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Abstract
Numerous potential inhibitors for prevention of advanced glycation end products (AGEs) formation have been
extensively investigated for their in vitro and in vivo features, but it would spend a lot of time studying. In the present
study, a unique thermal Fourier Transform Infrared (FTIR) combined system as an accelerated method was
attempted to simultaneously determine the thermal-dependent conformational changes of human serum albumin
(HSA) in the HSA-ribose mixture and examine the onset of the structural transformation from α-helix to β-sheet
structures with or without AGEs inhibitors used. The present results clearly indicate that native HSA had an onset
temperature at 96°C for the irreversible thermal-induced structural transition from α-helices to β-sheets, whereas
HSA-ribose mixture exhibited its onset temperature near at 78°C due to the early occurrence of glycation. However,
the onset temperature of the α-helix to β-sheet transition was gradually changed from 78°C to 96°C by increasing
the amount of sodium diclofenac or inositol, which was closed to that of the onset temperature of native HSA. This
implies that the thermal-induced transition from α-helix to β-sheet for HSA in the HSA-ribose mixture was effectively
prevented after adding sodium or inositol. The present study also suggests that this thermal FTIR technique not only
rapidly accelerates the conformational changes of HSA-ribose mixture but also directly detects onset temperature of
the α-helix to β-sheet transition in real time. This unique thermal FTIR combined system could be a useful tool to
screen and evaluate quickly the glycation-induced conformational changes of proteins in a one-step process.
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Introduction
Glycation (also called non-enzymatic glycosylation) is a well-known
chemical modification of proteins with reducing sugars, which may
occur either inside the body (endogenous glycation) or outside the
body (exogenous glycation) through the covalent bonding [1-2]. The
formation of these cross-linked substances is called advanced glycation
end products (AGEs) [3-4]. Several studies have shown that the
formation and/or accumulation of AGEs are implicated in the
progression of many age-related diseases and particularly exacerbated
in aging [5-9]. Fortunately, glycation can be prevented by the natural
defense system in the human body, or by natural and synthetic
inhibitors [2,10-13]. Theoretically, any method or inhibitor that can
inhibit any step of glycation process, prevent the formation of
intermediate and/or AGEs, or scavenge free radicals, may effectively
prevent or delay the existing diseases and related complications
[2,14-16]. Some potential inhibitors of AGEs formation have been
screened and attempted to act as a preventive medicine [17-18],
however, only a few studies had been investigated to determine the
biophysical properties of the glycated proteins after application of
inhibitors [19-21].
All reducing sugars have been reported to react irreversibly with
amino acid residues of peptides or proteins in the glycation reaction
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[1-6]. The glycation reaction starts with the formation of Schiff bases,
and then rearranges into Amadori products. Both Schiff bases and
Amadori products are reversible reaction products. The Amadori
products then undergo a series of chemical modifications to produce
various irreversible intermediate compounds and finally form the
AGEs products [22-24]. The glycation ability of these common
reducing sugars has been found to increase in the following order: Dglucose<D-mannose<D-galactose<D-xylose<D-fructose<Darabinose<D-ribose [25-26]. D-ribose is probably the most reactive
one in the glycation of proteins, leading to a more rapid production of
AGEs than other sugars in vitro and in vivo [27-29]. The glycation of
proteins with ribose (also called ribosylation) has recently attracted
more attention because of the protein aggregation and fibrillation, and
reactive oxygen species generation in the ribosylation process
[26,30-31]. The AGEs have been widely studied in clinical approaches
[32-34], but the basic study on the structural conformational changes
of protein after glycation is still scarce. Particularly, there is a great
controversy as to whether glycation or ribosylation can alter the
protein conformational structure in the glycation reaction [35-38].
Thus, it is interesting for us to further examine the changes of protein
secondary conformation after ribosylation with or without AGEs
inhibitors by using a specific anytical technique.
Recently, a novel Fourier Transform Infrared (FTIR)
microspectroscopy equipped with a micro hot stage (thermal FTIR
combined system) has been extensively applied by our groups to
quickly investigate the thermal-induced structural changes in the food,
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polymers, pharmaceuticals, excipients, and drug-coformer cocrystal
formation [39-43]. This unique thermal FTIR combined system is a
simple, quick and time-saving tool, and can simultaneously establish
the correlation between the thermal response and the informative IR
spectra of structural changes of the sample. In the present study,
human serum albumin (HSA) was selected as a model protein and
ribose was chosen as a reducing sugar. This study attempts to
simultaneously determine the thermal-dependent conformational
changes of HSA before and after ribose addition by using this thermal
FTIR combined system as an accelerated method. Moreover, sodium
diclofenac or inositol reported as an AGEs inhibitor [17-18] was also
incorporated to further investigate their influences on the alterations
of secondary structure of HSA in HSA-ribose mixture by this unique
analytical technique.

