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hduction and Suppression of the Key Enzymes of Glycolysis and
Gluconeogenesis in Isolated Perfused Rat Liver in Response to

Glucose, Fructose and Lactate
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1. Measurements were made of the activities of the four key enzymes involved in gluco-
neogenesis, pyruvate carboxylase (EC 6.4.1.1), phosphoenolpyruvate carboxylase
(EC 4.1.1.32), fructose 1,6-diphosphatase (EC 3.1.3.11) and glucose 6-phosphatase
(EC 3.1.3.9), of serinedehydratase (EC 4.2.1.13) and of the four enzymes unique to glyco-
lysis, glucokinase (EC 2.7.1.2), hexokinase (EC 2.7.1.1), phosphofructokinase (EC
2.7.1.11) and pyruvate kinase (EC 2.7.1.40), in livers from starved rats perfused with
glucose, fructose or lactate. Changes in perfusate concentrations of glucose, fructose,
lactate, pyruvate, urea and amino acid were monitored for each perfusion. 2. Addition of
15mM-glucose at the start of perfusion decreased the activity of pyruvate carboxylase.
Constant infusion of glucose to maintain the concentration also decreased the activities of
phosphoenolpyruvate carboxylase, fructose 1,6-diphosphatase and serine dehydratase.
Addition of 2.2mM-glucose initially to give a perfusate sugar concentration similar to the
blood sugar concentration of starved animals had no effect on the activities of the enzymes
compared with zero-time controls. 3. Addition of 15mM-fructose initially decreased
glucokinase activity. Constant infusion of fructose decreased activities of glucokinase,
phosphofructokinase, pyruvate carboxylase, phosphoenolpyruvate carboxylase, glucose
6-phosphatase and serine dehydratase. 4. Addition of 7mM-lactate initially elevated the
activity ofpyruvate carboxylase, as also did constant infusion; maintenance of a perfusate
lactate concentration of 18mM induced both pyruvate carboxylase and phosphoenol-
pyruvate carboxylase activities. 5. Addition ofcycloheximide had no effect on the activities
of the enzymes after 4h of perfusion at either low or high concentrations of glucose or at
high lactate concentration. Cycloheximide also prevented the loss or induction ofpyruvate
carboxylase and phosphoenolpyruvate carboxylase activities with high substrate concen-
trations. 6. Significant amounts of glycogen were deposited in all perfusions, except for
those containing cycloheximide at the lowest glucose concentration. Lipid was found to
increase only in the experiments with high fructose concentrations. 7. Perfusion with either
fructose or glucose decreased the rates of ureogenesis; addition of cycloheximide in-
creased urea efflux from the liver.

The activities of many hepatic enzymes are known
to vary in response to a variety of nutritional and
endocrine changes. In particular, on starvation and
in response to glucocorticoids there is an increase in
the activity of several enzymes associated with gluco-
neogenesis. Also, ingestion of carbohydrate increases
activities of certain glycolytic enzymes, which also
respond to administration of insulin. Work with in-
tact and alloxan-diabetic animals leads to the general
conclusion that nutritionally induced changes in
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enzyme activity are mediated through stimulated or
suppressed endocrine secretion.
There are, however, few observations of change in

enzyme activity brought about in the perfused liver by
substrate or change in concentration of metabolic
intermediates alone under conditions in which hor-
mones must be playing a minimal part (Veneziale
et al., 1967; Buschiazzo et al., 1970). Wimhurst &
Manchester (1970a) showed that addition of glucose
appears to diminish activity of pyruvate carboxylase.
The present report is a more systematic investigation
ofthe extent to which addition of various metabolites
to the perfused liver system affects the activities of the
key enzymes of glycolysis and gluconeogenesis,
namely glucokinase (EC 2.7.1.2), hexokinase (EC
2.7.1.1), phosphofructokinase (EC 2.7.1.1 1), pyruvate
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kinase (EC 2.7.1.40), pyruvate carboxylase (EC
6.4.1.1), phosphoenolpyruvate carboxylase (EC
4.1.1.32), fructose 1,6-diphosphatase (EC 3.1.3.11),
glucose 6-phosphatase (EC 3.1.3.9), and of serine
dehydratase (EC 4.2.1.13).

