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Introduction

Amyloid deposit was originally referred to as hyaline1 and later 
demonstrated to consist of amyloid,2 which is a characteristic his-
topathological finding for type 2 diabetic islets,1 found in about 
90% of the pancreas from type 2 diabetics.3,4 The chief constit-
uent of amyloid deposit is islet amyloid polypeptide (IAPP).5-8 
IAPP is a 37 amino acid polypeptide, that is originally isolated 
as the chief constituent of islets from type 2 diabetics.4,5 IAPP 
is concomitantly co-secreted with insulin into the blood stream 
in response to glucose- and amino acid-stimulated insulin secre-
tion.7 IAPP hyposecretion in the blood is well established in 
type 1 diabetics and insulin-requiring type 2 diabetics,8,9 and 
decreased IAPP in pancreatic islets has been recently recognized 
in islets from type 1 diabetics by immunocytochemical staining.10 
A synthetic IAPP, Pranlintide28-30 (pro-hIAPP) has been used 
for treating both type 1 and insulin-requiring type 2 diabetics 
with insulin for a better glycemic control.11-13 This study aimed 

Aims/hypothesis: Islet amyloid polypeptide (IAPP) is a chief constituent of amyloid deposits in pancreatic islets, 
characteristic histopathology for type 2 diabetes. The goal of this study was to analyze islet cell composition in 
diabetic islets for the process of transforming water-soluble IAPP in β-cells to water-insoluble amyloid deposits by 
Immunocytochemical staining using different dilutions of anti-IAPP antibody. IAPP in β-cell granules may initiate β-cell 
necrosis through apoptosis to form interstitial amyloid deposits in type 2 diabetic islets.

Results: Control islets revealed twice as much β-cells as α-cells whereas 15 of 18 type 2 diabetic cases (83%) revealed 
α-cells as major cells in larger islets. Diabetic islets consisted of more larger islets with more σ-cells than β-cells, which 
contribute to hyperglucagonemia. In control islets, percentage of IAPP-positive cells against β-cells was 40–50% whereas 
percentage for type 2 diabetic islets was about 25%. Amyloid deposits in diabetic islets were not readily immunostained 
for IAPP using 1:800 diluted antibody, however, 1:400 and 1:200 diluted solutions provided stronger immunostaining in 
early stages of islet amyloidogenesis after treating the deparaffinized sections with formic acid.

Methods: Using commercially available rabbit antihuman IAPP antibody, immunocytochemical staining was per-
formed on 18 cases of pancreatic tissues from type 2 diabetic subjects by systematically immunostaining for insulin, 
glucagon, somatostatin (SRIF) and IAPP compared with controls. Sizes of islets were measured by 1 cm scale, mounted 
in 10x eye piece.

Conclusions/Interpretation: a cells were major islet cells in majority of diabetic pancreas (83%) and all diabetic islets 
contained less IAPP-positive cells than controls, indicating that IAPP deficiency in pancreatic islets is responsible for de-
creased IAPP in blood. In diabetic islets, water-soluble IAPP disappeared in β-cell granules, which transformed to water-
insoluble amyloid deposits. Amyloid deposits were not readily immunostained using IAPP 1:800 diluted antibody but 
were stronger immunostained for IAPP in early stages of amyloid deposited islets using less diluted solutions after formic 
acid treatment. In early islet amyloidogenesis, dying β-cell cytoplasm was adjacently located to fine amyloid fibrils, sup-
porting that IAPP in secretary granules from dying β-cells served as nidus for islet β-sheet formation.
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to unfold disappearing water-soluble IAPP in secretary granules 
from dying β-cells to refold water-insoluble polymerized amyloid 
fibrils in transforming β-sheet conformation in IAPP-containing 
islet deposits8,14-17 by immunocytochemical staining using differ-
ent dilutions of rabbit antihuman IAPP antibody.

