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Summary. The total lactate dehydrogenase (LDtt) 
activity and LDH isoenzyme patterns of isolated pan- 
creatic islets, acinar pancreas, fat tissue and skeletal 
muscle from mice with obese-hyperglycaemic syndrome 
were compared with those of corresponding tissues from 
lean littermates. -- The pancreatic tissues of obese- 
hyperglyeaemic animals exhibited higher LDH activity 
than corresponding tissues of normal animals. This 
increase in LDH activity was not  parallel in islets and 
acinar tissue. -- No significant difference in the LDI t  
activity of either skeletal muscle or fat tissue between the 
two groups of animals was found. -- In  animals with 
obese-hyperglycaemic syndrome, LDI-I isoenzyme pat- 
terns of pancreatic islets, aeinar pancreas and fat showed 
LDI-I 5 increase and LDH 4 decrease. LDH isoenzyme 
patterns of skeletal muscle showed the decrease of LDH 5 
percentage. -- The LDH 1, LDt t  2 and LDtI  3 percentages 
of the fat tissue were lower in animals with obese-hyper- 
glyeaemie syndrome, bu t  those of the skeletal muscle were 
lower in normal animals. -- Results presented are con- 
sistent with the opinion that  in obese-hyperglycaemie mice 
both endocrine and exocrine pancreatic tissues as well 
as fat tend to have an increase in the proportion of gly- 
colysis in their intermediary metabolism, whereas the 
reverse tendency -- towards an increase in the proportion 
of oxidative pathways -- is valid for skeletal muscle. 

Activitg de la lactate dgshydroggnase et r@artition des 
iaoenzymes dana le muscle atrid, le tissu adipeux, le pancreas 
exocrine et lea ~lota paner~atiques isolda de souris normales 
et ob~se-hyperglycdmiques 

Rdsumd. L'activit6 de la lactate d@shydrog@nase totale 
(LDH) et la r@art i t ion des isoenzymes de la LDt t  dans 
les riots pancr6atiques isol~s, le pancrdas aeineux, le tissu 
adipeux et le muscle strid de souris ayant  un syndrome 
ob~se-hyperglyc@mique, ont dr@ compar6es avee celles des 
tissus correspondants de souris non-ob~ses de re@rues 
parents. -- Les tissus pancr6atiques des animaux ob@se- 
hyperglycdmiques montraient  une activitd L D t t  plus 
dlevde que les tissus correspondants des animaux normaux. 
Cette augmentat ion de l 'activit6 de la LDH n'dtai t  pas 
parall~le dans les riots et le tissu acineux. -- On n 'a  trouv6 
aueune diff@renee significative dans l 'activitd de la LDt t  
du muscle strid ou du tissu adipeux entre les deux groupes 
d 'animaux.  -- Chez les animaux ayant  un  syndrome 
ob~se-hyperglyc@mique, la r@art i t ion des isoenzymes de 
la LDI-I dans les riots pancrdatiques, le pancrdas acineux 
et le tissu adipeux, montrai t  une augmentat ion de la 
LDH 5 et une diminution de la LDH 4. La r@art i t ion des 
isoenzymes de la L D t t  du muscle strid montrai t  une di- 

minut ion du pourcentage de la LDH 5. -- Les pourcen- 
rages de LDH 1, de LDH 2 et de LDH 3 du tissu adipeux 
dtaient plus bas chez les animaux ayant  un  syndrome 
obgse-hyperglyc@mique, mais eeux du musele stri6 @talent 
plus bas chez les animaux normaux. -- Les r@sultats 
pr6sent6s sont en concordance avec l 'opinion que chez les 
souris obgse-hyperglycgmiques, ~ la fois les tissus pan- 
cr6atiques endocrine et exocrine ainsi qua le tissu adipeux, 
ont tendanee k avoir une augmentat ion de la proportion 
de glycolyse dens leur m6tabolisme interm@diaire, alors 
que la tendance inverse -- augmentat ion de la proportion 
des voies oxydatives -- cst valable pour le muscle stri6. 

