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It has been implicated that type 2 diabetes mellitus is a conformational disease because amylin, a 
peptide produced by beta cell, undergoes an alteration in the native formation followed by self-
aggregation and deposition. Amyloidogenesis causes destruction of pancreatic beta-cells. The 
subsequent lack of insulin leads to increased blood glucose. The main aim of this study was to 
investigate whether two chemical chaperones named glycerol and spermine vary islet amyloid 
polypeptide folding under near-physiological circumstances. For this purpose, fluorescent method was 
used with LS55 spectrofluorometer instrument. Results obtained from in vitro study show that after 240 
h incubation by shaker incubator in 37°C, glycerol had contradictory effects on amylin folding and 
these effects were glycerol concentration dependent. Glycerol with concentration of 24% had the most 
inhibitory effect but 40 to 50% promoted amylin misfolding significantly (p<0.05). The obtained data also 
demonstrate that spermine with concentrations of 40, 50 and 60 µM had stimulatory effects on 
formation of beta-amyloid sheet significantly (p<0.05). It is concluded that amylin misfolding and 
cytotoxicity to beta-cells might be glycerol dose-dependent in diabetic patients. 
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INTRODUCTION 
 
Diabetes mellitus is characterized by hyperglycemia. 
Hyperglycemia occurs as a result of the lack of insulin 
discharge from pancreatic beta-cell and/or its wrong 
functioning in tissues which may lead to diabetic 
complications, for instance neuropathy, retinopathy, 
nephropathy, atherosclerosis and food disease 
(Naqshbandi et al., 2008). Type 2 diabetes mellitus result 
from a change in the protein conformation that directs the 
protein to misfolding and aggregation (Carrell and Lomas, 
1997; Hayden et al., 2005). Recent studies have shown 
that the main component of beta-amyloid sheet in 
pancreas of diabetic patients is a peptide named amylin 
(Zheng et al., 2010). Amylin is a 37-amino-acid peptide 
that is normally secreted from the beta-cells together with 
insulin into blood circulation. Amylin  hormone  decreases  
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food intake and inhibits pancreatic glucagon hormone 
discharge and contributes to glycemic control (Cummings 
and Overduin, 2007; Lee et al., 2011; Lutz, 2010). The 
relationship between amylin deposition and the 
development of type 2 diabetes has been known. Recent 
biophysical studies have demonstrated that the islet 
amyloid polypeptide is unstructured in solution and 
aggregates due to misfolding to form toxic oligomers and 
further aggregates to form amyloid fibers so that this 
amyloid deposition can be toxic to beta-cells and induce 
the cell-death (Brender et al., 2012; DeToma et al., 2012; 
Soong et al., 2009; Rhoades et al., 2000). In recent 
years, small molecule chemical chaperones have been 
shown to reverse misfolding or mislocalization of several 
mutant plasma membrane, lysosomal and secretory 
proteins (Perlmutter, 2002; Cohen and Kelly, 2003). 
These chemical chaperones are of two kinds. The first, 
the specific chemical chaperones, which binds to the 
active site of the mutant  proteins  and  assists  in  protein  
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folding. The second class of chaperones is called 
nonspecific chaperones, some of which are also known 
as osmolytes. The natural osmolytes such as glycerol are 
thought to enhance correct folding of the mutant proteins 
(Bonapace et al., 2004). The aim of this study was to 
investigate the possible roles of different concentrations 
of two chemical chaperones named glycerol and 
spermine on human islet amyloid polypeptide folding 
under near physiological conditions. 
 
 
MATERIALS AND METHODS 

 
Human islet amyloid polypeptide and other materials were 
purchased from Sigma-Aldrich Company. Human amylin used in 
this project had the following characteristics: (1-37)( Lys- Cys-Asn-
Thr-Ala-Thr-Cys-Ala-Thr-Gln-Arg-Leu-Ala-Asn-Phe-Leu-Val-His-Ser-
Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-Ser-Thr-Asn-Val-Gly-Ser-Asn-
Thr-Tyr-NH2, intra-molecular disulfide bridge: between Cys2 and 
Cys7). Its purity was 97% and the lyophilized salt included 70% 

peptide by weight. Amylin stock solution was prepared by adding 
1.0 ml dimethylsulfoxide (DMSO) to dry purified peptide, sonicated 
at room temperature for 15 min.  
 
