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�-Cell dysfunction is an important factor in the development of
hyperglycemia of type-2 diabetes mellitus, and pancreatic islet amy-
loidosis (IA) has been postulated to be one of the main contributors
to impaired insulin secretion. The aim of this study was to evaluate
the correlation of IA with metabolic parameters and its effect on islets
of Langerhans remodeling and relative endocrine-cell volume in
baboons. We sequenced the amylin peptide, determined the fibrillo-
genic propensities, and evaluated pancreatic histology, clinical and
biochemical characteristics, and endocrine cell proliferation and apo-
ptosis in 150 baboons with different metabolic status. Amylin se-
quence in the baboon was 92% similar to humans and showed
superimposable fibrillogenic propensities. IA severity correlated with
fasting plasma glucose (FPG) (r � 0.662, P < 0.001) and HbA1c (r �
0.726, P < 0.001), as well as with free fatty acid, glucagon values,
decreased homeostasis model assessment (HOMA) insulin resistance,
and HOMA-B. IA severity was associated with a decreased relative
�-cell volume, and increased relative �-cell volume and hyperglu-
cagonemia. These results strongly support the concept that IA and
�-cell apoptosis in concert with �-cell proliferation and hypertrophy
are key determinants of islets of Langerhans ‘‘dysfunctional remod-
eling’’ and hyperglycemia in the baboon, a nonhuman primate model
of type-2 diabetes mellitus. The most important determinants of IA
were age and FPG (R2 � 0.519, P < 0.0001), and different FPG levels
were sensitive and specific to predict IA severity. Finally, a predictive
model for islet amyloid severity was generated with age and FPG as
required variables.

amyloid deposits � non-human primates � insulin resistance �
islet of Langerhans � type-2 diabetes mellitus

Type-2 diabetes mellitus (T2DM) is a chronic metabolic
disorder characterized by insulin resistance in liver, mus-

cle, and adipose tissue, as well as progressive �-cell dysfunction
leading to hyperglycemia (1–3). Hyperglycemia and islet amy-
loidosis (IA) have been implicated in the progressive loss of �
cells in T2DM (4, 5). The prevalence of IA has been reported
to range from 40 to 90% in T2DM individuals, and from 7%
to 33% in nondiabetic controls (6–11). Islet amyloid pancre-
atic polypeptide (IAPP) is the major constituent of pancreatic
amyloid deposits (12, 13). In humans, monkeys, and cats, but
not in mice and rats, IAPP has an amyloidogenic-promoting
region, which resides within amino acids 20 to 29. Abnormal-
ities in IAPP processing and secretion have been proposed as
important contributors to the formation of IA (14–17). Of
note, IA and �-cell apoptosis have been observed in normal

human islets transplanted into diabetic nude mice, as well as
in the liver of type-1 diabetic patients transplanted with human
islets (18, 19).

IA can cause �-cell death by occupying extracellular space,
thereby impairing nutrients and oxygen uptake. In addition,
small IAPP oligomers can form nonselective ion-permeable
membrane pores, leading to increased intracellular calcium
concentrations, endoplasmic reticulum stress, and apoptosis
(20–25). However, one argument that has been raised against
the pathogenic importance of IA in T2DM is that most, but not
all pancreases contain amyloid deposits and only about 10% of
patients with impaired fasting glucose have evidence of IA at
postmortem (6, 7, 9, 10, 12, 13, 20).

Longitudinal studies in Macaca nigra and Macaca mulatta
showed that progression to T2DM correlated with IA severity and
that IA may play a role in �-cell death (26, 27). In this study, we
performed a retrospective analysis in a large baboon (Papio
hamadryas) population in which physical and clinical chemistry
data, as well as pancreatic specimens, were available. Severe IA (�
50%) was not only associated with increased �-cell apoptosis and
decreased relative �-cell volume but also with �-cell replication and
hypertrophy and increased relative �-cell volume. In fact, �-cell
proliferation correlated with hyperglucagonemia and hyperglyce-
mia, providing new insights into the pathogenesis of islet of Lang-
erhans ‘‘dysfunctional remodeling,’’ and T2DM in the baboon.

