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Metabolic Abnormalities in the Pancreatic Islets and Livers of the Diabetic Chinese Hamster
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Summary. The islets of Langerhans isolated from
diabetic chinese hamsters had low insulin content, secret-
ed less insulin and incorporated leucine-*C into the
insulin fraction at a slower rate than the controls. Livers
of these animals were heavier and contained normal levels
of glycogen, and of soluble and microsomal proteins. The
activities of eight hepatic enzymes were assayed n vitro
in three age groups of animals. The diabetic hamster
livers showed higher activity in phosphoenolpyruvate
carboxykinasge, and an elevation in glucose-6-phosphatase
was also observed in the three month old diabetic animals.
Studies on hepatic fructose-1,6-diphosphatase, glucoki-
nase, hexokinase, pyruvate kinase, 6-phosphogluconate
dehydrogenase and lactate dehydrogenase activities
showed no significant change in the non-ketotic, diabetic
hamsters, which, however, incorporated pyruvate-2-14C
into blood glucose at a much faster rate. The ketotic
hamsters had low activity of glycolytic and pentose
phosphate shunt enzymes and high gliconeogenic enzyme
activity. There also appeared to be a slight difference in
the activity of these enzymes between offsprings of ketotic
parents and their controls.

Anomalies métaboligues des tlots de Langerhans et du
foie chez le hamster chinois diabétigue

Résumé. Les flots de Langerhans isolés, provenant de
hamsters chinoig diabétiques, présentent un contenu du
pancrdas diminué en insuline, une séerétion abaissée
d’insuline et une incorporation plus lente de 4C-leucine
dans la fraction insulinique que les animaux témoins. Le
poids du foie de ces animaux est plus élevé et contient
des taux normaux de glycogéne amsi que des protéines
solubles et microsomales. On a étudié in vitro les activités
de 8 enzymes hépatiques chez trois groupes d’dge de ces
animaux. Le foie des hamsters diabétiques montre une
activité augmentée de la phosphoénolepyruvate carboxy-
kinase ainsi qu'une élévation de la glucose-6-phosphatase
chez les animaux diabétiques 4gés de 3 mois. L’étude des
activités de la fructose-1,6-diphosphatase, de la gluco-
kinase, de I’hexokinase, de la pyruvate-kinase, de la
6-phosphogluconate déhydrogénase ot de la lactate déhy-
drogénase dans le foie n’a pas révélé de modifications
significatives chez le hamster diabétique non-cétosique,

The diabetic chinese hamster has aroused particu-
lar interest as an experimental animal because of possi-
ble similarity of its disease to human diabetes [8, 11].
Tts metabolic anomalies include hyperglycemia, glu-
cosuria, low plasma and pancreatic insulin content [8],
and beta-cell degranulation [2]. Muscle and adipose
tissues of the diabetic hamster showed a normal rate of
glucose metabolism ¢n vitro and had similar response to
insulin as their controls [8]. It was thus suggested that
diabetes in the chinese hamsters “may be a result of
abnormal insulin secretion by the pancreas and ab-
normal glucose cutput by the liver” [8]. This paper
summarizes our efforts to relate the metabolic defects
observed in the isolated pancreatic islets and certain

dont, cependant, 1’incorporation du pyruvate-2-*C dans
le glucose sanguin s’effectue beaucoup plus rapidement.
Chez le hamster cétosique, les activités des enzymes de la
glycolyse et du cycle des pentoses sont abaissées, alors
que celle de la gluconéogénése est augmentée. Il semble
qu’il exigte aussi une petite différence dans l’activité de
ces enzymes entre les animaux provenant de parents
cétosiques et les animaux témoins.