Die Alctivit~t der Lactat-Dehydrogenase und die Ver- 
teilung der Isoenzyme im Skeletmuskel, 2'ett, exokrinem 
lPankreaa und isolierten Pankreasinseln von normalen und 
fettsfechtigen-hyperglykamisehen Mausen 

Zusammenfassung. Die Gesamt-Lactat-Dehydroge- 
nase-Aktivit~t (LDH) und  die LDH-Isoenzymverteilung 
in isolierten l~ankreasinseln, azin6sem Pankreas, Fett-  
gewebe und Skeletmuskel yon M/iusen mit  fettsiichtig- 
hyperglykKmischem Syndrom wurden mit  denen in den 
entsprechenden Geweben yon mageren Wurfgeschwistern 
verglichen. -- Im  Pankreasgewebe der fettsiichtig- 
hyperglyk/imischen Tiere fend sich einc h6here LDH- 
Aktivit/it  als im Vergleichsgewebe der NormMtiere. Der 
Anstieg der LDI-I-Aktivit/~t verlicf in den Inseln und dam 
Azinus-Gewebe nicht parallel. -- Zwischen der LDH- 
Aktivit/it des Skeletmuskels und  des Fettgewebes bei den 
beiden Tierkollektiven fend sieh keine signifikante 
Differenz. -- Bei den Tieren mit  fettsfichtig-hyperglyk~- 
misehem Syndrom zeigte die LDH-Isoenzymverteilung in 
Pankreasinseln, azin6sem Pankreas und Fet t  einen An- 
stieg der LDH 5 und  einen Riickgang der LDH 4. I n  der 
Skeletmuskulatur fend sieh ein Absinkcn des LDI4-5 
Anteils. Ira Fettgewebe waren die LDH-1, LDH-2 und 
LDH-3 Anteile bei den Tieren mit  fettsiichtig-hyper- 
glyk/imischem Syndrom niedriger, des Gleiehe war in der 
Skeletmuskulatur der Normaltiere der Fall. -- Die hier 
vorgelegten Resultate st immen mit der FIypothese iiber- 
ein, dab bei fettsiichtig-hypcrglyk/imischen M/iusen der 
Anteil der Glykolyse im Intermedi/trstoffweehsel im endo- 
krinen und exokrinen PankI'easgewebe und  im Fettgewebe 
eher erhShb ist, w~ihrend die umgekehrte Tende:nz -- in 
Richtung eines Anstiegs des Anteils der oxydativen Ab- 
bauwege -- fiir den Skeletmuskel gilt. 

Key-words: Differences, mice, obese hyperglycaemic 
syndrome, lean littermates, LDH activity, spectrophoto- 
merry, isoenzyme patterns, electrophoresis, exocrine pan- 
crees, islets, fat, skeletal muscle. 

The metabol ic  disorders of the obese-hypergly- 
caemic syndrome in  mice have been extensively studied, 
b u t  despite these studies l i t t le  is known  of possible 
defects of i n t e rmed ia ry  cellular metabol ism.  One 

avenue  of exploring in te rmedia ry  cell metabol ism is to 
s tudy  the rat io of aerobic to anaerobic pa thways  in  
energy supply b y  de te rmin ing  lactate  dehydrogenase 
(LDH) isoenzyme pat terns .  The L D H  isoenzyme 
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pattern represents a suitable criterion for the identi- 
fication of type of energy production, and any changes 
in isoenzyme pattern probably indicate an alteration 
of the tissue metabolism. 

Lactate dehydrogenase (1-1actate:nicotinamide- 
adenine dinucleotide oxidoreductase, EC. 1.1.1.27) 
consists of several different fractions, isoenzymes 
[21, 14, 20]. The basis of the LDH heterogeneity is 
explained by the tetramer hypothesis [1, 2]. Although 
they catalyze the same reaction, LDH isoenzymes 
differ from each other in a number of properties, 
among them kinetic properties [23, 13]. The difference 
in kinetic properties of an isoenzyme can be correlated 
with the type of cellular metabolism [5], LDH 1 is 
involved in aerobic metabolic type of tissue --  pro- 
ducing energy mostly by  oxidative cycles particularly 
the citric acid cycle, whereas LDH 5 is typical of the 
anaerobic type, supplying energy mainly by  glycolysis. 

