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Summary. The impact of (pancreatic) islet amyloid polypep- 
tide on glucose metabolism and insulin sensitivity was exam- 
ined in isolated rat livers perfused in a non-recirculating sys- 
tem. Continuous infusion of 10-7mol/1 islet amyloid 
polypeptide affected neither basal nor glucagon (10-9 mol/1)- 
stimulated glucose output by livers from fed rats, but it did in- 
crease the hepatic cyclic AMP release within 44min 
(7.91_+12.07 vs control: 0.07+0.03pmol-100g body 
weight-i). The effect of the peptide on the ability of insulin to 
inhibit glucagon-induced hepatic glycogenolysis was 
measured in three experimental groups (n = 6). As expected 
gtucagon (7 x 10 -11 mol/1) increased integral hepatic glucose 
release within 84 min (763.4_+ 161.7 vs - 25.7 + 73.2 
gmol. 100 g body weight -1 in the control group, p < 0.001), 
while insulin (100mU/1) decreased the glucagon-stimu- 
lated glucose production (395.2 + 180.0 gmol. 100 g body 
weight -1, p < 0.01). Simultaneous infusion of 10 -7 mol/1 islet 

amyloid polypeptide however, was not able to reverse in- 
sulin-dependent inhibition of glucagon-stimulated hepatic 
glucose output (370.0 + 102.5 gmol-100 g body weight -1, 
NS) or to enhance lactate-induced gluconeogenesis of livers 
from 24 h fasted rats (n = 8). The glucose production stimu- 
lated by 10-~ mol/1 glucagon was slightly greater in islet amy- 
loid polypeptide-pre-treated livers than in a control group 
without addition of islet amyloid polypeptide (5 rain: 
3.60 + 3.36 vs 1.67 + 1.28 gmol-min -1-100 g body weight-i). 
These results suggest that islet amyloid polypeptide neither 
directly affects hepatic glycogenolysis nor causes insulin re- 
sistance to hormone-sensitive glucose production, but may 
increase the size of the hepatic glycogen pool by enhancing 
gluconeogenesis. 

Key words: Isolated liver perfusion, insulin resistance, islet 
amyloid polypeptide. 

Peripheral insulin resistance and increase in hepatic glu- 
cose production are characteristic features in the pa- 
thogenesis of Type 2 (non-insulin-dependent) diabetes 
mellitus [1, 2]. Recently, a 37 amino acid polypeptide, islet 
amyloid polypeptide, IAPP [3], or diabetes associated 
peptide, DAP [4], has been purified from amyloid de- 
posits in the pancreas of diabetic humans and cats as well 
as from human insulinoma tissues [3-5]. IAPP was found 
to be co-localized and co-secreted with insulin by pancre- 
atic Beta cells [6, 7] and was shown to be present in the pe- 
ripheral blood of Type 2 diabetic patients [8]. 

Some evidence has been provided for the potential 
role of the peptide in the development of insulin resis- 
tance and disturbance of carbohydrate metabolism. 
IAPP inhibits insulin-stimulated glucose uptake and gly- 
cogen formation in vitro in isolated skeletal muscle and 
cultured myocytes [9, 10]. Moreover, IAPP antagonizes 
the ability of insulin to stimulate peripheral glucose dis- 
posal in hyperinsulinaemic euglycaemic clamp studies in 
vivo in rats and dogs [11, 12]. Nevertheless, conflicting re- 

sults on the impact of the peptide on hepatic carbohy- 
drate metabolism have been reported, lAPP has been 
shown to accelerate glucose incorporation into glycogen 
and to stimulate gluconeogenesis from lactate in vitro in 
HepG2 cells [13]. On the other hand, Young et al. [14] 
found decreased glycogen and glucose-6-phosphate con- 
tents in rat livers following IAPP infusion in vivo. To fur- 
ther elucidate these ambiguous findings on the metabolic 
action of IAPR its potential effects on hepatic insulin re- 
sistance and glucose metabolism were studied in the 
model of the isolated perfused rat liver. 

