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IntroductionSummary. Changes in body index parameters and
liver, red muscle and white muscle enzyme profiles
have been determined in fed and four month starved
plaice, Pleuronectes platessa. The results are com-
pared to other vertebrates to estimate specific tissue
metabolic patterns and changes in these patterns with
starvation.

I. Liver demonstrates the lowest glycolytic but
4c highest gluconeogenic capacity of the three tissues.

Red muscle has little, if any, gluconeogenic potential,
based upon low activities of phosphoenol pyruvate
carboxykinase and glucose-6-phosphatase and no de-
tectable activities of pyruvate carboxylase. Plaice
white skeletal muscle has the highest glycolytic poten-
tial of the tissues studied.

2. Plaice starved for four months demonstrate sig-
nificant reductions in liver-somatic index and red
muscle-somatic index, and increases in tissue water
contents (Table I). Enzyme activities generally decline
in both muscle types, but are maintained in the liver
(Table 2). Activities of liver soluble phosphoenol py-
ruvate carboxykinase increase by approximately 8-
fold, suggesting that the enzymic response to starva-
tion in plaice is similar to that of mammals.

3. These results suggest that starvation in plaice
is associated with both a decrease in spontaneous
activity and metabolic capacity of skeletal muscles,
and an enhanced potential for liver gluconeogenesis.
Also, it is possible that the precursors for liver glu-
coneogenesis do not form pyruvate as an intermediate
step.
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Abbreviations: FDPase, fructose 1,6-bis phosphatase; G-6-Pase, glu-

cose-6-phosphatase;pNPPase, p-nitrophenyl phosphatase; PC, py-
ruvate carboxylase; PEPCK, phosphoenol pyruvate carboxyki-

nase; PFK, phosphofructokinase; PK, pyruvate kinase

Many species of fish undergo natural periods of deple-
tion due to seasonal fluctuations in food supply and/
or spawning migration. A number of metabolic re-
sponses to starvation have been documented and it
is clear that these effects vary between species and
according to the length of the fast (see Love, 1970).
The particular metabolic strategy employed appears
to be related in part to the amount and sites of storage
of body lipids (Love, 1970). " Fatty fish ", such as

herring, have high concentrations of lipid in the mus-
cle tissue. In these species there is little protein break -
down even after several months starvation (Inui and
Ohshima, 1966; Love, 1970). In contrast, species with
less extensive lipid reserves, the so-called " non-fatty

fish ", tend to maintain carbohydrate stores at the
expense of peripheral protein by active gluconeogen-
esis (Stimpson, 1965; Butler, 1968; Renaud and
Moon, 1980). For example, during severe starvation
in flounder (Templeman and Andrews, 1956) and
plaice (Patterson et al., 1974) a major part of white
muscle con,tractile protein becomes utili sed resulting
in water contents in excess of 95%. A common find-
ing, at least under labor~tory conditions, is that star-
vation is also associated with general decline in meta-
bolic and locomotory activity (Love, 1970).

In those species which qlaintain carbohydrate
stores at the expense of peripheral protein, little is
known about either the metabolism and transport
of amino acids from muscle or the tissues involved
in gluconeogenesis. However, contractile proteins ap-
pear to be mobilized to a much greater extent from
white than red muscles (Johnston and Goldspink,
1973; Patterson and Goldspink, 1973).

Wittenberger and co-workers have proposed that
red muscle plays a role in whole body carbohydrate
balance and a lactate-glucose exchange with white

0340-7616/80/0136/0031/$01.60



.w. Moon and1.A. Johnston: Starvation and Enzymes of Plaice32

Homogenates were centrifuged at 600 9 for 15 min at 0 °C
(Beckman 1-21 B). These supernatants were further fractionated
by 15 min centrifugation at 12,000 g. The pellet, which contained
95% of the total cytochrome oxidase activity, was suspended in
approximately 10 volumes of extraction medium A less mannitol-
sucrose. A high speed or microsomal pellet was prepared from
the 12,000 9 supernatant by 60 min centrifugation at 120,000 9
(Beckman Spinco L2-65B, type 50 rotor). This pellet was
suspended in approximately 10 volumes of extraction medium A

less mannitol-sucrose.

