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Islet transplantation in diabetic rats normalizes basal
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Summary Transplantation of islets of Langerhans in
diabetic rats normalizes resting glucose and insulin
levels, but it remains unclear whether islet transplan-
tation restores resting and exercise-induced energy
metabolism. Therefore, we compared energy metab-
olism in islet transplanted rats with energy metabo-
lism in normal controls and in streptozotocin-in-
duced diabetic rats. Indirect calorimetry was applied
before, during, and after moderate swimming exer-
cise. Blood was sampled by means of a heart catheter
for determination of nutrient and hormone concen-
trations. In islet transplanted rats, the results from in-
direct calorimetry and the nutrient and hormone con-
centrations were similar to the results in normal con-
trols. In resting diabetic rats, insulin levels were very
low, while glucose levels were exaggerated. Com-
pared to resting controls, fat oxidation and energy ex-
penditure were elevated, but carbohydrate oxidation
was similar. Exercise increased energy expenditure
and was similar in diabetic and control rats. Carbohy-

drate oxidation was lower and fat oxidation was high-
er in diabetic than in control rats. Exercise-induced
increments in glucose, lactate and non-esterified fat-
ty acid levels were the highest in diabetic rats. Thus,
at rest, but not during exercise, insulin influences en-
ergy expenditure. Insulin reduces lipolysis and glyco-
genolysis. It enhances the relative contribution of car-
bohydrate oxidation and reduces fat oxidation to to-
tal energy expenditure, at rest and during exercise.
Absence of insulin enhances anaerobic glycolytic
pathways during exercise. It is concluded that in dia-
betic rats, islet transplantation of 50 % of the normal
pancreatic endocrine volume successfully normalizes
insulin levels and hence energy metabolism at rest
and during exercise. [Diabetologia (1995) 38: 919-
926]
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Poorly-treated insulin-dependent diabetes mellitus is
characterized by a decrease in body weight despite
an enhanced food intake. This negative energy bal-
ance is not only due to an excessive loss of glucose
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with urine, but also due to an increased energy ex-
penditure (EE) at rest [1]. In addition, Nair et al. [1]
reported that administration of insulin can normal-
ize the enhancement in EE at rest. A second effect
of the absence of insulin on energy metabolism is
the use of energy substrates, other than glucose. Ab-
sence of insulin will lead to exaggerated plasma
non-esterified fatty acid (NEFA) concentrations and
according to the hypothesis of Randle etal. [2],
these high NEFA levels may increase the oxidation
of fat.

In the search for a treatment for diabetes consider-
able ::ttention has been paid to transplantation of is-
lets of Langerhans [3, 4]. Islet grafts have been trans-
planted in rodents to different sites and comprising
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different volumes [5, 6]. After transplantation of is-
lets of Langerhans into diabetic rats, resting insulin
and glucose levels in blood are restored [5, 6]. It
might therefore be possible that EE is normalized.
However, under conditions of daily living, including
food intake, and stress or physical activity, the regula-
tion of insulin release might not be adequate to nor-
malize energy metabolism. In rats, oral glucose toler-
ance tests or meal tests have indicated that due to an
absence of parasympathetic innervation, insulin re-
lease did not completely normalize glucose tolerance
[5-8].

Impaired innervation of transplanted endocrine
tissue may not only have its consequences for the
parasympathetic control of endocrine function; ab-
sence of sympathetic innervation may have its conse-
quences as well. During exercise, enhanced sympa-
thetic activity reduces insulin secretion in rats [9, 10],
leading to an increase in the portal venous glucagon/
insulin ratio, thus stimulating glycogenolysis and glu-
coneogenesis [11, 12]. Impaired sympathetic control
of endocrine pancreatic function in transplanted dia-
betic rats may therefore lead to impaired recruit-
ment of hepatic glycogen, subsequently leading to an
impaired carbohydrate availability for the working
muscles.

