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1. In confirmation ofprevious work, administration of D(+)-galactosamine (0.5-0.75g/kg
body wt.) to rats caused a hepatitis with histological evidence of liver damage and a 9-fold
rise in aspartate aminotransferase activity in serum. 2. There was a significant elevation
of blood lactate and pyruvate concentrations in 24h-starved rats treated with galactos-
amine but no change in the [lactate]/[pyruvate] ratio. 3-Hydroxybutyrate and acetoacetate
concentrations in blood were decreased. 3. The changes in the concentrations of lactate,
pyruvate and ketone bodies in the freeze-clamped liver were parallel to those observed in
the blood. 4. In the livers of 24h-starved galactosamine-treated rats there were large in-
creases in the concentrations of alanine (3-fold), citrate (5-fold), 2-oxoglutarate (4-fold),
with smaller increases in malate, glutamate and aspartate. There was a 4-fold rise in the
value of the mass-action ratio of the alanine aminotransferase system in the livers of
galactosamine-treated rats when compared to controls. 5. There was a significant decrease
in the activities of aspartate and alanine aminotransferases in the cytoplasm and the
soluble fraction of sonicated homogenates of the livers of rats treated with galactosamine.
The activity of phosphoenolpyruvate carboxylase was decreased by 75% of the control
value. 6. Glucose synthesis from lactate in perfused livers from galactosamine-treated
rats was inhibited 39% when compared with controls. 7. The results indicate that the
conversion of lactate into glucose is decreased in the livers of galactosamine-treated rats
and that this decrease may be due to the loss of phosphoenolpyruvate carboxylase from
damaged hepatocytes.

Administration of the amino sugar D(+)-galactos-
amine to rats causes liver damage, which morpho-
logically resembles acute viral hepatitis (Keppler
et al., 1968). The mechanism of the hepatotoxicity of
D-galactosamine is as yet unknown, although certain
biochemical defects have been reported. These include
depletion of liver glycogen and adenine nucleotides
(Keppler & Decker, 1969), and depletion of uridine
phosphates with accumulation of UDP-hexosamines
(Keppler et al., 1970), as well as a decrease in protein
synthesis (Koff et al., 1971b).
As galactosamine treatment provides a model for

human viral hepatitis a comparison ofblood and liver
metabolites and hepatic-enzyme activities in normal
and galactosamine-treated rats has been made to
assess whether any of the metabolic changes present
in the human disease can be explained on the basis of
thismodel. The results indicate that at gluconeogenesis
from lactate is decreased in livers from galactosamine-
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treated rats and that this may be due to the lower
activity of the key enzyme, phosphoenolpyruvate
carboxylase (EC 4.1.1.32).

Experimental

Animals

Male rats of the Wistar strain weighing 150-200g
were used for all experiments. Rats were fed on a
standard small-animal diet (Herbert Styles Ltd.,
Bewdley, Worcs., U.K.). D(+)-Galactosamine hydro-
chloride (0.5-0.75g/kg body wt.) was administered as
a neutral solution (0.45-0.9M) by a single intra-
peritoneal or intravenous (tail-vein) injection. Intra-
peritoneal injection resulted in a variable degree of
liver damage and the rats did not maintain their nor-
mal food consumption, whereas after intravenous
injection the amount of food they consumed was not
appreciably different from thal consumed by control
rats.
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Reagents
The D(+)-galactosamine hydrochloride used in

part of this work was a gift from E. Merck A.-G.,
Darmstadt, West Germany; a commercial prepara-
tion was supplied by Sigma (London) Chemical Co.
Ltd., London S.W.6, U.K. All coenzymes and
enzymes were obtained from Boehringer Corp.
(London) Ltd., London W.5, U.K.