Stoffwecnselanomalien in Langerhans’ schen Inseln und
Leber diabetischer chinesischer Hamster

Zusammenfassung. Aus dem Pankreas diabetischer
chinesischer Hamster isolierte Langerhans’sche Inseln
enthielten und sezernierten weniger Insulin und inkor-
porierten weniger Leucin-*C in eine dem Insulin ent-
sprechende Trennungsfraktion als die Kontrolltiere. Die
Lebern dieser diabetischen Tiere waren schwerer als die-
jenigen von Kontrolltieren, enthielten aber pro Gewichts-
einheit normale Mengen von Glykogen, loslichen und
mikrosomialen Proteinen. In von chinesischen Hamstern
dreier Altersgruppen gewonnenen Leberextrakten wurden
8 fiir den Glukosestoffwechsel wichtige Enzyme quanti-
tativ bestimmt. Bei diabetischen Tieren war die Aktivitdt
der Phosphoenolpyruvatkarboxykinase und der Glucose-
6-Phosphatase erhéht. Bei nicht ketotischen diabetischen
Hamstern waren die Aktivitdten der Fructose-1,6-
Diphosphatase, der Glucokinase, der Hexokinase, der
Pyruvatkinase, der 6-Phosphogluconat-Dehydrogenase
und der Lactat-Dehydrogenase gegeniiber der Norm nicht
verdndert. Trotzdem inkorporierten diese Tiere signifikant
mehr Pyruvat-2-14C in Blutglukose als Normaltiere. Bei
ketotisch diabetischen Hamstern waren die Aktivitédten
der Enzyme der Glucolyse und des Pentose-Shunts ver-
mindert und diejenigen der Enzyme der gluconeogeneti-
schen Kette erhoht. Qualitativ dhnliche aber quantitativ
weniger ausgeprégte Unterschiede wurden zwischen noch
nicht diabetischen Nachkommen ketotisch-diabetischer
Eltern und deren gleichaltrigen Kontrollen gefunden.

Key-words: Diabetes in animals, chinese hamster,
cricetulus griseus, islets of Langerhans, insulin, liver
enzymes, liver in diabetes, gluconeogenesis.

hepatic enzyme activities to the diabetic syndrome in
the animal.

Materials and Methods

Animals. All animals used were male and selected
from the Upjohn colony [8]. The “diabetic”’ hamsters
showed a consistent Tes-Tape value of 4+ and a neg-
ative ketostix test. Those with a positive ketostix test
were grouped as the “ketotic” animals. In addition,
three offsprings of ketotic parents were studied at an
age of fifteen days when sigus of glucosuria were absent.
All these animals were matched with controls of same
age and sex. Animals used in insulin secretion and in
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vivo gluconeogenesis studies were fasted for sixteen
hours. Animals used in other studies were allowed food
and water ad libitum.

Pancreatic islets. The islets of Langerhans were
isolated, and used in insulin secretion and synthesis
studies as deseribed previously [3]. Leucine-14C (262
me/mmole) was used as label in studies of insulin syn-
thesis. After four hours of incubation, the islets were
extracted with acid aleohol and partially purified with
beef insulin as carrier according to Davoren [6]. The
precipitates thus obtained were fractionated on a
BioGel P30 column (0.9 X 60 cm) in 1.0 M acetic acid.
The radioactivity associated with bovine insulin peak
indicated the amount of leucine-1“C incorporated into
hamster insulin.

Liver enzyme assays. Liver supernatant and micro-
somal fractions were prepared as described before [5].
Glucose-6-phosphatase (GlubPase) was assayed in the
microsome suspension at pH 6.1 [21]. The activities of
the following enzymes were measured in the super-
natant fraction aceording to methods described in the
references: phosphoenolpyruvate carboxykinase (PEP-
CK) [26], fructose-1,6-diphosphatase (Fru 1,6DPase)
[28], glucokinase (GluKase) [24], hexokinase (Hex
Kase) [24], pyruvate kinase (PyrKase) [25], 6-phos-
phogluconate dehydrogenase (6PG d’ase) [10], lactate
dehydrogenase (LDH) [27], and pyruvate carboxylase
(Pyr CB) [5]. In some cases, the glucose phosphory-
lating activity was measured in 0.1 M glucose without
further correction and was abbreviated as GluHex-
Kase.

