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Abstract The effect of menadione sodium bi~ltite (MSB) on the metabolism of ( I-‘JC)ga- 
lactose was studied in regeneratmg and newborn rat liver slices. Incubation of liver slices 
with (I-“Qgalactose showed that the rate of ‘?I02 formation was faster in newborn and 
regenerating liver slices than that in adult sham-operated controls. MSB increased the for- 
mation of “CO2 from (I-“C)galactose by approximately 150 per cent in regenerating liver, 
perhaps by increasing the ratio of NADP;NADPH. Such an increase was not observed with 
(I-“C)glucose as substrate. Furthermore. MSB effectively reversed ethanol inhibition of 
galactose catabolism in regenerating and sham-operated rat liver slices. The results indicate 
that the reaction sequence involved in the conversion of galactose to glucose h-phosphate 
operates at a faster rate than glucose to glucose 6-phosphate. Also. the accelerated metabo- 
lism of galactose in regenerating rat liver appears to occur via the hexosemonophosphate 
shunt (HMP) and thus the inhibitory effect of ethanol is attenuated. The effects of MSB are 
explicable on the basis of the hypothesis that the HMP is selectikelg stimulated m liver, 

THE PHENOMENON of liver regeneration is associated not only with an increase in cell 
number but also with a burst of metabolic activity, as in embryonic and malignant 
tissues. The striking similarities between regenerating liver on the one hand. and 

neoplastic. neonatal and embryonic tissues on the other hand. prompted compara- 
tive metabolic studies in the past.’ Whereas glucose is generally considered impor- 
tant in energy metabolism, diversity in galactose utilization attains special signifi- 
cance in the congenital disease. galactosemia,‘. 4 and in benign and malignant 
tumors.“.h Moreover, recent studies indicate that the process of liver regeneration 
is closely correlated with changes in carbohydrate metabolism.‘-” The metabolic 
responses of liver during regeneration are so altered that the inhibition of galactose 
oxidation by ethanol is markedly attenuated in comparison with that of other mono- 
saccharides.’ 

The results of the present study show that the metabolism of galactose is acceler- 
ated in regenerating rat liver by the presence of menadione sodium bisulfite (MSB). 
It is postulated that MSB acts as an electron acceptor and promotes a high NADP, 
NADPH ratio and thus stimulates the operation of the hexosemonophosphate 
shunt (HMP). 

MATERIALS AND METHODS 

P~parvtio~ oJ’the tissue and inctharior~. Male hooded Wistar rats, weighing 16s 
200 g and fed ad lib.. were partially hepatectomized by removing 70 per cent of the 
total liver according to the method described by Higgins and Anderson. lz After the 
operation. the animals were fed ad lib. Sham-operated animals were used as controls. 

i’ Part of thl< \\ork was done at McGill Ilnl\crslt!. Montreal. <‘anada. 
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The operations of animals wcrc carried out between 9 and IO n.m. to control the vari- 
ations due to diurnal rhythm. The animals ucrc caged indi\ iduall) and obser\cd fol 
their feeding habits. Animals which did not show normal uctivit> or wrc not ~cll 
fed \vcrc discarded. The animals wcrc sacriticcd b\ stunning and cssanguination fw 
the preparation of liver slices. The methods of preparation of the adult rat liver slices 
and incubation procedures were adopted from Majchrowiu and Quastcl.’ ’ Lixl- 

slices wcrc also prepared from nc\vborn rats (Sdaqs-old) b! using the McIl\\xin and 

Buddy chopper. Approximately 100 mg of liver tissue was LNX~ for inculx~tion in 
Warburg vcsscls. The incubntion medium contained Krcbs Ringer phosphate butTcr 
(pH 74). ( 1 -“C)galactose. ( I -‘“c’)gI~~cosc. (6-‘4C)glucose or ( U-‘4C)fructosc. The 
labclcd compounds were added to the medium in a solution of 0.1 ml containing 
0. I /mole (05 /Ci) and the nonlabeled carrier sugars wrc added to gi\c ;I tinal con- 
centration of 3 I5 p~oks in 3.0 ml. The other compounds b\cre present as indicated 
in the tables. 