Enzvme Assays

Measurements of enzyme activity were performed at 15 :t 0.5 °C
with appropriate enzyme and reagent banks using a Beckman mo-
del 24 recording spectrophotometer. Preliminary experiments es-
tablished the optimal conditions for each enzyme with respect to
pH, and substrate and co-factor concentrations in the various tissue
sub-cellular fractions. Enzyme activities expressed as units (!!molest
min) per g dry weight are based on activities in 600 9 tissue superna-
tants; for activities bound to sub-cellular fractions (mitochondria
and microsomes), on the per cent dry weight of each fraction
as estimated from the total fraction protein content. Tissue water
content was determined by drying tissues for 48 hat 85 °C, and
protein was estimated by a phenol-Folin technique (Maddy and
Spooner, 1970). Optimal assay conditions for individual enzymes
were as follows :

muscle (Wittenberger, 1973; Wittenberger et al.,
1975). This suggestion is derived from an original
idea by Breakkan (1956) that fish red muscle may
have analogous functions to that of the liver in higher
vertebrates. Implicit in these and other studies ( e.g.
Wittenberger and Diaciuc, 1965; Driedzic and Ho-
chachka, 1975; Hulbert and Moon, 1978) is a poten-
tial for glucose synthesis in fish red muscle.

In mammals, gluconeogenesis is confined primar-
ily to the liver, although kidney can produce glucose
at an equivalent rate during prolonged s~rvation
(Owen et al., 1969). Isotopic studies on the Australian
eel (Phillips and Hird, 1977), the American eel (Re-
naud and Moon, 1980) and rainbow trout (Cowey
et al., 1977a, b; Walton and Cowey, 1979a, b) suggest
that lactate and certain amino acid precursors can
be converted to glucose in fish liver. Few studies,
however, have examined activities of the critical glu-
coneogenic enzymes of this tissue, and no studies have
compared these activities in red muscle with those
in liver .

The present study compares the activities of key
gluconeogenic and glycolytic enzymes in the liver and
muscles of plaice (Pleuronectes platessa) under fed
and four month starved conditions. Preliminary ac-
count of part of this work has been presented to
the Biochemical Society (Johnston and Moon, 1979 ;
Moon and Johnston, 1979).

Phosphorylase (EC2.4.1.1). Phosphorylase was assayed in the
physiological direction according to Burleigh and Schimke (1968):
50 mM phosphate buffer, pH 7.0, I mM EDTA, 10 mM NaF,
8 mM MgCI2, 0.2 mg/ml fructose 1,6-bisphosphate, 0.4 mM
NADP, 0.3% bovine serum albumin, 0.5% purified muscle glyco.
gen, I mM AMP and excess phosphoglucomutase and glucose-6-
phosphate dehydrogenase (I ml final volume).

Materials and Methods
Hexokinase (EC2.7.1.1). Hexokinase was assayed using an ATP
regenerating system in a medium containing 85 mM Tris-HCI,
pH 7.5, 8 mM MgClb 0.8 mM EDTA, I mM glucose, 2.5 mM
ATP, 0.4 mM NADP, 10 mM phosphoryl creatine, 100 ~g creatine

phosphokinase and 100 ~g glucose-6-phosphate dehydrogenase
(I ml final volume).

Animals

Plaice (Pleuronectes platessa), 150 to 200 9 body weight, were netted
by commercial fishermen in the Firth of Forth, Scotland, during
the months August to November, 1978. Fish were brought imme-
diately to the laboratory and maintained in recirculated, filtered
sea water at 15 :t 2 °C. Fed fish were used within two weeks of
capture and the starved group was food-deprived for 4 months.

All fish were visiblv healthv at the time of sacrifice.