In wivo gluconeogenesis. Sodium pyruvate-2-14C
(5pC in 0.2 ml saline, 3.44 pC/umole) was injected in-
traperitoneally and about 0.15 ml blood was collected
through orbital sinus at 0, 5, 10, 15 and 20 min. An
aliquot of 0.1 ml blood was transferred to 0.5 ml ice-
cold water, and 0.2 ml each of 0.3 N Ba(OH), and 5%,
ZnS0, was added in succession. The contents were
mixed thoroughly on a Vortex mixer between each
addition. After centrifugation, deproteinized blood was
collected. Two aliquots of 0.01 ml whole blood were
counted to estimate the amount of radioactivity ab-
sorbed into circulation.

Aliquots of 0.1 ml deproteinized blood were used to
measure blood glucose with glucose oxidase [22]. In
determination of blood “C-glucose, two aliquots of
0.2 ml deproteinized blood were used. One (blank) was
incubated with 0.5 ml H,0 at 37°C. The second aliquot
{sample) was incubated with 0.5 ml “PGO” enzyme so-
lution (Sigma) which was made by dissolving one cap-
sule of enzymes in 50 ml H,0. After 60 minutes, the
incubated mixtures were passed through columns
packed in disposable pipettes, consisting of 2 em beds
of AGIX8 (acetate) and AGSOWX4 (H-+) ion ex-
change resins, separated by 2 mm acid-washed sea
sand. The tubes and columns were washed with three
additions of 0.5 m1 H,0 and the combined eluants were
counted. The difference in radioactivity present in the
eluants from “‘blank™ and “sample” represented the
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amount of 14C-glucose in 0.2ml aliquots of deproteinized
blood.

After the last bleeding, the animals were decapi-
tated and liver homogenates were prepared and en-
zymes were assayed as described [5].

Miscellaneous. Spectrophotometric assays were car-
ried out in a Beckmann DB-Spectrophotometer. Ra-
dioactivity was measured in Bray solution [1] in a
Packard Tricarb Scintillation Spectrometer and cor-
rected for quenching by channel-ratio method [12].
Protein determination was performed according to
Lowry et al. [17] and blood glucose was measured on
an autoanalyzer [14]. Plasma insulin was determined
by the double antibody immunoassay [20] and liver
glycogen was precipitated from 309, KOH extract [15]
and measured with the phenolsulfuric aeid method [7].
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Fig. 1. Insulin content, secretion and synthesis in isolated
islets of Langerhans. Numbers indicate the mean of
results obtained from studies on N animals.
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Fig. 2. Various properties of livers of the chinese hamsters.

Substrates, coenzymes and enzymes used in assays
were purchased from Boehringer-Mannheim, New York,
or Sigma, St. Louis. NaH4CO;, leucine-C and sodi-
um-2-“C.pyruvate were obtained from New England
Nuclear, Boston. Ion exchange resins were supplied by
BioRad Laboratories, Richmond, California.
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Fig. 3. Activities of the hepatic enzymes of chinese ham-
sters. Numbers indicate the mean of specific activity of in-
dividual enzyme obtained from studies on N animals. Spe-
cific activity was defined as mumole substrate turnover
per minute per mg protein in the enzyme fraction. Ab-
breviation for enzymes was described in Materials and
Methods. Glu6Pase was assayed in the microsomal frac-
tions at 37°C. Other enzymes were measured in the super-
natents at 37°C (PEPCK, Fru 1, 6DPase) or 25°C (Glu-
Kase, HexKase, PyrKase, 6PGdase and LDH).
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Results

Islets of Langerkans. The islets of Langerhans isolat-
ed from the diabetic chinese hamsters contained less
insulin than the nondiabetics (Fig. 1). In vitro studies
on glucose-dependent insulin secretion revealed that
the diabetic hamster secreted less insulin than the non-
diabetics when assayed under the same ocondition.
Likewise, the amount of leucine-4C incorporated into
insulin fraction was less in the diabetic hamster islets.
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determinations