The aim of the present s tudy was to investigate 
using isoenzyme patterns, the differences in the type 
of metabolism between the tissues of obese-hyper- 
glycaemie mice and those of their lean littermates. The 
tissues studied were skeletal muscle, fat, pancreatic 
acinar tissue and islets of Langerhans. 

Materials and Methods 

a) Experimental groups 
Experiments were carried out on 14 obese-hyper- 

glycaemic mice (with a recessive trai t  for hypergly- 
caemia and obesity from the strain obtained from the 
Institute of Animal Genetics, University of Edinburgh, 
Scotland, U.K.)  -- (O-H mice), and on 17 lean litter- 
mates of both sexes --  (N mice), kept under standard 
conditions. The animals of both groups were 15--18 
weeks old. Before the experiment the animals were 
starved overnight with free access to water. 

b) Tissue 19rocurement 
The animals were killed by  hyperextension of the 

neck. Pancreas, skeletal muscle and fat tissue were 
removed. Pancreatic islets were isolated from the 
pancreas by freehand micro-dissection technique [18, 
8], and the samples of exocrine pancreas were taken 
from the remaining tissue, devoid of islets. As the 
amount of islet tissue obtained from one mouse was 
small, pooled samples from 2--3 mice were used, and 
calculated as one single sample. The skeletal muscle 
specimens were obtained from the pectoral muscle and 
those of subcutaneous fat from the abdominal region. 
All necessary conditions for enzymological investiga- 
tions were observed. All determinations were made in 
duplicate. 

c) Homogenization and extraction 
Homogenization was carried out in a Potter- 

Elvehjem all-glass homogenizer (homogenization of 
islets in a special microhomogenizer centrifuge tubes 

[18] in a barbital buffer; pI-I 8.4; ionic strength 0.05. 
The ratio of the wet tissue (g) to the volume (ml) was 
1 : 9. The homogenates were centrifuged for 30 min at 
10000 x g. All operations were performed at 2~ The 
supernatant was immediately used for further deter- 
minations. 

d) Total LDH activity assay 
The determination was carried out by speetro- 

photometric technique as described previously [16]. 
The activity of LDH was expressed in standard units 
(U) per g of wet tissue. 

e) Determination of LDH isoenzyme patterns 
LDH isoenzymes were separated by electrophoresis 

in an agar gel medium cooled by petroleum spirit 
according to Wieme's method [22]. Agar used was 
Difco Special Agar --  Noble. 

The preparation of the detection of the Agar layer, 
incubation of combined agar gel layers, fixation and 
drying were carried out as described previously [17]. 
With automatic integration (Kipp and Zonen Densito- 
meter DD2) density curves were recorded. The activity 
of individual isoenzymes was expressed as the percen- 
tage of the total LDH activity (as measured by staining 
procedure), and this percentage was used to indicate 
the relative amounts of each LDH isoenzyme in the 
material. 

Statistical evaluation was made by  Student's t 
test for paired values, the significance level being 0.05. 

Because the amount of total LDH in the super- 
natant  used for the electrophoretic separation can 
influence the resulting percentages of individual 
isoenzymes [15], the extracts from fat and muscle of 
both groups of animals were adjusted to give similar 
total LDH activities. These extracts were designated 
Group A. Some extracts prepared from N mice islets 
exhibited very low total LDH activity, and on electro- 
phoretic separation revealed only two main fractions 
(LDH 4 and LDH 5). In order to compare the LDH 
isoenzyme patterns of pancreatic tissues of both 
groups of animals, the corresponding extracts prepared 
from exocrine and islet tissues of O - -H  mice and from 
exocrine pancreas of N mice had to be diluted, and 
subsequently they also revealed two fractions. These 
were designated extracts Group B. Furthermore, in 
order to obtain all the fractions of LDH activity in 
pancreatic tissues their extracts were subjected to 
electrophoresis in the highest possible concentrations 
without standard adjustment of their LDH activity. 
Obviously the results so obtained are less accurate, and 
these were designated extracts Group C. 

Results 

Total LDH activity 
The total LDH activity of both the islets and 

aeinar tissue in N mice was significantly lower than 
that  in O-H mice (Table 1). 
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Table 1 also shows that  the LDH activity in the 
aeinar tissue compared with that  in the islets is about 
four times in N mice, and about twice in O-H mice. 

