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JpRGENSEN, P. FOGD and J. F. HYLDGAARD-JENSEN: The
effect of physical training on skeletal muscle enzyme composition in
pigs. Acta vet. scand. 1975, 16, 36·8- 378. - Running exercise in p igs
results in an elevation of lactic acid in blood. This elevation in blood
lactate does no-t occur in physically conditioned pigs. Activities of
succinic dehydrogenase, fructose-1,6-diphosphate aldolase, lactate de
hydrogenase and creatine phosphokinase as well as the myoglobin
content were determined in m. gastrocnemius from 6 ergometer-trained
and 4 untrained p'igs. The succinic dehydrogenase and myoglobin
contents were significantly higher (P <0.01) in trained animals, where
as no changes were noted in the aldolase and creatine phosphokinase
contents. The lactate dehydrogenase showed somewhat reduced levels
in the trained pigs. This was accompanied by an increased HIM sub
unit ratio. The results provide evidence for an increase in the maximal
aerobic metabolism in trained pigs and that trained pigs to a higher
extent can rely on an aerobic energy metabolism during running
exercise.

pig s; ex e I' cis e; t I' a i n i n g; b I 0 0 d I act i c a c i d;
m usc lee n z y m e s.

During physical exercise lactic acid is produced in skeletal
muscles as a result of the anaerobic breakdown of glycogen and
glucose. The formed lactic acid is either oxidized further on to
carbon dioxide and water via the Krebs cycle within the muscle
or transported into the blood provided the oxidative capacity of
the muscle tissue is low.

In pigs running-exercise resuLts in elevated blood lactic acid
levels indicating that the oxidative capacity of the muscle tissue
for lactic acid is low (Ludvigsen 1957, Sybesma & Hessel-de Heer
1967, Van den Hende et al. 1970, Bickhardi et al. 1972). The
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elevation of blood lactate in response to exercise is less pronoun
ced in normal pigs than in those predisposed for exertional myo
pathy (Bickhardt et al.). This syndrome, which may appear
during exertion, is characterized by an abnormally rapidly pro
gressing anaerobic glycolysis in skeletal muscles bringing about
increased level'S of Iactic acid and H+, while the energy-rich phos
phates are exhausted, The syndrome thus corresponds to the
changes observed in muscles during the development of the PSE
changes ("pale, soft, exudative" changes) post mortem.

Physical conditioning is repor.ted partly to reduce the degree
of blood 'lactat e elevation during physical exercise and to prevent
tihe appearance of the aforementioned biochemical changes in
skeletal muscles tRiilcker 1968, Lannek et al, 1973, Lindberg
et al, 1973a, b) .

On the basis of the observed training effects the hypothesis
has been put forward that trained pigs exhibit an increased
aerobic metabolism in the skeletal muscles. The present investi
gation comprising determinations of representative enzymes of
the aerobic and the anaerobic metabolism in skeletal muscles
was carried out aiming to further clarify this hypothesis.

ANIMALS AND METHODS

The investigation comprised 10 pigs, 7 castrated males and
3 gilts originating from 3 different litters and being all of the
Danish Landrace breed. Four pigs (l gilt and 3 males) were
used as untrained controls, while the remaining 6 pigs were
trained 1 to 3 times daily during periods of 42-83 days. The
distances covered in these training programmes ranged from 73
to 319 km.

Training was performed by running on a treadmill (ergo
meter) driven by a geared electromotor. The run was initiated
by a period of 1.5-2.0 min. at a speed of 75 mz'min., thereafter
the speed increased to 105 m/min. during the rest of the run
ning period, which for 4 pigs lasted 16 min. and for 2 pigs 21
min. After the run the pigs were fed a standard feed mixture
(Palludan 1966). At the end of the training period a trained and
an untrained pig (litter mates) were exposed to a running exer
cise lasting 17 min. at a speed of 100 m/rnln. The exercise was
carried out 3 times at intervals of 1 day. Blood samples for the
determination of lactic acid (Barker & Summerson 1941) were
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collected from an ear vein before and after exercise. Another pair
of a trained and an untrained pig (litter mates) was exercised
at the end of the training period for 21.5 min. at a speed of 102
m/rnin. Blood samples were in this case drawn before, during
and after exercise from a catheter previously inserted in the vena
cava erandalis (Mount & Ingram 1971, Jprgensen 1974).

