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Vanillin Affects Amyloid 
Aggregation and Non-Enzymatic 
Glycation in Human Insulin
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Curcumin is known for its anti-inflammatory, antioxidant and anticancer activity, as well as for its ability 
to interfere with amyloid aggregation and non-enzymatic glycation reaction, that makes it an attractive 
potential drug. However, curcumin therapeutic use is limited because of its low systemic bioavailability 
and chemical stability as it undergoes rapid hydrolysis in physiological conditions. Recently, much 
attention has been paid to the biological properties of curcumin degradation products as potential 
bioactive molecules. Between them, vanillin, a natural vanilla extract, is a stable degradation product 
of curcumin that could be responsible for mediating its beneficial effects. We have analyzed the effect 
of vanillin, in comparison with curcumin, in the amyloid aggregation process of insulin as well as its 
ability to prevent the formation of the advanced glycation end products (AGEs). Employing biophysical, 
biochemical and cell based assays, we show that vanillin and curcumin similarly affect insulin amyloid 
aggregation promoting the formation of harmless fibrils. Moreover, vanillin restrains AGE formation 
and protects from AGE-induced cytotoxicity. Our novel findings not only suggest that the main health 
benefits observed for curcumin can be ascribed to its degradation product vanillin, but also open new 
avenues for developing therapeutic applications of curcumin degradation products.

Insulin, a key hormone regulating glucose homeostasis, is stored in the pancreas as inactive zinc hexamer; when 
released into the blood serum, the hexameric form dissociates into dimers and subsequently, into monomers, 
which are the physiologically active forms1. Monomeric and dimeric forms of insulin are less stable than hexamer 
and tend to aggregate forming amyloid fibrils2–5. Amyloid aggregation is associated with several pathological 
conditions including neurodegenerative diseases, such as Alzheimer and Parkinson, infectious prion disease, non 
neuropathic systemic amyloidosis and type 2 diabetes6. Amyloid fibrils are characterized by the cross-β-structure, 
a common structural motif in which individual strands in the β-sheets run perpendicular to the long axis of the 
fibrils. Amyloid fibrils are formed by a stepwise process via oligomerization, nucleation and growth phase. The 
nucleation is the slower step, while the growth phase proceeds quickly as soon as the nuclei are formed7. In vitro 
experiments have revealed that also proteins with no link to pathological conditions can form amyloid structures, 
supporting the idea that amyloid formation may be a generic property of all polypeptides6. The propensity to 
form amyloid fibrils depends on the protein sequence and environmental conditions such as temperature, solu-
tion milieu, pH, and interaction with lipid interfaces6. So far, no pathogenic fibrillar assembly has been found  
in vivo for human insulin. However, pathological conditions related to insulin fibril formation can occur in 
patients affected by type 2 diabetes. In fact, insulin is able to form amyloid-like fibrils in the site of medication 
injections of insulin-dependent diabetic patients causing a pathological condition called insulin injection amy-
loidosis8–12. In this pathology, insulin amyloid fibrils form a hard subcutaneous mass at the injection site and an 
immune response may be triggered. Also, the insulin fibril formation can cause serious therapeutic problems 
such as poor glycemic control because of the impairment in insulin absorption, and catheter occlusions during 
continuous subcutaneous insulin infusion13,14.

Insulin is susceptible, especially in diabetic conditions, to non-enzymatic glycation. Protein glycation involves 
the reaction between reducing sugars and free amino groups in amino acid side-chains15–17. Advanced glycation 
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end products (AGEs) are the end products of the glycation reaction and their accumulation has been suggested 
to be the main factor responsible for the development and the progression of several diabetic complications 
including nephropathy, retinopathy and neuropathy18–25. In addition, AGEs have been linked to amyloid-based 
neurodegenerative disease26–28. Glycation of insulin is known to differentially affect its amyloid aggregation pro-
cess depending on the glycating agent29–31. We have recently reported that insulin glycation by D-ribose, although 
preventing amyloid aggregation, strongly affects the cell viability through the AGEs formation31.

Significant efforts have been addressed to the study of anti-amyloidogenic and anti-AGE agents with the aim 
of developing new potential therapeutic strategies in amyloid-based neurodegenerative disease32,33. In this respect, 
curcumin, a natural phenol abundant in turmeric, has been shown to inhibit amyloid aggregation in several pro-
teins like Aβ-peptide, human islet amyloid polypeptide, α-synuclein, hen egg-white lysozyme and bovine insu-
lin34–42. Curcumin is also known for many other properties including anti-inflammatory, antioxidant, anticancer 
and anti-AGE activity, that make it an attractive potential drug43–46. Nevertheless, its potential therapeutic use 
seems to be limited because of its very low systemic bioavailability after oral administration owing to its low water 
solubility and its chemical instability under physiological or alkaline conditions47,48. Indeed, curcumin under-
goes rapid hydrolysis followed by molecular fragmentation at physiological pH and clinical trials have found 
undetectable in vivo levels of curcumin after administration of high doses of this compound49,50. To overcome 
this issue, different delivery systems such as micelles, liposomes, nanoparticles, or synthesis of more stable cur-
cumin derivatives have been tested51–53. Despite the high instability, curcumin is known to lead to clear health 
benefits. Recently, much attention has been paid to the biological properties of the degradation products of the 
curcumin51,54–56. Analyzing the similarities between the biological activity of curcumin and its degradation prod-
ucts against cancer and Alzheimer’s disease, it has been suggested that the bioactive degradation products may 
contribute to the pharmacological effects of curcumin55,57. Due to the high degradation rate of curcumin, its deg-
radation products are expected to have high concentration in the blood thus augmenting their pharmacological 
effects. Thus, the bioactive degradation products might act as important mediators for the pharmacological effects 
of curcumin55. Vanillin is one of the main degradation products of curcumin49,55,58. An in vivo study has revealed 
that, upon curcumin consumption, ferulic acid and vanillic acid (possibly the enzymatic oxidation product of 
vanillin in liver) are the major metabolites and their concentrations are up to 1000-fold higher than those of cur-
cumin, especially in urine55,59. Vanillin is the major component of vanilla bean extract commonly used as a natural 
flavoring agent and known for its anti-proliferative and antioxidant activity60,61. Recently, it has been reported that 
vanillin is able to restrain non-enzymatic glycation and AGE-related amyloid aggregation in albumin62.

In the light of these considerations, in the present study we have investigated the effect of vanillin, in com-
parison with curcumin, in the amyloid aggregation process of human insulin as well as its anti-AGE activity. 
The results indicate that vanillin and curcumin similarly affect insulin amyloid aggregation. Moreover, vanillin 
showed anti-AGE activity as well as a protective effect on the AGE toxicity as already reported for curcumin. 
These results support the hypothesis that the main health benefits observed for curcumin can be mediated by its 
degradation product vanillin.

Results
Curcumin effect on human insulin amyloid aggregation and amyloid toxicity. Insulin has been 
widely used as model protein in the study of amyloid formation as, under specific experimental conditions, it is 
highly prone to form amyloid fibrils63–65. The rate of insulin amyloid fibril formation is affected by several factors, 
such as pH, temperature, protein concentration, ionic strength, and presence of denaturants66,67. Taking into 
account the importance of physiological pH and temperature, in this study the aggregation of insulin was per-
formed incubating the protein at pH 7.0 under stirring with teflon ball at 37 °C.

To evaluate the effect of curcumin on insulin amyloid formation, we performed far-UV CD spectroscopy 
and Thioflavin T (ThT) fluorescence analysis at different times of incubation in aggregating conditions (Fig. 1). 
Curcumin concentrations were chosen in the 10−6 M range as this was suggested to be comparable with phys-
iological concentration achieved by curcumin in the central nervous system by oral dosing68. Insulin amyloid 
formation occurs through an elongation process, the early prefibrillar aggregates (oligomers and protofibrils) are 
mainly characterized by an α-helical structure, while only amyloid fibrils show the typical cross-β-structure69,70. 
In order to monitor structural transitions, far-UV CD spectra of insulin were recorded in the absence and in the 
presence of curcumin at 12, 18 and 24 hours of incubation in aggregating conditions (Fig. 1A–C). As expected, the 
CD spectra recorded at the beginning of the aggregation process (time 0) showed no differences between the sam-
ples incubated in the absence and in the presence of curcumin (data not shown). After 12 hours of incubation, the 
spectrum of insulin in aggregating conditions almost resembled that of the native protein showing two minima at 
222 nm and 208 nm, and a positive signal around 195 nm consistent with the presence of α-helical conformation 
likely associated to the early aggregating species. At 18 hours of incubation the spectrum displayed a decrease in 
the ellipticity at 208 nm suggesting that an α to β-transition was taking place. At 24 hours of incubation, the CD 
spectrum was characterized by a clear minimum at around 218 nm characteristic of extensive β-sheet structures. 
These data indicate that, after 24 hours of incubation in aggregating conditions, insulin undergoes a conforma-
tional transition from α-helix to β-sheet structure associated to the amyloid fibril formation. Differently, the α 
to β-transition was already observed at 18-hour incubation for samples incubated in the presence of curcumin 
indicating that it affects insulin aggregation kinetics accelerating the amyloid fibrils formation.