Methods
Treatment of blood and liver. Blood was collected

into heparinized tubes after decapitation of the rats.
Blood (0.2ml) was deproteinized with 3% (w/v)
HCI04 (2.Oml), denatured protein was removed by
centrifugation, the supernatant fluid was neutralized
withKOH and the KCl04 removed by centrifugation.
Plasma was obtained by centrifugation of whole
blood.
For measurements of hepatic metabolites rats were

killed by cervical dislocation and the livers were
removed within lOs and freeze-clamped (Wollen-
berger et al., 1960). Further treatment of the frozen
tissue was as described by Williamson et al. (1967a).
In separate experiments livers were removed for deter-
mination of dry-weight/wet-weight ratios and liver/
body-weight ratios. The dry weights of the livers
were obtained after drying the liver overnight at
1000C.
For determination of activities of hepatic enzymes

rats were killed by cervical dislocation and a portion
ofliver (about 1 g) was removed, wrapped in Parafilm,
and placed in crushed ice (10-15min). The liver was
then cut into small pieces, mixed with 4vol. of ice-
cold 0.25M-sucrose in l0mM-tris-HCl buffer, pH7.4
and homogenized by hand in a loose-fitting Potter-
Elvehjem glass homogenizer. A portion of this homo-
genate was exposed to ultrasonic treatment (1OOW
model; Measuring and Scientific Equipment Ltd.,
London S.W.1, U.K.) for two periods of 15s
(15 kHz) with an interval of 1 min in between, while
being cooled in an ice-bath. This sonically treated
homogenate and an untreated portion of the homo-
genate were centrifuged at 30000g for 30min; the
resulting supernatant fluids were considered to repre-
sent the soluble fraction of sonicated homogenates of
the liver and the cytosol respectively.

Liver perfusion. Liver perfusion was done by the
method of Hems et al. (1966), except that the rats
used were males and were fed on a different diet.
The rats were starved for 48h before perfusion.

Determination of metabolites. The following
metabolites were determined by standard enzymic
methods: glucose (Slein, 1963); glucose 6-phosphate
and ATP (Lamprecht & Trautschold, 1963); pyru-
vate, L(+)-lactate, L(-)-malate and L(-)-glycerol
3-phosphate (Hohorst et al., 1959); phosphoenol-
pyruvate, 2- and 3-phosphoglycerate (Czok & Eckert,

1963); acetoacetate and D(-)-3-hydroxybutyrate
(Williamson et al., 1962); L-glutamate (Bernt &
Bergmeyer, 1963); 2-oxoglutarate (Bergmeyer &
Bernt, 1963a); L-glutamine (Lund, 1970); L-aspartate
(Pfleiderer, 1963); citrate (Mollering & Gruber,
1966); L-alanine (Williamson et al., 1967b); ADP and
AMP (Adam, 1963); plasma triglycerides (Eggstein
& Kreutz, 1966).
Plasma free fatty acids were determined colori-

metrically (Itaya & Ui, 1965).
Determination ofenzyme activities. Alanine amino-

transferase (EC 2.6.1.2) and aspartate aminotrans-
ferase (EC 2.6.1.1) were determined spectrophoto-
metrically by the methods of Bergmeyer & Bernt
(1963b,c), and lactate dehydrogenase (EC 1.1.1.27)
by the method of Bergmeyer et aL (1963). The activity
of phosphoenolpyruvate carboxylase (EC 4.1.1.32)
was measured in the direction of oxaloacetate syn-
thesis by the method of Holten & Nordlie (1965).
Glutamate dehydrogenase (EC 1.4.1.3) was deter-
mined by a modification of the method of Schmidt
(1963) in which ADP (1.6mM) was included in the
assay mixture.
The units of enzyme activity are expressed as ,umol

of substrate transformed/min (measured at 30°C)
and the specific activity as units/g fresh wt. of liver.
Serum enzyme activities are expressed as units/litre
of serum (measured at 25°C).

Determination ofprotein. Protein was determined
by the colorimetric method of Lowry et al. (1951).
Bovine serum albumin (fraction V powder) was used
as a protein standard.

Results

Evidence of liver damage

There was a 9-fold increase (from 285 to 2700
units/l) in serum aspartate aminotransferase activity
48h after galactosamine administration (0.75g/kg),
with a smaller increase at 24h and a return to normal
at 72h. The plasma of galactosamine-treated rats was
frequently icteric. Histology of the livers 24 and 48h
after galactosamine administration showed changes
similar to those described by Keppler et al. (1968)
(see the Discussion section).

