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Abstract

To elucidate the metabolism of islet amyloid polypeptide
(IAPP) with respect to a possible renal elimination we inves-
tigated IAPP levels in 20 lean, nondiabetic patients with
renal failure maintained on chronic hemodialysis (HD) and
in 20 healthy controls. The basal levels of IAPP were signifi-
cantly higher in uremic patients than in controls (15.1±3.2
vs. 3.2±0.2 pM, P < 0.001) suggesting renal excretion of
IAPP. To investigate the impact of chronically elevated lev-
els of endogenous IAPP on insulin secretion and insulin
sensitivity, a frequently sampled intravenous glucose toler-
ance test (FSIGT) was performed in a subset of patients on
hemodialysis and in age-matched healthy controls (C) and
obese patients with normal (NGT) and with impaired glu-
cose tolerance (IGT). Insulin sensitivity index (SI) was
8.7±1.5 in C (P < 0.05 vs. NGT, P < 0.01 vs. IGT), 5.4±0.9
in HD(P < 0.05 vs. IGT), 3.1±1.0 in NGT, and 2.0±0.5 in
IGT. First phase insulin secretion was increased in patients
on HDcompared with those of several control groups. The
results of this study therefore indicate a renal route of me-
tabolism of IAPP. Increased endogenous circulating IAPP
levels over a long period of time do not lead to a decrease
in insulin release in patients on HDand do not cause the
insulin resistance commonly seen in obesity and diabetes.
Increased levels of circulating UIPP therefore are not likely
to be a pathogenetic factor in the development of non-insu-
lin-dependent diabetes mellitus (NIDDM). (J. Clin. Invest.
1994. 94:2045-2050.) Key words: amylin * oral glucose tol-
erance test * intravenous glucose tolerance test * insulin sen-
sitivity non-insulin-dependent diabetes mellitus

Introduction

Islet amyloid polypeptide (IAPP)' or amylin has recently been
identified as the major protein component of amyloid deposits
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NIDDM, non-insulin-dependent diabetes mellitus.

of pancreatic islets of type II diabetic patients ( 1, 2). IAPP is a
37-amino acid peptide with a sequence homology to calcitonin
gene-related peptide and is stored together with insulin in the
B cell secretory granules of the human pancreatic islets (3). In
in vitro experiments, IAPP inhibits insulin-stimulated glycogen
synthesis in rat skeletal muscle (4) and impairs glucose utiliza-
tion (5). It has further been reported, that high doses of IAPP
inhibit glucose-stimulated insulin release from isolated rat islets
(6). However, other investigators have not supported a role for
IAPP in the regulation of insulin secretion (7, 8). In animal
experiments, high-dose infusion of [APP causes insulin resis-
tance (9, 10). These insulin antagonist actions of IAPP led to
speculations about a possible role of IAPP in the pathogenesis
of non-insulin-dependent diabetes mellitus (NIDDM) ( 11 ).

In man, it has been shown, that [APP is co-secreted with
insulin from the pancreatic B cell (12, 13) and that levels of
IAPP are elevated in obesity (14) and after dexamethasone
treatment (15). In NIDDM, a decrease of stimulated IAPP re-
lease precedes impairment of insulin secretion (14, 16). The
increase of [APP in obese and dexamethasone treated subjects
parallels that of insulin and is therefore likely to be secondary
to the insulin resistance seen in these patients. To investigate
the primary effect of IAPP on insulin secretion and insulin
sensitivity, Bretherton-Watt and co-workers infused IAPP in
lean, nondiabetic subjects (17). Circulating IAPP levels > 90
times normal postprandial peaks were necessary to decrease
glucose-stimulated insulin secretion, but had no effect on glu-
cose disposal. The authors concluded that circulating IAPP is
unlikely to play a role in the pathogenesis of NIDDM, but a
long-term effect of increased IAPP levels could not be ruled
out. To investigate the effect of circulating IAPP on insulin
secretion and insulin resistance in man, however, a suitable
model would be a condition, in which IAPP levels are chroni-
cally elevated, outside the context of insulin resistance.