The effect of curcumin on insulin amyloid fibril formation was also evaluated by ThT binding assay. ThT is 
an amyloid fibril-specific dye as, when bound to the cross-β amyloid structure, it shows a strong fluorescence 
intensity71. In Fig. 1D is reported the insulin aggregation kinetics in the presence and in the absence of curcumin 
monitored by ThT fluorescence. Samples incubated in the presence of curcumin showed a shorter lag phase and 
a higher ThT intensity at the end of the process at the tested concentrations thus indicating that curcumin accel-
erates insulin amyloid aggregation and favors fibril formation in aggregating conditions. Moreover, as additional 
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control we monitored the protein concentration in the soluble fraction during the aggregation process by absorp-
tion spectroscopy and SDS-PAGE analysis (Supplementary Material Fig. S1). The results indicate that the amount 
of soluble protein decreases faster in the presence of curcumin. There are some concerns about the employment 

Figure 1. Effect of curcumin on insulin amyloid formation and cytotoxicity. The effect of curcumin on 
insulin amyloid formation was assayed by far-UV CD spectroscopy and ThT fluorescence at different times of 
incubation in aggregating conditions. In panels A–C are reported the CD spectra of insulin in the absence and 
in the presence of curcumin (10 and 100 µM) at 12 (A), 18 (B) and 24 hours (C) of incubation in comparison 
to the native protein. The ThT fluorescence emission was recorded at 482 nm upon excitation at 450 nm (D). 
Protein concentration were 0.3 mg/mL and 8 µM for CD and ThT measurements, respectively. (E) Cytotoxicity 
of insulin amyloid aggregates formed in the presence of curcumin. SH-SY5Ycells were exposed for 24 hours 
to insulin incubated for 0, 12, 18 and 24 hours in aggregating condition in the absence and in the presence 
of curcumin (10 and 100 µM) and cell viability was evaluated by MTT assay. Data are expressed as average 
percentage of MTT reduction ± SD relative to control cells from triplicate wells from 5 separate experiments 
(p < 0.01). CTR_Cur represents cell exposed to curcumin at the higher working concentration. Other 
experimental details are described in the Methods section.
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of ThT to detect fibril formation in the presence of curcumin, they are related to the superimposition of curcumin 
and ThT fluorescence emission spectra and to the ability of curcumin to compete with ThT for fibril binding72. 
This aspect should be considered when inhibitory effects are observed as they can yield false positive. However, in 
our case, ThT assay provides reliable information as we observe an increase in the intensity of fluorescence in the 
presence of curcumin. Moreover, no fluorescence emission was detected in samples incubated in the presence of 
curcumin before the addition of ThT.

Amyloid aggregates are known to affect cell toxicity; it is well established that the amyloid cytotoxicity is 
associated to the early soluble oligomeric aggregates whereas amyloid fibrils are essentially harmless73. To assess 
the cytotoxicity of insulin aggregates formed in the presence of curcumin, we evaluated the cell viability by the 
MTT assay in SH-SY5Y neuronal cells (Fig. 1E). This cellular model was chosen as amyloid toxicity is generally 
associated to neurodegeneration and, also, this cell line is widely used for the evaluation of cytotoxicity in amy-
loid aggregates. To this aim, cultured human neuroblastoma SH-SY5Ycells were exposed to insulin incubated 
for 12, 18 and 24 hours in aggregating condition in the absence and in the presence of curcumin. As control, 
the cytotoxicity of insulin at the beginning of the aggregation process (time 0) was tested and no toxicity was 
observed both in the absence and in the presence of curcumin. As expected, in the absence of curcumin, early 
amyloid aggregates (12 hours) reduced cell viability by approximately 65% compared to untreated cells while 
amyloid fibrils (24 hours) were almost harmless31. Interestingly, samples aggregated in the presence of curcumin 
for 12 hours showed a reduced toxicity likely associated to a greater amount of harmless amyloid fibrils. These 
data suggest that curcumin, accelerating the amyloid fibrils formation, could have a protective effect on insulin 
amyloid toxicity.

Differently from data obtained for other amyloid proteins, in which curcumin showed anti-amyloid activ-
ity34–42, our data indicate that curcumin accelerates amyloid aggregation in human insulin at physiological pH 
thus favoring the formation of harmless fibrils. The effect of curcumin on the amyloid aggregation process could 
depend on the conformational organization of the model protein. Moreover, considering the high instability of 
curcumin under neutral pH, it is likely that the effect that we have observed is not caused by curcumin itself but 
mainly due to its degradation products49,74. For this reason, we performed the same experiments in the presence 
of vanillin, one of the main degradation products of curcumin at neutral pH.

Vanillin effect on human insulin amyloid aggregation. To evaluate the effect of vanillin in insulin 
amyloid formation, we tested the ability of insulin to form amyloid aggregates in physiological conditions in the 
presence of vanillin. To this aim, human insulin was incubated in the presence and in the absence of different 
concentrations of vanillin (10, 50,100, and 500 µM) and samples were analyzed by far-UV CD spectroscopy at 12, 
18 and 24 hours of incubation in aggregating conditions (Fig. 2A–C). The CD spectra recorded at the beginning 
of the aggregation process (time 0) indicated no variations between the samples incubated in the absence and in 
the presence of vanillin. After 12 hours of incubation, while the sample incubated in the absence of vanillin was 
still mainly in a α-helical conformation, samples incubated in the presence of vanillin displayed a decrease in the 
ellipticity at 208 nm suggesting that a α to β-transition was taking place. At 18 hours of incubation, while the spec-
trum of insulin alone indicated that an α to β-transition was taking place, the spectra recorded in the presence 
of vanillin at all concentrations tested showed a clear shift to around 218 nm suggesting that the α to β-transition 
was completed. At 24 hours, all spectra were overlapping thus indicating that an extensive β-sheet structure was 
formed also for insulin in the absence of vanillin.

When the effect of vanillin in insulin amyloid fibril formation was evaluated by ThT assay, the presence of 
vanillin was affecting the ThT emission, i.e. samples in the presence of vanillin were showing fluorescence at 
482 nm (upon excitation at 350 nm) even before the addition of ThT. For this reason, the amyloid fibril formation 
was evaluated by Congo Red (CR) binding assay, a widely used method to detect amyloid fibrils. Indeed, while 
the free CR shows a maximum at 490 nm in the absorption spectrum, when it is bound to β-sheet-rich amyloid 
fibrils, a characteristic increase in absorbance accompanied by a red shift in the absorption maximum from 490 
to 540 nm occurs75. Figure 2D–E shows the absorption spectra of CR bound to insulin samples aggregated in the 
absence and in the presence of vanillin for18 and 24 hours in comparison to that of free CR. The absorption spec-
tra were first recorded at the beginning of the aggregation process (time 0) and no variations were observed both 
in the absence and in the presence of vanillin. As control, we recorded the CR spectrum in the presence of vanillin 
at the higher working concentration which was indistinguishable from that of CR alone. At 18 hours incubation 
time, the CR spectrum recorded for insulin sample in the absence of vanillin was almost superimposed to that 
of free CR, thus indicating that amyloid fibrils were not yet formed (Fig. 2D). Differently, the spectra recorded 
for insulin in the presence of vanillin showed a red shift at any concentration and a concentration-dependent 
increase in absorbance indicative of the presence of amyloid structures. At 24 hours, also the spectrum of insulin 
incubated in the absence of vanillin showed the typical red shift and absorption increase as expected. These results 
are in perfect agreement with the CD data and suggest that vanillin, as well as curcumin, strongly affects insulin 
aggregation kinetics accelerating the amyloid fibrils formation (Fig. 2E).