Effect of galactosamine on the concentrations of
metabolites in blood

There was a significant elevation (P<0.05) of
[lactate] and [pyruvate] in 24h-starved rats treated
with galactosamine (0.5g/kg body wt.) (Table 1) but
there was no appreciable change in the [lactate]/
[pyruvate] ratio. The [3-hydroxybutyrate] and
[acetoacetate] were decreased by 34 and 56%
respectively, but the [3-hydroxybutyrate]/[aceto-
acetate] ratio, although higher than that of the
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Table 1. Effects ofD(+)-galactosamine on the concentrations ofmetabolites and the ratios ofmetabolites in rat blood
or plasma

The rats were injected intravenously with D(+)-galactosamine (0.5 g/kg), starved for 24h and then killed. Control
rats were not injected. For other experimental details see the text. Concentrations of metabolites are expressed in
,umol/ml of whole blood, except free fatty acids (pequiv./ml of plasma) and triglycerides (mg/lOOml of plasma),
as meansi S.E.M. with numbers ofobservations in parentheses. The metabolite ratios are calculated from themean
values ofthe concentrations ofthe reactants. Values for galactosamine-treated rats which are statistically (Student's
t test) different from controls are indicated by: *P<0.05; **P<0.01.

Metabolite or metabolite ratio
Lactate
Pyruvate
[Lactate]
[Pyruvate]
3-Hydroxybutyrate
Acetoacetate
Total ketone bodies
[3-Hydroxybutyrate]

[Acetoacetate]
Glucose
Free fatty acids
Glycerol
Triglycerides

Control
(5)

1.83 ±0.19
0.150± 0.033

12.2

1.43 ±0.13
0.497 ± 0.049
1.93 ±0.17

2.8

3.59 ±0.13
0.98 ± 0.06
0.293 ± 0.028

111 ±6

Galactosamine-treated
(5)

3.28 ± 0.38*
0.328 ± 0.042*

10.0

0.95 ±0.10*
0.219 ± 0.021**
1.17 ±0.09**

4.3

3.62 ±0.13
1.10 ±0.09
0.379±0.45

209 ±40

controls, was not significantly different. Blood
[glucose], plasma [free fatty acids] and blood [gly-
cerol] did not differ between the two groups, but
plasma [triglycerides] were elevated in four of
the five galactosamine-treated rats (Table 1).

Effect ofgalactosamine on concentrations of metabo-
lites in liver
The increase in blood [lactate] and [pyruvate] in the

starved rats treated with galactosamine suggested
either a decreased rate of gluconeogenesis from these
precursors or an increased rate of lactate production
by the peripheral tissues. To decide between these
possibilities the metabolite patterns in freeze-clamped
liver were determined (Table 2; Fig. 1).

Tricarboxylic acid-cycle intermediates and glucose
precursors. There was a significant increase in [lactate]
(P<0.01) and [pyruvate] (P<0.05) in the livers of
48h-starved rats treated with galactosamine (Table
2). There were also increases in [alanine] (3-fold;
P<0.001), in [citrate] (5-fold; P<0.001), [2-oxo-
glutarate] (4-fold; P<0.05) and a smaller rise in
[malate]. [Glutamate] and [aspartate] were almost
doubled in the galactosamine-treated group. There
was a marked change in the value of the mass-action
ratio of the alanine aminotransferase system as calcu-
lated from the concentrations of the reactants, the
value for the galactosamine-treated group being
4-fold higher than that of the control group.
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[Glucose], [glucose 6-phosphate], [phosphoenol-
pyruvate] and [2- and 3-phosphoglycerate] (Table 2)
were not different in livers of the control and
galactosamine-treated rats. The resultant metabolite
pattern (Fig. 1) can be interpreted as indicating a
rate-limiting step at the stage of oxaloacetate con-
version into phosphoenolpyruvate.

Ketone bodies. There was a significant decrease in
[acetoacetate] and [total ketone bodies] (P <0.05) in
galactosamine-treated rats but there was no change
in the [3-hydroxybutyrate]/[acetoacetate] ratio.

Adenine nucleotides. In agreement with the findings
of Keppler et al. (1968) [ATP] decreased (42%;
P<0.001) and there was a similar decrease in the
concentration of total adenine nucleotides. [ADP]
and [AMP], although less than control values, were
not significantly decreased and there was no appreci-
able change in the value of the mass-action ratio of
the myokinase system.

