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The biochemical changes in the liver re-
maining after partial hepatectomy have been
extensively studied (1-3). However, the ca-
pacity of the remaining tissue to synthesize
glucose does not appear to have been evaluat-
ed. In the present work, partially hepatecto-
mized rats and sham-operated controls were
compared during a 24-hr period with respect
to blood glucose concentration, gluconeo-
genesis in liver slices, and activities of two
key enzymes involved in glucose synthesis,
glucose-6-phosphatase and fructose-1,6-di-
phosphatase. Incorporation of v-alanine-*C
and bicarbonate-*C into the glucose pro-
duced by liver slices and net glucose produc-
tion from alanine were used to estimate glu-
coneogenesis.

Materials and Methods. Male Wistar rats
weighing 180-230 g were used. They were
supplied a standard diet and tap water ad
libitum until surgery. Partial hepatectomy
was carried out under ether anesthesia as
described by Higgins and Anderson (4).
About 709% of the liver was removed. After
surgery the animals were kept without food
but were given access to water. Rats sub-
mitted to sham-operation and kept under the
same conditions were utilized as controls. The
animals were decapitated 6, 14, and 24 hr
after surgery. Blood was collected for glucose
determinations by the method of King and
Garner (5). Liver for measurements of glu-
coneogenesis and enzymes activities was re-
moved rapidly and cooled in ice.

Gluconeogenesis. Liver slices were pre-
pared in the cold by use of a Stadie-Riggs
type apparatus. About 300 mg of tissue were
placed in 3 ml of Krebs-Henseleit bicar-

1 Supported in part by U.S. Army Grants D/C
ARO-65-G79 and 66-G133.

bonate buffer, pH 7.4, containing 30 pmoles
of L-alanine-U-1C or 72 pmoles of sodium
bicarbonate-1*C. The sp act of the alanine
and bicarbonate were 50 and 20 uCi/mole,
respectively. In the experiments with bicar-
bonate, the buffer also contained 90 pmoles of
glycerol, 120 pmoles of pyruvate, and 60
pumoles of acetate, The tissue preparations
were incubated 3 hr with shaking under 5%
CO, in O, At the end of incubation, the
glucose in the medium was converted into
pentacetate as described by Jones (6). The
HC in the glucose pentacetate was estimated
in a liquid scintillation counter (Tricarb,
Packard). Glycogen was isolated from the
tissue as described by Abraham and Hassid
(7). The *C in the glycogen was determined
in a low-background gas flow counter (Nu-
clear, Chicago). For estimation of net glu-
cose production, two 500-mg samples of liver
slices were placed in 5 ml of Krebs—Henseleit
bicarbonate buffer containing 10 wmoles of
L-alanine. One sample was immediately re-
moved for initial glycogen determination by
the method of Good ef al. (8), the other was
incubated 2 hr. At the end of the incubation,
the tissue was assayed for glycogen and the
incubation medium for glucose by the meth-
od of Somogyi—Nelson (9).
Glucose-6-phosphatase  and  fructose-1,
6-diphosphatase. For determination of en-
zyme activities, the liver was homogenized in
ice-cold 0.25 M sucrose (1:3 w/s) with a
Teflon pestle homogenizer. The homogenate
was centrifuged for 10 min at 10,000g at 0°.
Portions of the supernatant liquid containing
2-4 mg of protein were assayed for the glu-
cose-6-phosphatase and fructose-1,6-diphos-
phatase as described by Fitch et al. (10)
and Weber and Cantero (11), respective-
ly, with the exception of the P; (inorganic
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phosphate) determination, which was car- B .
ried out according to the procedure of & BlEEe
Lohman and Jendrassik (12). The protein 2 R
content of the supernatant liquid was deter- B g gl
mined by the method of Lowry ef al. (13). b ’é‘ % g Hl :;[ Hl
The Student’s ¢ test was used to determine 218 % Rl I
the significance of the difference between £l 5| ¢ -
means. E qz g b o 3¢
Results. The means of the blood glucose 2 | & T3 e~
B o [l oo I
levels and the standard errors of the means a2 B2l 044
for 6 sham-operated animals at 6, 14, and 24 G g Mmoo
hr after surgery were 90 = 4.0, 80.5 &= 4.5, el 5 s
and 75 = 3.0 mg of glucose/100 ml of blood, K 2
respectively. The corresponding values for 6 = £l | s|ese
partially hepatectomized rats were 73 -+ 5|15 B oo
3.7,76 = 5.5, and 72 = 3.5. The means for i £ g :l j.;l jﬂl
the control and experimental animals differ = g CREEE- N B
significantly only at 6 hr ($<0.05). 5 A § ESAD
Table T summarizes the data on the incor- oé 3 = *§ Y
poration of alanine-'*C.and of bicarbonate- & Al g AR
14 . . . »n < &
C into the glycogen of the liver slices and - S
into the glucose produced by the slices and g Il
transferred to the medium. In both experi- 2
mental groups, the incorporation of labeled § - N
carbon from both precursors into liver gly- 2 £ &~
cogen was very small compared to the recov- 2 Ble oo
ery of *C from the medium glucose, indicat- &y q & TI Tl TI
ing that the hexose synthesized by the slices . g & é o m
was rapidly transferred to the medium. At all 2 e | B m|e®w
time intervals, the rate of glucose synthesis in '*:% 1y oo % )
the liver remaining after partial hepatecto- ol a me | S2T|EE
my was higher than that in the control tissue, Elg|E|TS(8ran|E°
as shown by the increased incorporation of Al N R 10 3!‘
label from both alanine and bicarbonate into § "g Mg ©wn [F s
the medium hexose. The experimental and F| 3 S¥YYlda
control groups did not differ significantly 81 ¢ S =
with respect to incorporation of *C from g - S loaanla _.:
both substrates into liver glycogen except at e g S g Z £
6 hr, when a higher recovery of glycogen-14C 5] 2|3 & 'J:l :I :l g g
was obtained in the liver slices from partially 2| A S Elaga g2
hepatectomized rats incubated with alanine. a ? E AR ; ®
The results of measurements of liver glu- 5 a g soe|® §
cose-6-phosphatase and fructose-1,6-diphos- ¢| 3 3 3-8 g "§ g
phatase activities are given in Table IL & | < = |3 % RS 2 g
When expressed as units of P; liberated < E £ i' i' il‘ $ g
from substrate per milligram of protein with § S 52 f E
liver extract the activities of both enzymes in & b s 8
the remnant liver were not significantly diff- H % ¢ 5
erent from the activities for the sham- = AR E E
operated animals, When expressed as activity A g ° s
per gram of liver, the levels of the two B <
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TABLE TII. Glucose-6-phosphatase and Fructose-1,6-diphosphatase in the Liver of Rats at Several Time Intervals After Partial Hepatectomy or

