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Some Metabolic Aspects of the Obese-Hyperglycemic Syndrome in Mice*
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Summary. Some aspects of the metabolism of obese-
hyperglycemic mice are presented in the light of recent
observations on the Swedish colony of these animals. A
screening procedure has been elaborated, which allows
early detection of those growing mice that will later deve-
lop the obese-hyperglycemic syndrome. The observation
that intraperitoneal glucose injections induce a higher
frequency of glucosuria in those suckling mice which are
homozygous for the obese-hyperglycemic gene further-
more suggests that the impairment of the glucose meta-
bolism represents a primary lesion in these animals. The
obese-hyperglycemic syndrome is associated with a re-
duced endocrine activity of the testis. Quantitative micro-
scopic analyses of the testis, both from obese-hypergly-
cemic mice kept on a restricted food intake and from mice
in which hyperphagia and obesity had been induced by
injections of gold thioglucose, revealed that other factors
than overeating and/or obesity are responsible for the
depression of the testis function. An increased activity of
B-glucuronidase has been reported in serum and arteries
from inviduals with diabetes or severe arteriosclerosis.
However, among the various tissues analysed in the
obese-hyperglycemic mice only the adrenals displayed a
significantly higher g-glucuronidase activity than the lean
litter mates. Studies of the enzymatic dehydrogenation
of isocitrate revealed considerably higher ratios between
the NADP+- and NAD+-specific enzyme activities in the
skeletal musecle and liver from the obese-hyperglycemic
mice. The observation that the liver dehydrogenation of
isocitrate was more dependent on NADP* in the latter
animals must not necessarily be attributed to the pre-
sence of a hyperlipogenesis, since similar ratios were re-
corded for the NADP+- and NAD+-linked isocitric dehy-
drogenase activities when the adipose tissue from the
obese-hyperglycemic mice was compared with that from
the lean sibling controls.

Quelques aspects du métabolisme du syndrome obése-
hyperglycémigque chez la souris.

Résumé. Nous avons passé en revue quelques aspects
du métabolisme des souris obéses-hyperglycémiques ob-
servés dans la colonie suédoise de ces animaux. Nous avons
développé une méthode de dépistage qui permet de re-
connaitre trés t6t les animaux qui, plus tard, deviendront
obéses et hyperglyeémiques. L’injection intrapéritonéale
de glucose meéne plus fréquemment & une glucosurie chez
les souris homozygotes (obob) méme avant le sevrage,
suggérant done que 'anomalie du métabolisme du glucose
est une lésion primaire chez ces animaux. Le syndrome
est en outre associé & une activité endocrme réduite du
testicule. Une comparaison quantitative des structures
testiculaires d’animaux obéses-hyperglycémiques soumis
& un régime strict, et d’animaux obéses a la suite d’hyper-
phagie provoquée par I'injection d’aurothioglucose, per-
met d’affirmer que cette diminution de la fonction endo-
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crine testiculaire est le résultat de facteurs autres que
I'hyperphagie ou l'obésité. Une augmentation de la §-
glucuronidase sérique et artérielle ayant été déerite chez
des malades atteints de diabéte ou d’artériosclérose sé-
véres, cette activité enzymatique a été mesurée chez les
souris obéses-hyperglycémiques. Une activité enzymati-
que accrue n’a 6té observée que pour les surrénales. La
déshydrogénation de I'isocitrate procéde plus activement
par la voie requérant le cofacteur NADP+* dans les tissus
musculaires et hépatiques de souris obéses-hypergly-
cémiques, que ce n’est le cas pour les tissus de souris non-
obéses. Pourtant, cette utilisation préférentielle de I’en-
zyme NADP+-dépendant n’est pas nécessairement lide &
la lipogénése accrue observée chez ces animaux, puisque
cette méme préférence ne se retrouve pas lorsqu’on com-
pare le tissu adipeux d’animaux obéses et non-obéses de
mémes nichées.

Stoffwechseluntersuchungen beim Syndrom von Fett-
sucht und Hyperglykdamie der Maus.