Effect of galactosamine on glucose synthesis from
lactate in the isolated perfused liver
The increases in [lactate] and [pyruvate] in the

blood and livers of rats treated with galactosamine
were consistent with an impairment of the conversion
of these metabolites into glucose. To confirm this
possibility the livers of control and galactosamine-
treated rats (48 h-starved) were perfused with
lactate.
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Table 2. Effects of D(+)-galactosamine on the concentrations of metabolites in livers ofstarved rats

Starved rats (24h) were injected with D(+)-galactosamine (0.5-0.75g/kg body wt.) intraperitoneally, starved for a
further 24h, then killed. Concentrations are expressed in ,.umol/g fresh wt., as means ±s.E.M., with the numbers of
observations in parentheses. The metabolite ratios are calculated from the mean values for the concentrations of
the reactants. Other experimental details are given in the text. Values for galactosamine-treated rats that are
statistically (Student's t test) different from controls are indicated by: *P<0.05; **P<0.01.

Metabolite or metabolite ratio
Lactate
Pyruvate
3-Hydroxybutyrate
Acetoacetate
Total ketone bodies
Glucose
Glucose 6-phosphate
3-Phosphoglycerate
2-Phosphoglycerate
Phosphoenolpyruvate
Malate
Citrate
2-Oxoglutarate
Glutamate
Glutamine
Aspartate
Alanine
ATP
ADP
AMP
Total adenine nucleotides
[ATP][AMP]

[ADp]2

[Lactate]
[Pyruvate]
[3-Hydroxybutyrate]

[Acetoacetate]
[Alanine][2-Oxoglutarate]
[Pyruvate][Glutamate]

Galactosamine-treated
(6)

0.475 ± 0.075**
0.044 0.005*
1.20 ±0.21
0.547 ± 0.077*
1.78 +0.20*
4.81 ± 0.31
0.064± 0.012
0.137±0.015
0.036±0.006
0.064±0.008
0.597±0.1141
1.22 ±0.164*
0.321 ± 0.076*
3.71 ±0.31**
7.37 ± 1.14
0.931 ±0.080*4
0.676 0.040**
1.57 ±0.05**
1.17 ±0.16
0.332 ± 0.092
3.07 ±0.17**

0.38

10.9

2.1

1.3

The rate offormation ofglucose from lactate by the
livers of galactosamine-treated rats was 39% less
than that in control rats (Table 3). Similarly, lactate
removal was 31 % less in galactosamine-treated rats
and a smaller proportion of the lactate removed was
converted into glucose (59 % compared with 67 %).

Effect ofgalactosamine on the activity of certain liver
enzymes

The established leakage of liver enzymes into the
serum of galactosamine-treated rats (Keppler et al.,
1968) and the inhibition of protein synthesis (Koff
et al., 1971b) suggested the possibility that metabolic
changes observed in the liver after galactosamine

treatment might in part be mediated by lower acti-
vities of certain key hepatic enzymes. To test this
possibility the activities of aspartate and alanine
aminotransferases (concerned in the intrahepatic
transport of carbon and reducing equivalents),
phosphoenolpyruvate carboxylase (possible rate-
limiting step in gluconeogenesis), glutamate dehydro-
genase (a mitochondrial marker enzyme) and lactate
dehydrogenase were determined in the cytoplasm and
the soluble fraction of sonicated homogenates of
liver (Table 4).
There was a 64% loss of alanine aminotransferase

activity from both the cytoplasm and the sonicated
homogenate of livers of 24h-starved rats treated with
galactosamine (0.5 g/kg body wt.). In the cytoplasm

1972

Control
(5)

0.178±0.018
0.027 ± 0.004
1.97 ±0.33
0.857 ± 0.066
2.80 ±0.36
3.96 ±0.27
0.067±0.007
0.141 ±0.016
0.031 ±0.006
0.077± 0.014
0.170±0.011
0.239±0.022
0.088 ± 0.016
2.12 ±0.15
5.52 ±0.22
0.528 ± 0.055
0.221 ± 0.043
2.71 ± 0.19
1.40 ±0.10
0.389±0.069
4.50 ±0.07