The liver slices from normal. rcgencrating and neonatal rats were dried in ;I dcsic- 
cator on microscope covcrslips and weighed for determination of dr!, weight. The 
ueights of the dry samples were found to be approximately 20 per cent of the fresh 
weights. Preliminary experiments with respiration and glucose catabolism haw 
shown that the surface liver slices were metabolically less active than the rest of the 
tissue and. therefore, thcsc wet-c discarded. When this procedure \vas folloLvcd. uni- 

form results wcrc obtained with all major lobes of the liver. Routinc1y. osygcn uptake 
was measured manometrically and Qo2 was determined as an additional control ol 
each osperimcnt. 

The center wells of the Warburg vessels contained 0.7 ml Hyaminc hqdroxidc in 
small tubes made to fit the center wells.” At the end of the incubation. the medium 
was acidified with 0.2 ml of 30”,, trichloroacetic acid tipped into the medium from 
the side arm of the vessel. and the released (‘0, ~vas absorbed by Hyaminc. The con- 
tents of the tubes iverc transferred into scintillation vials contail;ing I5 ml of scintilla- 
tion liquid and counted in a Packard Tri-Garb liquid scintillation spectrometer. The 
values wcrc corrected for quenching. using an internal standard. The scintillation 

liquid contained 10 g ~.5-diphen\lo\a~olc (PPO) and 0.6 g I .3-his-2(1-mcthLI 

_-~hciiolo\a/ol\ 1)bcwcnc (dimcth\ I-POPOP) in 2000 ml toliicnc. \~alucs of lhc ratch 

of 14’c‘0, formation arc given as natoms 141c‘ incorporated into “C‘02 hr per IO0 nlg 
wet ivt tissue. Preliminary oxpcrimcnts with KOH in center wells as an absorhcnt 

! iclded 4imilar I-wilts \vhcn allowance was made for quenching. 
E.\-rv~~~/io/f c~/‘yl~~yw. GI\cogcn from the liver slices ha:, cxtractcd at the end 01 

the incubation period and purified for estimation of radioacti\Gtb incorporated from 
lab&d sugars. Liver slices, after incubation. wcrc transferred to 3 ml of cold IO”,, 
trichloroacetic acid in ;I Pottw Elvehjem homogenizer and homogeni/od for ap- 
proximatclq 10 min. The homogcnatc \vas ccntrifugcd and the supernatant collcctcd. 
The rcsidw IV;IS washed twice, with 3 ml of cold S’,, trichloroacctic acid. after which 
the residue was discarded. To the combined trichloroacctic acid fractions L~;LS added 
5 mg of carrier glycogen contained in a solution of I ml of 5”,, trichloroacctic acid. 
To this extract was added 5 vol. of 91iCiil ethanol: it was left overnight in the cc~ld. I In- 
der these conditions the glqcogen was precipitated. The prccipitatc was scparatcd 
from the ethanol trichloroacetic acid mixture by centrifuging. then dissoivcd in 2 ml 
of IO”,, NaOH and rcprecipitatcd h! the addition of 5 Sol. of ethanol. The last step 



was repcatcd four times and the precipitate was then washed with acetone and ait 

dried. Finally, the glycogen was suspended in a small quantity of water and made 

up to a definite volume. An aliquot of this suspension was employed for calorimetric 
determination with anthrone reagent.” A similar aliquot was pipetted into a scintil- 
lation vial, dried and counted in the scintillation liquid mentioned earlier. 

