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Islet amyloid polypeptide in pancreatic islets

from type 1 diabetic subjects
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Aims/hypothesis: Islet amyloid polypeptide is originally isolated as the chief constituent of amyloid deposits in type 2
diabetic islets. Islet amyloid polypeptide hyposecretion was known in type 1 diabetics and this study aimed to detect
possibly reduced islet amyloid polypeptide-positive cells in type 1 diabetic islets.

Results: Non-diabetic control islets showed about 60% of islet cells were insulin cells, and 60% of insulin cells were
positive for IAPP. In type 1 diabetic islets, islets were generally smaller than control islets, consisting of weaker positive
cells for insulin and islet amyloid polypeptide. Medium-sized islets still retained some insulin positive cells, whereas islet
amyloid polypeptide positive cells were much less or even absent, but some insulin-negative cells were weakly islet amy-
loid polypeptide positive. An occasional extra-large islet, representing regenerating islets, consisting of more than 100
islet cells revealed less than 35% insulin and 20% islet amyloid polypeptide positive cells with relatively increased gluca-
gon and somatostatin cells. Both normal and type 1 diabetic islets revealed scattered, densely insulin and islet amyloid
polypeptide positive sickle-shaped cytoplasm without granular appearance, consistent with degenerating insulin cells.

Methods: Using commercially available rabbit anti-islet amyloid polypeptide antibody, immunostaning was per-
formed on ten cases of type 1 diabetic pancreata and eight non-diabetic controls. Both control and type 1 diabetic pan-
creata were systematically immunostained for insulin, glucagon, somatostatin and islet amyloid polypeptide.

Conclusion/Interpretation: Control islets consisted of about 60% insulin cells, and about 34% of islet cells were amy-
loid polypeptide positive with scattered and densely positive for insulin and islet amyloid polypeptide without granular
appearance, consistent with degenerating B-cells. All islets, including occasional extra-large islets from type 1 diabetics,
showed less insulin cells and less islet amyloid polypeptide positive cells with twice increased glucagon and somatostatin
cells of the control islets, but some insulin-negative cells were positive for islet amyloid polypeptide, suggesting the pres-
ence of islet amyloid polypeptide in degenerating and extra large regenerating islets. Thus, this immunocytochemical
staining revealed generally less islet amyloid positive cells in type 1 diabetic islets, corresponding to severe hyposecre-

tion of islet amyloid polypeptide in type 1 diabetics.

Introduction

Islet amyloid polypeptide (IAPP) is a 37 amino acid polypep-
tide that is originally isolated as the chief constituent of islets
from type 2 diabetics."* TAPP is co-localized in B-granules
and co-secreted into the blood stream with insulin in response
to glucose- and amino acid-stimulated insulin secretion.’ In
fetal islets, IAPP is co-localized with insulin-cells at 50% fre-
quency whereas glucagon and somatostatin (SRIF) cells were
co-localized at 1.4 and 2.6%, respectively, by immunofluores-
cence study.’ By double immuncocytochemical staining, Iki and
Pour reported 50% of insulin cells positive for IAPP and none
of glucagon cells were co-stained for IAPP in non-diabetic islets
whereas there were some islets cells co-expressing both IAPP
and SRIF cells in atrophic type 2 diabetic islets.® A synthetic
IAPP, Pranlintide®?%* (Pro-hIAPP) has been used for treating
type 1 diabetics with insulin for a better glycemic control as
type 1 diabetics presented with IAPP hyposecretion, and IAPP
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injection compliments insulin treatment to have a better glyce-
mic control through suppressing glucagon secretion. This study
was aimed to investigate the possible IAPP deficient pancreatic
islets being responsible for severe IAPP hyposecretion in type 1
diabetics.

Results

Control islets. Large control islets consisted of major insulin
cells, followed by glucagon and SRIF cells at a relative ratio
of 6:3:1 whereas in medium sized islets, the relative ratio of
three kinds of islet cells was 6:3:1.5 (Table 1 and Fig. 1). About
34% of islet cells were positively stained for IAPP and the ratio
of TAPP positive cells to insulin cells was about 60% corre-
sponding to the darkly insulin positive cells (Fig. 1). There
were scattered, irregular, sickle-shaped cytoplasms often with-
out nucleus, which were densely positive for both insulin and
IAPP without granular appearance (Fig. 1A and B). Insulin
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Table 1. IAPP immunostaining for pancreatic islets from type 1 diabetics