Materials and Methods
Materials
Human serum albumin (HSA), D-ribose, sodium diclofenac, and
inositol were purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO,
USA) and used as supplied without further purification. All the
reagents were of analytical grade and were also obtained from SigmaAldrich Co. LLC. The potassium bromide (KBr) crystals for the pellets
were obtained from Jasco Parts Center (Jasco Co., Tokyo, Japan).

Preparation of different samples for thermal FTIR
determination
One drop of 50 mg/mL HSA aqueous solution with or without
ribose (200 mM) and inhibitors (4-16 μL 2.5% sodium diclofenac and
4-10 μL 5% inositol) was dropped on glass plate, respectively, and
stored at 25°C and 50% RH condition for 24 hrs. After storage for 1
day, a film was formed on the glass plate.

Transmission FTIR microspectroscopic study
A trace amount of each film sample was respectively sealed into two
piece of KBr pellets (without any grinding process with KBr powders)
by directly compressing with an IR spectrophotometric hydraulic press
(Riken Seiki Co., Tokyo, Japan) under 400 kg cm2 for 15 s. The
compressed KBr disk was determined by FTIR microspectroscopy
(IRT-5000-16/FTIR-6200, Jasco Co., Tokyo, Japan) with a mercury
cadmium telluride (MCT) detector by transmission technique to get
the FTIR spectrum of each sample [44-45]. All FTIR spectra were
generated by co-addition of 256 interferograms collected at 4 cm-1
resolution. Three runs were performed.

Thermal FTIR microspectroscopic study
A compressed KBr disc containing each film sample was placed
directly onto a micro hot stage (DSC microscopy cell, FP 84, Mettler,
Greifensee, Switzerland) and directly determined by FTIR
microspectroscopy (IRT-5000-16/FTIR-6200, Jasco Co., Tokyo, Japan)
with a MCT detector. The operation was performed in the
transmission mode [39,44-45]. FTIR spectra were generated by coaddition of 256 interferograms collected at 4 cm-1 resolution. The
temperature of the DSC microscopy cell was monitored with a central
processor (FP 80HT, Mettler, Switzerland). The heating rate of the DSC
assembly was maintained at 3°C/min under ambient conditions. The
compressed KBr disc was previously equilibrated to the starting
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temperature (30°C) and then heated from 30 to 200°C. At the same
time, the thermal-responsive IR spectra were recorded when the
sample disc was heated on the DSC micro hot stage. The heated sample
disc was then cooled to 25°C for further use. Each film sample was
determined in triplicate.

FTIR data acquisition and handling
The software, Spectral Manager for Windows (Jasco Co., Tokyo,
Japan) and GRAMS spectroscopy software suite (Version 7, Thermo
Electron Co., MA, USA), were used for data acquisition and handling.
Second derivative spectral analysis was applied to locate the position of
the overlapping components in the amide bands and assigned to
different secondary structures. The protein secondary structure and
the composition of each component in the amide I band of the IR
spectra were also quantitatively estimated by a least-squares fitting
program iterating the curve-fitting process using a Gaussian function.
The curve fitting was performed by stepwise iterative adjustment
towards minimum standard errors of the different parameters
determining the shape and position of the absorption peaks. Finally,
the proportion of a component was computed to be the fractional area
of the corresponding peak divided by the sum of the areas of all the
peaks [46-48]. All the tests were conducted in triplicate and the mean
values with standard deviations were obtained.

Statistical analysis
Statistical difference between the experimental groups was
determined with the Student’s T-test and a p-value below 0.05 was
considered significant.