Materials and methods 

Male Sprague-Dawley rats (254+ 17 g; Him: OFA/SPF, Tierfor- 
schungsinstitut, Himberg, Austria) were subjected to a 12 h day- 
night cycle for at least i week before the experiment and were 
allowed free access to standard chow and tap water. 
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Fig.l, Effect ofislet amyloid polypeptide (IAPR 
10 7 mol/1) on glycogenolysis in perfused livers 
from fed rats. Continuous infusions of peptides 
were started at 0 min (10 -7 mol/11APP), at 5 min 
(100 mU/1 insulin) and at 10 min (7 x 10 -la mol/1 
glucagon), respectively, and lasted up to 94 min 
(~ ~ glucagon, o---o glucagon + insulin, 

glucagon + insulin +IAPP,  ~ IAPP 
alone, -~ ; infusion of Krebs-Ringer buffer 
serving as control). From 95 min to 120 min 
10-9 tool/1 glucagon was given in all, but 
control experiments ( ;  ; )  to empty the 
residual glycogen pool. Data are presented as 
mean + SD of six experiments in each group. 
* p < 0.01 vs glucagon infusion 

Preparation and perfusion of rat livers was performed as de- 
scribed previously [15]. Briefly, the isolated liver was placed in a hu- 
midified chamber and perfused (flow rate: 6.9 + 0.1 ml/min) in a non- 
recirculating system with oxygenated Krebs-Ringer buffer with 
dialysed, aged human erythrocytes at pH equal to 7.4 and 37 ~ and a 
haematocrit of approximately 20 %. Additionally, the medium con- 
tained 2% dialysed bovine serum albumin (BSA, fraction V; 
Boehringer-Mannheim, Mannheim, FRG). IAPP and hormones 
were dissolved in Krebs-Ringer buffer containing 2 % dialysed BSA 
to prevent non-specific binding to plastic surfaces and were admixed 
to the perfusate at a constant rate of 0.2 ml/min (Perfusor V, Braun, 
Melsungen AG, Melsungen, FRG) with a needle that was inserted 
into the portal cannula. 

Carboxyamidated rat IAPP was purchased from Peninsula La- 
boratory (Catalog-No. 7323, Belmont, Calif., USA). Its biological 
activity has been previously tested by Young et al. [14], who observed 
significant inhibition of 14C-glycogen accumulation in isolated rat so- 
leus muscle by this preparation of IAPR Human insulin (Actrapid 
MC) and glucagon were obtained from Novo-Nordisk (Copen- 
hagen, Denmark). 

Study of hepatic glycogenolysis 
The livers were isolated from fed rats at 08.00 hours, while they were 
still full of glycogen [15], and perfused with medium containing 
5 mmol/1 D( + )-glucose. After 60 min of equilibration IAPP and/or 

hormones were added and infused continuously during 94 min. Sub- 
sequently, 10-9 mol/1 glucagon was given to ensure the liver's intact 
hormonal responsiveness at the end of the perfusion and to empty 
the residual hepatic glycogen pool. 

Study of hepatic gluconeogenesis 

The rivers were depleted of glycogen by fasting the rats for 24 h prior 
to the experiments [16]. Subsequently, livers were isolated and per- 
fused with gluconeogenic precursors (10 mmol/1 L-lactate, 1 mmol/1 
pyruvate, i mmol/1 L-alanine) and 0.5 mmol/1 Na-oleate instead of 
D( + )-glucose [16]. In addition, IAPP or Krebs-Ringer buffer were 
continuously infused following a 30 min equilibration period. There- 
after, 10 -9 mol/1 glucagon was added to maximally stimulate hepatic 
glycogenolysis and to estimate the amount of glycogen formed dur- 
ing the preceding period. 