Large Islets

Total % % % %
Islet Ins Glu SRIF IAPP

Case 1. 18/M 51.2 15.7 66.5 19 18.2

Case 2. 35/F 75.1 0 66.6 33.5 8.5
Case 3. 39/M 50 0 67.2 32.8 12.1
Mean (n=3) 58.2 5.2 66.7 28.4 12.9
SE 8.2 5.2 0.2 4.7 2.8
Case 4. 43/F 57.6 37.6 46.6 16.5 16.7
Case 5. 50/F 82 38.3 46.3 15.4 18.3
Case 6. 52/F 80.9 44.2 43.3 13.4 24.9
Ex large 123.5 42.5 46.8 10 19.7
Case 7. 61/F 83.1 36.4 354 27.7 23.7
Ex large 133.5 32.2 39.2 28.2 16.5
Case 8. 65/F 39 30.7 4.3 27.3 13.3
Case 9. 75/F 87.1 32.8 51 16.6 15.5
Ex large 115.4 32.2 539 14.2 12.2
Case 10. 77/F 71.8 39.8 48.9 10.7 20.4
Ex large 121 4 47 1.7 26.7

Mean (n=7) 71.6 36.1 44.7 19.6 19

SE 6.5 24 2 3.5 1.6

Exlarge (n =4)
Mean 123.2 37 46.7 16 18.7
SE 3.8 2.7 3 4.1 3
Controls (n=8)
Mean 71.3 58.3 29.1 1.4 34
SE 7.2 3.1 2.6 1 2.8
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Medium Islets

% Total % % % % %
IAPP/Ins Islet Ins Glu  SRIF IAPP IAPP/Ins
154 18.8 15.4 524 32.2 19.8 125
NC 23 0 61.1 38.8 15.7 NC
NC 18.2 0 63.8 36.2 16.7 NC
NC 12.9 20 5.1 59.2 35.7 NC
NC 1.5 2.7 34 19 1.2 NC
444 27.8 41 43 16.4 20.8 52
49.9 30.5 43 39.5 17.2 31 67.6
68.5 30.1 40.3 447 14.4 1.7 74.6

48.8

59.2 30.7 39.2 33.1 279 21.8 57
51.5
46.7 224 28 49.1 22.4 15 60.3
52.4 21 35.8 39.7 24.4 26.8 74.7
431

52.1 22.3 39.7 46.8 13.6 16.7 43
65.3

53.3 26.4 38.1 42.2 19.5 20.5 61.2
3.1 1.6 1.8 2 2.1 2.5 4.4
52.2

4.7
60.8 23.6 57.6 27 14.6 37.8 65.7
6.4 1.5 2.7 2.1 0.7 1.8 3.8

Ins, insulin; Glu, glucagon; S RIF, somtostatin; IAPP, islet amyloid polypeptide; Ex large, extra large islet; NC, not calculable.

and IAPP positive cells with generally abundant cytoplasm were
mostly located in mid portion of the islets, revealing a variety
of staining density whereas glucagon cells with uniformly dark
stained small cytoplasm were in the outer margin of the islet and
islet lobule with scanty cytoplasm (Fig. 1A and C). SRIF cells
were located in mid portion of islets adjacent to insulin cells
with an intermediate cytoplasmic size between insulin cells and
glucagon cells (Fig. 1D).

Type 1 diabetic islets. Cases 1-3 had a history of type 1 dia-
betes for 10—15 years and Cases 2 and 3 died of diabetic keto-
acidosis whereas Cases 4-10 had 20-60 year history of type
1 diabetes and died of chronic diabetic complications includ-
ing diabetic nephropathy and multiple organ failure following
macro- and micro-atherosclerosis (Table 1).

Type 1 diabetic islets were divided into insulin-absent
islets from three patients younger than 40 years of age and
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insulin-poor islets from seven patients older than 40 years of age
(Table 1). In three patients younger than 40 years of age (Cases
1-3), islets consisted of B-cells with less than 16% of total islet
cells or no insulin positive cells whereas glucagon cells were the
major cells at 67% and the remaining 20-30% were SRIF cells,
twice the ratio of control islets (Table 1 and Fig. 2). In Case 1,
IAPP positive cells were about the same as insulin cells whereas
in Cases 2 and 3 there were some IAPP positive cells among
the totally insulin absent islets (Table 1 and Fig. 2). In Cases
4, 5 and 8, glucagon cells were major cells at 41-46%, more
than insulin cells at 30-34% (Table 1). IAPP positive cells were
weaker stained than insulin staining and represented 44-69%
that of insulin cells (Table 1 and Fig. 3). Four cases (Cases 6, 7,
9 and 10) revealed a mixture of extra-large, large and medium
sized islets and extra-large islets, consisted of more than 100 islet
cells, containing more islet cells than the control islets (Table 1).
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Figure 1. Control islets. Insulin cells were the major islet cells (@about 60%) with abundant cytoplasm of variable staining density, followed by glucagon
cells with densely stained, smaller cytoplasm (about 30%) and SRIF cells (about 10%). IAPP positive cells with abundant cytoplasm accounted for about
30% of total islet cells. Both insulin and IAPP immunostaining revealed scattered, dense staining in the irregular, sickle-shaped cytoplasm with lesser
staining density for IAPP than that of insulin (*). L, large islet, M, medium sized islet. (A) Insulin, (B) IAPP, (C) glucagon and (D) SRIF immunostained.

