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Summary. Islet amyloid polypeptide or amylin is a polypep- 
tide secreted mainly from the pancreatic beta cells together 
with insulin upon stimulation. High levels of islet amyloid 
polypeptide have also been shown to increase the peripheral 
insulin resistance and consequently a role for islet amyloid 
polypeptide in the glucose homeostasis has been suggested. 
We have studied the glucose homeostasis in a patient with a 
malignant endocrine pancreatic tumour producing large 
amounts of an islet amyloid polypeptide-like molecule 
(about 400 times the upper reference level for islet amyloid 
polypeptide). This patient developed insulin-requiring 
diabetes mellitus shortly after the tumour diagnosis. Both in- 
travenous and oral glucose tolerance tests revealed inhibited 
early responses in insulin and C-peptide release, but the in- 
sulin and C-peptide response to glucagon stimulation was 
less affected. Aneuglycaemic insulin clamp showed normal 
insulin-mediated glucose disposal. In vitro experiments, 
where isolated rat pancreatic islets were cultured with serum 

from the patient, showed a moderately decreased islet glu- 
cose oxidation rate and glucose-stimulated insulin release 
compared to islets cultured with serum from healthy sub- 
j ects. However, culture of rat islets with normal human serum 
supplemented with synthetic rat islet amyloid polypeptide 
did not affect the glucose-stimulated insulin release. In con- 
clusion, the observed effects show that the diabetic state in 
this patient was associated with an impaired glucose-stimu- 
lated insulin release but not with an increased peripheral in- 
sulin resistance. Thus, the results suggest that if islet amyloid 
polypeptide has diabetogenic effects they are more likely to 
be exerted at the level of insulin secretion than at the level of 
peripheral insulin sensitivity. 

Key words: Amylin, endocrine pancreatic tumour, glucose 
tolerance, insulin resistance, islet amyloid polypeptide, pan- 
creatic islets. 

Islet amyloid polypeptide (IAPP) or amylin was first puri- 
fied and sequenced from an endocrine pancreatic tumour 
producing insulin [1, 2] and later from pancreas of patients 
with Type 2 (non-insulin-dependent) diabetes mellitus 
[3]. lAPP obtained from these sources was found to be a 
37 amino acid polypeptide with about 50 % amino acid ho- 
mology with calcitonin gene related peptide (CGRP). 
Studies with immunocytochemical [4, 5], radioimmuno- 
assay [6] and Northern blot techniques [7] have indicated 
that the main production site of IAPP are the pancreatic 
beta cells, although small amounts of IAPP have also been 
found in the upper gastrointestinal tract and in the lung. 
By electronmicroscopical immunocytochemistry it was 
observed that IAPP co-exists with insulin within the beta- 
cell granules [8] and lAPP is also co-released with insulin 
upon stimulation of secretion [9, 10]. 

Because of its close topographic relation to insulin a 
role for IAPP in the glucose homeostasis has been sug- 
gested [11]. Studies of the effects of IAPP upon glucose- 

stimulated insulin secretion are contradictory Some 
studies have shown inhibition of stimulated insulin se- 
cretion in the presence of IAPP [12-17], while others 
have been unable to record any effects [18-21]. The de- 
scribed peripheral effects of IAPP include a dose-de- 
pendent decrease of insulin-stimulated glucose uptake 
and glycogen synthesis in skeletal muscle and in liver 
[22, 23]. IAPP has also been reported to bind to CGRP 
receptors in liver cells [24]. Furthermore, IAPP has been 
shown to exert hypocalcaemic and vasodilator effects 
[25,261. 

We recently identified a patient with a malignant endo- 
crine pancreatic tumour, with multiple liver metastases, 
that produces large amounts of an IAPP-like molecule 
[27]. This patient subsequently developed manifest in- 
sulin-requiring diabetes during tumour progression. 

The aim of the present study was to perform a meta- 
bolic characterization of the diabetes in this patient and to 
investigate the relationship between the high circulating 
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Fig. 1 a-d. Concentrations of blood glucose, serum insulin, serum C- 
peptide and plasma islet amyloid polypeptide (IAPP) during an in- 
travenous glucose tolerance test (0.35 g glucose/kg body weight) 

levels of the IAPP-like molecule and the regulation of the 
insulin secretion as well as the insulin-mediated glucose 
disposal rate. 