The aim of this study was to determine the effects
of transplantation of islet grafts equivalent to 50 %
of the native pancreas on energy metabolism in dia-
betic rats. Therefore, we compared the energy metab-
olism at rest and during moderate exercise in strepto-
zotocin-induced diabetic rats with islet grafts in the
portal vein, in streptozotocin-induced diabetic rats
which had not received an islet graft, and in normal
controls. All animals were submitted to an exercise
experiment, which included swimming exercise. Indi-
rect calorimetry was applied to assess the contribu-
tion of carbohydrate oxidation (CHO-o0x) and fat ox-
idation (fat-ox) to energy expenditure, calculated
from oxygen consumption (VO,) and carbon dioxide
production (VCQO,), under baseline conditions, dur-
ing exercise and during recovery from exercise.
Blood samples were drawn to determine the levels
of glucose and lactate in whole blood, and NEFA
and insulin in plasma.

Materials and methods

Animal care and surgery. Male inbred Albino Oxford (AO/G)
rats, weight 300-380 g, obtained from the Central - Animal Lab-
oratory of the University of Groningen were divided into three
groups.

In the first group, diabetes was induced by an intravenous
injection of 70 mg/kg citrate buffered streptozotocin (Zano-
zar, Upjohn, Kalamazoo, MI, USA) when they were in a non-
food-deprived state. This resulted in loss of body weight, gluco-
suria, increased water intake and blood glucose levels of more
than 15 mmol/l. Two to three weeks after diabetes induction,
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5 ul isogeneic islet tissue was transplanted in the liver via the
portal vein.

Islets were isolated according to the procedure described
by Van Suylichem et al. [13]. Briefly, the pancreas was dis-
tended by infusing 10 ml Krebs’ Ringer solution containing
25 mmol/l HEPES and 10 % bovine serum albumin into the
pancreatic duct. The pancreas was then excised and cut into
small pieces with a pair of scissors. A two-stage collagenase
(Sigma type XI, 2200 U/mg, Sigma, St. Louis, MO, USA) di-
gestion was performed at 37°C at concentrations of 1.2 and
0.7 mg/ml, respectively.- Islets were separated from the exo-
crine tissue using a discontinuous dextran gradient (Sigma in-
dustrial grade, M, 70.000). Further purification of the islets
was obtained by hand-picking in order to eliminate non-sepa-
rated lymph nodes, vascular and ductal tissue from the islet
grafts. Islets were identified with the aid of a dissection micro-
scope (Bausch and Lomb 31-28-06) and a fluorescent lamp
(Bausch and Lomb 31-33-66). With this illumination, rat is-
lets appear as distinct ochreous bodies, whereas lymph nodes
and exocrine tissue are grey. The reliability of this method has
been confirmed by histology and dithizone staining.

The total islet volume was determined by measuring the is-
let diameters, expressed as the mean of two axes in a 5% ali-
quot of the islet suspension. By assuming the islets to be per-
fect spheres, islet volume was calculated. Grafts of 5 ul endo-
crine tissue were prepared for transplantation by taking an ap-~
propriate portion of the total islet suspension. This volume is
about 50 % of the endocrine content of a normal adult pan-
creas. Transplantation in the liver was performed immediately
after the islet isolation by direct puncture with a 23-gauge but-
terfly needle in the portal vein [5, 6].

Three to four weeks after transplantation, i.e. after recov-
ery and regaining pre-diabetic body weight, a permanent
heart catheter was inserted in a branch of the right jugular
vein to sample blood in freely-moving animals [14].

A permanent heart catheter was inserted in the jugular vein
in the second group and diabetes was induced 1 week later, us-
ing 70 mg/kg streptozotocin. The third group served as control
group and was provided with a heart catheter. All surgery was
performed under ether or halothane anaesthesia.

All animals were housed individually in perspex cages (25,
25 and 30 cm) at room temperature (21 £ 2 °C) and had contin-
uous access to food and water unless otherwise stated. The an-
imals were maintained on a 12:12-h light-dark cycle (07.00-
19.00 hours lights on). The experiments were performed
about 8-12 weeks after transplantation or 2-6 weeks after dia-
betes induction in the islet grafted group and the diabetic
group, respectively. Just before the exercise experiments body
weight was 330 + 25 g in the diabetic rats, 390 £27 g in the islet
transplanted rats and 401 % 16 g in the control rats.