In large and medium sized islets, insulin cells revealed abundant
cytoplasm and glucagon cells revealed scanty cytoplasm, and
both insulin and glucagon cell numbers were about the same
whereas IAPP positive cells were much less at about 17-27% of
total islet cells, about 1/3 less than that of control islets (Table
1 and Fig. 4). The ratio of IAPP positive cells to insulin cells
was less in diabetic islets than control islets except Cases 6, 7, 9
and 10 in whom the ratio was about the same of that of the con-
trols (Table 1). About 10% of diabetic islets consisted of more
than 100 islet cells in Cases 6, 7, 9 and 10, containing more
islet cells than large control islets (Table 1). The majority were
glucagon cells and insulin cells were weakly stained with fewer
secretary granules than control B-cells (Fig. 4). IAPP positive
staining was even weaker and less granular than insulin staining
and some densely IAPP positive staining was noted in sickle-
shaped cytoplasms, often without nucleus, which appeared to
be degenerating or dying islet cells with more IAPP positive
staining than insulin staining in regenerating extra-large islets
(Fig. 4). SRIF cells were relatively increased with somewhat
abundant cytoplasm (Fig. 4).
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Discussion

By immunocytochemical staining, IAPP was co-localized in
B-cells but the presence of IAPP in non--cells has been debated
and has not been settled in normal islets and diabetic islets.®
Glucagon and SRIF cells have been co-localized with IAPP in
fetal islets® and the other authors also co-localized SRIF cells with
IAPP in fetal rat islets’ and in mouse gastric mucosa,® respectively.
Despite co-secretion of insulin and IAPP in the blood stream,
IAPP is co-localized with B-cells at 50%¢ with less densely
immunocytochemical staining than that of insulin staining in
control islets (Fig. 1). This less IAPP immunostaining in control
islets corresponds to less IAPP serum levels at a molar ration of
1:20 compared to insulin levels.” In type 1 and insulin-requiring
type 2 diabetics, IAPP is absent or decreased in serum, thus absent
serum IAPP levels correspond to the absent or decreased IAPP in
pancreatic islets.” IAPP also signals the stomach to regulate the
gastric emptying and reduces food intake by centrally stimulating
satiety'? as circulating IAPP binds to receptors in the hindbrain
and increases satiety, delays gastric emptying and suppressing
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Figure 2A-D. Type 1 diabetic islets, Case 1 (A-D) and Case 2 (E-H) from patients younger than 40 years of age. Small insulin cells with scanty cyto-
plasm were minor components and glucagon cells, which were diffusely located in the islets, were the major components at about 66%, whereas IAPP
positive cells revealed small and scanty cytoplasm similar to that of insulin cells although IAPP immunostaining was less densely stained than insulin
staining in Case 1. (A and E) Insulin, (B and F) IAPP, (C and G) glucagon and (D and H) SRIF immunostained.

glucagon secretion.'® Insulin replacement therapy in type 1 diabe-
tes is non-physiologic but pharmacologic and thus causes periph-
eral hyperinsulinemia to achieve normal insulin concentration in
the liver and this non-physiological peripheral hyperinsulinemia
results in hypoglycemia, increased food intake with weight gain,
and insufficient regulation of postprandial glucose excursions.”” A
synthetic IAPP, Pramlitide was approved by the FDA for treating
type 1 and insulin-requiring type 2 diabetics for a better glycemic
control by mainly suppressing postprandial serum glucose surge
through suppressing glucagon secretion although a molecular ratio
of Pramlitide was much less than that of exogenous insulin.'*"
The pathophysiological significance of IAPP in type 1 dia-
betes is four folds: first, serum IAPP is markedly decreased or
absent in type 1 diabetics; second, IAPP positive cells are mark-
edly decreased or absent in type 1 diabetic islets, which has not
been documented to our knowledge; third, markedly decreased
or absent serum IAPP is thus due to decreased or absent IAPP
positive islet cells, and fourth, concomitant insulin and synthetic
Pramilite infusion improves glycemic controls in type 1 diabetes