Zusammenfassung. Auf Grund von kiirzlich durchge-
fithrten Untersuchungen an der schwedischen Kolonie
von fettsiichtig-hyperglykédmischen Méusen werden hier
einige Gesichtspunkte tiber den Stoffwechsel dieser Tiere
dargestellt. Eine neue Arbeitsweise hat es uns erméglicht
schon frith Méuse, die spéter zu Fettsucht und Hyper-
glykéimie neigen, zu entdecken. Intraperitoneale Glucose-
injektionen fithrten hiufiger zur Glucosurie in denjenigen
noch nicht entwdhnten Tieren, die fiir das fettstichtig-
hyperglyk#imische Gen homozygot sind. Diese Tatsache
weist auch darauf hin, daf die Stérung des Glucosestoff-
wechsels wahrscheinlich eine primére Anomalie darstellt.
Das fettsiichtig-hyperglykimische Syndrom geht parallel
mit einer verminderten endokrinen Aktivitdt der Hoden.
Quantitative mikroskopische Untersuchung der Hoden
von sowohl fettsiichtig-hyperglykémischen Méusen bei
Beschrénkung der Nahrungsaufnahme, als auch von
Méusen mit Goldthioglucose-bedingter Hyperphagie und
Fettsucht deuten darauf, daB andere Faktoren als Uber-
fressen oder Fettsucht fiir das Abnehmen der Hoden-
funktion verantwortlich sind. Im Serum oder in den Ar-
terien von Patienten mit Diabetes oder Arteriosklerose
ist eine Vermehrung der §-Glucuronidase-Aktivitdt nach-
gewiesen worden. Bei fettsiichtig-hyperglykdmischen Méu-
sen war aber nur in den Nebennieren eine héhere §-Glu-
curonidase-Aktivitdt als bei nicht-fettsiichtigen Tieren
nachzuweisen. Untersuchung der enzymatischen Dehy-
drogenierung von Isocitrat zeigte, daBl Isocitrat im Ske-
lettmuskel und in der Leber dieser fettstichtig hypergly-
kimischen Miuse vorwiegend iiber das NADP+-abhéngige
Enzym dehydrogeniert wird. Diese Beobachtung ist nicht
unbedingt mit der Hyperlipogenese verbunden, da das
Fettgewebe von fettsiichtig-hyperglykémischen Méusen
im Vergleich zu dem der mageren nicht dieselbe Bevor-
zugung des NADP+- abhéingigen Enzyms aufweist.

Key-words: Spontaneous Diabetes, Obese mice, Geno-
type : obob, Obese-hyperglycemic syndrome, Screening,
for diabetes, Testis, Obesity, B-glucuronidase, Isocitrate
metabolism, Muscle, Liver, Adipose tissue.
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During recent years various strains of mice that
display a spontaneous development of obesity and
hyperglycemia have been described. When simply
referring to obese-hyperglycemic mice it seems, how-
ever, to be generally accepted that this description
denotes those American mice that are homozygous
for a single recessive gene and which were originally
described by INGALLs et al. (1950) as a new mutant
from the R.B. Jackson Memorial Laboratory, Bar
Harbor, Maine. The potential value of these animals
(Fig. 1) for the study of various aspects of diabetes

Fig. 1. The appearance of an obese-hyperglycemic mouse (right), as com-
pared with one of its lean litter mates (left)

induced us to establish our own breed of them in 1959.
The Swedish colony of obese-hyperglycemic mice has
rapidly expanded, particularly after the introduction
of a new technique for dissecting metabolically intact
pancreatic islets (HELLERSTROM, 1964), which was
found to be especially useful when applied to the
considerably enlarged islets of the obese-hyperglycemic
mice (HELLMAN et al., 1964).

Although the genetically obese mice from Bar
Harbor have been the object of considerable interest
from several laboratories over the years, the primary
metabolic lesion still remains obscure. The present
communication will describe some of the metabolic
aspects of the obese-hyperglycemic syndrome, which
have appeared in our laboratory after a more com-
prehensive survey was made at the New York Academy
of Sciences (HELLMAN, 1965).
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Glucose tolerance during the development
of the obese-hyperglycemic syndrome

The obese-hyperglycemic mice are indistinguish-
able in external appearance from their lean litter-mates
during the first 4—6 postnatal weeks. The subsequent
period is characterized by a rapid expansion of the
subcutaneous depot fat giving body weights at least
double those of the controls (TArsEpAL and HELL-
MAN, 1963; Herrmaxw, 1965). On the other hand, the
hyperglycemia is known to develop as late as the 12th
to the 18th weeks of life. The precise time of onset of
the hyperglycemia has been regarded as being condi-
tioned by the presence or absence of genes other than
“obese” in the genetic composition of the obese-hyper-
glycemic mice (MAYER and SiLIDES, 1953).