In order to confirm these data, samples of insulin incubated for 18 and 24 hours in the absence and in the 
presence of 100 µM vanillin, were analyzed by Transmission Electron Microscopy (TEM) (Fig. 3). At 18 hours of 
incubation, TEM images of insulin in the absence of vanillin showed predominantly small globular species, while 
in the presence of vanillin fibril formation was already observed. At 24 hours, also insulin sample incubated in the 
absence of vanillin showed the presence of amyloid fibrils. Moreover, TEM analysis revealed a similar morphol-
ogy for fibrils formed in the absence and in the presence of vanillin with a greater amount of fibrils in the sample 
incubated with vanillin.

Characterization of insulin-vanillin interaction. Vanillin-insulin interaction was investigated by fluo-
rescence spectroscopy in native conditions (pH 7.0, 37 °C, without stirring). Insulin contains four tyrosyl residues 
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as fluorescence emitters and its spectrum is characterized by the typical tyrosyl emission centered at 305 nm. 
The emission fluorescence spectra of insulin in the absence and in the presence of vanillin at different molar 
ratio are shown in Fig. 4A. The fluorescence intensity regularly decreased upon addition of increasing concen-
tration of vanillin thus indicating that the insulin-vanillin interaction induces quenching of tyrosine emission. 
Interestingly, vanillin was able to strongly reduce the fluorescence intensity even at a very low molar ratio (1:0.25). 
The fluorescence quenching of a protein caused by small molecules may be collisional or due to the formation 
of a complex which has zero or small quantum yield. In order to exclude a collisional quenching by vanillin, we 
performed the same experiment on the monomeric tyrosyl residue (N-acetyl-L-tyrosine ethyl ester) (Fig. 4B).
The F0/F values recorded for free tyrosine were significantly lower than those recorded for insulin at each molar 
ratio indicating the formation of an insulin-vanillin complex, as no collisional quenching is involved (Fig. 4C). 
In addition, the F0/F values recorded let us hypothesize a high binding affinity for the vanillin-insulin interaction 
in the low micromolar range. The emission spectra recorded in the presence of vanillin showed a blue-shift in the 
emission maximum around 301 nm indicative of a reduced polarity in the tyrosyl microenvironment. Moreover, 
the decrease of the fluorescence intensity at 305 nm was associated with the appearance of a new emission peak 
centred at 420 nm, indicative of an energy transfer between tyrosyl residues (donor) and vanillin (acceptor). 

Figure 2. Effect of vanillin on insulin amyloid formation. CD spectra of insulin in aggregating conditions in 
the absence and in the presence of vanillin (10–500 µM) at 12 (A), 18 (B) and 24 hours (C) of incubation in 
comparison to the native protein. Protein concentration was 0.3 mg/mL. Absorption spectra of 5 µM CR bound 
to 8 µM insulin samples aggregated in the presence and in the absence of vanillin for 18 (D) and 24 hours (E) in 
comparison to the free CR. CR_Van represent the spectra of CR in the presence of vanillin at the higher working 
concentration. Other experimental details are described in the Methods section.



www.nature.com/scientificreports/

6SCiEntifiC RepoRts | 7: 15086  | DOI:10.1038/s41598-017-15503-5

Indeed, the emission spectrum of free vanillin upon excitation at 305 nm showed the appearance of an emission 
peak centred at 420 nm (data not shown). The formation of an insulin-vanillin complex is further supported by 
this evidence (Fig. 4D). A similar effect was reported for amyloid-β 1–42 upon interaction with vanillin76.

Analogous experiments were performed to check if also curcumin binds insulin in native conditions. The F0/F 
values recorded for insulin in the presence of increasing concentration of curcumin were comparable to those 
recorded for free tyrosine (Supplementary Material Fig. S2). These data indicate the occurrence of a collisional 
quenching thus suggesting that curcumin does not interact with insulin in native conditions.

To check if the insulin-vanillin interaction occurs through a covalent binding, we performed a mass spec-
trometry analysis on insulin incubated with vanillin in native conditions. No differences between insulin samples 
recorded in the absence and in the presence of vanillin were detected thus indicating that vanillin binds insulin 
through a non-covalent interaction (Supplementary Material Fig. S3). In conclusion, our data suggest that the 
insulin-vanillin interaction results in the formation of a non-covalent complex in which the hydrophobicity of 

Figure 3. Effect of vanillin on insulin amyloid aggregation by TEM. TEM imaging of insulin samples incubated 
in aggregating conditions for 18 (A, B) and 24 hours (C, D) in the absence and in the presence of 100 µM vanillin. 
Panel E represents TEM imaging of vanillin. Scale bar represents 0.2 µm. Other experimental details are 
described in the Methods section.
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the molecular regions surrounding tyrosyl residues is increased. This effect could involve other molecular regions 
affecting the overall hydrophobicity.

Vanillin effect on insulin amyloid cytotoxicity. Amyloid cytotoxicity is known to be associated to the 
early soluble oligomeric aggregates. To assess the cytotoxicity of insulin aggregates formed in the presence of 
vanillin, we performed both the MTT assay and cell cycle analysis. To this aim, SH-SY5Ycells were exposed 
for 24 hours to insulin incubated for 6, 12 and 24 hours in aggregating conditions in the presence of vanillin at 
different concentrations (0–10–50–100–500 µM) (Fig. 5A). As control, cell viability was assessed in the presence 
of insulin at the beginning of the aggregation process (time 0) and no toxicity was observed both in the absence 
and in the presence of vanillin at all tested concentrations. At 6 hours of incubation, while the sample incubated 
in the absence of vanillin did not affect cell viability, the ones in the presence of vanillin were able to induce cyto-
toxicity. In particular, cells exposed to insulin incubated with the higher vanillin concentration (500 µM) showed 
a 50% reduction of the cell viability compared to untreated cells. These data suggest that, at this time point, while 
insulin is mainly in a soluble not toxic conformation, samples incubated with vanillin are already in a highly toxic 
oligomeric state. At 12 hours of incubation also the insulin sample incubated in the absence of vanillin, induced 
a strong reduction of the cell viability (45%). At the same time, samples incubated with vanillin were still able to 
induce cell toxicity although with a minor extent respect to the 6-hour incubation. At 24 hours, all samples were 
not affecting cell viability indicating that the aggregates were mainly in the harmless fibril conformation. Similar 
indications were provided by the cell cycle analysis in which the cell toxicity is directly related to the pre-G1 con-
tent (Supplementary Material Fig. S4).

Insulin, as well as glucose, is known to promote cell proliferation in pancreatic cancer cells contributing to 
chemoresistance77. This ability was used to monitor the presence of soluble insulin for the samples aggregated in 
the presence and in the absence of vanillin. To this aim, cell proliferation was assessed by MTT assay on Panc-1 
cells, a human pancreatic cancer line. Cells were exposed for 24 hours to insulin incubated for 0, 6 and 12 hours in 
aggregating conditions in the presence of vanillin at different concentrations (0–10–50–100–500 µM) (Fig. 5B). At 
6 hours of incubation, as expected, native insulin was able to induce cell proliferation as indicated by the increase 
of the absorbance at 570 nm. The same effect was observed for insulin incubated in the absence of vanillin under 

Figure 4. Insulin-vanillin interaction monitored by fluorescence. Tyrosine fluorescence emission was 
evaluated on both insulin (A) and free tyrosine (B) after addition of vanillin at different insulin:vanillin 
and tyrosine:vanillin molar ratio (1:0.25, 1:0.5, 1:0.75, 1:1). The dependence of F0/F on vanillin:insulin and 
vanillin:tyrosine molar ratio is shown in panel C. The fluorescence spectrum of insulin:vanillin (1:1) is shown in 
panel D. Working concentrations were 10 µM for insulin and 40 µM for free tyrosine. Other experimental details 
are described in the Methods section.
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aggregating conditions suggesting that the protein is still in a native-like soluble state. Differently, samples incu-
bated in the presence of vanillin were not able to promote cell proliferation. They rather induced a further reduc-
tion of cell growth respect to untreated cells, thus suggesting that insulin is in a toxic oligomeric state. At 12 hours, 
cells exposed to insulin sample incubated in the absence of vanillin, showed a strong reduction of the absorbance 
at 570 nm indicating both loss of the proliferative activity and gain of a toxic effect likely associated to the oli-
gomeric state. Samples incubated in the presence of vanillin were still able to reduce cell proliferation although 
with a minor extent respect to the previous time point. These results are consistent with the cell viability data in 
SHSY5Y cells and indicate that vanillin accelerates the aggregation process in insulin promoting the formation 
of harmless amyloid fibrils.

