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Summary. The in vivo flux rates of glucose (6-3H-glucose) 
and of alanine (UJ4C-alanine) were measured in insulin-de- 
pendent chronically diabetic dogs which were infused with 
insulin employing a bedside-type artificial B cell and either 
the peripheral or the portal venous route. In comparison with 
non-diabetic control animals the diabetic dogs had near-nor- 
mal patterns of glucose metabolism and pancreatic glucagon 
regardless of the route of insulin administration. They also 
showed reduced basal portal but moderately elevated periph- 
eral insulin levels on peripheral and near-normal peripheral 
values on portal insulin infusion. Both concentration and 
production rates of alanine were reduced on peripheral 
(0.142+0.016 mmol/1, 4.73 +0.49 p~mol.kg -a.min -1, p < 
0.05) but normal on portal insulin (0.206+0.030 mmol/1, 
6.33_+0.63 gmol-kg-l.min-~). The alanine clearance was 

slightly elevated or normal in the diabetic dogs, and the glu- 
cose production from alanine showed a strongly delayed re- 
sponse to an exogenous glucose load on either route of insu- 
lin administration. It is concluded that the peripheral 
hyperinsulinism during posthepatic insulin administration 
stimulates glucose utilisation to a normal extent, but inhibits 
the provision of amino groups in resting muscle. Alanine 
synthesis is thereby reduced, and the carbon moieties are 
shunted from glucose into circulating lactate. Long-term 
studies are needed to elucidate the role of the liver under 
these conditions. 
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It has been shown that the peritoneal route of  insulin 
administration might improve the clinical results in 
Type 1 (insulin-dependent) diabetic patients who may 
otherwise be insufficiently managed [1, 2]. However,  
the requirement of  prehepatic  insulin administration 
for complete metabolic normalisation in insulin-de- 
pendent  diabetes is still an unsettled topic. Both from 
clinical studies and f rom animal experiments it is well 
known that an automated insulin therapy on the post- 
hepatic route will usually more or less restore the phys- 
iological b lood glucose pattern;  however, distinct ab- 
normalities will remain as elevated circulating concen- 
trations of  glucose precursors [3-7] and diminished 
rates of  glucose carbon circulation [3, 8]. Alanine is one 
key substrate which is produced in a glucose-depen- 
dent  amount  [9] and predominant ly  metabolised in the 
liver [10]. During short-term closed-loop insulin thera- 
py in diabetic dogs, increased alanine flux rates were 
observed in combinat ion with normal  b lood glucose 
control and peripheral  hyperinsulinaemia [11]. 

Similarly, in long-term studies the circulating ala- 
nine concentrations were elevated in diabetic dogs re- 

ceiving their insulin on the posthepatic route either 
f rom pancreatic grafts or by means of  portable pumps 
[6, 12]. Therefore,  it was the aim of  this study to com- 
pare intra-individually the effect of  feedback-con- 
trolled prehepatic and posthepatic insulin administra- 
tion on the flux rates of  alanine in chronically diabetic 
dogs. It was found that in the resting state the plasma 
levels and product ion rates of  alanine are normal when 
insulin is infused via the portal route;  they are, how- 
ever, reduced on peripheral venous infusions which 
produce  a moderate  hyperinsulinaemia. 

Materials and methods 

Animals 

Four diabetic Alsatian dogs (mean + SEM; weight 28.0 + 0.7 kg, age 
44_+4 months, duration of diabetes 23 _+5 months, daily subcuta- 
neous insulin dose 1.20 _+ 0.08 IU/kg, leucocyte count on the experi- 
mental day 13.9 _+ 2.0.109 1-1) and five non-diabetic control dogs of 
both sexes were studied (25.0+2.0kg; 37+6 months, 12.6_+1.9. 
109 1-1). Three animals of each group underwent the experiments 
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twice, resulting in a total number of 7 and 8 tests respectively. In a 
random order the diabetic dogs were submitted to peripheral and to 
portal venous insulin administration at intervals of between 1 and 
2 weeks. Their body weight was constant over the entire study peri- 
od. Production of diabetes by partial pancreatectomy and intra-arte- 
rial infusion of streptozotocin and animal handling have been previ- 
ously described [13]. The animals were canine-C-peptide-negative 
and under the routine subcutaneous treatment with regular porcine 
monocomponent insulin (Novo Industri, Copenhagen, Denmark) - 
they did not develop anti-insulin antibodies over the years [14]. 