For a proper understanding of the metabolic
abnormalities of the obese-hyperglycemic mouse it is
important to know whether the impaired glucose
metabolism is secondary to the manifest obesity or
whether it is a preceding phenomenon. This problem
has been considered by performing systematic glucose
tolerance tests on suckling mice of different ages. The
results have been evaluated simply with respect to
the presence or absence of glucosuria after intraperi-
toneal glucose injections (DANIELSsON et al., 1966).
The experiments were performed between 10 and 11
a.m. in a room with automatically controlled daylight
12 hours from 8 a.m. After the animals had been taken
from their mothers and weighed, they were injected
intraperitoneally with a volume of 109, glucose
compatible with a frequency of about 509, positive
urinary glucose tests in each age group. One hour later

~ the presence of glucosuria was checked with glucose

oxidasge strips and the whole procedure repeated after
24 hours. After some practice it was easy to empty
the urinary bladder both at the beginning of the experi-
ment and one hour after the injection by a gentle
pressure over the lower part of the abdomen. By
inspecting and weighing all the mice one month later,
they could easily be classified as being either homozy-
gous (AO-mice) or non-homozygous (AN-mice) for
the obese-hyperglycemic syndrome.

The frequency of repeated positive urinary glucose
tests in 256 suckling mice, representing three different
age groups, is shown in Fig. 2. It was evident that
with increasing age the doses of glucose had to be
gradually increased in relation to the body weight
to establish glucosuria. At an age of 18 days no signi-
ficant differences were noted between the AN-mice
and the AO-mice (P << 0.01), despite their normal
body weights. When 29 days old, repeated positive
tests for glucosuria were obtained in as many as 909,
of the AO-mice but in none of the AN-mice after
intraperitoneal injections of 300 mg of glucose per
100 g body weight. Neither for the AN-mice nor for
the AO-mice could any relationship be demonstrated
between the body weight of the individual animal and
the presence of urinary glucose. ‘
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The inherent simplicity of evaluating the results
only with respect to the presence or absence of glucose
makes the present procedure particularly useful in
large-scale screening for early detection of growing
mice which are homozygous for the obese-hypergly-
cemic syndrome. The observation that the intraperi-
toneal glucose injections induce a higher frequency
of positive urinary glucose tests even in the pre-obese
state furthermore suggests that impairment of the
glucose metabolism represents a primary lesion in the
obese-hyperglycemic syndrome. The possibility that
differences in either the rate of glucose absorption
from the peritoneal cavity or the renal threshold for
glucose may have contributed to the higher frequency
of positive urinary glucose tests in the AO-mice should,
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Tig. 2. The results of intraperitoneal glucose tolerance tests in growing mice
studied with regard to whether they develop an obese-hyperglycemic
syndrome (AO-mice) or not (AN-mice). The percentage of animals in each
group displaying repeated positive tests for glucosuria at the 18th, 23rd and
29th day of postnatal life is shown in the upper part of the figure and the
corresponding body weights 4- S.E.M. (standard error of the means) in the
lower part. While the amounts of glucose injected intraperitoneally corre-
sponded to 200 mg per 100 g body weight in the 18-day-old animals, the
doses for the 23- and 29-day-old mice were 250 mg and 300 mg per 100 g
body weight, respectively .

however, be considered. On account of the technical
problems associated with the performance of conven-
tional intravenous glucose tolerance tests in a great
number of suckling mice, there are so far only comple-
mentary data for the blood glucose level after in-
traperitoneal glucose injections. The latter studies
(WesTMAN, 1966) lend no support to the view that
the renal threshold for glucose differs between the
young AN-mice or AO-mice but rather suggests that
the blood glucose level provides a more sensitive index
for early identification of the AO-mice than the pre-
sence or absence of glucosuria.
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Previous observations of a considerable multi-
plication of the pancreatic f cells in the obese-hyper-
glycemic mice (GEPTS et al., 1960; Herzman, 1965)
with a resulting increase of the circulating insulin-like
activity may well explain why no hyperglycemis will
be manifest until 2 months after the first signs of a
diminished glucose tolerance. Furthermore, since
insulin increases fat synthesis by adipose tissue, it
is reasonable to assume that the accumulation of fat
in the obese-hyperglycemic syndrome is due, at least
in part, to the response of the fat cells to increased
local concentrations of this hormone. It has been sug-
gested that a similar mechanism operates in the
development of obesity associated with mice bearing
ACTH-secreting tumours (HAUSBERGER and RAMSAY,
1959).