Subjects, materials and methods 

The patient 

The patient was a 50-year-old man with a malignant endocrine pan- 
creatic tumour with multiple liver metastases, who was admitted to 
the endocrine ward of Uppsala University hospital for diagnosis and 
anti-tumour treatment. The malignant disease of this patient has 
been described in detail previously [27]. Diabetes has not been re- 
ported amongst the first degree relatives of the patient. Shortly after 
the tumour diagnosis he was found to have immensely increased 
blood levels of IAPP immunoreactive material at about 400 times 
the reference range for normal subjects. This immunoreactive ma- 
terial was probably a pro-peptide with a molecular weight of 
6300 Da. A study is in progress to further characterise the peptide 
produced from this patient. Preliminary data indicate that the pep- 

tide is normally processed in the N-terminal but has an elongation of 
6 amino acids in the C-terminal (unpublished result). At  the time of 
tumour diagnosis the blood glucose levels varied between 5.4 and 
6.4 mmol/1 during the day. Within 1 year the patient became diabetic 
with fasting blood glucose levels of 20-40 mmol/1 and insulin treat- 
ment was started. The insulin requirements were about 50 IU/day, 
divided into four daily doses of human insulin. One month later an 
oral glucose tolerance test was performed. The fasting blood glucose 
levels during the test increased from about 8 to 16 mmol/1 while the 
insulin remained at basal levels of about 40 pmol/1 (cf. fig. 6 in [27]). 
About 6 months later an intravenous glucose tolerance test was per- 
formed. Again blood glucose increased from about 8 to 16 mmol/1 
during the test with no effects on the insulin levels (unpublished 
data). Two years after the tumour diagnosis the patient showed signs 
of tumour progression and streptozotocin treatment was started. 
During a 1.5-year period the patient received a total of 58 g of strep- 
tozotocin. The patient responded to the streptozotocin treatment 
and thus, was able to resume a fairly normal life, working part time. 
Unexpectedly, the patient suffered a cerebral haemorrhage and died 
within 12 h in his local hospital. Except for the confirmation of the 
haemorrhage no autopsy was performed. 

Metabolic investigations 

After an overnight fast the patient was, on separate days, exposed 
to an intravenous glucose tolerance test (0.35 g/kg body weight), a 
75-g oral glucose tolerance test and an euglycaemic insulin clamp 
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[28]. The target plasma ~ucose level during the clamp was main- 
tained at 5.3 mmol/1 by plasma glucose measurements with 5-min 
intervals and adjustment of the infusion rate of 20 % glucose solu- 
tion. The infusion rate of insulin was 56 mU/m 2.rain. Glucose dis- 
posal was calculated from the amount of glucose infused and me- 
tabolized per unit of plasma insulin during the steady-state levels of 
the last 50 min of the clamp [29]. Blood samples for measurements 
of IAPR insulin and C-peptide were collected at regular intervals 
during the tests. The hormone responses to an intravenous injec- 
tion of 0.5 mg glucagon were also studied. Further, samples were 
collected after an overnight fast for determination of HbA~c, serum 
lipids and islet cell antibodies [30]. Plasma IAPP was measured by 
a recently established radioimmunoassay [27]. The assay, which 
uses standard IAPP and a polyclonal rabbit antiserum (Peninsula 
Laboratories, Belmont, Calif., USA), is a method for direct mea- 
surements of IAPP in plasma. The sensitivity was 0.125 fmol/tube 
(1.25 pmol/1 plasma) and the reference interval for normal subjects 
was calculated to less than 60 pmol/1. Serum insulin and C-peptide 
were measured by commercial radioimmunoassay kits (Pharmacia- 
LKB, Uppsala, Sweden). Other agents were analysed by conven- 
tional routine methods. 

Islet experiments 

The response of isolated rat pancreatic islets to the patient's serum 
was examined in vitro. Pancreatic islets from male adult Sprague- 
Dawley rats were isolated and precultured free-floating for 6 days 
in medium RPMI 1640 + 10% fetal calf serum (Flow Laboratories, 
Irvine, UK) at 37~ in a i r+5% COz. The islets were then 
transferred in groups of 85 to new culture dishes containing the 
same culture medium, but SUl~plemented to 10 % with either pooled 
normal human serum or serum from the patient. The medium 
was changed after 2 days. After 4 days islet glucose oxidation rates 
at 16.7mmol/1 glucose and insulin release at 1.Tmmol/1 and 
16.7 mmol/1 glucose concentrations were examined in short-term 
experiments [31]. The accumulated insulin concentrations in the 
culture medium were measured after 2 and 4 days as well as the 
insulin and DNA contents of the islets. In a separate series of 
experiments rat islets were cultured with 10% pooled normal 
human serum supplemented with either 0, 2 or 200 nmol/1 of 
synthesized rat IAPP (Peninsula Laboratories) respectively. 
The 2 nmol/1 concentration corresponds to the circulating plasma 
levels of measured IAPP in the patient after a 10-fold dilution. 
After 4 days, insulin release experiments were performed as 
described above. 

