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Summary. Patients with diabetes due to pancreatectomy have 
metabolic features different from Type 1 (insulin-dependent) 
diabetes after insulin withdrawal~ Whether or not glucagon by 
itself or combined glucagon-insulin absence are responsible 
for this metabolic behaviour is unknown. This study was carri- 
ed out to evaluate the ability of insulin replacement to abolish 
differences between patients with Type 1 diabetes and patients 
with diabetes due to pancreatectomy. We studied the diurnal 
patterns of intermediary metabolites, free insulin, and gluca- 
gon using the Biostator (glucose-controlled insulin infusion 
system) and intensive subcutaneous insulin therapy in five 
patients after total pancreatectomy, five after partial pancrea- 
tectomy and seven patients with Type 1 diabetes. All were 
studied for 24 h after an overnight period of normoglycaemia. 
Insulin requirement was lower in the patients with total pan- 
createctomy than in patients with partial pancreatectomy or 
Type 1 diabetes during both types of insulin treatment (p < 
0.05). Blood glucose and free insulin were similar in all the 
groups in both conditions. Immunoreactive glucagon was 
higher in the patients with diabetes secondary to pancreatec- 
tomy than in Type 1 diabetic patients. However, glucagon lev- 
els did not increase after arginine infusion in the patients with 
total pancreatectomy, and column chromatography of blood 
samples from two totally pancreatectomized patients showed 

no significant levels of immunoreactive pancreatic glucagon. 
Non-esterified fatty acids and ketone bodies were similar dur- 
ing Biostator and intensive subcutaneous insulin therapy. By 
contrast, gluconeogenic precursors (lactate, pyruvate, alanine 
and glycerol) were higher in patients with total pancreatecto- 
my than in patients with partial pancreatectomy and Type 1 
diabetes. In particular, alanine was significantly higher in the 
patients with total pancreatectomy (400+ 50 p~mol/1 during 
Biostator; 437 _+ 62 ktmol/1 during intensive subcutaneous in- 
sulin therapy) than in patients with partial pancreatectomy 
(207+13~tmol/1, p<0.005 and 226+14~mol/1, p<0.005) 
and in Type 1 diabetic patients (191 _+ 11 gmol/1, p < 0.005 and 
216_+ 10 p~mol/1, p < 0.005). Our data show that the high levels 
of gluconeogenic precursors, already reported in patients with 
diabetes due to total pancreatectomy after insulin withdrawal, 
do not become normal even in the presence of insulin. This 
finding shows that gluconeogenesis is primarily dependent on 
pancreatic glucagon and confirms the role of glucagon in the 
development of diabetic hyperglycaemia. 

Key words: Pancreatogenic diabetes, total pancreatectomy, 
partial pancreatectomy0 glucagon, free insulin, gluconeogene- 
sis, intermediary metabolism. 

Glucagon has been reported to be essential for the de- 
velopment of biochemical abnormalities of diabetes 
mellitus [1-4], where the absence of insulin is accom- 
panied by relative or absolute hyperglucagonaemia 
[5-8]. The observations that pharmacological doses of 
glucagon increase ketogenesis, lipolysis [3-9], and hy- 
perglycaemia are in agreement with this hypothesis. In 
Type 1 (insulin-dependent) diabetes glucagon suppres- 
sion by somatostatin can delay the development of  ke- 
toacidosis after insulin withdrawal [10]. Clinical and 
metabolic features characterizing diabetes secondary to 
pancreatectomy have often been related to glucagon de- 
ficiency. In particular, the easier control of hypergly- 

caemia with a low daily insulin requirement [11], the 
high frequency of severe hypoglycaemic events [12], and 
the lower tendency to ketoacidotic coma were all 
ascribed to the absence of  glucagon [13]. Following pro- 
longed insulin withdrawal, patients with diabetes due to 
total pancreatectomy exhibit elevated levels of gluco- 
neogenetic precursors [14] and decreased ketone body 
concentrations [15-16] in comparison with Type 1 dia- 
betic patients. 