Materials and Methods

Materials

Chemicals. ITP (disodium salt), glucose 6-phos-
phate (sodium salt), fructose 6-phosphate (sodium
salt), fructose 1,6-diphosphate (sodium salt), gluta-
thione, sodium pyruvate, CoA, NADP+, NAD+,
NADH, acetylphosphate (potassium lithium salt),
oxaloacetate, phosphoenolpyruvate (potassium salt),
ADP, AMP, phosphotransacetylase, citrate synthase,
phosphoglucose isomerase, glucose 6-phosphate
dehydrogenase, lactate dehydrogenase, aldolase,
triose phosphate isomerase, glyceraldehyde 3-phos-
phate dehydrogenase and total lipid assay kit were
purchased from C.F. Boehringer und Soehne
G.m.b.H., Mannheim, Germany. Tris (Trizma base)
and L(+)-lactic acid were purchased from Sigma
(London) Chemical Co., London S.W.6, U.K.
Pyridoxal phosphate and serine were obtained from
British Drug Houses Ltd., Poole, Dorset, U.K., and
crystalline bovine plasma albumin came from
Armour Pharmaceutical Co., Eastbourne, Sussex,
U.K. NaH"4CO3 was purchased from The Radio-
chemical Centre, Amersham, Bucks., U.K., and Halo-
thane is a product of I.C.I. Ltd., Pharmaceuticals
Division, Macclesfield, Cheshire, U.K.

Animals. Rats used were male albino Wistars,
weight 150-200g for liver donors, and 300g or more
for blood donors. They were mostly supplied from
A. Tuck and Sons, Rayleigh, Essex, U.K.

Methods

Livers from 150-200g male rats starved for 18h
were perfused in the recycling circuit described by
Mortimore & Tietze (1959). Infusion of substrate and
sampling of perfusate was via the oxygenator reser-
voir drum. The perfusate (75-80ml) consisted of
fresh blood taken from starved male rats under
Halothane anaesthesia and diluted to 40% with
Krebs-Ringer bicarbonate buffer (Krebs & Hense-
leit, 1932), haematocrit was 20% and a final
heparin concentration of 125 units/ml was used. Flow
rate was 6ml/min. Substrates were added as indi-
cated. Blood glycolysis was measured either by using
a second circuit without a liver, or by sampling the
perfusate over a period before cannulation of the
organ. Organ donors were anaesthetized with Halo-
thane and the liver was cannulated by the technique
of Miller et al. (1951). Choice of Halothane for an-
aesthesia was based on the findings by Bloxam (1967)
of its minimal toxicity. Any effects appear to be

readily reversible (Biebuyck et al., 1972). The period
of hypoxia was decreased to approximately 30s by
inserting the cannula into the hepatic portal vein
with a slow flow rate during the manipulations. After
perfusion for 4h at 37°C livers were cleared of blood
by perfusion with 10ml of cold 0.9% NaCl, comp-
lete removal of blood cells being used as a criterion
of preparation viability. The liver was frozen rapidly
to -80°C, weighed and stored at -80°C until
pyruvate carboxylase was assayed, which was within
24h of perfusion. It was then stored at -30°C. All
enzymes were assayed within 7 days of perfusion.
Control perfusions for the assay of enzyme activities
at zero time were operated on as described above, but
were flushed directly with NaCl without connection
to the perfusion circuit. Increase or decrease in
activity ofa particular enzyme as a result ofperfusion
was assessed by comparison with activity of the
appropriate controls.
Enzymes were assayed at 30°C as described pre-

viously (Wimhurst & Manchester, 1970c, 1972).
Serine dehydratase was extracted by homogeni-
zation of a portion of liver in 9vol. of O.1M-
K2HPO4, pH8.6, containing 0.05 mM-pyridoxal phos-
phate. Activity in the supematant, after centrifuga-
tion for 1 h at 100000g, was assayed in a total volume
of I ml containing 50niM-Tris-HCI, pH8.6, 112mM-
KCI, 0.05mM-pyridoxal phosphate, 0.25mM-NADH,
100mM-serine. The reaction was started by addition
of 20,u1 of enzyme extract and the rate of loss of
NADH at 30°C was followed with a Unicam SP. 800
recording spectrophotometer. The rate of disappear-
ance of NADH in the absence of serine was sub-
tracted from these values.

Perfusate glucose, fructose, lactate, pyruvate, urea
and amino acids and liver K+, glycogen, water, lipid,
protein, DNAandRNA were assayed by the methods
of Wimhurst & Manchester (1970a).

Results
The purpose of the investigation was to study

changes in enzymic activity of liver after perfusion
with a variety of substrates. In particular we studied
the extent to which activities enhanced by starvation
decline when fed conditions are simulated in contrast
with any increase in activity of enzymes normally
repressed in the starved state. Activities of enzymes
are expressed first as concentration [units/g of liver
(specific activity)] and secondly as content [units/
100,ug of DNA P (total activity)], to give two refer-
ence points so that change in activity caused by change
in organ weight is distinguished from increase or
decrease in activity of the liver as a whole.
Many non-enzymic parameters of the liver and

perfusate were also measured. These are contained in
Table 1, to which reference is to be made in relation
to the other tables. The DNA content of liver from
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Table 2. Comparison of the concentration and content of the hepatic glycolytic andgluconeogenic enzymes in livers
fromfed rats and rats starvedfor 18 h

Each value is the mean±s.E.M. of six observations. * P<0.05, ** P<0.01, *** P<0.001, with respect to fed ani-
mals. For further details see Table 1 and the text.