Statistical analysis 

Where applicable values are computed as mean • SEM and com- 
pared using Student's paired t-test. 

Results 

The  pa t i en t  was in sa t i s fac tory  me tabo l i c  cont ro l  with an 
HbAlc of  6.7 % ( r e fe rence  range  3.5-6.0 % )  and  fast ing 
b l o o d  glucose  levels at a b o u t  8 mmol/1. S e r u m  cho les te ro l  
was 6.5 mmol/1 ( r e fe rence  range  2.7-7.1 mmol/1), s e r u m  
t r ig lycer ides  2.5 mmol/1 ( r e fe rence  range  0 .23-  
1.70 mmol/1) and  H D L  choles te ro l  1.12 mmol/1 ( r e fe rence  
range  1.0-2.5 mmol / l ) .  No  islet  cell  an t ibod ies  were  de-  
tected.  T h e  m e a s u r e d  p l a s m a  I A P P  concen t ra t ions  were  
high, osci l la t ing b e t w e e n  15 000 and  25 000 pmol/1, which 
is a b o u t  400 t imes  the  u p p e r  r e fe rence  level of  I A P P  
( < 60 pmol/1) for  hea l t hy  subjects .  
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Table 1. Effects of adding serum from the patient with an endocrine 
pancreatic tumour secreting an islet amyloid polypeptide-like mole- 
cule (IAPP) and normal human serum (NHS) on function of rat pan- 
creatic islets in culture 

IAPP NHS 

Glucose oxidation rate 
(pmol glucose/10 islets x 90 min) 

Medium insulin accumulation day 2 
(rig insulin/85 islets x 48 h) 

Medium insulin accumulation day 4 
(ng insulin/85 islets x 48 h) 

Insulin release at 1.7 mmol/1 glucose 
(ng insulin/10 islets • 60 min) 

Insulin release at 16.7 mmol/1 glucose 
(ng insulin/10 islets x 60 min) 

Insulin content 
(ng insulin/10 islets) 

DNA content 
(ng DNA/10 islets) 

228 ~ 27 b 327 • 42 

7080+ 1870 6930• 1920 

6300+ 1110 6900 • 1300 

11.5_+ 1.1 9.8+_1.1 

62.7 • 9.5 a 86.4 • 10.3 

470 • 25 576 • 44 

310• 330+50 

Rat pancreatic islets were pre-cultured for 6 days in medium RPMI 
1640 + 10 % fetal calf serum at 37 ~ in air + 5 % CO2. Then islets in 
groups of 85 were transferred to new culture dishes containing the 
same culture medium, but supplemented with either 10% pooled 
NHS or 10 % IAPP serum. The medium was changed after 2 days. 
After 4 days the islets were subsequently examined in glucose oxida- 
tion (16.7 mmol/1) and insulin release (1.7 and 16.7 mmol/1) experi- 
ments. Values are means + SEM for 11 experiments (glucose oxida- 
tion and medium insulin accumulation) and 8 experiments (insulin 
release, insulin and DNA content), ap < 0.05, bp < 0.01 VS NHS, 
using Student's paired t-test 

D u r i n g  the in t r avenous  glucose  t o l e r ance  test ,  b l o o d  
glucose inc reased  f rom 10.4 to 15.5 mmol/1 (Fig. 1). T h e  
s e r u m  insul in and  C-pep t ide  did  no t  change  dur ing  the  
test.  P l a sma  l A P P  showed  no  signif icant  changes.  Dur ing  
the  o ra l  glucose t o l e r ance  tes t  b l o o d  glucose i nc reased  
f rom 10.2 to 16.7 mmol/1 (Fig.2) .  Se rum insulin and  C- 
p e p t i d e  inc reased  at the  end  of  the  test,  while  p l a s m a  
I A P P  r e m a i n e d  unchanged .  D u r i n g  the  g lucagon  s t imula-  
t ion tes t  the  C - p e p t i d e  i nc reased  f rom 0.51 to 0.68 nmol/1 
and  the insulin inc reased  f rom 43 to 75 pmol/1 b e t w e e n  0 
and  6 min.  T h e  p l a s m a  I A P P  did  no t  change  (da ta  no t  
shown).  