Whether or not insulin restoration can reverse this 
metabolic pattern and abolish the differences between 
Type 1 and pancreatectomized diabetic patients is un- 
known. Furthermore, evaluation of  metabolic behav- 
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Table 1. Clinical data of the subjects studied 
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Diabetic patients Age Ideal body HbA1 C-peptide Aspartate Alanine Bilirubin a Serum 
(years) weight (%) transferase a transferase a (gmol/1) protein a 

(%) Basal Post-prandial (U/l) (U/l) (g/l) 
(nmol/1) (nmol/1) 

Typel (n=7) 37_+4 102+4 9.2+0.5 0.10_+0.02 0.11_+0.02 20_+2 25_+3 15.5_+3.4 67_+1 
Totally pancreat- 53_+4 96_+4 8.6_+0.7 0.09_+0.01 0.09_+0.03 30_+7 40_+8 20.6_+3.4 65_+2 

ectomized (n = 5) 
Partially pancreat- 47_+3 103_+3 9.6_+4 0.14_+0.04 0A5_+0.01 44_+5 51_+12 15.6_+6.9 67_+3 

ectomized (n = 5) 

Results expressed as mean + SEM. 
a Normal ranges: aspartate transaminase < 40 U/1; alanine transaminase < 50 U/1; bilirubin 3-17 ttmol/1; serum protein 60-80 g/1 

iour after insulin restoration in patients with glucagon 
deficiency may furnish further information on the glu- 
cagon-insulin relationship in the development of meta- 
bolic disorders in diabetes. We have therefore studied 
the diurnal behaviour of the main circulating substrates 
of gluconeogenesis, lipolysis, and ketogenesis in pat- 
ients with diabetes secondary to partial or total pancrea- 
tectomy and in Type 1 diabetic patients kept under strict 
glycaemic control by means of an artificial endocrine 
pancreas or intensive subcutaneous insulin therapy. 

Subjects and Methods 

Subjects 

Five patients with insulin-dependent diabetes secondary to total pan- 
createctomy, five subjects with diabetes secondary to partial pancrea- 
tectomy, and seven subjects with Type 1 diabetes were studied. The 
main clinical characteristics of the subjects are shown in Table 1. Four 
of the five pancreatectomized patients had undergone surgery for ex- 
ocrine pancreatic carcinoma and the fifth for recurrent chronic pan- 
creatitis with uncontrollable abdominal pain. The pancreas had been 
removed together with the duodenum, spleen and antropyloric two- 
thirds of the stomach in all cases. During surgery no liver metastases 
had been found in the patients with carcinoma. Surgery had been per- 
formed at least 6 months before this study, when the body weight was 
~>90% of ideal body weight and the liver function was normal 
(Table 1). In the second group, partial pancreatectomy had followed 
the diagnosis of chronic pancreatitis, which was based on the pres- 
ence of chronic diarrhoea and steatorrhoea, abdominal pain and radi- 
ological evidence of pancreatic calcification. Most of these patients 
were chronic alcohol abusers, but the quantitative estimate of the dai- 
ly alcohol intake was < 40 g/day in the month preceding this study. 
The patients with diabetes secondary to pancreatitis had abnormal 
liver function, as judged by high transaminase levels (Table 1). Pat- 
ients with secondary diabetes had no family history of diabetes. The 
Type 1 diabetic subjects had no exocrine pancreatic pathology. All the 
patients were admitted to hospital one week before the study and un- 
derwent insulin treatment with three daily injections of regular insulin 
and one of long-acting insulin in the evening (Actrapid and Mono- 
tard, Novo, Denmark). An isocaloric diet was administered to all the 
patients. The subjects with diabetes secondary to total pancreatectomy 
were placed on a carbohydrate-rich diet (300 g/day) with low fat con- 
tent (20 g/day). These patients were also given a pancreatic enzyme 
supplement (Pancrex V forte, Paines & Byrne, Samil, Rome, Italy; 330 
units of protease activity and 5 600 units of lipase activity per tablet). 

