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Abstract
Background: Islet amyloid polypeptide (IAPP) is deposited as amyloid in the islets of Langerhans in type 2 diabetes. The mechanism behind the formation of the
cytotoxic ﬁbrils is unknown. Islet amyloid develops in a
mouse IAPP null mouse strain that expresses human IAPP
(⫹hIAPP/⫺mIAPP) after 9 months on a high-fat diet.
Herein we investigate the effect that individual free fatty
acids (FFAs) exert on formation of amyloid-like ﬁbrils
from synthetic IAPP and the effects of FFAs on IAPP polymerization in ⫹hIAPP/⫺mIAPP islets cultivated in vitro.
Materials and Methods: In the study myristic acid,
palmitic acid, stearic acid, oleic acid, and linoleic acid were
used together with albumin. Thioﬂavin T (Th T) assay was
used for quantiﬁcation of amyloid-like ﬁbrils. Islets were
isolated from the ⫹hIAPP/-mIAPP transgenic strain and
cultured in the presence of the FFAs for 2 days. Immunoelectron microscopy was used for evaluation.

Results: The Th T assay showed that all studied FFAs potentiated ﬁbril formation but that myristic acid revealed
the highest capacity. In some cells from cultured islets, intragranular aggregates were present. These aggregates had
a ﬁlamentous appearance and labeled with antibodies
against IAPP. In some cells cultured in the presence of
linoleic acid, large amounts of intracellular amyloid were
present. Earlier, this has not been observed after such a
short incubation period.
Conclusions: Our studies suggest that FFAs can potentiate
amyloid formation in vitro, probably without being integrated in the ﬁbril. Cultivation of ⫹hIAPP/⫺mIAPP transgenic mouse islets with FFAs results in altered morphology
of the secretory granules with appearance of IAPPimmunoreactive ﬁbrillar material. We suggest that such ﬁbrillar material may seed extracellular amyloid formation
after exocytosis.

Introduction

manifest speciﬁc staining properties with the dye
Congo red. IAPP-derived amyloid is restricted to a
few species and is mainly found in human (⬎95%),
adult cats, and non-human primates in conjunction
with type 2 diabetes (9). Islet amyloid does not occur in the mouse or rat. These species differences are
due to amino acid sequence variations in the respective IAPP molecules (10). Therefore, amyloid formation can not be studied in wild-type mice. Instead,
for this purpose, transgenic mouse strains expressing the gene for human IAPP (hIAPP) have been established (11–14).
The mode of induction of amyloid formation is
not known, but factors such as oversecretion of IAPP
might be of importance, given the high frequency of
IAPP-derived amyloid deposits in insulinomas in
which both insulin and IAPP may be overproduced.
However, the low incidence of islet amyloid in
hIAPP transgenic mice overexpressing IAPP points
to the probability that additional factors are involved
in the ﬁbrillogenesis of IAPP (15,16).
Westernization has been associated with increased intake of dietary fat and has been suggested
to be an important risk factor for the development of
type 2 diabetes, especially in migrant populations
(17). Free fatty acids (FFAs) are an important physiologic fuel for islets, and they also act as supplemental