Portal venous catheters (silicone catheter 0.040 x 0.085 inches, In- 
tracatheter Inc. Toronto, Canada) were implanted in all animals ap- 
proximately 6 weeks before the first experiment. They were intro- 
duced via the splenic vein up to the hepatic hilus. Their end was 
subcutaneously lead out into a harness pocket on the back. The 
catheters were flushed once a week with saline (no heparin applied). 
On the experimental day they were used for blood sampling or insu- 
lin infusion according to protocol. Before the first experiment the 
catheter position was verified by portography with 50 ml Viso- 
trast 370 (VEB Fahlberg-List, Magdeburg, GDR) employing the in- 
jector speed of between 10 and 20 ml/s. During this procedure the 
dogs lay in a right side position and the X-ray exposure was through 
the flank light path. The homogenous distribution of the contrast 
fluid from the catheter into hepatic vasculature documents that also 
a homogenous insulinisation of the liver may be expected during in- 
sulin infusion via this catheter (Fig. 1). 

Fig. 1. Portography in a non-medicated nondiabetic dog. Catheter 
implantation 6 days before the X-ray study. Upper and left hand 
parts: portal vasculature of the liver, right side (below catheter which 
is positioned in the splenic vein): retrograde filling of mesenteric 
veins during infusion 

Experimental protocol 
The animals were investigated after an overnight fasting period of 
14 h (last insulin injection in the diabetic dogs at the time of the last 
meal) when they were quietly standing in a restraining harness (no 
medication). Additional catheters were acutely placed in the jugular 
vein for blood sampling and in the lower caval vein through saphe- 
nous vein for infusions. A plastic cannula was introduced into one 
cephalic vein for frequent plasma glucose determinations. These 
were needed to run the bedside-type artificial B cell to which the dia- 
betic animals were connected from the beginning of the experiments 
[15]. They received the insulin either through the portal catheter (i. e. 
prehepatic) or through the lower caval catheter (i. e. posthepatic). 

24 

-~ 2C 

E 

16 
0) 
tO 
O 
O 
2 12 

O 

IX_ 

glucose-  conlrolled insulin infusion 

trQcer infusion $ 

i 

x "C>, 

~//////////.////A O; 

11  120 r ' - -  . . . . . . . . .  . . . . . . . . . .  , - , _ ~  

o 80 t 

~ 4 0  

L 
O[ ................ , ....... i ....... ....... ] ....... i . . . . . . .  i . . . . . . .  ~ .... 

0.7 ~ 082  ~ 092 ~ 10 ~ 11. ~ 122 ~ 13~ ~ 14~ ~ 152 ~ 16. ~ 17~ ~ 

T ime ( h o u r s )  

Fig.2. Peripheral venous concen- 
trations of plasma glucose (upper 
panel) and alanine (middle panel) 
and insulin doses summed up over 
15 min (lower panel) in a diabetic 
dog during portal (half-filled sym- 
bols) or peripheral-venous (filled 
symbols) insulin infusions using a 
bedside-type artificial B cell on two 
separate days three weeks apart. 
~7/-/~: intravenous infusion of 
44.44 p.mol- kg- ~. min 1 unlabelled 
glucose. Peripheral venous blood 
for analyses of specific activities 
was sampled from 11.30 hours until 
the end of the experiments 
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Identical algorithm parameters of insulin dosage (At= 5 min) were 
used in all experiments. 

One set of typical experiments in one diabetic dog is shown in 
Figure 2. The isotopic tracer infusion was commenced when gly- 
caemia was close to normal, i.e. 3 to 4 h after the beginning of the 
glucose-controlled insulin infusion. At 210 min after the beginning 
of the tracer infusion, an additional intravenous load of unlabelled 
glucose was applied for 120 min, and the animals were observed for 
another interval of 120 rain after the end of this test. The control ani- 
mals were studied in an identical manner, except they did not receive 
exogenous insulin. All experiments were timed to have the unla- 
belled glucose infusions at approximately the same clock hour, i.e. 
between 13.00 and 14.00 hours. 