Vanillin effect on insulin glycation and AGE-induced toxicity. Insulin is susceptible to glycation 
by glucose, D-ribose and other highly reactive carbonyls, such as methylglyoxal, especially in diabetic condi-
tions and the AGE products are considered the main cause of diabetes-related vascular complications29,31,78,79. 
Methylglyoxal (MG) is the most significant glycation agent in vivo and its plasma levels are found increased in 
diabetic patients80. Increasing evidence suggest that curcumin possesses a protective effect against MG-induced 
endothelial dysfunction attenuating oxidative stress and inflammatory response81,82. In order to assess if also 
vanillin is able to interfere with AGEs formation and related toxicity, we monitored both the kinetics of AGEs 
formation and their ability to affect cell viability in the presence and in the absence of vanillin (Fig. 6).

Insulin glycation kinetics was monitored by fluorescence spectroscopy as AGEs are characterized by a typ-
ical fluorescence emission at 410 nm upon excitation at 320 nm. To this aim, insulin samples were incubated at 
37 °C with 0.5 mM MG at different concentrations of vanillin (0, 10, 50, 100, 500 μM) and AGE fluorescence 
was monitored in time (Fig. 6A). In the absence of vanillin, the emission intensity at 410 nm increased mark-
edly with incubation time and glycation reaction was completed in about 4 days. Differently, in the presence 
of vanillin, a drastic reduction of AGEs formation was detected at all incubation times as indicated by the 
decrease of fluorescence intensity. These data indicate that vanillin strongly restrains protein glycation by MG in 
a concentration-dependent manner. The same experiment was also performed using 0.5 M D-ribose as glycating 
agent but no significant effect of vanillin on protein glycation was detected (data not shown).

Figure 5. Cytotoxicity of insulin amyloid aggregates formed in the presence of vanillin. (A) SH-SY5Ycells 
were exposed for 24 hours to insulin incubated for 0, 6, 12 and 24 hours in aggregating conditions in the 
presence of vanillin at different concentrations (0–500 µM) and cell viability was evaluated by the MTT assay. 
Data are expressed as average percentage of MTT reduction ± SD relative to control cells from triplicate wells 
from 5 separate experiments (p < 0.01). CTR_Van represents cells exposed to vanillin at the higher working 
concentration. (B) Cell proliferation assay in cancer pancreatic cell line. Panc-1 cells were exposed for 24 hours 
to insulin incubated for 0, 6 and 12 hours in aggregating conditions in the presence of vanillin at different 
concentrations (0–500 µM) and cell proliferation was evaluated by MTT assay measuring the absorbance at 
570 nm. Data are expressed as average ± SD from five independent experiments carried out in triplicate (p < 0.05). 
CTR: untreated cells; CTR_Van represents cells exposed to vanillin at the higher working concentration; Native: 
cells exposed to native insulin. Other experimental details are described in the Methods section.
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We have recently reported that insulin glycation by D-ribose produces AGEs adducts that strongly affect the 
cell viability31. In order to test the ability of vanillin to reduce the AGEs toxicity, we evaluated the cell viability 
in cells exposed to fully glycated species. In particular, we performed MTT assay on SHSY5Y cells co-incubated 
with ribosylated insulin and vanillin for 48 hours (Fig. 6B). As expected, glycated insulin induced a strong reduc-
tion of the cell viability (65%) while in the presence of vanillin only a 20% reduction was observed. Moreover, as 
AGE toxicity is generally associated to oxidative stress, the ability of vanillin to reduce ROS production was also 
tested31. To this aim, the intracellular ROS level in SHSY5Y cells co-incubated with ribosylated insulin and vanil-
lin for 72 hours was measured by DCFH-DA fluorescence assay (Fig. 6C). Interestingly, while ribosylated insulin 
promotes ROS production as indicated by the increase in the DCF fluorescence, in the sample co-incubated with 
vanillin a strong reduction of ROS levels was observed. These data suggest that vanillin exerts a protective effect 
in AGE-induced cytotoxicity likely affecting death pathways mediated by intracellular ROS production.

Discussion
Curcumin is known for many properties, including anti-inflammatory, antioxidant, and anticancer activity 
that make it an attractive potential drug43–46. Also, curcumin has been shown to affect amyloid aggregation and 
AGE formation in several model proteins34–42. Nevertheless, its potential therapeutic use seems to be limited 
because of its very low systemic bioavailability after oral administration owing to its low water solubility and its 
chemical instability under physiological or alkaline conditions44,47–49. Indeed, the 90% of curcumin undergoes 
rapid hydrolysis in aqueous solution leading to several degradation products, identified as trans-6-(4′-hydroxy-
3′-methoxyphenyl)-2,4-dioxo-5-hexenal, ferulic aldehyde, ferulic acid, feruloyl methane, and vanillin49. Despite 
the high instability, curcumin is known to be highly beneficial for human health. For this reason, recently much 
attention has been paid to the biological properties of the degradation products of the curcumin as it has been 
suggested that they may contribute to its pharmacological effects51,54–57. Between them, vanillin seems to be very 
promising as it represents one of the most stable degradation product of curcumin in physiological conditions. 

Figure 6. Effect of vanillin on insulin glycation kinetics and AGEs toxicity. (A) Insulin samples were incubated 
at 37 °C with 0.5 mM methylglyoxal at different concentrations of vanillin (0–500 μM) and AGE fluorescence 
(λex 320 nm/λem 410 nm) was monitored at different time points. CTR: Insulin incubated in the absence of 
methylglyoxal. (B,C) SHSY5Y cells were exposed in the absence and in the presence of vanillin to glycated 
insulin and it was evaluated the cell viability after 48 h by the MTT assay (B) and ROS production after 72 h by 
the DCFH-DA assay (C). CTR_Van: cells treated with vanillin at the higher working concentration; CTR+: cells 
treated with 1.0 mM H2O2, Ins: cells treated with non-glycated insulin, AGE: cells treated with glycated insulin; 
AGE_Van: cells co-incubated with glycated insulin and vanillin 150 µM. For MTT experiments and DCFH-DA 
assay data are expressed as average percentage of MTT reduction ± SD relative to control cells from triplicate 
wells from 5 separate experiments (p < 0.01). Other experimental details are described in the Methods section.
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Recently, it has been reported that vanillin is able to restrain non-enzymatic glycation and AGE-induced amyloid 
aggregation in albumin62. However, little information is available on the effect of vanillin in amyloid aggregation 
and AGE formation. In order to add knowledge in this field and elucidate the molecular basis for a potential 
therapeutic use of vanillin, we have investigated the effect of vanillin in both insulin amyloid aggregation and 
AGE formation.

Insulin is a protein mainly organized in helical structure and its amyloid aggregation process occurs via a 
nucleation dependent mechanism in which the early aggregates, still retaining a helical structure, eventually lead 
to the formation of amyloid fibrils showing the typical cross-β-structure69,70. Our results suggest that vanillin 
strongly affects the amyloid aggregation process in human insulin. Indeed, CD analysis, Congo red assay and 
TEM imaging indicate that vanillin favors the α to β transition underlying the amyloid assembly thus accelerating 
fibril formation. The oligomeric aggregates formed in the early stage of the fibrillation process are considered the 
main responsible for amyloid toxicity, whereas amyloid fibrils are essentially harmless73. However, molecules that 
both inhibit protein fibrillization and stabilize the aggregates in a non-toxic state can be considered in potential 
therapeutic application. In this respect, vanillin could strongly mediate amyloid toxicity accelerating the kinetics 
of the harmless fibril formation. Similarly, the presence of sub-stoichiometric amount of curcumin was able to 
accelerate amyloid fibril formation in human insulin in the same aggregation conditions (pH 7.0, 37 °C).

