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Abstract

Amadori product is an important and stable intermediate, which is produced during glycation
process. It is a marker of hyperglycemia in diabetes mellitus, and its accumulation in the body
contributes to microvascular complication of diabetes including diabetic nephropathy and
retinopathy. In this study, the effect of acetoacetate on the formation of Amadori products and
biophysical properties of human serum albumin (HSA), after incubation with glucose, was
investigated using various methods. These included circular dichroism (CD), Fourier transform
infrared (FTIR) spectroscopy, and UV-visible and fluorescence spectroscopy. Our results
indicated that the production of Amadori products in HSA incubated with glucose (GHSA) was
increased in the presence of acetoacetate. We also detected alterations in the secondary and tertiary
structure of GHSA, which was increased in the presence of acetoacetate. These changes were
attributed to the formation of covalent bonds between the carbonyl group of acetoacetate and the
nucleophilic groups (lysine residues) of HSA. Thus, acetoacetate can enhance the production of
Amadori products through formation of covalent bonds with biomaterials.
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1. Introduction

Amadori product is a ketoamine that is produced during glycation process as a stable and
important intermediate in the formation of advanced glycation end products (AGES).
Glycation is a spontaneous reaction between the free amino groups of biomacromolecules
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(such as proteins and lipids) and aldehyde or ketone groups of reduced sugars (such as
glucose, fructose and ribose) upon covalent bond formation [1,2]. These reactions occur in
three stages [3]. The first step (the early stage) is a nucleophilic attack of a carbonyl group
by an electron pair of an amino group, which produces a Schiff base within hours [4]. The
second step (the intermediate stage) is the rearrangement of the Schiff base to produce
Amadori products within weeks [4]. The third step is the irreversible stage, which produces
the AGEs through oxidation, dehydration and cyclization [5]. AGEs are yellow-brown, often
fluorescent (some are non-fluorescent), intra- or inter-molecular cross-linked, and insoluble
compounds [6], which contribute to pathogenesis of many diseases [7].

Amadori product is an important intermediate during AGE formation /7 vivo, and also in
experimental conditions [8]. The level of Amadori products is increased in the blood and
various tissues in diabetes [9], and it is a potential marker for hyperglycemia in diabetes
mellitus [10]. The Amadori products of different proteins are found to be associated with
diabetes and its complications [10]. Amadori products are involved in experimental
hyperglycemia-induced microvascular complications [11]. They are associated with early
and advanced nephropathy and retinopathy in Type 1 diabetic humans [12-14]. The increase
in Amadori product concentration in diabetic animals was also linked with development and
progression of diabetic retinopathy [15].

Ketone bodies are produced from the oxidation of fatty acids to provide the needed energy in
the absence of available glucose in the liver [16,17]. The amount of circulating ketone
bodies is from less than 5 UM after eating to more than 25 mM in acute diabetic patients
[17]. Also, the concentration of ketone bodies increases during fasting [16]. There are three
types of ketone bodies in the body, namely acetoacetate (AA), 3-p-hydroxybutyrate, and
acetone [18]. Acetoacetate has a linear structure with two carbonyl groups. It cans glycate
the aminophospholipids in the brain and this reaction is inhibited by urea [19].

O O
HsC OLi

Lithium Acetoacetate

Human serum albumin (HSA) is a multifunctional protein, which acts as an antioxidant, and
carrier of endocrine compounds and drugs [20]. HSA is a single polypeptide with 585
residues containing 58 lysine [21]. Lysine residues can bind covalently with carbonyl groups
of other compounds, such as carbohydrates including glucose and ribose. The more reactive
lysine residues of HSA are Lys 525, Lys 439, Lys 281 and Lys 199 [22], and are important
target of glycation.

The formation of Amadori products and AGEs play an important role in pathogenesis of
many diseases including diabetes. In addition, the concentration of AA increases during
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diabetes. Thus, the major objective of this study was to determine the impact of AA on
Maillard reaction and its consequence on the formation of Amadori products. Here we
investigated the effect of AA on formation of Amadori products and structural changes of
HSA incubated with glucose.