Results
Sequencing and Fibrillogenic Propensity of Baboon IAPP. Amyloid
prevalence and amyloid severity had a hyperbolic relationship (Fig.
S1A). Sequencing of the baboon IAPP gene showed a 90% identity
to human IAPP at the cDNA level and 92% identity at the protein
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level (Fig. S1B), and the fibrillation propensities of baboon and
human IAPP were superimposable (Fig. S1 C and D).

Morphometric, Physical, and Biochemical Data. Physical and labo-
ratory data are summarized in Table 1. Age, body weight in
females, fasting plasma glucose (FPG), HbA1c, free fatty acid
(FFA), and glucagon progressively increased with IA. In con-
trast, insulin levels did not differ significantly in the 5 groups.
Morphometric data are summarized in Table S1. The baboon
population was divided into quintiles according to IA. Mean islet
size, relative islet volume, islet density, and relative amyloid
volume (percentage of total pancreas occupied by amyloid) were
increased according to IA severity (P � 0.05).

�-Cell Function and Insulin Resistance. �-Cell function [homeostasis
model assessment (HOMA)-B] decreased progressively with in-
creasing IA (r � �0.509, P � 0.001) (Fig. 1A) and FPG levels (r �
�0.589, P � 0.001) (Fig. 1B). Insulin resistance (HOMA-IR)

directly correlated with IA severity (r � 0.217, p 0.010) (Fig. 1C),
and with FPG levels (r � 0.292, P � 0.001) (Fig. 1D). Of note, �-cell
function decreased dramatically because of the additive effect of
hyperglycemia (FPG �115 mg/dL) and IA severity (Fig. 1E).

Relationship Between IA Severity, FPG Levels, and Other Metabolic
Parameters. Weight and FPG distribution in female and male
baboons are shown in Fig. S2. When baboons were divided into
quintiles of FPG levels, a progressive increase in both relative
amyloid volume and relative amyloid area was observed (both
P � 0.001) (Fig. 2 A and B). There was a strong positive
correlation between FPG concentrations and IA severity (r �
0.662, P � 0.001). Accordingly, the relative islet area free of
amyloid showed a linear inverse correlation with FPG levels (Fig.
2C) (P � 0.001). Abnormal FPG levels were observed in the 2
top quintiles of IA severity (see Table 1); however, overt
hyperglycemia was already present during the last 3 years of life
only in baboons with the greatest IA severity (Fig. 2D, and Table
S2). HbA1c levels correlated positively with the relative amyloid
area (r � 0.726, P � 0.001). Fasting plasma glucagon levels
increased in the upper 3 quintiles of FPG, and adipose tissue
insulin (fasting plasma insulin or FPI) resistance index (FFA �
FPI) increased also in these groups (Fig. 2 E and F) (P � 0.05).
In Fig. 2 G to L, representative pancreatic islet from baboons
with different degrees of IA are shown. In univariate analysis,
age, gender, body weight at the age of 15 years, fasting plasma
FFA, insulin, and glucagon levels were all positively correlated
with FPG levels (all P � 0.05). Multivariate analysis showed that
only age (partial r � �0.20 P � 0.03), gender (partial r � �0.19,
P � 0.03), fasting FFA (partial r � 0.40, P � 0.00013), and IA
(partial r � 0.65, P � 0.0001) remained significantly correlated
with the FPG levels, accounting for the 59% of the total
variability. Receiver operating characteristic (ROC) analysis
showed that FPG of 90 mg/dL predicted amyloid deposits in
more than 25% of the total islet area, with a sensitivity of 74%
and a specificity of 83%. For an IA �40%, the same glucose
levels had a sensitivity of 84% and a specificity of 77%. At lower
and greater levels of IA severity, different FPG levels were
equally sensitive and specific in predicting the % of IA (Fig. S3).

