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Abstract

Type 2 diabetes involves aberrant misfolding of human islet amyloid polypeptide (h-1APP) and
resultant pancreatic amyloid deposits. Curcumin, a biphenolic small molecule, has offered
potential benefits in other protein misfolding diseases, such as Alzheimer’s disease. Our aim was
to investigate whether curcumin alters h-IAPP misfolding and protects from cellular toxicity at
physiologically relevant concentrations. The effect of curcumin on h-IAPP misfolding in vitro was
investigated by electron paramagnetic resonance spectroscopy, ThT fluorescence and electron
microscopy. Our in vitro studies revealed that curcumin significantly reduces h-1APP fibril
formation and aggregates formed in the presence of curcumin display alternative morphology and
structure. We then tested a potential protective effect of curcumin against h-IAPP toxicity on /-
cells. Micromolar concentrations of curcumin partially protect INS cells from exogenous IAPP
toxicity. This protective effect, however, is limited to a narrow concentration range, as curcumin
becomes cytotoxic at micromolar concentrations. In different models of endogenous over-
expression of h-IAPP (INS cells and h-1APP transgenic rat islets), curcumin failed to protect £
cells from h-IAPP-induced apoptosis. While curcumin has the ability to inhibit amyloid formation,
the present data suggest that, without further modification, it is unlikely to be therapeutically
useful in protection of f-cells in type 2 diabetes.
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Introduction

Several degenerative diseases including Alzheimer’s disease, Parkinson’s disease, type 2
diabetes mellitus (T2DM) and spongiform encephalopathies are characterised by gradual
cellular attrition associated with aggregation of locally expressed misfolded proteins [1]. As
a result of the apparently shared proteotoxicity as a consequence of protein misfolding, these
diseases have been collectively referred to as protein misfolding diseases. The islet of
Langerhans in T2DM is characterised by islet amyloid derived from human islet amyloid
polypeptide (hIAPP), a 37 amino acid peptide co-expressed and secreted with insulin by
pancreatic f-cells [2,3]. The islet in T2DM is also characterised by a deficit in f-cells and
increased f-cell apoptosis that are due at least in part to endoplasmic reticulum stress [4-7].

The islet and metabolic phenotype of T2DM can be recapitulated in rodents by over-
expressing h-IAPP in f-cells. Rodent IAPP (r-1APP) differs from h-1APP in that it is not
amyloidogenic. This is thought to be due to the proline substitutions in the hydrophobic
region between residues 20 and 29 [8]. Moreover, the over-expression of rodent IAPP does
not lead to diabetes. These data imply that f-cell toxicity due to high expression rates of h-
IAPP is dependent on the aggregation property of h-IAPP, although this is not necessarily in
the form of amyloid fibrils. Accumulating evidence suggests that the toxic forms of
amyloidogenic proteins are small membrane permeant oligomers that may form
intracellularly [9]. Intriguingly, an antibody raised against toxic oligomers of Alzheimer’s b
protein, also binds to toxic oligomers of other amyloidogenic proteins, including IAPP,
implying that the toxic oligomers of amyloidogenic proteins share a close structural
relationship [10].

If cellular dysfunction and toxicity in protein misfolding diseases are mediated by
oligomers, then by implication, inhibition of the formation of these oligomers might
beneficially modify the disease progression. A candidate molecule to achieve such benefit is
curcumin (diferuloylmethane), a biphenolic small molecule and the main constituent of the
rhizome C. longa (turmeric). Curcumin has been reported to have several potentially
beneficial properties including anti-inflammatory, anti-oxidant and anti-HIV effects [11-
13]. Recent studies have also shown that curcumin can inhibit formation of amyloid fibrils
from monomers of Abeta [14,15], a-synuclein [16] and prion [17].

While these studies have shown the anti-amyloidogenic effects of curcumin, it is still poorly
understood how curcumin interacts with amyloid proteins and by what mechanism it inhibits
misfolding. Additionally, it is important to know at what physiological concentrations
curcumin accomplishes this effect, and whether it is protective against cytotoxicity.
Moreover, since there is still some uncertainty whether the proteotoxicity mediated by
misfolded proteins is mediated intraor extracellularly, it is important to examine the ability
of curcumin to suppress cytoxicity of misfolded proteins expressed in, or applied to, cells.