Exercise and gas analysis. The moderate swimming exercise ex-
periments were performed in an airtight perspex swimming
pool, the upper part of which consists of a metabolic chamber
filled with fresh demineralized water. The bottom of the cham-
ber is a movable resting platform, which can be lowered into
the pool, so that the rat is forced to swim in order to keeping
its head in the metabolic chamber [15]. During swimming, a
water flow of 0.22 m/s was maintained. Water temperature
was 32+£2°C,

The airflow through the metabolic chamber was 4.5 litres/
min. VO, and VCO, were measured by means of an Oj-analy-
ser (Ametek S3A, Pittsburgs PA, USA) and a mass spectrome-
ter (Balzers QMG 511, Liechtenstein), respectively, in combi-
nation with a gas flowmeter. Prior to each experiment, the
measuring system was calibrated as described previously [15].
EE, CHO-ox, and fat-ox were calculated according to Lusk
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[16] without taking proteins into account, since in short-term
experiments and especially during swimming, collection of ur-
ine is not possible. Although this procedure introduces a small
error in the absolute rates of EE, CHO-ox, and fat-ox, it has
proven its validity for the determination of drug-induced chan-
ges in the rates of EE, CHO-ox, and fat-ox in rats under base-
line conditions and during swimming [17].

Blood sampling and chemical determinations. During the ex-
periments blood samples of 0.3 ml were drawn, for determina-
tion of glucose and lactate levels in whole blood, and NEFA
and insulin levels in plasma. After each sample, 0.3 ml of
blood from permanently cannulated, stress-free donor rats
was re-infused. Between each blood sample, the tip of the cath-
eter was filled with 7 % citrate solution as an anticoagulant; ci-
trate was used instead of heparin to avoid activation of endo-
thelial lipase.

Blood samples were transferred into chilled (0°C) centri-
fuge tubes containing 7 ul EDTA solution (70 g/1) as anticoagu-
lant and antioxidant. Blood glucose and lactate levels were de-
termined by an enzymatic method using 25 ul of blood (2300
Stat, Yellow Springs Instrument, Yellow Springs, Ohio, USA).
The remaining blood was centrifuged for 12 min at 2600 g and
4°C. The remaining plasma was stored at —30°C until further
handling. NEFA concentrations were measured in 25 pl of
plasma by an enzymatic photometric method (WAKO, Osaka,
Japan). Rat-specific plasma immunoreactive insulin was deter-
mined by means of a radio-immunoassay (NOVQO, Copenha-
gen, Denmark), guinea-pig serum M8309 serving as antise-
rum. Duplicate assays were performed on 25-pl plasma sam-
ples. The bound and free *I-labelled insulin were separated
by means of a polyethylene glycol solution [18].

Experimental protoé¢ol. Food was removed about 3 h before
the start of an experiment. After calibration of the gas analy-
sers, the animal wag placed in the metabolic chamber on top
of the swimming pool [15] and connected to a polythene tube
(length 400 mm, internal diameter 1.25 mm, outer diameter
1.75 mm), which was-pierced through the hood of the meta-
bolic chamber. The experiment was started when both VO,
and respiratory. quotient (RQ) had stabilized, which was at-
tained after 1.5 h: At ¢ = 0 the platform was lowered to the bot-
tom of the swipming pool, forcing the rat to swim. At
¢ =20 min, the platform was raised to enable the rat to leave
the water. After swimming, an infra-red lamp, directed at the
rat, was switched on to prevent cold stress of the animal.
Blood samples were taken to determine hormone and energy
substrate concentrations under baseline conditions, i.e., be-
fore swimming when the animal was resting in the metabolic
chamber, during exercise, and during recovery, at the time
points shown in Fig. 1. To prevent emotional stress, the ani-
mals were habituated to the experimental procedure in four
to five training sessions [19]. The experiments were performed
between 12.00 and 16.00 hours, i. e., in the light period.