Relationship Between IA Severity and Physical Parameters.There was
a positive correlation between IA severity and age (r � 0.330, P �
0.001), which persisted after adjusting for gender, and between IA
severity and weight at 15 years of age, but only in females (r � 0.509,
P � 0.001), as females with the higher IA severity showed the higher
body weight during their entire life (Fig. S4 A and B, and see Table
S2). In both sexes, relative amyloid area increased linearly with the
FPG levels (Fig. S4C) (P � 0.001). At any given FPG level, the
severity of IA was slightly higher in overweight baboons, reaching

Table 1. Physical and laboratory data of 150 baboons divided according to the severity of islet amyloid deposition (relative amyloid area)

Variable
Group 1 IA

� 5.5% (n � 30)
Group 2 IA

5.5–17% (n � 30)
Group 3 IA

18–35% (n � 30)
Group 4 IA

36–51% (n � 30)
Group 5 IA

� 51% (n � 30) P group

Sex, (F/M) 14/16 18/12 25/5a,b 20/10 24/6a,b 0.007
Age, (years) 16.2 � 0.9 19.3 � 0.8ª 19.8 � 0.9ª 19.9 � 0.9ª 21.6 � 0.6ª 0.001
Wt. (F, kg) 15.7 � 0.6 16.2 � 0.8 15.8 � 0.7 18.9 � 1.2c 21.4 � 1.2a,b,c 0.001
Wt. (M, kg) 30.2 � 1.9 29.2 � 1.5 29.6 � 1.4 29.8 � 2.0 30.7 � 3.6 0.993
FPG, (mg/dL) 75 � 2 83 � 3 96 � 7 115 � 7a,b 187 � 21a,b,c,d 0.001
FFA, (mEq/L) 0.53 � 0.1 0.66 � 0.1 0.6 � 0.1 0.55 � 0.08 1.15 � 0.28a,b,c,d 0.02
Ins, (�IU/L) 18 � 4 18 � 3 39 � 17 40 � 28 34 � 11 0.724
Glucagon, (pg/mL) 60 � 5 79 � 10 97 � 14 96 � 20 112 � 23a 0.023
HbA1c, (%) 4.6 � 0.2 4.9 � 0.4 6.0 � 0.7 6.5 � 1.3 9.3 � 0.9a,b,c,d 0.004

FFA, free fatty acid; FPG, fasting plasma glucose; IA, islet amyloidosis.
aP � 0.05 vs. Group 1.
bP � 0.05 vs. Group 2.
cP � 0.05 vs. Group 3.
dP � 0.05 vs. Group 4.

Fig. 1. �-Cell function and insulin resistance correlated with amyloid deposits
and FPG in baboons. Ln(HOMA-B) (A and B) and Ln(HOMA-IR) (C and D) are
depictedaccordingtoamyloid severity (IA)andFPGconcentration inbaboons. (E)
Effect of increasing FPG concentration and worsening severity of amyloid dep-
osition on �-cell function (ln HOMA B) in baboons. *, P � 0.05 vs. Group 1; †, P �
0.05 vs. Group 1 and 2; ‡, P � 0.05 vs. Groups 1, 2 and 3; **, P � 0.05 vs. all groups.
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statistical significance in those with FPG between 95 and 125 mg/dL
(P � 0.05) (Fig. S4D).

