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A B S T R A C T

Human islet amyloid polypeptide (hIAPP) is synthesized by pancreatic β-cells and co-secreted with insulin.
Misfolding and amyloidosis of hIAPP induce β-cell dysfunction in type II diabetes mellitus. Numerous small
organic molecules and metal complexes act as inhibitors against amyloid-related diseases, justifying the need to
explore the inhibitory mechanism of these compounds. In this work, three oxidovanadium complexes, namely,
(NH4)[VO(O2)2(bipy)]·4H2O (1) (bipy=2,2’ bipyridine), bis(ethyl-maltolato, O,O)oxido-vanadium(IV) (2), and
(bipyH2)H2[O{VO(O2)(bipy)}2]·5H2O (3), were synthesized and used to inhibit the aggregation of hIAPP and its
fragments, namely, hIAPP19–37 and hIAPP20–29. Results revealed that shortening the peptide sequence de-
creased the aggregation capability of hIAPP fragments, and the oxidovanadium complexes inhibited the fi-
brillization of hIAPP better than its fragments. Interestingly, the binding of oxidovanadium complexes to hIAPP
and its fragments presented a distinct thermodynamic behavior. Oxidovanadium complexes featured the dis-
aggregation capability against hIAPP, better than against its fragments. These complexes also decreased the
cytotoxicity caused by hIAPP and its fragments by reducing the production of oligomers. 3 may be a good hIAPP
inhibitor based on its inhibition, disaggregation capability, and regulatory effect on peptide-induced cytotoxi-
city. Oxidovanadium complexes exhibit potential as metallodrugs against amyloidosis-related diseases.

1. Introduction

Human islet amyloid polypeptide (hIAPP, amylin) is a 37-residue
polypeptide with a disulfide bond between residues Cys2 and Cys7 and
is co-secreted by insulin-producing pancreatic β-cells in response to
insulin release [1]. Misfolding and self-assembly transform hIAPP into
an insoluble amyloid fibril, which causes β-cell dysfunction and de-
creases insulin release in type II diabetes mellitus (T2DM) [2,3]. T2DM
is a chronic metabolic disease characterized by hyperglycemia caused
by abnormal insulin secretion; new medications to treat this disease are
still emerging [4–6]. hIAPP is involved in regulating the blood sugar
balance associated with insulin. However, hIAPP may lose its natural
structure and misfold, resulting in the pathological process of T2DM
[7,8]. Therefore, hIAPP becomes a crucial target in T2DM treatment.

Inhibitors of hIAPP amyloid include organic aromatic compounds,
short peptides, metal complexes, and nanoparticles [9–12]. Metal
complexes, including Cu, Zn, and vanadium compounds, are currently
applied in the inhibition of hIAPP and other amyloidosis related pro-
teins [13–19]. Vanadium complexes have been used to test the anti-
diabetes effects for> 100 years [20]. Bis(maltolato) oxovanadium
(BMOV), bis(ethyl-maltolato, O,O)oxidovanadium(IV) (BEOV), NaVO3,

and other newly synthesized vanadium complexes lower blood glucose
levels, enhance the quality of pancreatic cells, and lessen the need for
daily insulin injections [21–29]. Several studies indicate that vanadium
complexes exhibit distinct inhibitory effects against amyloid fibril for-
mation of prion protein (PrP) fragments [15,18,30]. Nevertheless, the
inhibitory effects of vanadium complexes against hIAPP and its frag-
ments are rarely reported [31,32].

hIAPP fibrillation is a critical factor that induces β-cell apoptosis
and T2DM, and the mechanism of fibril formation is complicated. The
self-assembly of amyloid peptides generally includes the transformation
of α-helix or random coil to β-sheet, oligomers, profibrils, and mature
fibrils [33–37]. hIAPP aggregation depends on the hydrophobic
hIAPP20–29 fragment, which is involved in the formation of the β-
sheet-rich core region and shows strong tendency to form amyloid fi-
brils [38–40]. Numerous hIAPP fragments, such as 8–20, 20–29, 28–37,
and 30–37, participate in amyloidogenic aggregation [39,41–43]. The
N-terminal residues of hIAPP do not contribute to fibril formation but
play a role in maintaining the stability of the amyloidogenic region
[44]. hIAPP consists of the main amyloidogenic region 20–29 and the
N-terminal fragment of hIAPP1–19, which is a superior binding region
for insulin and membrane-disrupting sites. The C-terminal region
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hIAPP30-37 significantly enhances amyloid formation [45]. The cyto-
toxicity and membrane damage induced by hIAPP occur before amyloid
formation [34,46]. Thus, exploring the interaction mechanisms be-
tween potential inhibitors and different hIAPP fragments are crucial for
understanding the properties of these peptides.

This work investigated the aggregation behavior of different hIAPP
fragments, namely, hIAPP19–37, hIAPP20–29, and the full length
hIAPP1-37, affected by oxidovanadium complexes (NH4)[VO
(O2)2(bipy)]·4H2O (1) (bipy= 2,2’ bipyridine), BEOV (2), and (bipyH2)
H2[O{VO(O2)(bipy)}2]·5H2O (3) (Scheme 1). Dynamic light scattering
(DLS), thioflavin T (ThT) assay, transmission electron microscopy
(TEM), and atomic force microscopy (AFM) were used to explore the
inhibition and disaggregation capability of oxidovanadium complexes
against the fibrillization of hIAPP, hIAPP19–37, and hIAPP20–29. The
binding interaction of oxidovanadium complexes with peptides was
also studied using intrinsic fluorescence quenching and isothermal ti-
tration calorimetry (ITC). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2-
H-tetrazolium bromide (MTT) assay, membrane leakage experiments,
and immune assay were used to detect the cytotoxicity induced by
hIAPP aggregation and the regulation of oxidovanadium complexes on
cell viability and membrane protection.