Statistical analysis

Data obtained by indirect calorimetry over 10-min periods are
expressed as mean = SEM. Data obtained for blood compo-
nents are expressed as mean = SEM for each sample point.
Analysis of variance and the Mann-Whitney U-test were ap-
plied to determine differences between data obtained in the
experiments of transplanted animals, diabetic animals and con-
trol animals. Wilcoxon’s matched-pairs signed rank tests were
used when data were compared with the baseline value. The
level of significance was set at p < 0.05.
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Fig.1. Experimental design of the swimming experiment. The
arrows indicate taking of blood samples [15]

Table 1. Baseline data obtained by indirect calorimetry, and of
concentrations of blood glucose and lactate, plasma NEFA and
insulin

Control Diabetes Transplants
n=6 n=_8 n==6
(mmol - kg - min?) 0.65+0.02 0.99+0.04* 0.66+0.02
VCO,
(mmol - kg!-min™) 055+0.02 0.79+0.03* 0.53+0.02
RO 0.84+0.01 0.80+0.01* 0.81+0.01°
EE (W/kg) 494+018 7431027 4.98+0.15
CHO-ox ’
(mg - kg™ - min™) 81£09 8.6+1.0 6.110.6°
Fat-ox '
(mg - kg min™) 40+03 78+04*  50+03
Glucose (mmol/1) 427+03 1598£0.70* 4.66+0.20
Lactate (mmol/l) 056+0.07 0.75+0.03 057+0.08
NEFA (mmol/l) 0.40+0.02 056£0.04* 045+0.05
Insulin (mU/1) 224+26 2815 253%6.0:

Values are averages + SEM in time period ~2 (20 to =11 min)
for indirect calorimetry and ¢ = -11 for blood samples. ? signifi-
cantly different from control values

Results

Basal values. Streptozotocin injection in the diabetic
group resulted in extremely low plasma insulin levels
(p <0.005; Table 1) and exaggerated basal glucose
levels (p <0.005), when compared to the control
group. In addition, the baseline values of ‘VO,,
VCO,, fat-ox and EE were increased compared to
control animals (p <0.005), while the baseline RQ
was lower. The baseline plasma NEFA levels were
significantly higher in diabetic rats whereas blood lac-
tate levels in diabetic rats were only slightly higher
than in controls. In the animals with islet grafts, no
differences were found in basal glucose, NEFA insu-
lin and lactate levels when compared to controls,
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Fig.2. Concentrations of plasma insulin in the diabetic (®), the

transplanted (#) and the control (O) rats before, during and
after exercise

while RQ and CHO-ox were decreased in the basal
state (p < 0.05).

Exercise, blood and plasma concentrations. Plasma in-
sulin levels remained extremely low in the diabetic
group during the entire experiment (Fig.2). Exercise-
induced plasma insulin levels in the rats with islet
grafts followed a similar pattern to those of controls.
Plasma insulin levels augmented after the onset of ex-
ercise in both the islet transplanted group and the con-
trol group, to reach maxima at ¢ = 3 of 38.8 £ 4.6 mU/1
and 32.8 + 5.1 mU/I, respectively, but decreased after-
wards until the end of the swimming session.

Glucose levels in the diabetic rats remained high
during exercise (Fig.3). The increment in blood glu-
cose levels in the animals with islet grafts was not sig-
nificantly different from that of control animals. In
the period after exercise, blood glucose levels in the
control rats and in the rats with islet grafts were simi-
lar.

Immediately after the onset of exercise blood lac-
tate levels increased sharply, reaching maxima at
t=3min of 5.76+0.45 and 6.26 =0.59 mmol/l for
control rats and islet transplanted rats, respectively.
The increments in exercise-induced blood lactate lev-
els were higher in the diabetic group in which a max-
im of 7.63 +0.55 mmol/l was reached (p <0.05). In
the second half of the exercise experiment, blood lac-
tate levels returned to levels only slightly higher than
those under baseline conditions. Although the de-
crease in lactate level in the diabetic animals was sim-
ilar, blood lactate levels remained higher than in con-
trols until ¢ = 60 min (p < 0.05).

