
Contents lists available at ScienceDirect

BBA - Biomembranes

journal homepage: www.elsevier.com/locate/bbamem

A blend of two resveratrol derivatives abolishes hIAPP amyloid growth and
membrane damage☆

Michele F.M. Sciaccaa, Rosa Chillemib, Sebastiano Sciutob, Valentina Grecob, Concetta Messineob,
Samuel A. Kotlerc, Dong-Kuk Leed, Jeffrey R. Brenderc, Ayyalusamy Ramamoorthyc,
Carmelo La Rosab,⁎, Danilo Milardia,⁎

a Istituto CNR di Biostrutture e Bioimmagini- Sede Secondaria di Catania, Via Paolo Gaifami 18, 95126 Catania, Italy
bUniversità degli Studi di Catania, Dipartimento di Scienze Chimiche, Viale Andrea Doria 6, 95125 Catania, Italy
c Biophysics and Department of Chemistry, University of Michigan, Ann Arbor, MI 48109-1055, USA
d Department of Fine Chemistry, Seoul National University of Science and Technology, Seoul 01811, Republic of Korea

A R T I C L E I N F O

Keywords:
Cytoxicity
Protection
Natural compounds
Oxydative stress
Aggregation

A B S T R A C T

Type II diabetes mellitus (T2DM) is characterized by the presence of amyloid deposits of the human islet amyloid
polypeptide (hIAPP) in pancreatic β-cells. A wealth of data supports the hypothesis that hIAPP's toxicity is
related to an abnormal interaction of amyloids with islet cell membranes. Thus, many studies aimed at finding
effective therapies for T2DM focus on the design of molecules that are able to inhibit hIAPP's amyloid growth
and the related membrane damage as well. Based on this view and inspired by its known anti-amyloid properties,
we have functionalized resveratrol with a phosphoryl moiety (4′-O-PR) that improves its solubility and phar-
macological properties. A second resveratrol derivative has also been obtained by conjugating resveratrol with a
dimyristoylphosphatidyl moiety (4′-DMPR). The use of both compounds resulted in abolishing both amyloid
growth and amyloid mediated POPC/POPS membrane damage in tube tests. We propose that a mixture of a
water-soluble anti-aggregating compound and its lipid-anchored derivative may be employed as a general
strategy to prevent and/or to halt amyloid–related membrane damage.

1. Introduction

Diabetes mellitus type II (T2DM) is one of the most common de-
generative and disabling pathologies for the aged people in developed
countries [1–3]. T2DM is a member of a class of pathologies named
Protein Conformational Diseases (PCD) characterized by the presence
of protein aggregates rich in β-sheet structure, known as amyloid fibrils
[4]. The cytotoxic mechanisms of amyloidogenic proteins on their
target cells are subject of intense debate. However, it is widely known
that proteotoxic effects are irreversible and frequently cell functionality
is completely lost well before amyloid fibers are detectable.

The protein involved in the development of T2DM is the human Islet
Amyloid Polypeptide (hIAPP), also known as Amylin [5–7]. HIAPP, in
its monomeric form, is an unstructured C-terminally amidated 37-re-
sidues peptide co-secreted with insulin in pancreatic Langerhans' β-
cells. Amino acid sequences of IAPP peptide is given in Fig. 1. In pa-
tients affected by T2DM, hIAPP aggregates into amyloid fibers detect-
able in the extracellular space of the pancreas. Although a close

relationship between hIAPP amyloid growth and T2DM is largely ac-
cepted, the lack of complete knowledge about the factors involved on
the onset of the disease has hampered to date the development of ef-
fective drugs. Substantial evidence points to an abnormal interaction of
oligomeric forms of hIAPP with cell membranes as the prevalent cause
of toxicity [8]. A number of papers have suggested, in particular, that
small sized amyloid assemblies may penetrate and damage the cell
membrane by forming ion permeable pores [9–17]. By contrast, other
reports have evidenced that membrane disruption may also occur via a
“detergent-like” mechanism as a consequence of the growth of amyloid
fibrils on the membrane surface [18]. Some of us have recently reported
that, in hIAPP-mediated membrane damage, both these mechanisms
can occur [19,20]. In the first step, the protein as monomer or small-
sized oligomer interacts with the membrane leading to the formation of
non-selective pores. The second step, which occurs later, is associated
with the growth of fibers on the surface of the membrane and leads to
the complete fragmentation of the membrane through amyloid-assisted
lipid extraction (micellization). This evidence implies that a molecule
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designed to block fibril growth can work as a protective agent against
amyloid toxicity and shift the target of research towards the develop-
ment of molecules that can prevent both pore formation and fiber
growth. The use of amyloid inhibitors such as curcumin [21], silybin
[22], green tea extracts [23] and other natural compounds [24–26] due
also to their low toxicity and high availability is of growing interest in
this field. In particular resveratrol, a natural component of red wine