D u r i n g  the  eug lycaemic  insulin c l amp the  des i r ed  
b l o o d  glucose level  of  5.3 mmol/1 was r e a c h e d  af te r  
80 min.  The  c lamp was c o n t i n u e d  for  a n o t h e r  70 rain. The  
last  50 min  were  used  for the  ca lcu la t ion  of  g lucose  d ispo-  
sal, which  had  r e a c h e d  its s t eady-s t a t e  level  dur ing  tha t  
per iod .  The  g lucose-d isposa l  ra te  was 6.52 mg.  k g -  1. min-1 
(8.4 + 1.8 mg.  k g -  1. m i n -  1, m e a n  + SD for a g e - m a t c h e d  
n o r m o t e n s i v e  con t ro l  subjects)  and  the s t eady-s ta te  level  
of  s e r u m  insul in was 55 mU/1 (330 pmol/1) (Fig.3) .  This  
gives an insulin sensi t ivi ty  index of  11.9 ( the a m o u n t  of  
g lucose  m e t a b o t i s e d  p e r  uni t  of  p l a s m a  insul in in mg.  
kg-1 .  min-1  p e r  mU/1 mul t ip l i ed  by  100; r e fe rence  va lues  
9.8 + 3.6, m e a n  + SD for a g e - m a t c h e d  n o r m o t e n s i v e  con- 
t ro l  subjects  [29]). The  C - p e p t i d e  g radua l ly  d e c r e a s e d  
dur ing the  c l amp and  the  p l a s m a  I A P P  levels showed  an  
osci l la t ing curve.  

The  in vi t ro  expe r imen t s  with ra t  panc rea t i c  islets, 
cu l tu red  for  4 days  with a 10% s u p p l e m e n t a t i o n  of  
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Fig.2 a-d. Concentrations of blood glucose, serum insulin, serum C- 
peptide and plasma islet amyloid polypeptide (IAPP) during an oral 
glucose tolerance test (75-g glucose) 

the patient's serum, showed a significant decrease in 
the glucose oxidation rates (30%) and insulin release 
stimulated by 16.7 mmol/1 glucose (27%) as compared 
with the islets incubated with the normal human serum 
(Table 1). The insulin content in the islets and the 
accumulated insulin in the culture media did not differ 
between the groups. The number of islet cells was not 
affected as suggested by the similar DNA contents in 
all groups. 

In another series of experiments, rat pancreatic islets 
were cultured for 4 days in the presence of 10 % normal 
human serum supplemented with 0, 2 and 200 nmol/1 
of synthesized rat IAPR respectively. However, the 
glucose-stimulated insulin release at 16.7 mmol/1 glucose 
did not differ between the groups (control: 109 + 14 ng 
insulin/gg DNA; 2pmol/1 IAPP: 101 +5 ng insulin/gg 
DNA; 200 pmol/1 IAPP: 112 + 10 ng insulin/gg DNA; 
n = 9 in all groups). 

Discussion 

The almost 400-fold increase in the blood level of an 
IAPP-like peptide found in our patient is interesting in the 
context of the current debate regarding a putative diabe- 
togenic action of IAPP [32, 33]. The lack of any islet cell 
antibodies within 2 years of diabetes duration makes a di- 
agnosis of Type i (insulin-dependent) diabetes unlikely. 
The patient was non-obese and had no family history of 
Type 2 diabetes. It is also unlikely that the pancreatic beta 
cells should have been damaged by the streptozotocin 
treatment that was given as an anti-tumour treatment, 
since diabetes is rarely reported at the doses of streptozo- 
tocin administered to the patient [34]. Furthermore,  the 
diabetes developed before this therapy was started, clear- 
ly demonstrated by the two pathological glucose tolerance 
tests performed before the streptozotocin treatment. 
Therefore,  a direct diabetogenic effect of the immensely 
elevated IAPP must be considered. 

It has been reported in experimental animals that con- 
centrations of IAPP in the range of 10 -8 to 10 -5 mol/1 can 
induce decreased glucose-stimulated insulin secretion 
[12-17], although some experiments have failed to show 
any inhibitory effects at IAPP concentrations in the range 
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Fig.3a-d. Concentrations of plasma glucose, serum insulin, serum 
C-peptide and plasma islet amyloid polypeptide (IAPP) during an 
euglycaemic insulin clamp 

of 10 6 to 10 .7 mol/1 [18-21]. These different results may 
to some extent be explained by the use of different sources 
of IAPP since different biological activity has been re- 
ported with various IAPP preparations [35]. It is also 
known that human IAPP tends to fonn  amyloid, which 
also can reduce the true (active) concentrations of IAPP 
in the incubation media. However, in a recent study where 
IAPP was infused intravenously into human volunteers at 
concentrations at about 2200 pmol/l, decreased insulin re- 
lease during an intravenous glucose tolerance test was 
shown [36] while similar results could not be repeated at 
1200 pmol/1. For comparison, our patient had about 
10 times higher circulating concentrations of IAPP than 
the 2200 which resulted in decreased insulin release in the 
healthy volunteers. 

