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Islet amyloid is a characteristic feature of type 2 dia-
betes. Its major component is the normal B-cell secretory
product amylin, or islet amyloid polypeptide (IAPP). To
determine whether increased or disproportionate
release of amylin may explain the propensity for amy-
loid deposition in type 2 diabetes, we measured plasma
amylin-like immunoreactivity (ALIl) and immunoreac-
tive insulin (IRI) release in response to an oral glucose
load in 94 Japanese-American subjects with normal glu-
cose tolerance (NGT; n = 56), impaired glucose toler-
ance (IGT; n = 10), and type 2 diabetes (n = 28) as
defined by World Health Organization criteria. The
incremental increase in ALI, IRI, and glucose (G) at 30
min after oral glucose ingestion was used to calculate
AALI/AG and AIRI/AG as measures of B-cell function.
Overall glucose metabolism was assessed as the incre-
mental glucose area (glucose AUC) during the 2 h of the
oral glucose tolerance test. As expected, plasma glucose
concentrations at both fasting (NGT, 5.0 £ 0.4; IGT, 5.5
+0.1; type 2 diabetes, 6.2 = 0.3 mmol/l; P < 0.0001) and
2h (NGT, 6.7 £0.1; IGT, 9.4 £ 0.3; type 2 diabetes, 13.2
+ 0.5 mmol/l; P < 0.0001) were elevated in individuals
with IGT and type 2 diabetes. In response to glucose
ingestion, plasma IRl and ALI increased in all subjects,
but these increments were lower in individuals with
reduced glucose tolerance, as reflected in the AIRI/AG
(NGT, 119 £ 10.3; IGT, 60.7 + 7.1; type 2 diabetes, 49.7
+ 5.4 pmol/l; P < 0.0001) and AALI/AG (NGT, 2.6 + 0.2;
IGT, 1.8 + 0.3; type 2 diabetes, 1.2 £ 0.1 pmol/l; P <
0.0001). Moreover, these reductions in the 30-min
incremental ALI and IRl responses were proportion-
ate such that the molar ratio of ALI to IRl was not dif-
ferent among the three groups (NGT, 2.6 £0.2; IGT, 2.9
+ 0.3; type 2 diabetes, 2.9 + 0.3%; NS). Further, the
relationship between B-cell function, measured as
either AIRI/AG or AALI/AG, and glucose metabolism,
assessed as glucose AUC, was nonlinear and inverse in
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nature, with r? values of 0.38 (P < 0.0001) and 0.33
(P < 0.0001), respectively. We conclude that the
reduced B-cell function of IGT and type 2 diabetes
includes proportionate reductions in both IRl and ALI
release. Thus, it is unlikely that the development of
islet amyloid in type 2 diabetes is the result of
increased release of ALI. Diabetes 47:640-645, 1998

ype 2 diabetes is characterized by B-cell dys-

function manifest in part as a reduction in insulin

release (1). This alteration can be demonstrated

before the onset of clinical hyperglycemia,
namely in subjects with impaired glucose tolerance (IGT;
2,3). It has been hypothesized that deposition of islet amy-
loid results in a reduction in islet mass, thus contributing to
impaired insulin release (4-7). Islet amyloid has been
shown to be present in animal models of type 2 diabetes at
a stage when these animals have IGT (8,9). Although the
presence of these islet deposits in patients with diabetes has
been recognized for over 90 years (10), only within the past
10 years have these deposits been recognized to contain a
novel 37-amino-acid peptide termed amylin, or islet amyloid
polypeptide (IAPP) (11,12).

After the identification and sequencing of amylin, we and
others demonstrated that amylin is a normal B-cell secre-
tory product that is co-released with insulin (13-15). It has
been postulated that increased amylin release may con-
tribute to the pathogenesis of type 2 diabetes by leading to the
formation of islet amyloid and/or by inducing insulin resis-
tance and diminished insulin secretion (16). Limited human
studies suggest that amylin levels are increased with obesity
(17) and that it is present in plasma of individuals with type
2 diabetes at concentrations that are lower, similar, or higher
than control subjects (14,18). Limited immunostaining stud-
ies in cats performed at a time when they have islet amyloid
and IGT suggest that amylin production may be increased dur-
ing the pathogenesis of the type 2 diabetes syndrome in these
animals (9). Thus, although it is certain that amylin is impor-
tant in islet amyloidogenesis, it is unclear whether increased
amylin secretion occurs in type 2 diabetes either when the dis-
ease is fully established or during its development.