Enzyme concentration and content in rat livers

Fed rats Starved rats

Enzyme
Glucokinase
Hexokinase
Phosphofructokinase
Pyruvate kinase
Pyruvate carboxylase
Phosphoenolpyruvate

carboxylase
Fructose 1,6-diphosphatase
Glucose 6-phosphatase
Serine dehydratase

(,mol/min per g (,umol/min per lOO,ug (,mol/min per g (,umol/min per 100,ug
of liver) ofDNA P) of liver) ofDNA P)
2.54± 0.27
0.59±0.08
7.63 ±0.31

86 ±7.7
2.99±0.22
3.19±0.21

11.9 ±0.92
10.6 ±0.74
0.66±0.10

1.67±0.19
0.40±0.07
5.02± 0.25

55 ±5.5
1.96±0.12
2.08±0.09

7.86 ± 0.66
6.9 ±0.41
0.43 ±0.06

2.89±0.31
0.91 + 0.01**
6.98±0.26
62 ± 4.0*
6.05 ± 0.10***
6.40± 0.07***

12.8 ±0.76
20.4 ±0.50***
1.78 ± 0.12***

1.22±0.13
0.38±0.04
2.97 ± 0.10***
26 ± 1.2***
2.53 ± 0.08**
2.71 +0.06***

5.42± 0.35**
8.6 ±0.33**
0.76± 0.05**

starved rats in groups 1-8 was fairly constant but
substantially different from that in groups 9-16. The
reason for this is not certain, but has necessitated the
use of three different groups of control animals.
Variability in enzyme activities in different batches of
animals was encountered, as also noted by others
(Bartley et al., 1967; Eggleston & Krebs, 1969;
Garfinkel, 1971; Berdanier et al., 1971). Hepatic
concentrations of K+ and water, used to assess the
viability of the perfused-liver preparation (Bloxam,
1967), were unchanged relative to zero-time controls
(Table 1). Protein and amino acid concentrations
were also uniform. All perfusions, except those at
low glucose concentrations in the presence of cyclo-
heximide, showed small but significant glycogen
depositions in contrast to the work of Ross et al.
(1967) in which the presence of a minimum perfusate
glucose concentration of 10mM was required before
glycogen increased. Most glycogen was produced
with fructose as substrate; significant lipid deposition
was found only in the presence ofhigh concentrations
of fructose.

Effects ofstarvation

Table 2 compares the activities of the enzymes
unique to gluconeogenesis and glycolysis and serine
dehydratase in livers from fed rats and control rats
starved overnight. The increase in the tissue content
of pyruvate carboxylase, phosphoenolpyruvate car-
boxylase and glucose 6-phosphatase and the de-
crease in fructose 1,6-diphosphatase in livers from

starved rats confirm earlier results (Wimhurst &
Manchester, 1970c). Of the glycolytic enzymes, the
decrease in pyruvate kinase (to 47 %) was most pro-
nounced and similar to published data (Krebs &
Eggleston, 1965; Tanaka etal., 1967). Phosphofructo-
kinase decreased to 59% of the concentration found
in livers from fed rats (as in studies of Weber et al.,
1966). The increase in concentration of hexokinase
after starvation resulted from loss of cell consti-
tuents, since the tissue DNA increased from 153 to
238,ug of DNA P/g of liver (Table 1). The lack of
change in content of hepatic hexokinase is consistent
with it being located exclusively in non-parenchymal
cells (Sapag-Hagar et al., 1969). Although the hepatic
content of glucokinase decreased by 25 %, the de-
crease is not significant and compares with the small
loss of this enzyme after short periods of starvation,
as found by Salas et al. (1963)and Sharma et al. (1963),
though less than that found by Walker & Rao (1964)
and Weber et al. (1966). Serine dehydratase showed
an increase in both content and concentration similar
to the results of Bojanowska & Williamson (1968).
Comparison of the ratio of the glycolytic to gluco-

neogenic enzymes at each ofthe potential control sites
showed significant decreases, the ratio pyruvate
kinase/pyruvate carboxylase and pyruvate kinase/
phosphoenolpyruvate carboxylase declining from 29
to 10 and from 27 to 10 respectively in livers from rats
starved overnight. Although the ratios phospho-
fructokinase/fructose 1,6-diphosphatase and gluco-
kinase plus hexokinase/glucose 6-phosphatase in-
creased from 0.19 to 0.29 and 0.54 to 0.64, neither
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Fig. 1. AlIterations in perfusate lactate and glucose in
experiments where 2.2mm-glucose was given initially
either with or without cycloheximide at 25ILglml
Theresults arefrom theperfusions reported in Table 3.
Bars on points are ±1 S.E.M. (n = 4). *, Lactate uptake
and *, glucose outputin the absenceofcycloheximide.
O, Lactate uptake and o, glucose output with 25,ug of
cycloheximide/ml .

change was statistically significant for 18h starvation.
Soling et al. (1971) found large increases in these
ratios after 48h starvation.