The metabolism and excretion of IAPP have not yet been
elucidated. Considering a possible renal elimination of IAPP
we investigated IAPP, insulin, and C peptide levels in fasting
state and after hemodialysis in lean, nondiabetic patients with
renal failure. If IAPP levels were increased in these patients,
renal failure may serve as a model of chronic increase of endog-
enous IAPP in lean, nondiabetic subjects. Measurement of insu-
lin sensitivity and secretion in these patients would allow an
estimate of the impact of increased circulating [APP levels on
the development of NIDDM.

Methods

Subjects
The study group consisted of 20 lean, nondiabetic patients with renal
failure maintained on hemodialysis (mean age 39.8±6 yr, body mass
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index [BMI] 21.2±1.2 kg/M2); 20 lean, nondiabetic control subjects
(mean age 42.6±14.7 yr, BMI 22.0+0.7 kg/M2); 16 obese patients
(mean age 40±4 yr, BMI 39±1.3 kg/M2), 8 with normal and 8 with
impaired glucose tolerance according to classification of the National
Diabetes Data Group ( 18). All subjects gave informed consent to partic-
ipate in this study, and had no personal or family history of diabetes
mellitus. The protocol of the study was approved by the Ethical Commit-
tee of the University of Vienna.

Protocol
Study I. After an overnight fast blood was drawn in 20 control subjects
and in 20 patients with renal failure before and immediately after hemo-
dialysis for measurement of glucose, insulin, C-peptide, and IAPP.

Study II. Eight patients on hemodialysis (HD), 8 age- and weight-
matched lean control subjects and 16 age-matched obese subjects under-
went an oral glucose tolerance test (75g) to measure glucose, insulin,
and IAPP secretion. On a separate day, insulin secretion capacity and
insulin sensitivity was assessed by a frequently sampled intravenous
glucose tolerance test (FSIGT).

Oral glucose tolerance test (OGTT)
The subjects underwent a standard (75 g) OGTTafter an overnight fast.
Blood was drawn at 0, 30, 60, 90, 120, and 180 min for measurement of
glucose, C peptide, insulin, and IAPP.

Frequently sampled intravenous glucose tolerance
test (FSIGT)
For each subject, the experimental protocol started at 8:00 AM, after
an overnight fast. A catheter was inserted into an antecubital vein for
blood sampling and into a contralateral antecubital vein for glucose
injection. Basal samples were drawn at -20, -10, and -1 min. At time
0, glucose (300 mg/kg body wt) was injected in 1 min. Additional
samples were collected at 2, 3, 4, 5, 6, 8, 10, 12, 13, 16, 19, 22, 25,
30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 140, 160, 180, 210, and 240
min for measurement of glucose and insulin.

Assays
Blood glucose was determined by an American Monitor-Parallel Ana-
lyzer. Serum insulin and C peptide were measured by commercial RIA
(RIA-gnostR Insulin; Behringwerke AG, Marburg, Germany; RIA-
matR C-peptid II; Byk-Sangtek, Dietzenbach, Germany). [APP was
measured by an RIA developed in our laboratory (13). To determine
IAPP, venous blood samples (at least 10 ml) are collected into ice-
chilled, EDTA-coated polystyrene tubes. EDTAplasma is obtained by
centrifugation, and IAPP is extracted from the plasma by 'Sep-Pak
C18' cartridges (Waters/Millipore, Milford, MA) with methanol/tri-
fluoroacetic acid/water as the mobile phase (p.A. grade; Merck, Darms-
tadt, Germany). The cartridges are activated with 5 ml of methanol
followed by 5 ml of methanol/TFA/water in the volume ratio of
5:0.5:94.5. IAPP is then adsorbed by slow passage of the plasma samples
(at least 5 ml each) over the cartridges (vacuum manifold). After a
washing step with 4 ml of methanol/TFA/water 20:0.5:79.5 by volume,
the peptide is desorbed by 2 x 2 ml of methanol/TFA/water 90:0.5:9.5
by volume. The eluates are dried by a vacuum-concentrator (SVC 220H,
Savant Instruments, Farmingdale, NY) and stored at -20'C until IAPP-
RIA (for up to 2 wk). Extraction of IAPP prevents from cross-reaction
and assay interference by uremic products normally cleared by the kid-
neys.