Because type 2 diabetes and IGT are very common among
Japanese Americans living in King County, Washington
(19,20), this population provides an ideal cohort in which to
examine the relationship between glucose tolerance and
amylin secretion. Therefore, we performed a cross-sectional
study in 94 members of this population group to answer the
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TABLE 1

Plasma glucose, IRI, and ALI levels during the OGTT based on glucose tolerance status

NGT IGT Type 2 diabetes P value Age-adjusted P value
n 56 10 28
Glucose (mmol/l)
0-min 5.0+ 0.04 55+0.1% 6.2 +0.3* <0.0001 <0.0001
30-min 89+0.2 9.8+0.5 10.5 £ 0.4* <0.0001 <0.0001
60-min 9.1+0.2 11.6 £0.7% 13.5+ 0.4*f <0.0001 <0.0001
120-min 6.7+0.1 9.4+0.3t 13.2 £ 0.5*t <0.0001 <0.0001
IRI (pmol/l)
0-min 58.9+4.2 724+7.6 102.1 + 16.7* 0.004 0.005
30-min 496 + 39 331+43 308 + 30* 0.003 0.004
60-min 567 + 48 489 + 96 450 £ 53 0.3 0.4
120-min 343 + 26 487 £ 28% 729 = 101* <0.0001 <0.0001
ALI (pmol/l)
0-min 53%0.5 59+1.2 6.7+13 0.4 0.3
30-min 152+1.0 145+ 20 11.6 + 1.4* 0.1 0.1
60-min 215+13 23.5+£3.7 17.0+ 1.7* 0.08 0.08
120-min 200+1.2 28.2 £ 3.0¢ 25.0£2.2* 0.01 0.03

*P < 0.05 for type 2 diabetes vs. NGT; 1P < 0.05 for type 2 diabetes vs. IGT; P < 0.05 for IGT vs. NGT.

question of whether amylin release is normal, increased, or
decreased in subjects with varying degrees of glucose intol-
erance. In so doing, we were also able to examine the rela-
tionship between amylin and insulin release and whether
this is altered in individuals with or at high risk of develop-
ing type 2 diabetes.

RESEARCH DESIGN AND METHODS

Subjects. The study population comprised 94 (38 men/56 women) Japanese
Americans living in King County, Washington, who were being screened for an
intervention study to determine the effect of lifestyle changes on glucose metab-
olism in individuals with IGT. No subject was taking medications known to affect
glucose metabolism. Each subject gave informed written consent to participate
in the study, which was reviewed and approved by the Human Subjects Review
Committee at the University of Washington.

Study methods. ody adiposity was determined from the BMI, calculated as
weight (kg)/height? (m). All subjects were classified as having normal glucose tol-
erance (NGT), IGT, or type 2 diabetes based on the results of a single standard
75-g oral glucose tolerance test (OGTT) using World Health Organization (WHO)
criteria (21). This test was performed in the morning after a 10-h overnight fast.
Assays and calculations. All blood samples were drawn into tubes containing
EDTA and kept on ice before being separated. After separation, plasma was stored
at—70°C before being assayed. Plasma glucose was measured by an automated glu-
cose oxidase method. Plasma immunoreactive insulin (IRI) was measured by
radioimmunoassay using an assay that has inter- and intra-assay coefficients of vari-
ation of 12 and 8%, respectively. The antibody used in the insulin assay cross-reacts
fully with proinsulin and its conversion intermediates (22). Plasma amylin levels
were quantified using a two-site enzyme-linked immunoassay system developed
by Amylin Pharmaceuticals using antibodies F002 and F025 (23). This assay meas-
ures glycosylated and nonglycosylated forms of the peptide (23,24). It has inter-and
intra-assay coefficients of variation of <15 and <10%, respectively, with a minimum
detectable concentration of 1.6 pmol/l. Each sample was measured in duplicate for
IRI and in triplicate for amylin-like immunoreactivity (ALI).