Results

Control islets. The mean islet cell numbers of extra-large, large 
and medium-sized islets were 120, 71 and 34 cells, respectively, 
representing 8, 44 and 48% in a total of 225 islets examined for 
nine age-matched control cases (Table 1). The relative percent-
ages of β-cells for insulin, α-cells for glucagon and δ-cells for 
somatostatin (SARIF) were about 60, 30 and 15% respectively, 
among all three sizes of islets (Table 1). By immunocytochemical 
staining, all three pancreatic hormone and IAPP staining was 
granular in the cytoplasm, in which insulin and IAPP staining 
was of variable staining intensity from moderately to strongly 
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diabetic islets with medium-sized islets as the major islet and 
α-cells were more than β-cells by 30–50% (Table 1). The rela-
tive percentage of IAPP-positive cells against β-cells was about 
30% for large and medium islets, less than the control values of 
40 to 50% (Table 1). About one half of β- and δ-cells revealed 
plump cytoplasm with strong immunostaining for their hor-
mones whereas α-cells revealed uniformly small, round compact 
cytoplasm with strong immunostaining (Fig. 2C). There was 
no obvious amyloid deposit in the islets from Case 1 (Fig. 2). 
In Case 1, β-cells were 20–50% more than α-cells in large islets 
with a relative percentage of IAPP-positive cells against β-cells 
being about 25%, less than control values of 41–49% (Table 1) 
and stromal amyloid deposits ranged 0–25% of the islet area. 
Two cases (Cases 4 and 5) revealed about 20% more α-cells 
than β-cells and four cases (Cases 6–9) having more than 30% 
α-cells than β-cells (Table 1). Among 9 cases with α-cells more 
than β-cells by 50% (Cases 10–18), three cases (Cases 16–18) 
showed 70% more α-cells than β-cells, in whom relative per-
centages of IAPP-positive cells against β-cells ranged from 
20–30% (Table 1). Case 15 was unique, which revealed a vast 
variety of islet cell percentages and amyloid deposits in a single 
case: β-: α-: δ-cell percentage was 40, 50 and 11% for large islets 

granular in the plump and polygonal cytoplasm whereas glu-
cagon staining was strong in the smaller, compact and round 
cytoplasm and SRIF staining was also strong in the relatively 
small cytoplasm between the sizes of β- and α-cells (Fig. 1). 
b-cells and IAPP positive cells were located mostly in mid por-
tions of islets whereas α-cells were in the outer margins of islets 
and outer margins of islet lobules, and δ-cells were mostly in the 
mid portions of islets adjacent to β-cells (Fig. 1C). We used anti-
IAPP antibody at 1:800 dilution to avoid excessive cytoplasmic 
staining, resulting in much less staining than β-cells, at about 
40–50% of that of β-cells in all three sizes of islets (Fig. 1 and 
Table 1).

Type 2 diabetic islets. Compared with control islets, which 
consisted of β-, α- and δ-cells at a ratio of 4:2:1, 15 out of 18 
(15/18, 83%) type 2 diabetic cases, consisted of mostly α-cells 
as the major islet cells (Table 1). Two cases (Cases 2 and 3) had 
about the same ratio of β- and α-cells and Case 1 had slightly 
more β-cells than α-cells (Fig. 2 and Table 1). Extra-large islets 
containing more than 100 islet cells were observed in 16 dia-
betic cases (16/18, 89%) excluding Cases 1 and 6, the latter 
case consisted of 24% large islets and 76% medium-sized islets 
(Table 1) and islets were generally smaller than other type 2 

Table 1. Immunocytochemical staining for insulin, glucgon, SRIF and IAPP

Diabetic 
subjects 

no.

Age/sex/
history

Large islets Medium-sized islets Extra-large islets

Total 
%

β 
%

σ 
%

δ 
%

IAPP/β (n)
Total 

%
β 
%

σ 
%

δ 
%

IAPP/β (n)
Total 

%
β 
%

σ 
%

δ 
%

IAPP/β (n)

Case 1 38/M/1 64 54 35 9 24 (8) 39 49 40 13 27 (17)

Case 2 62/F/2 73 43 46 11 21 (11) 42 48 42 13 20 (9) 151 46 46 8 24 (5)

Case 3 50/F/1 77 45 49 8 29 (6) 37 54 34 12 30 (5) 183 38 53 7 21 (14)

Case 4 62/F/3 68 51 43 10 40 (6) 40 40 50 10 25 (6) 146 38 50 10 24 (13)

Case 5 50/F/1 74 40 51 9 23 (14) 37 40 48 12 33 (5) 122 36 52 8 22 (6)

Case 6 77/M/3 67 36 53 14 27 (6) 33 37 48 20 39 (19)

Case 7 71/F/4 83 45 43 11 24 (7) 37 36 50 14 22 (6) 158 38 50 17 20 (12)

Case 8 52/F/1 68 38 54 8 25 (10) 41 34 55 10 29 (11) 130 43 53 6 35 (4)

Case 9 53/M/1 82 38 57 5 20 (10) 13 41 44 12 35 (5) 140 39 55 4 23 (10)

Case 10 49/M/1 77 31 53 16 27 (7) 37 30 51 14 19 (8) 144 39 47 14 16 (10)

Case 11 54/M/2 73 27 55 18 24 (12) 38 35 46 19 24 (5) 127 31 51 18 27 (8)

Case 12 62/F/3 77 40 52 9 18 (9) 39 33 53 13 23 (9) 116 33 56 7 21 (7)