For [APP-RIA the dry plasma extracts are reconstituted in 350 1I
of phosphate RIA-buffer (0.05 mol Na-phosphate, pH 7.4, 0.95 g Na-
azide, 1 mmol EDTA, 3 g bovine serum albumin, 1 ml Triton X-100
per liter) and triplicate 100-,1 aliquots are incubated with 100 ,I of
rabbit anti-human IAPP (Peninsula, Belmont, CA), simultaneously to
100-,ul aliquots of appropriate dilutions of [APP calibrator (range 4-
260 fmol/ml) at +40C for 24 h 100 Itl of 1251-IAPP-tracer (- 20.000
cpm; Peninsula, Belmont, CA) are then added for another 24 h. Peptide
bound to antibody finally is separated from unbound by precipitation

with 0.5 ml antibody-immunoprecipitating reagent (sheep anti-rabbit,
Sorin/Biomedica, Salluggia, Italy) for 30 min at room temperature,
followed by addition of 1 ml of ice-chilled RIA buffer and collection
of the precipitate by centrifugation at +40C (5,000 g, 30 min). Super-
nates are removed by suction and the radioactivity of the pellets is
determined by gammacounting. [APP content of the samples is calcu-
lated by computer-aided processing of results from gamma counting,
using a logit-log-transformation of the calibrator curve.

Weuse dilutions of anti-IAPP providing antibody binding of tracer at
zero dose of IAPP (BO) ranging from 15 to 20%of the total. Nonspecific
binding of tracer is < 3% of total, the lowest detectable dose of IAPP
clearly different from zero is 0.4 fmol/tube, i.e., 0.3 pM, if 5 ml of
plasma are used (criterion: BO - 3 SD). Calibrator doses equivalent to
80, 50, and 20% of tracer-binding relative to zero dose are 2.2, 6.2, and
18 fmol, respectively. Within and between run precision within this
linear range of the RIA are 10 and 15%.

To test the recovery of IAPP from plasma, three EDTA-plasma
samples with low (< 1 pm; patients with type I diabetes), as well as
four samples with high (> 10 pM) endogenous IAPP content were
spiked by addition of 1, 2, and 4 pM of synthetic IAPP. Recoveries
ranged from 75% as the lowest and 90% as the highest extreme
(85±5%). IAPP values paralleled the calibrator curve, when aliquots
of 5 ml of plasma samples (n = 5) with endogenous IAPP content
ranging from 6 to 15 pM were diluted with 0.15 MNaCl to ratios of
plasma/NaCl of 1:0.5, 1:1, 1:2, and 1:3.

Characterization of plasma-IAAP by sequential HPLCof
plasma extracts and RIA
The IAAP immunoreactive material (IAPP-irm) measured by RIA in
plasma extracts is not necessarily identical to authentic, intact IAAP.
To test for a possible heterogenity of plasma [AAP-irm we performed
HPLC of plasma extracts, followed by determination of IAAP-irm in
the eluate from the column.

Pooled plasma extracts were obtained as described above for the
RIA procedure from 50 ml each of EDTA plasma from four healthy
subjects, and four patients on hemodialysis. For HPLCthe extracts were
reconstituted in a solution containing 0.3 g of bovine serum albumine
in 100 ml of water. HPLCinstrumentation was: the gradient pump SP
8800 from Spectra-Physics (San Jose, CA), the UV/VIS-detector model
Chrom-A-Scope No. 1970 from BarSpec (Rehovot, Israel), and the
fraction collector Mo. 203 from Gilson Medical Elec. Inc. (Middleton,
WI). Aliquots of reconstituted plasma extract corresponding to 5 and
10 ml of plasma were injected onto a reversed phase column (solid
phase material Nucleosil 100-3C18; Machery/Nagel, Duren, Germany;
column dimensions 150/4 mm, column filled by Forschungszentrum,
Seibersdorf, Austria). The mobile phase consisted of a linear gradient
of 10:100 ml-60:100 ml of acetonitrile in water, containing 1:100 ml
of trifluoroacetic acid (TFA), and was delivered at a flow rate of 1 ml/
min for 40 min. 1-ml fractions of the eluate were collected and brought
to dryness by vacuum concentration. After reconstitution of the dry
eluates in RIA buffer, their content of [AAP-irm was determined by
RIA as described above.