2. Materials and Methods

2.1. Materials

Human serum albumin (96%, essentially fatty acid free), Lithium acetoacetate, nitro-blue
tetrazolium (NBT), L-cysteine and 5,5 -dithiobis, 2-nitrobenzoic acid (DTNB) were
purchased from the Sigma-Aldrich Company. All solutions were prepared in 50 mM sodium
phosphate buffer (pH 7.4). The final concentration of HSA in each experiment was 40
mg/mL (similar to the physiological concentration in the blood), which was prepared before
use. B-D-glucose and 2,4,6-trinitrobenzene sulfonic acid (TNBSA; 0.01%) were purchased
from the Fluka Company. All other chemicals were of analytical grade and were used
without further purification.

2.2. Preparation of AGE-HSA

The final concentration of HSA was 40 mg/mL in 50 mM potassium phosphate (pH 7.4), 1
mM EDTA and 1 mM sodium azide. Glycation reaction of HSA was initiated by adding 16.5
mM B-D-glucose in either the presence or absence of 3 mM AA. The AA concentration was
selected based on the AA concentration detected in diabetic individuals [23,24]. The
incubation of HSA with all reagents was performed under sterile conditions at 37 °C, pH 7.4
and dark environment (physiological condition) for 7, 14 and 21 days. These incubation
times were selected to provide sufficient time for the completion of the intermediate stage of
HSA glycation and production of Amadori products [25]. Furthermore, the dark
environment was chosen to mimic the physiological HSA environment in the human plasma.
At the end of incubation time, all samples were dialyzed against 50 mM sodium phosphate
buffer (pH 7.4) at 4 °C for 48 h, and then stored at —30 °C. Bicinchoinic acid (BCA) protein
assay was used for the determination of protein concentration using a standard curve. The
standard curve was generated using bovine serum albumin (BSA). Incubation of every
sample was repeated three times and the results were presented in averages of three
independent experiments.

2.3. Free Lysine Measurements

The determination of free amino groups of all HSA samples were carried out using 2,4,6-
trinitrobenzene sulfonic acid (TNBSA,; 0.01% (W/V)) as a sensitive reagent for
quantification of primary free amino groups in available lysine residues [26]. Therefore,
protein samples to be assayed were directly dissolved in buffer (0.1 M sodium bicarbonate,
pH 8.5) at a concentration of 0.2 mg/mL. Then, 0.25 mL of the 0.01% (w/v) solution of
TNBSA was added to 0.5 mL of each sample solution, mixed well, and incubated at 37 °C
for 2 h. Following incubation, 0.25 mL of 10% SDS and 0.125 mL of 1 N HCI were added
to each sample. The absorbance (335 nm) of each solution was then read against a blank
prepared as the sample without albumin. The results were reported as the degree of glycation
(7). © = [(ODcontrol = ODmodified) * 581/ODcontrol [27]-
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2.4, Thiol Group Measurements

The determination of free thiol levels (sulfhydryl groups) in all HSA samples was carried
out by Ellman’s assay using 5,5 -dithiobis, 2-nitrobenzoic acid (DTNB) [28]. Briefly, 100
pL of diluted protein samples in buffer (0.2 M phosphate buffer, pH 7.4) was mixed well
with 50 pL of freshly prepared DTNB (3 mM) in 0.2 M phosphate, pH 7.4 and incubated for
15 min at 37 °C. The content of thiol groups for each sample was determined by reading the
absorbance at 412 nm and using the standard curve, which was prepared using various
concentrations of L-cysteine (Sigma). Results are expressed as the number of free —-SH
groups per mol of HSA.

2.5. Amadori Product Measurements

The Amadori products of all HSA samples were determined using a colorimetric
fructosamine assay based on the nitro-blue tetrazolium (NBT) reaction with ketoamines
[29]. Briefly, 100 pL of each HSA sample (0.2 mg/mL) was mixed with 100 uL of NBT
reagent (250 uM in 0.1 M carbonate, pH 10.35) and incubated at 37 °C for 2 h. The
absorbance was read at 525 nm against a blank using BioTek Power Wave XS2 plate reader
(USA).

2.6. Uv—vis Spectrophotometry

Uv-vis spectra were recorded using a Rayleigh spectrophotometer (UV-2100) with a quartz
cuvette of 10 mm path length and a slit of 1 mm width. Protein concentration was 0.5
mg/mL in sodium phosphate buffer (50 mM, pH 7.4). The absorbance of samples was
scanned over a wavelength range of 200-600 nm.

2.7. FTIR Spectrophotometry

The FTIR measurements of control and modified HSA were carried out on Bruker FTIR
spectrophotometer (Tensor 27, Germany) in the spectral range of 400-4000 cm™1. The
samples to be analyzed on the FT-IR spectrophotometer were first lyophilized and prepared
as KBr pellets.