The concentrations of glucose and lactate were assayed by the 
hexokinase- and lactate dehydrogenase-method using commer- 
dally available kits (Boehringer-Mannheim). For cyclic AMP 
determination samples were applied to C8 columns (Analytichem 
International, Harbor City, Calif., USA) pre-treated with suc- 
cessive application of 2 ml methanol and 10 ml distilled water. 
After evaporation under a stream of nitrogen at 37 ~ and lyophili- 
zation, the eluated samples were reconstituted in assay buffer. Fol- 
lowing acetylation with acetic anhydride and triethylamine (1:2) 
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the samples were measured by RIA (Amersham, Amersham, 
UK). 

Hepatic production rates of glucose and lactate were calculated 
from the transhepatic concentration differences times flow rate and 
related to rat body weight (bw). Integral release of glucose or cyclic 
AMP by the liver was assessed within a defined time period from the 
area under the time-curve of glucose or cyclic AMP production 
rates, which were corrected for basal glucose or cyclic AMP output 
at time point: 0 rain, using the trapezoidal rule. 

Statistical analysis 

Unless stated otherwise data are presented as mean + SD. Statisti- 
cal evaluation was performed by the two-tailed Student's t-test or by 
analysis of variance (ANOVA) followed by Duncan's multiple range 
test as appropriate [17]. 

Results 

During continuous infusion of 10 .7 mol/1 IAPP glucose 
production rates of livers from fed rats slightly decreased 
from 2.15 + 1.07 prior to IAPP administration to a mini- 
mum of 0.78+0.47 gmol-min -1.100 g bw -1 at 60 min 
(Fig.l).  The time course of glucose production rates 
as well as the corresponding area under  the curve 
( -43 .1  + 39.1 gmol-100 g bw-1) were not different from 
that of control experiments without added IAPP 
( - 25.7 + 73.2 gmol.  100 g bw-1). However,  subsequent 
infusion of 10-9 tool/1 glucagon rapidly increased hepatic 
glucose production reaching the peak (9.75 + 2.06 gmol 
-min - l . 100g  bw -1) at 15 min demonstrating consider- 
able residual hepatic glycogen content (Fig. 1). 

Glucagon-induced glycogenolysis in livers from fed 
rats was not affected by IAPP-pre- treatment  as compared 
to control experiments (maximal glucose output after 
70 min: 13.38 + 1.55 vs 12.84 + 3.05 gmol-min -~-100 g 
bw -1, NS; Fig. 2). Interestingly, during infusion of IAPP 
the hepatic release of cyclic AMP within 44 min was in- 
creased (7.91 + 12.07 vs control: 0.07 + 0.03 pmol- 100 g 
bw-1). 

A further series of experiments tested the influence of 
IAPP on insulin sensitivity of glucagon-stimulated hepatic 
glucose production by perfused livers from fed rats 
(Fig. 1). Infusion of 7 x 10-11 mol/1 glucagon resulted in 
the expected enhancement  of glucose output  reaching its 
maximum after 40 min (Table 1). Thereafter,  glucose pro- 
duction gradually fell and the residual glycogen pool was 
emptied by subsequent infusion of 10  -9 mol/1 glucagon 
(second peak value: 13 .55+4 .67gmol .min - l -100g  
bw-1). Adding 100mU/1 insulin to the perfusate de- 
creased hepatic glucose production by 32 % after 40 min 
(p < 0.01). In the presence of 10-7 mol/11APP hepatic glu- 
cose output decreased further as compared to the infusion 
of glucagon alone (p < 0.01). Glucagon-stimulated in- 
cremental glucose release was inhibited by 48 % in the 
presence of insulin (p < 0.01 vs control) and was not 
reversed by IAPP (NS vs infusion of glucagon + insulin; 
Table 1). 

