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Summary. Severely diabetic rats (150 mg streptozotocin/kg)
were transplanted with fetal pancreatic islets: (a) under the
kidney capsule to model peripheral insulin delivery, and (b)
into the splenic pulp to model portal delivery. Long-term nor-
moglycaemia, normal weight gain and normal peripheral in-
sulin levels were achieved in both groups of transplanted ani-
mals. In both groups, 24-h fasted blood lactate, pyruvate and
alanine were identical to those observed in sham-operated
control animals. Blood glucose and plasma insulin responses
to 300 mg oral glucose 8 weeks after transplantation were the
same as in control animals. Hepatic glycogen concentration
was, however, lower in fed rats with islets beneath the kidney
capsule compared with control rats (p <0.01), suggesting in-
adequate hepatic insulinisation in the fed state with peripher-

al insulin delivery. Muscle glycogen was the same as in con-
trols. Glucose turnover and glucose carbon recycling were not
significantly different from results in normal control and
splenic pulp islet-transplanted animals. The findings indicate
that consistent normoglycaemia, normal glucose flux and nor-
malisation of blood intermediary metabolites can be achieved
in the rat with peripheral insulin delivery without associated
hyperinsulinaemia.
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Insulin normally reaches the liver directly from the pan-
creas via the portal vein, resulting in a three- to tenfold
gradient in portal to peripheral insulin concentrations
[1, 2]. Depending on hepatic and peripheral insulin ex-
traction [3, 4] and the proportion of portal vein blood
flow compared to cardiac output, peripheral hyperinsu-
linaemia may be anticipated when normal blood glu-
cose levels are maintained by exogenous insulin deliv-
_ery into the systemic circulation. In support of this, high
peripheral insulin levels are observed in well-controlled
diabetic patients during both subcutaneous and intrave-
nous insulin delivery [5-7].

In diabetic man [5] and dogs [8-10], normoglycae-
mia has been achieved only for short periods. In these
studies, performed by peripheral infusion of insulin,
blood intermediary metabolite levels remained abnor-
mal and glucose carbon recycling suppressed.

To study longer periods of normoglycaemia, we
have developed a model for maintaining normal blood
glucose levels in the streptozotocin-diabetic rat, while
delivering insulin peripherally by transplantation of fe-
tal pancreatic islets under the kidney capsule. Results
have been compared with animals receiving islets into

the splenic pulp (portal venous drainage) and normal
control animals.

The aims of the study were to establish whether
long-term normoglycaemia could be achieved in strep-
tozotocin-diabetic rats with peripheral insulin delivery,
and to ascertain whether this was associated with pe-
ripheral hyperinsulinaemia. We have also determined
the extent of the disturbance of intermediary metabo-
lism in these animals, and investigated whether abnor-
malities of glucose turnover and recycling are still
found.

Materials and methods

Animals

Syngeneic Wistar Boots rats (Nottingham University, Nottingham,
UK) were used both for the isolation of pancreatic islets and metabol-
ic studies. Rats were fed on laboratory chow (71% carbohydrate, 22%
protein, 7% fat) and housed in a room with light and dark cycles com-
mencing at 0700 and 1900 hours. Indwelling cannulae for metabolic
studies were implanted under ether anaesthesia in the external jugular
vein, and in a femoral vein when required, 24 h before the experiment.
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Induction of diabetes and insulin therapy

Diabetes was induced in male rats (110-130 g) by intravenous injec-
tion of streptozotocin (Sigma, Poole, Dorset, UK; 0.15g/kg, in
0.01 mol/1 citrate buffer, pH 4.5) under ether anaesthesia. Control ani-
mals were injected with citrate buffer only. Diabetes was confirmed
by blood glucose estimation and weight loss at 18 h. Rats were main-
tained from the first day after injection of streptozotocin by daily sub-
cutaneous injection of highly purified beef protamine zinc insulin
(Hypurin, CPI Pharmaceuticals, Wrexham, Clwyd, UK). After islet
transplantation insulin was continued at 2 U/day for 2 weeks and
then withdrawn. In a group of non-transplanted rats (n=19), with-
drawal of insulin therapy 4 months after induction of diabetes invar-
iably led to death from ketoacidosis. Rats treated with streptozotocin
(150 mg/kg) had normal plasma creatinine and liver function when
checked 4 weeks after injection of the drug.