2.8. Secondary Structure Measurements

The secondary structure measurements were obtained using a J-810 CD spectropolarimeter
with 1 mm path length at 25 °C. The concentration of all samples was 0.5 mg/mL in 50 mM
sodium phosphate, pH 7.4. All CD spectra were converted to [0],, the mean residue
ellipticity (degcm?mol=1) at wavelength A (nm) was determined using Eq. (1):

0 _0\M
AT 10l (1)

where 0, is ellipticity (in millidegrees) at A., Mg is the mean residue weight, c is protein
concentration (in mg/mL), and | is path length (in cm). The percentage of secondary
structure was obtained using the CDNN CD Spectra Deconvolution Software (\ersion 2.1).
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2.9. Trp-fluorescence Measurements

The Trp-fluorescence intensity of all HSA samples was measured using Cary eclipse
fluorescence spectrophotometer. The protein concentration was 0.5 mg/mL in 50 mM
sodium phosphate, pH 7.4. The excitation/emission of the protein samples were performed
at 285/340 nm.

2.10. Statistical Analysis

3. Results

All experiments were performed at least three times. Statistical analysis of the data was
performed using Microsoft Excel 2010. The Excel data tools were used to determine the
means and standard deviations of the data. The pvalue less than 0.05 were considered
statistically significant.

3.1. Free Lysine Measurements

Fig. 1 shows the number of Lys residues involved in modified HSA (HSA + Glc, HSA + AA
and HSA + AA + Glc) after 7, 14 and 21 days of incubation. All measurements were
performed after the indicated times. All data were normalized using HSA-control (the 7, 14
and 21 days incubated HSA at 37 °C, pH 7.4 without any modifying agents). Fig. 1 shows
that the numbers of involved lysine residues in HSA modified by AA + Glc were greater
than the numbers of involved lysine residues in Glc and AA alone. The number of involved
lysine residues in HSA + AA + Glc samples was almost three times of that of HSA + Glc
samples.

3.2. Thiol Group Measurements

The determination of free thiol groups was performed according to Ellman’s assay and
results are presented in Fig. 2. These results demonstrated a significant decrease in the
number of free thiol groups in modified HSA. In comparison with HSA-control, this
decrease was more prominent in HSA incubated with AA + Glc.

3.3. Amadori Product Measurements

Amadori product formation was detected using the fructosamine assay. In this assay,
Amadori products (ketoamines) can reduce NBT reagent and produce the colored formazan
dye with an absorbance maximum at 530 nm. Fig. 3 shows the absorbance of HSA-control,
HSA + Glc, HSA + AA and HSA + AA + Glc at 530 nm. These results indicated a
significant increase in Amadori products of HSA modified during incubation time. In
comparison with HSA-control, this increase was more dramatic for HSA modified with AA
+ Glc.

3.4. UV-visible Spectroscopy

Fig. 4 shows absorption spectra of the HSA-control, HSA + Glc, HSA + AA and HSA + AA
+ Glc after 21 days of incubation. These results indicated that the absorption of the Trp
increased with modified HSA. Moreover, the absorption of incubated HSA with AA + Glc
showed the highest increase.
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3.5. FTIR Spectroscopy

The FTIR spectra for HSA-control, HSA + Glc, HSA + AA and HSA + AA + Glc are shown
in Fig. 5a—d, respectively, after 21 days. These spectra analyzed on the basis of frequency of
the amide | and Il bands. Amide I band in HSA-control, HSA + Glc, HSA + AA and HSA +
AA + Glc showed a peak at 1659.9, 1655.5, 1659.2 and 1651.4 cm™1, respectively. The
amide Il band in HSA-control, HSA + Glc, HSA + AA and HSA + AA + Glc showed a peak
at 1556.2, 1546.5, 1550.4 and 1542.6 cm™1, respectively.

