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1. Activities of 3-oxo acid CoA-transferase and carnitine palmitoyltransferase together
with tri- and di-acylglycerol lipase were present in red and heart muscles of the teleost fish.
However, D-3-hydroxybutyrate dehydrogenase activity was not detectable. These results
suggest that the heart and red muscles of the teleosts should be able to utilize the fat fuels
triacylglycerol, fatty acids or acetoacetate, but not hydroxybutyrate. The muscles from
the elasmobranchs differed in that D-3-hydroxybutyrate dehydrogenase and 3-oxo acid
CoA-transferase activities were present, but carnitine palmitoyltransferase activity was
not detectable. This suggests that ketone bodies are the most important fat fuels in elasmo-
branchs. 2. The concentrations ofacetoacetate, 3-hydroxybutyrate, glycerol, non-esterified
fatty acids and triacylglycerols were measured in blood or plasma of several species of fish
(teleosts and elasmobranchs) in the fed state. Teleosts have a 10-fold higher concentration
of plasma non-esterified fatty acids, but a lower blood concentration of ketone bodies;
both acetoacetate and 3-hydroxybutyrate are present in blood of elasmobranchs, whereas
3-hydroxybutyrate is absent from that of the teleosts. 3. The effects of starvation (up to
150 days) on the concentrations of blood metabolites were studied in a teleost (bass)-and
an elasmobranch (dogfish). In the bass there was a 60% decrease in blood glucose after 100
and 150 days starvation. In dogfish there was a large increase in the concentration of
ketone bodies, whereas in bass the concentration of acetoacetate (the only ketone body
present) remained low (< 0.04mM) throughout the period of starvation. The concentration
of plasma non-esterified fatty acids increased in bass, but decreased in dogfish. These
changes are consistent with the predictions based on the enzyme-activity data. 4. Starvation
did not change the activities of ketone-body-utilizing enzymes or that of phosphoenol-
pyruvate carboxykinase in heart and red skeletal muscles of both fish, but it decreased
markedly the activity of phosphoenolpyruvate carboxykinase in white skeletal muscle of
both fish. However, in the liver of the dogfish, starvation resulted in a twofold increase in
the activities of 3-hydroxybutyrate dehydrogenase and acetoacetyl-CoA thiolase, whereas
in bass liver it decreased the activity of acetoacetyl-CoA thiolase and increased that of 3-
oxo acid CoA-transferase. The activity of phosphoenolpyruvate carboxykinase was
increased twofold in the liver of bass, but was unchanged in that of the dogfish. 5. The
difference in changes in concentrations of blood metabolites and enzyme activities '-in the
two fish support the suggestion that, in starvation, ketone bodies, but not non-esterified
fatty acids, are an important fuel for muscle in elasmobranchs, whereas non-esterified fatty
acids, but not ketone bodies, are an important fuel in teleosts. The results are discussed in
relation to the evolution of a discrete lipid-storing adipose tissue in teleosts and higher
vertebrates.

In mammals and birds the reserve lipid fuel tri- fatty acids and glycerol, but some of the non-esterified
acylglycerol is stored primarily in a discrete adipose fatty acids are converted into ketone bodies in the
tissue. When it is necessary to mobilize this fuel it is liver (see Newsholme & Start, 1973). In some lower
released from the adipose tissue as non-esterified animals lipid is stored primarily in a tissue that, from
Abbreviations used: PEPCK, phosphoenolpyruvate a functional point of view, can be described as a liver

carboxykinase; HMG-CoA, 3-hydroxy-3-methylglutaryl- (e.g. the fat-body of the insect). In the locust (see
CoA. Tietz, 1967), and probably in insects in general (see
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Crabtree & Newsholme, 1972), this lipid is mobilized
as diacylglycerol rather than non-esterified fatty acids
or ketone bodies. However, in fish, the more primitive
elasmobranchs store most of their triacylglycerol in
the liver, whereas the more advanced teleosts store a
considerable proportion of their triacylglycerol in a
discrete abdominal tissue and/or in adipocytes which
are distributed throughout the muscle fibres (Love,
1970). Consequently, these two classes of fish offer a
unique opportunity to investigate the type of fat fuel
that is mobilized from the two different storage tissues
in animals from the same phylum.
Two experimental approaches have been used to