Plasma NEFA levels increased immediately after
the onset of exercise in the control and islet trans-
planted group; however, the response of the group
with islet grafts was slightly slower. Plasma NEFA
levels were similar in the control group and the
group with islet grafts in the second half of the exer-
cise period. The exercise-induced increase of plasma
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Fig.3. Concentrations of blood glucose and lactate, and plas-
ma NEFA in the diabetic (®), the transplanted () and the
control ([J) rats before, during and after exercise

NEFA levels in the diabetic group was higher, but
not significantly different from controls. Plasma
NEFA levels remained higher in the diabetic group
(t =30 min: 1.76 £ 0.40 mmol/l) than in the control
group (¢=30min: 0.73 + 0.08 mmol/l; p <0.05) dur-
ing the first 15 min of the period after swimming.

Exercise, indirect calorimetry. VO,, VCO, and RQ in-
creased in the first half of the swimming period in all
the groups (Fig.4). VO, and VCO, were still aug-
mented in the second half of the swimming period,
while RQ returned to basal levels in the control
group, but decreased under basal levels in the dia-
betic group (0.76 +0.01; p <0.05). VO, and VCO,
were higher (at the time periods 4-8), while RQ was
lower (time periods 4 and 5) in the diabetic group
than in controls and islet grafted rats after the swim-
ming session. The VO,, VCO,, and RQ patterns
were similar to those of control animals in the ani-
mals with islet grafts.
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Fig.4. Results of indirect calorimetry: oxygen consumption
(VO,), carbon dioxide production (VCO,) and respiratory
quotient (RQ) in the diabetic (®), the transplanted () and
the control (O) rats before, during and after exercise

CHO-ox also increased in the first half of the
swimming period (Fig.5) and remained higher than
during rest in the second half of exercise in both the
control and islet grafted animals. However, CHO-ox
returned (p < 0.005) to almost basal values in the dia-
betic animals. CHO-ox initially increased after swim-
ming, in particular in the diabetic animals, but in
these animals CHO-ox returned to levels below
those of the control as well as of the transplanted
group at the time periods 4 and 5 (p < 0.05). CHO-
ox was similar in all groups 30 min after swimming.

Fat-ox was higher during exercise in the diabetic
animals than in the controls (22.39 £ 0.88 vs 19.47 £
0.68 mg - kg! - min™%; p < 0.05), but increments from
basal values were similar in both groups. Fat-ox de-
creased in the diabetic animals in the first 5 min after
swimming. Subsequently fat-ox increased again in the
diabetic animals and remained higher than in control
animals during 50 min (p < 0.005). Although fat-ox
in the transplanted animals was slightly higher than
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Fig.5. Results of indirect calorimetry: energy expenditure
(EE), carbohydrate oxidation (CHO-ox) and fat oxidation
(fat-ox) in the diabetic (®), the transplanted (#) and the con-
trol (O) rats before, during and after exercise

in control animals in the basal state, there were no
marked differences during or after exercise.

The increased basal fat-ox in the diabetic rats was
accompanied by an increased EE compared to con-
trols. During the exercise period and the early recov-
ery period, EE was almost identical in the diabetic
and in the control animals. However, EE was higher
in the diabetic animals than in the control animals
(p <0.05) in the period after swimming (¢ = 30 min
until 7 = 80 min) and returned to basal levels.

Discussion

The results from this study indicate a deterioration of
energy metabolism in diabetic rats at rest as well as
during exercise, which was normalized after trans-
plantation of pancreatic islets.

Baseline energy metabolism was characterized by
an excessive increase in EE when expressed as W/kg.
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One might argue that the diabetic animals had a sig-
nificant by lower body weight, representing a rela-
tively higher lean body mass than the control and
the transplanted group. However, when EE is ex-
pressed as W/kg®”> (5.88 +0.29 W/kg®7” in diabetic
animals vs 3.26 + 0.21 W/kg®” in control animals),
the observed increase in EE still stands. Therefore,
the measured increase in EE is the result of a true in-
crease in metabolic rate instead of a scaling effect
caused by the loss of body mass in the diabetic ani-
mals. Since diabetic rats have a reduced fat content
and concomitantly a reduced thermo-insulation, it is
very probable that the higher resting EE is needed
to maintain body temperature.