Case 13 63/M/3 71 26 65 9 26 (10) 34 39 49 9 27 (9) 150 21 72 7 24 (6)

Case 14 64/M/2 76 31 53 16 29 (11) 39 38 48 13 21 (6) 144 30 54 15 30 (8)

Case 15 75/M/4 77 38 52 11 17 (8) 37 32 54 13 21 (6) 140 32 58 10 16 (11)

Case 16 65/M/2 72 32 56 16 30 (11) 38 35 51 16 25 (9) 129 33 53 12 20 (5)

Case 17 66/M/3 67 28 53 16 24 (9) 40 31 50 18 24 (11) 143 30 57 11 22 (5)

Case 18 67/F/3 71 33 59 75 30 (12) 34 40 53 13 33 (8) 122 32 64 7 27 (5)

Mean 77 37 51 11 25 (167) 38 38 48 13 26 (154) 140 35 54 10 23

SE 1.2 1.8 1.5 0.9 1.2 0.6 1.5 1.2 0.7 1.3 4 1.5 1.6 1 1.2

Controls (n = 9) 71 59 27 13 43 (99) 34 58 28 14 49 (109) 120 61 30 12 41 (17)

SE 2 3 1 1 3 2 1 1 0.4 3 7 5 5 2 3

Clinical history of diabetes: 1, < 5 years; 2, 6–10 years; 3, 11–15 years; 4, > 15 years. β:Insulin, σ:Glucagon, δ:SRIF cells, (n): numbers of islets examined, % 
in β-, σ- and δ-cells were calculated the hormone-positive cells by the total islet cell numbers. % IAPP/β-cells was clculated dividing IAPP-positive cells 
by β-cell numbers.
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more than 95% islet occupied (Cases 10, 11 and 14), moderately 
IAPP-positive amyloid deposits were the major islet component, 
containing no viable islet cells, and further resulted in totally 
amyloid-occupied shrunken islets using 1:200 diluted antibody, 
corresponding to the very end-stage of islet amyloidosis by 
Hayden (Fig. 5C and D, ref. 18). These almost completely amy-
loid occupied islets were moderately lamellar stained for amy-
loid p whereas peri-islet blood vessel walls were strongly stained 
for amyloid p (Fig. 5E). 

Sizes of pancreatic islets: The length and width of control islets 
in three different sizes of islets were: in large islets—103 ± 4 μm 
(length) and 66 ± 3 μm (width), in medium-sized islets—66 ± 3 
μm (length) and 45 ± 2 μm (width) and in extra-large islets—141 
± 7 μm (length) and 94 ± 6 μm (width), respectively (Table 2), 
as these numbers were within the sizes of normal islets, which 
were reported as 50–150 μm in diameter.19 In control islets, large 
and medium-sized islets were the major components with only 
7% of extra-large islets (Table 2). In the total diabetic islets, 
large, medium-sized and extra-large islets accounted for about 
1/3 each with relatively more extra-large islets than the controls 
(Table 2). Despite relatively small sizes of diabetic extra-large 
islets compared with that of control islets, diabetic islets con-
sisted of more islet cells of predominantly small compact σ-cells 
as compared with β-cells with plumper cytoplasm (Figs. 1–3 and 
Tables 1 and 2).