investigate the fat fuels utilized by these fish. First, the
activities of key enzymes involved in fatty acid
(Crabtree & Newsholme, 1972) and ketone-body
(Beis, 1978) oxidation have been measured in muscles
of three teleosts and four elasmobranchs. Secondly,
the blood concentrations of glucose, non-esterified
fatty acids, ketone bodies, lactate, glycerol and
triacylglycerol were measured in bass (a teleost) and
dogfish (an elasmobranch) as soon as possible after
capture and after feeding or starvation in captivity.
At the same time, samples of liver were taken for
assay of the activities of the enzymes of ketone-body
metabolism (acetoacetyl-CoA thiolase, EC 2.3.1.9;
3-oxo acid CoA-transferase, EC 2.8.3.5; HMG-CoA
synthase, EC 4.1.3.5; and 3-hydroxybutyrate de-
hydrogenase, EC 1.1.1.30) and a gluconeogenic
enzyme, PEPCK (EC 4.1.1.32). The results are
reported and discussed in this paper.

Materials and Methods

Chemicals and enzymes
Scintillation materials and L(-)-carnitine were

obtained from Koch-Light Laboratories, Colnbrook,
Bucks. SL3 OBZ, U.K. D(+)-Carnitine was a gift from
Otsuka Pharmaceutical Laboratory, Naruto, Toku-
shima, Japan. Glycerol tri[1-14C]oleate was obtained
from The Radiochemical Centre, Amersham, Bucks.,
U.K. Acetoacetyl-CoA was synthesized from CoA
and diketene as described previously (Sugden &
Newsholme, 1973). All other biochemicals and
enzymes were obtained from Sigma (London)
Chemical Co., Kingston-upon-Thames, Surrey KT2
7BH, U.K. All inorganic chemicals were obtained
from BDH Chemicals, Poole, Dorset BH12 4NN,
U.K.

Source and treatment ofanimals
All the fish used in this work were caught by trawl

off Plymouth, U.K., by using boats of the Marine
Biological Association of the United Kingdom,
Plymouth. For the starvation experiments, the dog-
fish and bass were brought to the laboratory as quickly
as possible (approx. 1-2h after capture) and they

were transferred to outside tanks (capacity 4 m3) with
continuously running sea water. The experiments
were started after a period of 2 weeks, during which
the fish were allowed to acclimatize to the new
environment and feeding routine. Food consisted of
chopped bibs (Triscopterus minutus) given to the fish
every third day. The fish were fed to satiation. The
experiments were carried out between March and
September 1977. During this time the temperature of
the sea water in the holding tanks varied between
10 and 15°C. When the fish were required for experi-
ment they were rapidly caught by net, stunned by a
blow on the head (bass) or restrained from moving
(dogfish) and a sample of mixed venous and arterial
blood was taken with a syringe by puncturing the
caudal blood vessels at the level of the anal fin. The
syringe contained 10mg of EDTA/ml of sampled
blood to prevent coagulation. The procedure was
completed within 2min, after which the fish were
killed and samples of muscle were dissected as
described below. Preliminary experiments indicated
that there were no significant differences in blood
metabolite concentrations and tissue enzyme activi-
ties between male and female animals, except in
those animals that were sexually gravid. Consequently
male and non-gravid female animals were used
indiscriminately for experimentation.

Preparation ofblood samples
For the measurement of concentrations of glucose,

glycerol, acetoacetate, 3-hydroxybutyrate and lactate,
l.Oml of blood was mixed immediately after sampling
with an equal volume of cold 10% (w/v) HC104. The
precipitated protein was removed by centrifugation
at 3000g for 15 min. Samples of the supernatant were
neutralized with lOM-KOH to pH7.0 (for assay of
acetoacetate and glucose) or pH9.0 (for assay of 3-
hydroxybutyrate, lactate and glycerol). The KC04
precipitate was removed by centrifugation for 10min
at 3000g. The supernatant was either used immedi-
ately for assay (see below) or stored under liquid
nitrogen until required (within I month).
For measurement of concentrations of triacyl-

glycerol and non-esterified fatty acids, blood plasma
was obtained by centrifugation of whole blood at
3000g for 15min. It was found that haemolysis was
minimal unless coagulation occurred. The plasma so
obtained was stored under liquid nitrogen until used
for assay (see below), usually within I month.