This prompted us to first investigate the molecular interaction of curcumin with h-1APP. In
order to understand whether curcumin inhibits or modulates the misfolding process of h-

IAPP in vitro, we employed a combination of biophysical tools, including site-directed spin
labelling with electron paramagnetic resonance (EPR), electron microscopy and Thioflavin
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T (ThT) fluorescence. Having established that curcumin modulates IAPP misfolding in vitro
at micromolar concentrations, we then tested the efficacy of curcumin to protect islet cells
from h-1APP cytotoxicity under those conditions. This was undertaken both in a g-cell line
(INS 832/13 cells) as well as in isolated islets from rats over-expressing h-1APP.

Chemicals and peptides

Hexafluoroisopropanol (HFIP) and dimethyl sulfoxide (DMSQ) were obtained from Sigma-
Aldrich. Curcumin was obtained in powdered form from Sigma-Aldrich. Synthetic wild type
human IAPP (lot no. E-0509) was purchased from Polypeptide Laboratories (Wolfenbuettel,
Germany). The spin label, 1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methy!l
methanethiosulfonate (MTSL), was obtained from Toronto Research Chemicals (Toronto,
Canada). Single cysteine mutants of full-length IAPP were purchased from Biomer
Technology (Pleasanton, CA). The native cysteine residues at position 2 and 7 were
substituted with an alanine to create a C2A C7A double-mutant as described previously
[18].

Spin labelling and EPR

For spin labelling, single cysteine-containing peptides were reacted with 3-fold molar excess
of MTSL for 1 h at room temperature. Unreacted MTSL was removed using a Toyopearl
cation exchange column. The spin-labelled peptide was then desalted using a C18 reverse
phase SpinColumn from Harvard Apparatus (Holliston, Massachusetts) and eluted with
100% HFIP. Peptide concentrations were calculated by UV absorbance at 280 nm in 6 M
guanidine HCI using an extinction coefficient of 1400 M~1 cm™1. Labelled peptides were
stored at —80°C until use. Stock solutions of spin-labelled IAPP and wild type |APP were
lyophilised. For preparation of stock solutions the lyophilised peptides were reconstituted
with deionised water containing 0.5% acetic acid. For fibril formation, aliquots of stock
IAPP was added to 10 mM phosphate buffer with 100 mM NaCl (pH 7.4) for a total volume
of 100 ml and 100 mM concentration. Curcumin was freshly dissolved in DMSO prior to
use. The samples were incubated with or without curcumin (1-100 mM) at room
temperature for 4 days to allow fibril formation. To test the effect of curcumin on preformed
fibrils, 16R1 labelled IAPP was prepared to form fibrils for 3—7 days at a concentration of
100 mM. Curcumin was added to the preformed fibrils, allowed to incubate for either 1 h or
24 h. The samples were then harvested for EPR spectroscopy.

EPR spectroscopy

For EPR spectroscopy, samples were pipetted into a glass capillary (0.6 mm inner diameter,
0.84 outer diameter, VitroCom, Mountain Lakes, NJ) sealed at one end. The sample was
centrifuged and all supernatant was removed to eliminate smaller aggregates and monomeric
protein. EPR spectra of fibrils were recorded on a Bruker (Billerica, MA) EMX
spectrometer with an HS resonator at 12 mW incident microwave power with a magnetic
field scan range of 150 Gauss.
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Electron microscopy

To examine the effect of curcumin on fibril growth, 10 ml of samples were adsorbed onto
carbon and formvar-coated copper grids and negatively stained with 2% (w/v) uranyl acetate
solution for 5 min. The stained grids were examined and photographed using a JEOL
JEM-1400 electron microscope at 100 kV.

Thioflavin T assay

Cell culture

To test the effect of curcumin on ThT fluorescence intensity of IAPP fibrils, 20 pl aliquots
of wild type |APP peptide solutions in 0.5% acetic acid were mixed with 500 pl of 10 mM
phosphate buffer (pH 7.4) to yield 50 mM IAPP concentration in the presence and absence
of 10 mM and 50 mM curcumin concentrations. To each fibrilisation reaction, 25 mM ThT
was added and emission intensities were measured at 482 nm with excitation at 450 nm for
16 h. Measurements were performed at room temperature with excitation and emission slit
widths of 1 and 10 nm, respectively. To assess the effect of curcumin on preformed IAPP
fibrils, h-1APP fibrils were allowed to undergo complete fibrilisation for 4 days in 10 mM
phosphate buffer (pH 7.4). Preformed h-1APP fibrils were incubated with ThT for 30 min,
curcumin was added at 0, 1, 10 or 100 mM and fluorescence was monitored for 8 h. All
fluorescence measurements were carried out using a Jasco FP-6500 spectrofluorometer.