Islet culture and transplantation

Pancreatic islets were isolated from fetuses at 22 days gestation as de-
scribed by Hellerstrom et al. [11]. They were cultured in RPMI1640
medium (Flow Laboratories, Irvine, Scotland) containing glucose
(11.1 mmol/1) and supplemented with Hepes (20 mmol/1), penicillin
(100000 U/1), streptomycin (0.1 g/1) and 100 ml/1 heat-inactivated fe-
tal calf serum (Flow Laboratories). After 5 days, islets devoid of non-
endocrine tissue were handpicked and cultured free-floating for
1-2 days. Five days after induction of diabetes, islets in a volume of
100 pl of culture medium were transplanted either under the kidney
capsule to model peripheral insulin delivery or into the splenic pulp
to model portal insulin delivery. Following preliminary observations
(unpublished), 5000 islets were transplanted into either the splenic
pulp or under the kidney capsule to achieve consistent normogly-
caemia. Control animals were sham-operated. Metabolic studies were
performed 8-10weeks after transplantation when rats weighed
250-300g.

Oral glucose tolerance test

Nine splenic pulp and ecight kidney capsule islet-transplanted rats
were studied, together with 10 control animals. Studies were begun at
0900 h, and were carried out on 24-h fasted unrestrained, unanaesthe-
tised animals. Rats drank 300 mg glucose in 0.75ml water over 60s
from a hand-held plastic cannula. Blood samples were taken fre-
quently from — 30 to 120 min (Fig. 1), and replaced with an equal vol-
ume of saline (0.15mol/1). Plasma was separated immediately and
stored at —40 °C until analysed. Blood glucose was estimated on flu-
oride samples within 4 h.

Radioisotopic glucose turnover

Glucose turnover was measured in 11 kidney capsule islet-transplant-
ed, 11 splenic pulp-transplanted, and 15 control rats. Studies were
performed on 24 h fasted unanaesthetised, unrestrained rats. A basal
blood sample was taken at 0900 hours for estimation of blood glucose
and intermediary metabolite concentrations. 3-°H-glucose (10 1Ci)
and U-“C-glucose (6uCi) (Amersham International, Amersham,
Bucks, UK) in 250 ul water were given by injection at time 0 min into
the femoral cannula and flushed with saline (300 ul, 0.15 mol/1). The
exact volume of tracer injected was determined by weighing the sy-
ringes before and after administration of tracer. Blood samples
(200 pul) were taken from the jugular cannula every 3 min until 15 min,
then at 30, 45 and 60 min, and every 30 min until 240 min, and re-
placed with washed erythrocytes in saline (200 pl, 0.15 mol/1).
Plasma was separated immediately and 100 ul deproteinised with
barium hydroxide:zinc sulphate [12] and the neutral extract passed
down a column of AG2-X8 anion exchange resin (Bio-Rad, Rich-
mond, California, USA). The column was eluted with deionised wa-
ter, and the eluate freeze-dried. Radioactivity was determined in a lig-
uid scintillation counter (LKB Wallac 1217, Rackbeta, London, UK),
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using an external standard to correct for efficiency and overlapping.
Minimum recovery after deproteinisation, neutralisation, passage
through the column, and freeze-drying was 94%. At each time point, a
sample of plasma was taken for determination of glucose concentra-
tion.

Glucose turnover was estimated from the reduction of 3-*H-glu-
cose specific activity over 4 h [13]:
injected dose (dpm/kg)

Glucose turnover: =

{ glucose specific activity dt
0

Radioactive glucose recycling, as defined by Streja et al. [14], was
estimated by the difference between the glucose turnover calculated
by the *H-glucose method and the “C-glucose method [14].
RT’H-RT“C
S %100

RTH

The coefficient of variation of plasma glucose concentration dur-
ing the turnover studies was 8.0 £3.4% (mean + SD).