The amount of glycogen present in the regenerating liver slices was estimated aftct 
direct extraction from a large quantity of tissue incubated in Krebs Ringer medium 
for 1 hr. It was found that the glycogen content of the slices. after incubation, was 
@01-~0~02 mg/lOOmg fresh wt. In the experiments in which glycogen was to be 
extracted. tissue slices weighing about 60 mg were used. The r~ldio~~ctivit~ associated 
with 5 mg glycogen in each sample NW taken as CorrespoJ~diil~ to the total glycogen 
in the tissue used for the ~x~~~rirneiit, since endogenous glycogen in incubated slices 
was negligible relative to the carrier. The glycogcn isolated from each sample wxs 
measured calorimetrically and the values were corrected for losses during experimen- 

tal manipulations. 
The results given in the tables are the mean values of at lcast six experiments and 

the standard errors of tho means are given. Control experiments were always carried 
out in duplicate and the results are the mean values of at least 10 observations. Re- 

agents for liquid scintillation were obtained from Packard Instrument Company Inc.. 
Chicago. Ill.; radioactive chemicals from the Radiochemical Center. Amcrsham. 
England and Calbiochem. Los An&es. California; and the rest of the chemicals from 
i\/lerck. Sharp &I Dohme, Montreal, Canada. 

RESllLTS 

Preliminary studies were carried out to select an incubation period representative 

of CO, production from labeled carbohydrates. The production of ‘“CO2 from 
various substrates was proportional with time from 15 min to more than an hr. when 

measured at 15-min intervals. Thus the experiments were carried out under stondy 
state conditions. A low concentration of galactose ( I.0 mM) was sufficient to obtain 
these conditions. because of the low K,,, (5.8 x IO-“ M) of galactokinase for galac- 
tose.” Thus the possible toxicity of the galactose metabolites resulting from the use 
of saturating concentrations can be avoided.” The rate of respiration was also con- 

stant during this period. Results obtained from a 60-min incubation time are taken 
to represent the rates of metabolism of sugars. 

Oxidation of ( I- * “C)glucose and ( 1 - 1 “C)galactosc in normal adult and newborn as 
well as in regenerating liver shoivs the following features: (1) the production of 
“CO, from (I -’ ‘Qgalactose is significanti! greater than that from ( I -' JC)fI~~~~x~ 

at 1 mM in all the tissues and (7) ( I-‘4C)galactoso at 1 mM yields approximately 90 

per cent more “CO, in newborn and regenerating rat liver than in normal adult 
liver under similar experimental conditions. On the other hand. no similar incrcasc 
is seen in the rates of production of “CO, from (I -I “C)glucose in regenerating livci 
slices (Table I). 

Since glucose 6-phosphate is a common precursor in liver for CO, formation from 
glucose and galactose. it may be assumed that the difference in the rates of hrenk- 
down of these two sugars is due to their respective rates of conversion to glucose 
6-phosphate. Since there is a possibility for dilution of the pool of glucose A-phos- 
phate by the pool of sugar phosphate for-n& by glycopenolysis. thus loiverinp the 



( I-“C)galactosc (I mM) 204 * 047(a)i- 37-o I 077(c) 3s.‘) + 0.1 s(e) 
(I-‘“C)glucosc (I mM) IWO * ()-13(h) I I.0 IO.1 I(d) Ii.0 _t WS7( fl 

* Rat II~CI. shccs wcrc incubated in Krcbs Ringer phosphate medium (I.5 ml). dcacrihed in hlcthotl\. 

for I hr in 0, at 37 The labclcd glucose and galactosc (I4 mM each) wcrc prcscnt at the start of the 
cxper’mcnt. The final npccific radioac’ivit! of each suhstratc uas 0.5 /L’i 3 ~tmoles. The values of ‘hc ‘~tc\ 

of’4C’01 formation at-cckprcsscd ar natomr( I S.I:.) of ” ( ‘ncorlxr’-atcd in’0 ‘JC‘O1 hr per IO0 mg \\c’ L\ I 
t bgnltunce bc Student‘s r-test Ior :I \s b. b is I. c 1s d. d vs I. c 1s I. P ~ c 040I. d L\ 13 = \S. 

production of labeled C’Oz from ( I -‘“c’)glucosc. incubations of regenerating rat 1iv.c’ 
slices were performed with the addition of unlabeled glucose to (1 -‘“C)galactose and 
alternately of unlabeled galactose to ( I-‘SC)glucose. The results (Table 2) show that 

there is no equivalent depression of “CO, formation in either cast. indicating that 

the isotopic dilution caused by glycogenolysis under the conditions of experi- 
mentation outlined does not materially alter the values for ‘“CO, obtained by the 
breakdown of ( l-‘4C)glucose and (I-‘“C)galactose in regenerating rat liver. However. 
the possibility of dilution of the glucose &phosphate pool by glycogenolysis appears 
to be remote under conditions using tissue slices in cit~o, because of the rapid deple- 
tion of glycogen during the preparation of the tissue. 