Our results suggest, for insulin, a different effect to that reported for other amyloidogenic proteins. Indeed, 
curcumin has been shown to have an anti-amyloidogenic effect for Aβ-peptide, IAPP, α-synuclein and 
lysozyme34–41. It should be taken into account that the inhibition of amyloid aggregation by curcumin seems to 
be mediated by specific interactions with protein surface and aromatic residues thus depending on the conforma-
tional properties41,83. Also for bovine insulin in aggregating conditions at pH 2.5, curcumin was shown to reduce 
amyloid fibril formation42. However, the amyloid aggregation process of insulin is known to be highly susceptible 
to environmental conditions such as pH, temperature, protein concentration and ionic strength able to promote 
different aggregation pathways66,67,84. Specifically, insulin fibrillation under neutral pH conditions occurs via a 
different pathway from that under acidic conditions85. At pH 2.5 the amyloid aggregation originates from a con-
formational change leading the monomeric state into a partially folded intermediate responsible for the formation 
of the early aggregating nuclei. Differently, at neutral pH, the most populated association state is the dimeric 
form that evolves in the early aggregating nuclei likely via different intermediate states85. In this respect, we could 
hypothesize that, at pH 2.5, curcumin stabilizes the monomeric form thus hindering the molecular transitions 
underlying the formation of the early aggregating nuclei and inhibiting the fibril formation. At pH 7.0 curcumin 
could not efficiently interact with the dimeric form but rather with the intermediates states on the aggregation 
pathway thus favouring amyloid aggregation. Indeed, the intrinsic fluorescence data indicated that curcumin does 
not interact with insulin in native conditions. Compared to curcumin, vanillin is a much smaller molecule and, 
for this reason, it could easily interact with insulin polar or charged residues likely through the OH- group thus 
exposing its aromatic ring and increasing the hydrophobicity in the binding region. Intrinsic fluorescence exper-
iments showed the formation of an insulin-vanillin complex. Interestingly, upon binding to vanillin, the fluores-
cence emission maximum was blue-shifted suggesting a reduced polarity in the tyrosyl microenvironment likely 
due to an increased hydrophobicity of the molecular regions surrounding tyrosyl residues. The insulin-vanillin 
complex is not stabilized by covalent interactions as revealed by mass spectrometry analysis thus suggesting that 
hydrogen bonds as well as van der Waals forces are involved. The increased hydrophobicity could be responsible 
for the faster fibril formation observed in the presence of vanillin as it likely promotes protein association in 
aggregating conditions favoring the formation of the early aggregating nuclei.

However, the similar effects observed for curcumin and vanillin in insulin amyloid formation support the 
hypothesis that vanillin could mediate the curcumin biological properties. Moreover, our results indicate that the 
effects of curcumin, as well as vanillin, cannot be generalized as depending by molecular interactions between 
these molecules and specific residues exposed on the protein structure. For this reason, different effects could be 
observed in relation to different polypeptide chain properties.

Similarly, our results indicate that vanillin could mediate the anti-AGEs activity of curcumin. Indeed, the AGE 
formation by MG was strongly reduced in the presence of vanillin. Recently, it has been reported that curcumin 
inhibits the glycation reaction by specifically trapping the MG81,82. As vanillin affects insulin glycation in the pres-
ence of MG and not D-ribose, we can hypothesize that also vanillin might directly trap MG further suggesting 
that curcumin degradation products could strongly contribute to the anti-AGE activity observed for curcumin.

In insulin glycation, MG is known to react with a single site, i.e., Arg22 of insulin B chain29. In this respect, 
the anti-AGE activity observed for vanillin could also be ascribed to a direct non-covalent interaction between 
vanillin and the positively charged Arg22 side chain that would hinder the glycation reaction.

Moreover, our results indicate that vanillin exerts a protective effect in AGE-induced cytotoxicity. Recently, 
we reported that ribose-glycated insulin strongly affects the cell viability, promoting death pathways involving 
oxidative stress, apoptosis and inflammatory response activation31. Vanillin is known for its antioxidant activity 
and possess a significant brain-protective effect against oxidative damage86,87. Our data show that vanillin reduces 
the AGEs induced ROS production when co-incubated with fully ribosylated insulin. In this respect, we can sug-
gest that vanillin exerts its protective action affecting death pathways mediated by intracellular ROS production.

Finally, the overall data contribute to validate the hypothesis that curcumin degradation products, like van-
illin, are the main bioactive molecules in achieving the biological activities of curcumin. Our data are consistent 
with previous observations indicating that curcumin and its degradation products possess similar anti-cancer, 
anti-inflammation and anti-microbial activity.

Our findings open new avenues for developing therapeutic applications for vanillin, especially in considera-
tion of its good safety profile being a natural product, and the ability to cross the blood brain barrier.
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Methods
Materials. Human insulin, curcumin, vanillin, Thioflavin T, N-acetyl-L-tyrosine-ethyl ester, methylglyoxal, 
D-ribose, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich Co., St. Louis, 
MO). Uranil acetate replacement stain (Electron Microscopy Sciences, Hatfield, PA). All other chemicals were of 
analytical grade. Methylglyoxal was further purified by distillation under low pressure and its concentration was 
determined spectrophotometrically using ε284 = 12.3 M−1 cm−188.

Insulin preparation and amyloid aggregation. Human insulin was dissolved in ultra-pure milliQ 
water to a final concentration of 4 mg/ml at pH 2.0 in order to obtain monomeric insulin; protein concentra-
tion was determined by absorbance (ε275 = 4560 M−1cm−1). Finally, insulin was neutralized to pH 7.0 and kept 
in phosphate buffer 50 mM, pH 7.0. Curcumin was dissolved in 100% DMSO at 2 mM concentration; vanillin 
was dissolved in ethanol at 100 mM concentration. For aggregation studies, protein samples were diluted at a 
final concentration of 0.5 mg/mL and incubated at 37 °C under vigorous stirring with teflon balls, 1/8″ diameter 
(Polysciences, Inc.) in the absence and in the presence of 10 and 100 µM curcumin or 10, 50, 100, and 500 µM 
vanillin. Aliquots of protein were collected in sterile conditions and immediately analyzed.

Insulin glycation. Glycated insulin was prepared mixing human insulin at a final concentration of 0.5 mg/
mL and 0.5 mM methylglyoxal or 0.5 M D-ribose in 50 mM NaH2PO4 buffer, pH 7.0, passed through a 0.22 μm 
filter and incubated at 37 °C in sterile conditions in the absence and in the presence of 10, 50, 100, and 500 µM 
vanillin. Human insulin in buffer without glycating agent was used as protein control.

Circular Dichroism measurements. CD spectra were recorded at 25 °C on a JascoJ-715 spectropolar-
imeter using thermostated quartz cells of 0.1 cm. Spectral acquisition was taken at 0.2 nm intervals with a 4-sec 
integration time and a bandwidth of 1.0 nm. An average of five scans was obtained for all spectra. Photomultiplier 
absorbance did not exceed 600 V in the spectral region analyzed. All measurements were performed under nitro-
gen flow and spectra were recorded after diluting of the samples at a final protein concentration of 0.3 mg/mL. 
Data were corrected for buffer contributions using the software provided by the manufacturer (System Software 
version 1.00) and transformed in mean residue ellipticity.

Fluorescence measurements. Fluorescence measurements were performed on a Perkin Elmer Life 
Sciences LS 55 spectrofluorimeter. Thioflavin T (ThT) fluorescence (λex 450 nm/λem 482 nm) was monitored at 
different time intervals after addition of ThT to protein samples. Working concentrations were 8 µM for protein 
samples and 25 µM for ThT. As control, the emission intensity of the samples in the presence and in the absence 
of curcumin was measured before the addition of ThT. Only a very low intensity was detected for all samples and 
it was subtracted to the emission intensity recorded after the addition of ThT. Tyrosine fluorescence emission (λex 
275 nm/λem 305 nm) was evaluated on both insulin and free tyrosine after addition of vanillin at different insu-
lin:vanillin molar ratio (1:0.25, 1:0.5, 1:0.75, 1:1). Tyrosil fluorescence quenching was monitored by extimation of 
the F0/F ratio considering the fluorescence intensity at 305 nm of the sample before (F0) and after (F) the addition 
of vanillin. Working concentrations were 10 µM for insulin and 40 µM for free tyrosine. To assess the intrinsic 
fluorescence of AGEs (λex 320 nm/λem 410 nm), glycated insulin at a final concentration of 8 μM was monitored at 
different incubation times with the glycating agent in the absence and in the presence of vanillin. The fluorescence 
intensity was corrected by subtracting the emission intensity of D-ribose/methylglyoxal solutions at different 
incubation times.

Congo Red Binding Assay. For this assay 8 µM insulin and 5 µM Congo Red were incubated at room 
temperature for 30 minutes before recording the absorption spectra. Congo Red stock solution (5.0 mM) was 
prepared in phosphate buffer 20 mM, pH 7.4. Spectra were acquired on Jasco V-550 spectrophotometer in the 
400–600 nm region.