Protocol 

After an overnight period of normoglycaemia achieved by means of 
continuous intravenous insulin infusion (Actrapid) at a rate of 
0.6-1.0 U /h  (Harvard Apparatus, Millis, Massachusetts, USA) all the 
subjects had two intensive glucose control periods. Insulin infusion 
was stopped before each control period. The diet was administered as 
three meals (breakfast 08.00 h, lunch 12.00 h, dinner 18.00 h) and three 
snacks at 10.30, 16.00 and 22.00 h. The patients were kept at rest dur- 
ing the study period. A Teflon catheter was placed in an antecubital 
vein for collection of blood samples. 

Thefirst glucose controlperiod was performed by means of an arti- 
ficial endocrine pancreas (Biostator glucose-controlled insulin infu- 
sion system; Life Science Instruments, Ulm, FRG). The patients were 
connected to the Biostator via a double lumen catheter 30 min before 
breakfast. Another catheter was inserted in a superficial vein for insu- 
lin infusion according to the control algorithm. The operating con- 
stants were: the constant for rising glucose levels (KR)= 165 and for 
falling glucose levels (KF)= 45; the inverse of the static gain for insu- 
lin infusion (QI)=30; the basal level of glucose at which the basal 
insulin infusion rate (RI=15mU/min)  was administered was 
4.5mmol/1 (BI). Blood samples (n=9) were collected immediately 
before, and 1 h after each meal and at 16.00, 22.00, and 08.00 h. 

The second glucose controlperiod was performed by means of in- 
tensive SC insulin treatment. Regular insulin (Actrapid, Novo, Den- 
mark) was administered 15 min before each meal. Long-acting insulin 
(Monotard, Novo, Denmark) was also injected before dinner. Insulin 
doses during the control period were estimated according to the insu- 
lin requirement in the days preceding the study and suitably changed 
on the basis of rapid blood glucose measurements (Dextrometer, 
Ames Division, Miles Research Laboratories, Elkhart, Indiana, 
USA). Blood samples (n= 14) were collected at 08.00, 08.30, 09.00, 
10.00, 12.00, 12.30, 13.00, 14.00, 16.00, 18.00, 18.30, 19.00, 24.00, 
08.00 h. 

Arginine Infusion Test 

An arginine infusion test was performed in all the patients after an 
overnight fast. Arginine HC1 (25 g) dissolved in sterile pyrogen-free 
water was infused into an antecubital vein at a constant flow rate for 
30 min. Blood samples were drawn from a controlateral antecubital 
vein at 0, 5, 15, 30, 45, 60 min for glucagon determination. 

Assays 

Blood (2 ml) was collected in 5% perchloric acid for the determination 
of glucose, lactate, pyruvate, alanine, glycerol, and 3-hydroxybutyrate 
according to Lloyd et al. [17], and acetoacetate according to Price et al. 
[18]. Blood was also collected in tubes containing 1.2 mg EDTA and 
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aprotinin 500 U/ml (Trasylol, Bayer, FRG) for the determination of 
non-ester• fatty acids (NEFA [19]), free insulin [20], and immuno- 
reactive glucagon using the 30 K antibody [21]. Basal samples were 
taken for measurement of glycosylated haemoglobin [22] and C-pep- 
tide. This hormone was also evaluated 1 h after meals. C-peptide was 
measured by means of the RIA-mat kit (Byk-Mallinckrodt Pharma- 
zeutikal, Dietzenbach, FRG) [23]. The lowest sensitivity in our labora- 
tory is 0.07 pmol/1. Transaminase, bilirubin and serum protein were 
assayed by means of a high speed computer controlled biochemical 
analyzer (Technicon Instruments Corporation, New York, USA). 