Caloric intake and the endocrine activity
of the testis

In view of the reduced fertility of the obese-hyper-
glycemic mice, these animals are generally produced
by breeding the heterozygous animals. After having
shown that hormonal therapy could result in concep-
tion, implantation and maintenance of pregnancy
in the homozygous females, SMITHBERG and RUNNER
(1957) concluded that the sterility associated with the
obese-hyperglycemic syndrome was due to insufficient
secretion of pituitary-gonadotrophins. A reduction
of the pituitary-gonadotrophin function would also
affect the endocrine activity of the testis, and we have
been able to demonstrate definite microscopical signs
of a reduced endocrine activity of this organ (HELLMAN
et al., 1963). While all stages in the spermatogenesis
were clearly evident without obvious degeneration
of the spermatogenic epithelium, the Leydig cells
appeared atrophic and their total volume was reduced
by more than 509,.

It has been stated that laboratory animals made
obese by overfeeding or underactivity exhibit some
degree of testicular atrophy (INGLE, 1950). The obser-
vation that some male obese-hyperglycemic mice
became fertile when kept on a restricted diet and not
allowed to exceed a weight of 25—30 g (LANE and
Dickir, 1954) suggests that excessive food intake and
overweight in itself may contribute to the reduction
of the endocrine testis function also in these animals.
The possibility that excessive caloric intake may
induce testicular atrophy is of general interest and has
led to quantitative microscopical studies of the testis
from mice of different ages and nutritional status.
Only part of this program has been completed up to
now (LipELr and HELLMAN, 1966), but the available
data suggest that the deficient gonadotrophin secretion
in the obese-hyperglycemic mice is a result of their
diabetic state rather than altered caloric intake and/or
overweight.

In the first type of experiments, the endocrine
function of the testis was evaluated after elimination
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of established overweight by allowing 4-month-old
obese-hyperglycemic mice only two feeding periods
a day of a calorically defined diet (carbohydrate 389%,,
fat 24.59, and protein 37.59,). This resulted in a
slow weight reduction until the body weights after
2 months were similar to those of their lean litter-
mates. The absolute volumes of the different testicular
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seminal vesicles and the nuclei and total volume of the
Leydig cells were considerably smaller in these mice
than in the lean controls. As a matter of fact these
parameters did not display any changes suggestive
of an improvement of the endocrine testis function
after the overweight of the obese-hyperglycemic
mice had been eliminated.

In another series of experiments the effect
of overfeeding on the endocrine testis function
was studied by comparing testes from normal
lean mice with those from mice, in which
obesity had been induced by an intraperiton-
eal injection of 1.5 ug/g body weight of gold
thioglucose. The latter compound is known
to induce a primary hyperphagia by destroy-
ing the hypothalamic centres responsible for
the regulation of the food intake (MAYER,
1960; DEBONS et al., 1962). Fig. 4 shows the
values obtained in the mice that were made
obese by the induction of hyperphagia, when
expressed as percentages of those for the lean
controls that were allowed free access to food.
It is evident that both the total volume of the
Leydig cells and that of the spermatogenic
epithelium were within the normal range,
despite a considerable increase of the body
weight.

gpithelium
and sertoli cells

Fig. 3. The body weights (g), the weights of the testicular fissue and seminal vesicles

(mg), the nuclear size of the Leydig cells (arbitrary units representing the projection area)

and the total volumes of different testicular components (mm?) in obese-hyperglycemic

mice allowed free access to food (AO-mice) or kept on a restricted food intake result-

ing in a normalisation of the body weight (AOS-mice). The values have been expressed

as percentages of the corresponding parameters for lean sibling controls allowed free
aceess to food

components were calculated from the percentage ¥
figures obtained by performing microscopical point 3

. 4 . : 5
sampling on paraffin sections and from the weights &
of the gonads. In addition, the nuclear size of the 3 c,,
Leydig cells was measured with the aid of an ocular §§ 700
serew micrometer. In Fig. 3 data have been presented & §
not only for the obese-hyperglycemic mice when kept o ©
on the above-mentioned restricted diet (AOS-mice) | §
but also when allowed free access to the same diet [ %7
(AO-mice). In both cases the results have been ex- §°§
pressed as percentages of the appropriate controls S
as represented by the lean litter-mates, which were §$

allowed free access to the food. The figures presented
in Fig. 3 corroborate our previous observations of a
considerably reduced endocrine activity in the obese-
hyperglycemic syndrome (HELLMAN et al., 1963).
Both the nuclear size of the Leydig cells and the total

Both the quantitative microscopic analy-
ses of testes from obese-hyperglycemic mice
in which the overweight had been eliminated
and from mice in which hyperphagia and
obesity had been induced by injections of
gold thioglucose suggest that the depressed
gonadotrophin secretion in the obese-hyper-
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volume of these cells were much smaller in the AO-
mice than in the lean controls. Furthermore, the hypo-
plasia of the seminal vesicles is worthy of note, since
it is known that the size of these glands represents a
very sensitive index for assays of male sex hormones
(DorFMAaNN and SHIPLEY, 1965). Despite the normali-
zation of the body weight in the AOS-mice, both the