Sham-Operation.®

Fructose-1,6-diphosphatase

Glucose-6-phosphatase

(umole of P,/g
of wet liver/hr)

(umole of P, /g
of wet liver/hr)

(umole of P,/mg of protein/hr)

(umole of P,;/mg of protein®/hr)

Sham-
operated

Partially

Sham-
operated

Partially

Sham-
operated

Partially

Sham-
operated

o

Partially
hepatecto.

After surgery

hepatecto,

hepatecto.

hepateeto.

(hr)

920 -+ 44
779 + 31

1078 =+ 53

77 4 68°
988 + 38
676 - 29°

4
i

33(7)

7.68 + 0.71 (6)
5.71 + 0.3

6.91+0

7.56 = 0.54 (7)
8.33 = 0.59 (6)
6.12 = 0.13 (6)

491 + 36
556 + 18

438 + 33
348 + 18°
338 + 43¢

(12)
5 (12)

3.73 & 0.38 (7)

3.53 + 0.1
3.73 + 0.1

(12)
3.7 =+ 0.25 (12)

4.15 = 0.38 (7)
3.17 + 0.2

6
14
24

(6)

469 + 35
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¢ Values are means and SE with no. of animals in parentheses.

® Protein in liver extract tested for enzym

e activities.

¢ Different from sham-operated control values at p < 0.05.

enzymes were lower in the partially hepatec-
tomized rats, except for glucose-6-phospha-
tase activity at 6 hr and fructose-1,6-di-
phosphatase activity at 14 hr. This ten-
dency toward lower enzyme levels, when ac-
tivities are calculated on a wet weight basis,
probably reflects the higher water and fat
content of the residual tissue (14).

Net glucose production from alanine by
liver slices obtained 24 hr after the operation
is given in Table III. In liver slices from
partially hepatectomized rats, the extremely
low levels of glycogen did not change during
incubation. Therefore the very uniform
amount of hexose found in the incubation
medium represents only newly synthesized
glucose. Net glucose production from alanine
was significantly higher in slices from partial-
ly hepatectomized rats.