The pathogenesis of type 2 diabetes mellitus is not
fully understood. Peripheral mechanisms resulting
in insulin resistance as well as ␤ cell abnormalities
are known to be involved. The most constant structural islet abnormality in type 2 diabetes mellitus is
deposition of islet amyloid (1,2). In advanced lesions the whole islet may be converted into amyloid,
thus leading to decreased numbers of ␤ cells. Islet
amyloid deposits consist predominantly of ﬁbrils
formed by polymerization of a 37 amino acid polypeptide identiﬁed as islet amyloid polypeptide (IAPP;
amylin) and IAPP is in human and other mammals
mainly produced by ␤ cells (3–5). IAPP is stored and
released together with insulin at exocytosis (6,7). The
physiologic function of IAPP is not fully clariﬁed, but
recent result point towards a modulating effect on
insulin secretion through an autocrine or paracrine
mechanism (8).
The homogeneous-appearing amyloid substance
observed with light microscopy consists of proteins arranged in characteristic ␤-sheet ﬁbrils, which
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nutrient secretagogues to potentiate insulin release
acutely in the presence of glucose. Some studies have
shown that increased fat intake can impair islet ␤ cell
function, in addition to producing obesity and insulin
resistance. In mice studied while their dietary fat consumption was increased, ␤ cell function was reduced
as measured as decreased insulin release from perifused isolated islets (18). In contrast to the potentiation of FFAs on glucose-induced insulin secretion,
FFAs inhibit glucose-induced proinsulin biosynthesis (19). On the other hand, when isolated islets are
used, 24 hr of exposure to fatty acids reduces both insulin biosynthesis and release while removal of the
fatty acids from the medium results in the reversal of
this suppression (20). Chronic exposure to FFAs
could severely deplete the internal insulin stores because there is apparently no biosynthetic backup to
compensate for FFA-induced insulin hypersecretion.
Recently, one study showed that fatty acids could reduce posttranslational processing of the endoproteases PC1/3 and PC2, which are responsible for
processing of proinsulin to insulin and of pro-IAPP
to IAPP (21).
In the hIAPP transgenic mouse strain that our
group has established, amyloid does not appear
spontaneously. Instead, islet amyloid appears in
these mice after long-term, high-fat dietary intake
(22). This phenomenon was originally reported to
occur in another transgenic mouse strain expressing
hIAPP (15). The association between high fat intake
and islet amyloidosis has not been explained but,
interestingly, when normal mice were fed a high-fat
diet during a 6-month period, the plasma levels of
IAPP and insulin increased (23). Notable was the
ﬁnding that the IAPP plasma concentration increased 4.5 times while the plasma insulin concentration only increased 1.3 times. This resulted in a
shift of the IAPP to insulin molar ratio from 6.3% in
the control group to 20.5% in the experimental
group. This may indicate that it is not the increased
IAPP concentration per se that is of most importance for amyloid induction, but rather the relationship between the concentrations of IAPP and insulin. Human IAPP has an unusual tendency to
form amyloid-like ﬁbrils in vitro and we have postulated that factors inhibiting ﬁbril formation must
be present normally in ␤-cells. In fact, insulin is in
vitro a strong inhibitor of IAPP ﬁbril formation
(24–26). There may also exist components that promote IAPP ﬁbril formation. Interestingly, it has
been reported that FFAs stimulate the polymerization of tau and amyloid ␤-peptides in vitro (27). A
20- to 30-fold increase in protein tau polymer formation was observed when 50 M arachidonic,
palmitoleic, or linoleic acid was used.
In the present study we show, with the use of
different in vitro systems based both on synthetic
peptides and on in vitro cultivated pancreatic
islets, that FFAs are potent enhancers of islet amyloid formation.