Fig. 4. The body weights (g), the weights of the testicular tissue and seminal

vesicles (ng) and the total volumes of different testicular components (mm?)

in mice with experimentally induced hyperphagia and resulting obesity. The

values have been expressed as percentages of the corresponding parameters
for lean controls

glycemic mice is due to factors other than overeating
and obesity. Among the abnormalities that may be
responsible for a depressed gonadotrophin secretion

15%
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in the obese-hyperglycemic syndrome, the impaired
glucose metabolism deserves special attention. A
progressive atrophy of the sexual organs has, for
example, been reported in diabetes following pancre-
atectomy in rats (Foarria et al., 1963) and a defective
spermatogenesis with a decreased number of Leydig
cells has been found in biopsies of the testes from
male diabetic patients (ScrOFFLING et al., 1963). Our
observation that the impairment of the glucose me-
tabolism precedes the appearance of the obesity in
the obese-hyperglycemic mice (see above) makes
possible studies of the testis function in these animals
when they had never been obese and when their body
weight was strictly within the normal range.

B-glucuronidase activity

Several authors have reported an increased activity
of p-glucuronidase in serum from patients with mani-
fest diabetes (GoLpBARG et al., 1959; WoorLEN and
TURNER, 1965; MILLER et al., 1966). Similar observa-
tions have been made in serum but not in the liver
and renal tissue from alloxan diabetic rats (DoOERMANN
and KOHLER, 1966). Since the specific role of g-glucu-
ronidase in the intermediary metabolism has not been
ascertained as yet, the mechanism behind its increased
activity in diabetes also remains obscure. It has been
postulated that the formation of §-glucuronidase in
diabetes is induced by excessive amounts of muco-
polysacharides, which accumulate as a result of the
increased formation of uridine diphosphate glucuronic
acid through a hyperactive glucuronic acid eycle
(MIrLER et al., 1966). The latter hypothesis is of parti-
cular interest, since it may also explain the consider-
ably increased p-glucuronidase activity that has been
described in advanced arteriosclerosis (MILLER et al.,
1966 ; WEXLER and JUDD, 1966).

Since the obese-hyperglycemic mice are character-
ized both by an impaired glucose metabolism and
signs of vascular complications (Herrmaw, 1965), it
was found worth while to study the g-glucuronidase
activity in different tissues from these animals. The
enzyme was measured in tissue homogenates and
serum at pH 3.6, using 4-methylumbelliferone-g-D-
glucuronide as substrate. While the free aglycon is
highly fluorescent, the low flurorescence of 4-methy-
lumbelliferone in the glycosidic linkage made it possib-
le to use a substrate concentration (0.1 mM) sufficient
to saturate the enzyme. The f-glucuronidase activities
found in various tissues from the obese-hyperglycemic
mice and their lean litter-mates are shown in Fig. 5.
Although the liver and adrenal homogenates displayed
considerable activities, only low values were found in
the brain and heart. The §-glucuronidase activity in
the serum corresponded to a liberation of 0.734-0.04
ug of methylumbelliferone per 100 ul serum per hour.
There was a significantly higher activity of g-glucuro-
nidase in the adrenals, whereas no differences were
recorded in comparisons with the lean litter-mates,
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either for the serum or the other tissues included in
Fig. 5.

In view of the recent reports of an increased aortic
p-glucuronidase activity in rats with progressively
severe aortic arteriosclerosis (WExXrLER and Jupp,
1966), it is worthy of note that the enzyme activity
in the thoracic segment of the aorta was not only one
of the lowest among the tissues analysed in the obese
mice but also within the same range as was found in
the lean siblings. The observation of a considerably
higher §-glucuronidase activity in the adrenals from
the obese mice can probably be attributed to the
increased adrenocortical activity previously demon-
strated in these mice in our laboratory (HELIMAN,
1965). The hyperadrenocorticism seems, however, to
be a secondary phenomenon in the obese-hyperglyce-
mic syndrome, since it was found that the size and
microscopical appearance of the adrenal cortex were
closely related to the body weight and were normalized
by eliminating overeating (HELLERSTROM et al., 1962).