The results obtained for the incorporation of labeled carbon from (I-‘“C)galactosc 
and (I-*‘C)glucose into glycogen of the liver slices show that (I-‘“C)galactose is in- 
corporated int.0 glycogen more rapidly than is (l-14C)glucose (Table 3). Moreover. 
incorporation of (l-‘4C)galactose into the glycogen of normal liver slices occurs at 
a faster rate than in that of the regenerating and the newborn liver. Menadione 
sodium bisulfite, which will be shown later to increase the rate of formation of ‘“CO2 
from these labeled sugars, decreased the rates of their incorporation into glycogen. 
In regenerating and newborn rat liver slices. the conversion of galactose 1 -phosphate 
to CO2 takes place at a higher rate than in liver of control animals. The effect of 
MSB on the rate of 14C0, from (l-‘4C)galactose has been studied in normal adult 
and regenerating rat liver slices (Table 4). Higher concentrations (in excess of 
1.5 mM) of MSB in these experiments had inhibitory effects on the production of 

14C0, from ( l-‘4C)galactose. 

TAHLE 2. INTERACTION OF GLICOSL. AXI) GALACTOSE I> RtGENLRATlNG R4T LIYI K* 

Substrate 

‘VO, Inhibition 
(natoms ‘“C) (“A P values’ 

(I-‘“C)galactose 
(I-“V)galactose + glucose 
(I-r+Jg1ucose 
(I -‘~C)glucose + galactose 

* Rat liver slices were incubated m Krebs-Ringer phosphate med’um (3.0 ml), described m Methods. for 
I hr in O2 at 37 Glucose and galactose (I mM each) with a final spec’fic activit! of 0.5 ItCi 3 nmoles 
each were present at the start of the incubation. The values of rates of “CO2 formation arc expressed 

‘1s natoma (+S.E.) ‘Y‘ incorporated into “<‘02 lhr pi IOU mf bet n t 
I- St;rti\tlcal sign’licancc ind’catcd h> P \.‘I”L~\ dcr’\cd Iron’ Sludcnl’\ I-‘h’: II h 



.Ejfie of’ rncwurlio~~e dim hi.sdjitc~ 011 ’ "CO, pmtlwtior7 ,fimi ( 1-l “C)gluco.sc. 

(6-‘“C)gllr~osr crr~l (U-‘“C)fktosc~. The results given in Table 5 show the effects of 
MSB on the formation of 14C0, from ( l-‘3C)glucose. (6-‘SC)glucose and 
(U-“C)fructose at 5 mM in regenerating rat liver slices. The rate of “CO, formation 
from 5 mM ( I-lJC)glucose in the presence of MSB (05 mM) increases nearly three- 
fold. With (6-14C)glucose (5 mM). MSB (0.5 mM) produces an increase in the rate 
of 14C02 formation of 67 per cent in normal and of 153 per cent in the regenerating 
liver tissues. On the other hand, with 5 mM (U-14C)fructose as substrate there is no 
increase in the rate of 14C02 formation either in regenerating or in normal adult 
liver in the presence of MSB (0.5 mM), but these rates are much higher than those 
for ( l-t4C)glucose and (6-‘4C)glucose. 