0.53

6.6

2.3

0.34
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Table 3. Effects ofprevious administration of D(+)-
galactosamine on synthesis ofglucose in perfused rat

liver

All rats were starved for 48 h before perfusion ofliver.
One group was injected intraperitoneally with D(+)-
galactosamine (0.5 g/kg) 24h before perfusion.
L(+)-Lactate (10mM) was added to the perfusion
medium 40min after the start of perfusion and the
perfusion was continued for a further 90min. The
results are expressed in ,umol/min per g fresh wt., as
means±S.E.M. with the number of observations in
parentheses. For other experimental details see the
text. Values for galactosamine-treated rats that are
statistically (Student's t test) different from controls
are indicated by: *P<0.05; **P<0.01.CL- * ' *-

Metabolites

Fig. 1. Pattern ofmetabolites in rat liver after admini-
stration ofgalactosamine

The values shown are the percentage changes in
concentration in the livers of galactosamine-treated
rats compared with control animals. The absolute
concentrations are given in Table 2. For other experi-
mental details see the Experimental section. Abbre-
viations for metabolites: Lact, lactate; Pyr, pyruvate;
Ala, alanine; Asp, aspartate; OGl, oxoglutarate;
Cit, citrate; Mal, malate; Pyr-P, phosphoenolpyru-
vate; Gri-2P, 2-phosphoglycerate; Gri-3-P, 3-phos-
phoglycerate; Glc-6-P, glucose 6-phosphate; Glc,
glucose.

the activity of aspartate aminotransferase was de-
creased by 53% and in the sonicated homogenate by
38%. There was a 29% decrease in the activity of
glutamate dehydrogenase in the sonicated liver
homogenate, but the low activity in the cytoplasm,
which is usually attributed to leakage from the mito-
chondria during preparation of the homogenate,
was 65% lower. The activity of the phosphoenol-
pyruvate carboxylase was decreased by 74% in the
cytoplasm of galactosamine-treated rats. Galactos-
amine (20mM) had no effect on the activity of phos-
phoenolpyruvate carboxylase in vitro. The lower
activities of these enzymes, especially of phospho-
enolpyruvate carboxylase, could account for the
accumulation of lactate and pyruvate in the blood
and liver of galactosamine-treated rats and the
decreased synthesis of glucose from lactate in the
perfused liver.
The protein concentrations of both liver fractions

were not significantly decreased after galactosamine
treatment, nor was the activity of the lactate
dehydrogenase.
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Lactate removed
Glucose formed

Galactosamine-
Control treated

(10) (8)
1.90±0.07 1.32±0.21*
0.63 ± 0.03 0.39 ± 0.06**

Change in liver composition after galactosamine
treatment

Any change in liver composition that may occur in a
pathological situation could alter the interpretation
ofmeasurements ofmetabolites and enzyme activities
made on the liver. To examine possible changes in
liver composition in the present experiments liver
triglycerides, dry and wet weight of livers and body
weights were measured in normal fed and 24h-
starved rats and in equivalent galactosamine-treated
rats. As reported by Koff et al. (1971a) there was an
accumulation (10-fold higher) of neutral fat in the
livers of starved rats treated 24h previously with
galactosamine, whereas in fed rats galactosamine
actually caused a 33% decrease in liver triglycerides
(Table 5). This infiltration of fat in the livers of the
24h-starved rats resulted in a 20% rise in the wet liver
wt./body wt. ratio (Table 5). Assuming no change in
total activity/liver, the activity of any enzyme would
therefore be underestimated if expressed as units/g
wet wt. and this could be corrected for by expression
of the results as units/100g body wt. This method of
expression for the enzyme results was not adopted
because it was thought that any apparent under-
estimation was at least partly if not entirely com-

pensated for by liver wasting and that this was ob-
scured by fat-infiltration. Evidence for this is the fact
that in fed galactosamine-treated rats where no fat-
infiltration of the liver occurs there is a 25% decrease
in the dry weight of the livers (Table 5).
The changes in the dry liver weight/wet liver weight

ratios in the experiments in which the liver was
freeze-clamped were not appreciable (Table 5) and
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Table 4. Effects ofD(+)-galactosamineon the activities ofcertain enzymes in cytoplasm andsolublefractionofsoni-
cated homogenates of rat liver

Treatment of the rats was as described in Table 1. For other experimental details see the text. The activities are
expressed in units/g fresh wt., as means±S.E.M. with the number of observations in parentheses. Values for
galactosamine-treated rats which are statistically (Student's t test) different from controls are indicated by:
*P<0.05; **P<0.01.