better than insulin injection alone.'"
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In type 2 diabetes, when serum IAPP disappears in the
blood stream with impaired glucose tolerance,'®!” soluble IAPP
in B-cells disappears’ and non-soluble amyloid deposits start to
build around a nidus, which develop to IAPP polymers in the islet
stroma, consisting of 20 proteins including amyloid P compo-
nents and heparan sulfate-type proteoglycans.? Freshly prepared
intermediate IAPP polymers (25-6,000 IAPP molecules) have
a toxic effect on P islet cells.”*' Relocation of granular IAPD-
positive B-cell cytoplasm with small molecular weight to perivas-
cular amorphous amyloid deposits without granular appearance
consisting of larger IAPP polymer (>10° molecules per particle) is
much debated subjects as cause or result for type 2 diabetes.*7*!
Interstitial amyloid deposits in islets are characteristic for type 2
diabetes and do not occur in type 1 diabetic islets.

There were different islet cell components depending on the
age of type 1 diabetics: in three patients younger than 40 years
of age, islets were generally smaller and atrophic, consisting of 50
small non-B-cells per islet, and B-cells were markedly reduced in
Case 1 and totally absent in Cases 2 and 3, most likely as a result
of insulin depletion after diabetic ketoacidosis (Table 1). IAPP
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Figure 2E-H. Type 1 diabetic islets, Case 2 (E-H) from patients younger than 40 years of age. There were no insulin-positive cells in Case 2 but were
residual IAPP positive cells in insulin-negative islet cells. SRIF cells were located in mid portion of islets, location of which roughly corresponds to IAPP
positive cells. (A and E) Insulin, (B and F) IAPP, (C and G) Glucagon and (D and H) SRIF immunostained.

positive cells were present at the compatible number of remain-
ing B-cells in Case 1, and were also identified in about 10% of
insulin-negative cells, in whom some insulin-negative cells were
positively stained for IAPP (Table 1, Figs. 2 and 4) whereas in
Case 2 and 3, insulin staining was totally absent but IAPP stain-
ing still retained, suggesting a total insulin depletion but a partial
IAPP retaining during diabetic ketoacidosis. In all three cases,
glucagon cells were the major islet cells, followed by SRIF cells.
In seven patients older than 40 years of age, who died of chronic
diabetic complications, glucagon cells with small cytoplasm
were the major cells, followed by insulin cells with abundant
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cytoplasm and SRIF cells with an intermediate sized cytoplasm
between insulin cells and glucagon cells (Fig. 2). IAPP positive
cells were about 50% that of insulin cells (Table 1). In four cases
(Cases 6, 7, 9 and 10), about 10% of islet cells were extra-large
and consisted of more than 100 islet cells, containing more islet
cells than control islets (Table 1). These extra-large regenerat-
ing islets consisted of the major glucagon cells with smaller cyto-
plasm than B-cells, followed by insulin cells and SRIF cells at the
same IAPP:insulin cell ratio of 1:2 as also seen in the other islets
(Table 1) and the relative percentage of insulin, glucagon, SRIF
and IAPP positive cells and IAPP:insulin cell ratio were about
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(C) Glucagon and (D) SRIF immunostained.

Figure 3. Type 1 diabetic islets, Case 5. Insulin cells were less numerous than in control islets at moderate granular staining. IAPP positive cells were
much less than insulin cells with granular appearance. Both glucagon and SRIF cells were more numerous than in control islets. (A) Insulin, (B) IAPP,

the same in the three different sizes of islets (Table 1). In two
cases older than 40 years of age, the total cell numbers in large
islets were 30—40 cells per islet, smaller than control large islets,
but islet cell components were similar to that of large diabetic
islets, with glucagon cells 10% more than insulin cells (Table 1).
Thus, in all three patients younger than 40 years of age (Cases 1,
2 and 3) and two cases older than 40 years (Cases 4 and 8), islet
cell numbers were less than controls (Table 1).