Data analysis
FSIGT date were submitted to the computer program, which calculates
the characteristic metabolic parameters by fitting glucose and insulin
data to the minimal model that describes the time courses of glucose
and insulin concentrations (MINMOD; 19). The glucose disappearance
minimal model accounts for the effect of insulin on glucose disappear-
ance after exogenous glucose injection. It provides the insulin sensitivity
index SI [min-1/(U/ml)].

Statistical analysis
All data are presented as means±SEM. Analysis of variance was used
to compare insulin secretion (SI), plasma [APP, glucose, insulin, and
C peptide concentrations among the groups. Statistical analysis for the
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Figure 1. Basal IAPP levels in patients on HDbefore and after hemodial-
ysis and in healthy controls,* P < 0.001 (before HDvs. C, before vs.
after HD).

increase of peptides from basal was done with the student's t test. A P
value < 0.05 was considered significant.

Results

Basal data
The basal levels of [APP (Fig. 1) were significantly higher in
uremic patients than in controls (15.1±3.2 vs. 3.2±0.2 pM, P
< 0.001). After HD, IAPP decreased significantly from
15.1±3.2 to 5.8±0.6 pM (P < 0.001). Insulin levels were
significantly higher in patients than in controls ( 107.4±12.0 vs.
45.1±10.2 pM, P < 0.05) and did not decrease significantly
during HD (69.6±12.1 pM). C peptide was significantly in-
creased in patients compared to controls (7.7±0.4 vs. 0.6±0.1
nM, P < 0.001 ) and decreased significantly after HDto 5.1±0.6
nM (P < 0.001).

Stimulated data
OG7T. During the OGTJ glucose levels (Fig. 2 a) were sig-
nificantly higher in patients on HDcompared with controls at
120 min (8.1± 1.0 vs. 4.9±0.9 mM, P < 0.05) and at 180 min
(6.7±0.6 vs. 4.4±0.5 mM,P < 0.05). Basal Insulin levels (Fig.
2 b) were significantly higher in patients on HD(96.1 ± 15.2 vs.
45.3±10.2 pMin controls, P < 0.05) and increased significantly
to a peak value of 471.5±117.2 vs. 250.2±49.8 pM (in con-
trols) after 60 min. At 180 min, insulin remained significantly
higher in patients on HDcompared with controls (391.8±198.2
vs. 101.4±39.6 pM, P < 0.05). C peptide levels increased from
5.1±1.1 vs. 0.7±0.1 nM (P < 0.001) to a peak of 8.5±0.4 vs.
3.5±0.2 ng/ml after 60 min (P < 0.001). C peptide gradually
declined in controls, however, in patients on HD it remained
significantly elevated (8.3±0.2 vs. 1.9±0.5 ng/ml after 180
min, P < 0.001). In controls, IAPP levels (Fig. 2 c) increased
significantly from 3.2±1.6 pM to a peak level of 8.2±1.0 pM
after 60 min (P < 0.05), then declining to 4.8±1.1 pM after
180 min. In patients on HDIAPP (basal 17.2±3.7 pM) could
be stimulated in each patient, however, the SEMof IAPP in
the patients group of renal failure was so large that the increment
of IAPP calculated for all patients did not reach statistical sig-
nificance.

Integrated insulin response during OGTT(areas under the
curve) was 36096+5430 pM/3 h in controls and 64620±7512
pM/3 h in patients on HDand showed no statistically significant
difference.

Characterization of plasma-IAAP by sequential HPLC. The
results of this experiment are shown in Fig. 3, confirming that
the IAPP-irm measured by RIA in plasma extracts is identical
to authentic, intact IAAP.

IVGT7. Fig. 4 shows the increase of insulin after intrave-
nous glucose. Insulin increased from basal 85±7 pM in HD,
47±3 pMin C, 69±6 pM in normal glucose tolerance (NGT),
and 120±11 pM in impaired glucose tolerance (IGT) to a peak
of 306± 18 pM (at 3 min) for controls (C), 806±100 pM (at
3 min) for HD, 264±42 pM (at 10 min) for NGT, and at
330±24 pM (at 60 min) for IGT. SI and total insulin secretion
are shown in Table I. In short, SI was insignificantly lower in
HDcompared to C (P = 0.07), and significantly lower in NGT
vs. C and in IGT vs. C and HD. Total insulin secretion was
significantly higher in NGTand HDcompared with C. In IGT
insulin secretion was highest among all groups, the compari-
sons, however, did not reach statistical significance because of
the large range of SEM.

