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Summary 

The lactate dehydrogenase activity of ovma tissues has been meaSUI'ed and 
the existence of electrophoretically distinct forms of this enzyme confirmed. 
Distribution patterns of these isoenzymes have been charted for the main tissues, 
and the plasma pattern has been utilized as a olinioal parameter of tissue function 
in prolonged protein depletion. 

As a result, previous findings have been corroborated and extended. Liver 
is indicated as the tissue most affected by the protein loss, with skeletal muscle 
exhibiting a smaller degree of tenninsl tissue necrosis; the cellular integrity of 
the other major protein stores appears to be well preserved. 

I. INTRODUCTION 

In recent years, several enzymes have been shown to exist in multiple molecular 
forms, not only within a single organism, but even within a single tissue (Markert 
and M011er 1959). These protein forms may possess the same enzymatic specificity, 
and yet be capable of differentiation by electrophoretic, immunological, chromato­
graphic, and kinetic criteria (Nisselbaum and Bodansky 1959; Kaplan et al. 1960; 
Plagemann, Gregory, and Wroblewski 1960b). Perhaps the most widely investigated 
instance of enzyme heterogeneity is mammalian L-Iactate nicotinamide-adenosine 
diphosphate (NAD) oxidoreductase (i.e. lactate dehydrogenase, E.O. 1.1.1.27) which 
has been resolved into several distinct components by starch-gel electrophoresis. 

The clinical usefulness of this phenomenon is associated with the characteristic 
distribution of these mnltiple forms or isoenzymes within the various tissues. Whereas 
elevations in human serum lactate dehydrogenase have diagnostic implications 
(Wroblewski 1959; Abderhalden 1961; Wilkinson 1962) it is difficnlt to specify the 
tissue source precisely because of the almost ubiquitous distribution of this enzyme. 
In this respect, the highly individual characteristics of tissue isoenzyme composition 
provide a significant refinement. Alterations of the proportions of isoenzymes in 
the serum tend to reflect the isoenzyme constitution of the contributing tissues, 
and in this way provide an organ specific diagnostic parameter in many instances 
(Wroblewski 1961, 1962). 

With these facts in mind, and as an extension of previous investigations of 
ovine tissue chemistry (Masters and Horgan 1962a. 1962b; Masters 1963), the 
lactate dehydrogenase isoenzyme distribution of the major tissues has been charted, 
along with the plasma response to prolonged protein deprivation. 
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II. METHODS 

(a) Treatment of Experimental Animals 

The four animals used in the protein-depletion experiments were well-matched 
Merino ewes, 3-4 years of age. After feeding for 3 weeks on lucerne chaff ad libitum, 
with free access to water, .the animals were converted to a ration of 3 kg per week 
of chaffed wheat straw (digestible crude protein 0'5%) with water, ad libitum, for 
a period of 8 weeks. During the period of restricted intake, weekly blood samples 
were collected by venipuncture, and the plasma separated from the heparinized 
blood by centrifugation. 

(b) Tissue Extracts 

Organs and tissues were obtained from freshly slaughtered Merino ewes by 
excision and frozen until required for analysis. Tissue extracts were prepared by 
grinding the thawed tissues in an all-glass Potter-Elvehjem homogenizer with 
barbital buffer of ionic strength 0,07, pH 8·6. The extracts were clarified by 
centrifugation. 

(c) Electrophoresis 

Zone electrophoresis was carried out on horizontal gels, made from hydrolysed 
starch' and barbital buffer (ionic strength 0·07, pH 8·6). The tissue extracts and 
plasma specimens were inserted into slits in the gel with a supporting medium of 
starch granules (Smithies 1955). The gels were 27 by 14 by 0·8 cm in size, and 
were connected to bridge solutions of harbital buffer, ionic strength 0·1, pH 8·6. 
Separations were carried out at 4°0, with a voltage drop of 6-7 volts per centimetre, 
and a run of 20 hr duration. 