Measurement ofmetabolite concentrations
The concentrations of the following metabolites

were assayed enzymically as described previously:
acetoacetate and 3-hydroxybutyrate (Williamson
et al., 1962), glucose (Bergmeyer et al., 1974), lactate
(Gutman & Wahlefeld, 1974), glycerol (Garland &
Randle, 1962) and triacylglycerols (Wahlefeld, 1974).
The concentration of non-esterified fatty acids was
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measured colorimetrically by a modification of the
method of Duncombe (1963). Before colorimetric
determination, non-esterified fatty acids were ex-
tracted from the total lipid extract of plasma (Dole,
1958) as described by Borgstrom (1952). This was
necessary because the addition of the CuSO4 reagent
to the total lipid extract of fish blood resulted in
precipitation of non-polar lipids, which interfered
with subsequent colour development. Preliminary
experiments established that 95-98% of total non-
esterified fatty acids were extracted and measured by
this procedure. Solutions containing known amounts
of palmitic acid were subjected to the same procedure
and were used as standards.

Dissection of muscles andpreparation ofhomogenates
Fish were stunned with a blow on the head, then

heart and white and red trunk muscles were rapidly
dissected. In dissecting trunk muscles, care was
taken always to take samples from a selected group
of myotomes at the level of the anterior edge of the
posterior dorsal fin. This procedure was followed in
order to minimize variations in enzyme activities
owing to longitudinal differences in enzyme content
of trunk muscles. The tissues were kept on ice until
used, usually within 1 h.
Homogenates were made with a hand-operated

all-glass homogenizer kept at 0°C. For lipase assays
tissues were homogenized in 200 mM-triethanolamine,
pH7.4. For assay of carnitine palmitoyltransferase
the extraction medium contained 100mM-Tris/HCI
and I mM-EDTA at pH7.4. The extraction media for
all other assays were as described elsewhere (Alp
et al., 1976; Zammit & Newsholme, 1976; Beis,
1978). All homogenates were sonicated for two 15s
periods at 0°C in a 150W MSE sonic disintegrator
working at maximum intensity.

Assay ofenzyme activities
Carnitine palmitoyltransferase activity was assayed

spectrophotometrically as described by Bieber et al.
(1972). The assay medium contained 60mM-Tris/
HCI, 1.5 mM-EDTA, 1.25 mM-L(-)carnitine, 0.25 mM-
5,5'-dithiobis-(2-nitrobenzoic acid) and 35pM-pal-
mitoyl-CoA, in a total volume of 0.5 ml at pH 8.0.
The reaction was started by addition of 5-10,u1 of
homogenate. The increase in A412 was followed on a
Unicam SP. 800 recording spectrophotometer.
Controls, in which D(+)-carnitine replaced L(-)-
carnitine, were run concurrently.

Triacylglycerol lipase activity was measured
radiochemically by measuring the release of [14C]-
oleate from glycerol tri[1-14C]oleate (Bilinski & Lau,
1969). The reaction mixture contained 0.1 mM-
glycerol tri[1_'4C]oleate (2,Ci/mmol) as 0.1 ml of a
suspension in 30% (w/v) poly(vinyl alcohol) (mol.wt.
14000) in 200mM-triethanolamine, pH7.4 (prepared
as described by Crabtree & Newsholme, 1972), and
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0.1 ml of homogenate. The reaction was started by
addition of homogenate. The reaction was stopped
by the addition of 0.8 ml of a mixture of 0.5 M-H2SO4,
iso-octane and isopropyl alcohol (1:10:40, by vol.),
and total lipid was further extracted as described by
Carter (1967). Non-esterified fatty acids were
isolated from the iso-octane phase by the alcoholic
NaOH-partition method of Borgstrom (1952) after
addition of carrier oleate (10,umol). The final iso-
octane phase, containing the fatty acids, was evap-
orated to dryness under nitrogen in scintillation
vials. Toluene scintillant [3g of 2,4-diphenyloxazole
and 0.1 g of 1,4-bis-(5-phenyloxazol-2-yl)benzene in
I litre of sulphur-free toluene] was then added and
radioactivity measured in a Packard LS-500 scintil-
lation counter. The channels-ratio method was used
for quench correction (Baillie, 1960). Preliminary
experiments established that fish phospholipid had
no effect on lipase activity (see Bilinski & Lau, 1969).
Diacylglycerol lipase activity was measured as
described previously (Crabtree & Newsholme, 1972)
by monitoring the release of glycerol from glycerol
dioleate by the method of Newsholme & Taylor
(1968).
The maximal activities of acetoacetyl-CoA thio-