Percentage recycling:

Tissue glycogen determination

Rats fed ad libitum or fasted for 24 h, were killed between 0900 and
1000 h by a blow to the head, and samples of liver and muscle freeze-
clamped, ground in liquid nitrogen, and stored at — 70 °C until assay-
ed. For glycogen determination samples (~0.5 g) were homogenised
(Polytron Kinematica, Lucerne, Switzerland) in perchloric acid
(0.6 mol/1) and the supernatant incubated with amyloglucosidase
(Sigma) [15]. Liberated glucose was assayed by an automated hexoki-
nase method [16]. Tissue glycogen as glucosyl residues was calculated
after subtraction of the glucose concentration in unhydrolysed sam-
ples. Complete hydrolysis by amyloglucosidase was checked by paral-
lel assay of a standard preparation.

Blood intermediary metabolites and plasma insulin

Blood for estimation of intermediary metabolites in the ad libitum fed
state was obtained at 0900 hours from the tail vein of animals under
ether anaesthesia. Blood was deproteinised with perchloric acid
(0.6 mol/1) and the extract assayed within 1 week for lactate, pyruvate
and alanine using automated enzymic fluorimetric methods [16]. Plas-
ma or blood glucose was measured by a glucose oxidase method (Yel-
low Springs Glucose Analyser, Clandon Scientific, London, UK) and
insulin by radioimmunoassay [17] using a rat insulin standard (Novo
Industri, Bagsvaerd, Denmark).

Statistical methods and calculations

Results are presented as mean+SEM. Significant differences be-
tween the groups were assessed by Student’s t-test, and regression and
correlation by standard parametric methods.

Results

Oral glucose tolerance test

Fasting blood glucose and plasma insulin levels did not
differ between the two groups of transplanted animals,
nor from the controls (Table 1). Median peak glucose
concentration was achieved at 15min in all animal
groups. At no time was there any statistically significant
difference in blood glucose concentration between the
three groups of animals (Fig. 1), the apparent elevation
of mean blood glucose from 20 to 40 min in the kidney
capsule islet-transplanted group reflecting a higher re-
sponse in only two of the eight animals studied. No dif-
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Fig.1. Blood glucose and plasma insulin responses in rats induced
to drink 300 mg glucose. @——@ Splenic pulp islet-transplanted rats
(n=9), O---0O renal capsule islet-transplanted rats (n=38).
Mean+ SEM. The hatched area represents mean + SEM for the nor-
mal control rats (n =10)

ference in peripheral insulin levels was found through-
out the test (Fig.1). The median peak insulin response
in normal and renal and splenic islet-transplanted ani-
mals occurred at 15 min.

Blood intermediary metabolite concentrations

The 24-h fasted and fed ad libitum blood lactate, pyru-
vate and alanine concentrations in the experimental
animals are shown in Table 1. No significant difference
was found in any of the metabolites between the two
groups of experimental animals and the controls.

Skeletal muscle and liver glycogen

Skeletal muscle glycogen content was the same in kid-
ney capsule, splenic pulp islet-transplanted and normal
rats, in both those fed ad libitum and those fasted for
24 h (Table 2). Liver glycogen in the ad libitum fed kid-
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Table1. Fasting plasma insulin concentrations, and fasting and fed
blood glucose and intermediary metabolite levels in normal control
rats and animals receiving islet transplants beneath the kidney capsule
or into the splenic pulp

Normal Renal Splenic
control rats  islet-trans- islet-trans-
planted rats  planted rats
24-h fasted rats
Insulin (ug/1) 145+£014 1.57£0.23 1.29+0.21
Glucose (mmol/1) 40 £0.1 3.8 +02 38 +0.1
Lactate (mmol/1) 1.00+£0.07 0.89+0.11 0.90£0.09
Pyruvate (mmol/]) 015+£0.01 0.13+0.01 0.13+0.01
Alanine (mmol/1) 031+£0.01 033002 0.36+0.03
Rats fed ad libitum
Glucose (mmol/1) 54 £04 54 £0.2 56 £04
Lactate (mmol/1) 1461014 1.36+0.14 1.25+0.14
Pyruvate (mmol/1) 0132001 011001 0.09 £0.01
Alanine (mmol/1) 0.40+0.03 043+0.03 0.41+0.03