Rat insulinoma cell line INS 832/13 was kindly provided by Dr. C. Newgard, Durham, NC
[19]. INS cells were grown in RPMI 1640 medium supplemented with 10 mM HEPES, 1
mM sodium pyruvate, 100 1U/ml penicillin and 100 mg/ml streptomycin (Invitrogen,
Carlsbad, CA), 10% heat-inactivated FBS (Gemini, West Sacramento, CA), 50 UM /£
mercaptoethanol (Sigma, St. Louis, MO), at 37°C in a humidified 5% CO, atmosphere.

Adenovirus generation and transduction experiments

The complementary cDNA encoding the full-length human and rat preprol APP were used as
templates to generate the human and rat IAPP adenovirus. Kpnl and Xhol or EcoRI and
EcoRV restriction sites were, respectively, introduced in front of the ATG and after the stop
codon of the human and rat cDNA using PCR. A 290 bp human prepro-IAPP PCR fragment
was digested with Kpnl and Xhol and a 300 bp rat preprol APP PCR fragment was digested
with EcoRI and EcoRV. The fragments were ligated into the pPENTR2B vector (Invitrogen,
CA) and the entry clones were subsequently subcloned into the pAd/cytomegalovirus/DEST
adenovirus vector (Invitrogen). Recombinant adenovirus expressing human and rat

preprol APP (Ad h-1APP and Ad r-1APP, respectively) were produced and purified
according to the manufacturer’s instructions (Invitrogen). For the transduction experiments,
INS cells were plated on 96-well or 6-well tissue culture plates at a density of 2.5 x 10% or
1.0 x 108 cells/well, respectively, and cultured overnight. Cells were transduced with r-IAPP
or h-1APP adenoviruses at 400 moi for 48 h in complete RPMI medium. Two hours after
cell transduction, curcumin or DMSO (vehicle) was added to cells at desired concentrations.
At the end of the transduction, cells plated on 96-well plates were used to assess cell
viability by MTT assay (see below) and cells plated on 6-well plates were washed in PBS
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and lysed in NP40 buffer (50 mM Tris-Hcl, pH 7.4, 250 mM NaCl, 1 mM EDTA, 0.5%
NP40, 1 mM DTT and protease inhibitors (Sigma)).

h-IAPP preparation and toxicity assays

MTT assay

Lyophilised h-1APP was dissolved in 0.5% acetic acid to prepare a 2 mM stock solution and
vortexed for 30 s. To assess the effect of curcumin on cell death induced by exogenous h-
IAPP, INS cells were seeded on a 96-well plate at 5 x 10% cells/well and cultured for 20 h.
On the following day, the medium was replaced by DME medium (Irvine Scientific, Santa
Ana, CA) containing 15 mM of freshly dissolved h-1APP, vehicle or curcumin. After 20 h of
incubation, cell viability was assessed.

The reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) was
used to assess cell viability. At the end of the incubation or transduction time, cell medium
was changed to 1 mg/ml MTT (Sigma) containing medium according to the manufacturer’s
instructions. Colorimetric measurements were performed 2 h after addition of the MTT
reagent at 570 nm with an ELISA plate reader (Spectramax 250; Molecular Devices,
Sunnyvale, CA). The background wavelength at 690 nm was subtracted from the 570 nm
measurement.

Rat islet isolation

The generation of h-IAPP transgenic rats (HIP rats) has been described in detail previously
[20]. Rats were bred and housed at the animal housing facility of the University of
California Los Angeles. Animal studies were approved by the UCLA Animal Research
Committee. Five-month old WT (n = 5) and HIP (n = 6) rats were euthanised using
isofluorane. The bile duct was cannulated, and the pancreas was perfused with a collagenase
solution (HBSS supplemented with 25 mM HEPES (Invitrogen), 0.23 mg/ml liberase
(Roche, Penzberg, Germany), 0.1 mg/ml DNAse (Roche)). The pancreas was then removed,
incubated for 20 min in collagenase solution at 37°C, and dispersed by shaking for 30 s. The
suspension was transferred into 30 pl of ice cold HBSS. After 5 min of incubation on ice, %
of supernatant was removed by aspiration, and fresh ice-cold HBSS was added to the pellet.
Islets were washed three times, then manually picked and incubated in RPMI 1640 medium
supplemented with 100 IU/ml penicillin, 100 pg/ml streptomycin and 10% heat-inactivated
FBS at 37°C in a humidified 5% CO, atmosphere. Rat islets were cultured for 48 h in the
absence or presence of curcumin and either lysed in NP40 buffer or used for propidium
iodide (PI) staining.