Materials and Methods
Free Fatty Acids
The Na salts of myristic acid, oleic acid, linoleic acid,
palmitic acid, stearic acid, and thioﬂavin T (Th T)
were obtained from Sigma (St. Louis, MO, USA). The
synthetic full-length wild-type hIAPP (IAPP 1-37)
was synthesized at Keck Center, Yale University (New
Haven, CT, USA). IAPP was C-terminally amidated
and cyclized. Fatty acid ultra-free serum albumin and
collagenase P were purchased from Boehringer
Mannheim Biochemicals (Mannheim, Germany).
Effects of FFAs on IAPP Fibril Formation In Vitro
Synthetic IAPP was dissolved in dimethylsulfoxide at
2.5 mM. FFAs were dissolved in ethyl alcohol at three
different concentrations: 5 mM, 500 M, and 5 M. To
test tubes containing 44 l distilled water were added
5 l of a FFA solution and thereafter 1 l of the IAPP
solution. To control samples, ethanol without FFA
was added. The concentration of DMSO and ethanol
was 4% and 10% in all tubes, respectively. From each
of the tubes 1 l samples in triplicate were taken at
30 min, 1 hr, 6 hr, 12 hr, and 24 hr. The samples were
put on glass slides, air-dried, stained with alkaline
Congo red (28), and examined in a polarization microscope for green birefringence, typical of amyloid.
At 24 hr, 1 ml distilled water was added and the
tubes were then centrifuged at 17,600 ⫻g (Sigma
centrifuge) for 1 hr. Of the supernatant, 0.9 ml was
removed, the pelleted material resuspended, and
aliquots were put on Formvar-coated copper grids,
negatively contrasted with 2% uranyl acetate in
50% ethanol, and examined in a Jeol 1200 electron
microscope at 80 kV.
Thioﬂavine T Fluorometric Assay
Th T is a substance that binds speciﬁcally to amyloid
ﬁbrils. Binding of the dye to amyloid ﬁbrils in suspension generates a ﬂuorescent signal that can be
measured at excitation 442 nm and emission 485 nm
in a Fluoroskan (Ascent Fluorometer, Labsystems,
Helsinki, Finland). In this ﬂuorometric assay the
amyloid ﬁbril assembly process can be monitored,
and the technique is useful for studies of the effects
of various substances on ﬁbril formation (29,30).
The experiments were performed in a 100-l assay
volume containing 4 M IAPP, 50 or 125 M FFAs,
25 M albumin (FFA:albumin 2:1 or 5:1), 50 mM
glycine, 25 mM sodium phosphate buffer, pH 7.4, and
10 M Th T. IAPP was dissolved in DMSO and the
ﬁnal concentration in the assay was 4% DMSO. The
FFA and albumin was mixed 30 min prior to addition
of the other components. In one set of experiments the
albumin was abolished from the study. Fluorescence
was measured every 15 min over a 24-hr time period
in 96-well black Cliniplates (Labsystems). All plastic
ware used in the ﬂuorescence assay was treated with
Sigmacote (Sigma). In every experiment each mixture
was studied in eight identical samples. The results are
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presented as mean values of eight samples. The experiments were repeated at least three times.
Amyloid Formation in Isolated Islets
Islet Isolation Pancreatic islets were isolated from
16 female ⫹hIAPP/⫺mIAPP mice, 3–6 months of age.
This mouse strain expresses hIAPP but not mIAPP
and has been established by step-wise breeding of
transgenic mice carrying the human IAPP gene with
IAPP null mutant (mIAPP⫺/⫺) mice (22). The pancreata were removed under sterile conditions and
placed in Hank’s balanced salt solution (HBSS) and
ﬁnely minced. The small pieces of tissue were enzymatically digested by collagenase P (1.5 mg/pancreas) in HBSS for 15 min at 37⬚C. Islets were handpicked under the microscope. The isolated islets were
cultured overnight in 24-well cell culture cluster
(Costar, Cambridge, MA) containing RPMI 1640
medium supplemented with 10% (v/v) fetal bovine
serum (FBS), penicillin (100 units/ml), streptomycin
(0.1 mg/ml), and 11.1 mM glucose at 37⬚C in humidiﬁed air containing 5% CO2.
During the experiments, the islets were cultured
in 500 l RPMI-1640 containing 11.1 mM glucose,
300 M of the studied FFA and 150 M fat-free albumin (FFA:albumin 2:1) at 37⬚C in a 5% CO2 atmosphere for 2 days.
Immune Electron Microscopy
At the end of the culture period the islets were ﬁxed
in 2% paraformaldehyde and 0.25% glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4, containing 0.1 M sucrose. After ﬁxation, the cells were dehydrated in ethanol and embedded in Epon. Ultrathin sections of the islets were cut and mounted on
nickel grids. Specimens were immunogold-labeled
for IAPP using an antiserum (A110) against mouse/ratIAPP (diluted 1:50), which reacts equally well with
hIAPP and mIAPP (31). Antibody binding sites were
identiﬁed with swine anti-rabbit IgG conjugated
10 nm-gold particles (Biocell Laboratories, Cardiff, UK).
Contrast of the sections was enhanced with uranyl
acetate and lead citrate. The sections were studied
in a JEOL 1200 electron microscope (JEOL, Tokyo,
Japan).

Results
In Vitro Fibril Formation
We used three different methods to establish reliably the formation of amyloid-like ﬁbrils in vitro
and the effect of FFAs. For Congo red binding and
electron microscopy, FFAs were tested without presence of albumin because albumin interfered with
staining and negative contrasting. In the Congo red
test, dependent on speciﬁc and ordered binding of
dye molecules on the ﬁbrils, green birefringence
typical of amyloid was seen when 50 M IAPP had
been incubated alone for 6 hr (Table 1). When the
same concentration of IAPP was co-incubated with
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Table 1. Time (min) after which amyloid-like ﬁbrils
appeared, as revealed by Congo red staining, when
IAPP (50 M) and three different concentrations of
fatty acids were co-incubated
Concentration of Fatty Acid* (M)

IAPP alone
Myristic acid ⫹ IAPP
Oleic acid ⫹ IAPP
Palmitic acid ⫹ IAPP
Linoleic acid ⫹ IAPP
Stearic acid ⫹ IAPP

500

50

0.5

0

—
30
30
30
30
30

—
30
30
30
30
30

—
30
60
30
360
30

360

Results are from one out of three independent experiments, which
all gave the same results.