Results and Discussion
Human serum albumin (HSA) has been always used as a model for
protein-folding and ligand-binding studies because it is the most
abundant protein in human blood plasma or serum [49-50]. Glycation
has been reported to alter the structure of HSA, leading to significant
changes in biochemical, biophysical, and thermodynamic properties
and drug-protein binding of HSA [50-55]. In our previous studies, the
effects of ethanol and/or captopril on the secondary structure of HSA
before and after protein binding had been investigated by FTIR
determination [46-47]. Moreover, a marked change in the secondary
conformational structure and protein aggregation of HSA after
ribosylation had also been found [48]. In the present study, the thermal
dependent-conformational changes of HSA after ribosylation with or
without pretreatment of an AGEs inhibitor were attempted using a
thermal FTIR combined system.
The representative FTIR spectra of native HSA, ribose, and HSAribose mixture were obtained over the frequency range between 1800
and 800 cm-1, as shown in Figure 1. The characteristic IR absorption
bands and their assignments for native HAS.
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Figure 2: Thermal-dependent FTIR spectral changes of native HSA
(A) and HSA-ribose mixture (B) as a function of temperature.

Figure 1: Representative FTIR spectra of native HSA, ribose, and
HSA-ribose mixture (50 mg/mL-200 mM) determined by a film
method compressed within two KBr discs via a transmission FTIR
technique follows: 1652 cm-1 (amide I, C=O stretching), 1542 cm-1
(amide II, C-N stretching and N-H bending), 1451 cm-1 (C-H2
bending), 1398 cm-1 (carboxylate) and 1313-1241 cm-1 (Amide III,
C-N stretching and N-H bending) [56].
The spectral range within 1500-800 cm-1 is the fingerprint region of
native HSA. While the FTIR spectrum of ribose shows strong peaks
between 1200 and 1000 cm-1. Both peaks at 1084 cm-1 assigned to C-O
and C-C stretching vibrations and 1041 cm-1 attributed to C-OH and
C-C-O bending vibrations for ribose can be used to distinguish ribose
from HSA [48,57]. Once ribose was mixed with HSA, the FTIR
spectrum of the HSA-ribose mixture was almost superimposed by the
FTIR spectra of HSA and ribose. Two marked FTIR peaks at 1087 and
1044 cm-1 were attributed to ribose, other FTIR peaks were belonged to
HSA.

Thermal-dependent FTIR spectral changes of native HSA
with or without ribose
Thermal-dependent FTIR spectral changes of native HSA and HSAribose mixture in the heating processes were plotted threedimensionally in Figure 2. It clearly indicates that the peak intensity of
the amide I peak at 1652 cm-1 assigned to the α-helix conformation of
native HSA was almost maintained at a constant level in the initial
heating process, but this peak at about 96°C was split into two peaks,
1656 and 1628 cm-1 (Figure 2A). The former was due to the α-helix
conformation at higher temperature, the latter was attributed to the βsheet structure [58-60].
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This suggests that a conformational transition from a α-helix to the
β-sheet structure was occurred at 96°C. While the amide II peak at
1542 cm-1 was gradually shifted to 1517 cm-1 in the heating process,
due to the dissociation of hydrogen bonding by thermal effect. On the
other hand, similar thermal behaviour was also found for the HSAribose mixture but the split temperature was changed to 78°C (Figure
2B). This indicates that the thermally induced α-helix to β-sheet
transition in HSA-ribose mixture was prior to that of the native HSA,
implying that ribosylation might easily accelerate the conformational
change of HSA in the HSA-ribose mixture during heating. The
thermal-dependent peak intensity ratio of 1628 cm-1/1652 cm-1 for
native HSA was more clearly displayed an onset temperature at 96°C,
while the ratio of 1629 cm-1/1654 cm-1 for HSA-ribose mixture was
shown at 78°C (Figure 2C). The secondary conformational change of
HSA-ribose mixture was clearly observed much earlier than that of
native HSA sample, suggesting that ribose might accelerate the time of
onset of HSA glycation in the heating process by determination with
thermal FTIR combined system, The results also highlight the potential
use of a simultaneous thermal FTIR combined system to screen and
detect the onset transition temperature of glycation-induced
conformational changes of HSA in a one-step process.