Gel Chromatography 

Plasma immunoreactive glucagon components were assayed in two 
patients with total pancreatectomy by gel chromatography according 
to Valverde et al. [24-25]. An aliquot of basal plasma sample (2 ml) 
was filtered over Bio-Gel P30 columns (40 x 1 cm) and eluted with 
0.05 mol/1 ammonium bicarbonate buffer (pH 8.8) at a flow rate of 
10 ml/h. Columns were calibrated with 125I-glucagon, ]25I-insulin and 
125I. Eluates (1 ml) were collected, counted for radioactivity, and im- 
munoreactive glucagon measured with 30K antibody [21]. 

Calculations 

Values are expressed as mean • SEM. Mean 24 h values are calculat- 
ed as the average of nine blood samples during Biostator control and 
14 samples during intensive insulin therapy. The M value of 
Schlichtkrull is calculated on the same samples according to Service 
et al. [26]. Statistical elaboration has been performed according to the 
analysis of variance. Every time the analysis of variance showed a sig- 
nificant difference among the groups, a multiple comparison accord- 
ing to Newman-Keuls test [27-28] in order to estimate the differences 
between each group was performed. 

Results 

Blood Glucose (Fig. 1 and Table 2) 

Blood glucose after the overnight insulin infusion was 
similar in all the groups (totally pancreatectomized dia- 
betic patients: 5.1 + 0.7; partially pancreatectomized 
diabetic patients: 4.8 _+ 0.5 and Type 1 diabetic patients: 
5.7 _+ 0.7 mmol/1) and before intensive SC insulin thera- 
py (5.2 _+ 0.8; 4.4 + 0.6 and 4.7 _+ 0.8 mmol/1 respective- 
ly). The daily glycaemic profile, 24 h glycaemic mean 
and Schlichtkrull's M value with both treatments were 
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Fig. 1. Blood glucose and free insulin levels (mean• SEM) during 
24-h Biostator control in patients with diabetes due to total pancrea- 
tectomy ( A - -  - -  A), partial pancreatectomy ( � 9  � 9  and patients 
with Type 1 diabetes ( 0 - - - - - 0 ) .  Arrows indicate meal and snack 
times 

similar in the three groups (Table 2). Glycaemic control 
was better with the Biostator than with SC insulin 
therapy. 

Free Insulin (Fig. 1 and Table 2) 

Insulin requirement was significantly lower (p < 0.05) in 
totally pancreatectomized patients in comparison with 
the other two groups. The diurnal profile of free insulin 
levels and the 24-h mean value were quite similar in all 
groups, though diabetic subjects with partial pancrea- 
tectomy showed a tendency to higher levels of free in- 
sulin. 

Table 2. Index of 24-h glucose control and hormone levels under Biostator and intensive SC insulin therapy in Type 1 diabetic patients and 
patients with diabetes secondary to total and partial pancreatectomy 

Group Treatment Blood glucose 'M' value Insulin Free insulin Immunoreac- 
(mmol/1) [26] requirement (mU/l) tive glucagon 

(U/24h) (pg/ml) 

Type I diabetes Biostator 3.18 + 0.06 1.8 + 0.7 62 • 5 63 • 16 138 • 15 
(n=7) Intensive SC insulin 3.73+0.37 10 +2.5 66• 6 50_+ 7 123_+ 84 

Totally pancreatectomy Biostator 3.09 • 0.07 1.2 • 0.6 44 • 12 �9 b 53 _+ 10 202 _+ 50 
(n=5) Intensive SC insulin 3.61• 5.9_+5.4 47_+ 7 a'b 54_+ 8 223+ 35 

Partially pancreatectomy Biostator 3.21 • 0.09 4.8 • 1.0 70 • 8 68 _+ 10 248 + 101 
(n=5) Intensive SC insulin 3.77+0.34 7.0-+2.0 60• I 75• 300• 99 

Results expressed as mean • SEM. a p < 0.05 Total pancreatectomized versus Type 1 diabetic patients; b p < 0.05 Total pancreatectomized versus 
partial pancreatectomized diabetic patients 
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Fig.2. Absolute increments of total glucagon immunoreactivity 
(mean _+ SEM) above basal concentrations, during arginine infusion 
test in patients with diabetes due to total pancreatectomy (~  ~ ) 
partial pancreatectomy ( 0  ..... O) and Type 1 diabetic patients 
(o o) 