Following 24-28 hrs. rest and 18 hrs. deprivation of food
the pigs were killed. Two pigs were shot and subsequently bled,
8 pigs were bled during a " Leopenta l" narcosis. The enzyme
composition of the skeletal muscle was not influenced by methods
of killing. The pigs ranged in weight from 48 to 85 kg at the time
of killing.

Samples from the central part of the caput laterale of m.
gastrocnemius were removed immediately after death, then
frozen in liquid nitrogen and stored at -20°C.

Quantitative estimations of creatine phosphokinase (CPK),
fructose-Lfi-diphosphate aldolase (AId), succinic dehydrogenase
(SDH) and myoglobin (Mb) were done spectrophotometrically
as described previously (Jprgensen) . The spectrophotometric
determination of lactate dehydrogenase (LDH) as well a's the
agarosegel electrophoretic estimation of the H- and l\I-subunits
of LDH were carried out according to methods described by
Hyldgaard-Jensen (1971). The enzyme activity was determined
at 25 °C and expressed in international units per g wet tissue
(u/g).

RESULTS

The lactic acid levels in blood before and after exercise (17
min. at a speed of 100 mz'min.) in a mrained and an untrained
pig appear from Table 1. In the untrained pig a marked increase

Tab Ie 1. Lactate concentration in blood (mg/l00 ml) before and
after exercise of 1 trained and 1 untrained pig. (Mean value of 3

exercises ± s.e.m.) ,

Time of sampIlng Trained Untrained

1 hr. before 19±9 11±3
30 min. before 26±17 8±0
5 min . after 10±1 100±20a

30 min . after lO±6 13±1

a Trained different from untrained, P < 0.02 (Students t-test) ,
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in the lactic acid level is noted 5 min. after exercise, whereas in
the trained pig lower levels than pre-exercise levels were observed
at the same time. The difference in the lactic acid content be
tween the 2 pigs after exercise is significant (P < 0.02).

A similar trend was found after exercise in another pair of
trained and untrained litter mates (Fig. 1) . During exercise of
the untrained pig a biphasic increase in the blood lactic acid
level was noted. The first peak appeared 5 min. after start of

Tab I e 2. Creatine phosphokinase (CPK), aldolase (AId), lactate
dehydrogenase (LDH), H-, M-subunit ratio of LDH, succinic dehydro
genase (SDH), and myoglobin (Mb) in m. gastrocnemius. Mean value

± s.e.m. Number of pigs within brackets.

Group of CPK AId LDH HIM SDH Mb
animals (u/g) (u /g) (u/g) (u/g) (mg/g)

trained 1970±130 49±4 360±50 O.31±O.O5 O.58±O.04a 1.37±O.09a

(6) (6) (6) (6) (5) (6)
untrained 1850±240 49±6 460±7,O O.19±{).,O3 O.37±O.O3 O.85±O.O7

(4) (4) (4) (4) (3) (4)

a Trained pigs significantly different from untrained, P < 0.01
(Students t-test) ,
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0/0
r: - - - --- -

2 3 4 5

Trained 10.1 s.o 21.4 19.3 42.6

Untrained 1.9 3.0 13.2 17.7 64.2

LDH 1 2 3 4 5

Fig u r e 2. Isoenzymes of lactate dehydrogenase in m. gastrocnemius
from a trained and an untrained pig.

exercise and the second peak at the end of the exercise. Contrary
to this the trained pig showed a steady decrease in the lactic
acid levels during, and 5, 15 and 45 min. after exercise to levels
lower than the pre-exercise levels. The lactic acid levels at rest
were in all 4 pigs below 20 mg/l00 ml blood.