2. Experimental section

2.1. Materials

The peptides hIAPP (KCNTATCATQRLANFLVHSSNNFGAILSSTNV-
GSNTY-NH2), hIAPP19–37 (SSNNFGAILSSTNVGSNTY-NH2), and
hIAPP20–29 (SNNFG-AILSS-NH2) were chemically synthesized and
purified by Synpeptide Co., Ltd. (Shanghai, China). The peptides' purity
was confirmed to be>95% with HPLC-MS. Before use, the peptide was
dissolved in hexafluoroisopropanol for 1 h to remove any preexisting
aggregates and freeze dried at −55 °C for 12 h. The lyophilized peptides
were dissolved in 10mM phosphate buffer (PB, pH 7.4) and stored at
−20 °C. Oxidovanadium complexes were prepared and identified using

infrared (IR) and UV–visible (UV–vis) spectroscopy based on previous
reports [47,48]. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC,
≥99%) and 1,2-dioleoyl-sn-glycero-3-phospho-(1-rac-glycerol) (DOPG,
≥98%) were purchased from AVT Pharmaceutical Technology Co. Ltd.
(Shanghai, China) and stored at −20 °C with nitrogen protection. Islet
amyloid peptide anti-oligomer antibody A-11 [1000 times dilution in
0.01M phosphate buffer saline (PBS, pH 7.4) with 1% bovine serum
albumin (BSA)] was purchased from Shanghai Ulva Tries Biotechnology
Co. Ltd. (Shanghai, China) and stored at −20 °C before use. All other
reagents were of analytical grade.

2.2. UV spectrometry

The absorption peaks of three oxidovanadium complexes were
identified using Cary 50 UV–vis spectrophotometer (Agilent
Technologies Ltd., USA) at the scan range of 200–800 nm. The time-
scale experiments of 20 μM oxidovanadium complex (5% dimethyl
sulfoxide (DMSO)) in 10mMPB (pH 7.4) were determined by UV–vis
spectrometer at 0, 6, 12, and 24 h to evaluate the structural stability of
these compounds. The UV spectra of 10 μM ThT in the presence of 1, 2,
or 3 can be determined using spectrometer in 10mM phosphate buffer
(PB, pH 7.4). The prepared stock solution of oxidovanadium complexes
was 100 μM in 5% DMSO aqueous solution. The final complex con-
centrations were 0, 2.5, 5, 7.5, 10, 15, and 20 μM. All data analyses
were repeated in triplicate.

2.3. DLS analysis

Multimodal size distribution of hIAPP (10 μM), hIAPP19–37
(30 μM), and hIAPP20–29 (30 μM) aggregates were collected in the
absence and presence of oxidovanadium complexes by using Nano-
ZS90 Zetasizer Nano Series (Malvern Instruments Ltd., Worcestershire,
UK). The molar ratios of the complex to the peptide were 5 and 10. For
inhibition detection, the peptides were incubated with oxidovanadium
complexes at 37 °C for 72 h in 10mMPB (pH 7.4). The samples were

Scheme 1. (A) Sequence of hIAPP, hIAPP19-37, and hIAPP20-29. (B) Molecular structures of (NH4)[VO(O2)2(bipy)]·4H2O (1), bis(ethyl-maltolato, O,O)oxidova-
nadiu-m(IV), (2), and (bipyH2)H2 [O{VO(O2)(bipy)}2]·5H2O (3).
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then centrifuged at 10,000 revolutions per minute (rpm) for 10min to
remove large particles. The supernatant fluid was used to determine the
particle size. For disaggregation experiments, the oxidovanadium
complexes were added after incubating the peptides at 37 °C for 72 h.
The mixture was subsequently incubated at 37 °C for 72 h. The DLS data
were acquired by the average of three results.

2.4. ThT assay

In the absence and presence of five fold excess of oxidovanadium
complexes, hIAPP (10 μM), hIAPP19–37 (30 μM) and hIAPP20–29
(30 μM) in 10mMPB (pH 7.4) were incubated at 37 °C for 72 h. After
incubation, ThT was added at a final concentration of 20 μM. ThT
fluorescence was examined using F-4600 fluorophotometer (Hitachi
Ltd., Japan) with an excitation wavelength of 432 nm. The emission
spectrum was acquired at a scan speed of 240 nm·min−1 and voltage of
700 V. The slit of excitation and emission was 10 nm. During dis-
aggregation, hIAPP (10 μM), hIAPP19–37 (30 μM), and hIAPP20–29
(30 μM) in 10mMPB (pH 7.4) were incubated at 37 °C for 72 h.
Oxidovanadium complexes were subsequently added, and the samples
were incubated for an additional 72 h at 37 °C. The final concentration
of ThT was 20 μM. The time-scale experiments of peptide aggregation
were performed in the absence and presence of 1, 2, and 3 at 484 nm
for hIAPP, hIAPP19-37, and hIAPP20-29. The lag time was determined
during the process as it represents the delay time of peptide nucleation
[49]. After 72 h of incubation, IC50 value was derived from the 50%
inhibitory rate of the three oxidovanadium complexes against hIAPP
aggregation based on the ThT assay [50–52]. All reported data were
derived from three experimental replicates.