lase, 3-oxo acid-CoA transferase, HMG-CoA syn-
thase and 3-hydroxybutyrate dehydrogenase were
measured spectrophotometrically as described else-
where (Sugden & Newsholme, 1973; Clinkenbeard
et al., 1975; Beis, 1978). The activity of PEPCK was
measured spectrophotometrically as described by
Zammit & Newsholme (1976). All enzyme assays
were performed at 10°C and spectrophotometric
assays were carried out in a Unicam SP. 800 re-
cording spectrophotometer. Full details of these
assays and the tests carried out to ensure that maxi-
mum activities were measured are given by Zammit
& Newsholme (1976), Beis (1978) and Zammit et al.
(1979).

Results and Discussion

Activities of the enzymes of fat-fuel metabolism in
muscle
The activities of 3-oxo acid CoA-transferase and

acetoacetyl-CoA thiolase are similar in the muscles
of the three teleost fish (mackerel, plaice and bass) to
those in the muscles of the four elasmobranchs
(smooth hound, spur dog, ray and dogfish) (Table
1). However, carnitine palmitoyltransferase activity
was not detectable in all the muscles of the four
elasmobranchs investigated, whereas it was present
in those of the teleosts (Table 1), (carnitine palmitoyl-
transferase activity was present in the livers of the
elasmobranchs investigated; 0.04 and 0.071umol/min
per g for dogfish and ray, respectively). Similarly,
the lipase activities were in general much lower in
the muscles of the elasmobranchs. These results
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STARVATION AND FUEL SUPPLY IN FISH

suggested that fatty acids, which require carnitine
palmitoyltransferase activity for oxidation, are not
important as a fat fuel in the elasmobranchs. Since
D-3-hydroxybutyrate dehydrogenase activity was
not detectable in muscles of the teleosts, and since
D-3-hydroxybutyrate is known to be the quanti-
tatively important ketone for oxidation in starvation
in mammals, this finding suggested that ketone
bodies may not be an important fuel in the teleosts
during starvation. For this reason the concentrations
of ketone bodies, fatty acids, glycerol and triacyl-
glycerol were measured in the blood of teleosts and
elasmobranchs.

Concentrations of fat fuels in the blood of elasmo-
branchs and teleosts
An investigation of several species of fish in the

fed state indicated that there were marked differ-
ences in the concentrations of fat fuels in the blood
of teleosts and elasmobranchs: concentrations of
non-esterified fatty acids were about 10-fold higher
in teleosts; 3-hydroxybutyrate was present in the
blood of elasmobranchs, but could not be detected in
teleosts; and glycerol was detected in teleosts, but
not in the elasmobranchs (Table 2). These results
provided further support for the views that non-
esterified fatty acids were unimportant as a fat fuel in
elasmobranchs and that ketone bodies were unimpor-
tant in the teleosts. Therefore a study was undertaken
to investigate the effects of prolonged starvation on
the concentrations of fat fuels and glucose in rep-
resentatives of the two classes of fish, bass (a teleost)
and dogfish (an elasmobranch).

In this work it has been assumed that an increase
in the concentration of the fat fuels in the blood or
plasma is indicative of increased rates of utilization
and oxidation.

Effects of stress of capture on concentrations of
metabolites in blood offish

In order to investigate the effects of stress during
capture and subsequent transport to the laboratory,
blood samples were taken from the fish immediately
on arrival at the laboratory (2-3h after capture). In
Table 3 the concentrations of glucose, glycerol,
acetoacetate, 3-hydroxybutyrate, lactate and non-
esterified fatty acids in blood of freshly caught fish
are compared with the concentrations of these meta-
bolites in the blood of fish that had been kept in
captivity and fed for up to 150 days (see the Materials
and Methods section). Since stress on fish during
re-capture from tanks was minimal, it was assumed
that concentrations of metabolites in blood of
animals after 40 or 100 days represent basal, steady-
state values for the fed animals. (However, these
results must be interpreted with some caution, since
maintenance of fish in laboratory tanks may produce
a different metabolic state from that pertaining to the