Perfusions with glucose

Output and uptake of glucose and lactate in per-
fusions at three different initial concentrations of
perfusate glucose are shown in Figs. 1 and 2. Addition
initially of 2.2mM-glucose maintained a steady glu-
cose concentration of 80-90mg% in the perfusing
medium. There were no significant differences in
enzyme activities between livers perfused for 4h at
this glucose concentration and those found in zero-
time controls (Table 3). Table 3 also shows experi-
ments in which cycloheximide was included in the
perfusate. With the rather surprising exception of
hexokinase, no significant changes were seen in
these perfusions either with respect to the zero-time
controls or the full-term perfusions. Cycloheximide
decreased lactate uptake (P < 0.05) and possibly en-
hanced (P >0.05) glucose output (Fig. 1).
The activities of the enzymes corresponding to the

perfusions in Fig. 2 are shown in Table 4. Initial
addition of 14mM-glucose resulted in a 40% increase

Vol. 134
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Fig. 2. Uptake ofglucose and output of lactate from
liversperfused with glucose

The results are from the perfusions reported in Table
4. Bars on points are ±1S.E.M. (n=4). o, Lactate
output and o, glucose uptake from perfusate contain-
ing 14mm-glucose added initially. *, Lactate output
and *, glucose uptake from perfusate containing
14mm-glucose given initially plus a continuous infu-
sion of 3.5,umol of glucose/min to balance the rate of
glucose uptake.

in the activity of pyruvate kinase and an 18% de-
crease in pyruvate carboxylase activity. A similar
decrease in pyruvate carboxylase was found with
glucose infusion, coupled with a 25% decrease in
phosphoenolpyruvate carboxylase. The net result
was a statistically significant increase in the ratio
pyruvate kinase/pyruvate carboxylase from 10.2 in
the controls to 17.8 and 14.5 with initial and infused
dosages, and similar increases from 9.7 to 14.8 and
15.3 for the ratio pyruvate kinase/phosphoenol-
pyruvate carboxylase. Significant decreases in content
and concentration of serine dehydratase and fructose

147

25 r



J. M. WIMHURST AND K. L. MANCHESTER

0
0

1.4-P4 00 enf Ta)
oN oo6eo
d t +1 +1 +1 +1 +1 +1
*1-4
Q 00 00 t- cf' N

ol to O- ON tn W)"

c

'.7_S

'.4

,~

'.d

-O O

Iraci\.o ON CJ-
en ") 00 -.4 Cl4
c; 6 (6 afi(6
+l +1 +1 +1 +1 +1
cico'ran 0afi c; t- ooo

*
C4 o~a\0\

+l +l +l +l +l +l-oo*£*o
00 00 CVO-4

6 - ^. f

+l +1 +1 +1 +1 +1

o.O -t
0Itt- 8I

vi ci o \6-

+l +1 +1 +1 +1 +1
-ON 00 \oO(71b o tn

*n .e**n

00 Cieq - -

+l +1 +1 +1 +1 +1
'O 0 So\.O4I'll 00 \.D
*6 ~.. .Ia -

Cd ~ ~ ~ Ir

6 66
+1 +1 +1
-4 oCiA
o.~~

ciei

6 o6
+1 +1 +1

_4 1 enci C5

tn so-o c

0n cic"

+1 +1 +1

C5 l

en~

+1 +1 +1

- *

6 66
+1 +1 +1

- 0s

'ra oo .

6 ooe
- -

00

>

~~P.4P.4P.4P.4

148

U,

"-

d
.4
'._

a)

0

-dC)
0

0

a)

CU

01.4

Ij
0

'0

'0

CU
ao

Cd

0

0

'0
a)

'0
'0

aL)
la

"a)

P4

Ci
0

1 3Cd

* _2

aCU

- U,

~o 4.

00

-CU

o

Cd

03

V0- cUa

U,

0

CU

a)*0

>

~ .
au 0

a
CdOC

Cw (:,q

., o~~~~~~~~~~~~~~~~.

0

0

a.o

.- .

0

*)
;S,.- >~~~~~~C

H

1973



ENZYME ACTIVITIES OF PERFUSED LIVER

Table 4. Comparison ofthe concentration and content ofthe glycolytic andgluconeogenic enzymes in liversperfused
with different amounts ofglucose

Each value is the mean +S.E.M. of four observations: *P<0.05, **P<0.01, between the two perfusions;
tP<0.05, ttP<0.01, tttP<0.001 with respect to starved rats (Table 2). Glucose was added initially to the per-
fusate to 14mM, followed where indicated by constant infusion of 3.Smol of glucose/min. For further details
see Table 1 and the text.