with many pharmacological properties, is vastly studied [27–30]. Pre-
vious biophysical studies have shown that resveratrol, despite its poor
water solubility (3 mg/100mL) [31], is a promising inhibitor of fiber
growth of some of the amyloidogenic proteins [32]. Based on these
premises, we designed and synthesized two distinct resveratrol deri-
vatives (Fig. 1). The presence of the phosphoryl moiety in the first
compound, 4′-O-phosphorylresveratrol (4′-O-PR), is thought to increase

Table 1
Kinetic parameters of ThT traces relative to hIAPP fiber growth in the presence of LUVs and resveratrol/4′-O-PR/4′-DMPR. Curves were fitted by using Eq. (1). Lag
time (tlag) was calculated by using Eq. (2). All parameters are reported as average ± s.d. calculated from 3 independent measurements.

Sample ThTmax (A.U.) t1/2 (min) tlag (min) k (min−1)

hIAPP 2.03 ± 0.02 402.1 ± 2.2 388.5 ± 2.2 0.035 ± 0.002
hIAPP 7:3 POPC/POPS 2.02 ± 0.015 310.5 ± 3.1 289.6 ± 3.1 0.024 ± 0.002
hIAPP 7:3 POPC/POPS

Resveratrol 1.25 μM
1.68 ± 0.03 319.6 ± 4.0 307.1 ± 4.0 0.041 ± 0.003

hIAPP 7:3 POPC/POPS
Resveratrol 2.5 μM

2.12 ± 0.01 274.4 ± 1.8 254.4 ± 1.8 0.025 ± 0.001

hIAPP 7:3 POPC/POPS
Resveratrol 5 μM

1.82 ± 0.02 343.2 ± 2.1 320.4 ± 2.1 0.022 ± 0.002

hIAPP 7:3 POPC/POPS
4′-O-PR 1.25 μM

1.14 ± 0.04 276.3 ± 4.2 260.1 ± 4.2 0.031 ± 0.004

hIAPP 7:3 POPC/POPS
4′-O-PR 2.5 μM

1.15 ± 0.03 292.9 ± 4.0 279.4 ± 4.0 0.037 ± 0.005

hIAPP 7:3 POPC/POPS
4′-O-PR 5 μM

1.10 ± 0.05 315.3 ± 4.5 294.8 ± 4.5 0.024 ± 0.007

hIAPP 7:3 POPC/POPS/4′-DMPR 1.25 μM 1.58 ± 0.025 337.1 ± 4.2 301.5 ± 4.2 0.014 ± 0.002
hIAPP 7:3 POPC/POPS/4′-DMPR 2.5 μM 1.10 ± 0.03 291.8 ± 4.4 258.4 ± 4.4 0.015 ± 0.003
hIAPP 7:3 POPC/POPS/4′-DMPR 5 μM n.d n.d. n.d. n.d.

Fig. 1. Primary sequence of hIAPP. The amyloidogenic region is evidenced by a dashed box. Chemical structures of resveratrol and its two derivatives 4′-O-PR and 4′-
DMPR investigated in this study.
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the solubility of resveratrol retaining its anti-aggregation properties. In
the second compound, 4′-O-(1,2-di-O-myristoyl-sn-glycero-3-phos-
phoryl resveratrol (4′-DMPR), the presence of the lipid tail is thought to
anchor the resveratrol functional group on the membrane surface pre-
venting the fiber-dependent membrane disruption process. In this study
we performed dye-leakage, 31P solid state NMR, and ThT experiments
to test the ability of 4′-O-PR to stabilize monomeric species of hIAPP in
solution thus preventing poration of POPC/POPS model membranes.
Parallel experiments were performed with model membranes which
incorporate 4′-DMPR to verify if this compound can halt lipid extraction
and membrane disruption induced by hIAPP amyloid growth. We also
tested the synergistic effect of a mixture of the two derivatives which
completely inhibits both steps of membrane disruption.