Relationship Between IA Severity, Endocrine Cell Replication and
Apoptosis, and Relative �- and �-Cell Volume. The percentage of
endocrine islet cells stained for Ki67 correlated with ln(FFA)
(r � 0.480, P � 0.037), total cholesterol (r � 0.702, P � 0.001),
and ln(glucagon) (r � 0.562, P � 0.015). Because of the smaller
number of baboons used for these particular experiments (n �
20), results were divided into 3 groups of IA severity, IA of 0 (n �
4), 1 to 50 (n � 8), and �50% (n � 8). Together with the increase
in IA severity, there was a progressive, although not significant,
increase in the percentage of islet cells undergoing both prolif-
eration (Ki67 positive) and apoptosis (M30 positive) (Fig. 3 A
and B). The difference between proliferation and apoptosis
(proliferation-apoptosis � % Ki67-positive � % M30-positive)
remained relatively stable with a slight trend to apoptosis (Fig.
3C), but the relation between proliferation and apoptosis
(proliferation/apoptosis � % Ki67-positive/% M30-positive) was
greater in the baboons with IA �50% (Fig. 3D) (P � 0.05).
However, when the cases without IA (IA severity � 0) were
compared to those with any degree of IA (IA severity 1–50 � IA
severity �50%), proliferation rate was significantly higher in the
latter group (P � �0.05). Interestingly, we found that in baboons
with IA �50% and hyperglycemia, the marker of proliferation
(Ki67) colocalized with a fraction of glucagon-positive cells (Fig. 3
E, I, and M) but not with insulin-positive cells (Fig. 3 F, J, and N).
This result was confirmed by triple immunofluorescence experi-
ments (Fig. 3 Q and R): Ki67 staining (green) was detected in the
nuclei of a fraction of glucagon-secreting cells only (blue). Con-
versely, the marker of apoptosis (M30) never colocalized with
glucagon-positive cells (Fig. 3 G, K, and O), and colocalized
exclusively with insulin-positive cells (Fig. 3 H, L, and P). The
relative �-cell volume decreased by �70% in IA �50% (Fig. 4A)
(P � 0.001) and the relative �-cell volume increased by �50% in
IA �50% and FPG �100 mg/dL (Fig. 4 B and C) (P � 0.001).
Number of � cells/total islet cells, number of � cells/islet and
individual �-cell size were increased according to IA severity (Fig.
4 D–F) (P � 0.05) and according to FPG (Fig. S5) (P � 0.05).

Electron microscopy revealed amyloid deposits in both the
cytoplasm of � cells and in extracellular spaces, with the latter
appearing more compact (Fig. S6A). Electron microscopy im-
munocytochemistry demonstrated that both intra- and extracel-
lular deposits were composed of IAPP (Fig. S6 B and C). The
Congo red stain and IAPP immunohistochemistry performed in

consecutive pancreatic sections of diabetic baboons also con-
firmed that the islet amyloid is composed of IAPP (Fig. S7).

Predictive Model of IA Severity. We used a multivariate and
stratified matched approach to develop a predictive model of
amyloid deposition using the following variables: age, gender,
overweight at 15 years, FFA, FPG, and insulin and glucagon
levels. In a stepwise analysis (Table S3), age and FPG were the
best predictors of IA severity, with an adjusted R2 of 0.535 (P �
0.0001). In a second model including the 2 strongest predictors
of IA severity, age and FPG, the adjusted R2 was 0.519 (P �
0.0001). This allowed us to generate the following equation to
predict IA severity: Relative amyloid area � 1.118 � Age (years)
� 37.57 � FPG (mg/dL) � 164.03. In a stratified analysis, the
relationship between IA severity and FPG persisted after match-
ing baboons by age, sex, and weight.

Discussion
Similar to humans, baboons spontaneously develop insulin re-
sistance associated with obesity and T2DM, thereby serving as
a model for the study of the molecular pathogenesis of these
conditions (1–4, 28–32). The baboon genome sequencing is
underway, but given the high genetic and biologic similarities
between humans and nonhuman primates, it is likely that the
influence of the genetic background to T2DM is very similar
between baboons and humans (28, 32–35). In this study, we
demonstrate that the amino acid sequence of baboon IAPP has
92% homology with that of humans, minimal amino acid changes
in the amyloidogenic portion, and almost identical predicted
fibrillation propensities (see Fig. S1). To assess the role of IA in
T2DM, we performed a quantitative morphometric study to
evaluate the relationship between IA and islet of Langerhans
remodeling in a large number of baboons.

