ 487 2828+ 709 ( 34) 10 75+ 14 7622

The data are expressed as mean + SD with 5 rats in
each group ; Sham sham operation, Hepatectomy * hepa-
tectomized rats.

Significant  difference from sham(a s P<O05, b s P<OOL,
¢ 3 P<O00L).

% Valuse 1n the parentheses indicate same as Table 1.

The data are expressed as mean + SD with 5 rats n
each group ; Sham ! sham operation, Hepatectomy hepa-
tectomized rats.

Significant  difference from shamfa : P<005, b P{001,
c s P<O00D)

* Valuse in the parentheses indicate same as Table 1

12AH5E 3Y7A fed 71 JERITHE o &
3).

BFolA 24 HH  @He ALSe| #aT W Ao AT Z7iRe 934 A &
S0 dA F ¥%e ALS 84 Ee Ty 44 —’x‘.%% Bon I FAAME B4z FUlHE B
F 124%E 3d7HA] Ko ® F7HE e A EAE 2 hexokimase, phosphofructokinase, py-

(&F 4).

2~

ruvate kinase % lactate dehydrogenase & & &
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BRURARTE S 15E o

AcH(Dmat et al, 1992) ©1& Hae FEH FZ S
Zufste] kel AjAle] g Ao} hx A A
a2 ZAE7E 2RI (Dt et al, 1992 5 Mayes, 1
993a). TEkA] o] A&ellM ZA g GPI} ALSE 3t
A FEo) o A8l FE &) 54 (Dixon and Webh,
1978 ; Mayes, 1993a & b)Q)9HE ZhAj Ao &harst
A7 el AR e 1 ARt FUME 5 e
Holth

o] A¥X= HFe W HA=9FE A
3 F 12713 19, 29, 39, 62 2 1049 AL
o} A M EZA, mitochondria 2 microsome?) GPI9+
ALSS] RS FA3e L ¥5 S dohde ¥
H EHoME olF Eio BARE XA

o] AfeolA HF 2 M & HAT T AL
Al cytosohe 2 mucrosomal GP19] &=+ 47 3
g A F 12A17RE 64 ¥ 12ARE 19714
Fold F7HE Jehi ek 28 v mitochondrial GPI
9 gHEE AATANA HES GERN A esdth
ES o) AP AHAZFY cytosolic R mutochon-
dnat ALS®) 4 =% tite) 1y HA F 19%
B 2874 9% F71E JERiie s Aty
microsomal ALSS] 45 219 A T 1247
HE 297K fgk F74E e

oldel ZAE E u AMAZrA GPISF ALSE
rafA o) SAJEE Al 7o) IL §HAjo) #UlElol 11 &
*éE P E718 Aoz A7AEng o g O] A
14 E458 F4AA AEZHZ fe2A7le 4
2% endoplasmic reticulum(microsome) ol 4] GPIQ}
ALS &4 =7} A del 3 Al7e) E71E A
7 ooty s Ao =4 Ak
phosphofructokinase % pyruvate kmase?} <Fzj4je]
g A7 AAGANA FEEC 1 AR}
Z7HE = 22Dt et al, 1992)7F 112 B o
g Aolet Azdd 17?414* A B 2kl A mitocho-
ndral GPI9] 8457} W5 & el A @ AL
F-ololg} £HEA F& 0}7]_ oo H A
ko) F ALSEAETE 4% HA F 3¢ ¥ 4
(Weber and Schapira, 1972) %% 10¢ 2 208 (Me-
nache et al, 1980)°} F7t B 2 1v) loh 18y
olg ATt AA| e VAR ETE A&t
FALSEASE ST o] 4¥ A¥ge
Blul M skr)7F FEhk 28]2 Weber and Scha-
prra(1972) 7} 74 HA F 109 2 2049 AL
AA F ALSEAHEI S7HE AT 8 AL AT
olafi 3717} o Hrtk SufstH of A7) AT

ud

9} hexokinase,

Al 3427 27 Mol weby olHe nu
S0 QaANE R8I ol e B oHe »
250) amt w—g— 7}1 g poitt

HEEZE % A XA, microsome P mmitochodria% o
23 ol #E T GPIgAREY] M e £
S X HYolgion GPIZAZ M e
212 mitochondna ¥ #ojgith

e 235 B o TAEAAM GPIY FAie
A XA, endoplasmic reticulum 2 mitochondriagh &
F on olE F FH FAhvw AXHolzt A

Hm

7T

o] A HA HAo) GPIH ALSBN = &
BEa BF Y 24 5 12A70RY 3974 /9
& S7He JEhiled olF AN sEel 35

Holok o] Z#AE 2w o] 4P A GPI
2L ALSe] 84 E Frte AH oz Aol A thE
frelgel vebd At Byl o ejuksid
AP ZEl A cytosolic GPIZF JF A A F 124 7H3-E
64 7+A 13]"’ cytosolic ¥ mitochondnal ALSE

v AA F 12938 29712 O g4 &)
Al = E:ILS}'—L gl F 2 B4R
Z7F A7l b AR 3 124 05E 397 7)

Folct & AANH dAAAM o]F el F7}
AlZ17F DA S A gtr] W& olth mheba] o] A
oAl "Ae] GPISF ALSS #4=7) 4 HA F
12A1HF H 394714 S71E Re 2 g dA
F EA B9 F AR 25 g W UE
Z710 2 HE] o]F HAV 8Fo2 U FE5HO
yEb ARe} WA

AE e} el FxA Y AMS s A
Mo #aa ol gradol 27} w51 (Becker, 196
35 AT fEY, 1969) o} oAy g
izt (Dixat et al, 1992) 2 &}, =8 A X FE o]
g NEe FelluA o] T —tr’ﬂaﬁ"ﬂ 213 o1 A
g Ed(Dixt et al, 1992)7} A3 B npZ o]
g2 HAde Y8 "4 ez H7EY
£3] ol A g A QAN Y tiale 7
AYs 3l Feld Loz dA giabt Mg
v AR J(F71E 9, 1986 v H 9], 1988
#HE2 9, 1989 R T o dgelA ZFAS GPI%
ALSE A A #e 433 a4z AZEd 19

ool dEvteze AR olF Fdo A
%= Z7EF old ddel AF AAA=E £HA &
b omebd A LtellA] o] BaES AR WE
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A2k A glucose-6-phosphate 1somerase(GPD
9} fructose-1,6-bisphosphate aldolase(ALS) 2} 4=
WHES Yolr7] gt 87 19 FHHR HE 9
HE EAT 3 12205 E 10479 3 A
AzEel MEFHoAM o] Ao FHEE =7
g =%
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2H 6Y € 1245 19742 % FE Y
elgitt 28lY mitochondrial GPIe A} A% 7hol A
HE52 JehlA oot

g AA ¥ 83 ALY cytosolic B muto-
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microsomal ALS®] $4%& 19 A F 12713
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U 84 BF Y HA F 12208 E 3¢9 F
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