Livers. The diabetic hamsters had similar weights
as their controls but their livers appeared to be
slightly larger (Fig. 2). The enlargement of the liver in
the diabetics was more evident when expressed as per-
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cent body weight. However, there was no significant
difference in liver glycogen, and soluble and miero-
somal proteins between these two groups of animals,
excepb that a slight increase in the supernatant pro-
teins was observed in the 9 to 12 month group of dia-
betic hamsters.
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Fig. 6. Rate of absorption after I.P. injection in the chine-

se hamsters. Five uC of pyruvate-2-1*C was administered
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the mean of seven studies
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Fig. 7. Rate of 1*C-glucose formation from sodium pyru-
vate-2-14C. Each point represents the mean of seven
studies

Liver enzymes. The level of eight hepatic enzymes
was studied in three different age groups of animals,
and the onsets of glucosuria in these animals were first
observed at the age of one to two months. Blood glu-
cose concentration was measured as an index of degree
of severity in hyperglycemia. As shown in Fig. 3, the
9 to 12 month old diabetics had a lower blood glucose
level than the 3 month old diabetics (p ~ 0.05). Among
the three gluconeogenic enzymes assayed, phosphoenol-
pyruvate carboxykinase was present in a consistently
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elevated level in the diabetics, but the deviation
lessened as the animals grew older. A significant in-
crease in glucose-6-phosphatase and pyruvate kinase
was also observed in the 3 month old diabetic hamsters.
There appeared to be no difference in the activity of
fructose-1,6-diphosphatase, glucokinase, hexokinase,
6-phosphogluconate dehydrogenase and lactate dehy-
drogenase between the diabetics and controls.
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in vivo gluconeogenesis studies. The concentrations of
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glucose were measured in blood collected just before
decapitation of hamsters. Also see legends in Fig. 3
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Liver enzymes vs. blood glucose. When the activity
of hepatic enzyme was plotted against blood glucose
concentration, a direct correspondence between the
level of phosphoenolpyruvate carboxykinase and the
degree of severity of hyperglycemia was observed (Fig.
4). A more pronounced elevation of the activities of
hepatic phosphoenolpyruvate carboxykinase and gla-
cose-6-phosphatase in the young diabetics was also
evident.

In vivo gluconeogenesis vs. liver enzymes. The rate of
incorporation of sodium pyruvate-2-*4C into blood glu-
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cose was studied in seven pairs of fasted hamsters. The
animals were under stress and a rise in blood glucose
was observed (Fig. 5a). The diabetic hamster showed a
consistently higher blood sugar coneentration and a
faster rate of blood C-glucose formation (Fig. 5b).
Absorption of radioactive substrate into circulation
after intraperitoneal injection also appeared to be
facilitated in the diabetics (Fig. 6). Taking this into
consideration, the rate of gluconeogenesis from circu-
lating radioactive precursors was calculated (Fig. 7)
and significantly faster rate was observed in the dia-
betic animals.

At the end of twenty minutes, the animals were
killed and the levels of eight hepatic enzymes were
studied and no significant difference between the two
groups was observed (Fig. 8).

Liver enzymes in kefotic hamsters. Studies on liver
enzymes of young ketotic hamsters are summarized in
Fig. 9. The three gluconeogenic enzymes were present
in a significantly increased amount, whereas the levels
of pyruvate kinase, 6-phosphogluconate dehydroge-
nage, and lactate dehydrogenase were depressed in the
ketotic animals. The glucose-phosphorylating activity
measured at 0.1 M glucose concentration was similar
in both groups of animals.
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Fig. 10. Activities of hepatic enzymes in “potential” dia-
betic hamsters. See legends in Fig. 3

Liver enzymes in “potential”’ diabetics. The incidence
of diabetes in the offsprings from ketotic matings is
1009, [9]. At the age of 15 days, these animals showed
normal blood sugar and plasma insulin levels, and less
than normal liver weight (Fig. 10). However, a signifi-
cant elevation of glucose-6-phosphatase and a decrease
in pyruvate kinase and glucose-phosphorylating activ-
ity was detected.