3.6. Secondary Structure Measurements

The secondary structure of all protein samples at pH 7.4 and 25 °C were determined using
far UV circular dichroism (CD) spectroscopy (Fig. 6). The spectra analyzed for the content
of secondary structure using the provided software by the manufacturer (Table 1). The HSA-
control had the following secondary structure contents: 64.1% + 0.5 a-helix, 2.8% + 0.2
antiparallel p-sheet, 3.6% + 0.3 parallel B-sheet, 12.5% + 0.2 B-turn and 17.0% + 0.8
unordered structure, whereas the modified HSA + Glc and the modified HSA + AA had an
a-helix content of 60.1% * 0.4 and 62.5% + 0.3, respectively, being less than that of HSA-
control. Interestingly, the a-helix content of HSA + AA + Glc was the lowest among all
samples (57.2% + 0.7). Thus, the presence of AA had some contributory role to increased
effects of Glc on HSA secondary structure.

3.7. Trp-fluorescence Measurements

Trp fluorescence intensity of the HSA-control, HSA + Glc, HSA + AA and HSA + AA +
Glc at the excitation/emission wavelength of 285/340 nm are shown in Figs. 7 and 8. The
emission intensity of HSA + AA + Glc showed a significant decrease compared with the
HSA + Glc and HSA + AA, which had an emission intensity lower than HSA-control.

4. Discussion

Production of Amadori products is initiated by formation of a covalent bond between free
amino group of proteins and carbonyl group of sugars [4]. This binding causes extensive
protein structural changes [7]. The results of free lysine content assay (TNBSA test) showed
that the amount of modified lysine residues in HSA incubated with AA + Glc was
significantly greater than that of HSA incubated with Glc and AA alone (Fig. 1) Therefore,
the number of covalent bond formation was increased in the presence of AA.

The thiol group of a cysteine residue is another nucleophilic group in HSA that can
covalently bind to carbonyl group of sugars [30]. The results of free thiol group
determinations (Ellman’s assay) indicated that the number of modified cysteine residues in
HSA incubated with AA + Glc was greater than that of HSA incubated with Glc and AA
alone (Fig. 2). Interestingly, free thiol groups of HSA incubated with AA + Glc showed a
significant decrease compared with HSA incubated with Glc alone, AA alone, and HSA-
control (Fig. 2). Thus, AA caused enhanced modification of HSA thiol groups with carbonyl
groups. These results are consistent with the results of the free lysine content assays (Fig. 1)
indicating enhanced covalent bond formation in the presence of AA.
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The Amadori product is formed through covalent bond formation between a part of protein
(a nucleophilic group) and reduced sugar’s carbonyl group [4], which after rearrangements
produces a Schiff base [4]. The increased covalent bond in HSA incubated with AA + Glc
may lead to enhanced formation of Amadori products. The NBT assay results indicated that
the level of Amadori products in HSA incubated with AA + Glc was significantly greater
than HSA incubated with Glc and AA alone (Fig. 3). These results are in agreement with
free lysine content assays and the results of free thiol group test.

According to UV-vis results, the absorption of HSA incubated with AA + Glc was increased
compared to HSA incubated with Glc and AA alone (Fig. 4). Based on previous studies, the
modifications of lysine residues by Glc induce structural change [31]. Thus, AA increased
the structural changes of HSA by covalent bond formation.

According to FTIR results, the amide | band (arising from C=0 stretching) in HSA-control
showed a pick at 1659.9 cm™1, which was consistent with the absorption peak of a-helix
(Fig. 5a—d). This band at 1659 cm™~1 shifted to 1660, 1655 and 1653 cm~1 in HSA + Glc,
HSA + AA and HSA + AA + Glc, respectively. The amide Il band (originating from N—H
bending vibrations of peptide groups) showed a peak at 1556.2 cm™1 in HSA-control shifted
to 1546.5, 1550.4 and 1542.6 cm™1 in HSA + Glc, HSA + AA and HSA + AA + Glc,
respectively (Fig. 5a—d). Moreover, the band at 3419.6 cm™1 in HSA-control shifted to
3456.4, 3454.6 and 3459.4 cm™1 in HSA + Glc, HSA + AA and HSA + AA + Glc,
respectively (Fig. 5a—d). According to previous studies the shifting of amide | and 11 bands
indicate structural changes due to glycation [31]. Therefore, AA increased the structural
changes of HSA by covalent bond formation.

As previously demonstrated the modification of nucleophilic group of amino acid residues
(glycation) can change protein’s secondary structure [32]. Since covalent bond formation,
which is the result of nucleophilic attack, was increased in the presence of AA the
alterations in secondary structure of modified HSA was studied. The CD results of HSA
incubated with Glc indicated a decrease in a-helix content, and an increase in f-sheet
structure, turns, and unordered elements (Fig. 6 and Table 1). These results are in agreement
with previous studies [33].