2.5. TEM and AFM images

The samples of hIAPP (10 μM), hIAPP19–37 (30 μM), and
hIAPP20–29 (30 μM) were prepared and incubated in the absence and
presence of oxidovanadium complexes at 37 °C for 72 h. The molar
ratios of the complex to the peptide were 5 and 10. For TEM mor-
phology, an aliquot of the sample was spotted onto carbon-coated 600-
mesh copper grids after co-incubation and stained with 2% phospho-
tungstic acid. Each aliquot occupied one grid individually. The speci-
mens were air dried and viewed under a Hitachi H-800 electron mi-
croscope (Hitachi, Japan) at 200 kV. The final images were obtained
from the average results of three experiments. For AFM analysis, the
samples were incubated as mentioned above. Tapping mode was used
at ambient temperature and standard conditions. Images were obtained
on a silicon tip at a scanning rate of 1 Hz and a scanning line of 512 by
using Bruker Nano Dimension Icon (Bruker Nano Inc., Germany).

2.6. Fluorescence determination

Intrinsic fluorescence quenching was conducted using F-4600
fluorophotometer (Hitachi Ltd., Japan) to observe oxidovanadium
complex-induced solution conformational change of hIAPP and its
fragments [53]. The peptide concentrations measured 10, 30, and
30 μM for hIAPP, hIAPP19–37, and hIAPP20–29, respectively. Different
oxidovanadium complexes were appended into the peptide solution
within a 0–8M ratio for the three peptides. For hIAPP and hIAPP19–37,
the tyrosine (Tyr) residue Tyr37 was excited at 275 nm. For
hIAPP20–29, the phenylalanine (Phe) residue Phe23 was excited at
260 nm. The experiments were repeated in triplicate.

2.7. ITC study

The thermodynamic parameters of peptides binding to oxidovana-
dium complexes were determined using MicroCal ITC200 (Malvern
Instruments Ltd., UK) at 25 °C. 1 was dissolved in a 10mMPB (pH 7.4),
2 and 3 were dissolved in a 10mMPB (5% DMSO, pH 7.4). All solutions

were degassed prior to use through a 0.22 μM filter membrane and
adjusted to pH 7.4. The final concentration of the peptides ranged from
10 μΜ to 20 μΜ. Titration of oxidovanadium complexes into the pep-
tides can be obtained after subtracting the background. The reference
sample was the mentioned buffer titrated by the complexes. Injections
were conducted 10min apart to maintain the thermal equilibrium. An
initial injection of 0.5 μL of the complex was followed by 14 additional
injections of 2.5 μL of the complexes into the peptide. The stirring rate
was 1000 rpm. The oxidovanadium complex was sucked into the syr-
inge with an initial concentration of 400–1500 μM of each compound.
The experiments were performed in triplicate.

2.8. MTT assay

Cytotoxicity induced by peptides was tested following the standard
MTT method. The rat insulinoma (INS-1) line was obtained from Bogoo
Biotech Co., Ltd. (Shanghai, China). The cells were cultured in 1640
(Gibco) culture medium with 10% fetal bovine serum, incubated at
37 °C in a humidified 5% CO2 incubator (Sanyo, MCO-15 AC, Japan) for
24 h, and further incubated with 15 μM hIAPP, hIAPP19–37, or
hIAPP20–29 (pH 7.4) for 72 h in the absence and presence of oxido-
vanadium complexes. The final concentration of each oxidovanadium
complex was set to 15 μM, and 10 μL of 5mg/mL MTT was added into
each well. The plate was incubated at 37 °C for 4 h [54]. Cell survival
was assessed by checking the MTT reduction. The medium was care-
fully removed, and each well was added with 200 μL of DMSO. The
average absorption value at 490 nm was reported after performing the
experiments four times. One-way analysis of variance with post hoc
Dunnett's test produced the adopted results. A level of p < 0.05 was
determined as significant.

2.9. Membrane leakage experiments

In brief, 10mM lipidosome consisting of DOPC and DOPG (7:3) was
dissolved in 1mM calcein buffered by 10mMPB (pH 7.4) by ultrasound
mixing. Size-exclusion column chromatography (Sephadex G-50 fine)
was used to remove free calcein from the calcein-filled lipidosome by
eluting with 10mMPB (pH 7.4). The diluted solution contained 30 μM
peptide, 5 μM calcein, and 100 μM liposomes. The fluorescence of cal-
cein was recorded every 60min from 0 to 15 h. Membrane leakage
induced by peptide aggregation was detected in the presence of oxi-
dovanadium complexes. The molar ratio of the complex to the peptide
was 5. The peptide alone was measured as a control. After each assay,
1 μL of 10% Triton X-100 was added to assess the maximum membrane
leakage. Membrane leakage assay was obtained according to the
equation [12]:

=L(t) (F F )/(F F )t 0 100 0

where L(t) is the normalized membrane leakage, and Ft is the fluores-
cence intensity at each time. F0 and F100 are the fluorescence intensities
at t=0 and after addition of Triton X-100, respectively. The results
were the average of three experiments.