Transmission electronic microscopy (TEM). Aliquots of protein samples (3 µL) were placed on the cop-
per grid and allowed to dry. The remaining liquid is removed using filter paper. After 5–6 minutes uranil acetate 
replacement stain 1X (3 µL) was loaded on the grid and air dried. Images were acquired using a Libra 120 (Zeiss) 
Transmission Electron Microscope equipped with Wide-angle Dual Speed CCD-Camera sharp:eye 2 K (4Mpx.).

Cell cultures and treatments. SH-SY5Y human neuroblastoma cells (ATCC# CRL-2266) were cultured 
in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum, 3.0 mM glutamine, 
50 units/mL penicillin and 50 mg/mL streptomycin in a 5.0% CO2 humidified environment at 37 °C. PANC-1 cells 
(ATCC# CRL-1469) were cultured in Dulbecco’s modified eagle’s medium (DMEM) – high glucose supplemented 
with 10% (v/v) heat inactivated fetal bovine serum, 50 units/mL penicillin and 50 mg/mL streptomycin at 37 °C 
in a humidified atmosphere with 5% CO2. The cells were plated at a density of 100,000 cells/well on 24-well plates 
in 1 ml of medium. After 24 h, cells were exposed to 30 µM protein samples. Cells in culture medium without 
protein and in the presence of curcumin and vanillin at the tested concentrations served as control. In the AGE 
experiments, before cells exposure, insulin glycated in the presence of 0.5 M D-ribose for 8 days was subjected to 
dialysis in sterile conditions to remove the free glycating agent89.

MTT assay. Cell viability was assessed as the inhibition of the ability of cells to reduce the metabolic dye 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to a blue formazan product90. After indi-
cated times of incubation with protein samples, cells were rinsed with phosphate buffer solution (PBS). A stock 
solution of MTT (5 mg/mL in PBS) was diluted ten times in cell medium and incubated with cells for 3 hours 
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at 37 °C. After removing the medium, cells were treated with isopropylalcohol, 0.1 M HCl for 20 min. Levels 
of reduced MTT were assayed by measuring the difference in absorbance between 570 and 690 nm. Data are 
expressed, as average percentage reduction of MTT with respect to the control ± S.D. Data are an average from 
five independent experiments carried out in triplicate. In cell proliferation assay the MTT absorbance was eval-
uated at 570 nm.

Detection of intracellular ROS. Intracellular ROS were detected by means of an oxidation-sensitive fluo-
rescent probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA). Cells were grown in a12-well plates, pre-incubated 
with DCFH-DA for 30 min and then incubated with protein samples for 72 hours. Control experiments were per-
formed using untreated cells and cells exposed to a 0.001 M H2O2. After incubation, cells were washed twice with 
PBS buffer and then lysed with Tris-HCl 0.5 M, pH 7.6, 1% SDS. The non-fluorescent DCFH-DA is converted, by 
oxidation, to the fluorescent molecule 2′,7′-dichlorofluorescein (DCF). DCF fluorescence intensity was quanti-
fied on a Perkin Elmer Life Sciences LS 55 spectrofluorimeter using an excitation wavelength of 488 nm and an 
emission wavelength of 530 nm. Data are expressed as average ± S.D. from five independent experiments carried 
out in triplicate.

Statistical analysis. For statistical analysis, we used a two-tailed Student’s t test with unequal variance at a 
significance level of 5% unless otherwise indicated.

Data Availability. The datasets generated and/or analysed during the current study are available from the 
corresponding author on reasonable request.

References
 1. Dodson, G. & Steiner, D. The role of assembly in insulin’s biosynthesis. Curr. Opin. Struct. Biol. 8, 189–194 (1998).
 2. Ahmad, A., Uversky, V. N., Hong, D. & Fink, A. L. Early events in the fibrillation of monomeric insulin. J. Biol. Chem. 280, 42669–75 

(2005).
 3. Hong, D. P., Ahmad, A. & Fink, A. L. Fibrillation of human insulin A and B chains. Biochemistry. 45, 9342–53 (2006).
 4. Rambaran, R. N. & Serpell, L. C. Amyloid fibrils. Prion. 2, 112–117 (2008).
 5. Sneideris, T. et al. pH-Driven polymorphism of insulin amyloid-like fibrils. PLoS One. 10, 0136602 (2015).
 6. Chiti, F. & Dobson, C. M. Protein misfolding, functional amyloid, and human disease. Annu. Rev. Biochem. 75, 333–366 (2006).
 7. Lee, C. C., Nayak, A., Sethuraman, A., Belfort, G. & McRae, G. J. A three-stage kinetic model of amyloid fibrillation. Biophys. J. 92, 

3448–3458 (2007).
 8. Swift, B. Examination of insulin injection sites: an unexpected finding of localized amyloidosis. Diabet. Med. 19, 881–882 (2002).
 9. Shikama, Y. et al. Localized amyloidosis at the site of repeated insulin injection in a diabetic patient. Intern. Med. 49, 397–401 (2010).
 10. Okamura, S., Hayashino, Y., Kore-Eda, S. & Tsujii, S. Localized amyloidosis at the site of repeated insulin injection in a patient with 

type 2 diabetes. Diabetes Care. 36, 200 (2013).
 11. Nagase, T. et al. Insulin-derived amyloidosis and poor glycemic control: a case series. Am. J. Med. 127, 450–454 (2014).
 12. D’Souza, A., Theis, J. D., Vrana, J. A. & Dogan, A. Pharmaceutical amyloidosis associated with subcutaneous insulin and enfuvirtide 

administration. Amyloid. 21, 71–5 (2014).
 13. Kerr, D., Wizemann, E., Senstius, J., Zacho, M. & Ampudia-Blasco, F. J. J. Stability and performance of rapid-acting insulin analogs 

used for continuous subcutaneous insulin infusion: a systematic review. J. Diabetes Sci. Technol. 7, 1595–1606 (2013).
 14. Gupta., Y., Singla, G. & Singla, R. Insulin-derived amyloidosis. Indian J. Endocrinol. Metab. 19, 174 (2015).
 15. Abdel-Wahab, Y. H. et al. Glycation of insulin in the islets of Langerhans of normal and diabetic animals. Diabetes. 45, 1489–1496 

(1996).
 16. Abdel-Wahab, Y. H., O’Harte, F. P., Boyd, A., Barnett, C. & Flatt, P. Glycation of insulin results in reduced biological activity in mice. 

Acta Diabetol. 34, 265–270 (1997).
 17. Boyd, A. C. et al. Impaired ability of glycated insulin to regulate plasma glucose and stimulate glucose transport and metabolism in 

mouse abdominal muscle. Biochim. Biophys. Acta. 1523, 128–134 (2000).
 18. Hammes, H. P. Differential accumulation of advanced glycation end products in the course of diabetic retinopathy. Diabetologia. 42, 

728–36 (1999).
 19. Negre-Salvayre, A., Salvayre, R., Augé, N., Pamplona, R. & Portero-Otín, M. Hyperglycemia and glycation in diabetic complications. 

Antioxid. Redox Signal. 11, 3071–109 (2009).
 20. Singh, V. P., Bali, A., Singh, N. & Jaggi, A. S. Advanced glycation end products and diabetic complications. Korean J. Physiol. 