Infusions 

L-U-14C-alanine (8.0 MBq, sp. act. 4.400 GBq/mmol) from the Insti- 
tute of Radioisotopes Praha (Praha, CSSR) and D-6-3H-glucose 
(37.0 MBq, sp. act. 1.147 TBq/mmol) from Amersham International 
(Amersham, Bucks, UK) were chromatographically purified the day 
before the experiment and then dissolved with 50ml saline 
(0.154 tool/l). Ten percent of the total dose - 0.8 MBq 14C-alanine 
and 3.7 MBq 3H-glucose - were applied as a bolus injection to prime 
the constant infusion of approximately 16 KBq/min 14C-alanine and 
74 KBq/min 3H-glucose, which was applied by a calibrated syringe 
pump (Perfusor E | B. Braun-Melsungen, Melsungen, FRG). Unla- 
belled glucose was individually dissolved with sterile water to give a 
dose of 44.44 ixmol, kg -1- min -1 and to allow tor an infusion rate of 
1.0 ml/min. Regular porcine monocomponent insulin (Novo Indus- 
tri) was diluted with 10% v/v mixed homologous serum and with 
isotonic saline to give a concentration of 240 mU/ml for glucose- 
controlled insulin infusions. All details, including the precise estima- 
tion of the applied tracer dose, have been extensively described [8, 
11]. 

Analyses 

During the experiments, serial measurements of peripheral venous 
plasma glucose concentration were performed at 5 min intervals em- 
ploying the glucose oxidase/pO2 technique (Beckman analyzer, Ful- 
lerton, Calif, USA). Blood sampling, separation and storage of plas- 
ma samples, insulin radioimmunoassay, deproteination, spectropho- 
tometric analysis of glucose, lactate, alanine, fl-hydroxybutyrate, and 
the preparation and determination of the specific radioactivities of 
3H-glucose [8] and of 14C-alanine have been previously described 
[11]. 

For the determination of pancreatic immunoreactive glucagon 
200 l.tl plasma containing 200 IU Trasylol (Bayer, Leverkusen, FRG) 
were incubated over 48 h at 4 0(2 with 50 Ixl of 1 : 20000 diluted rabbit 
antiglucagon antiserum No. 185 of our own production. Fifty lx1125j. 
glucagon (50 pmol/1) were added thereafter for a second incubation. 
One hundred lxl 1:24 diluted goat antirabbit gamma globulin-anti- 
serum were then added after preincubation for 1 h with 1 : 400 dilut- 
ed normal rabbit serum. The antibody-bound 125j-glucagon was 
precipitated after 30 min with 2 ml 5% polyethylene glycol 4000 
(Oxidwachs A, VEB Chemische Werke Buna, Schkopau, GDR) 
which was dissolved in 1:12 diluted normal human serum. All re- 
agents including standard glucagon were made up with 0.05 mol/1 
glycine buffer pH 8.6 (0.1 mol/1 NaC1, 0.01% NAN3). The antiglu- 
cagon antiserum employed is directed against the C-terminal of the 
glucagon molecule, its cross reactivity with enteroglucagon was less 
than 0.3%. The detection limit of the assay was 5.4 pmol/1, at 
30 pmol/1 the inter- and intra-assay coefficients of variation were 
9.1% and 2.9%, respectively. Recovery of standard gtucagon (Novo 
Industri) in 4 individual plasma samples was 98.7 + 5.5% (SEM). 

Statistical analys& 

The flux rates of glucose and of alanine were estimated on the basis 
of Steele's one-compartment model [16] as validated for non-steady 

state conditions [17]. The apparent distribution spaces of glucose and 
alanine were 200 ml/kg and 176 ml/kg, respectively, as established 
previously [11]. Since the calculation of synthesis of glucose from the 
carbon moiety of alanine needs a model-based correction for isotope 
dilution within the tricarboxylic acid cycle [18], the percent glucose 
formation from alanine was calculated considering a correction by 
the factor 2.2 as validated by Hetenyi [19]. Since both the 3H- and the 
14C-glucose specific activities are diluted to the same extent by exog- 
enous unlabelled glucose, the apparent rate of glucose formation 
from alanine (% glucose-C from alanine x overall glucose appear- 
ance, lxmol, kg -1. min -1) could also be assessed for the period of un- 
labelled glucose administration. The means_ SEM of the data are 
presented. The paired (intra-individual comparison portal vs periph- 
eral insulin) or non-paired (comparison diabetic dogs vs control 
dogs) Student's t-test was applied to check the statistical significance 
of differences (p < 0.05). 

