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e mechanism of non-enzymatic
glycation inhibition by cinnamic acid: an in vitro
interaction and molecular modelling study†

Faizan Abul Qais,a Md. Maroof Alam,b Imrana Naseemb and Iqbal Ahmad*a

Under hyperglycaemic conditions non-enzymatic glycation of proteins gives rise to advanced glycation end

products (AGEs). The AGEs thus formed generate free radicals, which foster the development of diabetes

and its associated complications. Inhibition of glycation is expected to play a role in controlling diabetes.

Plant derived antioxidants like cinnamic acid (CA) are known for limiting AGE formation, however, the

mechanism involved is poorly understood. Therefore, we aimed to investigate the possible mechanism

of inhibition of AGEs formation by CA through various experimental approaches. Glycation of HSA was

achieved by incubating the reaction mixture with glucose for 30 days at 37 �C. The protein samples were

tested for levels of free lysine & thiol groups, carbonyl content and reactive oxygen species (ROS).

Interaction between CA and HSA was also studied through various biophysical techniques.

Thermodynamic studies showed a strong exothermic interaction between CA and HSA. The positive

value of TDS� and negative value of DH� indicates that the HSA–CA complex is mainly stabilized by

a hydrophobic interaction and hydrogen bond. Further, molecular docking reveals that CA binds to HSA

subdomain IIA (Sudlow's site I) with a binding energy of �7.0 kcal mol�1, nearly the same as obtained in

isothermal titration calorimetry (ITC) and fluorescence spectroscopy. The results of various

spectroscopic techniques along with molecular docking and examination of many biomarkers highlights

the role of CA in preventing disease progression.
1. Introduction

The reaction of reducing sugars such as fructose and glucose
with proteins, gives rise to Amadori products.1 These further
undergo a complex cascade of repeated rearrangements,
condensations, oxidative modications and cause the abnormal
cross-linking of proteins to form advanced glycation end
products (AGEs).2 The major AGEs in vivo appear to be formed
from highly reactive intermediate carbonyl groups, known as
oxoaldehydes or -dicarbonyls, including 3-deoxyglucosone,
methylglyoxal and glyoxal.3,4 These can accumulate in the body
and cause massive damage to the tissues by stimulating reactive
oxygen species (ROS) production. AGEs directly stimulated by
NADPH oxidase (NOX) aer interaction with AGE receptor
(RAGE) are present on the cell surface in several tissues or may
indirectly increase ROS levels by altering antioxidant proteins.
Of note, the expression of both NOX and antioxidant enzymes
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might also be affected by AGEs and thereby trigger age-related
disorders and even diabetic complications such as neurop-
athy, nephropathy and retinopathy.5

Diabetes is a heterogeneous metabolic disorder character-
ized by hyperglycaemia and altered carbohydrate, fat and
protein metabolism.6 The mechanism of diabetes in humans is
subjected to wide scrutiny on a physiological, molecular and
genetics basis. Despite advances in understanding the disorder,
mortality and the morbidity due to this disease is still high. One
mechanism increasingly considered as a fundamental cause of
diabetic tissue damage is glycation (non-enzymatic glycosyla-
tion).7 Although many drugs and interventions are available to
manage diabetes, they are increasingly expensive and have
inherent adverse effects. As such, there is a growing interest
among researchers to use natural products with combined anti-
glycation and antioxidant properties to prevent tissue damage.
A primary approach has been the use of plant derived products
to control disease progression. Various plant herbal medicine
and phytocompounds have shown antidiabetic activities in vitro
and in vivo. Due to their safety, and lesser side effects a wide
variety of plant products have been explored as therapeutic
intervention options.8

It is well established that dietary micronutrients contain
bioactive compounds, that inhibit AGEs formation in vitro and
in vivo.9,10 One such component is cinnamic acid. It is derived
This journal is © The Royal Society of Chemistry 2016
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from cinnamon which has been used in several cultures as
a traditional medicine. Many studies have shown antioxidant
and antidiabetic properties of cinnamic acid and its deriva-
tives.11,12 It has been reported to modulate gluconeogenesis,
glycogenesis and accelerate the insulin sensitivity in diabetic
rats.13,14 However the mechanism involved in still unclear. In
our previous study, our group demonstrated the inhibitory
effect of plant avonoid, quercetin in the formation of AGEs.15