Enzyme activity

Enzyme
Aspartate aminotransferase

Alanine aminotransferase

Glutamate dehydrogenase

Phosphoenolpyruvate carboxylase
Lactate dehydrogenase

Fraction
Cytoplasm (5)
Whole homogenate (5)
Cytoplasm (5)
Whole homogenate (5)
Cytoplasm (7)
Whole homogenate (7)
Cytoplasm (6)
Cytoplasm (5)

Control
49.7 ± 4.3
186 ± 12.3
12.9 ± 2.5
18.7 ± 2.2
2.6 ± 0.5

226 ± 12.1
2.15± 0.36

255 ± 34.3

Galactosamine-treated
23.5 ± 3.4**
116 ± 13.5*

4.7 ± 0.4*
6.8 ± 0.8**
0.9 ± 0.2*

161 ± 14.0*
0.56± 0.19**

205 ± 37.5

Table 5. Effects of D(+)-galactosamine on liver composition

Rats were injected intravenously with D(+)-galactosamine (0.5 g/kg body wt.). One group was starved for 24h and
the other fed ad libitum for 24h. The control rats were not injected. The results are means ±S.E.M. An average
mol.wt. of 800 was assumed for the triglycerides.

Treatment of rats
Fed rats
Galactosamine-treated,

fed rats
Starved rats (24h)
Galactosamine-treated,

starved rats (24h)

Triglycerides Fresh liver
(,umol/g fresh wt.) (g/lOOg body wt.)

23.8 ± 2.7
15.9± 2.2

7.1±0.8
73.0± 5

4.2±0.2
3.7±0.1

3.5 ±0.1
4.4±0.2

Dried liver
(g/lOOg body wt.)

1.2± 0.06
0.9±0.02
1.0 ± 0.04
1.3 ±0.1

Dry wt./wet wt.
ratio

27.9±0.3
24.6±0.4
28.4± 0.2
29.6± 0.5

therefore no correction has been made for this in
calculating the concentrations of liver metabolites.

Discussion
Dose ofgalactosamine

In the present study a single dose of galactosamine
of 0.5-0.75g/kg body wt. was used to produce a
hepatitis 24h later. This is one-third to one-half of the
dose given by Keppler et al. (1968), who used 1.5 g/kg
body wt. in six divided doses over 24h. The histolo-
gical appearance of the liver essentially resembled
that described by these authors, though the extent of
the liver damage was much less marked, probably
no more than 10% of the liver parenchyma being
necrotic. Administration of galactosamine at a dose
of 0.5g/kg body wt. followed by starvation for 24h
resulted in marked eosinophilic change throughout
the liver, with small collections of inflammatory cells,
but extensive foci of necrosis as described by Keppler
et al. (1968) and Koff et al. (1971a) obtained by using

a single dose of 1.5 g/kg body wt. were not seen. With
galactosamine-treated rats which were starved for
24h there was marked accumulation offat in the liver,
confirming the findings of Koff et al. (1971a).

Site of inhibition ofglucose synthesis
The accumulation of lactate and pyruvate in the