The curve-fitted amide I band of native HSA or HSA-ribose
mixture before and after heating processes
The IR amide I band of proteins is well known to be more sensitive
than the other amide bands in the protein secondary structural
components [56,58,61]. Figure 3 shows the curve-fitted amide I band
of native HSA before and after heat treatment. The curve-fitted amide I
bands of native HSA and their components, assignments, and
compositions are also shown. The structural composition of native
HSA before heat treatment consists of 44.13 ± 3.38% α-helix (1656
cm-1), 5.92 ± 0.78% random coil (1645 cm-1), 22.19 ± 0.70% β-turn
(1683 and 1673 cm-1) and 27.76 ± 1.14% β-sheet (1692, 1637, 1625 and
1612 cm-1), in which 1625 and 1612 cm-1 were corresponded to the
intermolecular β-sheet of protein aggregation and side chain [62-63].
Once the native HSA was preheated to 200°C and then cooled, on the
other hand, the heated HSA yielded the following compositions of
secondary structures: 25.26 ± 2.89% α-helix, 11.32 ± 1.56% random
coil, 23.27 ± 1.03% β-turn and 40.15 ± 1.14% β-sheet, respectively.
Obviously, the α-helical structure was markedly reduced from 44.13 ±
3.38% to 25.26 ± 2.89% (p<0.05), whereas β-sheet structure was
increased from 27.76 ± 1.14% to 40.15 ± 1.14% (p<0.05). In addition,
the random coil structure was also increased from 5.92 ± 0.78% to
11.32 ± 1.56% (p<0.05). This implies that a α-helix to β-sheet
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conversion in native HSA might be easily occurred in the heating
process. Moreover, this conformational change in native HSA was the
kinetically irreversible conversion.

structure was also increased from 6.14 ± 0.83% to 10.32 ± 1.76%
(p<0.05), but the β-turn content was slightly changed from 22.19 ±
0.86% to 25.97 ± 0.91% (p<0.05). The results also clearly demonstrate
that HSA-ribose mixture after heat treatment might cause more loss of
helical content and increase the amount of β-sheet and β-turn
structures. The ribosylation is responsible for the conformational
changes, leading to an increase in total β-conformation, particularly
the excess increases in the formation of intermolecular beta-sheet
structures. This was consistent with the results of glycated albumin due
to the conformational change from its native α-helical to β-sheeted
structures [64-65], resulting in the formation of protein aggregation
and fibrillation [65-68].

Effects of AGEs inhibitors on thermal-dependent
conformational changes of HSA-ribose mixture

Figure 3: The curve-fitted amide I band and their components,
assignments, as well as compositions of native HSA before and after
heat treatment.

A number of natural or synthetic compounds have been proposed
to act as AGEs inhibitors or breakers for therapeutic treatment of
AGEs-related diseases [10-21,69]. From the results of Figure 2, a novel
acceleration system was applied to exactly determine the onset
transition temperature at 78°C for HSA-ribose mixture via structural
transformation from α-helix to β-sheet structures, as compared to that
of the onset transition temperature at 96°C for native HSA. In order to
investigate whether sodium diclofenac or inositol (as an AGEs
inhibitor) can modify the onset transition temperature and protein
conformational structure of HSA in the HSA-ribose mixture, the
thermal FTIR combined system was also attempted. Because there
were less absorption peaks in the wavenumber ranges of 1800-1600
cm-1 for sodium diclofenac and inositol (data not shown), thus the
amide I spectral region (range from 1750 to 1595 cm-1) of HSA-ribose
mixture was chosen to study their onset transition temperature and
thermal-dependent conformational changes of HSA-ribose mixture
with different amounts of sodium diclofenac or inositol.