~jjkt qj’MSB i/l the pwscr~~ cf&md. Ethanol (5 mM) inhibits the rate of 14C0, 
formation from ( l-14C)glucose by 41 per cent in the normal liver tissue and only 28 
per cent in regenerating liver tissue. On the other hand, the degree of inhibition is 
much higher (approximately 68 per cent) in both tissues when (6-‘“C)glucose is the 
substrate (Table 6). The highest rate of inhibition by ethanol is noted bvith galactose 

T.uu 4. !SFKT OF M~NAIIIONI OS “co2 Ylf LUS 111051 ((-‘JC‘)C;AL.ACTOSt IU U”R!,IAL AD, LT AN,> I, 

KI GFZI.KATl\;Ci RAT ,.I\‘, II S,.,(‘, S* 

Menadionc 

concn 

(mM) 

Normal Rcncncratinr L 

‘JCO? Increase ‘VO1 

(natoms “C.) (“0) (natom!, ‘IC) Stimulatlont 

Nil 21.0 + 0.6 33.0 * 0.2 

0.50 33.0 f 0.1 57 83.0 * 14 151 

0.25 35.0 f 1.3 67 97.0 * 4.2 194 

0.10 29.0 * 0.3 38 77.0 * 3.7 103 

* Rat liver slices were incubated in Krebs-Ringer phosphate medium (3.0 ml). described in Methods. 
for I hr m 0: at 37 Galactose (I mM) with a final specific radioactivity of 0.5 AtCi 3 itmoles and MSB 
wrr present at various concentrations at the <tart of the incubation. The VIIILICS of rates of llCO, forma- 

tion arc expressed as natoms I k S.E.) “C incorporated into “CO, ht- per 100 mg wet Ut: the nl;mber of 
ohwr\ntions is 6 IO. 

-1. Pcrccntage inwxhc in cxce\\ of the control\. 



87 the \uhhlrat~3 in normal Ii\‘cr tissue. tlic inliihition kin g ahot~t 75 per cent. Ho\\- 
au. the inhibition is inxhccll~ attcnuatcd in rcgcncrating rat li\cr. ;14 h;ih hccn 

reported earlier. 
MSB abolishes the inhibition of ’ -( (‘0, production b> ethanol to \ariou5 dcgrecs 

\vith cad1 labelecl sugar scrI+ng as ;I substrate. tutoring the “(‘0 1 i iclds at Icast 

_ to control \aIws. The significant cxccption to this is the inhibiticw ol ‘- “( ‘0, ! iclds 

fi-on1 (6-‘4C‘)glucose in normal rat liver slices. With (6-‘4C‘)gli~cow 2s ;I sulxtlatc in 
normal li\cr. inhibition 01‘thc li>rmation of ” (‘0, is dccrcased by only, 70 per cent 
in the presence of MSB. In regenerating liver. howevc~-. MSB rc\ L’I’SCS the inhibition 
of ethanol on the I-ate of production of ” (‘0, l-rot11 ((1-‘4~‘)glLlcoxe. 

1>15(‘1 SSION 

Though the s>nthcsis ol’nLlcleic acids is initiated in liw. during the 74 hr al‘tcr par- 
tial hq~atcctom\,. protein sqnthcsis OCCLII’S maximallj~ bctwccn 40 and 4X hr.’ ‘.I” II 
the altcrationa in cnqmatic activit! arc ;I reflection of the C/C, ~10f.o cn/! mc synthesis 
during rcgcncration. it is like11 that theso ma! occur during the latter pcriocl. There- 
fort. all the mdabolic studies presented in this paper wrc‘ pcrl’~~rmcd using rcgciicr- 
sting IiLcr tissue obtained from animals 48 hr after p’artial hepatcctom!. 

In regtznerating rat Iivcr. as Mcll iis in nwborn rat liwr. g:ilactosz catabolism is 
m:irkcdl\ incrcawd. Segal c’/ (11. made ;I 5imil:it- olx;cr\~ation iii their \tudics u5inf 
nuvbor11 rat iiwr siiccs. The metabolism 01’ gaiactose is initialI! controlled b! the 
activities of gaiactosc I-phosphate p~ropliosplior~lase. liI>P-gai~ctoac ttxnsfcrase 
and ~alactokinasc.‘” The activities 01‘ the first t\vo cnc> mcs arc lo\+ in the liw-s 01‘ 
neonatal animals. Though the activities of thcsc two CIIL> mcs stcadil> incrcasc with 
maturity of the animal. the ratio of their activity rcmaiiis constant.“’ Ho\\ewr. 
not much is kno\vn about the dcvclopmental chnges in galuctokinasc acti\it! and 
it appear-5 that the higher rate of oxidation 01‘ galactosc ill the ti5’ruc slices is COLIC 

to this c~i/~mc.’ Since the o\crali m~taboli5m ofpalactow i\ inuud in the neon;ltal 