Propidium iodide staining

Aliquots of 30 islets were incubated 48 h with or without curcumin (0.5, 1, 2 and 5 mM).
Subsequently, islets were stained with 50ug/ul P1 (Molecular Probes, Eugene, OR) for 30
min at 37° C. Islets were then washed in PBS and fixed in 4% paraformaldehyde for 30 min
at room temperature. Islets were imaged using a Leica DM600 microscope (Leica
Microsystems, Wetzlar, Germany), and images of 25 islets per condition were acquired
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using OpenLab software (Improvision). The fractional area of the islets positive for Pl was
digitally quantified using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD).

Western blot analysis

Proteins (25-40pg/lane) were separated on a 4-12% Bis-Tris NUPAGE gel and blotted onto
a nitrocellulose membrane (Whatman, Germany). Membranes were blocked in TBS-Tween
20 (0.1%) — Blotting-Grade Blocker (5%) (Bio-Rad, Hercules, CA), probed overnight at
48C with pro and cleaved caspase 3, PARP, gactin and GAPDH antibodies (Cell Signalling
Technology, Beverly, MA), followed by three washes and 1-h incubation with horseradish
peroxidase-conjugated secondary antibodies (Zymed Laboratories, South San Francisco,
CA). For IAPP western blot, membranes were blocked in PBS-TritonX100 (0.25%) —
gelatin (1%), probed over-night with IAPP antibody, (25-37 aa; specific for both r-1APP and
h-1APP, Peninsula Laboratories, San Carlos, CA; 1/1000 in PBS-Triton X100 (0.25%) —
gelatin (1%)), followed by three washes and 1-h incubation with anti-rabbit horseradish
peroxidase-conjugated secondary antibody (Zymed Laboratories, South San Francisco, CA)
diluted in TBS-Tween 20 (0.1%) — Blotting-Grade Blocker (5%). Proteins were visualised
by enhanced chemiluminescence (Millipore) and protein expression levels were quantified
using Labworks software (UVP, Upland, CA).

Statistical analysis

Data are presented as the means + SEM. Statistical analyses were carried out by ANOVA
followed by Duncan’s post hoc test using Statistica (Statsoft, Tulsa, OK). A p value of 50.05
was taken as evidence of statistical significance.

Results

Curcumin alters h-IAPP misfolding

We sought to test whether curcumin can modulate h-IAPP misfolding in vitro using a
combination of biophysical methods including EPR, electron micro-scopy (EM) and ThT
fluorescence. The EPR experiments were based on the introduction of a single spin label
into the peptide. Previous spin labelling studies on h-IAPP, Abeta, a-synuclein, tau and the
human prion protein have shown that fibrils from these proteins give rise to a parallel, in-
register structure in which same residues stack on top of each other [18,21-24]. As
illustrated with the example of h-IAPP spin labelled at position 16, the stacking of the same
residues from different molecules gave rise to strong spin-exchange (Figure 1A), as reflected
by a predominantly single line EPR spectrum. In order to test whether curcumin can affect
the misfolding and fibril formation of h-1APP, spin-labelled h-1IAPP was incubated with
curcumin (1-100 mM) for 4 days and the EPR spectra of the resulting h-IAPP aggregates
were recorded. The addition of 1 mM and 10 mM curcumin resulted in EPR spectra (Figure
1B,C, respectively) that showed subtle, but clearly detectable, changes as indicated by the
formation of additional peaks in the EPR spectra. This spectral change, which was even
more pronounced in the presence of 100 mM curcumin, (Figure 1D, black arrow), reflects a
gradual loss of spin—spin interaction and indicates that curcumin alters the misfolding of h-
IAPP in vitro.
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These findings were supported by EM analysis of the same samples (Figure 1E-H),
illustrating that the addition of curcumin at high concentrations decreased fibril formation
and altered the morphology of the aggregates. The most significant changes were observed
at 100 mM curcumin concentration (Figure 1H), resulting in decreased fibril formation as
well as a change to shorter and more dysmorphic structures. Thus, the EPR and EM data
demonstrated that micromolar concentrations of curcumin have a strong effect on h-IAPP
misfolding.