In insulin-dependent diabetes, the insulin defi-
ciency results in high glucose levels and conse-
quently in a disturbed carbohydrate metabolism.
The Cori cycle [20], i.e. glucose metabolized to lac-
tate, followed by gluconeogenesis in the liver, will
show an increased turnover rate [21, 22]. This in-
creased cycling rate involves a negative ATP balance
and is a second factor contributing to increase EE.
The excess in EE, as observed in the diabetic rats, is
comparable with reports for lean, poorly-controlled
insulin-dependent diabetic humans [1]. In these pa-
tients, insulin administration reduced the increased
resting EE [1], indicating that under baseline condi-
tions EE is dependent on the presence of insulin.

The increased baseline EE in diabetic rats was
characterized by an enhanced fat-ox, whereas CHO-
ox was hot different from controls. The low plasma
insulin levels caused higher -plasma NEFA levels,
due to a decreased lipogenesis, shifting the relative
contribution in EE towards fat-ox [2, 23]. In experi-
ments in non-diabetic resting humans in which a hy-
perinsulinaemic euglycaemic clamp was performed,
the NEFA levels and fat-ox decreased, whereas
CHO-ox was not influenced, indicating a shift to-
wards a relatively higher CHO-ox. Total glucose dis-
appearance increased in the meantime as the result
of an increased glycogen deposition [24]. Leg indi-
rect calorimetry, used to determine skeletal muscle
metabolism in a similar hyperinsulinaemic euglycae-
mic clamp study, also revealed a suppression of fat-
ox and an increase in CHO-ox [25]. Insulin injections
(8 TU/kg) in rats decreased glucose levels and in-
creased RQ, indicating a diminished fat-ox [26]. Pre-
venting a decrease in NEFA levels during an insulin
clamp by means of an exogenous triglyceride infu-
sion, reduced carbohydrate oxidation by 60 % in rest-
ing subjects [27]. These results indicate that under ba-
sal conditions, insulin influences the relative contri-
bution of carbohydrates and fat to total EE more by
regulation of the concentration of circulating NEFA
than by its regulatory effect on blood glucose.

In the first half of the exercise period, EE was aug-
mented in all three experimental groups. However,
this period does not reflect steady-state conditions,
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probably due to the occurrence of feedforward stimu-
lation of respiration [15, 28]. In the second half of the
exercise period, no difference in EE was observed be-
tween the diabetic and the control animals. This sug-
gests that during exercise, diabetic animals use less ex-
tra energy above basal EE than do control animals.
Under basal conditions energy is consumed to main-
tain basic body functions and body temperature. Dur-
ing exercise, on the other hand, energy turnover rate
is predominantly determined by the level of physical
exercise. The heat produced by the working muscles
will exceed the amount of heat necessary for mainte-
nance of body temperature. Although the intensity of
physical activity was not measured, it can be expected
that the exercise strength was identical in all animals.
Hence, it is not surprising that the absolute level of
EE during swimming in the diabetic animals did not
differ from that in control animals. This means that,
while EE under baseline conditions appears to be
strongly influenced by the presence of insulin, muscle
EE during exercise is independent of insulin.

Furthermore during exercise, and certainly during
recovery, the absence of insulin in the diabetic ani-
mals resulted in an enhanced contribution of fat-ox
to total EE which was even more prominent than in
the basal state. This might be due to the higher plas-
ma NEFA concentrations observed in the diabetic
animals during exercise. The relative contribution of
CHO-ox to EE during exercise was not only differ-
ent when compared to the basal state, but also much
lower than in controls. The regulatory effect of insu-
lin on fuel oxidation during exercise was further
shown in experiments in which insulin was adminis-
tered to exercising humans; CHO-ox was increased
compared to exercising:humans not receiving insulin
[29], while both non-esterified fatty acid levels and
fat-ox were decreased [24] During exercise in pan-
createctomized dogs, thus in total absence of insulin,
inhibition of fat-ox with methylpalmoxirate and 1nh1—
bition of lipolysis with the -blocker propranolol re-
sulted in an increased whole body glucose uptake
[30]. This means again that also during exercise, the
exaggerated NEFA concentrations, caused by the ab-
sence of insulin, is a determining factor in the regula-
tion of carbohydrate metabolism.