Calculations and statistical analysis. The incremental glucose (AG), IRI
(AIRI), and ALI (AALI) responses were calculated as the difference between the
values 30 min after glucose ingestion and those before glucose intake. The trape-
zoidal rule was used to calculate the incremental area under the curve (AUC) for
glucose for the duration of the OGTT.

Statistical analysis was performed using Statview SE + Graphics (Abacus
Concepts, Berkeley, CA). Data are presented as means = SE. Comparison
between groups was performed by analysis of variance except when variables
were non-normally distributed, in which case the Mann-Whitney U test was
performed for two-group comparisons and the Kruskal-Wallis test when more
than two groups were compared. Correlations were performed by linear
regression, and nonlinear associations were modeled with the power function,
where the dependent variable was a function of a constant multiplied by the
independent variable raised to a fitted value (y = a*x”b). A P value of <0.05
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was considered significant.

RESULTS

Glucose tolerance status and demographics. Using
WHO criteria applied to a single OGTT, 56 (26 men/30
women) of the 94 subjects were classified as having NGT, 10
(4 men/6 women) as having IGT, and 28 (8 men/20 women)
as having type 2 diabetes. As detailed in Table 1, subjects with
type 2 diabetes had very mild diabetes, with their fasting
plasma glucose level at 6.2 + 0.3 mmol/l and their 2-h glucose
concentration at 13.2 £ 0.5 mmol/l. Although the groups dif-
fered slightly in age (NGT, 52.1 + 1.8; IGT, 63.9 + 3.7; type 2
diabetes, 58.3 £ 2.1 years; P =0.01; P < 0.05 for NGT vs. both
IGT and type 2), they were well matched for body adiposity
assessed as BMI (NGT, 25.0 + 0.6; IGT, 24.7 + 1.1; type 2 dia-
betes, 26.5 + 1.0 kg/m?; P = 0.4).

Glucose, IRI, and ALI levels during the OGTT. Glucose,
IRI, and ALI levels measured at 0, 30, 60, and 120 min during
the OGTT are listed in Table 1. In response to glucose, both
plasma IRl and ALI increased. The peak IRI response
occurred at 60 min in the NGT and IGT groups and at 120 min
in the type 2 diabetes group. The peak ALI levels occurred at
similar time points as IRI for the NGT and type 2 diabetes
groups but occurred at 120 min in the IGT group. In addition
to the expected differences in glucose concentrations, signi-
ficant differences in IRI levels were present at 0, 30, and 120
min, whereas ALI levels were significantly different at 120 min
and bordered on being significantly different at 30 and 60 min.
Incremental glucose, IRI, and ALI responses during the
OGTT. When evaluating the responses during the OGTT, a
number of factors were taken into consideration. First, glucose
is a potent stimulus for B-cell peptide release. Second, the fast-
ing glucose levels differed among groups. Third, glucose con-
centrations during the OGTT and thus the stimulus to the B-
cell differed between groups. Therefore, we determined the
magnitude of the glucose stimulus and assessed the release of
IRI and ALI relative to it. To do this, we examined the incre-
mental response from 0 to 30 min in IRI (AIRI) and ALI
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FIG. 1. Ratio of the incremental responses of IRl (A) and ALI (B)
to the incremental glucose response over the first 30 min after oral
glucose ingestion in 94 Japanese-American subjects with varying
glucose tolerances. Of the 94 subjects, 56 had NGT, 10 had IGT, and
28 had type 2 diabetes. Significant decreases in both the AIRI/AG
(P <0.0001) and AALI/AG (P < 0.0001) occurred with decreasing glu-
cose tolerance.

(AALLI) adjusted for the magnitude of the change in glucose
(AG) for this time period. During the first 30 min after glu-
cose ingestion, plasma glucose levels are increasing and
very little of the glucose load is metabolized. Therefore, the
AIRI/AG and AALI/AG ratios provide a measure of B-cell
responsiveness to oral glucose.