2.10. Immune assay

Standard enzyme linked immunosorbent assay (ELISA) was con-
ducted to explore the oligomers by binding to the A-11 antibody [55].
The peptide sample in the absence and presence of oxidovanadium
complex was spotted on 96-well plates after incubating in the dark at
25 °C for 12 h. In brief, 10 μL of the A-11 antibody in 1000 times di-
lution with 1% BSA was used and buffered by 0.05M carbonate solu-
tion (pH 9.6) at 4 °C for 12 h. The concentrations of the peptide and
oxidovanadium complex were 30 μM. The plates were washed by
0.01M phosphate buffer saline-0.001% Tween 20 (PBST) three times at
pH 7.4, sealed with 2% BSA, and incubated at 37 °C for 2 h. Goat anti-
rabbit antibody was diluted 10,000 times with 1% BSA before use. The

J. Xu, et al. Journal of Inorganic Biochemistry 197 (2019) 110721

3



final samples were obtained following the standard plate washing
program and treated with 3,3’,5,5’ tetramethyl benzidine (TMB) col-
oration kit at 25 °C for 8min to record OD values at 450 nm. Data
distribution and analysis methods were described as in MTT assay. The
experiments were repeated four times, and the results were averaged.

3. Results and discussion

3.1. Synthesis of oxidovanadium complexes

The three oxidovanadium complexes (1, 2, and 3) were synthesized
and identified with yields of 40%, 80%, and 42% respectively. Figs. S1
and S2 show the UV/vis and IR spectra of the oxidovanadium com-
plexes, and the results are consistent with those of other studies
[47,48,56–59]. The IR results (KBr disk, cm−1) were νV=O=945 cm−1

(1), νV=O=993 cm−1 (2), and νV=O=945 cm−1 (3). The UV/vis re-
sults (20 μM, 5% DMSO in 10mMPB (pH 7.4)) were λmax= 281 nm
(1), λmax= 275 nm (2), and λmax= 281 nm (3). According to the mo-
lecular formulas of 1 (C10H20N3O9V), 2 (C14H14O7V), and 3
(C30H38N6O12V2), the obtained elemental analysis results were con-
sistent with the calculated values within an error range of 0.5% (Table
S1). Fig. S3 shows the time-scale spectra of 20 μM oxidovanadium
complexes 1, 2, and 3. The absorption peaks of the compounds had
slight change with time. Based on previous pH-dependent V51 NMR and
ESR reports, the species were [VO(O2)2L]·H2O, [VO(O2)2L]−, [VO
(O2)2(H2O)L]·H2O, [VO(O2)2(NH3)] in 1, [VOL2], [(VO)2L2(OH)2],
[(VO)2(OH)5]−, [VOL2(OH)]− in 2, and [O{VO(L)}2], [(VOL)2(OH)2]
in 3. The major species were [VO(O2)2L]·H2O and [O{VO(L)}2] for 1
and 3 respectively [56,57,59,60]. [VOL2] accounted for the highest
proportion in 2, after comparing with previous work [58]. A probable
mechanism of 2 in solution is depicted in Scheme S1.

3.2. Inhibition by oxidovanadium complexes in peptide aggregation

DLS analysis was performed to gain insights into the particle size
distribution of amyloid peptides and the influence of oxidovanadium
complexes. Fig. 1 shows the multimodal size distribution of hIAPP
(10 μM), hIAPP19–37 (30 μM), and hIAPP20–29 (30 μM) in the absence
and presence of 1, 2, and 3. After incubation, the maximum particle size
distribution increased to approximately 5400 nm for hIAPP and
hIAPP19–37. In contrast to previously studied hIAPP30–37 and
hIAPP1–19, the short peptide hIAPP20–29 presented the maximum dis-
tribution at 900 nm owing to the difficulty of forming a core of ag-
gregation and producing numerous fibrils [44,61]. The aggregation of
hIAPP and its fragments reduced with increasing oxidovanadium com-
plexes. Table S2 demonstrates the particle size of peptide aggregates in
the presence of oxidovanadium complexes obtained by DLS analysis. The
aggregate size by oxidovanadium complexes ranged from the microscale
to the nanoscale, and the best inhibitory effect of oxidovanadium com-
plexes was against full-length hIAPP. The complexes showed a relative
indistinctive effect on hIAPP20–29. Among the complexes, 3 displayed
the strongest inhibitory effect against peptide aggregation.

The results of the ThT assay indicated that the peptides aggregated
based on the increasing ThT fluorescence intensity (Fig. 2). The fluor-
escence intensity notably decreased upon the addition of 1, 2, or 3. The
inhibitory effect of 2 and 3 was stronger than that of 1 for hIAPP and
hIAPP19–37, consistent with the DLS results. By contrast, the influence
of the three complexes on hIAPP20–29 aggregation was weaker than
that on the other two peptides. Furthermore, the dynamic experiments
indicated different lag times, indicative of the inhibition of metal
complexes against peptide aggregation (Table 1), consistent with the
observation of ThT assay. With increasing oxidovanadium complexes,
the lag time prolonged. These compounds showed an antifibrillogenic
activity with elongation of the nucleation phase and decrease in the
aggregation extent. For 3, the longest lag time implied strong inhibition
against peptide aggregation.

UV spectroscopy analysis was performed to clarify the possible in-
teraction of ThT with oxidovanadium complexes, and the resulting
spectra are shown in Fig. S4. With the addition of the complexes, their
characteristic peak increased, but that of ThT at 412 nm remained un-
changed. The oxidovanadium complexes underwent no notable inter-
action with ThT. Therefore, the ThT assay may effectively demonstrate
the extent of peptide aggregation and the influence of oxidovanadium
complexes on hIAPP and its fragments.