P< 0007

7 —
R
3
Y s U Aw - Mice
A
N W 40 - #ice
2
3
S 9
S
N
N
3
1
R o7

ﬂ L

reart

liver  adrenal pituifary  exeering  aoria brain

paR0reas
Fig. 5. The B-glucuronidase activity in different tissues from the obese-
hyperglycemic mice (AO-mice) and their lean litter-mates (AN-mice). The
enzyme activities have been expressed as ug of 4-methylumbelliferone libe-
rated per hour per mg tissue (wet weight) and represent mean values -+
S.E.M. When a ¢-test has revealed significant differences between the two
types of mice, the corresponding level of significance has been given

Participation of NAD+ and NADP+ in
the dehydrogenation of isocitrate

The relation between the oxidative, energy-yield-
ing (catabolic) processes and the synthetic, energy-
consuming (anabolic) pathways in a tissue is reflected
in its enzyme pattern. It has been postulated that the
functional separation of catabolic and anabolic path-
ways can be clearly demonstrated at the isocitrate de-
hydrogenation step. This step seems to be unique in
the mammalian tissues, since one common metabolic
step, the oxidative decarboxylation of isocitrate to «-
ketoglutarate, is made via the NAD+ system for the
catabolic purpose and via the NADP+ system for the
anabolic one (KADENBACH et al., 1964). Our interest
in isocitrate dehydrogenation in the tissues from the
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obese-hyperglycemic mouse was also stimulated by In view of the instability of the NAD+-linked
the assumption that the NAD+linked enzyme might isocitric dehydrogenase, the tissues were homogenized
be rate limiting in the citric acid cycle (CHEN and in an ice-cold phosphate buffer containing both EDTA
Pravur, 1963; SaxwaLL et al, 1964; GoEBeiL and and reduced glutathione. Sufficient sensitivity was
KLINGENBERG, 1964). secured in the following enzyme assays by using fluori-
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Fig. 6. The NADP+.linked isocitric dehydrogenase activity in different tissues from adult obese-hyper-
glycemic mice (AQ-mice) and their lean sibling controls (AN-mice). The enzyme activity (mean
values 4+ S.E.M.) has been given per unit of tissue protein and the values expressed as percentages
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Fig. 7. The NAD*linked isocitric dehydrogenase activity in different tissues from adult obese-hyper-

glycemic mice (AO-mice) and their lean sibling controls (AN-mice). The enzyme activity (mean

value J- 8.E.M.) has been given per unit of tissue protein and the values expressed as percentages

of the liver activity of the AN-mice. When a I-test has revealed significant differences between the
two types of mice, the corresponding level of significance has been given

metric measurements of the reduced
pyridine nucleotides produced dur-
ing the incubation. The remaining
NAD+and NADP+ at the end of the
incubation were first destroyed, and
the reduced pyridine nucleotide was
then oxidized and transferred into a
highly fluorescent produet by heat-
ing with concentrated sodium hy-
droxide containing 0.019, hydrogen
peroxide. The details of the proce-
dure for the assay of the two types
of isocitric dehydrogenases in very
small amounts of tissue will be de-
scribed elsewhere (HELLMAN, 1966).

The distribution of the two en-
zymes for isocitrate dehydrogena-
tion in the tissues from obese-hyper-
glycemic mice and their lean litter-
mates can be seen in Fig. 6 and 7.
The activity of each enzyme has
been calculated per unit of tissue.
protein, the latter being determined
by the technique of Lowry et al
(1951), and the values obtained ex-
pressed as percentages of those for
the liver in the lean controls. For
the NADP+-linked enzyme the high-
est activity was noted in the heart
and the lowest in the skeletal muscle.
In the obese-hyperglycemic mice the
NADP+-specific isocitric dehydro-
genage activity was slightly increas-
ed in the heart and anterior pituit-
ary, while the skeletal muscle dis-
played values more than twice as
high as the lean controls. In the
obese-hyperglycemic mice there was
a probable increase of the activity
of the NAD*-specific isocitric de-
hydrogenase in the heart, renal
cortex and testis and a significant
increase in the anterior pituitary
and brain. The livers from the obese
mice displayed, on the other hand,
significantly lower activities of the
latter enzymes. Striking differences
were noted between the various tis-
sues for the relative contribution of
the two oxidized pyridine nucleo-
tides in the enzymatic dehydrogena-
tion of isocitrate. In the lean con-
trols the ratio between the NADP+-
and NAD+.linked isocitric dehydro-
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genase activities was found to be about 11 in the
liver homogenates but less than 0.5 in the brain (Fig.
8). In the obese-hyperglycemic mice the most per-
tinent finding was an increase of the liver ratio to
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about 17 and the fact that the corresponding ratio for
the skeletal muscle was more than twice as high as
that found in' the lean litter mates.