in 77 islet cells whereas extra-large islets con-
taining 140 islet cells revealed 30, 60 and 10% 
of β-, α- and δ-cells, respectively (Fig. 3 and 
Table 1). In these islets, β-cells were strongly 
and granularly immunostained with irregular, 
fuzzy cell membrane (Fig. 3A). Relative per-
centages of IAPP-positive cells against β-cells 
were about 16–21%, however, there were some 
β-cells weakly IAPP-immunostained and there 
were strongly immunostained α-cells (Fig. 3). 
Delta cells were between the sizes of β-cells 
and α-cells (Fig. 3A, C and D). Case 10 pre-
sented with the most advanced stromal islet 
amyloid deposits with a mean deposit occupy-
ing 75% of the islets, ranging from 8% of islets 
occupied by < 25% amyloid deposits, 20% of 
islets occupied by 25–49% deposits, 28% of 
islets occupied by 50–74% deposits, 20% of 
islets occupied by 75–94% deposits and 16% 
of islets occupied by > 95% amyloid deposits 
(Fig. 4), whereas islet cells were weakly posi-
tive for IAPP in large islets and several β-cells 
in medium-sized islets were moderately posi-
tive for IAPP (Fig. 4B). a cells revealed strong 
immunostaining in the relatively plump 
cytoplasm, with all the islet cells surrounded 
by amyloid deposits (Fig. 4C). IAPP immu-
nostaining for amyloid deposits was weak or 
almost negative using a 1:800 antibody solu-
tion (Figs. 2B and 3B). Using 1:400 diluted 
antibody after the sections were treated with 
100% formic acid, major β-cells and the minor α- and δ-cells 
were located in amyloid occupied islets (> 99%), consisting of 
a few IAPP-positive islet cells and moderately IAPP-positive 
amyloid deposits (Fig. 4E). In the islets from the same case 
occupying less amyloid deposits about 30% of the islet area, 
more viable islet cells containing plump cytoplasm adjacent to 
fine amyloid fibrils were moderately positive for IAPP, show-
ing dying β-islet cells adjacent to the IAPP-positive amyloid 
fibrils (Fig. 4F). Using a 1:200 diluted IAPP antibody solution, 
the majority of control islet cells were stronger positive for the 
cytoplasm with markedly dense staining in the several irregular 
sickle-shaped cytoplasm, suggesting a few dying islet cells even 
in control islets (Fig. 5A). Diabetic islets from Case 10 showed 
about 20% amyloid deposits with strong IAPP-staining in the 
round dying islet cell cytoplasm adjacent to the fine amyloid 
fibrils (Fig. 5B). The islet with 95% amyloid deposits in Case 10 
showed moderate IAPP staining for amyloid deposits but resid-
ual islet cells were completely IAPP-negative (Fig. 5C). Two 
single islet cells forming small single islet cell islets were strongly 
positive for IAPP, representing scattered viable β-cells (Fig. 5C 
and D). The end-stage islet with > 99% islet occupied by amy-
loid deposits were strongly immunopositive for stromal amyloid 
deposits in the presence of a few IAPP-negative islet cells (Fig. 
5D). One strongly IAPP-positive single cell islet was also pres-
ent (Fig. 5D). In three cases of advanced islet amyloidosis with 

Figure 1. Control islets. b cells were the most abundant major islet cells (about 60% of total 
islet cells) with plump and polygonal cytoplasm of variable staining intensity, from moder-
ate to strong staining, followed by α-cells (arrow, about 30%) with strongly stained, round 
smaller cytoplasm. d cells accounted for about 15% of islet cells, containing plump or small 
cytoplasm. b cells and IAPP-positive cells were mostly located in the middle of islets and 
so were δ-cells whereas strongly immunostained α-cells (arrow) were located at the outer 
margin of islets and islet lobules. There were globular to sickle-shaped strongly immunos-
tainedcytoplasms for insulin and IAPP, which appeared to be dying β-cells (*). L, large islet; 
M, medium-sized islet; original magnification x400; (A) Insulin; (B) IAPP; (C) Glucagon;  
(D) SRIF immunostained.
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83%) showed α-cell hyperplasia of lesser 
degree than type 1 diabetic pancreas (Table 
1, reviewed in ref. 10). Although three cases 
(Cases 1–3, 3/18, 17%) showed slightly 
more β-cells or about equal numbers of β- 
and α-cells, those three cases revealed much 
less β-cells than in non-diabetic control 
pancreas at a 2:1 ratio of β-:α-cells (Table 
1). In two cases (Cases 1 and 6), islets were 
generally and uniformly small, consisting of 
minor large islets and major medium-sized 
islets without extra-large islets, similar to 
type 1 diabetic islets (Fig. 2 and reviewed 
in ref. 10). However, islet cell percentages 
in five cases (Cases 1–5) were that of less 
severe type 2 diabetes, containing relatively 
less β-cells than in control islets (Table 
1). In control islets, extra-large islets were 
minor components, representing only 7% 
of the total islets, whereas extra-large islets 
were much more often observed in type 2 
diabetic islets (16/18, 89%) except Cases 1 
and 6, at a mean value of 32% in the total 
islets, ranging from 16% (Case 8), 20% 
(Cases 2, 5, 11, 13 and 16–18) to 30–56% 
(Case 3, 4, 7, 9, 10, 12, 14 and 15) (Table 
2), suggesting that islet hyperplasia resulted 
through remodeling in order to produce and 
secrete more insulin for glucose homeosta-
sis. Decreased IAPP immunostaining in 

type 2 diabetic islets was anticipated as also observed in type 1 
diabetic islets.10 Both type 1 and insulin-requiring type 2 diabet-
ics presented with IAPP hyposecretion into the blood since the 
source of IAPP in blood was β-islet cells.10 In type 1 diabetic 
islets, IAPP-positive cells were less than that of β-cells, ranging 
from 20–40% of β-cells as compared with about 40–50% in 
control islets (Table 1, reviewed in ref. 10). Control islets also 
revealed less stronger staining for IAPP than insulin staining 
(Fig. 1A and B), corresponding to the fact that IAPP levels of 
pancreatic tissue extracts are about 10% that of insulin.22 The 
fasting serum IAPP level in nonobese controls is 2.0 μM/L at 
5% that of insulin level of 48 μM/L.22 Two cases of type1 diabe-
tes succumbed to diabetic coma as previously reported, in whom 
there were insulin-negative β-cells despite the residual IAPP-
positive staining, supporting that some IAPP-positive cells were 
insulin-depleted β-cells.10