The myoglobin content and enzyme activities in m . gastroc
nemius in 6 trained and 4 untrained pigs are given in Table 2.
The succinic dehydrogenase and myoglobin content is signifi
cantly higher (P < 0.01 ) in trained pigs. The lactate dehydro
genase content is 22 % lower (not significant) in the trained
pigs, and it appears from the H- and M-subunit ratios as well as
from Fig. 2 that this decline is caused mainly by a decrease in
the content of the muscle specific isoenzyme-Lljff., which is
composed by 4 M-subunits. The aldolase content is unaffected
by braining and the creatine phosphokinase content is only
slightly elevated in trained pigs. The difference is, however, not
significant.

DISCUSSION

In accordance with earlier investigations (Ludvigsen 1957,
Sybesma & Hessel-de Heer 1967, Van den Hende et al. 1970, Lan
nek et al. 1973, Lindberg et al. 1973b) running exercise in un
trained pigs results in increased blood lactic acid levels, The
biphasic increase observed during ergometer exercise may partly
be explained by the fact that muscular activity initially is per
formed anaerobically partly because a pure aerobic energy meta
bolism did not -suffice to maintain muscular activity. The obser
ved initial increase could also arise from a sudden excitement
during the transport of the pig from the pen to the ergometer.
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In trained pig's the blood lactic acid level did not show any
increase during and following exercise. This agrees well with
previous findings that the blood lactic acid level in ergometer
trained pigs is lower than that of untrained pigs following exer
cise (Lannek et al., Lindberg et al. 1973b).

In man the increase in blood lactic acid levels appears in
connection with exercise carried out at an 02 uptake correspond
ing to 60-70 % of the maximal O2 uptake or above that level
Le. at conditions at which the aerobic metabolism does not suffice
to cover the energy demand (Christensen &; Hansen 1939, Her
mansen &; Stensoold 1972) . Physical conditioning results in an
elevation of the maximal 02 uptake and a reduced lactic acid
elevation in the blood during exercise, initially at the same abso
lute O2 uptake as in untrained individual-s, later also at the same
relative 02 uptake (Ekblom 1969, Saltin et al. 1969, Hermansen
1971) . The results of this investigation thus indicate that ergo
meter-training of pigs as in man increases the maximal 02 uptake
thereby allowing similar exercise to be performed at a lower
relative O2 uptake in trained than in untrained pigs. Besides, the
results provide evidence that the running exercise in the trained
pigs has been of 'a pure aerobic type.

Ergometer-training results in an elevation of the succinic
dehydrogenase and myoglobin content in m . gastrocnemius. A
similar elevation of enzymes involved in the Krebs cycle and the
respiratory chain has been noted in particular in rat skeletal
muscles following an intense training program (Holloszy 1967,
Holloszy et al. 1970, Barnard &; Peter 1971, Gollnick et al. 1971,
Dohm et al. 1973) . The elevated enzyme levels were reported to
be caused both by a proliferation and by a hyper.trophy of the
mitochondria in the muscle tissue (Barnard et al. 1970, Gollnick
et al.i, Ergometer-training of vats also results in an elevation of
the myoglobin content of the skeletal muscles (Lawrie 1953,
Pattengale &; Holloszy 1967). Histologically these changes appear
as an increase in the number of oxidative muscle fibers and a
reduction of glycolytic fibers within the individual muscle (Bar
nard et af.). At the same time an increase in the density of the
capillaries has been observed (Petrea et al. 1936, Cotter et al.
1973). Altogether these changes imply an increased maximal
oxygen supply, an accelerated oxygen transport via myoglobin
(survey by Wittenberg 1970) and an increase in the maximal
aerobic metabolism in trained muscles.
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The effect of ergometer-training on the activity of the glyco
lytic enzymes, lactate dehydrogenase and fructose-1,6-diphos
phate aldolase in m . gastrocnemius was not unequivocal nor was
it significant. Running training does not influence the aldolase
level, whereas the lactate dehydrogenase content tends towards
a reduction in the trained muscles. This fall is accompanied by
an increase in the HIM subunit ratio, mainly due to a decrease
in the muscle specific isoenzyme LDHs' A 'simil ar finding has
been reported in rats (Nonosadotui 1969). The observed shin in
the H- and M-subunitdistribution supports the hypothesis about
a change in the muscle cell metabolism towards an aerobic type
during training, as it has been shown that an increase in the
intracellular oxygen tension results in an elevated synthesis of
Hssubunits in vitro, whereas low oxygen levels favour the syn
thesis of M-subunits (Hyldgaard-Jensen 1971).