To the best of our knowledge, themechanism of antiglycation of
cinnamic acid is not yet fully explored. Therefore, the aim of
this study, was to determine the inhibitory effect of cinnamic
acid against glycation using human serum albumin (HSA) as
a protein model and to understand its possible mode of inter-
ference through in vitro interaction studies and molecular
modelling.
2. Material and methods
2.1. Materials

Fatty acid-free human serum albumin (HSA) (A3782), TNBSA,
ibuprofen and gluconolactone (G2164) were purchased from
Sigma-Aldrich, Chemical Company, USA. Cinnamic acid
extrapure (034812), aminoguanidine (AG), DMSO, glucose
warfarin and DTNB were obtained from SRL chemicals
(India). All other chemicals and reagents used were of
analytical grade.
2.2. Human serum albumin (HSA) in vitro glycation assay

To determine the antiglycation activity of test compound, the
method by Alam et al. was adopted with minor modications.15

Human serum albumin (300 mM) was incubated with glucose
(165 mM) in 10 mM PBS (pH 7.4) containing 0.02% NaN3 to
avoid microbial contamination, at 37 �C for 30 days. Amino-
guanidine (10 mM) incubated with HSA (300 mM) in presence of
glucose (165 mM) was taken as positive control. HSA was
incubated with glucose in the same concentration asmentioned
above in the presence of varying concentration of cinnamic acid
(25, 50, 100, 200 and 500 mM) for test group. On completion of
incubation, all samples were dialyzed overnight against PBS to
remove excess amount of glucose. All samples were stored at
�20 �C for further examination and protein concentration in
each sample were estimated by Lowry method.16

2.2.1. AGEs-uorescence measurements. Advanced glyca-
tion end products (AGEs) show strong uorescence emission
when excited between 300 and 400 nm. The formation of AGEs
was detected by exciting all the samples at 322, 335, 365 and 375
nm.17 All samples were diluted to 3 mM in 10 mM PBS (pH 7.4).
The emission spectra were recorded in the range of 300–600 nm
using uorescence spectrophotometer (RF-5301PC, Shimadzu,
Japan).

2.2.2. ANS uorescence. Each protein sample was diluted
to 3 mM in PBS (10 mM). Briey, 5 mL ANS (8-anilino-1-
naphthalenesulfonic acid) from 5 mM stock solution was
mixed with of 2.995 mL diluted samples just before scanning.
All the samples were excited at 385 nm and uorescence emis-
sion spectra were recorded in the range 400–600 nm at 298 K.18
This journal is © The Royal Society of Chemistry 2016
The increase in ANS uorescence intensity indicates the extent
of exposure of hydrophobic domains of HSA.

2.2.3. Methylglyoxal–HSA reactivity. Methylglyoxal–HSA
reactivity assay was performed according to Lee et al. (1998) with
minor modications.19 HSA (50 mg mL�1) was incubated with
40 mM methyl-glyoxal (MG) in absence and presence of 25, 50,
100 and 200 mM cinnamic acid. Aminoguanidine (10 mM) was
taken as positive control. All the sample were prepared in 10
mM sodium phosphate buffer and incubated for 14 days at
37 �C. The percent inhibition in AGEs formation was calculate
using formula given below:

% AGEs inhibition¼
�
1� fluorescence intensity of test group

fluorescence intensity of control

�

�100 (1)

2.2.4. Thiol and free lysine group estimation. The quanti-
tative estimation of free thiol (–SH) group was performed by
Ellman's method.20 Briey, 50 mL DTNB (5,50-dithiobis,
2-nitrobenzoic acid) (3 mM) and 150 mL of EDTA (0.1 M) was
added to 50 mL of each sample in 100 mM Tris–HCl (pH 8.0)
making a nal volume of 1.5 mL. Double distilled water was
used in place of sample for control. Absorbance of each sample
was recorded at 412 nm aer incubation for 20 min at 37 �C and
the free thiol group was calculated using the standard curve of
L-cysteine.