Results 

Glucose metabolism and plasma hormones 
(Tables i and 2) 

At the beginning of the experiments the diabetic ani- 
mals were hyperglycaemic, hyperglucagonaemic and 
slightly ketotic; they also had elevated lactate levels. 
There was no measurable plasma insulin concentration 
in either the peripheral or in the portal vein. The meta- 
bolic abnormalities were more or less corrected during 
the 5 to 6 h of a glucose-controlled insulin infusion be- 
fore the intravenous load with unlabelled glucose. 
During this interval, the animals remained slightly hy- 
perglycaemic with normal glucose flux rates but in- 
significantly reduced metabolic clearance rates of glu- 
cose. This was true both for portal and peripheral 
insulin administration, i.e. for relative peripheral 
hypoinsulinaemia or hyperinsulinaemia respectively 
(Table 2). It also should be noted that neither the ele- 
vated fl-hydroxybutyrate levels nor the lactate concen- 
trations were fully restored to normal during the entire 
time of observation. The insulin doses required by the 
machine were nearly identical on both routes of ad- 
ministration: m U . k g - l . m i n  -1 0.5_+0.1 portal vs 
0.4_+0.1 peripheral. There was no appreciable differ- 
ence among all these variables during the steady states 
before and after the exogenous glucose load. 

The peripheral insulin levels were elevated but the 
portal levels were normal during intravenous infusion 
of unlabelled glucose in the diabetic dogs when they 
were on posthepatic insulin administration; their en- 
dogenous glucose production was suppressed to a nor- 
mal extent, and their metabolic glucose clearance was 
normal as well. However, when they were on prehepat- 
ic insulin administration (tendency towards peripheral 
hypoinsulinaemia) their glucose tolerance was distinct- 
ly reduced on the basis of an impaired glucose clear- 
ance rate. The insulin doses applied during the glucose 
challenge were significantly higher during portal infu- 
sion: 

mU. kg - t .  (120 min) - t  298 +_ 9 vs. 250 _+ 22 (p < 0.05). 
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Table 1. Steady state da ta  o f  glucose metabol i sm in normal  and  diabetic dogs on pos thepat ic  or prehepat ic  insulin infusion 
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Interval Control  dogs Diabetic dogs 

Posthepat ic  insulin Prehepatic insulin 

P lasma  glucose 
(retool/l)  

Endogenous  glucose appearance  
(gmol .  kg -a .  r a in - l )  

Metabol ic  clearance o f  glucose 
(ml .  kg -1.  min  -1) 

Beta-hydroxybutyrate  
(retool/l)  

Lactate 
(mmol/1)  

Before exper iment  5.52 • 0.18 20.35 _+ 1.11 a 21.99 _+ 0.61 a 
Before G I T  5.34 •  6.12 +0 .14  a 6.27 •  a 
Dur ing  G I T  8.11 •  9.83 •  a 10.82 +0 .47  ~ 
1 h after G I T  4.49 •  5.64 +0 .36  ~ 6.51 _+0.33" 
2 h after G I T  5.09 +0.17  5.46 •  b 6.19 _+0.23 ~ 

Before G I T  20.39 •  19.80 +-1.70 20.77 +2.13 
Dur ing  G I T  ~ 8.08 •  9.86 •  8.45 +3 .30  
1 h after G I T  17.62 +0 .60  21.90 +2.45 21.71 +_1.62 
2 h after G I T  18.77 _+ 1.70 18.29 + 1.61 19.78 + 1.15 

Before G I T  3.68 +0 .42  3.17 •  3.02 +0 .34  
Dur ing  G I T  5.94 •  5.21 +0.23 b 4.47 +0.11 ~ 
1 h after G I T  4.10 •  4.09 +0.31 4.16 •  
2 h after G I T  3.80 +0 .34  3.38 •  3.51 •  