Discussion. The results obtained show that
the liver remaining in rats subjected to the
removal of two-thirds of the organ exhibits,
per unit weight, an increased rate of glucone-
ogenesis, which can be detected as early as 6
hr after the operation. This increase appar-
ently accounts for the ability of the partially
hepatectomized animals to maintain essen-
tially normal blood sugar levels despite com-
plete anorexia and the large reduction in he-
patic tissue. During the first few hours after
the surgery, i.e., before gluconeogenesis in-
creases, the breakdown of preformed reserves
of liver glycogen is presumably essential for
the prevention of hypoglycemia. This period
is particularly critical for partially hepatec-
tomized rats because their liver glycogen
reserves are reduced to one-third of those in
control animals. This seems to be the main
reason why the blood sugar levels are lower
at 6 hr after the operation than later, though
at this time gluconeogenesis is already more
active.

In the present experiments, the increase in
gluconeogenesis in the remaining hepatic tis-
sue was not accompanied by increases in the
concentration of glucose-6-phosphatase or
fructose-1,6-diphosphatase, as judged by the
activities of both enzymes in liver homog-
enates. Since the higher gluconeogenesis rate
which appears under conditions of hormonal
imbalance, such as excess glucocorticoids
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TABLE III. Glucose Production by Rat Liver Slices Obtained 24 hr After Partial Hepatectomy
or Sham-Operation.

Net change in glyecogen Medinm glueose
(umole of glueose/g

Net glueose production®

(wmole/g of (umole/g of:

Group of wet wt/2 hr) wet wt/2 hr) wet wt/2 hr)
Sham-operated —4.4 + 1.0 17.0 += 1.3 12.6 + 0.5
Partially hepatectomized 0 17.6 == 0.1 17.6 += 0.1°

% Values are means + SE of 6 animals.

¥ Caleulated as: medium glucose—net change in glycogen (initial glycogen—final glycogen).
° Significantly different from control (p < 0.01).

and insulin deficit, are characteristically ac-
companied by enhanced glucose-6-phospha-
tase and fructose-1,6-diphosphatase activities
(15, 16), it seems that such factors play no
essential role in the development of increased
gluconeogenesis after partial hepatectomy.

The increased rate of COjy incorporation
into glucose exhibited by the residual liver of
the partially hepatectomized rats conceiva-
bly indicates changes in the activities of the
two enzymes involved in the conversion of
pyruvate to phosphoenolpyruvate. The activi-
ty of the enzymes, phosphoenolypyruvate
carboxykinase, has been reported to increase
in the developing rat liver (17) and in the
liver of cold-acclimated rats (18). The in-
creases are accompanied by enhanced glu-
coneogenesis and little or no change of the
Ievels of glucose-6-phosphatase or fructose-1,
6-diphosphatase.

Removal of two/thirds of the liver induces
circulatory changes which lead to an increase
in the blood flow of the remaining tissue (19).
Since an elevated blood flow conceivably
could increase the concentration of gluconeo-
genic substrates within the cell and thus stim-
ulate glucose synthesis, it is possible that an
increased blood flow contributed to the en-
hanced gluconeogenesis observed in the par-
tially hepatectomized rats.

Another factor which may account for the
present results is the increase in lipid content
of the residual liver that occurs during the
first 24 hr after partial hepatectomy (2). The
increase in lipids is attributable to a higher
rate of the FFA (free fatty acids) delivery to
the remaining liver (20). Since an elevation
of the FFA level stimulates hepatic glucose
production by liver slices (21), perfused rat

liver (22-24), and rat liver in vivo (25), the
increased gluconeogenesis observed after par-
tial hepatectomy could be due, at least in
part, to an increased supply in FFA.

The present study does not provide direct
information about the agent responsible for
the increased gluconeogenesis exhibited by
the residual liver. However, it appears likely
that two factors are involved: (a) increased
hepatic blood flow, and (b) a greater influx of
FFA into the remaining liver.

Summary. During the 24-hr period after
70% hepatectomy, rats kept without food
were found to maintain blood glucose levels
comparable to those of sham-operated con-
trols. As indicated by measurements of L-
alanine-“*C and H™“CO; incorporation into
glucose and net glucose production, the rate
of gluconeogenesis in liver slices was higher
for the partially hepatectomized rats than for
sham-operated controls. The enhanced glu-
coneogenesis exhibited by the residual tissue
from the hepatectomized animals was not ac-
companied by increase in the activity of ei-
ther glucose-6-phosphatase and ' fructose-1,
6-diphosphatase.
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