2. Materials and methods

2.1. Materials

hIAPP was purchased from Bachem (Bubendorf, Switzerland) with a
purity> 98%. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine sodium
salt (POPS) were purchased from Avanti Polar lipids Inc. (Alabaster,
AL). 6-Carboxyfluorescein, Thioflavin T (ThT), 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) and all other salts were purchased from Sigma-
Aldrich (St. Louis, MO) with a purity of 99%. Resveratrol was pur-
chased from Sigma-Aldrich (St. Louis, MO). 4′-O-Phosphorylresveratrol
(4′-O-PR) and 4′-O-(1,2-di-O-myristoyl-sn-glycero-3-phosphoryl) re-
sveratrol (4′-DMPR) were synthesized in our labs as previously de-
scribed [33,34].

2.2. Preparation of model membranes

In this study, we used large unilamellar vesicles (LUVs) composed of

7:3 POPC/POPS in molar ratio. Model membranes were prepared as
described elsewhere [10]. Briefly, aliquots of lipid stock solutions in
chloroform were dried by using a stream of dry nitrogen and evapo-
rated under high vacuum to dryness in a round-bottomed flask. Mul-
tilamellar vesicles (MLVs) were obtained by hydrating the lipid film
with an appropriate amount of phosphate buffer (10mM buffer,
100mM NaCl, pH 7.4) and dispersing by vigorous stirring in a water
bath. LUVs were obtained by extruding MLVs through polycarbonate
filters (pore size= 100 nm, Nuclepore, Pleasanton, CA) mounted in a
mini-extruder (Avestin, Ottawa, Canada) fitted with two 0.5mL Ha-
milton gastight syringes (Hamilton, Reno, NV). Samples were typically
subjected to 23 passes through two filters in tandem and as re-
commended elsewhere [35].

2.3. Human-IAPP preparation

To prevent the presence of any preformed aggregates, hIAPP was
initially dissolved in HFIP at a concentration of 1mg/mL and then
lyophilized overnight. To be used for the experiments, the lyophilized
powder was initially dissolved in DMSO to obtain a stock solution with
a final concentration of 250 μM. Each stock solution of hIAPP was used
immediately after preparation.

2.4. ThT measurements

Kinetics of amyloid formation was measured using the well-known
Thioflavin T (ThT) assay. Samples were prepared by adding 1 μL of the
250 μM DMSO peptide stock solution to 100 μL of 25 μM LUV solution
(in 10mM phosphate buffer pH 7.4, 100mM NaCl, containing 10 μM
ThT) and by adding the required amount of resveratrol or resveratrol
derivatives. Experiments were carried out in Corning 96 well non-
binding surface plates. Time traces were recorded using a Varioskan
(ThermoFisher, Walham, MA) plate reader using a λecc of 440 nm and a

Fig. 2. Static 31P NMR spectra of 7:3 POPC/POPS LUVs treated with (A) 1mol% hIAPP or (B) 3 mol% hIAPP as a function of time. 31P NMR spectra initially were
collected prior to adding hIAPP (bottom). Each subsequent spectrum was collected after every 50min. The lack of an isotropic peak ~0 ppm indicates hIAPP does not
induce small, isotropically tumbling membrane fragments. Experiments were performed at 37 °C in 10mM HEPES, 100mM NaCl, pH 7.4.

Fig. 3. Static 31P NMR spectra of 7:3 POPC/POPS LUVs in the absence of peptide (A), with 1mol% hIAPP (B), and with 3mol% hIAPP (C) at 10 h of incubation (blue
spectra). Spectra of LUVs after the inclusion of paramagnetic Mn2+ ions (red spectra). The green spectra indicate half of the calculated intensity measured prior to the
addition of Mn2+ ions. Experiments were performed at 37 °C in 100mM NaCl, 10mM HEPES, pH 7.4. NMR results showed a threshold hIAPP concentration below
which no pore formation was detected. Thus, further investigations were carried out using protein concentration of 3% higher than lipid membranes.
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λem of 485 nm at 25 °C, shaking the samples for 10 s before each read.
All ThT curves represent the average of three independent experiments
with each run in quadruplicate. To obtain the kinetics parameters re-
lative to the ThT assay we fitted the data obtained by three independent
measurements with the equation:

=
+ − −ThT fluoresce ce

e
n ThT

1 k
max
(t t )1/2 (1)

In this equation ThTmax is the maximum value of the ThT signal,
which is qualitatively correlated with the amount of fiber formed; t1/2 is
the time to half which is defined as the time the signal needs to reach
50% of the maximum; k is the apparent fiber growth rate. We also
calculated the lag time (tlag), which is the time the signal needs to reach
10% of the maximum, and is considered the starting point of fiber

formation, by using the equation:

= − ⎛
⎝

⎞
⎠k

t t 1
2lag 1/2 (2)

2.5. Membrane leakage experiments

Membrane leakage experiments were performed by measuring the
leakage of 6-carboxyfluorescein dye from LUVs. Dye-filled LUVs were
prepared by hydrating the dry lipid film with the buffer solution con-
taining 6-carboxyfluorescein (70mM 6-carboxyfluorescein, pH 7.4)
according to the procedure described above. To remove non en-
capsulated 6-carboxyfluorescein we placed the solution containing
LUVs on a Sephadex G50 gel exclusion column (Sigma-Aldrich,
St.Louis, MO) and eluted using the buffer solution. The final con-
centration of lipids was checked by using the Stewart assay as described
elsewhere [36]. Membrane damage was quantified by the increase in
fluorescence emission intensity of 6-carboxyfluorescein due to its di-
lution (dequenching) in buffer as a consequence of the membrane
leakage. All dye leakage curves represent the average ± s.d. calculated
from three independent experiments with each run in quadruplicate.
Kinetics of dye-leakage were evaluated by calculating the t1/2.

2.6. Determination of micelle formation

We detected the presence of micelles (here operationally defined as
the ensemble of lipids detached from LUVs due to fibril induced
membrane disruption) as described elsewhere [37]. We measured the

Fig. 4. A) Effect of resveratrol (1.25–5.0 μM) on hIAPP fiber formation kinetics and membrane disruption in the presence of 25 μM 7:3 POPC/POPS LUVs. HIAPP
concentration was 2.5 μM. All measurements were performed in 10mM phosphate buffer, 100mM NaCl, pH 7.4 at 25 °C. Fiber growth kinetics of lipid-free hIAPP is
also reported for comparison (grey curve). The traces shown are the average of 3 independent experiments. B) Effect of resveratrol on the mechanism of 7:3 POPC/
POPS LUV disruption induced by hIAPP measured by dye leakage assay. All measurements were performed in 10mM phosphate buffer, 100mM NaCl, pH 7.4 at
25 °C. The curves shown are the average of 3 independent experiments. C) Comparison of t1/2 of fiber formation and membrane damage processes (see also Table 1).

Table 2
Molecular descriptors of resveratrol and 4′-O-PR.

Molecular descriptors Resveratrol 4′-O-PR

MW 228.25 306.21
HBD 3 2
HBA 3 6
Log P 2.99 −1.01
TPSA 60.68 112.88
nrotb 2 4

Acronyms: MW=molecular weight; HBD=number of hydrogen bond donor
groups; HBA=number of hydrogen bond acceptors; Log P= logarithm of the
partition coefficient octanol/water; TPSA=Total polar surface area;
nrotb=number of rotatable bonds.
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lipid concentration in the supernatant after centrifugation of the
100 nm LUVs. Solutions of 7:3 POPC/POPS at a final concentration of
1mg/mL were prepared as described above, except that the solutions
were extruded through 100 nm membranes. We first incubated 2.5 μM
hIAPP with 250 μL of the LUV solution for 1 day to allow the formation
of amyloid fibers. After incubation with hIAPP, the samples were cen-
trifuged for 40min at 14,000 rpm, and the supernatant, which con-
tained any resulting micelles, was collected, diluted in 1mL of
chloroform, and analyzed in terms of lipid concentration. Solutions
without hIAPP were set as controls. Lipid concentrations in the super-
natant were detected via the Stewart assay as described elsewhere [38].

2.7. Sample preparation for 31P NMR experiments

LUVs for NMR experiments were prepared as follows. An appro-
priate amount of the phospholipids (POPC, POPS) in chloroform were
aliquoted into a small glass vessel and dried by N2 gas, and then the
solvent was further removed by placing the sample in a lyophilizer
(BenchTopPro with Omnitronics, SP Scientific, Warminster, PA) over-
night. 200 μL of HEPES buffer (10mM HEPES, 100mM NaCl, pH 7.4)
was added to the dry lipid powder and briefly vortexed, followed by
extrusion (Avanti Polar Lipids, Inc.) to prepare 1.0 μm (in diameter)
vesicles. HIAPP was prepared by initially dissolving the peptide in HFIP
at a concentration of 1mg/mL and aliquoted into eppendorf tubes in
the amount of 0.3mg hIAPP. The peptide was lyophilized overnight and
the dried powder was dissolved in 2 μL dimethyl sulfoxide (DMSO), 2 μL
of 100 nM HCl, and diluted in HEPES buffer to a total volume of 50 μL.
This peptide stock solution was then added to LUVs to a final con-
centration of 1 or 3mol% peptide to lipids.