Su
bs

tr
at

e 

(I
-‘

V
)g

al
ac

to
se

 

(1
 m

M
) 

( I
 -’

 ~
C

)g
lu

co
sr

 
(5

 m
M

) 

(6
-1

4C
)g

lu
co

se
 

(5
 m

M
) 

A
dd

iti
on

s 
(n

at
om

s 
“Y

) 

N
il 

20
.0

 
+ 

0.
5(

 1
0)

 

E
th

an
ol

 
5.

0 
f 

0,
5(

10
) 

M
SB

 
33

.0
 

* 
0,

6(
h)

 
E

th
an

ol
 

+ 
M

SB
 

18
.7

 
&

 1
.3

(6
) 

N
il 

46
.0

 
f 

0.
6(

 I
O

) 
E

th
an

ol
 

27
.0

 
_t

 0
,5

(1
0)

 
M

SB
 

13
5.

0 
f 

4.
7(

6)
 

E
th

an
ol

 
+ 

M
SB

 
12

8.
0 

_t
 4

.7
(6

) 
N

il 
15

.0
 

+ 
0.

4(
10

) 

E
th

an
ol

 
5.

0 
+ 

0.
5(

10
) 

M
SB

 
25

.0
 

k 
0.

5(
6)

 

E
th

an
ol

 
+ 

M
SB

 
8.

0 
k 

0.
5(

6)
 

In
hi

bi
tio

n 

(“
0)

 

0 75
 0 0 

41
 0 0 67
 0 47
 

(n
at

on
s 

‘“
C

) 

37
.0

 
f 

0.
7(

 I
O

) 

30
-u

 
&

 O
-4

( IO
) 

x4
.0

 
* 

1.
0(

10
) 

76
5 

* 
I+

ql
O

) 

50
.0

 
* 

2.
1(

10
) 

36
.0

 
* 

2-
5(

 1
0)

 
15

1.
0 

&
 I

l.4
(6

) 
10

6.
0 

+ 
X

(6
) 

19
.0

 
f 

0,
6(

6)
 

6.
0 

f 
0.

6(
6)

 
48

.0
 

f 
3.

7(
6)

 

18
.1

 
f 

O
++

(6
) 

* 
R

at
 

hv
cr

 
sl

~c
cs

 w
er

e 
m

cu
ha

tc
d 

in
 

K
rc

bs
 

R
in

ge
r 

ph
os

ph
at

e 
m

ec
hu

m
 

(3
.0

 m
l)

. 
de

sc
ri

be
d 

in
 

M
et

ho
ds

. 
fo

r 
I 

hr
 

in
 

0:
 

at
 

37
 

L
ab

el
ed

 
gl

uc
os

e 
(O

-i
 /

IC
’I

 1
5 

~m
~o

le
s)

. 
ga

la
ct

os
c 

(0
.5

 /
IC

I 
3 

A
m

ok
). 

et
ha

no
l 

(5
.0

 m
M

) 
an

d 
M

SB
 

(0
.5

 m
M

) 
w

er
e 

pr
es

en
t 

as
 

in
di

ca
te

d 
at

 
th

e 
st

ar
t 

of
 

th
e 

ex
pe

ri
m

en
t. 

T
he

 
va

lu
es

 
of

 
ra

ts
 

of
 

‘“
C

O
, 

fo
rm

at
io

n 
r,,

c 
c\

pr
c\

\c
d 

a\
 

na
to

m
s 

(i
 

S.
E

.)
 

“C
‘0

2 
hr

 
pe

r-
 I

O
U

 m
g 

v,
ct

 
tis

su
e.

 
N

um
be

r 
of

 o
hs

cr
\a

tio
n,

 
ib

 g
i~

cn
 

in
 p

ar
en

th
es

es
. 