Before exper iment  0.030 + 0.004 0.277 • 0.063 ~ 0.206 • 0.029 a 
Before G I T  0.022 + 0.001 0.118 + 0.022 ~ 0.094 + 0.016 a 
Dur ing  G I T  0.024 • 0.001 0.099 • 0.015 a 0.070 • 0.016 ~ 
2 h after G I T  0.024 +_ 0.003 0.112 • 0.023 a 0.061 • 0.015 ~ 

Before exper iment  0.590 • 0.070 1.490 • 0.215 a 1.500 • 0.160 a 
Before G I T  0.680 • 0.100 1.120 • 0.160 a 0.890 • 0.110 
Dur ing  G I T  0.620_+ 0.090 1.270 • 0.280 ~ 1.130 + 0.100 ~ 
2 h after G I T  0.520 • 0.090 1.150 • 0.220 ~ 0.960 +- 0.110" 

Before exper iment  = beginning  o f  insulin adminis t ra t ion,  i.e. 180 min  before isotopic tracer infusion. Before glucose infus ion test ( G I T ) =  be- 
tween 195 and  210 min  after initiation o f  tracer infusion.  Dur ing  glucose infus ion test  = between 315 and  330 min  after initiation o f  tracer infu- 
sion, i.e. after 105-120 mi n  of  glucose infus ion test. One  and  two hours  after glucose infus ion t e s t = b e t w e e n  375 and  390 min  or 435 and  
450 min  after initiation o f  tracer infusion respectively, a p < 0.05 for the differences between control dogs and  diabetic dogs;  b p <~ 0.05 for the  
differences between portal and  peripheral  venous  insul in adminis t ra t ion;  Cp<0 .05  for the differences between peripheral  venous  and  portal 
insul in concentrat ions (cf. Table 2); d i.e. after subtract ion o f  the applied dose  

Table 2. Circulat ing concentrat ions  o f  pancreat ic  g lucagon and  of  insul in in normal  and  in diabetic dogs on pos thepat ic  or prehepat ic  feed- 
back-control led insulin infus ion 

Interval Control  dogs Diabet ic  dogs 

Posthepat ic  insulin Prehepatic  insulin 

Pancreatic g lucagon Before exper iment  0.040 + 0.008 0.145 -+- 0.048 a 0.149 • 0.047 a 
(nmol/1) Before G I T  0.045 _+ 0.009 0.022 _ 0.003 a 0.020 + 0.003 a 

Dur ing  G I T  0.020 + 0.004 0.014 • 0.003 0.014 _ 0.001 
1 h after G I T  0.030 + 0.006 0.016 • 0.003" 0.020 • 0.003 
2 h after G I T  0.054 • 0.013 0.020 • 0.003 a 0.023 • 0.003 a 

Insul in (nmol / l )  
Peripheral vein 

Portal vein 

Before exper iment  0.069 + 0.008 ~ - 0.017 • 0.020 ~ 
Before G I T  0.068 + 0.007 c 0.104 + 0.014 a' b 
Dur ing  G I T  0.254 + 0.024 c 0.378 _+ 0.060 a' b 
I h after G I T  0.064 + 0.010 c 0.089 _+ 0.018 
2 h after G I T  0.067 + 0.006 c 0.105 _+ 0.013 a b 

Before exper iment  0.177 + 0.066 e 0.004 + 0.020 ~- 
Before G I T  0.162 + 0.010 e 0.101 _+ 0.030 f 
Dur ing  G I T  0.382 + 0.055 e 0.346 + 0.066 r 
1 h after G I T  0.129 -t- 0.020 e 0.068 + 0.020 f 
2 h after G I T  0.183 +0 .026  e 0.096 + 0.030 a, f 

- 0.006 • 0.010 ~ 
0.035 + 0.010 a 
0.204 • 0.039 
0.072 + 0.010 
0.046 _+ 0.010 a 

For explanat ions  cf. Table 1. e n = 3 ,  f n = 5  

Alanine metabolism (Table 3) 

There was no difference in the initial circulating ala- 
nine concentration between the diabetic and the con- 
trol dogs. Under posthepatic treatment with the artifi- 
cial B cell the plasma alanine dropped significantly 

(p _< 0.05), but did not change on prehepatic insulin. 
The exogenous glucose administration did not further 
influence the plasma alanine levels. They remained 
low after the glucose load when the animals were on 
posthepatic insulin. Under these conditions the aver- 
age rates of  alanine appearance equaled those of dis- 
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Table 3. Steady state data of alanine metabolism under the same conditions as in Tables 1 and 2 