Through concentration-dependent experiments using ThT assay, we
calculated the IC50 values to compare the inhibition capabilities of the
complexes with peptide aggregation. IC50 is defined as the inhibitor
concentration when achieving 50% of the maximum effects on peptide
aggregation [18]. The IC50 values of the three complexes are shown in
Table 1. The values were found to be within the micromolar range,
suggesting their strong inhibitory effect against hIAPP aggregation,
consistent with DLS results. Complex 3 showed the most significant
inhibition, as indicated by its IC50 values of 8.5 and 39.6 μM against
hIAPP and hIAPP19–37, respectively. Compared with a previous study,
BEOV (2) yielded an IC50 value similar to that of BMOV against hIAPP
[32], and 3 featured a lower IC50 value against hIAPP than against
PrP106–126 [15].

The analysis of particle size distribution and ThT fluorescence in-
tensity revealed the different aggregation capabilities of the three
peptides in the following order, hIAPP>hIAPP19–37 > hIAPP20–29.
hIAPP20–29 is a fragment of the hIAPP core region, and the whole
length of peptide hIAPP1–37 highly self-aggregates to form amyloid
fibrils. The three oxidovanadium complexes significantly affected pep-
tide aggregation, and 3, which had the largest aromatic molecular
configuration, displayed the strongest inhibitory effects on peptide
amyloidosis. Compared with previous works, 3 showed better inhibi-
tion on hIAPP than on prion neuropeptide.

3.3. Morphological analysis of three peptides

The TEM and AFM images indicated that peptide fibril formation
was effectively inhibited by the oxidovanadium complexes (Figs. 3 and
S5). The TEM images showed that self-assembly of hIAPP and
hIAPP19–37 produced distinct winding fibrils after incubation for 72 h
at 37 °C [32,62]. The aggregation capability of hIAPP19–37 was
stronger than that of short fragment hIAPP20–29 to form mature fibrils
(Fig. 3). With increasing oxidovanadium complexes to 5- and 10-fold
excess, the fibrils of hIAPP and hIAPP19–37 gradually decreased and
formed globular oligomers and monomers. The fragment of
hIAPP20–29 failed to form numerous fibrils but formed oligomers after
incubation. The addition of the oxidovanadium complexes decreased
hIAPP20–29 aggregates, and the oligomers were further reduced.

The AFM images were similar to those of the TEM images (Fig. S5),
indicating inhibition of peptide fibril formation by the oxidovanadium
complexes studied. The concentration dependence of the oxidovana-
dium complexes was observed with morphological changes in the
hIAPP and hIAPP19–37 aggregates. Table S3 shows the heights of
peptide aggregates along with the lines in Fig. S4. A mature amyloid
fibril typically stretches to approximately 9 nm for cross-sectional
height [63]. With increasing oxidovanadium complexes, the aggregate
shape was altered from fibrils to spherical and amorphous particles.
Hence, the height of the peptide aggregates first increased and then
decreased, similar to previous observations [63]. The results of TEM
and AFM morphological analyses are consistent with those of ThT assay
and DLS analysis.

Morphological observation elucidated that oxidovanadium com-
plexes reversed peptide fibril formation. Based on the AFM images and
the results of the ThT assay, BEOV elicited similar inhibitory effect
against hIAPP to that against BMOV [31], suggesting that a long carbon
skeleton may not be the major factor affecting inhibition. Moreover, 3
showed better inhibitory effect against hIAPP than against PrP106–126
because considerable fibrils appeared under the same condition [15].
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3.4. Changes in peptide conformation by oxidovanadium complexes

To elucidate the interaction between hIAPP and current oxidova-
nadium complexes and the effects of these compounds on peptide
conformation, we carried out experiments on intrinsic fluorescence

quenching. Different residues were used for different peptides because
hIAPP and hIAPP19–37 contain the aromatic residue Tyr37 and
hIAPP20–29 contains residue Phe23. With the addition of the oxido-
vanadium complexes, peptide fluorescence was quenched and the peak
intensity gradually decreased (Fig. S6). The fluorescence quenching of

Fig. 1. DLS analysis of the multimodal size distribution of 10 μM hIAPP (A–C), 30 μM hIAPP19-37 (D–F), and 30 μM hIAPP20-29 (G–I) aggregates in the absence
(solid) and presence of 5 (dashed) and 10 fold excess (dotted) of 1 (A, D, G), 2 (B, E, H) and 3 (C, F, I).

Fig. 2. ThT assay for the peptides hIAPP, hIAPP19-37, and hIAPP20-29 aggregation in the absence (solid) and presence of five fold excess of 1 (dashed), 2 (dotted),
and 3 (short dashed). ThT (short dotted) was used as a marker. The concentration of peptide was 10 μM, 30 μM, and 30 μM, respectively. Fluorescent kinetics of
peptides aggregation in the absence (solid) and presence of five fold excess of 1 (dashed), 2 (dotted), and 3 (short dashed) at 484 nm for hIAPP (D), hIAPP19–37 (E),
and hIAPP20–29 (F).
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the aromatic residues implied the alteration in the peptide conforma-
tion due to binding to oxidovanadium complexes. Given this molecular
structure feature, we assume that the aromatic group in the oxidova-
nadium complexes may contribute to the interaction and inhibition of
metal complexes against hIAPP and its fragments, as reflected by other
inhibitors, such as epigallocatechin gallate and the possible existence of
π-stacking [65].