2.8. 31P solid-state NMR

All of the experiments were performed on an Agilent/Varian
500MHz solid-state NMR spectrometer operating at the resonance
frequency of 500MHz for 1H and 200MHz for 31P nuclei. A tempera-
ture control unit (Varian) was used to maintain the sample temperature
at 37 °C. All 31P spectra were collected using a spin-echo sequence (90°-
tau-180°-tau; with tau=60 μs) under 25 kHz two-pulse phase mod-
ulation decoupling (TPPM) of protons. A typical 31P 90 pulse width of
7 μs was used with a recycle delay of 3 s. The 31P chemical shift spectra
were referenced with respect to 85% H3PO4 at 0 ppm. In each experi-
ment, the 31P control spectrum of 200 μL LUVs, composed of 4mg of 7:3
POPC/POPS in a 5mm glass tube, was acquired first (5 mm liquid NMR
tubes were cut to fit into a solid-state NMR probe). After collecting the
control spectrum, 20 μL of hIAPP was added into the same sample tube
to make the final peptide:lipid molar ratio of 1:100 or 3:100. For each
sample, seven sequential experiments were then set to collect 31P NMR
spectra with each acquisition totaling ~50min (1000 scans and 3 s
recycle delay). POPC/POPS samples were then exposed to 500 μM
MnCl2 for the paramagnetic relaxation enhancement (PRE) measure-
ments. All 31P NMR spectra were processed with 300 Hz line broad-
ening using the VnmrJ software.

3. Results and discussion

3.1. 31P NMR reveals hIAPP induces large-scale membrane disruption

HIAPP amyloid growth in water significantly depends on protein
concentration [39]. Moreover, as already mentioned, hIAPP induces
membrane disruption by two steps: the first step is ascribable to pore

Fig. 5. A) Effect of 4′-O-PR on the kinetics of hIAPP fiber formation in the presence of 7:3 POPC/POPS LUVs measured by ThT assay. All measurements were
performed in 10mM phosphate buffer, 100mM NaCl, pH 7.4 at 25 °C. Fiber growth kinetics of lipid-free hIAPP is also reported for comparison (grey curve). The
curves shown are the average of 3 experiments. B) Effect of 4′-O-PR on hIAPP-induced disruption of 7:3 POPC/POPS LUVs measured dye leakage assay. All
measurements were performed in 10mM phosphate buffer, 100mM NaCl, pH 7.4, at 25 °C. The traces shown are the average of 3 experiments. C) Comparison of t1/2
of fiber formation and the second step of membrane disruption in the presence of increasing amounts of 4′-O-PR (see also Table 1).
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formation mainly due to membrane binding of hIAPP monomers and/or
small oligomers. To gain further insight into the mechanism of mem-
brane disruption by hIAPP, we first employ 31P NMR experiments to
test the effect of hIAPP concentration over pore formation using 31P
NMR and Mn2+ as a probe for membrane leakage. Mn2+ ions are a
convenient probe for this study since they may detect also small pores
and quench the 31 P NMR signal by shortening the T2 relaxation time.

A series of static 31P NMR spectra were acquired on 7:3 POPC/POPS
LUVs in the absence and presence of 1mol% or 3mol% hIAPP to
monitor membrane perturbations over the time course of hIAPP ag-
gregation (Fig. 2). All spectra show a chemical shift powder pattern
with a span of ~40 ppm, as expected for unilamellar lipid bilayers of
liquid crystalline phase. Interestingly, none of the spectra exhibit an
observable isotropic peak near 0 ppm. This observation indicates that
hIAPP-induced membrane disruption did not produce small fragments
of lipid vesicles that can tumble fast enough to be observed on the NMR
timescale. Such fragmentation has been observed for antimicrobial
peptides [40] and also for amyloid-beta [37,41]. On the other hand, it
may be possible that hIAPP induced fragmentations of lipids from the
bilayer are immobile in the NMR time scale as they could be in-
corporated within hIAPP amyloid fibers. Another possibility is that the
incubation time was insufficient to observe the detergent-type lipid
bilayer fragmentation by hIAPP under the experimental conditions used
in the NMR experiments.