Surprisingly, IA was observed in a large number of baboons with
normal FPG levels and in most of those with impaired fasting
glucose or T2DM, as defined by using the same cut-off values used
for humans (36). A positive correlation between IA and FPG has
been reported in transgenic rodents and in vitro but not in humans
with T2DM (10, 37–39). In the present study, in which the entire
spectrum of FPG was examined, we found a highly significant
correlation between IA and both FPG and HbA1c levels. Further-
more, using ROC analysis, we showed that FPG concentrations
between 90 and 110 mg/dL have a high predictive value for the
presence of worsening IA (see Fig. S3). Thus, these data suggest

A B C

D E F

G H I

J K L

Fig. 2. FPG are associated to amyloid deposits, glucagon, and insulin resistance in the adipose tissue, and increases progressively during time in baboons
with more severe IA. Relationship between FPG and (A) relative amyloid volume/pancreas; (B) relative amyloid area; (C) islet area free of amyloid; (D)
glucose levels during the last 4 years of baboon’s life according to the degree of amyloid severity at death (open circles Group 1, open diamonds Group
2, filled diamonds Group 3, open squares Group 4, and filled squares Group 5); (E) Glucagon levels; and (F) Adipose tissue insulin resistance index (fasting
FFA � FPI). *, P � 0.05 vs. Group 1 and 2; **, P � 0.05 vs. G1, 2, and 3; †, P � 0.05 vs. all groups; #, P � 0.05 vs. glucose 1 year before death (in the same
amyloid group); ‡, P � 0.05 vs. glucose 3 years before death (in the same amyloid group). (G–L) Congo red staining (40�) in pancreas of baboons with
different levels of FPG and IA (FPG for G � 76, H � 80, I � 109, J � 199, K � 195, L � 255 mg/dL). (Bar � 50 �m.)
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that IA plays an important pathogenic role in the development of
�-cell dysfunction in baboons and humans.

In the baboons with the most extensive IA, FPG concentra-
tions increased progressively during the last 3 years of life, while
in baboons in the fourth quintile of IA severity, FPG concen-
trations increased in the last year, suggesting that progression
from normoglycemia/little-or-no IA to hyperglycemia/extensive
IA occurs in the last 3 years (see Fig. 2D). We also found a
hyperbolic relationship (r � 0.942 P � 0.001) (see Fig. S1)
between IA severity and IA prevalence, as previously reported
in humans and mice (40, 41). However, in contrast to what is
observed in rodents, amyloid deposition in baboons seems to
occur in 3 phases. The first phase is marked by a large increase
in amyloid prevalence (from 0 to 50%) but only a small increase
in amyloid severity (from 0 to 9.5%, P � NS). In contrast,

amyloid severity increases dramatically in the second phase
(from 9.5% to 47.3%, P � 0.001) and a further increase in
amyloid prevalence (from 50 to 95%, P � 0.001) is noted. Finally,
in the third phase, amyloid severity increases further in each
individual islet (from 47.3 � to 68.9%, P � 0.001), with negligible
changes in amyloid prevalence (from 95 to 100%, P � NS).

Similarly to what occurs in humans, hyperglycemia was par-
alleled by increased insulin resistance and decreased �-cell
function. Moreover, hyperglycemia and IA produced an additive
negative effect on �-cell function (see Fig. 1) (1, 4, 5). The
relationship between IA severity and FPI concentrations was
that of an inverted U-shaped curve consistent with previous
reports in humans and nonhuman primates during the progres-
sion from normal glucose tolerance to T2DM (1, 20, 26, 27, 42).