3.5. Determining the thermodynamic behavior of peptides with
oxidovanadium complexes by ITC

ITC has been widely applied in the biomedical field, such as in
studies on antigen–antibody, cell metabolism, enzyme inhibitors, and
DNA–drug interaction [66]. The studied reactions produced the bound

Table 1
IC50a values and lag timeb for the inhibition of oxidovanadium complexes
against peptide fibrils aggregation (pH 7.4).

Complexes hIAPP hIAPP19-37 hIAPP20-29

IC50 Lag
time/h

IC50 Lag
time/h

IC50 Lag
time/h

0 – 1.5 – 1.5 – 1.0
1 33.0 ± 1.1 3.0 71.9 ± 2.5 2.0 76.4 ± 2.7 1.5
2 14.7 ± 0.6 4.0 51.2 ± 1.1 3.0 69.5 ± 2.3 2.5
3 8.5 ± 0.5 4.5 39.6 ± 1.0 4.0 62.3 ± 2.0 3.0

a,bValues were measured by the ThT and fluorescent kinetics assay.

Fig. 3. TEM images of 10 μΜ hIAPP (A), 30 μΜ hIAPP19-37 (H), and 30 μΜ hIAPP20-29 (O) in the absence and presence of 5 (B–D, I–K, P–R) and 10 fold excess
(E–G, L–N) of 1 (B, E, I, L, P), 2 (C, F, J, M, Q) and 3 (D, G, K, N, R), respectively. The scale bar is 500 nm in TEM. The labels are sorted from left to right.

Table 2
Thermodynamic parameters of oxidovanadium complexes binding to hIAPP, hIAPP19-37, and hIAPP20-29 at 25 °C.

Complexes ΔG0 (kJ·mol−1) ∆H0 (kJ·mol−1) ∆S0 (J·mol−1·K−1) Kd (×10−6M)

hIAPP+ 1 −25.63 ± 0.04 −5.81 ± 0.08 66.51 ± 0.13 32.15 ± 1.18
hIAPP+ 2 −18.57 ± 0.12 −29.30 ± 0.03 −36.01 ± 0.30 555.50 ± 70.0
hIAPP+ 3 −26.73 ± 0.05 3.20 ± 0.10 100.44 ± 0.50 20.66 ± 0.97
hIAPP19-37+ 1 −23.39 ± 0.08 0.67 ± 0.09 80.74 ± 0.57 79.42 ± 5.29
hIAPP19-37+ 2 −21.29 ± 0.12 4.54 ± 0.18 86.68 ± 1.01 185.20 ± 23.13
hIAPP19-37+ 3 −17.35 ± 0.10 10.83 ± 0.19 94.56 ± 0.97 909.10 ± 76.10
hIAPP20-29+ 1 −24.57 ± 0.05 3.34 ± 0.01 93.66 ± 0.21 49.31 ± 2.51
hIAPP20-29+ 2 −26.47 ± 0.03 −34.98 ± 0.20 −28.56 ± 0.57 22.93 ± 0.63
hIAPP20-29+ 3 −17.35 ± 0.29 17.64 ± 0.37 117.42 ± 0.27 909.11 ± 73.22
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species due to the interactions of oxidovanadium complexes and pep-
tides accompanying with the heat change. Fig. S7 displays the thermal
determination of peptides binding to oxidovanadium complexes at
25 °C. The heat flow gradually reached the equilibrium with the titra-
tion of oxidovanadium complexes. Table 2 shows the thermodynamic
parameters of the complexes bound to the three peptides. Data were
obtained after subtracting the background of the titration buffer. The
negative binding Gibbs free-energy change (ΔG0) suggests spontaneous
interaction. Based on the results of Kd, the oxidovanadium complexes

showed a relatively similar binding affinity to hIAPP and its fragments.
Fig. 4 illustrates the difference in thermodynamic behavior between the
complexes and the three peptides. A distinct binding enthalpy change
(∆H0) was observed for different complexes and peptides. Comparison
of ∆H0 and the entropy change (∆S0) of the reaction system identified a
notable entropy-driven process for the binding of 1 and 3 to hIAPP and
hIAPP19–37, respectively; the hydrophobic interaction was supposed to
be a primary driving force for hIAPP with complexes [67,68]. Mean-
while, the binding of 2 to hIAPP or hIAPP20–29 showed an enthalpy-

Fig. 4. The binding thermodynamic parameters of hIAPP, hIAPP19-37, and hIAPP20-29 with complexes 1 (transverse), 2 (right slash), and 3 (square) respectively.
The histograms represent ΔG0 (A), ∆H0 (B), and ∆S0 (C) obtained at 25 °C.

Fig. 5. DLS analysis of the multimodal size distribution of 10 μM hIAPP (A–C), 30 μM hIAPP19-37 (D–F), and 30 μM hIAPP 20-29 (G–I) fibril disaggregation in the
absence (solid) and presence of 5 (dashed), and 10 fold excess (dotted) of 1 (A, D, G), 2 (B, E, H), and 3 (C, F, I).
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driven process, and this condition could possibly involve favorable
cation–π interaction [67].