Glucagon 

Figure 2 shows the absolute increment in glucagon val- 
ues after arginine infusion. Glucagon rapidly increased 
in patients with Type 1 diabetes, whereas no variations 
were observed in totally pancreatectomized subjects. 
Patients with diabetes secondary to partial pancreatec- 
tomy had an intermediate glucagon response. Increased 
levels of immunoreactive glucagon were found in pat- 
ients with diabetes due to total and partial pancreatec- 
tomy under Biostator as well as intensive SC insulin 
treatment (Table 2). Gel-chromatography revealed no 
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immunoreactive glucagon eluting with 12q-glucagon 
(mol wt: 3,500). 

Lactate 

Lactate levels at the beginning of the Biostator period 
were comparable in the three groups. After meals, there 
was an increase in lactate levels, which were higher in 
patients with total pancreatectomy (after breakfast: 
1453 _+ 207 ~tmol/1 in totally pancreatectomized diabet- 
ic patients; 970 + 142 ~mol/1 in partially pancreatec- 
tomized diabetic patients, p <  0.05; 905 _+ 63 ~tmol/1 in 
Type 1 diabetic patients, p < 0.05; Fig. 3). Mean 24 h lev- 
els of lactate (Table 3) were higher in the totally pan- 
createctomized (946_+ 90 btmol/1) compared with par- 
tially pancreatectomized (808 + 42 ~mol/1) and Type 1 
diabetic patients (762 _+ 46 btmol/1; Table 3). The same 
results were found with intensive SC insulin treatment. 
Blood lactate levels in pancreatectomized diabetic pat- 
ients were higher at the beginning of the control period 
(totally pancreatectomized diabetic patients: 917+ 
83 ~mol/1; partially pancreatectomized diabetic pat- 
ients: 517 + 77 ~tmol/1, p < 0.005; Type I diabetic pat- 
ients: 694 + 73 ~mol/1, p < 0.05) and after meals. 

Pyruvate 

The profile of pyruvate levels was parallel to lactate be- 
haviour. Plasma concentrations of pyruvate during 24 h 
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Fig.3. Diurnal profile of plasma lactate and pyruvate concentrations (mean •  in patients with diabetes due to total pancreatectomy 
( A A j compared with patients with diabetes due to partial pancreatectomy ( �9 � 9  *p < 0.05 ; ~ p < 0.005) and Type 1 diabetic patients 
( ~ �9 p < 0.05 ; .* p < 0.005). Arrows indicate meal and snack times. Left hand panel: Biostator control, right hand panel: intensive SC insulin 
therapy 
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Table 3. Twenty-four hour intermediary metabolite levels in patients with diabetes due to total or partial pancreatectomy or Type i diabetes 
during Biostator control and intensive subcutaneous insulin therapy 

Intermediary 
metabolite 
(~mol/1) 

Biostator Intensive conventional insulin therapy 

Totally Partially Type t Totally Partially Type 1 
pancreatectomized pancreatectomized diabetic pancreatectomized pancreatectomized diabetic 
patients patients patients patients patients patients 

Lactate 946 -4- 90 808 _+ 42 762 _+ 46 1073 + 105 a, b 792 _+ 76 707 _+ 49 
Pyruvate 67+8  57+3 57+3  82+8  ~c 47+5  56+5  
Alanine 400 + 50 b, d 207 -4- 13 191 _--4- "11 437 • 62 b' d 226 + 14 216 + 10 
Glycerol 53 _+ 14 32 + 7 33 _+ 2 60 + 84 ~ 33 + 6 35 _+ 4 
NEFA 401-4- 43 306 -4- 23 492 + 112 374 -4- 35 276 _+ 15 335 _+ 37 
Ketone bodies 133+17 158+27 149+25 150+17 109+13 180+43 