Interval Control dogs Diabetic dogs 

Posthepatic insulin Prehepatic insulin 

Peripheral alanine concentration 
(mmol/1) 

Flux rate 
(p~mol. kg -1. min 1) 

Metabolic clearance 
(ml-kg -1. rain -1) 

Glucose formation from alanine-C 
(gmol. kg -1. rain-l) 

Before experiment 0.192 + 0.016 0.200 _+ 0.010 0.209 + 0.021 
Before GIT 0.190 + 0.010 0.142 + 0.0160, b 0.206 _+ 0.030 
During GIT 0.183 + 0.006 0.149 + 0.022 b 0.222 + 0.029 
1 h after GIT 0.184 + 0.015 0.128 _+ 0.025 a 0.190 + 0.030 
2 h after GIT 0.202 _ 0.014 0.120 _+ 0.0190, b 0.186 + 0.032 

Before GIT 5.80 _+ 0.40 4.73 + 0.49 b 6.33 _+ 0.63 
During GIT 6.35 +0.14 5.88 +0.72 b 7.30 +0.72 
1 h after GIT 5.78 + 0.28 4.46 _+ 0.60 6.41 _+ 0.79 
2 h a f t e r G I T  5.42 +0.23 3.47 +0.46 o,b 5.52 +0.83 

Before GIT 29.4 _+1.8 34.0 _+3.4 32.2 _+3.2 
During GIT 34.9 + 1.1 41.3 _+ 3.3 34.6 + 2.1 
1 h after GIT 29.6 +2.1 37.6 _+4.4 31.5 +3.0 
2 h  after GIT 25.7 _+0.6 32.9 _+3.3 30.9 +3.0 

Before GIT 1.40 +0.16 1.44 _+0.23 1.52 _+0.22 
During GIT 0.94 +0.20 1.40 +0.18 a 1.37 +0.10 a 
1 h after GIT 0.94 +0.11 0.95 +0.21 0.99 _+0.13 
2 h a f t e r G I T  1.42 +0.18 1.16 _+0.32 1.19 +0.17 

For explanations see Table I 

appearance. They were reduced when the diabetic ani- 
mals were on posthepatic insulin administration but 
not when they were portally infused. There was in gen- 
eral a slightly continuous but transient increase in 
these rates during the glucose infusion test which was 
apparently higher in the diabetic dogs, with no appre- 
ciable difference between the two routes of insulin ad- 
ministration. 

No difference appeared in the alanine clearance 
rates under basal conditions between the experimental 
groups. The transient but insignificant increase during 
the glucose infusion test, however, was slightly greater 
in the diabetic dogs during peripheral insulin adminis- 
tration. 

Finally, under basal conditions the rates contrib- 
uted by alanine to the carbon moiety of circulating glu- 
cose are approximately the same in all groups. How- 
ever, the reduction due to the exogenous glucose load 
is delayed in the diabetic animals regardless of the 
route of insulin infusion. 

Discussion 

In the two experimental situations near-normal pat- 
terns of glucagon secretion and of blood glucose con- 
trol including the glucose flux rates and its metabolic 
clearance were observed in diabetic dogs before and 
during the glucose load. There were, however, signifi- 
cant differences between the two routes of insulin ad- 
ministration in the overall metabolism of alanine, 
which is mainly produced in skeletal muscle as a result 
of glycolysis and of degradation of branched-chain 
amino acids [20, 21]. Alanine utilisation is nearly exclu- 
sively guaranteed by the liver, where it serves as one of 
the main gluconeogenic substrates [10, 22]. It must, 