This work revealed that oxidovanadium complexes bound to hIAPP
and its fragments through hydrophobic and other molecular interac-
tions. Our previous studies revealed that redox oxidovanadium com-
plexes, such as 1, inhibit the aggregation of prion neuropeptide
PrP106–126 and amyloid β (Aβ) through methionine oxidation [18].
The absence of methionine in hIAPP results in different interaction
mechanisms between hIAPP and these oxidovanadium complexes
[31,32]. In addition to hIAPP-associated T2DM, amyloid fibril forma-
tion is linked to various neurodegenerative diseases, such as Aβ in
Alzheimer's disease (AD), αS in Parkinson's disease, and PrP in prion
disorder [69–72]. Patients with T2DM often manifest AD symptoms,
particularly amyloidosis [73–75]. Comparison of hIAPP and Aβ binding
to vanadium complexes demonstrated that the vanadium complexes
acted well on different amyloid peptides despite their notably different
interaction mechanisms.

3.6. Peptide disaggregation affected by oxidovanadium complexes

Disaggregation experiments may reveal the capability of oxidova-
nadium complexes to interrupt the formation of fibrils. Fig. 5 shows the
DLS particle size distribution of the peptide aggregates. The oxidova-
nadium complexes can effectively scatter the mature aggregates.
Compared with the inhibition results shown in Fig. 1, the particle size
was>1000 nm for hIAPP when the molar ratio was 5. The results were
considered reasonable because the peptide molecules mutually bound
to form mature fibrils, and the interaction between complexes and
peptide molecules was more difficult than with hIAPP alone. Fig. S8
indicates that the three peptides were disaggregated by the oxidova-
nadium complexes based on the results of the ThT fluorescence assay.
The fluorescence intensity decreased gradually with the addition of the

metal complexes. The disaggregation capability of 1 against hIAPP fi-
brillation was weaker than that of 2 and 3. However, the effects of these
complexes on hIAPP20–29 were similar to that of 1 because the short
peptide experienced difficulty in forming mature fibrils [61]. Hence,
the three complexes showed no remarkable differences.

The oxidovanadium complexes showed remarkable disaggregation
capability against fibrosis of different hIAPP fragments. With increasing
number of benzene rings, the inhibition and disaggregation capabilities
of these small molecules increased. The disaggregation capabilities of 2
and 3 were superior to that of 1 against hIAPP, hIAPP19–37, and
hIAPP20–29 aggregation. Vanadium binds to two bipyridyl groups in 3,
and 2 contains bis(ethyl-maltolato, O,O) ligands, which may feature
increased space resistance to interrupt the formed fibrils. As shown in
Scheme S1, the hydration of [VOL2] produced the species of cis-
[VOL2(H2O)] which may be primarily responsible for the current bio-
logical effects [58].

This work employed three peptides to compare aggregation beha-
vior. Shortening the length of the peptide sequence reduced the cap-
ability for peptide aggregation, and the disaggregation capability of the
three oxidovanadium complexes was not distinguished. By comparing
the interactions of existent inhibitors with those of hIAPP [12,65], we
speculate that the H-bonds of peptide aggregates were broken, and
hydrophobic interaction, van de Waals force, and π–π stacking con-
tributed to the binding of the oxidovanadium complexes to hIAPP.

3.7. Cell viability, membrane protection, and immunodetection

Amylin is one of the peptides that aggregate spontaneously and cause
β-cell apoptosis, which is related to T2DM [76]. The misfolding and self-
aggregation of hIAPP are key factors of the cytotoxicity of INS-1 cells in
rats. In this work, INS-1 cells were used to evaluate the effects of the
oxidovanadium complexes on cytotoxicity involved in T2DM pathogenesis
[64]. Fig. 6 displays the viability of INS-1 cells alone and under treatment
with peptides in the absence and presence of the oxidovanadium com-
plexes. The obtained data obeyed a normal distribution according to the
statistical analysis (SPSS 17.0) [77]. The viability of the cells treated with
peptide alone reached 35.7% ± 2.6%, 37.5% ± 3.2%, and
46.2% ± 3.8% for hIAPP, hIAPP19–37, and hIAPP20–29, respectively. In
the presence of the three oxidovanadium complexes, cytotoxicity in INS-1
cells induced by hIAPP and hIAPP20–29 decreased, and a significant dif-
ference was also observed compared with the positive control of the
peptide itself. By contrast, the complexes may prominently alleviate the
cytotoxicity induced by hIAPP20–29 than that induced by hIAPP19–37.
The clinically studied BEOV (2) presented desirable effects on reducing
cytotoxicity, which is comparable with that of BMOV [31].

After our parallel cytotoxicity experiments using oxidovanadium
complexes alone, we found that the effects of the oxidovanadium
complexes on INS-1 cells to a certain extent. However, the co-incuba-
tion of the metal complexes with the peptides could significantly re-
verse the toxicity of INS-1 cells. Given the self-toxicity of the oxido-
vanadium complexes, they appeared to be not within a reasonable
therapeutic window. Vanadium complexes may also interact with other
targets, such as DNA and specific enzymes in cells [33,34]. Further
studies should be conducted to elucidate the mechanisms of this phe-
nomenon, and in-depth structural refinement of oxidovanadium com-
plexes must be conducted to improve their medical properties.

Peptide-caused membrane leakage was explored in the presence of
the oxidovanadium complexes. Amyloid oligomers and fibrils formed
gradually and abundantly with time, causing the membrane disruption
and diosmosis and killing the cells ultimately [12]. The addition of the
oxidovanadium complexes decreased the membrane leakage (Fig. 7).
The results are consistent with the peptide growth phases as observed in
the ThT kinetics assay (Fig. 2), indicating the inhibition of the oxido-
vanadium complexes against peptide aggregation.