Discussion

This study demonstrates substantially increased levels of circu-
lating IAPP in lean, nondiabetic patients on hemodialysis. This
finding not only suggests an important role of the kidneys in
the excretion of IAPP but also presents a model to study the
impact of chronically elevated IAPP levels on glucose metabo-
lism in lean subjects. The results of the metabolic studies dem-
onstrate that none of these patients has become diabetic despite
long standing increased circulating IAPP and that elevated LAPP
levels do not impair insulin secretion or lead to the insulin
resistance commonly seen in obesity or diabetes.

Very little is known about the metabolism of IAPP. Sowa
et al. (10) found a reduced effect of IAPP on insulin-stimulated
glucose metabolism when it was infused via the portal vein
compared with a peripheral vein suggesting an important role
of the liver in the degradation of IAPP. This finding could not
be confirmed by a recent study by Sanke et al. (16), which
reports no hepatic effect of infused amylin in rats. Although we
cannot exclude a hepatic extraction of IAPP, the almost fourfold
increase of circulating levels of [APP, presumably on the basis
of decreased renal clearance, in the patients studied is compara-
ble with that of C peptide, and therefore strongly suggests pre-
dominant renal excretion of IAPP analogous to excretion of C
peptide. A possible assay interference by products normally
cleared by the kidneys could be ruled out by the HPLCexperi-
ment. The evidence for renal elimination of IAPP is further
substantiated by our very recent finding, that IAPP kinetics
during an OGTTresemble those of C peptide rather than those
of insulin (20).

The role of circulating IAPP in the pathogenesis of NIDDM
remains controversial. IAPP has been shown to impair glucose
disposal in in vitro experiments (4, 5) and in animal studies
(9, 10). While a decrease of insulin secretion from the isolated
pancreas after IAPP perfusion has been reported (6), other
authors could not confirm these findings (7, 8). Since these
studies, however, used extremely high doses of IAPP, the rele-
vance of their findings to the physiologic role of [APP in human
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subjects might be questioned. In humans, circulating IAPP is
increased together with insulin in obese patients with normal
and impaired glucose tolerance ( 14) and in patients treated with
dexamethasone ( 15 ). It is therefore assumed, that this increase
in both hormones is secondary to insulin resistance and thus it
is not possible to infer a causal role for IAPP in the pathogenesis
of insulin resistance. To study the effect of IAPP on glucose
metabolism, Bretherton-Watt and co-workers studied insulin se-

cretion and insulin sensitivity during high-dose infusion of IAPP
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Figure 3. IAAP-irm in HPLC fractions originating from the pooled
plasma extracts from healthy persons (open), patients on hemodialysis
treatment (black), compared with IAAP-irm of authentic synthetic
IAAP (shaded) subjected to HPLC.

in lean, non-diabetic subjects (17). LAPP concentrations > 90
times normal postprandial peaks were necessary to decrease
glucose-stimulated insulin secretion, but had no effect on glu-
cose disposal. The authors concluded that IAPP is unlikely to
act as a circulating hormone. This study, however, could only
assess the acute effects of IAPP on glucose metabolism and,

1000-

800

0.i 600

z

m 400'

200

-30 0 30 60 90 120 150 180 210 240

TIME (min)

Figure 4. Insulin levels following intravenous glucose in controls, pa-

tients on HD, obese patients with NGTand IGT. (-o-, controls;
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Table I. SI and Insulin Secretion in Controls, Patients on HD,
and Obese Subjects with NGTand IGT

SI Total secretion

min-'1(jhUml) pM in 240 min

HD 5.4±0.9 5299±4771
C 8.7±1.5 3017±354
Obese NGT 3.1±1.0* 4588±596*
Obese IGT 2.0±0.5*1 10703±3686

* P < 0.05 NGTvs. C; t P < 0.001 IGT vs. C;
HD; I P < 0.0 IHD vs. C.