Enzyme concentration and content in rat livers

Glucose added initially

Enzyme
Glucokinase
Hexokinase
Phosphofructokinase
Pyruvate kinase
Pyruvate carboxylase
Phosphoenolpyruvate

carboxylase
Fructose 1,6-diphosphatase
Glucose 6-phosphatase
Serine dehydratase

Glucose added initially and by
constant infusion

(umol/min per g (umol/min per 100,ug (umol/min per g (umol/min per 100,ug
of liver) ofDNA P) of liver) of DNA P)

2.35±0.22
0.66±0.08
6.33 ± 0.39

88 ± 6.6tt
4.95 ± 0.20tt
5.95 ± 0.38

12.2 ±0.7
20.9 ±1.6
2.17±0.26

1.01±0.10
0.29±0.03
2.73±0.18
38 ±2.75tt
2.11 ± 0.11tt
2.57±0.15

5.26±0.34
9.03+0.69
0.95±0.13

2.56±0.06
0.64±0.04
6.65 ± 0.33

66 ±3.2
4.57 ± 0.19ttt
4.45 ± 0.29*ttt

9.9 ± 0.35*t
18.8 ±0.55
1.28 + 0.12*t

1.06±0.03
0.27±0.02
2.77 ± 0.08

28 ±1.9
1.90± 0.12tt ..
1.84 ± 0.11**ttt-

4.11 ± 0.14*t
7.86±0.14
0.53 ± 0.04*t

Table 5. Comparison ofthe concentration and content ofthe glycolytic andgluconeogenic enzymes in liversperfused
with a high concentration ofglucose and with cycloheximide

Each value is the mean +S.E.M. of four observations. *P<0.01, **P<0.001 with respect to zero-time control per-
fusion. Glucose was added to the perfusate initially at 14mM followed bya constant infusion of3.5,mol ofglucose/
min; cycloheximide was present at 25,ug/ml. For further details see the text and Table 1.

Enzyme concentration and content in perfused rat liver

Glucose added initially and by
constant infusion+cycloheximide Zero-time perfusions

Enzyme
Glucokinase
Hexokinase
Phosphofructokinase
Pyruvate kinase
Pyruvate carboxylase
Phosphoenolpyruvate

carboxylase
Fructose 1,6-diphosphatase
Glucose 6-phosphatase
Serine dehydratase

(umol/min per g
of liver)

2.65 ±0.22
0.46 ± 0.04*
8.80± 0.28
87 ±7.1
6.55 ±0.26

13.6 ±0.27

9.36 ± 0.33**
20.3 ± 0.35
1.87±0.27

(u~mol/min per 100kg
of DNA P)
0.71±±0.04
0.13±0.01*
2.39±±0.14

23 ± 2.21
1.78±±0.10
3.71 ± 0.18

2.54± 0.13*
5.55±0.08
0.51 ± 0.08

(umol/min per g
of liver)
2.61 ± 0.34
0.92 ± 0.07
8.40± 0.48
74 ±6.64
6.34± 0.19

14.3 ± 0.38

12.31 ±0.13
21.7 ±0.42
2.98 ± 0.43

(umol/min per 100Izg
of DNA P)
0.71±0.10
0.25±0.02
2.27±0.10
20 ±1.97
1.71 ± 0.05
3.86±0.09

3.33 ± 0.06
5.88 ±0.21
0.81 ± 0.12

1,6-diphosphatase were also found in the higher-
substrate experiment, with a significant increase in
the phosphofructokinase/fructose 1,6-diphosphatase
ratio to 0.68 from 0.52 as a result of glucose infusion.

Vol. 134

Addition of cycloheximide in these circumstances
prevented the decreases in pyruvate carboxylase and
phosphoenolpyruvate carboxylase (Table 5), and
was coupled with a significantly lower overall rate of
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hepatic glucose uptake. Fructose 1,6-diphosphatase
remained at the depressed concentration shown in
similar perfusions in the absence of the inhibitor,
whereas the decline in serine dehydratase was no
longer significant. As at the lowest concentration of
glucose (Table 3), cycloheximide decreased hexo-
kinase activity.

the involvement of protein synthesis. The increase in
activity of pyruvate carboxylase is in contrast with
the findings of Struck et al. (1966), who found no
change in enzymic activity after 3h in perfusions with
lactate either with or without glucagon. Wimhurst &

Perfusions with fructose

Conversion of fructose into glucose and lactate is
shown in Fig. 3; either 14mM-fructose was present
initially or was present initially with, in addition, a
continuous infusion of 2.3mg/min, the approximate
rate of uptake. Over 80% of the initial dose was
absorbed within 1 h, giving a final perfusate glucose
concentration of 10.5±0.12mM after 4h perfusion.
With infusion, perfusate fructose was within the
range 4.6mm initially to 1.55mM after 4h, and was
accompanied by an increase in glucose concentration
from 2.3 to 17mm and in lactate concentration from
2.2 to 5.5mM.