The amount of free amino groups in all samples were esti-
mated by using 2,4,6-trinitrobenzene sulfonic acid (TNBSA).21

Briey, all protein samples were diluted to 0.2 mgmL�1 in 0.1 M
sodium bicarbonate buffer (pH 8.5). To all diluted samples
(0.5 mL), 0.25 Ml of the 0.01% (w/v) TNBSA solution was added
and then the reaction mixture was incubated for 2 h at 37 �C.
Aer incubation, 0.25 mL SDS (10%) and 0.125 mL of 1 N HCl
was added to each sample. For blank, distilled was added
instead of protein. The absorbance of each sample was recorded
at 335 nm against blank.

2.2.5. Carbonyl content estimation. Total carbonyl content
in the HSA was estimated to study the level of protein oxidation.
Carbonyl content in all treated and control samples were
examined by Levine method.22 The absorbance was noted at 360
nm and the amount of carbonyl content was calculated using
molar absorption coefficient of 22 000 M�1 cm�1. All the results
are expressed in nmol per mg protein.

2.2.6. Determination of secondary structure by circular
dichroism. Circular dichroism spectra of all the samples were
recorded by using JASCO spectropolarimeter (J-815). All the
spectral measurements were done at 25 �C by a thermostatically
controlled cell holder attached to Neslab's RTE 110 water bath
having a temperature accuracy of �0.1 �C. To study the changes
in the secondary structure of HSA, far-UV CD analysis was
evaluated by diluting each protein sample to 0.3 mg mL�1 in 10
mM PBS (pH 7.4) and 1 mm path length quartz cuvettes.

2.2.7. Sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE). To examine the change or damages
caused by AGEs, native HSA and glycated-HSA were analyzed by
SDS-PAGE on 8% polyacrylamide gel, as described previously.23
RSC Adv., 2016, 6, 65322–65337 | 65323
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Fieen microgram of each samples were loaded into the wells.
Electrophoresis was performed at 80 volts for 4 h at room
temperature. Protein was stained with Coomassie Brilliant Blue
(CBBR-250) for 60 min followed by overnight destaining.

2.2.8. Reactive oxygen species (ROS) generation assay (NBT
assay). Generation of the superoxide anion was measured by the
nitrobluetetrazolium (NBT) assay with slight modication.24

Briey, 300 mL sodium phosphate buffer (100 mM), 100 mL NBT
(1 mM), 300 mL EDTA (1 mM), 300 mL Triton-X-100 (0.06%) and
50 mL of each native HSA, glycated HSA and treated HSA (25–200
mM cinnamic acid) was added and the nal volume was made to
3 mL using double distilled water. Aminoguanidine was taken
as positive control and 50 mL of double distilled water was used
in place of sample for blank. The absorbance of all the samples
was recorded at 560 nm at the interval of 30 min for 3 hours.
2.3. Interaction studies

2.3.1. Sample preparation. Phosphate Buffer Saline (PBS)
10 mM of pH 7.4 was prepared in double distilled water. The
buffer was then ltered through a 0.22 mm syringe lter. HSA
was dissolved in 1 mL PBS to make 300 mM stock solution and it
was diluted in same buffer for further use. For the 3 mM cin-
namic acid stock, 4.44 mg of cinnamic acid was dissolved in
double distilled water containing 1% ethanol and volume was
adjusted to 10 mL.

2.3.2. UV-visible spectroscopic study. The UV spectra of
HSA and HSA–cinnamic acid complex were measured using
Shimadzu 1800 UV-vis spectrophotometer and spectra were
recorded in the range of 200 to 600 nm. A xed concentration of
HSA (3 mM) was titrated in absence and presence of cinnamic
acid (3–30 mM). Dilution from the stock solution to working
concentration was made in 10 mM PBS (pH 7.4). The nal
volume in cuvette was maintained to 3 mL and base line
correction was done with the same buffer.