Discussion

The objectives of our studies on the chinese ham-
sters were twofold. The first objective was to study the
metabolic abnormalities associated with pancreatic
insulin content in the diabetic hamsters [8]. The second
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objective was to find out the biochemical defects which
immediately precede the manifestation of hypergly-
cemia.

Our studies on the isolated pancreatic islets con-
firmed the notion that abnormal metabolism in the
islets plays an important role in causing diabetes
mellitus in the chinese hamsters [8, 2, 19, 18]. The dia-
betic hamster islets do not synthesize insulin at a nor-
mal rate. The decreased rate of insulin synthesis re-
sults in a subnormal insulin content in the islets which
in turn causes a reduced rate of insulin secretion [3].

Hyperglycemia arises from underutilization and/or
overproduction of glucose. Since it is generally held
that the rate of a metabolic pathway is reflected by the
level of enzymes regulating that pathway, studies on
the levels of gluconeogenic and glucose-catabolizing
enzymes in tissues where glucose is actively synthesiz-
ed and metabolized will reveal the immediate cause of
hyperglycemia. In alloxan- [29] and streptozotocin-
diabetic rats [5], diabetic [4] and obese hyperglycemic
mice [23], abnormal hepatic enzyme levels have been
reported. Our studies on the ketotic, diabetic hamster
livers indicate an exorbitant quantity of gluconeogenic
enzymes and depressed level of glucose-catabolizing
enzymes which may result from plasma insulin defi-
ciency [29]. However, the finding that offsprings of
ketotic parents also have subnormal level of hepatic
glycolytic enzymes and elevated gluconeogenic enzy-
mes prior to the onset of hyperglycemia and hypoinsu-
linemia, suggests an early involvement of liver in cau-
sing diabetes in these ketotic animals.

In the non-ketotic diabetic hamsters, hepatic en-
zyme levels vary considerably and only the young ones
show significantly elevated activity in some gluco-
neogenic enzymes. Since onset of ketosis in chinese
hamsters can be as late as ten months [9], the non-ke-
totic animals studied at the age of three and six months
may include some ““potential”’ ketotic diabetics. There-
fore, it appears that the non-ketotic, diabetic hamsters
do not have abnormal quantities of hepatic gluconeo-
genic and glucose-catabolizing enzymes. However, these
animals have an accelerated rate of in vivo gluconeogen-
esis from pyruvate and its metabolites. This finding sug-
gests that hyperglycemia in the non-ketotic diabetic
hamsters may arise from an abnormal rate of glu-
coneogenesis in sites other than liver, such as kidney
cortex [16]. Alternatively, the rate of hepatic gluconeo-
genesis may be further regulated by limiting factors,
e.g. substrate concentration [13], other than the levels
of gluconeogenic enzymes. Studies on the rate of pyru-
vate conversion into glucose in kidney and liver slices
are now in progress in our laboratory.

The diabetic hamsters have a higher rate of abs
sorption after intraperitoneal injection. The abnormal
rate of absorption in the diabetic animals may result
from two causes: defective membrane or hypertonicity
in blood. The high osmolarity due to elevated blood
glucose concentration may facilitate the transport of
injected isotonic solution.
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In conclugion, our studies reveal that the diabetic

hamsters have a defective machinery in insulin syn-
thesis. Hyperglycemia can be, at least in part, attrib-
uted to an accelerated rate of gluconeogenesis. The
ketotic, diabetic hamsters also have aberrant levels of
hepatic gluconeogenic and glucose-catabolizing en-
zymes. However, the non-ketotic, diabetic hamsters
have normal levels of hepatic enzymes, and how signifi-
cant a role that liver plays in causing hyperglycemia in
these animals is still uncertain.
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