Potential effects of lAPP  on hepatic gluconeogenesis 
were studied in glycogen-free livers from 24 h fasted rats 
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Fig.2. Hepatic glucose production of perfused livers obtained from 
fed rats induced by infusion (45-90 min) of 10-9 tool/1 glucagon fol- 
lowing infusion (0-40 min) of 10-7 mol/1 islet amyloid polypeptide 
(~---e) or Krebs-Ringer buffer (control, o---o). Data are given as 
mean + SD of three experiments in both groups 

perfused with glucose-free Krebs-Ringer buffer contain- 
ing L-lactate, pyruvate and alanine as gluconeogenic pre- 
cursors. Lactate-dependent  hepatic glucose production 
rates were not different in the presence of 10 .7  mol/1 
IAPP (0-40 min) and in its absence (Fig.3). The corre- 
sponding lactate uptake rate at 40 min was gradually in- 
creased in IAPP-treated livers compared to untreated 
livers (4.7 + 5.4 vs 2.2 + 1.5 mmol- min-  1.100 g bw- 1 NS). 
However, in IAPP-pre-treated livers lactate-induced glu- 
cose production rapidly rose more than two-fold within 
5 rain from 1.66 + 1.19 to 3.60 + 3.66 pmol-min -I.  100 g 
bw-1 following exposure to 10-9 mol/1 glucagon, whereas 
glucose output was not altered in untreated rivers (at 
0 min: 1.44+0.97 and at 5min: 1 .67+1.28gmol .  
min -I. 100 g bw-% NS; Fig. 4). The incremental glucagon- 
dependent  glucose release was slightly, but not significant- 
ly enhanced in perfusates of IAPP-treated livers and re- 
mained higher until the end of the glucagon infusion at 
75 min (Fig. 4). Following pre-treatment of the liver with 
10 -l~ mol/1 IAPP (n = 3) there was a statistically signifi- 
cant elevation of glucagon-induced glucose production 
after 15min ( + 0 . 9 7 + 0 . 3 9 g m o l . m i n - i . 1 0 0 g  bw-% 
p < 0.01). 

Table 1. Maximal glucose production rates (at 40 min) and integral 
hepatic glucose release as calculated from the area under the time 
curves of Figure 1 (10 min-94 rain, corrected for basal glucose out- 
put). Data are given as mean + SD of six experiments in each group 

Maximal glucose Integral hepatic 
production rate glucose release 
(gmol.min-l-100gbw -~) (gmol.100gbw -1) 

Glucagon 15.02 + 3.50 763.4 _+ 161.7 
(= control) 
Glucagon 10.23 + 2.91 b 395.2 + 180.0 a 
+ insulin 
Glucagon 7.73 _+ 2.38 b 370.0 _+ 102.5 b 
+ insulin 
+IAPP 

a p < 0.05, b p < 0.01 VS control; bw, body weight; IAPE islet amyloid 
polypeptide 
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Fig. 3. Effect of islet amyloid polypeptide (IAPP, 10- 7 mol/1) on glu- 
cose production and glycogen synthesis in livers from 24 h fasted 
rats. Following infusion of IAPP (~--o)  or Krebs-Ringer buffer 
(control, 0 - -0 )  from 0 rain to 40 min 10 -9 mol/1 glucagon was ad- 
mixed from 45 min to 120 min for estimation of the hepatic glycogen 
stores by measuring glucagon-sensitive glucose release. Data are 
presented as mean _+ SD of eight experiments in both groups 
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Fig.4. Cumulative hepatic glucose release, corrected for basal he- 
patic glucose output, estimated within 15 min, 30 min and 75 min 
after addition of glucagon in the experiments of Figure 3 (islet amy- 
loid polypeptide: hatched bars, control: empty bars). Data are given 
as mean + SEM of eight experiments in both groups 

Discussion 

The results indicate that IAPP neither affects basal he- 
patic glucose production nor counteracts insulin-sensitive 
glucagon triggered hepatic glycogenolysis. IAPP in- 
creases, however, the glucagon-sensitive glycogen pool in 
the rat liver possibly due to promotion of hepatic glucone- 
ogenesis. 

Amidated lAPP was infused at a concentration of 
10 -7 mol/1, which is close to the half-maximal-inhibition 
(ICs0) of its binding to receptors for calcitonin gene- 
related peptide on rat liver plasma membranes (3 x 
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10 .7 mo1/1) [18], but considerably higher than concentra- 
tions of the peptide circulating in human plasma (approxi- 
mately 10 -11 mol/1) [8]. 