In this study, relative percentages of IAPP-positive cells against 
β-cells in type 2 diabetic islets ranged from 16–35%, which was 
less than control values of 41–49% (Table 1). Amyloid deposits 
increasingly accumulated in islets perivascularly, which formed 
lamellar layers adjacent to the dying islet cells (Fig. 5C). In the 
end-stage, islets consisted of circular, lamellar dense amyloid 
deposits, which were moderately positive for IAPP using 1:200 
diluted antibody solution and 1:100 diluted amyloid p (Fig. 
5E). It is probably significant that amyloid p immunostaining 
was stronger in extra-islet blood vessels than in islet deposits  

Discussion

The main etiology of type 2 diabetes is characterized as insulin 
resistance by deficient insulin actions through relative insulin 
deficiency due to insufficient insulin receptor sites on the target 
organs.20 Thus, islet cells in type 2 diabetes must show different 
islet cell components from the control islets with loss of β-cell 
mass and α-cell hyperplasia using immunocytochemical stain-
ing for insulin, glucagon, SRIF and IAPP as the results of long 
remodeling process for islet cells. Type 1 diabetes is characterized 
by an absolute insulin deficiency as shown by absent or markedly 
decreased β-cells in the islets,10 but type 2 diabetes is more het-
erogeneous in islet histopathology by relatively decreased β-cells 
after long time sequences of islet cell remodeling. Our cases of 
type 2 diabetes had 5 to 20 y of history of diabetes and all suc-
cumbed to diabetic complications including coronary heart dis-
ease, renal failure and multiple organ failures.21 We were unable 
to directly correlate diabetic complications with exact history 
of diabetes since many type 2 diabetics did not present typical 
symptoms of diabetes at the time of diagnosis and when type 2 
diabetes was diagnosed, practically all type 2 diabetics already 
had some on-going diabetic complications. Compared with type 
1 diabetic islet histopathology, which presented with an absolute 
β-cell deficiency and α-cell hyperplasia,10 type 2 diabetic islet 
histopathology revealed several stages as follows: As seen in type 
1 diabetic islets, the majority of type 2 diabetic pancreas (15/18, 

Figure 2. Disbetic islets, Case 1. b cells and α-cells (arrow) were about equal in number in large 
islet (Left), and α-cells were slightly more in medium-sized islet (Right). b cells were moderately 
to strongly immunopositive with plump cytoplasm whereas α-cells (arrows) and δ-cells were 
slightly smaller in the cytoplasm and were strongly immunostained. IAPP-positive cells were 
about ¼ that of β-cells in large islet, but medium-sized islet had only a few positive cells. (A) 
Insulin; (B) IAPP; (C) Glucagon; (D) SRIF immunostained; original magnification x470.
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without nucleus was strongly immunopostive for IAPP and insu-
lin as observed in a few control islet cells (Fig. 1) and more in 
diabetic islets (Fig. 4). This cytoplasm probably represents an 
early fibrillar form of amyloidogenic β-cell cytotoxic proteins, 
which subsequently form extracellular amyloid β-sheets since 
these IAPP-rich cytoplasm was adjacently located to the thin 
extracellular amyloid fibrils (Figs. 4 and 5). The above finding 
is supported by the fact that amyloid fibrils were oriented per-
pendicular to the membrane of β-cells, with some thin fibrils 
bundles sticking into membrane invaginations in a tissue culture 
study.31 Matrix metalloproteinases (MMTs) and tissue inhibi-
tors for metalloproteinases (TIMPs) play an important role in 
tissue remodeling, histogenesis, tumor invasion, inflammation 
and others.32-36 MMP-2 and -9 were required for islet formation 
in tissue culture study and were indispensable for islet formation 
and endocrine cell differentiation in mouse study.37 MMP-2 and 
-9 and TIMP-1 and-2 were specifically involved in remodeling 
and apoptosis of islet cells and pancreatic endocrine tumors.38 
Normal islet cells and pancreatic endocrine tumors, especially 
normal β-cells and insulinomas, were specifically equipped with 
MMPs and TIMPs, which suggested that β-cells and insulin-
oma cells were special cell lines in order to produce and secrete 
enough insulin for glucose homeostasis by constant remod-
eling by MMPs-TIMPs homeostasis through apoptosis.37-39 
Every endocrine tissues remodel and reproduce according to an 