2.3.3. Steady state uorescence. All the uorescence
studies were performed on Spectrouorophotometer RF-
5301PC, Shimadzu Scientic Instruments, Japan. Briey, HSA
(3 mM) was excited at 280 nm and the uorescence emission
spectra was recorded in the range of 285–600 nm. The change in
the uorescence intensity of the HSA was monitored with
increasing concentration of cinnamic acid (3–30 mM) at three
different temperatures (298 K, 303 K, and 310 K). The nal
volume of the reaction mixture was made to 3 mL by adding 10
mM PBS.

2.3.4. Synchronous uorescence measurement. To
measure synchronous uorescence, spectrouorometer cell
containing 3 mL of 3 mM HSA was titrated with increasing
concentration of cinnamic acid (0–30 mM) at 298 K. The exci-
tation wavelength was set at 240 nm and emission spectra was
recorded 255–600 nm, thereby, maintaining Dl ¼ 15 nm for
tyrosine residue. Similarly, for tryptophan residue, Dl ¼ 60 nm
was kept xed with excitation wavelength at 240 nm and
emission from 300–600 nm.

2.3.5. Competitive displacement assay. For site specic
binding experiment, HSA (3 mM) was rst saturated with site
specic markers (ibuprofen and warfarin), in which the ratio of
65324 | RSC Adv., 2016, 6, 65322–65337
HSA to the site marker was 1 : 2. The HSA-site marker complex
was excited at 280 nm and emission spectra was recorded from
285 nm to 600 nm both in absence and presence of cinnamic
acid (3–30 mM).

2.3.6. Effects of ionic strength. This experiment was per-
formed to check presence of any ionic interaction between HSA
and cinnamic acid. Briey, HSA (3 mM) was saturated with
cinnamic acid (6 mM) and the nal volume was made to 3 mL in
10 mM PBS. This HSA–cinnamic acid complex was titrated with
increasing concentration of NaCl (10–100 mM). The excitation
wavelength was set to 280 nm and emission spectra were record
in the range of 285 nm to 600 nm.

2.3.7. Isothermal titration calorimetric measurements
(ITC). The thermodynamics of HSA and cinnamic interaction
was measured using a VP-ITC titration microcalorimeter
(MicroCal Inc., Northampton, MA). HSA, cinnamic acid and the
reference buffer were degassed in a thermovac for 15 min prior
to their loading. The 20 mM HSA and 10 mM PBS was loaded
into the sample and reference cell, respectively. 29 successive
injections of cinnamic acid (1.5 mM) of 10 mL each were titrated
to sample cell containing 20 mM HSA with an initial delay of 60
s. Time duration for each injection was set to 20 s and spacing
between two consecutive injections was kept at 180 s. The stir-
ring speed and the reference power were xed at 307 rpm and
16 mcal s�1, respectively.

2.3.8. Molecular docking. In order to perform molecular
docking, AutoDock-vina program was deployed since it does
more accurate calculations than Autodock soware and is re-
ported to perform faster.25,26 To perform molecular modelling
measurements, the three dimensional crystal structure of HSA
was downloaded from RCSB Protein Data Bank [PDB: 1AO6]. To
avoid hindrance while docking, all water molecules were
removed. Kollman charges were added to HSA aer merging all
the non-polar hydrogen atoms and the coordinate le was
converted into PDBQT format using MGL Tools-1.5.6.27 The size
of the grid was set to 52 � 48 � 48 Å with maximum spacing
(1 Å) to cover all the active site residues having centre of the grid
at x ¼ �22.717, y ¼ �33.725, z ¼ 38.864. The 3D structure of
cinnamic acid [CID: 444539] was downloaded from https://
pubchem.ncbi.nlm.nih.gov in SDF format which was con-
verted to pdb format using Chimera 1.10.2. All other docking
parameters were kept as default and post modelling analysis
was done using Accelrys Discovery Studio 4.5.

3. Results and discussion
3.1. Antiglycation activity of cinnamic acid

3.1.1. UV-visible spectral analysis for glycation. All the
samples were analysed by UV-visible absorption spectra for the
structural change in HSA aer incubation. Native HSA exhibited
a characteristic peak at 280 nm (ESI Fig. S1†). Glycated sample
showed maximum hyperchromicity, up to 3 times the absor-
bance of native samples. This increase in absorbance is thought
to result from unfolding of protein due to glycation. This can
affect protein function. Samples incubated in the presence of
CA exhibited reduced absorption compared to glycated HSA.
The change in native conformation of HSA results in loss of its
This journal is © The Royal Society of Chemistry 2016
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function which is main carrier protein in human blood. Treat-
ment of varying concentrations of cinnamic acid protected HSA
from unfolding and thereby, retaining its function.