The observation of the present study that hepatic gly- 
cogenolysis from perfused livers of fed rats is not stimu- 
lated by IAPP is in agreement with unpublished data in a 
perfused rat liver system mentioned by Sowa et al. [11]. 
Similarly, infusion of 5 nmol. kg- 1. min- 1 IAPP in vivo in 
a hyperinsulinaemic euglycaemic clamp study using 18 h 
fasted rats [14], when the liver becomes the only source of 
glucose entering the circulation [16], did not change the 
overall rate of glucose appearance despite a rise in blood 
glucose levels. These authors explained the observed in- 
crease by IAPP in blood glucose concentrations by an 
extrahepatic block of peripheral glucose disposal, since 
2-deoxy-, but not 3-O-methyl-D-glucose uptake was in- 
hibited by 10 and 100 nmol/1 IAPP in isolated rat soleus 
muscle [14]. The observation that 0.1 nmol/1 lAPP accel- 
erates the breakdown of previously labelled glycogen in 
HepG2 cells [13] could not be confirmed by our ex- 
perimental approach. 

Despite its inability to directly affect basal hepatic gly- 
cogenolysis in fed rats IAPP is still able to impair hepatic 
insulin sensitivity by its induction of insulin resistance in 
vivo and in vitro in isolated skeletal muscle [9-12]. How- 
ever, IAPP did not reverse insulin-dependent inhibition of 
glucagon-stimulated hepatic glucose production in the 
perfused rat liver. This observation is in contrast to the 
findings of Molina et al. [12], who reported that IAPP an- 
tagonized insulin-dependent inhibition of hepatic glucose 
output during a hyperinsulinaemic glucose clamp study in 
non-diabetic rats. The fact that these results were ob- 
tained in vivo and not in an isolated liver suggests that the 
observed rise in hepatic glucose output during IAPP ex- 
posure had been caused by increased provision of glu- 
coneogenic precursors in the course of decreased glucose 
uptake and metabolism by skeletal muscle. 

lAPP dit not affect glucose release from livers of 24 h 
fasted rats perfused with a glucose-free, lactate-contain- 
ing medium, whereas in livers exposed to lAPP glucagon 
induced stimulation of hepatic glycogenolysis. This effect 
was more pronounced in the presence of 10-10 tool/11APP 
and may relate to increased hepatic glycogen formation 
from gluconeogenic precursors (L-lactate, pyruvate and 
alanine). Similarly, an 80 % rise by 10 pmol/1 IAPP in the 
rate of hepatic gluconeogenesis from lactate has been re- 
ported in HepG2 cells [13], which is, however, in contrast 
to an in vivo study demonstrating a reduction in liver gly- 
cogen following IAPP exposure [14]. On the other hand, 
the IAPP-dependent elevation of glucagon-induced gly- 
cogenolysis in livers from fasted rats could be explained by 
promotion of the glycogenolytic action of glucagon. In this 
context, it is of interest that binding of IAPP to hepatic re- 
ceptors for calcitonin gene-related peptide activates ade- 
nylate cyclase [18], which catalyzes the synthesis of cyclic 
AMR which in turn serves as second messenger of gluca- 
gon action [19, 20]. Although the present study reports 
evidence for increased cyclic AMP production during 
IAPP infusion, IAPP did not increase glucagon-depend- 
ent glycogenolysis in livers from fed rats. It should be 
noted that recently Stephens et al. [21] demonstrated that 
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I A P P  r a t h e r  b inds  to  r ecep to r s  l oca t ed  at  n o n - p a r e n c h y -  
ma l  cells  of  r a t  liver. 

In  conclus ion ,  I A P P  does  no t  affect  hepa t i c  g lycogeno-  
lysis, bu t  inc reases  the  p r o d u c t i o n  of  cyclic A M P  and m a y  
s t imula te  hepa t i c  g luconeogenes i s  and  g lycogen  synthesis  
d i rec t ly  and /o r  by  m o d u l a t i n g  the  g lucagon  ac t ion  on  the  
liver. 
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