Using a multivariate analysis, we found that increased FFA
concentrations and the increased magnitude of IA were the most

E F G H

I J K L

M N O P

A B C D

Q R

Fig. 3. IA severity is associated to �-cell apoptosis and �-cell proliferation. Percentage of endocrine islet cells in proliferation (Ki67) (A), apoptosis (M30) (B),
the difference between these 2 (C), and the proliferation/apoptosis ratio (D) according to amyloid severity. *P � 0.05 vs. control group. Double-label
immunohistochemical stains in 3 baboon pancreases with �50% of IA and hyperglycemia show that nuclear immunoreactivity of the proliferative marker Ki67
does colocalize with glucagon in some � cells (arrow in E; I, and M), but not with insulin in � cells (F, J, and N). Conversely, cytoplasmic immunoreactivity for the
apoptotic marker M30, which detects the caspase cleavage product of cytokeratin 18, does not colocalize with glucagon (G, K, and O), but it does with insulin
(arrows in H and L; P). Ki67 and M30 are stained in brown, while hormones are stained in red. Triple immunofluorescence staining (I and J) with Ki67 (green),
insulin (red), and glucagon (blue) confirming that nuclear staining of the proliferative marker Ki67 was detected in few glucagon-positive cells (blue, arrows),
but not in insulin-positive � cells (red). A particular at higher magnification (2�) is shown. *, Amyloid deposits autofluorescence. (Scale bar, 10 �m.)
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important determinants of fasting hyperglycemia. Both insulin
resistance and the incidence of T2DM increase with age, and in
our baboon population aging was positively correlated with IA
(42). Multivariate analysis identified age and FPG as the best
predictors of IA severity, thereby allowing us to generate a
equation to predict IA severity.

Amyloid deposition has been associated with �-cell apoptosis,
both in vivo and in vitro (21, 23, 24, 43, 44). Surprisingly, with
the increase in the severity of IA, we found an increased rate of
both replication and apoptosis in the islet cells (see Fig. 3 A and
B). The increase in islet-cell apoptosis was limited to � cells,
while the increase in islet-cell replication was exclusively perti-
nent to � cells (see Fig. 3 E–R). Therefore, progressive IA is
associated not only with increased �-cell apoptosis (reduced
relative �-cell volume) but also with increased �-cell replication
and hypertrophy (increased relative �-cell volume). Although
reduced �-cell volume, increased �-cell volume, and relative or
absolute hyperglucagonemia have been reported previously,
�-cell proliferation and hypertrophy have not been reported
previously in nonhuman primates or in humans with T2DM, to
our knowledge, and could represent a plausible biological ex-
planation for hyperglucagonemia (6, 20, 45–47).

In conclusion, we propose that in the presence of a predis-
posing genetic background, the combination of environmental
factors (high-fat diet and obesity) may precipitate insulin resis-
tance with an over-stimulation of � cells to over-secrete insulin
to maintain normoglycemia. Concurrent with hyperinsulinemia,
increased IAPP secretion and the beginning of IAPP deposition
(both intracellularly and extracellularly) occurs. Whether IA is
a cause or consequence of �-cell dysfunction/hyperglycemia is
controversial, but we believe that IA plays a causative role in the
�-cell dysfunction/apoptosis that is observed in T2DM in a
manner that is similar to other human diseases that are associ-
ated with amyloid deposits, causing dysfunction of the affected
tissue and organs (18, 20, 21, 23–25, 27, 43, 45, 48–50). In this
context, �-cell proliferation and hypertrophy occurs, leading to
an imbalance in the �-/�-cell ratio (islet of Langerhans dysfunc-
tional remodeling) and the onset of overt T2DM (Fig. 5). Further
studies will aim to understand the molecular mechanisms of
these phenomena and novel treatments based on them.

Materials and Methods
Methods for sequencing of baboon IAPP, determining its predicted fibrillo-
genic propensities, and immunofluorescence staining are described in SI
Materials and Methods.

Baboons. We examined retrospectively all necropsies performed in baboons over
the last 15 years (from 1994 to 2008) at the Southwest National Primate Research
Center at the Southwest Foundation for Biomedical Research at San Antonio. All
animals had been fed standard chow diet 5038 (Purina) and received water ad
libitum. All animals in this report were cared for in compliance with the Guide for
the Care of Laboratory Animals. All procedures were approved by the SFBR
Institutional Animal Care and Use Committee. The SFBR is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care, Inter-
national. Out of the 2,254 screened baboons, 150 met the following eligibility
criteria: (i) age �8 years, (ii) availability of pancreatic tissue, and (iii) availability of
anthropometric and laboratory data. Exclusion criteria were (i) presence of
extrapancreatic amyloidosis and (ii) participation in experimental protocols that
could theoretically affect pancreatic amyloid deposition.