Results expressed as mean + SEM. a p < 0.05, b p < 0.005, total pancreatectomized versus partial pancreatectomized diabetic patients; c p < 0.05, 
d p <  0.005, total pancreatectomized versus Type I diabetic patients 
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Fig. 4. Diurnal profile of plasma alanine concentrations (mean-4-SEM) in patients with diabetes due to total pancreatectomy (z~ - -  - - /x  ) com- 
pared with patients with diabetes due to partial pancreatectomy (A A, *p<0.05;~p<0.005)  and Type1 diabetic patients ( 0  ~ ,  
* p < 0.05; ~ p < 0.005). Arrows indicate meal and snack times. Left hand panel: Biostator control, fight hand panel: intensive SC insulin therapy 

of glycaemic control by Biostator were consistently 
slightly higher in totally pancreatectomized diabetic 
patients than in the other two groups (Fig. 3). Mean 24 h 
levels of pyruvate were significantly increased in totally 
pancreatectomized diabetic patients (Table 3). During 
intensive SC insulin therapy the diurnal pyruvate pro- 
file (Fig. 3) and the 24-h mean levels (Table 3) were high- 
er in totally pancreatectomized diabetic patients than in 
partially pancreatectomized and Type 1 diabetic sub- 
jects. 

Alanine 

At the beginning of the two control periods alanine was 
significantly higher in totally pancreatectomized diabet- 
ic patients (Biostator: totally pancreatectomized pat- 
ients: 416 _+ 81 ~tmol/1; partially pancreatectomized pat- 
ients: 175 + 23 ~tmol/1, p < 0.005; Type I diabetic pat- 
ients: 174-4-13 lxmol/1, p < 0.005; intensive SC insulin 

therapy: 403 _+ 37; 194 _+ 24, p <  0.005; 189 + 18 ~Lmol/1, 
p<0.005, respectively). Alanine levels were almost 
double throughout the whole day in the totally pancrea- 
tectomized patients compared with the other groups, 
both during Biostator use and during intensive SC insu- 
lin therapy (Fig. 4). No apparent variations in alanine 
levels were observed at meal times. During both Bio- 
stator or intensive SC insulin therapy, the mean 24 h lev- 
els of alanine were significantly higher in the patients 
with diabetes secondary to total pancreatectomy than in 
the subjects with partial pancreatectomy (p< 0.005) or 
Type 1 diabetes (p < 0.005). 

Glycerol 

Comparable levels of glycerol were found at the begin- 
ning of the two control periods (Biostator: 60+14;  
49 -4- 5; 45 -4- 9 ~tmol/1; intensive insulin therapy: 78 -4- 
10; 49 + 8; 54 -4-16 lxmol/1 in totally pancreatectomized, 
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partially pancreatectomized and Type 1 diabetic pat- 
ients, respectively). Glycerol levels during Biostator use 
presented a smooth increase before meals in totally 
pancreatectomized diabetic patients only. Mean 24-h 
levels were higher in these patients in comparison with 
partially pancreatectomized and Type 1 diabetic pat- 
ients (Table3). In totally pancreatectomized diabetic 
patients receiving intensive SC insulin therapy, glycerol 
levels were slightly increased during the whole study 
period. A significantly higher 24-h mean concentration 
was found (p < 0.05). 

Non-Esterified Fatty Acids (NEFA) 

Diurnal profiles and mean 24-h level of NEFA were not 
different in the three groups during either Biostator and 
intensive SC insulin therapy (Table 3). A pre-prandial 
peak was observed before dinner in all the groups. 

Ketone Bodies 

Ketone body levels were not significantly different in 
the three groups in the morning after an overnight insu- 
lin infusion (126+18; 161 +24 and 228 + 81 gmol/1 in 
patients with total and partial pancreatectomy and 
Type 1 diabetes respectively before Biostator use and 
127 + 20; 156 _+ 30 and 274 + 87 lxmol/1 before intensive 
insulin therapy, Table 3). After Biostator connection, ke- 
tone bodies rapidly decreased and remained constant 
for the rest of the study. Mean 24-h levels overlapped in 
the three groups. 