500 M or 50 M of any of the FFAs myristic, oleic,
linoleic, palmitic or stearic acid, green birefringent
material was detected much earlier (Table 1). Also at
a concentration of 0.5 M, all FFAs except linoleic
acid enhanced formation of amyloid-like ﬁbrils.
FFAs alone did not bind Congo red and exhibited
no green birefringence. Electron microscopy was
performed on the samples after incubation for 24 hr.
All samples contained long, slightly wavy amyloidlike ﬁbrils and no difference in morphology between preparations was found (Fig. 1A, 1B).
Kinetic Studies
Fibril formation of IAPP and other amyloid ﬁbril
proteins such as A␤ occurs in vitro after a signiﬁcant
lag phase during which a nucleation process is believed to take place (32) and this phenomenon was
seen also in this study. When FFAs were analyzed
without the addition of IAPP there was no detectable
ﬂuorescence even after 24 hr. Presence of FFA bound
to albumin strongly enhanced the Th T signal and
the lag phase was considerably shortened (Fig. 2).
The potencies of the different FFA varied, but they
all enhanced the ﬁbril formation both in time and in
amount. Most dramatic effect was seen in the presence of 125 M myristic acid (FFA:albumin 5:1)
where the ﬁbril concentration increased 4-fold as
measured by Th T ﬂuorescence (Fig. 2). When IAPP
was co-incubated with albumin alone, the amyloidlike ﬁbril formation occurred slightly delayed and
the Th T signal was slightly lower (data not shown).
In another experiment, IAPP was incubated with
FFAs unbound to albumin. When this protocol was
used, a dramatic enhancing effect on the ﬁbril formation occurred. There was no obvious lag phase and
the Th T ﬂuorescence reached maximum within 1 hr
and was three to four times higher than the levels observed when albumin was present (data not shown).
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Fig. 1. (A) Amyloid-like ﬁbrils formed from synthetic
IAPP 1–37. (B) Fibrils formed from IAPP in the presence of
0.5 M myristic acid. Negatively contrasted with 2% uranyl
acetate. Bar ⫽ 50 nm.

Amyloid Formation in Cultured Isolated Islets
Because amyloid ﬁbril formation is a nucleationdependent process, the very initial ﬁbril formation
is important to study to understand the development of amyloid deposition. We have previously
found that isolated ⫹hIAPP/⫺mIAPP islets form
IAPP-amyloid after incubation in vitro for 10–14
days (22). In the present study we chose a shorter
incubation time to study possible effects of FFAs on
the very ﬁrst amyloid formation. The immunolabeling of the control tissue material incubated without
addition of FFAs showed a speciﬁc reactivity of antibodies against IAPP within the secretory granules
and this immunoreaction was often localized to the
halo region (Fig. 3B). No abnormal structures were
seen and there was no aberrant IAPP immunolabeling. In all islets incubated with FFAs, some ␤
cells had secretory granules that were characterized
by the presence of abnormal ﬂocculated and faintly
ﬁbrillar material that was distinctly IAPP immunoreactive. These IAPP-immunoreactive aggregates were located in the halo region of the secretory vesicles (Fig. 3C, 3D) and were not seen in
islets incubated without FFAs. The most pronounced secretory vesicles alteration was observed
in the islets incubated with myristic acid (Fig. 3C).
In some cells incubated with linoleic acids, a large

Fig. 2. Thioﬂavin T assay. Studies on IAPP ﬁbril formation
in the presence of myristic acid, oleic acid, palmitic acid, stearic
acid, and linoleic acid (all at 125 M), measured over 24 hr.
AFU, arbitrary ﬂuorescent units. The results are mean values of
eight individual samples from one representative run. The assay
was repeated three times as independent experiments, all with
the same result.

amount of intracellular amyloid was found (data
not shown). Intracellular amyloid was not reported
to occur after 2 days in culture. Within this short
time of cultivation, no extracellular amyloid deposits were seen.