Table 6 shows the activities of the enzymes in livers
perfused with fructose. With an initial addition only,
glucokinase activity dropped to 50% of the control.
At higher ketose concentrations, most of the enzymes
showed changes in activity. As with high glucose
concentrations pyruvate carboxylase, phosphoenol-
pyruvate carboxylase and serine dehydratase showed
statistically significant decreases, but there was no
change in fructose 1,6-diphosphatase. As with per-
fusions with low fructose concentrations glucokinase
was decreased 40%; both phosphofructokinase and
glucose 6-phosphatase were decreased by 15-20%.

Perfusions with lactate
Uptake of different concentrations of lactate

from the perfusate and the production of glucose are
shown in Figs. 4 and 5. As with glucose and fructose,
an initial experiment was carried out to ascertain the
rate of lactate removal, subsequent perfusions having
a constant infusion at the same rate to maintain the
initial concentration. Some 57% of the initial con-
centration of 6.6mM was utilized in 1 h, giving a final
concentration at 4h of 1.55mM. With infusion, initial
and final lactate concentrations of 8.65 and 8.60mM
and of 17.6 and 14.0mM were observed for experi-
ments of Figs. 4 and 5 respectively.
When lactate was added initially to a concentration

of 7mM or was maintained at this concentration by
infusion (Table 7), activity of pyruvate carboxylase
rose 20%. An increase of 60% occurred when the
lactate was maintained at about 15mM (Table 8) and
was accompanied by a 20% increase in phosphoenol-
pyruvate carboxylase activity. These increases in
activity were sensitive to cycloheximide, indicating

4o

04

19-200_0

-400

-600 ,
0 1 2 3 4

Time (h)

Fig. 3. Uptake offructose and output ofglucose and
lactate from livers perfused with fructose

The results are from the perfusions reported in Table
6. Bars on points are +1 S.E.M. (n= 4). A, Fructose
uptake, o, glucose output and L, lactate output from
liver perfused with 14mM-fructose given as a single
initial dose. *, Fructose uptake, *, glucose output,
and *, lactate output from livers perfused with
5.5mM-fructose given initially followed by a con-
tinuous infusion of 1.3 ,umol of fructose/min to main-
tain fructose concentration in the perfusate.
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Table 6. Comparison ofthe concentration and content ofthe glycolytic andgluconeogenic enzymes in liversperfused
with different amounts offructose

Each value is the mean +S.E.M. of four observations. *P<0.05, **P<0.01, ***P<0.001 with respect to fructose-
only initial perfusions. tP<0.05, ttP<0.01, tttP<0.001 with respect to starved rats (Table 2). Fructose was
added initially to the perfusate to 14mM, followed where indicated by constant infusion of 1.3,umol of fructose/
min. For further details see the text and Table 1.

Enzyme concentration and content in rat liver

Fructose added initially
Fructose added initially and by

constant infusion

Enzyme
Glucokinase
Hexokinase
Phosphofructokinase
Pyruvate kinase
Pyruvate carboxylase
Phosphoenolpyruvate

carboxylase
Fructose 1,6-diphos-

phatase
Glucose 6-phosphatase
Serine dehydratase

(umol/min per g (,umol/min per 100,ug
of liver) of DNA P)

1.62±0.1St 0.68±0.06t
0.67 ± 0.08t 0.29±0.03
7.55±0.31 3.21 ±0.llt

74 ±6.6 32 ±3.Ot
6.08±0.23 2.59±0.13
6.20± 0.23 2.63 ± 0.08

13.2 ±0.76

20.6 ±0.94
1.48 ±0.17

5.61 ± 0.32

(,mol/min per g
of liver)

1.78 ± 0.10t
0.83 ± 0.08
5.98 ± 0.22**t

71 ±6.1
4.60 ± 0.09***ttt
4.60 ± 0.19**ttt

11.8 ±0.76

8.8 ±0.47 17.2 ±0.76*tt
0.64± 0.07 0.80+ 0.07**ttt

(,umol/min per 100,ug
ofDNA P)

0.75 ± 0.lOt
0.35 ± 0.03
2.50± 0.10**t
30 ±2.4
1.93 ± 0.05***ttt
1.93 ± 0.07***ttt

4.89±0.29

7.2 ± 0.36*tt
0.33 ± 0.03**ttt

Manchester (1973) showed that addition to the
perfusate of MnCl2 (50UMm), a potent activator ofboth
pyruvate carboxylase and phosphoenolpyruvate
carboxylase, prevents the increase in their activities
in response to lactate.