(Fig. 5E). Amyloid p, a glycoprotein, is distinct from amyloid 
fibrils and is closely associated with all forms of amyloidosis and 
is a marker for all types of amyloidosis.23 Both IAPP and amy-
loid p immunostaining is limited in the pancreas only for type 
2 diabetes in contrast to diffuse organ involvement by amyloid 
p in AL-type amyloidosis including heart, liver, spleen, kidneys, 
adrenals, thyroid and occasionally bone marrow and pancreatic 
islets.23

In type 2 diabetic pancreas, different stages of islet amyloido-
sis were observed in the pancreas from even the same subjects, 
until all islets ended up with massive diffuse islet amyloido-
sis containing no viable remaining islet cells (Figs. 4 and 5). 
IAPP oligomers can form nonselective ion-permeable membrane 
pores, which lead to increased calcium concentration, endoplas-
mic reticulum stress and apoptosis.3,24 According to the toxic 
oligonomer hypothesis, β-cells in type 2 diabetes are somehow 
killed though IAPP-induced damage of the β-cell membrane.24-28 
These toxic oligomers (not monomers or mature amyloid fibrils) 
formed by different amylodogenic proteins including IAPP, 
Aβ, synuclein, transthyrenin and prion protein, share a com-
mon epitope.29 Antibodies generated to this epitope using toxic 
oligomers of Aβ

1-40
 also bind toxic oligomers generated from the 

other amyloidogenic proteins in cell culture, block the cytotoxic 
effects of each of these diverse oligomers.30 In early stages of islet 
amyloidosis and β-cell death, sickle-shaped β-cell cytoplasm 

Figure 3. Extra-large diabetic islet, Case 15. This extra-large islet showed less β-cells (A) than α-cells (C). b cells were strongly and granularly immunos-
tained with irregular, fuzzy cell membrane whereas α-cells contained dense positive compact cytoplasm. d cells consisted of a few large cytoplasm 
and mostly compact cytoplasm (D). IAPP staining was almost completely negative with only weak residual granular positive staining (B). Stromal 
amyloid deposits occupied about 20% of the islet area, which was negatively stained for IAPP using a 1:800 antibody solution (B). (A) Insulin; (B) IAPP; 
(C) Glucagon; (D) SRIF immunostained; original magnification x470.
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diabetes.10 A dilution of 1:800 IAPP antibody solution did not 
show much IAPP immunostaining in amyloid deposits except 
irregular weak staining, however, 1:400 and 1:200 diluted solu-
tions showed more IAPP-staining in amyloid stromal deposits in 
early islet amylodogenesis after the deparaffinized sections were 
treated with 100% formic acid for up to 60 min, which was 
used for immunostaining cerebral and AL-type amyloidosis for 
amyloid p.41 However, even less diluted 1:400 and 1:200 diluted 
IAPP antibody solutions did not strongly immunostain the very 
end-stage islets as similarly seen in Figure 4B. Responding to 
insulin resistance at the target organs, β-islet cells overpro-
duce and oversecrete insulin in an attempt to maintain glucose 

apoptosis process as supported by the presence of MMPs and 
TIMPs shown in pituitary gland, thyroid C-cells and medul-
lary thyroid tumors,40 and an essential component in apoptosis 
is played by cleaved caspase-3, a family of cysteine proteases, 
and activated cleaved caspase-3 was specifically located in β-islet 
cells and insulinoma cells, which make them distinctly unique 
from the other non-β islet cells.38 The main goal of this immu-
nocytochemical study was to analyze how dying β-cell secretary 
granules containing low molecular weight IAPP transform to 
stromal amyloid β-sheet containing polymerized high molecu-
lar weight IAPP, which is characteristic for type 2 diabetes as 
reported in 90% of type 2 diabetes2,3 and is not seen in type 1 