No systematic studies have appeared up to now
regarding the function and quantitative representation
of the different types of cells in the anterior pituitary
from the obese-hyperglycemic mice. Since these ani-
mals display a probable insufficiency of the pituitary
secretion of gonadotrophins, as has been discussed
above in the section on the testis function, it seems pos-
sible, however, that changes in the cellular composition
of the anterior pituitary may provide a simple ex-
planation for the increased activities of both types
of isocitric dehydrogenase found in this endocrine
organ. Secondarily to the accumulation of fat in the
obese-hyperglycemic mice, there will be increased
demands on the general circulation, which may be
reflected in a higher isocitrate dehydrogenation in the
heart tissue. In view of the central position of the
liver and muscles for the glucose and fatty acid meta-
bolism, it was of particular interest to note that in the
obese-hyperglycemic syndrome both these tissues were
characterized by considerably increased ratios for the
NADP+ -and NAD+linked isocitric dehydrogenase
activities. The superiority of NADP+ over NAD~ for

the reduction of intermediates in fatty acid synthesis '

is widely accepted. It may therefore be attractive to
interpret the observation that the liver dehydrogenati-
on of isocitrate is more dependent on NADP+* in the
obese-hyperglycemic mice in the light of the hyper-
lipogenesis which has previously been reported in the
obese-hyperglycemic syndrome (ZOMZELY and MAYER,
1959; SEIGETA and SHREEVE, 1964). When, however,
the analyses were extended to adipose tissue ab dif-
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ferent locations, similar ratios (about 3) were encoun-
tered for the NADP+. and NAD+-linked isocitric de-
hydrogenase activities in both the obese-hyperglycemic
mice and their lean litter-mates (HELLMAN, 1966).

Fig. 8. The ratios between the activities of the
NADP+linked and NAD+- linked isocitric de-
hydrogenase activities in different tissues from
adult obese-hyperglycemic mice (AO-mice) and

musele their lean sibling controls (AN-mice)

References

Cuen, R. F.,and G. W. E. PrauT: Activation and inhibi-
tion of DPN-linked isocitrate dehydrogenase of heart
by certain nucleotides. Biochemistry 2, 1023—1032
{1963).

DaNTELSSON, A., B. Herrmax and I. B. Tirgepar: Un-
published observations. (1966).

DrBONS, A. F., L. SILVER, E. P. CroNkITE, H. A. Johnson,
G. BRECHER, D. Tenzer and I. L. Scuwartz: Locali-
sation of gold in mouse brain in relation to gold thio-
glucose obesity. Amer. J. Physiol. 202, 743 —750 (1962).

DoHRMANN, R. K., and M. KéureR: B-glucuronidase activ-
ity in the serurm and in liver and kidney tissue in alloxan
diabetes. Abstracts from the Second Annual Meeting of
the Buropean Association for the Study of Diabetes.
p- 141, 1966.

DorFMAN, R. J., and R. A. SHIPLEY: Androgens. Bio-
chemistry, Physiology and Clinical Significance. New
York, Wiley, 1956.

Foeria, V. (., R. F. Borcuernr, R. A. CHIERL, E. L.
FerNANDEZ-Corrazo, I. SPINDLER and O. WESELY:
Sexual disturbances in the diabetic rat. Diabetes 12,
231-—237 (1963).

Geprs, W., J. CErisToPEE and J. MAYER: Pancreatic
islets in mice with the obese-hyperglycemic syndrome.
Lack of effect of carbutamide. Diabetes 9, 63— 69 (1960).

GomBErL, H., and M. Kuncensera: DPN-spezifische
Tsocitrat-Dehydrogenase der Mitochondrien. 1. Kine-
tische Eigenschaften, Vorkommen und Funktion der
DPN-spezifischen Isocitrat-Dehydrogenase. Biochem.
7. 340, 441 — 464 (1964).

GoOLDBARG, J. A., E. P. PinEDa, B. M. BANKS and A. M.
RUTENBURG: A method for colorometric determination
of p-glucuronidase in urine, serum and tissue; assay
of enzymatic activity in health and disease. Gastro-
enterology 36, 193—201 (1959). ‘

HaUsBERGER, F. X., and A. J. RamsAy : Islet hypertrophy
in obesity of mice bearing ACTH-secreting tumours.
Endocrinology 65. 165—171 (1959).

HeriersTrOM, C.: A method for the microdissection of

ancreatic islets in mammals. Acta endocr. (Kbh.) 45,
122132 (1964).



Vol. 3, No. 2, 1967

HerverstrOM, C., B. HELnmaN and S. LArssoN: Some
aspects of the structure and histochemistry of the
adrenals in obese-hyperglycemic mice. Acta path. micro-
biol. scand. 54, 365—372 (1962).