IP < 0.01 IGT vs.

therefore, does not exclude a possible role of chronically in-
creased IAPP levels. Another objection is the biological activity
of the IAPP infused in this study. As only COOH-terminal
amidated IAPP, which is presumed to be the biologically active
moiety (21), was infused, a potential role of the nonamidated
form could not be elucidated and the biological activity of syn-
thesized amidated or nonamidated peptide cannot be guaranteed
in the absence of known responsive tissues for assessing the
viability of preparations.

Renal failure serves as a model of chronic elevation of
circulating endogenous IAPP in nonobese, nondiabetic patients
and therefore reflects the long-term effect of IAPP on glucose
homeostasis. We therefore investigated the influence of in-
creased IAPP levels on insulin sensitivity and insulin secretion,
as a decrease in both is a hallmark of NIDDM. It is well known
that chronic renal failure is associated with glucose intolerance
and insulin resistance (22). In our patients the oral glucose
tolerance test showed significantly higher glucose levels at 120
and 180 min, and a higher, although not significant, integrated
insulin response in patients on HD, which reflects the lower,
though not statistically significant insulin sensitivity compared
with controls. These findings of a modest decrease of insulin
sensitivity are in good agreement with the report that insulin
resistance, which is a feature of untreated renal failure, improves
or even reverses after initiation of hemodialysis (23). In patients
on HD, SI was slightly higher than in obese patients with normal
glucose tolerance and significantly higher than in patients with
impaired glucose tolerance. The patients on HDexhibited basal
IAPP levels of about 17 pM, whereas those for obese patients
have been shown to be in the range of 4-5 pM (14). Substan-
tially increased IAPP levels therefore do not cause the degree of
insulin resistance commonly found in obese (24) and NIDDM
patients (25). Furthermore, the apparent disparity between the
degree of insulin resistance and the basal IAPP levels makes it
very unlikely that IAPP is involved in the pathogenesis of insu-
lin resistance.

To study the impact of increased IAPP on insulin secretion
an FSIGT was performed in a subset of study subjects. If in-
creased IAPP is likely to adversely affect insulin secretion, at
least a blunted insulin response following intravenous glucose
should be expected. In patients on HD, however, we found an
exaggerated first phase insulin response compared to control
and obese subjects. This phenomenon has been described by
several authors (23, 26-28). While the exact cause remains to
be clarified, the increased first phase insulin response could
be attributed to the prevailing PTH level. In accordance with

published results (27), the second phase insulin secretion was
slightly higher than in normal subjects, but lower than in obese
subjects, reflecting the different insulin sensitivity in the respec-
tive groups. This finding clearly demonstrates that chronic four-
fold elevation of IAPP levels compared with controls does not
impair insulin secretion.

Although impaired glucose tolerance and insulin resistance
can be seen in patients on HD (23), there is no report on an
increased onset of NIDDM in uremic patients. This is in
agreement with the observation that none of our patients has
become diabetic despite a longstanding elevation of IAPP. Very
recently, Fox and co-workers (29) presented a human islet amy-
loid polypeptide transgenic mouse model and investigated glu-
cose metabolism and amyloid deposition. Despite a fivefold
increase of circulating IAPP, insulin, and glucose levels were
not elevated compared with control animals and the investiga-
tors were unable to detect amyloid deposits. These findings
support our results in human subjects.

In conclusion, the results of this study demonstrate that
circulating IAPP is elevated in patients on hemodialysis which
emphasizes an important role of the kidneys in excreting IAPP.
The chronically increased levels of endogenous IAPP in these
patients do not lead to the insulin resistance usually seen in
obesity and NIDDMor an impairment of insulin secretion, both
of which are hallmarks of NIDDM. Our findings, therefore, do
not support a role of circulating IAPP in the pathogenesis of
NIDDM. This is further substantiated by the fact that even a
marked, longstanding elevation of circulating IAPP did not lead
to the development of NIDDM in these patients. The impact
of IAPP on the pathogenesis of type 2 diabetes via paracrine
precipitation in the pancreatic islets cannot be excluded.
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