The incremental glucose response over the first 30 min
did not differ between the three groups of subjects (NGT,
3.9 £0.2; IGT, 4.3 £ 0.4, type 2 diabetes, 4.3 £ 0.2 mmol/l;
P =0.25), although the absolute values tended to be higher
in subjects with IGT and type 2 diabetes (Table 1). In con-
trast, the increment in IRI over this same time period dif-
fered significantly (NGT, 437 + 37; IGT, 259 + 40; type 2 dia-
betes, 205 + 23 pmol/l; P < 0.0001; P < 0.05 for NGT vs. both
IGT and type 2), as did the ALl increment (NGT, 9.9 +0.7;
IGT, 7.6 = 1.7; type 2 diabetes, 4.9 = 0.5 pmol/l; P < 0.0001),
primarily because of the lower responses in the subjects
with type 2 diabetes (P < 0.05 vs. NGT). Thus, as illus-
trated in Fig. 1, B-cell responsiveness to glucose steadily
declined as glucose tolerance deteriorated both for IRI as
determined by AIRI/AG (NGT, 119 + 10.3; IGT, 60.7 + 7.1;
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FIG. 2. Relationship between the ratio of the incremental IRl and glu-
cose responses (AIRI/AG; A) and ALI and glucose responses
(AALI/AG; B) over the first 30 min after oral glucose ingestion to glu-
cose tolerance, the latter determined as the incremental glucose
area (AUC glucose) during the OGTT. Subjects with NGT (W), IGT
(©), or type 2 diabetes (A) are indicated. The relationship between
these variables are nonlinear, with r? values of 0.38 (P < 0.0001) and
0.33 (P < 0.0001), respectively.

type 2 diabetes, 49.7 £ 5.4 (pmol/l)/(mmol/l); P < 0.0001;
P < 0.05 for NGT vs. both IGT and type 2) and for ALI as
measured by AALI/AG (NGT, 2.6 £ 0.2; IGT, 1.8 £ 0.3; type
2 diabetes, 1.2 £ 0.1 (pmol/I)/(mmol/l); P <0.0001; P <0.05
for NGT vs. both IGT and type 2).

To determine the impact of B-cell function on glucose
tolerance, we next examined the relationship between
AIRI/AG and glucose tolerance, the latter assessed as the
incremental AUC for glucose during the duration of the
entire OGTT. As would be expected, we observed a decline
in the AIRI/AG as glucose tolerance deteriorated, with the
relationship between these two variables appearing to be
nonlinear in nature (Fig. 2). Using a power fit, we were able
to demonstrate a significant relationship between these
two variables (r? = 0.38; P < 0.0001). It is also apparent from
this figure that there is some degree of overlap between sub-
jects classified based on WHO criteria; but in general, those
with NGT have the highest responses and those with type
2 diabetes have the lowest responses. The relationship
between AALI/AG and glucose AUC was similar in nature
(r> = 0.33; P < 0.0001; Fig. 2) to that we observed for
AIRI/AG and glucose AUC, with there again being overlap
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FIG. 3. Relationship between the incremental IRl (AIRI) and ALI
(AALI) responses over the first 30 min after oral glucose ingestion dur-
ing the OGTT. Subjects with NGT (R), IGT (<), or type 2 diabetes (A)
are indicated. These incremental responses are significantly related
(slope = 0.016; r =0.76; P <0.0001).

between NGT and IGT individuals and IGT and type 2 dia-
betic individuals.

Relationship between ALI and IRI. In the fasting state,
the molar ratio between ALI and IRI (ALI/IRI - 100)
declined in the type 2 diabetes group (NGT, 9.6 £ 0.9; IGT,
9.8 £ 0.2; type 2 diabetes, 6.3 £ 0.5%; P = 0.03; P < 0.05 for
both NGT and IGT vs. type 2). This reduced molar ratio in
type 2 diabetes was due to the higher basal IRI levels in the
subjects with the poorest glucose tolerance (Table 1).
However, it is also important to recognize that since the
clearance rates of amylin and insulin differ (17), this fast-
ing ratio does not provide any information regarding the
relative proportions of the peptides released in response
to B-cell stimulation. Thus, to determine whether there
may be some derangement in the relative proportions of
ALl and IRI released, we also derived a ratio for the incre-
mental responses of these two peptides between 0 and 30
min after oral glucose ingestion. As illustrated in Fig. 3, the
release of these two peptides appears proportionate no
matter what the degree of glucose tolerance is, with exten-
sive overlap between the groups and with a correlation
coefficient of 0.76 (P < 0.0001). The slope of the regression
line for the relationship between AALI and AIRI was 0.016,
compatible with a molar ratio (AALI/AIRI - 100) of 1.6%.
When the three groups were considered separately, the
molar ratio in the first 30 min after glucose ingestion
(AALI/AIRI - 100) were 2.6 + 0.2 for NGT, 2.9 + 0.3 for IGT,
and 2.9 + 0.3% for type 2 diabetes (P = 0.5).