Discussion
Overexpression of IAPP with an amyloidogenic
amino acid sequence has been considered to be the
major factor in human islet amyloidogenesis, but the
absence of islet amyloid in several transgenic mouse
strains with very high IAPP production have contradicted this suggestion. Therefore, additional factors
need to be considered. Because, in transgenic mouse
models, islet amyloid occurred after prolonged intake of a high-fat diet (15,22) we found it logical to
study the effects of FFAs on IAPP ﬁbril formation.
The results of this study suggest that FFAs can act as
direct potent stimulators of IAPP ﬁbrillogenesis.
Amyloidogenesis includes a nucleation phase (lag
phase) and a ﬁbrillogenic phase (32). In our in vitro
model with synthetic hIAPP, all tested FFAs enhanced ﬁbril assembly by shortening of the lag phase.
They also increased the Th T signal. A large group of
individuals with type 2 diabetes are obese and they
have increased levels of plasma FFA. FFAs potentiate
glucose-induced insulin release in vitro (33). It is
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Fig. 3. Electron microscope pictures of ␤ cells in isolated
islets from ⴙhIAPPⴚmIAPP transgenic mice cultured for
2 days. (A, B) Parts of ␤ cells of islets cultured in the presence
of 150 M albumin. No aggregate is seen in the halo region of
the granules. (C) Part of ␤ cell of islet incubated in the presence
of 300 M myristic acid and 150 M albumin. A ﬁbrillar aggregate is present in the halo region of the ␤ cell. (D) ␤ cell granules from an islet cultured in the presence of 300 M oleic acid
and 150 M albumin reveal ﬁbrillar aggregates in the halo region of the secretory granules. In B, C, and D immunolabeling
was performed with an IAPP-speciﬁc antiserum. Bar ⫽ 300 nm.

possible that the combination of insulin resistance,
leading to a chronic overproduction of IAPP, and effects of FFAs result in aggregation of IAPP to amyloid
ﬁbrils and thereby to a progressive ␤ cell loss.
In the circulation, the majority of FFAs are
transported bound to albumin, and only a minor
fraction is free (34). We studied the effects of FFAs
bound to albumin but also without albumin. FFAs
in both these states enhanced ﬁbril formation. The
mechanism(s) by which FFAs enhance ﬁbril formation are obscure, however. A micelle formation of
the FFAs would increase the concentration of hIAPP and induce ﬁbrillogenesis. However, because
the sodium salts of the FFAs were used at pH 7.4
and the enhancement of ﬁbril formation occurred in
the presence of albumin, this explanation is highly
unlikely. The electron microscope study showed
that the ﬁbrils formed in the presence of FFAs revealed the same appearance as ﬁbrils formed without FFAs. They also bound the amyloid-speciﬁc dye
Congo red and showed the typical green birefringence in polarized light. Mass spectrometric study
on IAPP ﬁbrils assembled in the presence of FFAs
indicated that FFAs were not incorporated in the
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ﬁbrils (G.T. Westermark, unpublished result). They
therefore may have a role in nucleation and perhaps
act as pathologic chaperones (35).
We have previously shown that isolated pancreatic islets from hIAPP transgenic mice develop
IAPP amyloid deposits when cultivated in vitro for
10 days (22). In the present study, presence of FFAs
not only enhanced ﬁbril formation from synthetic
hIAPP in vitro, but rapidly also led to the appearance of an abnormal intragranular material in ␤
cells of cultivated hIAPP transgenic mouse islets.
This ﬁbrillar material, which was immunoreactive
for IAPP, had the same dimensions as amyloid ﬁbrils and may be the starting point for islet amyloid.
Similar structures have been reported from other
hIAPP transgenic mouse strains (14,36,37). Islet
amyloid is mainly deposited extracellularly (38),
but there is evidence that the very ﬁrst amyloid may
appear intracellularly (39,40) and the present ﬁndings may indicate that this occurs ﬁrst within the secretory vesicles. It is possible that such minute amyloid is released with secretory granules to the
extracellular space and there acts as nidus for further ﬁbril formation. Given the very short time the
islets were cultivated, extracellular deposits were
not expected to occur.
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