 
Groups designing 

 
In order to assay the effects of different concentrations of glycerol 
and spermine on islet amyloid polypeptide folding and aggregation, 

control and treated groups were considered. The peptide stock 
solution was diluted by modified Krebs-Hensleit (KH) buffer (NaCl: 
123.5 mM, glucose: 11.0 mM, CaCl2:1.4 mM, NaN3: 0.05% w/v), at 
pH 7.4, to the final concentration of 0.8 µM. Different concentrations 
of glycerol (8, 16, 24, 32, 40 and 50%) and spermine (10, 20, 30, 
40, 50 and 60 µM) were prepared in KH- buffer containing 0.8 µM 
amylin as treated groups, separately. The samples without glycerol 
and spermine were selected as the control group. 

 
 
Incubating manner  

 
All studied groups were incubated at 37°C for 240 h with shaking by 
a shaker incubator (GFL 3031, Germany).  
 
 
Folding monitoring  

 
To identify the conformational changes and formation of beta-
pleated sheets of amyloid, intrinsic and thioflavin T (ThT) 
fluorescent assay were used. 
 
 
ThT assay  
 

Thioflavin T assay was performed by adding 40 μl of each 
incubated solution to 700 μl of 10 μM ThT solution. Fluorescence 
measurements were recorded in a Perkin-Elmer LS55 fluorescence 
spectrometer (Perkin-Elmer LS55, USA) at room temperature using 
a 1-cm path length quartz cell. The ThT signal was quantified by 
averaging the fluorescence emission at 485 nm (slit width = 10 nm) 
when excited at 440 nm (slit width = 5 nm).  
 
 
IF assay 
 

The   intrinsic   fluorescence  of  the  peptide  tyrosine  residue  was 
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measured for the studied groups after 168 h, averaging the 
fluorescence emission at 304 nm when excited at 270 nm. 
 
 
Statistical analysis 

 
Descriptive statistics was accomplished to obtain means and 
standard deviations. Statistic significance level was established at 
p<0.05. Analysis of data was performed using SPSS statistical 
software package.  
 
 
RESULTS AND DISCUSSION 
 
Amylin itself readily folded and formed a ThT-positive 
material in the control group. Data indicate that at zero 
time, ThT-fluorescence mean value for control group was 
82.12 which at 240 h had increased to mean value of 
105.33 (p<0.05). In glycerol treated groups, ThT 
fluorescence assay showed that 8 and 16% of glycerol 
had no significant effect on amylin conformation (P>0.05), 
whereas 24 and 32% concentrations of glycerol 
significantly (p<0.05) inhibited amylin misfolding by 19.8 
and 11.3%, respectively, after 240 h incubation at 37°C 
(Figure 1). By increasing glycerol concentration, inhibitory 
effect of this element was inversed so that 40 and 50% of 
glycerol elevated the ThT- fluorescence by 3.7 and 11%, 
respectively, at the end of incubation time, significantly 
(P<0.05) (Figure 1). Figure 2 presents different concen-
trations effects of spermine (10, 20, 30, 40, 50 and 60 
µM) on amylin folding. These data indicate that as 
compared to control group, 10 and 20 µM of spermine 
had little effects on ThT-fluorescence of amylin, but these 
effects were not statistically significant (p>0.05), whereas 
by increasing spermine concentration, ThT-fluorescence 
decreased significantly in a dose dependent manner 
(p<0.05). 30, 40, 50, and 60 µM of spermine inhibited 
amylin aggregation and misfolding by 4.97, 12.9, 18.6 
and 20.4% as compared to the control group (p<0.05) 
(Figure 2). Intrinsic fluorescence (IF) of human amylin 
hormone was measured for different groups. Glycerol 
had dual effects on IF so that 24% of this agent had the 
most reducing property (p<0.05), while 50% concen-
tration of glycerol increased IF significantly (p<0.05) 
(Figure 3). IF decreased in spermine treated group which 
is proportional to spermine concentration. Spermine with 
concentration of 60 µM had the highest effect on human 
islet amyloid polypeptide structure just as measured by IF 
test (p<0.05) (Figure 4). 