Results expressed as mean+ SEM. n = > 8§ in each group

Table2. Skeletal muscle and liver glycogen levels in normal control
rats, and rats with islets transplanted beneath the kidney capsule or in-
to the splenic pulp

Normal Renal Splenic
control rats islet-trans-  islet-trans-
(n=9) planted rats planted rats
(n=3) (n=38)
24-h fasted rats
Liver (umol/g wet weight) 20+ 3 19+ 1 19+ 1
Rats fed ad libitum
Liver (wmol/g wet weight) 35210 297 £13*  336=x11
Skeletal muscle
(umol/g wet weight) 28+ 1 29+ 1 25+ 2

Results expressed as mean £ SEM. ?p <0.01 compared with control
rats, and p <0.05 compared with splenic pulp-transplanted animals

Table3. Glucose turnover and glucose carbon recycling in normal
control and renal capsule or splenic pulp islet-transplanted rats aftera
24-h fast

Plasma SH-glucose ™C-glucose Glucose
glucose turnover turnover recycling
(mmol/l)  (umol- (umol- (%)
min~'-kg") min~'-kg™)
Normal rats
(n=15) 5.8+£0.1 37009 28910 22.1*18
Renal trans-
planted rats
(n=11) 59+0.1 341x15 268+08 20.7x18
Splenic trans-
planted rats
(n=11) 6.1+0.1 37110 289x08 219+24

Results expressed as mean + SEM

ney capsule islet-transplanted animals was significantly
less than that of the controls (297 £13 versus 352+&
10 umol/g wet weight; p <0.01) and splenic pulp islet-
transplanted animals (33611 umol/g wet weight;
p <0.05). After 24 h of fasting, similar low levels were
seen in all three groups (Table 2).
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Glucose turnover and recycling

Plasma glucose concentration, turnover and recycling
in animals with islets transplanted under the renal cap-
sule (peripheral insulin delivery) were not significantly
different from those of splenic pulp islet transplanted or
normal control rats (Table 3).

Discassion

We have shown that islet transplantation under the re-
nal capsule or into the splenic pulp can result in normal
blood glucose levels in severely diabetic rats. The severi-
ty of the diabetes was confirmed by the development of
fatal ketoacidosis when insulin was withdrawn from un-
transplanted animals, and absence of B cells on histo-
logical examination of the pancreas of transplanted ani-
mals [18].

The blood glucose response to an oral glucose load
was similar between the experimental animals, and was
achieved with identical peripheral insulin profiles
(Fig.1). The findings contrast with those of Brown et al.
[191, who used a smaller dose of streptozotocin, found
some recovery of endogenous insulin secretion, and re-
ported elevated peripheral plasma insulin levels when
fetal pancreases were transplanted under the kidney
capsule. In those studies, however, the plasma glucose
response was not normalised until the renal venous
drainage was diverted into the portal circulation.

Also using a smaller dose of streptozotocin, other
workers reported normal insulin levels with normal in-
travenous glucose tolerance in kidney capsule islet-
grafted rats [20]. If these results are applicable in man,
they suggest, together with our own observations, that
factors other than the route of insulin delivery may ac-
count for the peripheral hyperinsulinaemia necessary
for normoglycaemia in diabetic patients [S-7]. Such fac-
tors might include periods of hyper- and hypo-insulini-
zation relative to blood glucose levels, and the duration
of normoglycaemia or extent of the previous distur-
bance of control. In contrast to our own acute studies in
normoglycaemic diabetic man [5] and similar studies in
diabetic dogs [9], blood gluconeogenic precursor levels
were normal during peripheral insulin delivery after
medium-term normoglycaemia in islet-transplanted
rats. In man, however, we have noted previously the
positive relationship between blood lactate and plasma
insulin between and within individuals [21, 22], and a
decrease towards normal of blood lactate and pyruvate
with improved metabolic control on continuous subcu-
taneous insulin infusion [22]. It remains unclear wheth-
er it is normoinsulinaemia or long-term normoglycae-
mia which is important for normalization of blood
lactate levels.