Figure 4: The curve-fitted amide I band and their components,
assignments, as well as compositions of HSA-ribose mixture before
and after heat treatment.
Figure 4 shows the curve-fitted amide I band of HSA-ribose mixture
before and after heat treatment. The structural compositions of HSAribose mixture before heating exhibited similar contents to that of
native HSA before heating (p>0.05), suggesting that there were no
alterations in HSA conformation at the initial stage of ribose added.
However, the structural composition of HSA-ribose mixture after heat
treatment was markedly altered. It is evident that the α-helix
composition of the heated HSA-ribose mixture after cooling to room
temperature was decreased from 46.43 ± 3.78% to 20.08 ± 2.37%
(p<0.05), but the content of β-sheet content was increased from 25.24
± 0.62% to 43.63 ± 0.86% (p<0.05). In addition, the random coil
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Figure 5: Three dimensional plot of HSA-ribose mixture with or
without sodium diclofenac as a function of temperature, Key: (A):
HSA-ribose mixture without sodium diclofenac; (B-E): HSA-ribose
mixture with different amounts of sodium diclofenac (4, 8, 12, 16
μL/2.5% sodium diclofenac); (F): Peak intensity ratio of 1629
cm-1/1654 cm-1 versus temperature.
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Figure 5 shows the three dimensional plot of HSA-ribose mixture
with or without sodium diclofenac as a function of temperature, in
which the onset temperature at 78°C for α-helix to β-sheet transition
was observed for the HSA-ribose mixture without sodium diclofenac
(Figure 5A). However, it demonstrates that the onset transition
temperature was gradually changed from 78°C to 96°C by increasing
the amount of sodium diclofenac used (Figures 5B-5E). This was
closed to that of the onset temperature at 96°C of native HSA. From
the slope data for the peak intensity ratio profile of different samples,
the gradual slope decline was clearly observed with the increase of
sodium diclofenac added (Figures 5F and 6A). This implies that
thermal-induced secondary conformational change of HSA in HSAribose mixture was effectively prevented by adding the AGEs inhibitor
of sodium diclofenac via thermal FTIR determination.

Figure 7: Three dimensional plot of HSA-ribose mixture with or
without inositol as a function of temperature, Key: (A): HSA-ribose
mixture without inositol; (B-E): HSA-ribose mixture with different
amounts of inositol (4, 6, 8, 10 μL/5.0% inositol); (F): Peak intensity
ratio of 1629 cm-1/1654 cm-1 versus temperature.

Conclusion

Figure 6: Relationship between the slopes of profiles in Figure 5 as
well as Figure 7 and the concentration of sodium diclofenac (A) and
inositol (B).
Figures 6 and 7 also exhibited that inositol might prevent the
thermal-induced conformation changes from α-helix to β-sheet
transition of HSA in HSA-ribose mixture. As compared in Figure 6,
sodium diclofenac seems to be more effective than that of inositol for
preventing these thermal-induced conformation changes.
Our data are consistent with the inhibitory effect of sodium
diclofenac or inositol reported [18,70-72]. Diclofenac has been
proposed to inhibit the sugar attachment on HSA by specifically
blocking at least one of the major glycation sites of HSA [18,70]. The
higher the concentration of sodium diclofenac used the more the
blocking glycation sites obtained, leading to a decrease in slope
gradient but an increase in onset transition temperature for HSAribose mixture in the present study. On the other hand, inositol has
also been proposed as an antioxidant and/or antiglycating agent to
delay and/or avert the glycation of HSA-ribose mixture [18,71-72],
which can probably be verified by present study.

Thermal FTIR technique was first attempted to investigate the
thermal-induced conformational changes of HSA in HSA-ribose
mixture before and after addition of AGEs inhibitor, sodium diclofenac
or inositol. Native HSA had the onset temperature located at 96oC for
the irreversible structural transition of α-helix to β-sheet. While HSAribose exhibited its onset temperature near at 78°C, due to the thermal
acceleration. By incorporating sodium diclofenac or inositol, however,
the onset transition temperature was gradually changed from 78°C to
96°C with the increase of sodium diclofenac or inositol added, near to
that of the onset temperature of native HSA. This implies that thermalinducedα-helix to β-sheet transition in the secondary conformational
structure of HSA in HSA-ribose mixture was effectively prevented by
adding sodium diclofenac or inositol. This unique thermal FTIR
combined system could be a sensitive and potentially useful tool for
rapid evaluation of the glycation-induced conformational changes of
proteins with or without AGEs inhibitors. The relationship between
thermal-dependent conformational changes of HSA and in vitro/in
vivo inhibitory effect of AGEs inhibitors would need to be further
studied.
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