'After electrophoresis, the gel was cut into o· 3~cm strips at right angles to 
the direction of migration: and frozen. The enzyme activity was recovered by 
thawing and macerating the individual strips in 2 ml of a solution of 1·0 mg of 
a-amylaset per millilitre in 0·067M phosphate buffer, pH 7·0, which was 10% 
saturated with ammonium sulphate. After 30 min incubation at room temperature, 
the starch debris was removed by centrifugation. The lactate dehydrogenase activity 
of the 'clear supernatant fluid in each tube was determined as des'cribed below. 
Overall recovery of enzyme was approximately 50%. Duplicate isoenzyme deter~ 
minations showed a variation within 150/0. 

The identity of the peaks of activity obtained from individual tissues were 
confirmed by the electrophoresis of mixed tiss~e extracts. 

(d) Lactate Dehydrogenase Assay 

Activity was determined by measuring the rate of optical density decrease at 
340 m,... resulting from the oxidation of NADH,t in the presence of o· 00084M sodium 
pyruvate and a suitable dilution of enzyme (Wroblewski and La Due 1955). All 
measurements were made with a Beckmann model B spectrophotometer at pH 7·4 

* Connaught Medical Reseaxch Laboratories, University of Toronto, Canada. 
t British Drug Houses Ltd., Poole, England. 
t Sigma Chemical Co., St. Louis, Missouri, U.S.A. 
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and 30°C. One unit' of enzyme was defined as that amount which caused a decrease 
in optical density of 0·001 per minute under the specified conditions. 

(e) Serum Bilirubin Determination.s 

Analyses were performed on all the plasma specimens by' the methods of 
Malloy and Evelyn (1937). 

m. RESULTS 

(a) Lactate Dehydrogenase Levels 

The data presented in Table 1 represent the levels of total" lactate dehydro­
genase (LD) activity:in the various tissues investigated. Considerable variation is 
evident amongst the tissue sources, with skeletal muscle exhibiting the greatest activity 
per unit wet weig~t. K~dney, heart, and liver also possess a high enzyme content, 
with spleen, pancreas, lung, and erythrocytes being minor sources by comparison. 

TABLE 1 
TOTAL LACTATE DEHYDROGENASE ACTIVITIES IN MERINO SHEEP 

TISSUES 

Activities are given in 'Vroblewski-La Due spectrophotometric 
units per milligram wet weight of tissue 

Tissue Activity Tissue Activity 

Skeletal muscle 400 Pancreas 55 
Kidney 190 Lung 25 
Cardiac muscle 150 Erythrocytes 25 
Liver 70 Plasma (normal) 0·68 
Spleen 60 

The determination of plasma total LD levels in 10 Merino ewes gave mean 
values (± S.D.) of 680±1l0 units/ml at 30°C. 

In Figure 1, the results of typical electrophoretic separations of tissue LD 
isoenzymes are illustrated. Most tissues contain only one of the two electrophoretically 
distinct forms, with the faster-migrating component (LD,) possessing the wider 
distribution. This form represents the total LD activity of liv~r, kidney, heart, 
pancreas, spleen, lung, and erythrocytes. In skeletal muscle extracts ouly the 
slower-migrating form (LD2) is present, but both isoenzymes are evident in the 
serum. 

Alterations in the' concentrations of the serum ~soenzymes during the period 
of restricted protein intake are outlined in Fig,,"e 2. These graphs have been plotted 
in terms of the arithmetic means of the results for four experimental animals, but 
similar responses were obtained in the individual cases. The sequence of changes 
shown is an initial dhninution of LD, activity, followed by a terminal increase of 
both isoenzymes. LD, exhibited tbe more marked elevation in the final stages of 
protein depletion. 
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The final blood samples from two of the experimental animals exhibited 
elevated serum bilirubin levels. Mean value (± S.D.) was 1·0±0·7 mg/100 ml 
(four animals). All the other serum bilirubin values were less than 0·3 mg/100 m!. 
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Fig. I.-Patterns of lactate dehydrogenase (LD) activity obtained by the 
starch-gel electrophoresis of ovme tissue extracts at pH 8·6. The starch-gel 
sections are numbered from the origin towards the anode. Activity expressed 

as Wroblewski-La Due units per millilitre of starch-gel supernatant. 
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(b) Histopathology 

Livers from sheep slaughtered after 8 weeks on the experimental diet exhibited 
a moderate degree of centrilobular necrosis and fat accumulation. Skeletal muscle 
evinced occasional small areas of necrotic degeneration, with scattered foci of lipid 
accumulation. 