In addition, we also used ThT fluorescence to monitor the effect of curcumin on h-IAPP
misfolding and fibril formation. This commonly used assay is based upon the fluorescence
enhancement that occurs as ThT binds to amyloid fibrils, such as those formed by h-1APP
[25,26]. As expected from the aforementioned curcumin-dependent reduction of h-1APP
fibril formation, the ThT fluorescence of h-IAPP was strongly reduced in the presence of 10
UM and 50 puM curcumin (Figure 2). While these data are consistent with the EPR and EM
data, it is important to note that ThT fluorescence, in contrast to EM and EPR, is an indirect
readout that cannot readily distinguish between a reduction in fibril formation or competitive
inhibition of ThT binding to the fibrils (see below).

The effect of curcumin on preformed fibrils

Having shown that curcumin had pronounced effects on h-IAPP misfolding when added
during the misfolding process, we next tested whether curcumin might also be similarly
effective at reversing fibril formation when added to preformed fibrils. In order to address
this question, we again turned to the EPR based assay using IAPP spin labelled at position
16. As shown in Figure 3, the addition of curcumin to pre-formed, spin-labelled h-1APP
fibrils did not significantly change their EPR spectra after 1 h (Figure 3B) or 24 h (Figure
3C). This finding was further supported by negative staining EM, which revealed largely
unchanged fibril morphology and density (Figure 3E,F). Thus, curcumin did not rapidly
dissolve fibrils or significantly alter their structure within 24 h. The notion that disruption of
fibril structure is slow at best is further supported by later time points, which show only
spectral changes during a 2—4 week incubation period (data not shown).

In contrast to the negligible changes seen by EPR and EM, the ThT assay resulted in more
pronounced changes. In these experiments, curcumin was added to a mixture of h-1APP
fibrils that had been preincubated with ThT for 30 min. While control fibrils (Figure 4, black
line) exhibited a steady level of fluorescence intensity, the addition of 1 uM curcumin
(Figure 4, blue line) showed a detectable decrease in fluorescence intensity over time. Even
more significant changes in fluorescence were observed upon addition of 10 uM (Figure 4,
green line) and 100 pM concentrations of curcumin (Figure 4, red line). Interestingly, the
strong reduction in ThT fluorescence occurred within only a few hours, at a time when no
significant changes in fibril structure and overall amount could be observed by EM or EPR.
The rather rapid change in ThT fluorescence in the absence of detectable structural changes
in the fibrils suggests that curcumin directly interferes with ThT fluorescence. Such
interference could be brought about by a direct competition between curcumin and ThT for
the same binding sites on the fibril. In fact, this mechanism has previously been reported in
the case of ThT binding to Abeta fibrils [14,15] or in the case of rifampicin, which acts as a
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competitive inhibitor of ThT binding to IAPP fibrils [27]. This notion is supported by our
findings that fibrils which are incubated with curcumin and harvested by centrifugation have
a yellow appearance due to the binding of curcumin (data not shown).

Curcumin partially protects INS cells against exogenous h-IAPP toxicity

Having demonstrated that curcumin affects h-IAPP misfolding and aggregates morphology,
we next sought to establish whether curcumin protects f-cells against h-1APP toxicity,
which, as described above, is thought to be caused by f sheet containing misfolded
oligomeric forms of h-1APP. Since most studies of amyloidogenic protein toxicity have been
performed by exogenous application of the respective proteins to cell lines, we reproduced
this by applying h-1APP to the INS 832/13 f-cell line. We first determined that curcumin
concentrations up to 10 uM did not affect cell viability after 20 h treatment, but that 25 pM
or more did (Figure 5A), thus we assessed the potential protective effect of 0.1-25 pM
curcumin on exogenous h-IAPP-induced apoptosis. Synthetic h-IAPP (15 mM) was applied
on INS 832/13 cells for 20 h in the presence or absence of increasing concentrations of
curcumin. Low concentrations of curcumin (0.1 to 5 mM) did not influence the deleterious
effect of h-1APP, whereas higher concentrations, 10 and 25 uM reduced h-1APP toxicity (p
< 0.05 and p < 0.01) (Figure 5B). Curcumin itself is toxic at concentrations that are required
to show a protective effect against extrinsic h-1APP toxicity (Figure 5A,B). The protective
effect of curcumin against h-IAPP cytoxicity, therefore, has a narrow therapeutic window.