blood and in the livers of galactosamine-treated
starved rats and the decreased rates of glucose
synthesis from these precursors in perfused livers
raises the question of the site(s) of inhibition of
gluconeogenesis. The large increases in hepatic
[malate], [aspartate], [citrate] and [2-oxoglutarate]
with no significant changes in [phosphoenolpyruvate],
[2-phosphoglycerate] and [3-phosphoglycerate] gives
a metabolic profile (Fig. 1) similar to that found after
administration of quinolinic acid (Veneziale et al.,
1967; Williamson et al., 1971), an inhibitor of
phosphoenolpyruvate carboxylase. In the present
experiments the activity of this key enzyme in glucose
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synthesis was decreased by about 75% in galactos-
amine-treated rats and this change in activity may
be the sole factor responsible for the inhibition of
gluconeogenesis from lactate. Other metabolic
changes after galactosamine treatment that might
decrease the rate of glucose synthesis are the lower
activities of aspartate aminotransferase and alanine
aminotransferase in the cytoplasm (Table 4). The
main function.of cytoplasmic aspartate aminotrans-
ferase in gluconeogenesis is probably the conversion
of aspartate (transported from the mitochondria)
into oxaloacetate (Lardy, 1965) whereas that of
alanine aminotransferase is presumably the con-
version of alanine into pyruvate. Evidence that the
decreased activity of alanine aminotransferase may
be important is the altered ratio of the reactants of
the system after galactosamine treatment (Table 2).
The lower [ATP] in the galactosamine-treated rats
might be expected to decrease the rate of glucose
synthesis, but there is no evidence for this from the
metabolite profile.
The lower activities of several hepatic enzymes

could be the result of leakage from cells owing to
membrane damage. Evidence for this suggestion is the
appearance of aminotransferases and glutamate
dehydrogenase in the serum after galactosamine
treatment (Keppler et al., 1968; the present paper)
and the membrane damage noted by Medline et al.
(1970) as a feature ofthe ultrastructural abnormalities
caused by galactosamine. Alternatively, a decrease in
protein synthesis as reported by Koff et al. (1971b)
could be responsible, although this explanation seems
less likely, as the cytoplasmic and sonicated homo-
genate soluble protein of galactosamine-treated rats
did not differ significantly from controls. Similarly
there was no significant decrease in the hepatic acti-
vity of lactate dehydrogenase (cytoplasm) in the
galactosamine-treated group, although it is not pos-
sible to rule out effects on the synthesis of specific
proteins. Increased rates of intracellular degradation
of the enzymes or conversion into inactive forms are
other possible explanations of the findings.

Interpretation ofmetabolite concentrations andenzyme
activities in damaged tissues

Measurements of metabolite concentrations and
enzyme activities in damaged tissues represent values
for a mixed population of normal, dead or dying and
inflammatory cells. Thus any metabolite or enzyme
profile may be distorted by changes occurring pre-
dominantly in necrotic cells and may bear little rela-
tion to events in surviving tissue. Although this could
in part explain the changes in metabolite concentra-
tions in freeze-clamped tissue after administration
of galactosamine the available evidence suggests that
this is not so. The alteration in hepatic enzyme
activities, notably that of phosphoenolpyruvate

carboxylase, would suggest that over 50% of the
parenchymal cells had been affected by galactosamine
administration, whereas necrotic cells accounted for
probably no more than 10% ofthe liver, and although
inflammatory cells were present they were few in
number.
On completion of the present work our attention

was drawn to the studies of Monier & Wagle (1971)
who found a decrease in the activity of phosphoenol-
pyruvate carboxylase in the livers of fed rats after
treatment with 1.5g/kg of galactosamine. They also
report an inhibition of gluconeogenesis from
various precursors in rat liver slices.

Comparison with human liver disease
The liver damage that results from galactosamine

as administered in this study is acute, relatively mild
and more constant than the varied spectrum of liver
damage that occurs in human viral hepatitis; never-
theless it is of interest to make a comparison of the
metabolic changes. Common features are the in-
crease in the activites of the aminotransferases and
glutamate dehydrogenase in serum and the increase
in serum bilirubin. Impaired gluconeogenesis result-
ing in hypoglycaemia after overnight starvation has
been reported in human acute viral hepatitis (Felig
et al., 1970), this complication having previously only
been recognized in acute massive hepatic necrosis
(Marks & Rose, 1965). In other forms ofhuman liver
disease the findings include elevated concentrations
of blood lactate (Tranquada, 1964) and 2-oxogluta-
rate (Seligson et al., 1952; Dawson et al., 1957)
together with increased blood pyruvate in hepatic
coma (Dawson et al., 1957), all ofwhich may indicate
impaired gluconeogenesis.
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E. Merck A.-G., Darmstadt, Germany, for a gift of D-
galactosamine hydrochloride. C. 0. R. is the holder of a
Nuffield Research Fellowship. This work was supported by
grants from the Wellcome Trust and the Medical Research
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