Lactate turnover is unfortunately difficult to mea-
sure due to rapid equilibration with other substrates, its
mainly intracellular location and a very fast turnover.
Increased blood lactate concentrations in diabetic man
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might be the result of decreased hepatic uptake, but the
latter is believed to be concentration-dependent and in-
dependent of insulin. With decreased non-esterified fat-
ty acid supply to skeletal muscle during intensive insu-
lin therapy [5], and as glycogen synthetase activity may
be reduced as a result of previously poor diabetic con-
trol [23], more of the glucose taken up by muscle will be
oxidised to lactate and pyruvate rather than incorporat-
ed into glycogen. Lactate and pyruvate release will,
however, only be increased if the rate of glycolytic flux
is increased relative to the metabolism of these sub-
strates through insulin-sensitive pyruvate dehydroge-
nase [24, 25].

In the rats used in this study, the skeletal muscle gly-
cogen levels were normal (Table 2), consistent with the
plasma insulin concentrations. Decreased liver glyco-
gen concentrations in the fed state in the kidney capsule
islet-transplanted animals does, however, suggest that
the liver is relatively hypoinsulinaemic, as might be ex-
pected with peripheral insulin administration.

In three studies reporting abnormal metabolite lev-
els during acute normoglycaemia achieved with periph-
eral insulin infusion [5, 8, 10], suppression of glucose
carbon recycling was also noted in association with nor-
mal glucose turnover. In two of these studies [5, 8], this
was accompanied by raised peripheral insulin levels
and suppressed lipolysis. The reduced glucose carbon
recycling is not necessarily inconsistent with the sug-
gestion of increased lactate turnover, as decreased
non-esterified fatty acid supply to the liver would be ex-
pected to divert labelled gluconeogenic precursors into
the tricarboxylic acid cycle. In two of the studies [5, 10],
blood glucose was restored to normal immediately prior
to study with high doses of insulin. This would be ex-
pected to promote hepatic glycogen formation, and this
unlabelled glycogen could make a larger contribution to
overall hepatic glucose output. Further dilution of the
14C-label might occur through breakdown of tissue pro-
tein.

In the current study, the only report of medium-term
peripheral insulin delivery with normoglycaemia, glu-
cose turnover and glucose carbon recycling were found
to be normal and similar to the values obtained by other
workers in rats [26, 27]. With normal peripheral insulin
profiles and normal peripheral tissue sensitivity to insu-
lin, a normal pattern of glucose utilisation would be ex-
pected. Normal peripheral insulin levels would, how-
ever, suggest relative hepatic hypoinsulinaemia due to
abolition of the porto-peripheral gradient, and this
would be expected to lead to increased hepatic glucose
output. As glucose turnover is normal and as substrate
supply appears normal (although gluconeogenic pre-
cursor flux was not measured), it would appear that
there is increased hepatic sensitivity to insulin, unless
insulin levels above those seen in the periphery are not
needed for normal metabolic regulation at the liver.

An alternative explanation could lie in a disturbance
of glucagon secretion. Though host pancreatic glucagon
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secretion may be preserved after 65 mg/kg of streptozo-
tocin [28], it is possible that the 150 mg/kg we used may
have impaired A cell secretion significantly and dis-
turbed paracrine communication. If this is the case,
then peripheral insulin delivery from the islet graft
might be associated with peripheral glucagon delivery,
and a compensatory disturbance of the latter’s porto-
peripheral gradient [29]. Equivalent heptic glucose out-
put might then be maintained at lower than normal in-
sulin levels. Our finding by immunoperoxidase staining
[18] of preserved glucagon-containing cells in the pan-
creas suggests at least the potential for continuing portal
glucagon delivery.
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