Information concerning the effect of training on the CPK
content in muscle tissue is scarce. In accordance with the findings
reported here Rawlinson « Gould (1959) could not demonstrate
an effect of training on the CPK content in rat muscles. Wagner
« Critz (1970) on the contrary noted that the CPK content in
trained rats was higher thao in untrained rats. The difference
found between trained and untrained rats might be explained by
the fact that the untrained animals in the work referred to had
been subjected to a limited freedom of movement , which is
known to produce a decrease in the muscle tissue CPR content
(Kendrick-Jones « Perry 1965).

Skeletal muscles from ergometer-trained pigs have a higher
content of adenosin triphosphate (ATP) and a reduced rate of
glycolysis post mortem compared to that of untrained animals
tRiilcker 1968, Lindberg et al. 1973a). Furthermore the respira
tory rate and consequently the aerobic ATP production are
higher in mitochondria isolated from muscle tissue of pigs pos
sessing a low post-mortem glycolytic rate (Eikelenboom 1972,
Eiketenboom « van den Bergh 1973) . Taken together with re
sults of this investigation evidence is presented that ergometer
training of pigs results in a changed muscle metabolism towards
an aerobic type during exercise and in periods with an increased
demand for energy. Hereby the aerobic ATP production is en
hanced aJt 1he expense of the ATP production from anaerobic
glycolysis and glycogenolysis, and consequently the lactic acid
accumulation in the muscle tissue is reduced.
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Provided this difference in the muscle metabolism type, as
it is expressed by the individual differences in its enzyme com
position, is present in a population of untrained pigs, a deter
mination of the muscle enzyme composition might be a useful
tool in the in vivo evaluation of the post-mortem rate of glyco
lysis and for a prediction of animals whose skeletal muscles
exhibit PSE changes post mortem.
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SAMMENDRAG

Effekt at tysisk trrening pd skeletmuskulaturens enzymsammensretning
hos grise.

Muskelarbejde hos grise medferer en stigning i blodets mselkesyre
indhold. Denne stigning iagttages ikkc hos i forvejen trrenede dyr.

Indholdet af enzymerne ravsyredehydrogenase, fruktose-1,6-difos
fat aldolase, mrelkesyredehydrogenase og kreatinfosfokinase samt ind-
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holdet af myoglobin er bestemt i m, gastrocnemius f,ra 6 ergometer
trrenede og 4 utrrenede grise. Ravsyredehydrogenase- og myoglo
binindholdet er signinkant hejere (P < 0,01) hos trrenede dyr, medens
der ikke er iagttaget eendrmger i indholdet a.f fruktose-1 ,6-difosfat al
dolase og kreatinfosfokinase. Mrelkesyredehydrogenaseindholdet ten
derer mod et fald hos de trsenede dyr og er Iedsaget af en stigning i
forholdet mellem H- og M-subunits af mrelkesyrehydrogenase.

Hesultaterne peger i retning mod en stlgnlng ,i muskulaturens
maksimaleaerohe stofskifte hos trrenede dyr og tyder pa, at trrenede
grise i hejere grad end utrrenede benytter det aerobe energistofskifte
under muskelarbejde.
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