Figure 4. Diabetic islets Case 10, Islets occupied by amyloid deposits in 95% (A–C) and Islets occupied by amyloid deposits in > 99% (D–F). Islets occu-
pied by amyloid deposits in 95%, (A–C) Both large islet (left) and medium-sized islet (right) consisted of more than 95% amyloid deposits, within which 
β-cells with partly plump cytoplasm and α cells with dense small cytoplasm were located. IAPP-positive cells were weakly stained in the large islet but 
were moderately stained in the medium-sized islet. d cells showed mostly small cytoplasm mixed with a few large cytoplasms. Islets occupied by amy-
loid deposits > 99%, (D–F): Both large (left) and medium-sized islet (right) contained more than 99% amyloid deposits. Residual β- and δ-cells were 
minor cells and α-cells were major cells (D). IAPP immunostaing was performed using a 1:400 diluted antibody solution, revealing moderately positive 
staining in amyloid deposits (E). In islets containing viable islet cells, residual islets cells with plump cytoplasm and amyloid deposits were stronger 
stained for IAPP than in Figure 3B. (A and D) Insulin; (B, E and F) IAPP by 1:400 diluted solution; (C) Glucagon immunostained; original magnification 
(A–C) x320; (D–F) x420.
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Figure 5. Control (A) and diabetic islets, Cases 10 (B–D) and Case 14 (E) IAPP immunostaining was performed using a 1:200 diluted antibody solution. 
Control islets were strongly immunostained for IAPP in the majority of islet cell cytoplasm (A). Diabetic islets of plump cytoplasm (*) were densely 
immunostained for IAPP in the cytoplasm, continuous to the moderately immunostained amyloid deposits (B). Diabetic islets occupying 95% amyloid 
deposits were immunostained moderately to strongly positive whereas viable islet cells surrounded by amyloid deposits were negative for IAPP. Two 
single cell islets were strongly positive for IAPP (s) (C and D). The end-stage small islets occupied by > 99% amyloid deposits revealed only a few IAPP 
negative residual islet cells. One strongly IAPP positive, single cell islet was localized (s) (D). Amyloid p immunostaining for the end-stage amyloid 
deposited islet was moderately positive in lamellar amyloid deposits and peri-islet blood vessel walls were strongly immunostained for amyloid p. 
Stromal amyloid deposits were moderately positive for amyloid p (E). (A) Control islet; (B–D) Case 10; (E) Case 14. (A–D) IAPP by 1:200 diluted solution; 
Case 10; (E) amyloid p; Case 14 immunostained original magnification x350.

Table 2. Size (length and width) of pancreatic Islets

Diabetic groups Large islets Medium-sized islets Extra-large islets

Length µm Width µm  Percent* Length µm Width µm  Percent* Length µm Width µm Percent*

1, Cases 1–3 80 ± 3 56 ± 5 33% 68 ± 5 44 ± 4 41% 112 ± 9 81 ± 17 25%

2, Cases 4–10 106 ± 7 83 ± 5 31% 70 ± 5 49 ± 4 34% 127 ± 10 83 ± 8 34%

3, Cases 11–18 110 ± 4 76 ± 4 41%  67 ± 3 44 ± 2 32% 140 ± 4 85 ± 4 28%

1-3, Cases 1–18 103 ± 3 75 ± 2 37%  68 ± 0.3 46 ± 1 34% 130 ± 2 83 ± 0.4 29%

Controls (n = 9) 103 ± 4 66 ± 3 44% 66 ± 3 45 ± 2 48% 141 ± 7 94 ± 6 7%

*Percentages were calculated for the relative percentages of the sizes of the islets in each group.
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together with nine cases of age-matched non-diabetic con-
trols. Pancreatic tissues were collected from the mid body 
portion of the pancreas, not representing PP-cell rich unci-
nate process or α-cell rich tail portion of pancreas50-52 and at 
least two tissue sections were studied for control and diabetic 
cases. Information on age, sex and years after diagnosis of 
type 2 diabetes was obtained for each case from the chart and 
is included in Table 1. History of type 2 diabetes was quite 
variable for each case and information on periods of diabetes 
after the diagnosis is listed in Table 1 as follows: 1, < 5 y, 2, 
5–10 y, 3, 11–15 y and 4, > 15 y after diagnosis. All tissues 
were routinely fixed in buffered formalin and were embedded 
in paraffin. Deparaffinized sections were treated with antigen 
retrieval procedure using citrate buffer pH 6.2. All staining 
procedures were the same as previously reported in reference 
10 and 38–40, except IAPP immunostaining, in which rab-
bit antihuman IAPP 1–13 (Peninsula Laboratory) was used to 
immunostain IAPP-positive islet cytoplasm at 1:800 dilution, 
however islet amyloid deposit was not readily immunostained 
at 1:800 dilution, and 1:400 and 1:200 diluted solutions were 
used to immunostain islet amyloid deposit after treating the 
tissue sections in 100% formic acid solution up to 60 min.41 
Sections of diabetic and control cases were also immunostained 
using antihuman amyloid p (Biocare Medical) at 1:100 dilution 
as reported before in reference 23. All the serial sections were 
systematically immunostained for insulin in β-cells, glucagon 
in α-cells, SRIFF in δ-cells and for IAPP. The counting immu-
nostainedcytoplasms for β-, α-, δ-cells and IAPP-positive cells 
was performed by counting positively immunostained cyto-
plasm at 10 x 20 = x200 magnification 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 
percentages of β-, α- and δ-cells were calculated by dividing 
the each hormone positive cells by the total islet cell numbers 
together with relative percentages of IAPP-positive cells against 
β-cell numbers. The islets were divided into three sizes, extra-
large islets containing more than 100 islet cells, large islets con-
taining 50–99 islet cells and medium-sized islets containing 
20–49 islet cells, respectively, excluding small islets of less than 
20 islet cells as these small islets or parts of large and medium-
sized islets provided large variation of islet cell percentages and 
IAPP-positive cell counts as previously reported in reference 
21. For each diabetic case, each case was considered as either 
α- or β-cells as the major cells when two of the three sizes of 
islets revealed the major islet cells as α-cells or β-cells (Table 
1). A total of 25 islets were randomly counted for each type 2 
diabetic and control cases. By mounted 1 cm linear scale with 
5 μm intervals in the 10x eye piece, the length and width for 
each islet were measured at 10 x 10 = x100 magnification. The 
length and width for extra-large, large and medium-sized islets 
were calculated for both control and diabetic islets. The type 2 
diabetic cases were divided into three groups according to the 
relative percentages of σ-cells: Group 1 (Cases 1–3) consisted 
of three cases with slightly more β- than σ-cells and about same 
numbers of β- and α-cells, Group 2 (Cases 4–10) more σ- than 
β-cells by 20–50%, and Group 3 (Cases 11–18) more σ- than 