Curcumin does not prevent apoptosis induced by h-IAPP over-expression

We next investigated a potential protective effect of curcumin against apoptosis induced by
endogenous over-expression of h-IAPP, since accumulating evidence suggests that h-IAPP
toxicity initially occurs intracellularly [28]. To discriminate the deleterious effect of h-IAPP
aggregation from a potential toxicity due to protein over-expression and ER overload, r-
IAPP and h-1APP adenovirus titers were adjusted to obtain the same expression rate of r-
IAPP and h-1APP (400 moi, 48 h) (Figure 6A). In these conditions, apoptosis was assessed
by immunoblotting for the cleaved form of caspase 3, which reflects the activated state of
caspase 3. As shown in Figure 6A, h-IAPP over-expression induced INS 832/13 cell
apoptosis compared to control or r-IAPP transduced cells. To a lesser extent, r-1APP
adenovirus displayed certain toxicity, which may be due to ER overload or adenoviral
transduction.

Before assessing its ability to prevent h-IAPP-induced apoptosis, we used curcumin’s auto
fluorescence property and ensured by confocal microspy that curcumin effectively enters
INS 832/13 cells (data not shown). We also performed a dose response experiment on INS
832/13 cells treated or not with curcumin for 46 h, which corresponds to the time frame
required to detect h-IAPP-induced apoptosis. This experiment revealed that after 46 h
treatment, curcumin toxicity was present at concentrations of 2 UM or more (Figure 6B).

INS 832/13 cells were then transduced with h-IAPP or r-IAPP adenoviruses (400 moi, 48 h)
and treated with curcumin from 0.1 to 1 uM for the last 46 h of transduction. As expected, h-
IAPP over-expression led to a 40% decrease in cell viability when compared to cells
transduced with r-1APP (Figure 6C). The addition of curcumin at 0.1, 0.5 and 1 pM did not

Amyloid. Author manuscript; available in PMC 2015 April 13.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DAVAL et al.

Page 9

exert any protective effect on h-IAPP-induced cell death (Figure 6C). These observations
were confirmed with the analysis of the apoptotic markers, caspase 3 and PARP by western
blotting. h-IAPP over-expression in INS cells induced apoptosis as illustrated by an increase
in the cleavage of both caspase 3 and PARP that was not prevented by curcumin (Figure
6D,E). Thus, curcumin failed to protect INS 832/13 cells against apoptosis induced by h-
IAPP over-expression.

Curcumin does not protect HIP rat islets against apoptosis

Having established that physiological concentrations of curcumin, which do not by itself
induce toxicity were ineffective in preventing f-cell apoptosis mediated by h-IAPP
adenovirus over-expression in INS 832/13 cells, we sought to examine any potential benefit
in primary S-cells. Replicating cells have increased vulnerability to h-1APP toxicity, which
might have obscured benefit. To accomplish this, we examined the effect of curcumin on
cell death in pancreatic islets isolated from h-1APP transgenic (HIP) rats, a rat model for
T2DM. The islet in the HIP rat recapitulates the phenotype present in humans with T2DM,
with loss of f-cells through endoplasmic reticulum stress induced apoptosis, formation of
islet amyloid, and impaired insulin secretion leading to diabetes [9]. Islets were isolated
from 5-month-old control rats (WT) or HIP rats. As expected, islet cell death was increased
in HIP versus WT islets (10.3% + 1.9 vs 4.8% + 0.5, p < 0.05, Figure 7A). No protective
effect of curcumin against apoptosis was observed in HIP islets as assessed by Pl staining
(Figure 7A) and by caspase 3 and PARP cleavage (Figure 7B,C).

ThT staining did not reveal any difference in the extent of amyloid deposition in HIP rat
islets treated for 48 h with or without curcumin (data not shown), suggesting that at low
concentration, curcumin did not affect de novo fibril formation and/or rapidly dissolve
preformed fibrils. These results are, however, limited by the presence of extensive amyloid
deposits in HIP rat islets and the fact that islets were only cultured for a short period of time
with curcumin.

In these experiments, not only did curcumin fail to protect islet cells in the HIP rat from h-
IAPP toxicity, but at 2 pM (p = 0.06) and 5 puM (p = 0.05) tended to further increase p-cell
death (Figure 7A). In WT islets, 1 uM curcumin was in addition sufficient to induce a
significant increase in the percentage of PI positive area (Figure 7A).

Discussion

There is interest in the concept that the proteotoxicity caused by amyloidogenic proteins
involved in protein misfolding diseases might be prevented by the use of molecules that
constrain the formation of toxic, misfolded forms. Curcumin has been proposed as a
potential such molecule on the basis that it has been shown to inhibit amyloid formation in
vitro [14-17]. Since protein misfolding and aggregation of h-IAPP has been implicated in #
cell apoptosis in T2DM, we examined the potential for curcumin to favourably influence h-
IAPP aggregation and cytoxicity.