Pharmacol. 18, 1–14 (2014).
 21. Yamagishi, S., Nakamura, N., Suematsu, M., Kaseda, K. & Matsui, T. Advanced glycation end products: a molecular target for 

vascular complications in diabetes. Mol. Med. 21(Suppl 1), S32–40 (2015).
 22. Nowotny, K., Jung, T., Höhn, A., Weber, D. & Grune, T. Advanced glycation end products and oxidative stress in type 2 diabetes 

mellitus. Biomolecules. 5, 194–222 (2015).
 23. Hashimoto, K. The relationship between advanced glycation end products and ocular circulation in type 2 diabetes. J. Diabetes 

Complications. 30, 1371–7 (2016).
 24. Pasupulati, K. A., Chitra, P. S. & Reddy, G. B. Advanced glycation end products mediated cellular and molecular events in the 

pathology of diabetic nephropathy. Biomol. Concepts. 7, 293–309 (2016).
 25. Saremi, A. et al. Advanced glycation end products, oxidation products, and the extent of atherosclerosis during the VA diabetes trial 

and follow-up study. Diabetes Care. 40, 591–598 (2017).
 26. Miranda, V. & Outeiro, T. F. The sour side of neurodegenerative disorders: the effects of protein glycation. J. Pathol. 22, 13–25 (2010).
 27. Li, J., Liu, D., Sun, L., Lu, Y. & Zhang, Z. Advanced glycation end products and neurodegenerative diseases: mechanisms and 

perspective. J. Neurol. Sci. 317, 1–5 (2012).
 28. Simó, R., Ciudin, A., Simó-Servat, O. & Hernández, C. Cognitive impairment and dementia: a new emerging complication of type 

2 diabetes-The diabetologist’s perspective. Acta Diabetol. 54, 417–424 (2017).
 29. Oliveira, L. M. et al. Insulin glycation by methylglyoxal results in native-like aggregation and inhibition of fibril formation. BMC 

Biochem. 12, 41 (2011).
 30. Alavi, P., Yousefi, R., Amirghofran, S., Karbalaei-Heidari, H. R. & Moosavi-Movahedi, A. A. Structural analysis and aggregation 

propensity of reduced and nonreduced glycated insulin adducts. Appl. Biochem. Biotechnol. 170, 623–38 (2013).
 31. Iannuzzi, C. et al. D-ribose-glycation of insulin prevents amyloid aggregation and produces cytotoxic adducts. Biochim. Biophys. 

Acta. 1862, 93–104 (2016).
 32. Apetz, N., Munch, G., Govindaraghavan, S. & Gyengesi, E. Natural compounds and plant extracts as therapeutics against chronic 

inflammation in Alzheimer’s disease-a translational perspective. CNS Neurol. Disord. Drug Targets. 13, 1175–91 (2014).



www.nature.com/scientificreports/

13SCiEntifiC RepoRts | 7: 15086  | DOI:10.1038/s41598-017-15503-5

 33. Jahan, H. & Choudhary, M. I. Glycation, carbonyl stress and AGEs inhibitors: a patent review. Expert. Opin. Ther. Pat. 25, 1267–84 
(2015).

 34. Yang, F. et al. Curcumin inhibits formation of amyloid beta oligomers and fibrils, binds plaques, and reduces amyloid in vivo. J. Biol. 
Chem. 280, 5892–901 (2005).

 35. Thapa, A., Jett, S. D. & Chi, E. Y. Curcumin attenuates amyloid-β aggregate toxicity and modulates amyloid-β aggregation pathway. 
ACS Chem. Neurosci. 7, 56–68 (2016).

 36. Sparks, S., Liu, G., Robbins, K. J. & Lazo, N. D. Curcumin modulates the self-assembly of the islet amyloid polypeptide by 
disassembling α-helix. Biochem. Biophys. Res. Commun. 422, 551–5 (2012).

 37. Ji, H. F. & Shen, L. The multiple pharmaceutical potential of curcumin in Parkinson’s disease. CNS Neurol. Disord. Drug Targets. 13, 
369–73 (2014).

 38. Pithadia, A. S. et al. Influence of a curcumin derivative on hIAPP aggregation in the absence and presence of lipid membranes. 
Chem. Commun. (Camb). 52, 942–5 (2016).

 39. Pandey, N., Strider, J., Nolan, W. C., Yan, S. X. & Galvin, J. E. Curcumin inhibits aggregation of alpha-synuclein. Acta Neuropathol. 
115, 479–89 (2008).

 40. Ahsan, N., Mishra, S., Jain, M. K., Surolia, A. & Gupta, S. Curcumin pyrazole and its derivative (N-(3-Nitrophenylpyrazole) 
curcumin inhibit aggregation, disrupt fibrils and modulate toxicity of wild type and mutant α-Synuclein. Sci. Rep. 5, 9862 (2015).

 41. Wang, S. S., Liu, K. N. & Lee, W. H. Effect of curcumin on the amyloid fibrillogenesis of hen egg-white lysozyme. Biophys. Chem. 144, 
78–87 (2009).

 42. Rabiee, A., Ebrahim-Habibi, A., Ghasemi, A. & Nemat-Gorgani, M. How curcumin affords effective protection against amyloid 
fibrillation in insulin. Food Funct. 4, 1474–80 (2013).

 43. Aggarwal, B. B., Sundaram, C., Malani, N. & Ichikawa, H. Curcumin: the indian solid gold. Adv. Exp. Med. Biol. 595, 1–75 (2007).
 44. Basnet, P. & Skalko-Basnet, N. Curcumin: an anti-inflammatory molecule from a curry spice on the path to cancer treatment. 

Molecules. 16, 4567–98 (2011).
 45. Lee, W. H. et al. Curcumin and its derivatives: their application in neuropharmacology and neuroscience in the 21st century. Curr. 

Neuropharmacol. 11, 338–78 (2013).
 46. Nabavi, S. F. et al. Curcumin: a natural product for diabetes and its complications. Curr. Top. Med. Chem. 15, 2445–55 (2015).
 47. Chin, D., Huebbe, P., Pallauf, K. & Rimbach, G. Neuroprotective properties of curcumin in Alzheimer’s disease-merits and 

limitations. Curr. Med. Chem. 20, 3955–85 (2013).
 48. Schneider, C., Gordon, O. N., Edwards, R. L. & Luis, P. B. Degradation of curcumin: from mechanism to biological implications. J. 

Agric. Food. Chem. 63, 7606–14 (2015).
 49. Wang, Y. J. et al. Stability of curcumin in buffer solutions and characterization of its degradation products. J. Pharm. Biomed. Anal. 

15, 1867–76 (1997).
 50. Anand, P., Kunnumakkara, A. B., Newman, R. A. & Aggarwal, B. B. Bioavailability of curcumin: problems and promises. Mol. 

Pharm. 4, 807–18 (2007).
 51. Ji, H. F. & Shen, L. Can improving bioavailability improve the bioactivity of curcumin? Trends Pharmacol. Sci. 35, 265–6 (2014).
 52. Naksuriya, O., van Steenbergen, M. J., Torano, J. S., Okonogi, S. & Hennink, W. E. A kinetic degradation study of curcumin in its free 

form and loaded in polymeric micelles. AAPS. J. 18, 777–87 (2016).
 53. Ahsan, N., Mishra, S., Jain, M. K., Surolia, A. & Gupta, S. Curcumin Pyrazole and its derivative (N-(3-Nitrophenylpyrazole) 

Curcumin inhibit aggregation, disrupt fibrils and modulate toxicity of Wild type and Mutant α-Synuclein. Sci. Rep. 5, 9862 (2015).
 54. Shen, L. & Ji, H. F. Contribution of degradation products to the anticancer activity of curcumin. Clin. Cancer Res. 15, 7108 (2009).
 55. Shen, L. & Ji, H. F. Low stability remedies the low bioavailability of curcumin. Trends Mol. Med. 18, 363–364 (2012).
 56. Shen, L. & Ji, H. F. The pharmacology of curcumin: is it the degradation products? Trends Mol. Med. 18, 138–44 (2012).
 57. Shen, L., Liu, C. C., An, C. Y. & Ji, H. F. How does curcumin work with poor bioavailability? Clues from experimental and theoretical 

studies. Sci. Rep. 18, 20872 (2016).
 58. Makni, M., Chtourou, Y., Barkallah, M. & Fetoui, H. Protective effect of vanillin against carbon tetrachloride (CCl4)-induced 

oxidative brain injury in rats. Toxicol. Ind. Health. 28, 655–62 (2012).
 59. Vitaglione, P. et al. Curcumin bioavailability from enriched bread: the effect of microencapsulated ingredients. J. Agric. Food Chem. 

60, 3357–66 (2012).
 60. Santosh Kuma, S., Priyadarsini, K. I. & Sainis, K. B. Free radical scavenging activity of vanillin and o-vanillin using 1,1-diphenyl-2-

picrylhydrazyl (DPPH) radical. Redox Rep. 7, 35–40 (2002).
 61. Carrasco-Gomez, R. et al. Vanillin-derived antiproliferative compounds influence Plk1 activity. Bioorg. Med. Chem. Lett. 24, 5063–9 

(2014).
 62. Awasthi, S. & Saraswathi, N. T. Vanillin restrains non-enzymatic glycation and aggregation of albumin by chemical chaperone like 

function. Int. J. Biol. Macromol. 87, 1–6 (2016).
 63. Nettleton, E. J. et al. Characterization of the oligomeric states of insulin in self-assembly and amyloid fibril formation by mass 

spectrometry. Biophys. J. 79, 1053–65 (2000).
 64. Bouchard, M., Zurdo, J., Nettleton, E. J., Dobson, C. M. & Robinson, C. V. Formation of insulin amyloid fibrils followed by FTIR 

simultaneously with CD and electron microscopy. Protein Sci. 9, 1960–7 (2000).
 65. Ivanova, M. I., Sievers, S. A., Sawaya, M. R., Wall, J. S. & Eisenberg, D. Molecular basis for insulin fibril assembly. Proc. Natl. Acad. 