homeostasis in type 2 diabetes, which causes β-cell exhaustion 
and eventual cell death through apoptosis. After β-cells started 
to die, dying β-cells become a nidus or template to form IAPP 
polymers intracellularly at first shown by the swollen dying 
IAPP-positive β-cells (Figs. 4F and 5B), adjacent to the newly 
forming fine extracellular amyloid fibrils. Amyloid deposits 
then accumulate perivascularly in the blood vessel-rich islets 
to transform water-insoluble β-sheet conformation containing 
IAPP polymers, including 20 more proteins such as amyloid p, 
apolipoprotein E (Apo E) and heparin sulfate-type proteogly-
cans.7,8,30,31 IAPP and insulin form heteromolecular complex in 
vitro,22 which suggests that insulin stabilizes IAPP in β-cells and 
lack of insulin in β-granules in type 1 and type 2 diabetic islets 
destabilizes and facilitates more breakdown and consequent 
disappearance of IAPP from β-granules.22 Freshly prepared 
intermediate IAPP polymers (25–6,000 IAPP molecules) have 
a toxic effect on β-cells7,8 and these intermediate IAPP polymers 
further damage β-cells and accelerate apoptosis of β-cells, but 
in somehow spare α- and δ-cells.7,8,42 Water-soluble IAPP with 
low molecular weight in β-cell granules is readily and densely 
immunostained whereas water-insoluble amyloid fibrils contain-
ing IAPP polymers are only weakly immunostained using anti-
human IAPP antibody as also reported by several authors.8,14,22 
Many papers had shown only Congo red staining for islet amy-
loid deposits but had not published immunostaining for IAPP 
in diabetic islets although these authors had antihuman IAPP 
antibodies at hand.3-5,14,15,18,30 This lack of IAPP immunostain-
ing in the literature certainly implies technically difficult IAPP 
immunostaining for amyloid deposits in type 2 diabetic islets. 
The reasons for lack of strong IAPP immunostaining of islet 
amyloid deposits are not clear at present, but one likely reason 
may be due in part to the unexposed epitope of IAPP polymers 
within the water-insoluble amyloid fibrils with β-sheet confor-
mation. Treating deparaffinized sections with formic acid some-
how facilitates immunostaining for IAPP by exposing the IAPP 
epitope in amyloid deposits as previously shown for amyloid p 
immunostaining in cerebral and AL-type amyloidosis.41 Formic 
acid treatment was also used in extracting IAPP from type 2 
diabetic pancreas.5,6 Thus, β-cells are special cells in even among 
all four types of islet cells equipped with an ample capacity to 
remodel and reproduce for maintaining glucose homeostasis 
through apoptosis.20,37,38,42-47 While β-cells die in type 1 and 
type 2 diabetic islets, mostly α-cells and some σ- and PP-cells in 
lesser degree proliferate from the islet stem cells to form hyper-
plasia, which causes hyperglucagonemia, leading to more hyper-
glycemia and exacerbation of clinical diabetes in both type 1 and 
type 2 diabetics.13,48,49 The major strong immunopositive σ-cells 
in relatively larger diabetic islets also histopathologically support 
hyperglucagonemia in diabetes.

Materials and Methods

All cases of pancreatic tissues from type 2 diabetics and con-
trol cases were collected by autopsy at the University of Kansas 
Medical Center between 1975 and 2001 during my tenure. 
A total of 18 cases of type 2 diabetic pancreas were studied 
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