Discussion

The concept that the activity ofenzymes of various
organs, particularly of liver and adipose tissue,
change under different nutritional conditions is well
established. Changes occur in starvation or in altera-
tion of the relative content of protein, carbohydrate
and fat in the diet. The mechanisms by which these
changes are brought about are not always clear. The
fact that glucose does not induce hepatic glucokinase
activity in the diabetic rat (Preis et al., 1964;
Niemeyer et al., 1967) suggests, for example, that
dietary influence on insulin secretion and availability
of insulin may be of primary importance. Lack of
induction of glucokinase in the perfused liver (Table
4) agrees with this. Ruderman et al. (1967) found that
insulin was necessary to maintain the concentration of
glucokinase in perfused livers from fed rats. The re-
sults of Young et al. (1964), showing that although
glucose feeding decreased phosphoenolpyruvate
carboxylase activity in normal rats it did not do so

Vol. 134

with diabetic animals, again imply the intermediacy
of insulin. Our present results (Table 4), however,
suggest modes of regulation by glucose other than
via the control of availability of insulin.
Whether in the present study the non-endocrine

factors that can influence enzyme activities are glu-
cose, fructose and lactate themselves or intermediates
produced by their metabolism it is not possible to
state. There is a very significant linear correlation
between the assayed activity of pyruvate carboxylase
and the ratio ofthe perfusate concentration oflactate/
glucose (Fig. 6). Loss of pyruvate carboxylase activity
seems to occur with glucose alone and not with fruc-
tose (Table 6) except when large amounts of glucose
are synthesized. Glucose itself does not inhibit pyru-
vate carboxylase activity (Wimhurst & Manchester,
1970b) and the mitochondrial location of the enzyme
makes this an unlikely possibility, though glucose
can apparently activate enzymes involved in glycogen
metabolism (Holmes & Mansour, 1968; Buschiazzo
et al., 1970). In the developing tadpole it has been
suggested that the increase in activity of certain
enzymes results in part from activation of inactive
precursor molecules (Shambaugh et al., 1969;
Balinsky et al., 1970). However, although pyruvate
carboxylase is a highly complex multi-subunit enzyme
dependent on structural integrity for activity (Utter
& Scrutton, 1969), there is as yet no evidence of
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Fig. 4. Uptake and output ofglucose from livers per-
fused with lactate

The results are from the perfusions reported in Table
7. Bars on points are ±1S.E.M. (n = 4). o, Lactate
uptake and o, glucose output from livers perfused
with 7mM-lactate given initially. *, Lactate uptake
and *, glucose output from livers perfused with
7mM-lactate given initially followed by a continuous
infusion of 10.3,tmol of lactate/min.

activation of the vertebrate enzyme protein by any
holoenzyme synthetase as is necessary for the ana-
logous enzyme in a thermophilic bacillus (Cazzulo
et al., 1970). Pyruvate has been implicated as essen-
tial for the maintenance of pyruvate carboxylase in
kidney slices (L'age et al., 1968), but pyruvate con-
centrations in livers perfused with 20mM-fructose or
20mM-lactate are similar (Exton & Park, 1969), con-
ditions that would produce enzyme loss or induction
(Tables 6 and 7). A correlation, though less precise,
between the perfusate [lactate]/[glucose] ratio and
phosphoenolpyruvate carboxylase activity is also
seen, and between serine dehydratase activity and
hepatic glycogen concentration (r = 0.5, P<0.01) at
zero time, together with an inverse correlation be-

a-200

-400

-600
0 1 2 3 4

Time (h)
Fig. 5. Uptake of lactate and output ofglucose from
livers infused with lactate in the presence or absence of

cycloheximide
The results are from the perfusions reported in Table
8. Bars on points are ±1S.E.M. (n = 4). *, Lactate
uptake and e, glucose output from livers perfused
with 18mM-lactate. o, Lactate uptake and o, glucose
output from livers perfused with 18mM-lactate in the
presence of cycloheximide at 25,g/ml.

tween activity and glycogen deposition in4h (r = 0.44,
P<0.02).
At the present time the limiting steps in gluconeo-

genesis are believed to be most likely in the area of
phosphoenolpyruvate carboxylase and pyruvate
carboxylase. The greater lability oftheseenzymes than
of most of the others studied suggests that their
activity can change critically. Counteracting their
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Table 7. Comparison ofthe concentration and content ofthe glycolytic andgluconeogenic enzymes in liversperfused
with different amounts of lactate

Each value is the mean ±S.E.M. of four observations. *P <0.05, **P <0.01, ***P <0.001 with respect to starved rats
(Table 2), tP<0.05 between the two perfusions. Lactate was added initially to the perfusate to 7mM, followed where
indicated by constant infusion of 10.3,umol of lactate/min. For further details see Table 1 and the text.