Despite all 10 patients presented typical clinical type 1 dia-
betes, islet cell components were quite variable: in younger than
40 years of age, B-cells were markedly reduced or totally absent,
which resulted from total insulin depletion and caused diabetic
ketoacidosis in Cases 2 and 3 without histologic evidence of islet
cell regeneration, and in older than 40 years, insulin-positive
B-cells were less than glucagon cells but more than SRIF cells
(Table 1). IAPP positive cells were generally less in three patients
younger than 40 years, but two of three patients retained IAPP-
positive cells in insulin-negative islets, supporting at least some
insulin-depleted B-cells and non-B-cell granules retained IAPP
immunostaining. IAPP-positive cells were generally less in seven
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patients older than 40 years, and also IAPP: insulin ratio was
less in five of seven patients than the controls (Table 1). Despite
IAPP positive staining in type 1 diabetic islets, immunostaining
intensity was much less than solidly granular staining in control
insulin staining (Figs. 1, 2 and 4). Thus, it appears that decreas-
ing insulin-stained and insulin-negative B-cells correspond to
decreasing IAPP immunostaining in insulin-negative islets, sup-
porting a partial presence of IAPP in insulin-depleted B-cells and
non-PB-cells including glucagon and SRIF cells.

The possible presence of IAPP in non-B-cells is supported
by IAPP immunostaining in non-B-cell pancreatic endocrine
tumors (PETs).? Rindi et al. reported 20 of 21 PETs (95%)
consisting of 10 insulinomas, 1 glucagonoma, 2 gastrinomas,
1 vipoma and 7 non-functioning tumors were at least partially
positive for IAPP.#? Using the same IAPP antibody as used by
us, Eissele et al. reported in 65 cases of PETs in which 13 of 15
insulinomas (85%), 3 of 21 gastrinomas (14%) and 2 of 20 non-
functioning tumors (7%) were positive for IAPP with a total of
18 of 65 cases (28%) being positive for IAPP.?? PETs are derived
from pleuripotential gastropancreatic endocrine cells and are not
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immunostained.

Figure 4. Type 1 diabetic large (A-D) and extra-large islets (E-H), Case 7 from a patient older than 40 years of age. There were more insulin positive
cells than IAPP positive cells with stronger staining for insulin than IAPP staining and major glucagon cells were of about equal numbers in large and
medium sized islets (A-D) with glucagon cells diffusely distributed. (A and E) Insulin, (B and F) IAPP, (C and G) Glucagon and (D and H) SRIF

the same cell lines as seen in the residual degenerating cells in
medium-sized and large islets and regenerating cells in extra large
islets from type 1 diabetics.

Materials and Methods

All cases of pancreatic tissues from type 1 diabetes and non-
diabetic controls were collected at autopsy in the University of
Kansas Medical Center between 1980 and 2000. A total of ten
cases of type 1 diabetic pancreata were studied together with eight
cases of age-matched non-diabetic controls. All tissues were rou-
tinely fixed in buffered formalin and were embedded in paraf-
fin. Deparaffinized sections were treated with antigen retrieval
procedure using citrate buffer pH 6.2. All staining procedures
were same as previously reported except for IAPP immunostain-
ing, in which rabbit antihuman IAPP 1-13 was used at 1:400
and 1:800 dilutions (Peninsula Laboratory, San Carlos, CA). All
the continuous sections were systematically immunostained for
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insulin, glucagon, SRIF and IAPP. The counting immunoposi-
tive cytoplasm for insulin, glucagon, SRIF and IAPP was per-
formed by counting positively stained cytoplasms at 10 x 20 =
x200 to cumulatively count the total islet cell numbers by adding
all hormone positive cells per islet for both diabetic and control
islets, with which relative percentage of insulin, glucagon, SRIF
and IASPP positive cells were calculated by dividing the each hor-
mone positive cells by the total islet cell numbers. The islets were
divided into large islets containing more than 34 islet cells and
medium sized islets containing 14-33 islet cells excluding small
islets of less than 14 islet cells as these small islets or parts of large
and medium sized islets provided large variations of islet cell com-
positions and IAPP cells. Type 1 diabetic islets were calculated
for the total islet cells including large, medium sized and extra-
large islets and in four diabetic cases (Cases 6, 7, 9 and 10), who
presented extra-large regenerating islets with more than 100 islet
cells, which were calculated for extra-large islets and were listed
separately from large and medium sized islets.
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Figure 4 (continued). Type 1 diabetic extra-large islets (E-H), Case 7 from a patient older than 40 years of age. In extra-large islets (E-H), weakly
stained, granular insulin cells with abundant cytoplasm were less than glucagon and SRIF cells. Both insulin and IAPP immunostaining was weakly
granular with scattered irregular sickle-shaped densely dark cytoplasmic staining without granular appearance (*). IAPP immunostained cells with
weakly granular staining were relatively more than insulin cells. (A and E) Insulin, (B and F) IAPP, (C and G) Glucagon and (D and H) SRIF immunos-
tained.
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