however, be taken into consideration that the overall 
metabolic rate of alanine is even higher due to a star- 
vation-dependent enteric production [23]. Because of 
its hepatic utilisation, the gross flux rate is underesti- 
mated by the applied tracer technique [23, 24]. In this 
study, a relatively short-lasting and reproducible post- 
absorptive interval was chosen which gives rise to the 
assumption that mainly the extrasplanchnic site of ala- 
nine production is to be discussed. This study has 
shown reduced concentrations and flux rates of ala- 
nine when insulin was applied into the peripheral vein 
but not when portal infusions were given. From the 
lack of any difference between the groups before insu- 
lin infusion, it is concluded that the observed effects 
are in fact due to the experimental conditions. By post- 
hepatic (i. e. peripheral venous) insulin administration 
a moderate peripheral hyperinsulinaemia and a lack of 
normal portal-peripheral insulin gradients or even an 
"under-insulinisation" of the liver has been produced. 
It may be speculated that under these conditions insu- 
lin-controlled metabolic processes in muscle which are 
connected to alanine production are altered on the ba- 
sis of the chronically elevated insulin action which is 
more or less reversed by portal insulin administration. 
An elevated peripheral insulin action would stimulate 
the muscular uptake of glucose [25, 26], thereby feed- 
ing glycogen synthesis and glycolysis. Thus, lactate be- 
comes the main product of glucose utilisation, even in 
resting muscle; this can be seen from the high circulat- 
ing lactate levels. By these processes, a diminished oxi- 
dation of branched-chain amino acids is made possible 
[27, 28] which - in turn - reduces the availability of 
amino groups for alanine synthesis. This is in agree- 
ment with reported findings that an increase in periph- 
eral insulin availability inhibits the production of ala- 
nine in skeletal muscle [29, 30]. From these findings, 
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however, no conclusion can be drawn on a "protein 
sparing" effect of high insulin levels in muscle; e.g. 
there is no relation between alanine output from skele- 
tal muscle and the hepatic production of urea [31, 32]. 
This may also explain why, in general, there is no di- 
rect connection between the rates of glucose uptake 
and of alanine output in skeletal muscle [33-36]. Ac- 
cordingly, in a previous study in diabetic dogs with 
short-term peripheral insulin administration but a 
higher degree of peripheral hyperinsulinism and a 
higher exogenous glucose load, we have seen elevated 
alanine production rates [11]. Also, it is demonstrated 
by this study that, despite a near-normal control of 
overall hepatic glucose production, the utilisation of 
alanine appears unrestricted in relation to the prevail- 
ing plasma level. This leads to normal or - in the case 
of relative hepatic underinsulinisation during peripher- 
al venous insulin infusion - to slightly elevated meta- 
bolic clearance rates of alanine and to a normal contri- 
bution of its carbon moiety to gluconeogenesis [23, 37, 
38]. This may be explained on the basis of  our observa- 
tion of normal peripheral glucagon levels and there- 
fore of an apparently diminished hepatic insulin: 
glucagon ratio. These findings are in agreement with 
several published investigations which have provided 
evidence that the utilisation of alanine increases over a 
broad range of physiological and pathophysiological 
plasma concentrations [33, 39]. It should, however, be 
mentioned that regardless of the route of insulin ad- 
ministration the response to exogenous glucose of the 
rate of glucose formation from alanine was distinctly 
delayed in these chronically diabetic animals. In addi- 
tion, the slightly elevated levels of  beta-hydroxybuty- 
rate and lactate indicate that certain hepatic enzyme 
activities need more time for full restoration than that 
provided by the 5 or 6 h of a glucose-controlled insulin 
infusion. 

Taken together, the abnormalities observed in ala- 
nine concentration and flux rates in insulin-dependent 
diabetic dogs on peripheral but not on portal venous 
insulin administration with a near-physiological con- 
trol of glucose flux rates are obviously due to differ- 
ences in peripheral insulin supply. These abnormalities 
may also, at least in part, explain the reduced rates in 
carbon re-circulation which we and others have also 
seen under similar conditions [3, 8]. The slight remain- 
ing abnormalities in the control of hepatic alanine car- 
bon flux into circulating glucose are obviously not due 
to differences in actual hepatic insulinisation. This may 
be elucidated by comparing the effects of short-term 
(as shown here) and of long-term improved insulin 
provision and optimal blood glucose control. 

In conclusion, there is indeed no doubt that full 
normalisation of the entire metabolic network can only 
be reached by portal insulin administration [9, 11, 12], 
but no convincing argument has emerged from this 
study to favour any prehepatic route per se in relation 
to posthepatic ones. However, different approaches 

may be taken into consideration to solve the problem 
of peripheral hyperinsulinism with respect to possible 
harmful effects on vasculature [40, 41]. 
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