Although no isotropic peak near 0 ppm was observed in 31P NMR
spectra, paramagnetic relaxation enhancement (PRE) experiments
suggest hIAPP induces membrane disruption, consistent with dye
leakage experiments. Paramagnetic Mn2+ ions in the solvent can reveal
if a lipid headgroup is exposed to solvent by inducing broadening of the

31P resonance. Thus, if a lipid bilayer is intact, only the outer leaflet
lipids are exposed to the PRE effect from Mn2+ ions, which result in
broadening of 31P NMR signals arising from outer leaflet lipids.
Conversely, if any membrane disruption occurs (by pores or fragmen-
tation), 31P line-broadening will be detected from the exposure of inner
leaflet lipids to paramagnetic Mn2+ ions in addition to outer leaflet
lipids. Fig. 3 shows the effect of Mn2+ ions on POPC/POPS LUVs after
10 h of incubation with hIAPP. Phosphorus-31 NMR spectra of LUVs
without and with 1mol% hIAPP (Fig. 3A and B) exhibit much<50%
reduction in the 31P NMR signal intensity suggesting only the lipids in
the outer leaflet are affected by the PRE effect and therefore there is
little to no membrane permeation of Mn2+ ions across the lipid bilayer.
However, at 3mol% hIAPP (Fig. 3C), half of the calculated 31P NMR
signal is broadened beyond detection, indicating that paramagnetic
Mn2+ ions most likely permeated the membrane to quench 31P re-
sonances from the inner leaflet lipids in addition to those in the outer
leaflet of the lipid bilayer. HIAPP has been shown to cause membrane
disruption by both pore formation and membrane fragmentation. Static
31P NMR experiments presented in this study clearly demonstrate
membrane disruption by hIAPP is occurring. The absence of small-size
lipid fragments induced by the peptide aggregation at the membrane
surface may be attributed to the presence of large-size lipid fragments
from the membrane that are unobservable on the NMR timescale, which
is unlikely. Instead, if the large-size lipid fragments changed the phase
to gel state, the 31P line width gets wider and featureless to cause the
signal loss effect. This is further confirmed from solid-state NMR ex-
periments on LUVs containing a PE lipid that is known to promote
membrane fragmentation by hIAPP [19].

Fig. 6. A) ThT fluorescence traces of hIAPP fiber growth in the presence of 7:3 POPC/POPS LUVs and increasing amounts of 4′-DMPR. All measurements were
performed in 10mM phosphate buffer, 100mM NaCl, pH 7.4, at 25 °C. Fiber growth kinetics of lipid-free hIAPP is also reported for comparison (grey curve). The
traces shown are the average of 3 independent experiments. B) Effect of 4′-DMPR on the mechanism of 7:3 POPC/POPS LUV disruption induced by hIAPP measured
by dye leakage assay. All measurements were performed in 10mM phosphate buffer, 100mM NaCl, pH 7.4, at 25 °C. The traces shown are the average of 3
independent experiments. C) Comparison of t1/2 of fiber formation and membrane damage processes (see also Table 1).
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3.2. Effects of resveratrol on hIAPP fiber growth kinetics and membrane
disruption

The ability of resveratrol to prevent hIAPP fiber formation in water
solution is largely documented [29,42]. However, limited information
is available in the presence of lipid membranes. Thus, we first addressed
the effect of resveratrol on hIAPP fiber formation kinetics in the pre-
sence of 7:3 POPC/POPS LUVs by ThT fluorescence assays. We remind
that lipid vesicles with a similar composition are often chosen as the
most representative model of β-cells lipid membranes [43]. Resveratrol
(1.25 to 5 μM) has exhibited only a poor effect on amyloid growth ki-
netics (Fig. 4A). Next, to probe its effect on hIAPP-induced membrane
disruption, we performed parallel dye leakage assays (Fig. 4B). A
comparison of ThT and dye-leakage assays suggests that resveratrol can
inhibit amyloid pore formation [19], whereas it is not able to prevent
the second step of membrane disruption, correlated with the elongation
of the fiber on the membrane surface. These results support the hy-
pothesis that if, on one hand resveratrol does not interfere with mem-
brane-catalyzed hIAPP fiber growth [44,45], still it partly inhibits the
first step of membrane disruption (via poration) [46–48], which nor-
mally occurs within the first 100min. However, aggregation of mem-
brane-bound hIAPP is not affected by resveratrol and is causative of
membrane damage through a detergent-like mechanism [19,37,38].
Remarkably, resveratrol enhances the rate of the second step of mem-
brane damage, likely due to the presence of a larger number of mem-
brane-active protofibrils.