Baboons were considered overweight (�21.7 and �33.6 kg in females and
males, respectively) when above the 75th percentile of a body weight distri-
bution (see Fig. S2 A and B). Normal FPG values (80 � 1.2 and 79 � 1.3 mg/dL
in females and males, respectively) were identified by measuring FPG in 452
healthy adult baboons (see Fig. S2 C and D). The selected 150 baboons were
divided into quintiles according to the FPG and IA.

Analytical Measurements and Metabolic Parameters. FPG, HbA1c, insulin,
glucagon, FFA, insulin secretion index (HOMA-�), insulin resistance index
(HOMA-IR), and adipose tissue insulin resistance were measured as described
in SI Materials and Methods.

Histology and Immunohistochemistry. All of the 150 pancreases were fixed in
10% neutral-buffered formalin and paraffin embedded. Sections 5-�m thick
were stained with H&E and with Congo red. For immunohistochemistry, after
endogenous peroxidase activity inhibition, 3-�m-thick sections were incubated
with the primary antibody at 4 °C for 18 to 20 h, followed by the avidin–biotin
complex procedure (51). Immunoreactions were developed using 0.03% 3,3	-
diaminobenzidine tetrahydrochloride. The following antibodies were used: anti-
insulin mouse monoclonal (clone AE9D6, Biogenex Laboratories), anti-glucagon
rabbit polyclonal (Milab), anti-caspase cleavage product of cytokeratin 18 mouse
monoclonal (clone M30, Hoffmann-LaRoche), and anti-Ki67 mouse monoclonal
(clone MIB1, Dako). Colocalization studies were performed using double-label
immunohistochemical stains (52). Ki67- and M30-positive cells were counted in a
subgroup of 20 pancreases that were divided into 3 groups according to the
severity of islet amyloidosis and were expressed as the percentage of positive cells
over total counted islet cells (with a minimum of 500 counted cells). The observers
(C. Placidi, G.F., and S.L.R.) were blind to the severity of islet amyloidosis at the
time of the quantification of proliferating or apoptotic cells.

Morphometric Analysis. Morphometric analysis was performed using the Com-
puter Assisted Stereology Toolbox (CAST) 2.0 system from Olympus and using

Fig. 4. IA is associated with a reduction in the relative �-cell volume and an
increase in the relative �-cell volume depending on �-cell proliferation and
hypertrophy. Relative �- and �-cell volume (A and B) according to amyloid
severity; relative �-cell volume according to FPG (C); �-cell number/total islet cell
number (D), absolute �-cell number/islet (E), and �-cell size (F) according to
amyloid severity. *, P � 0.05 vs. control group.

Fig. 5. Proposed natural history of the events leading to the progression
from normal glucose tolerance to T2DM in baboons.
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the stereology fundamentals that allowed us to calculate the area and volume
of the different microscopic structures through the use of lines and points. In
this way, IA was expressed as the percentage of islet area occupied by amyloid
deposits (relative amyloid area), and the relative volume of � and � cells as the
percentage of islet volume occupied by these specific endocrine cells; �-cell
size and number were also measured (see SI Materials and Methods).

Statistical Analysis. Data are presented as mean � SEM. Variables with a
skewed distribution were log transformed. ANOVA was used for comparisons
between more than 2 groups with a Bonferroni as a post hoc test. Pearson’s
correlation coefficient was used to evaluate correlations between variables.
ROC analysis was used to examine the sensitivity, specificity, and predictive
values of different glucose levels to estimate IA severity. Regression analysis
was performed to evaluate the impact of different variables on FPG and IA
severity. A P � 0.05 was considered statistically significant.
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