There was no significant difference in the LDH 
activity of skeletal muscle or of fat tissue between 
both groups of animals (Table 1). 

with that  in N mice), the skeletal muscle exhibited a 
lower LDH 5 percentage in O-H mice than in N mice. 
The percentages of LDH l, LDH 2 and LDH 3 were 
higher in O-H mice. All these differences were signifi- 
cant (Table 4). The percentage of LDH 4 was nearly 
the same in both groups of animals. 

Table 1. Lactate dehydrogenase (LDH)  activity in pancreatic islets, acinar pancreas, 
skeletal muscle and fat tissue of N and O- -H  mice 

Animals LDtt  activity (U/g wet tissue) 

Islets Acinar pancreas Skeletal muscle Fat tissue 

N 
O-H 
Statistical si~if- 
icance (P) of 
differences be- 
tween mean 
values of lq and 
O-It mice 

564- 6a(9) b 236!24 (I0) 4.810:1:547 (5) 1114-18 (6) 
1554-25 (9) 372=]=32 (10 )  3.705:~437 (6) 94:[: 4 (5) 

q_c § 0 0 

a values expressed as mean 4- SEnti 
b the numbers of experiments performed in parenthesis 
c p < 0 . 0 5 = q _  P > 0 . 0 5 = 0  

L D H  isoenzyme patterns 

In  all the examined tissues except those of extract 
Group B (see Section e in Materials and Methods), 
five L D H  isoenzymes were recorded. 

The comparison of isoenzyme pattern between N 
and O-H mice was as follows: 

1. Pancreatic islets 
In  extracts Groups B and C, lower percentages of 

LDH 4 and higher percentages of LDH 5 were found 
in islets of O-It  mice. The differences in both 
groups of extracts were statistically significant 
(Tables 2 and 3). The differences in percentages of 
LDH 1, LDH 2, and LDI t  3 in extracts Group C were 
not significant (Table 3). 

2. Pancreatic acinar tissue 
The acinar tissue of O-It mice differed from that  of 

N mice in its LDH 4 and LDH 5 percentages in similar 
fashion to that  of islets. The LDH 1 and LDH 2 
percentages appeared to be higher in O-H mice than 
in N-mice. However, the difference between the L D H  1 
percentages was not statistically significant whereas 
the difference between LDH 2 percentages was. L D H  3 
percentages of aeinar tissue were approximately the 
same in both groups of animals (Table 2 and 3). 

3. _Fat tissue 

The percentages of LDH 1, LDH 2, LDH 3 and 
LDH 4 in the fat tissue of N mice were significantly 
higher than those in O-H mice. However, the percen- 
tages of LDH 5 were significantly lower (Table 4). 

4. Skeletal muscle 

In  contrast to the results obtained in all the other 
tissues (LDH 5 higher in O-H mice when compared 

Table 2. Lactate dehydrogenase (LDH)  isoenzymes in the 
pancreatic islets and acinar ,tissue of N and O-H mice 

Extracts used were diluted to standard L D H  activity 
(extracts Group B) 

Tissue Animals n LDH isoenzymes (%) 
LDH 4 LDH 5 

Islets ~T 6 22.34- 1.6 a 77.74- 1.6 
O-H 6 16.84-[=2.0 83.24-2.0 

Acinar N 6 28.74- 2.8 71.34- 2.8 
0-H 5 20.04- 2.5 80.04- 2.5 

Statistical significance of differ- 
ence between mean LDH 
isoenzyme percentages in 

N pancreatic islets / ~_ b + 
O-I-I pancreatic islets / 
N acinar tissue 1 
O-H acinar tissue j -~ ~- 
N pancreatic islets ] 
N acinar tissue ~ -~ ! 

O-H pancreatic islets / 
O-H aeinar tissue / ~ -t- 

a Values expressed as mean 4- SEM 
b P < 0.05~ -~ 

Fig. 1 shows simultaneous comparison of LDH 
isoenzyme patterns from four kinds of tissues examined 
in both groups of animals. 