Sci. USA 106, 18990–18995 (2009).
 66. Nielsen, L. et al. Effect of environmental factors on the kinetics of insulin fibril formation: elucidation of the molecular mechanism. 

Biochemistry. 40, 6036–6046 (2001).
 67. Selivanova, O. M. & Galzitskaya, O. V. Structural polymorphism and possible pathways of amyloid fibril formation on the example 

of insulin protein. Biochemistry (Mosc). 77, 1237–47 (2012).
 68. Cheng, A. L. et al. Phase I clinical trial of curcumin, a chemopreventive agent, in patients with high-risk or pre-malignant lesions. 

Anticancer Res. 21, 2895–2900 (2001).
 69. Vestergaard, B. et al. A helical structural nucleus is the primary elongating unit of insulin amyloid fibrils. PLoS Biol. 5, e134 (2007).
 70. Smith, M. I., Sharp, J. S. & Roberts, C. J. Insulin fibril nucleation: the role of prefibrillar aggregates. Biophys. J. 95, 3400–3406 (2008).
 71. Biancalana, M. & Koide, S. Molecular mechanism of thioflavin-T binding to amyloid fibrils. Biochim. Biophys. Acta. 1804, 1405–12 

(2010).
 72. Hudson, S. A., Ecroyd, H., Kee, T. W. & Carver, J. A. The thioflavin T fluorescence assay for amyloid fibril detection can be biased by 

the presence of exogenous compounds. FEBS J. 276, 5960–72 (2009).
 73. Fandrich, M. Oligomeric intermediates in amyloid formation: structure determination and mechanisms of toxicity. J. Mol. Biol. 421, 

427–44 (2012).
 74. Kharat, M., Du, Z., Zhang, G. & McClements, D. J. Physical and Chemical Stability of Curcumin in Aqueous Solutions and 

Emulsions: Impact of pH, Temperature, and Molecular Environment. J. Agric. Food Chem. 65(8), 1525–1532 (2017).
 75. Wu, C., Scott, J. & Shea, J. E. Binding of Congo Red to amyloid protofibrils of the Alzheimer Aβ9–40 peptide probed by molecular 

dynamics simulations. Biophys. J. 103, 550–557 (2012).
 76. Song, S. et al. Studies on the Interaction Between Vanillin and β-Amyloid Protein via Fluorescence Spectroscopy and Atomic 

ForceMicroscopy. Chem. Res. Chin. Univ. 32(2), 172–177 (2016).
 77. Feng, Y. H. et al. The impact of type 2 diabetes and antidiabetic drugs on cancer cell growth. J. Cell. Mol. Med. 15, 825–36 (2011).



www.nature.com/scientificreports/

1 4SCiEntifiC RepoRts | 7: 15086  | DOI:10.1038/s41598-017-15503-5

 78. Schalkwijk, C. G. & Miyata, T. Early- and advanced non-enzymatic glycation in diabetic vascular complications: the search for 
therapeutics. Amino Acids. 42, 1193–204 (2012).

 79. Schalkwijk, C. G. Vascular AGE-ing by methylglyoxal: the past, the present and the future. Diabetologia. 58, 1715–9 (2015).
 80. Khuhawar, M., Kandhro, A. & Khand, F. Liquid chromatographic determination of glyoxal and methylglyoxal from serum of 

diabetic patients using meso-stilbenediamine as derivatizing reagent. Anal. Lett. 39, 2205–2215 (2006).
 81. Hu, T. Y., Liu, C. L., Chyau, C. C. & Hu, M. L. Trapping of methylglyoxal by curcumin in cell-free systems and in human umbilical 

vein endothelial cells. J. Agric. Food Chem. 60, 8190–6 (2012).
 82. Sun, Y. P. et al. Curcumin inhibits advanced glycation end product-induced oxidative stress and inflammatory responses in 

endothelial cell damage via trapping methylglyoxal. Mol. Med. Rep. 13, 1475–86 (2016).
 83. Endo, H., Nikaido, Y., Nakadate, M., Ise, S. & Konno, H. Structure activity relationship study of curcumin analogues toward the 

amyloid-beta aggregation inhibitor. Bioorg. Med. Chem. Lett. 24, 5621–6 (2014).
 84. Noormägi, A., Valmsen, K., Tõugu, V. & Palumaa, P. Insulin fibrillization at acidic and physiological pH values is controlled by 

different molecular mechanisms. Protein J. 34, 398–403 (2015).
 85. Yoshihara, H. et al. Characterization of novel insulin fibrils that show strong cytotoxicity under physiological pH. J. Pharm. Sci. 105, 

1419–26 (2016).
 86. Dhanalakshmi, C. et al. Vanillin Attenuated Behavioural Impairments, Neurochemical Defects, Oxidative Stress and Apoptosis 

Against Rotenone Induced Rat Model of Parkinson’s Disease. Neurochem. Res. 41(8), 1899–910 (2016).
 87. Makni, M. et al. Evaluation of the antioxidant, anti-inflammatory and hepatoprotective properties of vanillin in carbon 

tetrachloride-treated rats. Eur. J. Pharmacol. 668, 133–9 (2012).
 88. Oya, T. et al. Methylglyoxal modification of protein. Chemical and immunochemical characterization of methylglyoxal-arginine 

adducts. J. Biol. Chem. 274, 18492–502 (1999).
 89. Sirangelo, I., Vella, F. M., Irace, G., Manco, G. & Iannuzzi, C. Glycation in Demetalated Superoxide Dismutase 1 Prevents Amyloid 

Aggregation and Produces Cytotoxic Ages Adducts. Front. Mol. Biosci. 3, 55 (2016).
 90. Iannuzzi, C. et al. Glycation of wild-type apomyoglobin induces formation of highly cytotoxic oligomeric species. J. Cell. Physiol. 

230, 2807–20 (2015).

Acknowledgements
This work was supported by grants from MIUR (Finanziamento per Rientro dei Cervelli “Rita Levi Montalcini”) 
and “Regione Campania (L.R. N.5- 28.03.2002)”. The authors wish to thank the “Electron Microscopy” Facility 
of the Department of Experimental Medicine – “Laboratorio Grandi Attrezzature” – Università degli Studi della 
Campania “L. Vanvitelli”.

Author Contributions
I.S. conceived the study, designed and analysed the experiments; M.B. and C.I. performed and analysed the 
experiments; M.C. performed TEM experiments; A.D.M. performed MS experiments; I.S. and C.I. wrote the 
main manuscript text; I.S., C.I. and G.I. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-15503-5.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-15503-5
http://creativecommons.org/licenses/by/4.0/

	Vanillin Affects Amyloid Aggregation and Non-Enzymatic Glycation in Human Insulin
	Results
	Curcumin effect on human insulin amyloid aggregation and amyloid toxicity. 
	Vanillin effect on human insulin amyloid aggregation. 
	Characterization of insulin-vanillin interaction. 
	Vanillin effect on insulin amyloid cytotoxicity. 
	Vanillin effect on insulin glycation and AGE-induced toxicity. 

	Discussion
	Methods
	Materials. 
	Insulin preparation and amyloid aggregation. 
	Insulin glycation. 
	Circular Dichroism measurements. 
	Fluorescence measurements. 
	Congo Red Binding Assay. 
	Transmission electronic microscopy (TEM). 
	Cell cultures and treatments. 
	MTT assay. 
	Detection of intracellular ROS. 
	Statistical analysis. 
	Data Availability. 

	Acknowledgements
	Figure 1 Effect of curcumin on insulin amyloid formation and cytotoxicity.
	Figure 2 Effect of vanillin on insulin amyloid formation.
	Figure 3 Effect of vanillin on insulin amyloid aggregation by TEM.
	Figure 4 Insulin-vanillin interaction monitored by fluorescence.
	Figure 5 Cytotoxicity of insulin amyloid aggregates formed in the presence of vanillin.
	Figure 6 Effect of vanillin on insulin glycation kinetics and AGEs toxicity.