Ketone body inhibition was similar in all the groups 
after the injection of regular insulin. Ketone body levels 
were the same until 24.00 h in all diabetic patients. In 
comparison with the Biostator period, when ketone 
body levels were constantly reduced, a pre-dinner peak 
was observed. This peak was coincident with a similar 
peak in glycerol and NEFA levels. A greater increase in 
ketone body levels was observed in Type 1 diabetic pat- 
ients, after the last insulin injection, at 08.00 h (totally 
pancreatectomized patients: 260 +__ 60 bmol/1; partially 
pancreatectomized patients: 274_+ 65 lxmol/1; Type 1 
diabetic patients: 503 + 145 p~mol/1). 

Mean 24-h ketone body levels were higher in pat- 
ients with Type 1 diabetes than in patients whose diabe- 
tes was secondary to pancreatectomy (Table 3). 

Discussion 

Our study shows that in diabetes due to totally pancrea- 
tectomy the increase in gluconeogenic precursors is a 
persistent and characteristic metabolic feature. This 
finding suggests a block of gluconeogenesis from glu- 
cidic, aminic, and probably lipidic precursors as a con- 
sequence of pancreatic glucagon absence, even in the 
presence of normal insulin availability. It is noteworthy 
that the same results were obtained with both Biostator 
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control and intensive subcutaneous insulin therapy. 
This suggests that such behaviour may be expected dur- 
ing the conventional insulin treatment of pancreatogen- 
ic diabetic subjects. 

Diabetes secondary to total pancreatectomy has 
been proposed as a model of 'aglucagonaemic diabetes' 
[29], even though glucagon immunoreactivity is found 
in these patients [30-34]. Immunoreactive glucagon was 
higher in our patients, probably reflecting the non-spe- 
cificity of 30K antibody [24-25] reacting with intestinal 
glucagon-like substances, which are increased after 
pancreatectomy [35]. However, the absence of glucagon 
response to arginine, and the absence (or very small 
amount) of 3 500 molecular weight glucagon suggest de- 
ficiency of A cell function. Thus, diabetes due to total 
pancreatectomy may be considered to be an example of 
diabetes with a chronic glucagon defect. On the con- 
trary, partially pancreatectomized diabetic patients had 
a residual glucagon secretion. In fact, they had high im- 
munoreactive glucagon levels during the study period 
with intermediate glucagon responses to arginine. 
These patients had impaired liver function which could 
have been responsible for reduced glucagon clearance 
[361 and insulin resistance [37]: this could also explain 
their high insulin requirement. In totally pancreatec- 
tomized subjects, glucose control was obtained with 
lower insulin doses than in Type 1 diabetic patients. The 
high insulin sensitivity of the former was clinically evi- 
dent in the high frequency of hyperglycaemic events 
[12]. We have recently demonstrated increased insulin 
sensitivity of extrahepatic tissues in pancreatogenic dia- 
betes [38], as opposed to a reduced insulin sensitivity in 
Type 1 diabetes [39, 40]. 

The free insulin levels were similar in all the groups 
during Biostator use and intensive subcutaneous insulin 
therapy, so that the behaviour of intermediary metabo- 
lites seems to depend only on the presence of pancreatic 
glucagon (Type 1 diabetes and partial pancreatectomy) 
or its absence (total pancreatectomy). 

The glucagon defect in totally pancreatectomized 
diabetic patients seems to account for the decrease in 
the rate of gluconeogenesis and the consequent increase 
in gluconeogenic precursors: lactate, pyruvate, and, in 
particular, alanine. Even though there is no evidence 
that lactate and pyruvate uptakes are under direct glu- 
cagon control, these two final glycolytic metabolites are 
well-known contributors to hepatic gluconeogenesis 
[41]. In totally pancreatectomized diabetic patients the 
increased blood lactate levels are not due to a change in 
the lactate-dehydrogenase balance, as demonstrated by 
similar lactate/pyruvate ratios in all the groups (data 
not shown). 