Pancreatic islets and acinar tissue in N and' in O-H 
mice 

The group C of extracts, which were not adjusted 
in a standard manner, revealed all five isoenzymes, 
but as mentioned above with less accurate percentages. 
Here the percentage of LDH 4 in islets when compared 
with that  in acinar tissue was lower, whereas that  of 
LDH 5 was higher in both groups of animals. The 
difference in LDH 4 percentages was significant in 
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Fig. l. Simultaneous comparison of LDH isoenzyme patterns from examined tissues 
of N and O-H mice 

Table 3. Lactate dehydrogenase (LDH) isoenzymes in the pancreatic islets and acinar tissue of N 
and O-H mice (extracts -- Group C) 

LDH isoenzymes (%) 

Tissue Animals n LDH 1 LDI-I 2 LDH 3 LDH 4 LDH 5 

Islets N 4 0 .7 !0 .3  a 1.0• 6.3~0.8 36.74-1.0 55.3~0.7 
O-H 6 0.7~0.4 1.5~0.7 5.511.0 31.1~1.3 61.24-1.5 
N 7 0.44-0.3 0.4~0.2 5.7• 41.94-0.3 51.64-1.5 

Acinar O-H 6 2.2+1.0 2.24-0.6 4.84-0.7 34.24-1.1 56.64-1.1 

Statistical significance of 
difference between mean LDIK 
isoenzyme percentages in 
1~ pancreatic islets } 0b 
O-H pancreatic islets 
N acinar pancreas / 
O-H acinar pancreas , 0 

hi pancreatic islets ) 
N aeinar pancreas , 0 

O-H pancreatic islets 
O-H acinar pancreas ~ 0 

0 0 4- + 

+ 0 + + 

0 0 + 0 

0 0 0 + 

a Values expressed as mean 4- SEM 
b p < 0 . 0 5 = +  P > 0 . 0 5 = 0  

Table 4. Lactate dehydrogenase (LDH) isoenzymes in the fat tissue and slceleta~ muscle of N and 
O-H mice (extracts-Group A)  

LDH isoenzymes (%) 

Tissue Animals n LDH 1 LDH 2 LDH 3 LDH 4 LDH 5 

F~ N 5 0.64-0.3 a 1.24-0.7 7.84-1.8 39.64-1.2 50.84-2.0 
O-~  5 0.04-0 0.24-0.1 3.24-0.1 26.44-4.4 70.24-4.7 

SkeletM N 5 2.64-0.5 8.0~0.5 14.04-1.1 28.04-1.3 47.44-2.6 
Muscle O-H 5 5.84-1.0 11.8~0.8 17.24-0.3 26.2~0.7 39.04-1.3 

Statistical significance of 
difference between mean LDt t  
isoenzyme percentages in 
N fat } 
O-H fat 
N muscle } 
O-H muscle 

+b + + + + 

+ + -t- 0 + 

a Values expressed as mean 4- SEM 
b p < 0 . 0 5 = +  P > 0 . 0 5 = 0  
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hi-mice, but  in O-I{ mice it was LDH 5 which was 
significantly different. The percentages of LDH 1, 
LDH 2 and LDH 3 in islets were not significantly 
different from those of acinar tissue in either N or 
O-It mice, although the percentages of LDH 1 and 
LDH-2 in acinar tissue of O-It mice appeared to be 
higher than in islets (Table 3). In group B of extracts, 
which were adjusted a standard manner, only two 
fractions, but  with more accurate percentages, were 
separated. As in Group C of extracts, the islets exhibited 
a lower percentage of LDt t  4 and higher percentage 
of LDH 5 in both groups of animals, but  all differences 
of percentages were significant (Table 2). 

Discussion 

The present investigation shows that  the total LDH 
activity in islets of O-H mice is higher than that  of hl 
mice. I t  is known that  the islets of O-It mice are com- 
posed of more than 90% of beta cells and these cells 
are in a hypersecretory state [7, 11]. This characteristic 
of islets of O-I-I mice might serve as an explanation 
for the higher total L D I t  activity, but  our data 
revealed that  acinar tissue of O-It mice also displayed 
a higher total LDI-I activity when compared with that  
of N mice. This may indicate that  the increase of total 
LDt t  activity in islets is due to the general increase of 
LDH activity in the whole of the pancreas in O-H mice. 
I t  might be mentioned that  the hypersecretory state of 
pancreatic beta cells produced by tolbutamide treat- 
ment did not show any increase in their LDH activity 
[12]. Nevertheless, when comparing the total  LDH 
activity of the islets with that  of acinar tissues, it 
becomes obvious that  in O-H mice the islets displayed 
relatively higher activity than in N mice. This suggests 
that  more than one factor is responsible for this increase 
in LDH activity in islets. 