Enzyme concentration and content of rat livers

Lactate added initially
Lactate added initially and by

constant infusion

Enzyme
Glucokinase
Hexokinase
Phosphofructokinase
Pyruvate kinase
Pyruvate carboxylase
Phosphoenolpyruvate

carboxylase
Fructose 1,6-diphosphatase
Glucose 6-phosphatase
Serine dehydratase

(umol/min per g
of liver)

2.72± 0.37
0.86± 0.15
6.95 ± 0.35

75 ±7.4
7.37 ± 0.33**
6.23±0.36

12.6 ±0.6
19.2 ±1.1
3.60 ± 0.67*

(,umol/min per 100,ug
of DNA P)
1.10± 0.16
0.34±0.06
2.76±0.18
30 ±2.5
2.90± 0.06**
2.48±0.13

4.98±0.33
7.6 ±0.29
1.42 ± 0.26*

(jumol/min per g
of liver)

3.03 ± 0.14
0.73±0.13
6.25 + 0.28t
66 ±5.2
7.39± 0.37**
6.01 ± 0.19

12.3 ±0.7
20.8 ±1.6
2.59± 0.43

(,mol/min per 100,ug
of DNA P)
1.28±0.06
0.31±0.05
2.62±0.13
28 ±1.8
3.13 ± 0.16**
2.53 ± 0.07

5.17± 0.33
8.8 ±0.88
1.10± 0.21

activities is pyruvate kinase. Its capacity for produc-
ing extensive futile cycling of pyruvate (Friedman
et al., 1971) makes it desirable that its activity be de-
creased under conditions of starvation. In our ex-
periments, however, change in assayable activity of
glycolytic enzymes did not show marked response to
the presence of glycolysable substrates (Tables 4 and
6), and the increase in pyruvate kinase in response to
glucose that might have been expected from the work
of Gerschenson & Andersson (1971) was not seen.
There are several differences in the response of

enzymes in perfused livers to added substrates by
comparison with changes found in intact animals
fed with high-carbohydrate diets. For example fruc-
tose feeding induces glucokinase activity (Preis et al.,
1964), but produces a decrease in activity in the per-
fused organ (Table 6). Pyruvate kinase activity is also
induced by injection of fructose (Weber, 1969) even
in the diabetic animal. Fructose feeding in addition
enhances the activities of fructose 1,6-diphosphatase
and glucose 6-phosphatase by a mechanism that, by
contrast with activities induced by glucocorticoids,
is not suppressed by insulin (Freedland et al., 1966).
These effects of fructose, however, were not repro-
duced with the perfused organ (Table 6). Large
amounts of fructose (10mM) result in depletion of
adenine nucleotides in the liver (Woods et al., 1970),
but it is not clear from the literature (cf. Exton & Park,
1969) how serious an effect the concentrations of
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fructose used in the present work might have had.
Water content, K+, free amino acids and bile produc-
tion in the perfusions with fructose were normal but
urea synthesis was depressed (Table 1).

Extractable tissue activities of specific enzymes will
be controlled, inter alia, by rates of synthesis and
turnover of enzyme protein and by irreversible or
only slowly reversible activation or inhibition. That
cycloheximide can prevent induction of pyruvate
carboxylase and phosphoenolpyruvate carboxylase
in the lactate perfusions (Table 8) implies new protein
synthesis. It is surprising, therefore, that the drug
does not decrease activities in the perfusions of low
concentrations of glucose (Table 3). There is evidence,
however, that cycloheximide also inhibits protein
degradation (Kenney, 1965; Shambaugh et al., 1969;
Barker et al., 1971). The lack of effect ofglucose in the
presence of cycloheximide to suppress activities of
pyruvate carboxylase and phosphoenolpyruvate
carboxylase (Table 5) is consistent with this.

Functional activity of many enzymes is regulated
intracellularly by the availability of their substrates
and by the presence of various low-molecular-weight
activators and inhibitors. Adaptive changes in total
assayable activity is a common property of hepatic
enzymes. The present work emphasizes the suggestion
made by Buschiazzo et al. (1970) that substrates as
well as hormones may be potent initiators of adapta-
tion.
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Fig. 6. Relationship between the perfusate [lactate]!
[glucose] ratio and the percentage change in pyruvate
carboxylase activity relative to zero-time control

oJ, [Lactate]/[glucose] ratio; U, percentage change in
pyruvate carboxylase activity; U, lactate/total hexose
concentration for fructose perfusions. Gl, G2 and
G3, glucose perfusions at 2.2mM- and at 14mM-glu-
cose given initially and 14mM initial dose plus in-
fusion of glucose respectively. Fl and F2, perfusions
with fructose, 14mM given initially and 5.5mM initially
plus infusion respectively. LI, L2 and L3, perfusions
with lactate, 7mM given initially and 7 and 18mM
initial dose plus infusion respectively. For further
details see legends of Figs. 1-5. Concentrations are
expressed as ,tmol/g of liver.
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