T
he

 
da

ta
 

pr
es

en
te

d 
11

1 T
ab

le
> 

5 
an

d 
0 

;I
IC

 d
tx

~\
cd

 
fr

om
 

th
e 

um
e 

se
t 

of
 e

xp
er

im
en

ts
. 



Golactose 

ATP----- -b ADP 

UTP 
/ 

Galoctose 1 -phosphate --~ 

II 

..~ I-- -.... * UDP golactose 

PPi “j ! 
/ 

m m i 

tiUMP 

Glucose B-phosphate - Glucose i-phosphate - --- Glycogen 

rat liver. it is probable that galactokinase is the rate-limiting enzyme (Fig. I. step 1 ). 
During the development of an animal from fetus to adult. changes involving gly- 

cogen metabolism and the synthesis of enzymes affecting carbohydrate breakdown 
appear to take place. 3.21.‘1 In agreement with these findings i/7 rim. the s)nthcsis 
ofglycogen ir? cirro appears to proceed at a higher rate in normal livers than in ne\~- 
born and regenerating livers. Incorporation of (I-‘“Cfgalactose proceeds at a higher 
rate than that of ( I-‘4C)glucosc at I mM indicating that UDP-glucose is formed at 
a faster rate from galactose than from glucose at equivalent concentrations (Table 
3). Under conditions favourable for the oxidation of galactosc. it appears that incor- 
poration of galactose into glycogen is generally lowered, as indicated in Table 3. 
Nevertheless, due to the large increase in the metabolism of galactose in regenerating 
rat liver in the presence of MSB. incorporation into glycogen occurs marginally. 

Incorporation of (2-‘4C)galactose into the glycogen of liver was sho~vn to have 
been recovered as the glucose moiety labeled in the C-2 position to the extent of 75. 
92 per cent, indicating that the galactose molecule is carried intact into the metabolic 
pathway until it is converted to UDP-glucose.‘3 Though galactose and glucose shou 
common intermediates in their conversion to glycogen or to CO,. it appears that 
the higher rate of metabolism of galactose as compared to that of ~~LICOSL‘ is dut: to 
the phosphorylation of the latter being self-limiting. As shown in Fig. I. galactost 
is metabolized to glucose &phosphate before it is converted to COz through the 
HMP and glycolysis. At present. no simple and precise method exists to cstimatc 
the extent of the operation of these pathways in such it complc~ condition ;L:, that 
in liver.2” However, the relative quantitative importance of these pathways can he 
ascertained by the use of specifically labeled glucose under identical conditions. 
Labeled CO, is derived from (1-14C)gl~~cosc through the HMP and gl!colqsis. 
whereas “CO, from (6-‘SC)gl~~cose is mainl~~ derived from glycol~-sis end tilt‘ citric 



acid cycle. Thus the excess of Is CO, from (I-‘~C)glucosc is a simple indication that 
the HMP is operative in a tissue. However. excessive operation of the HMP will 

result in recycling of (6-‘1C)glucose through transaldolase and transketolase reac- 
tions and may contribute to the “CO2 derived through the HMP. thus complicating 
the picture. Then one may not be able to observe any increase in the HMP by the 
mere ratio of ’ “CO, derived from (1-l “C)glucose and (6-l “C)glucose.24 A specific in- 
hibitor or stimulator may be useful to ascertain the relative operation of these path- 
brays. The use of ethyl alcohol as an inhibitor acting at the NADP level had been 
suggested for the study of the HMP” which was, indeed. found to be inappro- 
priate.“’ Majchrowicz and Quastel’” have shown that “CO2 yields from the meta- 
bolism of (l-~‘lC)gl~~cose are not suppressed by ethanol. but yields from (6-14C)glu- 
cost‘ arc stoichiometrically suppressed by isotopic dilution. When the effect of eth- 