Both intravenous and oral glucose tolerance tests sug- 
gest that there is an inhibition of the early insulin response 
to glucose stimulation, however a late response was de- 
tected during the oral test. In response to glucagon stimu- 

lation, a moderate increase of both insulin and C-peptide 
was seen at 6 min. These findings indicate that the early 
phase of the glucose-stimulated insulin release was pref- 
erentially inhibited. These findings are also similar to 
what is seen in early Type i diabetes, where a differential 
sensitivity of the beta cells to different secretagogues has 
been shown [37]. 

The in vitro experiments with rat islets confirmed a di- 
rect inhibition of the insulin secretion and glucose me- 
tabolism in the rat pancreatic islets cultured in the 
presence of serum from the patient, since both the glucose 
oxidation and the glucose-stimulated insulin secretion 
was significantly decreased. These effects were recorded 
despite dilution of the patient's serum 10-fold in the cul- 
ture medium. No reduction of the glucose-stimulated in- 
sulin release was recorded after culture in the presence of 
human serum supplemented with rat IAPP in concentra- 
tions of 2 and 200 nmol/1, respectively. Thus, it cannot be 
excluded that the circulating IAPP-like molecules in this 
patient have different biological effects than "normal" 
IAPP or that the serum from the patient contains some 
unknown component  that affects the insulin release. 

Previously, euglycaemic clamp studies and glucose 
tolerance tests during intravenous infusions of IAPP have 
been performed in experimental animals. During infusion 
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of  I A P P  at a rate of  50 pmol .  kg -1 .min -1, resulting in 
I A P P  concentra t ions  at about  50 times the basal level, no 
effect was seen on the insulin-stimulated glucose disposal 
rates in dogs [38]. In  two other  studies, where infusion 
rates were  about  100 times higher (5 nmol .  kg -  1. min -  ~), 
significant reduct ions  of  the insulin-stimulated glucose 
disposal rates were  recorded  in both  dogs and rats [39, 40]. 
The  insul in-mediated glucose disposal rate found in the 
present  study was within the normal  range for heal thy 
men  of  the same age, a l though the circulating levels of  
I A P P  were about  400 times above the upper  reference 
value. Thus, if I A P P  contributes to the precipi tat ion of  
Type 2 diabetes by its effects on insulin resistance, an in- 
hibition of  the insulin-stimulated glucose disposal rate 
would have been  anticipated by the elevated I A P P  levels 
in this patient. 

Dur ing  all tests, p lasma I A P P  was oscillating at high 
levels, about  15000 to 25 000 pmol/1. These  fluctuations 
were p robab ly  due to the spontaneous  release of  the 
IAPP- l ike  molecule  f rom the tumours  and apparent ly  the 
tumours  did not  respond to the different secretory stimuli. 
It is thus possible that  this molecule  m a y  exert  biological 
effects that  are different than the "normal"  IAPP-mole -  
cule since it p robab ly  is a pro-pept ide  with six addit ional 
amino acids in the C-terminal.  This m a y  be of  some sig- 
nificance since the biological activity of  the I A P P - m o l e -  
cule is dependen t  on an amidat ion of  the C-terminal.  
Nevertheless,  this molecule  can apparent ly  exert  biologi- 
cal effects. The  high circulating levels of  I A P P  in this pa- 
tient may  be in the range of  the local concentra t ions  
reached in the intra-islet milieu, thus mimicking the auto- 
crine/paracrine-like effects possibly exerted by I A P P  [41]. 

In  conclusion, metabol ic  investigations were per- 
fo rmed on a pat ient  with a mal ignant  endocr ine  pancre-  
atic tumour,  producing marked ly  elevated circulating lev- 
els of  an IAPP- l ike  molecule,  and a concomitan t  develop-  
ment  of  diabetes during t umour  progression.  The results 
suggest that  if I A P P  has a diabetogenic  effect it is more  
likely to be exerted at the level of  insulin secretion than at 
the level of  per ipheral  insulin sensitivity. 
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