Vol. 184

fed animals in the wild.) Stress during capture results
in almost a 3-fold increase in blood glucose in both
fish and a 5- and 10-fold increase in blood lactate in
bass and dogfish respectively (Table 3). The increase
in blood glucose is probably due to stress-stimulation
of hepatic glycogenolysis (see Patent, 1970; Thorpe
& Ince, 1974; Umminger et al., 1975). The increase
in lactate is probably due to stimulation of glycolysis
in the muscles and a slow rate of removal of lactate
from the blood of the fish (Chavin & Young, 1970;
Driedzik & Kicenicek, 1976). There was a 30%
increase in non-esterified fatty acids concentration
and a similar increase in glycerol concentrations in
the bass, but they were not statistically significant.
It is suggested that this is due to stimulation of the
adipose-tissue lipase by stress. However, in the
dogfish, there was no change in the concentrations of
glycerol or non-esterified fatty acids, which is con-
sistent with the suggested inability of this animal to
mobilize its fat stores as non-esterified fatty acids.

Effect of starvation on the concentration offuels in
blood
The concentration of glucose in the fed bass is

5-fold higher than that in blood of fed dogfish.
Although starvation for 40 days caused no change in
blood glucose concentration in either fish, it was
decreased after 100 and 150 days starvation in the
bass (see Table 3). Both acetoacetate and 3-hydroxy-
butyrate were detected in blood of dogfish, whereas
only acetoacetate was detectable in that of the bass
(and other teleosts; see Table 2): hydroxybutyrate
was not detectable in the bass even after 150 days
starvation. This finding is consistent with the lack of
detectable 3-hydroxybutyrate dehydrogenase activity
in liver of marine teleost fish (Beis, 1978). The con-
centration of acetoacetate was similar in the blood
of both species in the freshly caught animals. How-
ever, the concentration in the dogfish increases by
6-fold during starvation, whereas in the bass, even
after 150 days starvation, the concentration was only
0.04,umol/ml. The concentration of hydroxybutyrate
in the fed dogfish 150 days after capture was 0.01 mM,
whereas, after starvation for this period, the concen-
tration rose to 1.86mM; the concentration of total
ketone bodies increased from approx. 0.1mm in the
fed state to approx. 2mM in the starved state (2.28mM
after 150 days starvation). The mean 3-hydroxy-
butyrate/acetoacetate concentration ratio increased
from a mean of 0.57 for fed dogfish to a mean of 4.9
in the starved animal (Table 3).

Starvation of the dogfish for 40 and 150 days
decreased the plasma non-esterified fatty acids
concentration by about 30 %, although these changes
were not statistically significant. In bass, starvation
for 40 days increased the plasma non-esterified fatty
acids concentration by about 65 %. However, after
150 days starvation the concentration is decreased by
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Table 2. Concentrations of ketone bodies, glycerol, non-esterifiedfattv acids and triacylglycerols in the blood or plasma of
selected teleosts and elasmobranchs

Concentrations were measured as described in the Materials and Methods section. Concentrations are given in ,umol/ml
of blood, except for non-esterified fatty acids and triacylglycerols which are ,umol/ml of plasma. They were measured
2-3 h after capture. The results are reported as means, with ranges and nLumbers of animals used in parentheses.

Fuel or metabolite concentration in blood or plasma (umol/ml)

Teleosts
Bass

(Dicentrarcus
labrax)

Red mullet
(Mullus
surmuletus)

Mackerel
(Scombrus
scombrus)

Elasmobranchs
Dogfish

(Scylliorhinus
canicula)

Spur dog
(Squalus
acanthias)

Acetoacetate

0.04
(0.028-0.066) (8)

0.01
(0.007-0.014) (4)

0.05
(0.040-0.062) (4)

0.07
(0.045-0.109) (8)

0.13
(0.078-0.156) (3)

3-Hydroxy-
butyrate

<0.001 (8)

<0.001 (3)

<0.001 (3)

0.06
(0.013-0.140) (8)

0.2
(0.173-0.287) (4)

Glycerol

0.02
(0.001-0.048) (8)

0.15
(0.091-0.228) (4)

0.01
(0.001-0.020) (4)

Non-esterified
fatty acids

1.10
(0.447-1.53) (8)