In  contrast to the pancreatic tissues, no significant 
differences were found between the total LDH activity 
of either fat  or muscle of O-It mice and that  of the 
corresponding tissues of hi mice. 

The conclusions derived from these results using 
the above method of LDH activity assay, i.e. the same 
concentration of substrate for every determination, 
should be considered valid because the LDH 1 ~nd 
LDI t  5 isoenzymes in the examined tissues were not 
present in greatly differing amounts. 

An investigation of their characteristic LD H  
isoenzyme patterns has indicated that  the anaerobic 
type of metabolism (energy gained mainly by gly- 
colysis) is prevalent in all examined tissues. The 
present data extend those of previous workers [10] on 
islets and acinar tissue, who examined only the O-It 
mice. By comparing the LDH isoenzyme patterns in 
the corresponding tissues from hi and O-H mice it 
becomes apparent that  the islets, the acinar tissue and 
fat tissue of O-It mice displayed higher proportions of 
LDH 5. This indicates tha t  these tissues tend to be 
more equipped for anaerobic type of metabolism. In 

contrast, the skeletal muscle of O-H mice surprisingly 
showed higher proportions of LDH 1 and lower pro- 
portions of LDH 5 when compared with that  of N mice. 
This suggests that  the skeletal muscle in contrast to the 
other examined tissues displays a greater tendency 
towards aerobic type of metabolism in O-It mice. This 
means schematically the change in prevalence (or 
relative prevalence) of either the citric acid cycle 
(increase) or the glycolytic pathway (decrease). 

LDH 1 and LD H  5 play different roles in the rela- 
tion between citric acid cycle and glycolysis. L D I t  1 
(due to its kinetic properties) aids in keeping gly- 
colysis at a rate sufficient to maintain the citric acid 
cycle by the pyruvate  supply. Increased demands on 
energy supply cannot be provided by  glycolysis because 
LDI t  1 acts as a limiting factor of glycolysis. The 
intensification of glyeolysis results in LD t t  1 inhibition 
(due to the increased concentration of pyruvate),  and 
less NAD, created by  the reaction pyruvate  to lactate, 
is available, thus diminishing the rate of glyeolysis. 
When the increased demands on energy supply are 
provided in the presence of LDI~I 1 by the intensification 
of the citric acid cycle it is apparent tha t  glucose 
cannot be the main fuel and alternative fuels (fatty 
acids) are used. 

On the other hand, LDH 5 favours the g:[ycolytic 
pathway (LDH 5 is not inhibited by high concentra- 
tions of pyruvate). Increased demands on energy 
supply in the presence of LDH 5 cannot be provided 
by the intensification of citric acid cycle. LDH 5 is 
activated by  citric acid cycle metabolites [6]. Increased 
concentration of these metabolitcs will accelerate the 
reaction pyruvate  to lactate, less pyruvate is then 
available to maintain the citric acid cycle. 

Considering the role of L D t t  1 and LDI t  5 in the 
relation of glycolysis and the citric acid cycle, it  be- 
comes apparent that  the finding of a relative increase of 
LDH t and a decrease of LDH 5 in the skeletal muscle 
of O-H mice indicates the relative prevalence of the 
citric acid cycle. This suggestion is consistent with the 
finding of the high activity of hiADP-isocitrate 
dehydrogenase in the skeletal muscle [9] of O-It mice. 
Furthermore, this suggestion could be correlated with 
the shift from glucose to fa t ty  acids as the main 
source of energy. This is in agreement with the opinion 
that  in diabetic muscle a decreased glucose uptake due 
to the increased concentration of fa t ty  acids takes 
place [19]. I t  is also in agreement with the proposition 
that  alterations in the intermediary metabolism of 
glucose and fa t ty  acids in the skeletal muscle could 
serve as an explanation for the marked lethargy of 
O-H mice [3, 4]. 
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