3.3. Effect of 4′-O-PR on hIAPP fiber formation and membrane damage

Due to poor water solubility, it is likely that, in many ThT assays,
the actual level of resveratrol is much lower than its analytical con-
centration. Indeed, it has been shown that, as other polyphenols,

resveratrol may self-assemble in aqueous solution giving rise to large
aggregates [45]. Since IAPP-resveratrol interactions are stabilized by
hydrogen bonds and π-π stacking combined with hydrophobic inter-
actions, large resveratrol aggregates are expected to exhibit a low af-
finity for the polypeptide. As a possible strategy to overcome these
drawbacks, we synthesized the phosphorylresveratrol derivative 4′-O-
PR (Fig. 1). Indeed, conjugation by a phosphoryl group has already
demonstrated to improve water solubility of resveratrol [33]. However,
we don't know how conjugation by a phosphoryl group affects the
pharmacological properties of the parent compound. In order to qua-
litatively answer to this concern, we calculated, for both resveratrol and
4′-O-PR, the molecular descriptors based on the Lipinski's ‘rule of 5’
(Ro5), a widely accepted general guideline to determine if a chemical
compound has molecular properties that are compatible to a pharma-
cological application [49–51]. In particular, Log P (octanol/water
partition coefficient) is a measure of the hydrophobicity of the mole-
cule; Molecular Total Polar Surface Area (TPSA) is a good descriptor of
drug absorption and blood-brain barrier penetration; the number of
rotatable bonds (nrotb) is related to molecular flexibility and it has
been shown to be a very good descriptor of oral bioavailability of drugs.
Rotatable bonds are defined as any single non-ring bond that is
bounded to a non-terminal heavy (i.e., non‑hydrogen) atom. Molecular
properties of resveratrol and 4′-O-PR were calculated by the web based
tool Molinspiration. The results reported in Table 2 give evidence that
conjugation of resveratrol to the phosphoryl moiety has improved the
molecular properties of the parent molecule in terms of bioavailability

Fig. 7. Stewart assay performed after 24 h of incubation of 7:3 POPC/POPS
LUVs with hIAPP. The presence of 4′-DMPR completely inhibits micelle-like
structure formation, evidencing that detergent-like mechanism cannot occur.

Fig. 8. A) Combined effect of 4′-DMPR and 4′-O-PR on hIAPP fiber formation
kinetics in the presence of 7:3 POPC/POPS LUVs measured by ThT assay. All
measurements were performed in 10mM phosphate buffer, 100mM NaCl,
pH 7.4, at 25 °C. B) combined effect of 4′-DMPR and 4′-O-PR on the mechanism
of 7:3 POPC/POPS LUV disruption induced by hIAPP measured by dye leakage
assay. All measurements were performed in 10mM phosphate buffer, 100mM
NaCl, pH 7.4, at 25 °C.
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and adsorption.
Therefore, we assayed the anti-aggregating effect of the soluble

compound 4′-O-PR. Fig. 5A reports ThT assays of hIAPP performed in
the presence of POPC/POPS LUVs and using 4′-O-PR as the anti-ag-
gregating agent. Although hIAPP aggregation kinetics are not affected
by 4′-O-PR, the apparent amount of fibrils formed is significantly de-
creased in the presence of the resveratrol derivative. Parallel dye
leakage assays (Fig. 5B) show a complete inhibition of membrane
poration and a reduction of the detergent-like membrane disruption
mechanism, in agreement with the observed lower amount of hIAPP
fibers formed.

3.4. Effect of 4′-DMPR on the hIAPP amyloid growth kinetics

In order to inhibit the second step of membrane disruption, we
employed the lipid resveratrol derivative 4′-DMPR. The idea behind the
choice of this derivative is that anchoring resveratrol molecules on the
membrane surface should abolish hIAPP amyloid growth on the lipid
surface and consequently the second step of membrane damage. We use
the DMPC derivative of resveratrol because the thickness of POPC and
DMPC bilayers are very similar and phase segregation phenomena are
thus avoided [52]. ThT curves of hIAPP fiber formation occurring in
POPC/POPS membranes incorporating different amounts of 4′-DMPR
are shown in Fig. 6A. As expected, the amount of fibers formed de-
creases on increasing percentages of 4′-DMPR incorporated within
POPC/POPS LUVs and in the presence of 5 μM 4′-DMPR hIAPP fiber
growth is completely inhibited. Furthermore, the presence of 4′-DMPR
in lipid samples (Fig. 6B) does not prevent the first step of membrane
disruption (pore formation process) but rather, inhibits the second step
of membrane disruption dose-dependently in accordance with ThT
traces. These results suggest that resveratrol moieties anchored to the
lipid tail and lying on the membrane surface would prevent membrane

disruption by a detergent-like mechanism ascribable to the elongation
of the fiber on the membrane. However, pore formation can still occur
given that it is more likely due to membrane active small intermediates
formed during the amyloid growth process occurring first in the aqu-
eous phase.