1.42
(1.31-1.76) (4)

1.22
(0.085-1.43) (3)

<0.001(8) 0.15
(0.107-0.241) (8)

<0.001 (3) 0.15
(0.130-0.183) (3)

Triacylglycerol

4.56
(2.32-5.78) (8)

1.84
(1.35-2.22) (3)

1.24
(1.05-1.47) (3)

0.85
(0.635-1.028) (8)

0.39
(0.360-0.420) (3)

about 36%. Glycerol could not be detected in the
blood of either the fed or starved dogfish. In the bass,
starvation increased the concentration of glycerol
3-7-fold. Thus, contrary to that of fatty acids, the
concentration of glycerol remained elevated at 150
days starvation.
The blood concentration of non-esterified fatty

acids in the bass after 40 and 100 days starvation is
similar to that in the rat after 2 days and in the human
after 6 days starvation (for review, see Newsholme,
1976). The increase in the blood concentration of
glycerol in the bass suggests that the increased non-
esterified fatty acids concentration represents in-
creased mobilization from the distinct adipose-tissue
stores of triacylglycerols. The decrease in weight of
adipose tissue (see Table 4) and the decreased total
lipid content of muscle during starvation (from
2.51 + 0.23 to 2.07+0.19mg/g of muscle for eight
animals in each group) is consistent with this sugges-
tion. Despite this increase in non-esterified fatty acids,
there is no statistically significant increase in the
concentration of acetoacetate in the bass during
starvation, and the total ketone-body concentration
remains very low (0.05,pmol/ml; see Table 3).
However, in the dogfish the non-esterified fatty
acids concentration is decreased, whereas that of
ketone bodies is increased at each time interval
investigated: at 150 days the ketone-body concen-
tration is increased by 28-fold to reach a value of
2.28 mm, which is similar to that observed in the rat

after 96h starvation (see Hawkins et al., 1971).
Furthermore, as in the mammals, the largest con-
centration increase occurs in 3-hydroxybutyrate
(0.01 to 1.86mM), so that the hydroxybutyrate/
acetoacetate concentration ratio increases markedly.
These findings suggest that, in the dogfish, hepatic
triacylglycerol stores are not mobilized as non-
esterified fatty acids but as ketone bodies. This is
supported by the absence of detectable glycerol from
the blood, since it is probable that the glycerol that
is produced from hepatic lipolysis will be phosphory-
lated within the liver. The reason for the dependence
of the dogfish (and presumably all elasmobranchs;
see Tables 1, 2 and 3) on ketone bodies as the major
fat fuel during starvation is not known. It is possible
that, for some unknown reason, non-esterified fatty
acids cannot be released from the liver. Since non-
esterified fatty acids are not very soluble in aqueous
medium, physiologically meaningful quantities of
non-esterified fatty acids can only be transported if
a transport protein such as albumin is present in the
blood. Albumin is not present in the blood of the
elasmobranchs, but it is present in that of most
teleosts, including the bass (Lauter et al., 1968;
Sulya et al., 1961). Once a transport protein for non-
esterified fatty acids is present in the blood, triacyl-
glycerols can be mobilized as non-esterified fatty
acids and the dependence on ketone bodies is
removed. Furthermore, triacylglycerols can now be
stored in a tissue specific for this storage rather than
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Table 4. Total body, liver and adipose-tissue weight infed and starved bass and dogfish
Results are presented as means+S.E.M. Number of animals used for each determination was eight. Both starved and fed
fish were given food for 14 days after capture.

Weight (g)

Time
after

capture
(days)

Total body

Fed

40 339± 146
100 462±205
150 533 + 193

40 821 + 287
100 767 + 86
150 735+ 167

Liver

Starved

462 + 133
362+ 60
310+ 129

811 + 143
642 + 92
536+ 111

Fed Starved

6.97 + 2.82
9.20± 3.24
7.9 ± 3.42

54.8+ 9.8
70.0± 15.0
51.7+ 13.3

4.18+ 1.93
2.83 + 0.94
1.61 ±0.23

57.2+ 18.3
36.1+ 15.0
30.7+ 20.7

in the liver. Thus the teleosts may represent an
important evolutionary position in metabolism in
that they are the first group of animals that have
developed a specific storage tissue for triacylglycerols
and the ability to mobilize and transport non-
esterified fatty acids.
The apparent reluctance to convert non-esterified