Glucose 6-Phosphatase ( EC 3.1.3.9) .G-6-Pase was assayed accord-
ing to Baginski et al. (1974) using 25 mM cacodylic buffer, pH 6.5,
25 mM glucose-6-phosphate and 0.1 ml extraction medium A
(0.4 ml fi1;1al volume). Reactions were terminated by adding 0.4 mi
10% trichloroacetic acid and the inorganic phosphate produced
estimated according to Rockstein and Herron (1951). Nonspecific
phosphatase activities were estimated with 25 mM p-nitrophenol
phosphate replacing glucose 6-phosphate in the reaction medium.
Inorganic Pi produced from substrate and enzyme banks was sub-
tracted from the total Pi to give e!lzyme-specific activities.

Tissue and Enzyme Preparation

Phosphofructokinase ( EC 2.7.1.11). PFK was assayed in a medium
containing 50 mM Tris-HCI, pH 7.5, 4.5 mM fructose-6-phos-
phate, 3 mM ATP, 25 mM KCI, 6 mM MgCI2 0.15 mM NADH
and excess aldolase, triose phosphate isomerase and a-glycerophos-
phate dehydrogenase (1 ml final volume).

Fish were stunned by a blow to the head and decapitated. The
liver, both dorsal and ventral red muscle masses, and a sample
of white muscle were rapidly dissected and placed on ice. Care
was taken to avoid contamination of red muscle samples with
the adjacent white muscle. Tissues were minced with scissors and
homogenized at 0 °C with an' Ultraturrax ' homogenizer for three

periods of 10 sin 5 volumes of extraction medium.
Two extraction media were employed; medium A for all en-

zymes except phosphorylase; and medium B for phosphorylase.
Medium A: 50 mM Tris, 5 mM EDT A, 2 mM MgCI2, I mM di-
thiothreitol, 225 mM mannitol, 75 mM sucrose, adjusted to pH 7.5
with HC1. Medium B: 100 mM Tris-maleate buffer, 20 mM NaF,
I mM EDTA, 0.5 mg/ml bovine serum albumin, 10 mM dithio-
threitol. adjusted to oH 6..8.

Fructose 1,6-Bisphosphatase ( EC 3.1.3.11). FDPase was assayed in
a medium containing 70 mM Tris-HCI, pH 7.6, 10 mM MgCI2,
0.2 mM fructose 1,6-bis phosphate, 0.4 mM NADP, and excess

phosphoglucoseisomerase and glucose-6-phosphate dehydrogenase
(1 ml final volume).
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Table I. Change in body index parameters as a function of four
months starvation in the plaice, Pleuronectes platessa. Mean :t
SEM of six animals

Pyruvate Kinase (EC 2.7.1.40). PK was assayed in a medium con-
taining 50 mM Tris-HCI, pH 7.5, 1.5 mM phosphoenol pyruvate,
2 mM ADP, 4 mM MgCI2, 77 mM KCI, 0.32 mM NADH and
excess PK free purified lactate dehydrogenase (I ml final volume).

Fed Starved

Pyruvate Carboxylase (EC6.4.1.1). PC was assayed according to
Crabtree et al. (1972) using 50 mM Tris-HC1, pH 7.5, 9.4 mM
MgClb 3 mM ATP, 10 mM pyruvate, 10 mM KHCO3, 0..75 mM
acetyl CoA, 5 mM phosphoryl creatine, 100 Ilg creatine phosphoki-
nase, 2 mM DTNB (5,5'-dithiobis-2-nitrobenzoic acid) in 40 mM
phosphate, pH 8.0), and excess citrate synthetase (1 ml final vol-
ume). Reactions were started by the addition of pyruvate and
monitored at 412 nm.

176.7£7.2

25.6£0.4

192.8:t9.2*

34.2:t2.2**

73.8:t 1.4

76.9:tl.6
77.8:tO.5

10.5:tO.3

81.7::!:0..3**
82.8::!: 1.3*
85.2::!: 1.4**

5.4::!:1.1**