Due to the rising prevalence of diabetes, multi-
disciplinary study intended at preventing and treating it is 
one of the world-wide research priorities. It is shown that 
lack of insulin secreting cells in pancreatic islet of type 2 
diabetic patients is related to amyloid depositions 
resulting from amylin misfolding (Zheng et al., 2010; 
Wang et al., 2011). Although, the amyloid formation is 
well shown in the diabetic patients, the factors affecting 
this process remain elusive. Our previous publications 
shows that  a  number  of  elements  and  herbal  extracts  
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Figure 1. Influence of different concentrations of glycerol on human islet amyloid polypeptide folding. Changes in folding 

were monitored by ThT fluorescence in the absence and presence of different concentrations of glycerol for 240 h at 

37°C. Glycerol with concentration of 24% had the highest inhibitory effect, whereas 40 to 50% promoted amylin misfolding 
significantly (Am, amylin; G, glycerol). 

 
 
 

 
 
Figure 2. Influence of different concentrations of spermine on human islet amyloid polypeptide folding. Changes in folding 

were monitored by ThT fluorescence in the absence and presence of different concentrations of aluminium for 240 h at 
37°C. Spermine stimulated amylin misfolding and this effect was dose dependent (Am, amylin; S, spermine); spermine: 10, 
20, 30, 40, 50 and 60 µM. 
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Figure 3. Intrinsic fluorescence of the control and glycerol treated groups. Tyrosine intrinsic fluorescence of amylin 
solutions in the absence and presence of the different concentrations of glycerol (8, 16, 24, 32, 40 and 50%) was 
measured after 168 h incubation in 37°C. Glycerol showed dual effect on islet amyloid polypeptide folding. Data is 
shown as mean ± SD; n = 6. 

 
 
 

 
 
Figure 4. Intrinsic fluorescence of the control and aluminium treated groups. Tyrosine intrinsic fluorescence of amylin 

solutions in the absence and presence of the different concentrations of spermine (10, 20, 30, 40, 50 and 60 µM) was 
measured after 168 h incubation in 37°C. Spermine showed one type effect on islet amyloid polypeptide folding. Data is 
shown as mean ± SD; n = 6. 
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influence the folding of amylin in vitro (Mirhashemi and 
Aarabi, 2011a, 2012c; Mirhashemi and Shahabaddin, 
2011b). A number of small molecules, known as chemical 
chaperones such as glycerol and spermine have 
important role in protein conformation against thermal 
and chemically induced denaturation (Bathaie et al., 
2011). Since there is no data concerning effect of glycerol 
and spermine as chemical chaperones on amylin folding, 
thus, the present study was designed. These findings 
show that different concentrations of glycerol had dual 
effects on amylin conformation and folding but spermine 
only inhibited misfolding in a dose dependent manner 
(p<0.05), (Figures 1 and 2). As mentioned in the method 
section of this article, the peptide had an intra-molecular 
disulfide bridge between Cys2 and Cys7. Disulfide bonds 
are important for proper protein folding and biological 
activity (Kopito and Ron, 2000; Anelli et al., 2002; Fassio 
and Sitia, 2002). It may be assumed that low level of 
glycerol inhibited amylin misfolding by the following 
possible mechanism: 1, affecting the intra molecular 
disulphide bond; 2, increasing the lag-time for fiber 
formation and 3, decreasing the amylin addition rate to 
preformed fibers. The opposite effects might occur at 
higher concentrations of glycerol. Previous investigations 
have shown that fibrillization of several polypeptides such 
as amylin is accompanied by formation of free radicals, 
mainly reactive oxygen species (ROS). ROS accelerate 
fibril formation, possibly via oxidation reactions, so that 
the free radicals formed during amyloid fibrillization 
enhance fibrillization (Schoneich, 2005; Shoval et al., 
2007). ROS may have impact on the disulfide bond 
(Cumming et al., 2004) and subsequently influence the 
development of amylin misfolding.  

Although, the exact mechanism by which spermine 
inhibit amyloid formation remains unclear, it may be 
suggested that the antiamyloidogenic power of this 
compound is due to its antioxidant property. Several lines 
of evidence have shown that spermine act as an 
antioxidant due to its ability to scavenge free radicals 
(Sava et al., 2006; Das and Misra, 2004; Ha et al., 1998; 
Fujisawa and Kadoma, 2005). Further study is required to 
elucidate the exact mechanism of these two chemical 
chaperones. 
 
 

Conclusion 
 

In summary, this experimental study established that 
glycerol and spermine could induce conformational 
changes in human islet amyloid polypeptide in vitro. We 
have shown that glycerol has a dual effect on islet 
amyloid polypeptide folding. Glycerol had inhibitory and 
stimulatory roles on the peptide folding and this effect 
was dose dependent.  
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