anol on the oxidation of various substrates has been examined in liver. that of galac- 
tose is markedly inhibited.’ The inhibition is, however. much attenuated in regener- 
ating rat liver. Similar results were obtained in the present study. Formation of’ 
“CO, from ( 1-15C)g1ucose is inhibited by ethanol by about 41 per cent in the con- 
trols, ;n contrast with 3X per cent in the regenerating tissue slices. The inhibition of 
‘“CO, formation from (6-‘4<‘)gl~~cose is much higher (6X per cent). the net yields in 
the prcscncc of ethanol being not significantl~~ different (P > 0%). This is in confor- 
mit! with the hypothesis that ethanol exerts its effect by isotopic dilution of the acctyl 
CoA pools derived from labeled hexoses. Accordingly. the diminished inhibition of 
galactose oxidation by ethanol in regenerating rat liver is due to its channeling to 
the HMP pathway.’ The mechanism of action of MSB can be conjectured from this 

background. 
In regenerating rat liver slices. as well as in those of normal animals. MSB 

(0.5 mM) increases the formation of ‘“CO2 from ( I-14C)glucose to an equal extent 
(three-fold). Such an increase has not been observed with (6-‘4C)glucose in normal 
liver (Table 5). Mcnadione has been shown by Marki and Martius” to oxidize 
reduced NADP by the liver enzyme, NADP-methyl-1,4-napthoquinone-oxidoreduc- 
tase (EC 1.6.99.2). The resultant high NADP,‘NADPH ratio is likely to allow meta- 
bolism of glucose and galactose (the latter via glucose 6-phosphate) to proceed maxi- 
mally through the HMP pathway. Similar rates of glucose catabolism in normal and 
rcgonerating liver tissues in the presence of MSB indicate that the pools of glucose 
arc of identical size in both. On the other hand, an increase noted in the yields of 
‘“CO, from (6-“C)glucose in regenerating rat liver suggests an extensive recycling 
of C-6 of glucose through the transaldolase and transkctolase reactions of the shunt 
pathway. This increase from C-6 cannot possibly be due to stimulation of glycolysis 

and the citric acid cycle because MSB seems to have no effect on the path of carbon 
chamieled through them. as evidenced from the studies on fructose. MSB is specific 
for the oxidation of NADPH in tissue slices because it does not increase the forma- 

tion of ‘“CO? from (U-14C)fructose either in regenerating rat liver tissue or in the 
controls. Fructose is metabolized in liver as fructose 1 -phosphate into glyceraldehyde 
and dihydroxyacetone phosphate, and NADP is not involved in 14C02 formation 
by this pathway.” Whereas MSB increases the formation of 14C02 from ( 1-14C)ga- 
lactose by 15 I per cent in regenerating rat liver. the increase is only 57 per cent in 
normal adult liver (Table 4). The difference in MSB stimulation of yields of 14C0, 
observed in the two tissues is again a retlcction of the relative rates at which galactose 
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is converted into the pools of glucose h-phosphate which presumably would be chan- 
neled into the HMP in each tissue. The addition of unlabeled glucose to labeled 
galactose. and I?CY WXI. does not significantly alter the amount of labeled CO, pro- 
duccd from the respective precursor. Thus the endogenous pool of glycogcn. which 
is so small under the select experimental conditions, does not appear to alter the rate 
of galactose oxidation. Any minor contribution made to the pool of glucose l-phos- 
phatc by the cndogcnous glycogen of the liver slices would not alter the net ‘JCO, 
yields. bccausc. as has been elegantly demonstrated by Majchrowicz and Quastel’” 
in a similar study. an increase in concentration of glucose would result in a propor- 
tional increase in the rate of metabolism over a wide range of concentrations (0.5 
500 mM). 

In summary, the results presented show that the metabolism of (I-“C)galactose 
to “CO, proceeds at a more rapid rate in regenerating rat liver than in that of con- 
trols. The formation of “COz from labeled galactose is stimulated by MSB (0.1 
0.5 mM). Also, the inhibition of the production of ‘“CO2 from labeled galactose b> 
ethanol is counteracted by MSB. This action of MSB appears to be due to its ability 
to oxidize NADPH and thus. presumably. accelerate the operation of HMP. The role 
of vitamin K derivatives on the metabolism of carbohydrates in biro is not known. 
It would be of value to stud) their role in ethanol intoxication and impairment of 

carbohydrate metabolism in the intact animals. 