The lactate concentrations in blood increased in
the first minute of exercise in all groups, indicating a
non-sufficient oxygen supply. The origin of the in-
creased lactate concentration in blood is, at least part-
ly, caused by an increased production in muscle
groups by stimulation of §,-adrenoceptors by adrena-
line [9, 31]. The anaerobic glycolysis, a part of carbo-
hydrate metabolism, was enhanced in the diabetic an-
imals, since lactate levels were higher. However, as
glycogen storage in muscles is reduced in diabetic an-
imals [9], glucose is probably provided by uptake
from the blood. Basal glucose uptake in diabetic mus-
cle cells is reported to be lower than in non-diabetic
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muscle cells [32]. The higher lactate increments in the
diabetic rats [22, 33, 34] suggest that glucose transport
into the exercising muscles is normal [35]. When high
levels of lactate are available, as in the diabetic rats,
hepatic lactate uptake [36] and gluconeogenesis are
increased [20]. The higher hepatic lactate uptake,
the higher gluconeogenesis and also the reduced
CHO-ox will be responsible for the high and increas-
ing glucose levels. This means that, although in base-
line conditions glucose uptake in muscle cells is dis-
turbed, glucose uptake during exercise is enhanced
leading to an increased anaerobic glycolysis.
Transplantation of 50 % of the normal pancreatic
endocrine volume in diabetic rats results in a normal-
ization of the disturbed resting and exercise-induced
energy metabolism in the diabetic rats, as shown by
almost normal CHO-ox, fat-ox and EE. Whereas in-
creased triglyceride levels were reported in diabetic
rats provided with intrahepatic beta cells [37],
NEFA 1levels in plasma as well as glucose and lactate
levels in blood completely returned to normal val-
ues. In our exercise experiments, we expected that
the plasma insulin levels would decrease in the con-
trol animals during exercise, since this has been re-
ported in Wistar rats under similar conditions of exer-
cise intensity and duration [10, 15, 19]. However, the
decrease was not clear, which might be caused by the
use of another strain of rats. Nevertheless, the insulin
levels remained almost identical in the transplanted
and the control group. This is in contrast to the in-
creasing insulin levels after islet cell autotransplanta-
tion .in. pancreatectomized dogs performing long-
term treadmill exercise. In these animals glucose lev-
els remained similar to those in control dogs [38].
Portis et al. [38] suggested a loss of neural control af-
ter transplantation. In rats, however, anatomical evi-
dence of sympathetic reinnervation of intraportal is-
let grafts has been reported [39]. Whether reinnerva-
tion is responsible for the similar concentrations of
plasma insulin in our data remains unclear and is
now under investigation. Anatomical evidence of
parasympathetic reinnervation of transplanted islets
was found in mice as well [40]. However, the func-
tional importance of parasympathetic reinnervation
remains unclear, since transplantation of 100% of
the total pancreatic endocrine volume was not suffi-
cient to restore glucose tolerance [6]. In that study,
the absence of a functional parasympathetic innerva-
tion or a reduced insulin secreting capacity of the
transplanted islets might be responsible for the im-
paired glucose tolerance. Unpublished histological
examinations showed that most observed islets were
viable, but some of them might have been lost due to
the transplantation procedure [6]. From the present
results, however, it is not clear whether only the pres-
ence of insulin or also the physiological regulation of
insulin release during exercise is important in the nor-
malization of energy metabolism. If autonomic ner-
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vous innervation plays an important role in the physi-
ological regulation of insulin release, the trans-
planted islets in this study could be reinnervated.

From the results in this study, it is concluded that
1) under baseline conditions the presence of insulin
influences EE, but not during exercise 2) insulin en-
hances the relative contribution of CHO-ox to the
EE, by means of the reduction of lipolysis, glyco-
genolysis and fat-ox, under baseline conditions as
well as during exercise 3) absence of insulin also en-
hances anaerobic glycolytic pathways during exer-
cise 4) islet transplantation of 50 % of the normal
pancreatic volume successfully normalizes insulin
levels and thereby energy metabolism in diabetic
rats at rest as well as during exercise.
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