The CD result showed that the alteration in secondary structure of HSA incubated with AA
+ Glc was increased compared with HSA incubated with Glc and AA alone (Fig. 6 and
Table 1). The binding of Glc to HSA (glycation) can cause a decrease in a-helix content of
HSA [34, 35] and BSA [36]. Based on CD results, the presence of AA resulted in increased
alterations of the HSA secondary structure. Thus, the decrease in a-helix content of HSA
was attributed to its covalent binding to AA.

According to the Trp-fluorescence intensity results, intrinsic fluorescence intensity of HSA
incubated with AA + Glc was decreased compared with HSA incubated with Glc and AA
alone (Figs. 7 and 8). The alterations of intrinsic florescence intensity of a protein are an
indicator of tertiary structural changes [37]. The modification of lysine residues by Glc
causes a decrease in the intrinsic (tryptophan) fluorescence intensity of a protein, including
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HSA [34] and BSA [36]. Thus, the presence of AA resulted in increased changes in the
tertiary structure of HSA through formation of covalent bonds.

In summary, our results indicated that the presence of AA increased Amadori product
formation and structural changes of HSA incubated with glucose. This was mainly attributed
to the formation of covalent bonds between the carbonyl group of AA and the nucleophilic
groups of HSA. The proposed mechanism for this reaction is depicted in Fig. 9. Fig. 9 shows
that the amino group of Lys, as a nucleophilic group, reacts with the carbonyl group of AA
to form a Schiff base. This Schiff base is then rearranged to form a secondary amine. Thus,
the results presented in this study reveal that AA enhances the formation of Amadori
products through its covalent bond formation with HSA.

5. Conclusions

The AA is a ketone body that is increased during ketosis in diabetic patients. Our results
indicate that AA can covalently bind to lysine residues of HSA, and increase the formation
of Amadori products. The mechanism of Amadori product enhancement was attributed to
the formation of covalent bonds between the AA and HSA nucleophilic groups. Enhanced
Amadori product formation is associated with microvascular complications, in early and
advanced stages of diabetic nephropathy and retinopathy. The increase in Amadori products,
as intermediates in glycation, can lead to enhanced AGEs formation. The formations of
AGEs contribute to the pathogenesis of many diseases including Alzheimer’s, Parkinson,
and diabetes. Thus, control of AA concentration in the body may have an important
beneficial role in human health and its improvement.
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Fig. 1.
Number of involved Lys residues in HSA + Glc, HSA + AA and HSA + AA + Glc after 7,

14 and 21 days of incubation at 37 °C in 50 mM phosphate buffer with pH 7.4. All data were
normalized using its HSA-control.
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Fig. 2.
Thiol group contents of HSA-control, HSA + Glc, HSA + AA and HSA + AA + Glc after 7,
14 and 21 days of incubation at 37 °C in 50 mM phosphate buffer pH 7.4.
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Fig. 3.
Amount of Amadori products of HSA-control, HSA + Glc, HSA + AA and HSA + AA +

Glc after 7, 14 and 21 days of incubation at 37 °C in 50 mM phosphate buffer pH 7.4.
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Fig. 4.
UV-visible spectra of HSA-control, HSA + Glc, HSA + AA and HSA + AA + Glc in 50

mM sodium phosphate buffer (pH 7.4), 1 mM EDTA and 0.1 mM sodium azide, incubated
at 37 °C for 21 days. The arrow shows the order of absorbance increment.
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incubated at 37 °C for 21 days.
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The CD spectra of HSA-control, HSA + Glc, HAS + AA and HSA + AA + Glc in 50 mM
sodium phosphate buffer (pH 7.4), 1 mM EDTA and 0.1 mM sodium azide, incubated at
37 °C for 21 days. The arrow shows an increase in the order of mean residue ellipticity (deg

cm? mol™).
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Fig. 7.

In?rinsic fluorescence emission spectra of HSA-control, HSA + Glc, HSA + AA and HSA +
AA + Glc in 50 mM sodium phosphate buffer (pH 7.4), 1 mM EDTA and 0.1 mM sodium
azide, incubated at 37 °C for 21 days. The arrow shows a decrease in the order intrinsic
fluorescence intensity.
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Mechanism of reaction between acetoacetate and amino group of HSA lysine residue.
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