fatty acids into ketone bodies during starvation in
the teleost is in marked contrast with higher animals.
This poses interesting questions as to why both non-
esterified fatty acids and ketone bodies need to be
utilized in higher animals during starvation and at
what stage in the evolutionary development both
non-esterified fatty acids and ketone bodies are

available in the blood during starvation. The in-
creasing size of the brain in relation to body size and
the need to restrict glucose formation from amino
acids in order to conserve body protein may be a
possible answer, since ketone bodies, but not non-
esterified fatty acids, are utilized in preference to
glucose by the brain of higher animals (for reviews
see Newsholme & Start, 1973; Newsholme, 1976).
Nonetheless, it should be emphasized that the
enzymes for the formation of ketone bodies (i.e.
HMG-CoA-cycle enzymes) are present in the liver
of the teleost fish (Beis, 1978) and that ketone-body-
utilization enzymes are present in muscle and brain
of such fish (Table 1) (Beis, 1978; Sugden & News-
holme, 1973). It is not known under what conditions
ketone bodies are produced and utilized in the
teleost fish.

Effect ofstarvation on enizyme activities
Enzymes for ketone-body metabolism are present

in the tissues of both types of fish (Beis, 1978;
Sugden & Newsholme, 1973). In view of the emphasis
on ketone bodies as a fuel in the dogfish during
starvation, it was considered important to study the
effects of starvation on the activities of these enzymes
in the two fish. There were no marked changes in the

activities of the ketone-body-utilization enzymes in
the heart or red skeletal muscles of either fish (results
not shown). However, the patterns of changes were
different in the livers of the two types of fish. In the
dogfish, starvation produced no changes in the
activities of 3-oxo acid CoA-transferase or HMG-
CoA synthase, but it increased those of acetoacetyl-
CoA thiolase and hydroxybutyrate dehydrogenase
(2-3-fold). In the bass, starvation caused no change
in the activity of the HMG-CoA synthase, it increased
that of the 3-oxo acid CoA-transferase (by about
2-fold) and decreased that of acetoacetyl-CoA
thiolase (see Table 5). The direction of these changes
may be important. The fact that the thiolase activity
increases in the dogfish liver, when the rate of ketone-
body production is probably increased, but the
activity decreases in the liver of the bass, in which
ketone-body production appears unimportant, sug-
gests that thiolase plays a role in the regulation of the
rate of ketogenesis. The presence of 3-oxo acid CoA-
transferase activity in the livers of some fish has been
previously reported by Phillips & Hird (1977), who
suggested that it catalyses the conversion of aceto-
acetyl-CoA into acetoacetate for the formation of
ketone bodies. The present results do not support
this view, since the activity of 3-oxo acid CoA-
transferase increases in the liver of the bass when
there is no increase in blood acetoacetate, but it is
unchanged in the dogfish, in which the ketone-body
concentration increases dramatically.

In both the dogfish and the bass, starvation did
not change PEPCK activity in heart or red skeletal
muscle (results not shown). However, although 40
days starvation had no effect on PEPCK activity in
white skeletal muscle, it was markedly decreased at
both 100 and 150 days starvation (0.18±0.075 and
0.15 ± 0.063 compared with 0.05 + 0.035 and 0.03 +
0.029,umol/min per g fresh wt. for 100 and 150 days
of feeding and starvation respectively for eight
dogfish in each group, and 0.11±0.029 and 0.07+

1979

Animal

Bass

Dogfish

Adipose tissue

Fed

3.72+ 2.03
6.60+ 3.54

12.01 +4.44

Starved

5.68 +4.62
0.43 + 0.38

<0.01
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0.038 compared with 0.07+0.024 and 0.03+0.008
plmol/min per g fresh wt. for 100 and 150 days of
feeding and starvation respectively for eight bass in
each group). This suggests that the rate of alanine
production by white muscle will be decreased in both
species of fish during prolonged starvation and may
represent part of a mechanism for conservation of
body protein (see Newsholme & Williams, 1978). In
contrast with this, the activity of PEPCK is increased
in the liver of the bass, whereas it is unchanged in
that of the dogfish (Table 5). This suggests that
gluconeogenesis may be more important during
starvation in the teleost than in the dogfish.
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