In order to establish the therapeutic potential of such an approach, it is important to first
determine at what concentration and by what means a candidate compound influences
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protein aggregation. With the use of EPR and EM, we found that 10-100 1M concentrations
of curcumin are required to significantly alter misfolding. At these concentrations, curcumin
altered the misfolding process by reducing h-1APP fibril formation, resulting in aggregates
with alternative morphology and structure. We also found that the commonly used ThT
fluorescence did not give reliable readouts for misfolding, as curcumin appears to compete
for the same sites that ThT binds to.

Having established the concentration range of curcumin required to influence h-1APP
aggregation, we examined the actions of curcumin on h-1APP toxicity. Since most screening
studies of the toxicity of amyloidogenic proteins are carried out in vitro in cell lines after
application of the protein, we also employed this approach making use of INS 832/13 cells.
Perhaps, not surprisingly, the conditions under which both curcumin and h-1APP were added
extracellularly and could freely interact with each other produced the strongest protective
effect. Even under these conditions, however, there is, at best, a narrow therapeutic window
whereby curcumin can act to decrease h-IAPP toxicity and not by itself induce toxicity.
Unfortunately, in the case of INS 832/13 cells transduced with adenoviruses to express h-
IAPP, curcumin caused toxicity at concentrations lower than those required to exert
protective effects. Since tumour cell lines may differ from primary cells in vulnerability to
pro apoptotic signals, we also examined primary islet cells isolated from wild type rats or
rats transgenic for h-IAPP (HIP rats). The HIP rat islet recapitulates the pathology of the
islet in humans with T2DM, and by so doing offers an attractive model for investigating the
potentially beneficial actions of candidate compounds to protect against h-IAPP toxicity. As
expected HIP rat islets had increased apoptosis compared to those of WT rats, but curcumin
failed to protect against this. In isolated islets, a curcumin concentration of 1 pM was
sufficient to induce toxicity. This lower concentration, compared to INS cells may reflect the
high expression rate of anti apoptotic factors, such as Bcl2, characteristic of tumour cells, or
increased vulnerability of isolated islets that are prone to anoxia.

As with all studies, the present one has limitations that should be considered. The present in
vitro approach only monitors the overall misfolding process without specifically evaluating
the formation of transient oligomeric species, which are of yet unresolved structure [9,29].
To directly address whether curcumin can modulate the formation of a toxic (presumably
oligomeric) species, we examined whether curcumin suppresses the cytoxicity of h-IAPP
both when applied to cells and when overexpressed by them. Another consideration was that
the cytotoxicity studies were carried out in culture. The conditions in vivo might be
considerably different, including the question of bioavailability. Curcumin is poorly
absorbed from the gut [30], but, once absorbed, would likely be delivered to pancreatic islets
initially bound to plasma proteins and then via proteins in the extracellular fluid. Thus, while
cell culture media to some extent recapitulate these conditions, there are obviously
differences that might be important both for biodelivery and actions. It should also be noted
that the prevalence of type 2 diabetes in India, where curcumin is most abundantly
consumed, is one of the highest in the world, perhaps supporting the overall conclusions of
the present studies that curcumin ingestion is unlikely to be protective against development
of type 2 diabetes. Taking both the biophysical and biological aspects of this study into
consideration, we have found that curcumin has the ability to alter h-IAPP misfolding and
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fibril formation, while also showing protective effects against h-IAPP cytoxicity at ranges
that in itself seem harmful to the cells. Curcumin clearly has the ability to interact with and
inhibit the formation of amyloid proteins, such as Abeta [14] and h-IAPP, but it does not
seem to have useful therapeutic characteristics. While the present findings suggest that
curcumin is unlikely to be an effective treatment to prevent or delay onset of type 2 diabetes,
the property of curcumin to interact with IAPP and inhibit amyloid formation might be
explored through preparation of curcumin analogs, if these can be developed to enhance the
property to inhibit misfolding, enhance bioavailability and inhibit cytotoxicity.
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Figurel.
EPR spectra and EM images of spin-labelled h-1APP in the presence and absence of