Impact of body adiposity on ALI and IRI. Because
increasing body adiposity is associated with a reduction
in insulin sensitivity and insulin resistance is known to
increase insulin release (25), we also examined the
impact of BMI on IRI and ALI levels in all subjects, inde-
pendent of their degree of glucose tolerance. As illus-
trated in Fig. 4, BMI correlated with both fasting IRI (r =
0.63; P < 0.0001) and fasting ALI (r =0.58; P < 0.0001). No
relationship existed between BMI and the fasting ALI/IRI
ratio (r = 0.004; P = 1.0).
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FIG. 4. Relationship between BMI and fasting plasma IRI (A), fast-
ing plasma ALI (B) and fasting ALI/IRI (C) in 94 Japanese Ameri-
cans with NGT (W), IGT (<), or type 2 diabetes (A). Both fasting
IRl (r = 0.63; P < 0.0001) and fasting ALI (r = 0.58; P < 0.0001)
increase with increasing BMI, whereas the fasting ALI/IRI does not
(r =0.004; P = 1.0).

DISCUSSION

In this study, we have demonstrated that oral glucose is capa-
ble of stimulating the release of amylin in addition to its well-
recognized effect of increasing insulin release. This obser-
vation is not surprising, considering that amylin and insulin
are co-localized in the same secretory granule within the -
cell (26) and are co-released in response to glucose and no-
glucose secretagogues both in vitro (27) and in vivo (14,18).
However, there are a number of unique aspects to the data we
have collected from this cohort of Japanese Americans with
varying glucose tolerance. First, by examining the relationship
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between the ALI response and the magnitude of the stimulus
provoking this response, we have been able to conclusively
show that early amylin release, like insulin release, decreases
with deteriorating glucose tolerance. Second, by examining
the proportions of ALI and IRI circulating in plasma, we have
found that differences in glucose tolerance and body adi-
posity are not associated with a discernible change in the
molar proportions of these peptides.

It is now well recognized that type 2 diabetes is character-
ized by islet dysfunction that has impaired insulin secretion as
one of its characteristic feature. Much of the data demon-
strating this has been obtained in studies using intravenous test-
ing (1). Whereas the intravenous approach allows for the con-
trol of more variables capable of affecting B-cell function, it is
not always feasible. Therefore, measures of B-cell function
based on plasma measurements made following oral nutrient
ingestion have been developed. These measures attempt to
account for the variable rate of appearance in and clearance
of the nutrient from the circulation, but they do not necessar-
ily take into consideration the potential variability between sub-
jects of the neurohormonal stimulus (28). One of the measures
obtained from the OGTT that has been used extensively and
demonstrated to correlate with the response to an intravenous
glucose load is the ratio of the incremental insulin response to
that in glucose over the first 30 min after oral glucose ingestion
(3,29). Using this measure, we have again found that a reduc-
tion in the early phase of insulin secretion is characteristic of
type 2 diabetes and is present before the development of clin-
ical hyperglycemia. When using the same approach for ALI, we
have conclusively demonstrated that a reduction in early
amylin release is another feature of the B-cell dysfunction of
type 2 diabetes. The finding of reduced amylin release is
important, as it has been suggested that increased release of
amylin may be responsible for certain pathophysiological
components of type 2 diabetes (16). We believe that the pres-
ent findings regarding amylin release apply to most populations
with type 2 diabetes and IGT because Japanese Americans with
these disorders of glucose metabolism also manifest both
insulin resistance and B-cell dysfunction (3,30,31).