To further verify whether the presence of 4′-DMPR inhibits the
membrane disruption process induced by the elongation of hIAPP fiber
on the lipid surface, we performed an experiment to measure the pre-
sence of micelle-like structure in solution after the fiber formation
process is completed, as described in Materials and methods section.
Results shown in Fig. 7 clearly confirm that the presence of 4′-DMPR
completely inhibits lipid extraction linked to a detergent-like me-
chanism of membrane disruption.

3.5. Effect of 4′-O-PR and 4′-DMPR on both hIAPP amyloid growth and
membrane disruption

As we pointed out before, hIAPP-induced membrane disruption is a
two step process in which the formation of amyloid pores is accom-
panied by fiber elongation on the membrane surface [19,37]. In the
previous sections, we have evidenced that 4′-O-PR and 4′-DMPR can
inhibit poration and detergent-like lipid extraction, respectively. Thus,
we have tested whether the combined use of these two molecules may
protect membranes from both the effects of hIAPP amyloids on lipid
surface. In Fig. 8A and B we report ThT and dye leakage assays for
samples containing 7:3 POPC/POPS LUVs with a 20% (5 μM) of the
compound 4′-DMPR and three different concentrations of 4′-O-PR. All
the experiments confirmed the complete inhibition of both fiber for-
mation and membrane damage.

Fig. 9. Schematic representation of the effect of 4′-DMPR and 4′-O-PR on hIAPP amyloid formation and membrane disruption. Misfolding of soluble hIAPP monomers
initiates aggregation processes involving the formation of β-sheet rich oligomers and eventually, amyloid fibrils. In the water phase, the presence of 4′-O-PR inhibits
amyloid growth and fibril formation. hIAPP monomers may also bind to lipid membrane surfaces where they acquire an α-helix structure. Next, gathering of hIAPP
proteins on the membrane surface induces their assembling into β sheet-rich aggregates. When proteins arrive at a threshold concentration, they assemble to form a
pore thus enabling the release of membrane contents. Concurrent with this mechanism, ring-like hIAPP protofibrils may assemble in solution and permeabilize the
membrane. Moreover, hIAPP amyloid aggregates may grow at the membrane surface and induce lipid extraction and membrane thinning in a detergent-like
mechanism. All these adverse events occurring at the membrane surfaces are inhibited by the presence of 4′-DMPR.
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4. Conclusions

An increasingly large body of evidence indicates that hIAPP toxicity
may be related to its abnormal interactions with the cell membrane. In
particular, small-sized proto-fibrils were shown to have a higher pro-
pensity to permeabilize the membrane when compared to monomeric
or fully fibrillar hIAPP. Moreover, microscopic images of pore-like
membrane-bound hIAPP oligomers show evident morphological simi-
larities with membrane-leaking structures of toxins, which are known
to form pore structures on cell membranes. Nevertheless, poration may
represent only a part of the membrane disruption process and other
effects including lipid extraction into growing hIAPP amyloid fibrils are
also believed to play an important role. This complex mechanism of
membrane destabilization implies that simply inhibiting hIAPP amyloid
growth might not be sufficient to protect cells. In the present study, we
demonstrate that the incorporation of a lipid-anchored resveratrol de-
rivative named 4′-DMPR within a POPC/POPS model membrane may
protect the lipid bilayer from a hIAPP-induced lipid extraction through
a detergent-like mechanism but not from poration induced by small
oligomers. Conversely, a water-soluble resveratrol derivative, 4′-O-PR,
protects the model membrane from poration phenomena but cannot
inhibit lipid extraction occurring through membrane-bound hIAPP
amyloid growth. When 4′-O-PR is added to the water phase of a lipid
dispersion of POPC/POPS LUVs, which also incorporates 4′-DMPR,
neither fibril growth nor membrane destabilization are observed (see
Fig. 9). Conclusively, results presented in this work suggest a novel
strategy to inhibit both the two steps of hIAPP-induced membrane da-
mage i.e. poration and lipid extraction by amyloid fibrils.
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