ELISA of the A-11 antibody was conducted in the absence and
presence of oxidovanadium complexes to clarify if the oxidovanadium

Fig. 6. INS-1 cells viability determined by MTT assay. The cells were treated
with the peptide hIAPP (right slash), hIAPP19-37 (diagonal grid), and hIAPP20-
29 (square) (15 μM, pH 7.4), or treated with peptides and 15 μM 1, 2 and 3,
respectively. 15 μM caffeic acid was used as negative control (long string). INS-
1 cells were treated with 15 μM 1 (left slash), 2 (transverse), and 3 (thick
square), respectively. The control was in white. Data are shown as means± SD,
n= 3. **p < 0.05 compared to the negative control of peptide by one-way
ANOVA.
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complexes inhibit the formation of peptide oligomers [55]. A-11 anti-
body is used to bind and stain toxic oligomers [78]. Differences be-
tween peptide oligomers with or without oxidovanadium complexes are
shown in Fig. 8. The absorption intensity decreased in the presence of
the oxidovanadium complexes. The remarkable intensity change in 3
revealed that the decline in peptide oligomerization inhibited by the
oxidovanadium complex, thereby weakening the binding of the peptide
oligomers with the A-11 antibody.

Oxidovanadium complexes may play a critical role in reversing the
dysfunction and apoptosis of β-cells induced by peptide fibril formation
because they effectively disaggregate the formed fibrils and reduce the
cytotoxicity caused by peptide aggregation. Oligomers play a more
important role in peptide-induced cytotoxicity than fibrils.
Morphological analysis showed that oligomers may still exist after in-
cubation with the oxidovanadium complexes, but the appearance of
numerous unobservable monomers could be the major source of the
improvement of the viability of INS-1 cells [64]. Moreover, the immune
assay of the A-11 antibody elucidated that oligomers were reduced after
the peptides were incubated with the oxidovanadium complexes. These
oxidovanadium complexes could reduce the formation of toxic

oligomers, prevent the cytomembrane from penetrating, and upregulate
the cell viability.

4. Conclusion

Applications of oxidovanadium complexes have been sustainably
developed in the biomedical field. The three oxidovanadium complexes
employed in the current work showed strong inhibitory effects, desir-
able disaggregation capability, and significant regulatory effect on cy-
totoxicity induced by amyloidosis of hIAPP and its fragments.
Inhibition and disaggregation of amyloid peptide fibrils are vital to
treatment of T2DM. The inhibition of the oxidovanadium complexes
against hIAPP fibril formation was stronger than that against
hIAPP19–37 and hIAPP20–29. Different ligand configurations, steric
hindrance, ligand quantity, and coordination mode of vanadium ions
may play a key role in the binding affinity and inhibition of peptide
aggregation. Thermodynamic studies indicated that the oxidovanadium
complexes bind to these peptides through hydrophobic and other mo-
lecular interactions with various binding thermal behavior and entropy
change characteristics. Complexes 2 and 3 significantly disaggregated
hIAPP and hIAPP19–37 fibrils and rescued peptide-induced cytotoxi-
city, whereas their capability to reverse the worse condition fibrillated
hIAPP20–29 resembled that of 1. Among the three compounds, 3
showed the highest potential to be used as hIAPP inhibitor.
Oxidovanadium complexes are a series of potential candidates for
treating amyloidosis, and further work should be performed to refine
their configuration, decrease their self-cytotoxicity, and reveal their
roles in protein and peptide-related conformational disorders.

Abbreviations

hIAPP human islet amyloid polypeptide
T2DM type II diabetes mellitus
bipy 2,2’ bipyridine
BMOV bis(maltolato) oxovanadium
BEOV bis(ethyl-maltolato, O,O) oxidovanadium(IV)
PrP prion protein
DLS dynamic light scattering
ThT thioflavin T
TEM transmission electron microscopy
AFM atomic force microscopy
ITC isothermal titration calorimetry
MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium

bromide
PBS phosphate buffer saline
PB phosphate buffer
IR infrared
UV–vis ultraviolet-visible
DOPC 1,2-Dioleoyl-sn-glycero-3-phosphocholine
DOPG 1,2-dioleoyl-sn-glycero-3-phospho-(1-rac-glycerol)
Tyr tyrosine
Phe phenylalanine

Fig. 7. Normalized membrane leakage of 30 μM hIAPP (A), hIAPP19-37 (B), and hIAPP20-29 (C) in the absence (square) and presence of 5 fold excess of 1 (round), 2
(triangle), and 3 (starlike). Calcein and liposomes were 5 μM, 100 μM in solution respectively.

Fig. 8. ELISA assay of A-11 antibody with the peptides hIAPP (right slash),
hIAPP19-37 (diagonal grid), and hIAPP20-29 (square) (30 μM) oligomers in the
absence and presence of 30 μM 1, 2 and 3, respectively. The A-11 antibody was
treated with the 30 μM 1 (left slash), 2 (transverse), and 3 (long string). Data
are shown as means± SD, n=3 in normal distribution. **p < 0.05 compared
to the peptide oligomers by one-way ANOVA.
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Aβ amyloid-β
rpm revolution per minute
INS-1 cells insulinoma β-cells in rat
ELISA enzyme linked immunosorbent assay
PBST phosphate buffer saline-0.001% Tween 20
TMB 3,3’,5,5’ tetramethyl benzidine
SPSS statistical package for the social sciences
ANOVA analysis of variance
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