Herimanw, B.: Studies in obese-hyperglycemic mice. Ann.
New York Acad. Sci. 181, 541—558 (1965).

Hrerrvan, B.: Unpublished observations (1966).

Hrerivaw, B., C. HELLERSTROM, S. WESTMAN, H. HaMm-
MAR and U. RoTEMAN: Preparation of pancreatic islet
cells for biochemical analyses. In: The Strueture and
Metabolism of the Pancreatic Islets (eds. S.E. Brolin,
B. HerimaNy and H. Kxurson). Oxford, Pergamon
Press, p. 193, 1964.

Herrman, B., L. JacoBssoN and 1. B. TALsEpAL: Endo-
crine activity of the testis in obese-hyperglycemic
mice. Acta endocr. (Kbh.) 44, 20—26 (1963).

IncanLs, A. M., M. M. Dicgie’ and G. D. SNELL: Obese,
a new mutation in the mouse. J. Hered. 41, 317—318
(1950).

IxcLE, D. J.: Discussion after the paper: The virilizing
syndrome in man, submitted by L. J. Soffer, J. L.
Gabrilove, J. W. Jailer and M. D. Jacobs. Ree. Progr.
Hormone Res. 5, 436 (1950).

KapensacH, B.,, H. Gorerr. and M. KLINGENBERG:
Differential action of thyroid hormones on enzyme le-
vels of the DPN and TPN specific isocitrate dehydro-
genase. Biochem. Biophys. Res. Comm. 14, 335--339
(1964).

Laxe, P. W., and M. M. Dickie: Fertile obese male
mouse. J. Hered. 45, 56— 58 (1954).

LipEeLL, C., and B. HELLMAN: The influence of overeating
on the endocrine testis function in mice. Metabolism
15, 444 — 448 (1966).

Lowry, O. H., N. J. RosgsroucH, A. L. FArr and R.
J. Raxparn: Protein measurement with the Folin
phenol regent. J. biol. Chem. 193, 265 —275 (1951).

MAavYER, J.: The obese-hyperglycemic syndrome in mice
as an example of “metabolic” obesity. Amer. J. clin.
Nutr. 8, 712—718 (1960).

Bo Heriman: Metabolic Aspects of the Obese-Hyperglycemic Syndrome

229

MAYER, J., and D. N. SiuipEs: A quantitative method
of determination of the diabetogenic activity of growth
hormone preparations. Endocrinology 52, 54 — 56 (1953).

Mimzzer, B. F., F. P. Keves and P. W. CurrERI: Beta-
glucuronidase activity in serum increased by coronary-
artery atherosclerosis. Science 152, 775--776 (1966).

SanwArL, B. D., M. W. Zing and C. S. Stacmow: Nico-
tinamide adenine dinucleotide-specific isocitric dehy-
drogenase. J. biol. Chem. 239, 1597—1603 (1964).

SHiGETA, Y., and W. W. SEREEVE: Fatty acid synthesis
from glucose-1-H?® and glucose-1-C'* in obese-hyper-
glycemic mice. Amer. J. Physiol. 206, 1085 — 1090 (1964).

ScuorrLing, K., K. FeperLN, H. DiTscHUNETT and E.
F. PrEIFFER: Disorders of sexual function in male dia-
betics. Diabetes 12, 519—527 (1963).

SvitasBERG, M., and M. N. Runner: Pregnancy induced
in genetically sterile mice. J.Hered.48, 97— 100 (1957).

Tirsepar, 1. B., and B. HErnmaN : Morphological charact-
eristics of the epididymal adipose tissue in different
types of hereditary obese mice. Path. Microbiol. 26,
149—157 (1963).

WesTMAN, S.: Unpublished observations (1966).

WexLER, B. C., and J. T. Jupbp: Increased aortic beta-
glucuronidase activity with progressively severe arte-
riosclerosis in female breeder rats. Nature (Lond) 209,
383--386 (1966).

‘WoorLeN, J. W., and P. TurNER: Plasma N-acetyl-8-
glucosaminidase and B-glucuronidase in health and
disease. Clin. chim. Acta 12, 671 —683 (1965).

ZomzeLY, C., and J. MaYER: Endogenous dilution of ad-
ministered labeled acetate during lipogenesis and
cholesterogenesis in two types of obese mice. Amer. J.
Physiol. 196, 956—960 (1959).

Bo Herrmaw, M.D.
Histological Department
University of Umed
Umed 6, Sweden