There was no histological evidence of renal or myocardial necrosis. A small 
degree of fat accumulation was evident in the kidney, and there were occasional 
localized fatty changes in the myocardium. 
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Fig. 2.-Changes in serum lactate dehydrogenase (LD) activity 
during the period of dietary restriction. Activity expressed as 

Wroblewski-La Due units per millilitre of serum. 

IV. DISCUSSION 

Because of the wide diversity of methods reported in the literature for the 
extraction and estimation of tissue LD activity, it is difficult to correlate the results 
for ovine tissues (Table 1) with those for other mammalian sources. A valid 
comparative basis is available with rabbit tissues (Plagemann, Gregory, and 
Wroblewski 1960a), however, and in this case, activities per unit wet weight of 
ovine tissue appear to be of the order of three times those in the rabbit. Exceptions 
to this general rule are ovine muscle and liver which exhibit about one-half and 
one-fifth, respectively, of the activities reported for the rabbit. 

The relative magnitudes of LD activities in tissues of other species have been 
tabulated (Green and Brosteaux 1936; Meister 1950; Wenner, Spirtes, and 
Weinhouse 1952; Plagemann, Gregory, and Wroblewski 1960a). In monogastric 
animals, the main sites of tissue LD activity (on a units per unit wet weight basis) are 
skeletal muscle, liver, heart, and kidney; with the spleen, pancreas, lung, and erythro. 
cytes being minor sources by comparison. It is interesting to note the lower position in 
this tissue sequence occupied by ovine liver (Table 1). Possibly this lower status is a 
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reflection of ruminant metabolism, characterized as it is by a dependence on fatty 
aoids, rather than glyoolysis, as an energy souroe (Gallagher and Buttery 1959). 

Although these studies have oonfirmed that eleotrophoretioally distinot forms 
of ovine LD exist, it is realized that the extent of heterogeneity deteoted may be 
dependent upon the system used for resolution of the protein fraotions. In faot, 
it has previously been reported (Markert and M0ller 1959) that eleotrophoresis of 
LD from sheep's heart on borate-buffered starch gel reveals two -isoenzyme bands, 
whereas the method used in these experiments indicated the presence of only 
oue form. It is not a necessary corollary, however, that a higher resolution results 
in isoenzyme patterns of greater tissue speoifioity (Blanohaer 1962). 

There are several points of difference between the distribution of electro­
phoretioally distinot forms of LD in ovine tissues (Fig. 1), and the distributions 
obtained in other speoies by similar methods (Plagemann, Gregory, and Wroblewski 
1960a). 

Firstly, ovine LD (two forms) exhibits a smaller degree of multiplioity than 
the LD of suoh mammals as humans (five forms) and rabbits (five forms). In these 
experiments, no sheep tissue (except plasma) contained more than bne LD form, 
whereas the tissues from other speoies frequently oontain the full oomplement of 
that partioular animal. 

Secondly, amongst ovine tissues only skeletal muscle has a _unique isoenzyme 
composition, in contrast to the distinct and char.acteristic LD picture displayed by 
the various tissues of hum~ns and rabbits. 

There are also differences in electrophoretic mobilities between the enzyme 
forms from different species. For example, the predominant liver isoenzyme in 
humans and rabbits migrates towards the cathode under the same conditions at 
whioh the sheep liver form migrates towards the anode. This possibly indioates 
differences in constitution of these LD forms between the species (Markert and 
Apella 1961). 

A point of similarity between the above species is the common possession by 
skeletal muscle of a single isoenzymeoflow mobility at pH 8·6; and a further point 
of interest about the ovine myoskeletal isoenzyme is the relative activity of the 
oorresponding plasma form. Despite the faot that skeletal muscle must be the 
largest souroe of tissue laotate dehydrogenase by far (Table 1; Widdowson, MoCanoe, 
and Spray 1951), serum LD, is the minor oomponent of normal serum LD aotivity 
(Fig. 2). 