This study represents the first systematic examination of
the relationship between amylin and insulin release in a large
cohort of well-matched subjects with varying degrees of glu-
cose tolerance. Previous studies have examined plasma
amylin levels in small numbers of subjects with different
degrees of glucose tolerance. In an early report, Butler et al.
(14) demonstrated in healthy subjects and those with type 2
diabetes that amylin and insulin are released following inges-
tion of glucose or a mixed meal. In another early report, Mit-
sukawa et al. (32) found that both oral and intravenous glu-
cose stimulated amylin release in healthy subjects, whereas
somatostatin suppressed release of the peptide. In a study by
Enoki et al. (33), obesity was associated with increased basal
amylin levels and amylin responses to oral glucose and sub-
jects with IGT had delayed but augmented amylin responses
to oral glucose; in individuals with type 2 diabetes, the
response was also delayed but lower. In two studies of
patients with type 2 diabetes, subjects treated with insulin had
lower basal amylin levels than did those taking sulfonylureas
(18,34). Van Jaarsveld et al. (34) also showed that glucagon
stimulated amylin release in patients with diabetes, but the
levels attained were lower than those in healthy subjects.

Our data examining the molar proportion of ALI/IRI deter-
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mined as the increment over 30 min following glucose ingestion
confirm that the molar release of amylin is far less than that of
insulin, being on the order of a couple of percent that of insulin.
This ratio was observed without accounting for differences in
peptide clearance. Amylin is known to be cleared more slowly
than insulin, and its clearance rate is similar to C-peptide (17).
Thus, it can be safely assumed that the proportion released
when the secretory granule undergoes exocytosis is lower and
is likely to approach 1% or less, as we have found in vitro and
in islet extracts (13). This contrasts with the proportion fol-
lowing an overnight fast, which is higher and reflects the dif-
ferences in clearance rates of the two peptides.

The observation of these low molar ratios is also of interest
as it relates to the pathogenesis of the metabolic derangements
of type 2 diabetes. It has been suggested that overproduction of
amylin may be one of the underlying mechanisms responsible
for islet amyloid formation (16). Studies have thus been per-
formed in vitro examining amyloid fibril formation in cells
transfected with human amylin (35). Although the data in the
present study cannot directly answer whether simple over-
production or the release of granule content containing dis-
proportionate amounts of amylin are responsible for amyloid
development, they do suggest that neither of these mecha-
nisms is operative. Rather, secretory granules released in
response to stimulation most likely contain very similar pro-
portions of amylin and insulin no matter what the degree of glu-
cose tolerance, and the absolute quantities released are less with
type 2 diabetes. It could be countered that such differences
could have preceded the development of islet amyloid and that
at the time we studied our subjects, the amyloid per se was
inhibiting complete release of amylin into the circulation—
thus our findings. However, based on a variety of other data, we
believe that simple overproduction and release of amylin can-
not explain islet amyloidogenesis in type 2 diabetes. First, obe-
sity is associated with insulin resistance, which increases B-cell
secretory demand (25) and results in increased amylin and
insulin release as we have observed in the present study, yet
obese individuals with NGT do not typically develop islet amy-
loid (36). Second, in work we and others have performed using
transgenic mice, simple overproduction of amylin has not
resulted in islet amyloid formation (37-41). Rather, islet amy-
loid only developed when mice were fed a high-fat diet, which
we postulate to be producing an alteration in B-cell function
(42,43). The exact changes in p-cell function induced by a high-
fat diet are unclear, but they may be in part similar to the com-
plex changes in B-cell function that occur in type 2 diabetes.

In conclusion, we have examined amylin release in Japanese
Americans with varying degrees of glucose tolerance. These
studies have demonstrated that like insulin release, the early
phase of B-cell release of amylin is reduced in subjects with
abnormal glucose tolerance, and the magnitude of this reduc-
tion is related to the degree of impairment in glucose tolerance.
Further, the data strongly suggest that the relative proportions
of amylin and insulin released do not change as glucose toler-
ance declines; thus, the data do not support the concept of dis-
proportionate amylin secretion in type 2 diabetes.
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