curcumin. EPR spectra of 16R1 h-1APP aggregates formed after incubation with 0 uM (A),
1 uM (B), 10 uM (C) and 100 uM (D) curcumin. All spectra were obtained at a scan width
of 150 Gauss and are rescaled to the same amplitude. The arrow in panel (D) denotes a
hyperfine component that arises from strong immobilisation and loss of spin exchange that
is caused by curcumin-dependent alteration of h-IAPP misfolding. Representative spectra
from four independent experiments are shown. The corresponding EM images of 16R1 h-
IAPP incubated with O uM (E), 1 uM (F), 10 uM (G) and 100 uM (H) curcumin are also
shown.
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Thioflavin T assay for h-IAPP in the presence and absence of curcumin. h-IAPP was
incubated with curcumin at 0 uM (black line), 10 uM (red line) and 50 uM (blue line) during
fibril formation. A: Representative spectra for the given curcumin concentrations. B:
Fluorescence intensity quantification (n = 6). Six separate measurements yielded a highly
reproducible curcumin dependent loss in signal intensity. This is evidenced by the standard
deviation for the final plateau values after 16 h, which were 0.02 and 0.01 (arbitrary units;
equivalent to 2 and 1% of the control amplitude without curcumin) for 10 and 50 pM

curcumin, respectively.
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Figure 3.
Curcumin does not change the fibrillar structure of preformed h-1APP fibrils. A: h-IAPP

control (B) h-1APP incubated with 100 uM curcumin for 1 h (C) h-1APP incubated with 100
UM curcumin for 24 h (D) overlay of h-IAPP fibrils (16R1) incubated with 100 pM
curcumin for 24 h (red line) and compared to control fibrils (black line). Each spectrum was
normalised to represent the same number of spins. E: EM of h-IAPP control (F) EM of h-
IAPP incubated with 100 uM curcumin for 24 h. Representative spectra from four
independent experiments are shown.
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Figure 4.
Thioflavin assay for h-IAPP preformed fibrils in the presence and absence of curcumin. h-

IAPP fibrils were incubated with curcumin at 1 uM (blue line), 10 uM (green line) and 100
UM (red line) and compared to control (black line). Time = 0 indicates the point at which
curcumin was added to the sample. A: Representative spectra for the given curcumin
concentrations. B: Fluorescence intensity quantification (n = 6). All experiments
reproducibly showed a dose-dependent loss of ThT fluorescence. The standard deviation for
the final plateau values after x h were 0.05, 0.03 and 0.03 (arbitrary units equivalent to 5 and
3% of the starting signal) for 1, 10 and 100 pM curcumin, respectively.
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Figureb5.
Curcumin partially protects INS cells against exogenous h-1APP toxicity. A: INS 832/13

cells were treated for 24 h with increasing concentrations of curcumin and cell viability was
assessed by MTT assay. B: Viability of INS 832/13 cells was assessed by MTT assay after
20 h treatment with a solution of h-IAPP at a final concentration of 15 mM, alone or in
combination with curcumin. Data are expressed as mean = SEM (n = 3). *p < 0.05, **p <
0.01, significant differences, curcumin vs. vehicle in h-IAPP treated cells.
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Figure®6.
Curcumin does not prevent apoptosis induced by h-1IAPP over-expression in INS cells. A:

IAPP and cleaved caspase 3 (Cl. Casp-3) western blots were used to assess |APP expression
and apoptosis in INS 832/13 cells non-transduced or transduced for 48 h with 400 moi of r-
IAPP as control or h-lIAPP adenoviruses. B: INS 832/13 cells were treated for 46 h with
increasing concentrations of curcumin and cell viability was assessed by MTT assay. C,D:
INS 832/13 cells were transduced for with h-1APP or r-IAPP adenoviruses (400 moi, 48 h).
Apoptosis induced by h-IAPP over-expression in the presence or absence of curcumin was
assessed by MTT assay (C), cleaved caspase 3 and cleaved PARP immunoblotting (D). E:
Western blot quantification. Data are expressed as mean + SEM (n = 4). *p < 0.05, **p <
0.01, ***p < 0.001, significant differences vs. control.
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Figure7.
Effect of curcumin on WT and h-IAPP transgenic (HIP) rat islets. WT and h-1APP

transgenic (HIP) rat islet viability was assessed after 48 h treatment with or without
curcumin (0.5, 1, 2 and 5 mM) by PI staining (A), cleaved caspase 3 and cleaved PARP
immunoblotting (B). C: Western blot quantification. Data are expressed as mean = SEM (n
=4). *p <0.05, **p < 0.01, ***p < 0.001, significant differences vs. WT + vehicle. #p <
0.05 significant differences vs. vehicle treatment.
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