Because of the high activity of most tissues relative to serum, the serum LD 
is a useful index of cell damage in many organs and has been used as diagnostic 
oonfirmation of myooardial infarotion (White 1956), musoular dystrophy (Dreyfus, 
Sohapira, and Sohapira 1958) and liver disease (Wilkinson 1962). 

In these experiments, the sequential pattern of serum LD aotivity during 
protein depletion is characterized in the initial stages by a diminution of activity 
(Fig. 2). A similar phenomenon' has been observed in other mammals in response 
to restricted protein intake (Warter, Metris, and Keokhut 1961) and while various 
interpretations of this decrease are possible on the present experimental evidence 
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(for example, changes in the concentration of -inhibitors or activators; the effect of 
associated enzyme systems), the diminution probably relates to a decliue iu the 
quantity of contributory tissue LD under these conditions (Weber 1960; Warter, 
Metris, and Keckhut 1961). Since the decrease of serum LD activity is due to the 
LD, modification, this form presumably originates in sites of high initial protein 
lability. 

Following the initial steep decrease of serum LD activity (Fig. 2), changes in 
this parameter are inappreciable for some weeks. On the basis of previous investi­
gations (Addis et al. 1940; Masters and Horgan 1962b; Masters 1963) this would 
seem to be associated with a slower rate of protein loss from the tissues and a 
developing tendency towards tissue necrosis. As regards the level of serum LD, 
these effects would tend to act in opposition. 

In the last 2 weeks of the protein depletion a sharp iucrease iu serum LD 
occurs (Fig. 2). The interpretation of this increment as an indication of extensive 
tissue necrosis associated with the terminal processes of protein depletion is in 
agreement with the histopathology, with the behaviour of serum glutamate oxal­
acetate transaminase in this condition (Masters and Horgan 19'62b), and with 
experimental evidence in other animals (Weimer et al. 1959). 

It is possible to improve the sensitivity and specificity of previous· test 
procedures by following the variations of the serum LD heteromorphs. Ovine serum 
LD, provides a perceptive iudex of myoskeletal necrosis in the sheep and the small 
termiual rise occurriug iu response to prolonged protein depletion indicates that, 
in spite of the loss of more than half the normal proteiu content (Masters 1963), the 
skeletal muscle suffers only a slight degree of cellnlar breakdown. 

Clinical experience with humans (Wilkiuson 1962) and the distribution of LD, 
in sheep tissues show that the most likely sources contributing to serum LD, elevation 
would be the liver, heart, kidney, and possibly the erythrocytes. A hepatic contri­
bution seems to be established' on the basis of histopathology and other clinical 
findings (Masters and Horgan 1962b). This is not surprising when it is realized that 
the liver has lost nearly half its normal proteiu content at this stage (Masters 1963). 

The protein of heart and kidney is relatively well preserved under the experi­
mental conditions (Masters 1963) and histological examiuation failed to reveal 
extensive necrosis at these sites. Further, renal tissue is an infrequent contributor 
to serum LD and exhibits normal functional ability in the final stages of proteiu 
depletion (Masters and Horgan 1962b). Also, the experimental animals showed 
no symptomatology of myocardial infarction. For these reasons, a contribution 
to serum LD from renal or cardiac sources seems unlikely. 

Although the erythrocytes are a comparatively minor source of LD, on a units 
per wet weight basis, their intimate relationship with the plasma occasionally causes 
significant elevations of serum LD. The possibility must be considered in this instance 
because of the elevation of terminal serum bilirubin values in two of the experimental 
animals. Since these bilirubin levels were only slightly elevated, however, and since 
the animals without hyper bilirubinaemia showed similar rises at this stage, the 
erythrocytes, also, seem an unlikely donor of increased serum LD activities. 
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In conclusion, then, it is proposed that the clinical data provides confirmatory 
evidence for the view that the liver is the protein storage site which suffers most 
damage as a result of the prolonged protein deprivation. Skeletal muscle exhibits 
a smaller degree of tissue necrosis in this situation, but the cellular integrity of the 
other major protein stores appears to be well preserved. 
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