We can conclude that a defect in splanchnic uptake 
of lactate and pyruvate exists in totally pancreatecto- 
mized diabetic patients. However we cannot exclude an 
enhancement of their production rate. It has been re- 
ported that glucagon does not modify lactate pro- 
duction by peripheral tissues [43]. However, the incre- 



258 

ment in peripheral sensitivity to exogenous insulin in 
these patients [38] could induce enhanced glycolysis. 
Intrahepatic glycolysis, not counteracted by glucagon- 
dependent phosphofructokinase regulation, might re- 
present another source of pyruvate and lactate [44]. 
This mechanism may explain their high post-prandial 
response, already observed in pancreatectomized dogs 
[45]. 

The most impressive result was the very high alanine 
levels in totally pancreatectomized diabetic patients 
during normal insulin availability. Alanine is the key 
metabolite of gluconeogenesis [46], and glucagon is a 
determinant of hepatic alanine uptake [41]. Hyperalan- 
inaemia in patients with pancreatic glucagon deficiency 
can be explained by reduced splanchnic uptake. This 
finding is in agreement with the report of Rabin et al. 
[47], showing a decrease in alanine splanchnic uptake in 
normal subjects after infusion of somatostatin plus in- 
sulin in order to obtain a selective glucagon deficiency. 
The greater insulin sensitivity of pancreatogenic diabet- 
ic patients can also lead to an exaggerated pyruvate 
production with subsequently increased alanine synthe- 
sis through aminotransferase [48]. 

The drastic difference between totally pancreatec- 
tomized and Type 1 diabetic patients suggests that glu- 
coneogenesis is still activated by high pancreatic glu- 
cagon levels in spite of normal insulin availability. This 
is in agreement with the recent observation of Cherring- 
ton et al. [49], who demonstrated that gluconeogenesis 
activation by hyperglucagonaemia in dogs is not inhib- 
ited by portal insulin replacement. 

A possible effect of the high-carbohydrate and low- 
fat diet received by the pancreatectomized subjects on 
alanine and ketone body concentration ought to be con- 
sidered. In fact, this diet could affect ketone body pro- 
duction and activate the alanine-ketone body cycle [50]. 
However we exclude such a hypothesis, since the same 
diet was used for the partially pancreatectomized as 
well as for the totally pancreatectomized patients, but 
only the latter differ from the patients with Type 1 dia- 
betes. 

The role of glucagon in lipid metabolism is still con- 
troversial [15, 16, 51]. During Biostator use metabolites 
of lipolysis were blunted in primary and secondary dia- 
betic patients as a consequence of steady hyperinsulin- 
aemia due to peripheral infusion [52]. The mean level of 
glycerol during the intensive subcutaneous insulin ther- 
apy was higher in totally pancreatectomized patients. 
Since lipolysis was blunted by insulin replacement, as 
confirmed by similar NEFA levels in all groups, the en- 
hanced glycerol concentration in totally pancreatecto- 
mized subjects further supports reduced gluconeogene- 
sis. Under conventional therapy patients with second- 
ary diabetes showed a slower increase in ketone body 
levels during the post-absorptive period than patients 
with Type 1 diabetes. This finding confirms the primary 
ability of insulin to control lipid metabolism but sug- 
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gests a reduced tendency to ketosis in diabetes follow- 
ing pancreatectomy. 

Finally, our data suggest that insulin replacement in 
totally pancreatectomized patients does not reverse the 
metabolic features observed in poorly controlled pat- 
ients [14, 15, 25]. The marked difference in gluconeo- 
genic precursors between pancreatic glucagon-deficient 
diabetic patients (total pancreatectomy) and diabetic 
patients with persistent (partial pancreatectomy) or high 
glucagon levels (Type 1 diabetes) suggests that gluco- 
neogenesis activation does not depend on insulin avail- 
ability. Thus our results favour the hypothesis that pan- 
creatic glucagon plays an important role in diabetic 
hyperglycaemia. 
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