3.1.2. AGE uorescence examination. AGEs are one of the
major factors responsible for pathogenicity of several age
related problems cardiovascular complications of diabetes
mellitus. AGEs specic uorescence is commonly employed for
their detection.28,29 The uorescence emission spectra of native
HSA and HSA incubated with cinnamic acid is shown in Fig. 1 at
specic excitations (322 nm, 335 nm, 365 nm and 380 nm) for
the determination of uorescent AGEs. The intensity of uo-
rescence decreased with increasing concentration of cinnamic
acid indicating that CA prevents protein glycation. This result
illustrates a dose dependent inhibitory effect of cinnamic acid
in the formation of AGEs.

3.1.3. ANS uorescence. ANS (1-anilinonaphthalene-8-
sulfonate) is a uorescent molecular probe, widely used for
the detections of hydrophobic domains of proteins.30 ANS
shows very strong uorescence when bound to protein aer
excited at 385 nm while it is non-uorescent when present in
free form in the solution.31 Glycated sample showed more than
two-fold increase in the ANS uorescence emission signal as
compared to native HSA. This is either due to the exposure of
hydrophobic domains of HSA upon glycation or due to the
formation of Amadori products.32 Results showed that dose
dependant treatment with cinnamic acid decreased ANS uo-
rescence intensity as shown in Fig. 2. Treatment with 25, 50, 100
and 200 mM of cinnamic acid decreased uorescence intensity
by 3.7%, 6.5%, 12.2% and 17.4% respectively, as compared to
glycated sample. This result demonstrates the burial of hydro-
phobic domains of HSA with the treatment of cinnamic acid
that shows the inclination towards native conformation. The
Fig. 1 Fluorescence emission spectra of native HSA, glycated HSA, HSA
cinnamic acid. All the data have been expressed in mean � SEM for thre

This journal is © The Royal Society of Chemistry 2016
reduction in ANS uorescence intensity with increasing
concentration of cinnamic acid also resulted in increase in
surface hydrophobicity of HSA.

3.1.4. Methylglyoxal–HSA reactivity assay. Methylglyoxal
(MG) is a metabolic intermediate of glucose metabolism which
is formed through polyol pathway. In hyperglycaemic condi-
tions, there is increased ux of glucose that leads to the
formation and accumulation of AGEs.33 MG is one of the most
reactive a-ketoaldehydes formed through glycolytic pathway in
vivo. This causes the modication of arginine residues of serum
proteins leading to the formation of uorescent AGEs (mainly
argpyrimidine).34 This assay was performed for the quantitative
evaluation of inhibition in AGEs formation. The result obtained
(Fig. 3) shows that there is dose dependent increase in AGEs
inhibition with varying concentration of cinnamic acid. There
was 7.6%, 14.1%, 19.4% and 23.7% inhibition in AGEs forma-
tion upon treated with 25, 50, 100 and 200 mM cinnamic acid
(Fig. 3). Aminoguanidine resulted in 34.3% AGEs inhibition of
MG-mediated HSA-glycation. The reduction in AGEs formation
by cinnamic acid is due to the antioxidant capacity and ability to
scavenge reactive carbonyl species.

3.1.5. Thiol and free lysine group measurements. The
amount of free sulydryl group is a direct parameter to analyse
the redox status of a system. The oxidative modication in
protein samples was studied by estimating the free sulydryl
group content. It is evident from Fig. 4A that there was
a remarkable decrease (47.5%) in free thiol group in glycated
protein sample as compared to native HSA. Addition of 25, 50,
100 and 200 mM cinnamic acid to HSA showed 46.9%, 42.4%
36.6% and 21.8% decrease in free thiol group content. The
measurement of thiol group in HSA is signicant to evaluate the
generation of free radical as the degradation of Amadori
with aminoguanidine (PC) and HSA with different concentrations of
e independent experiments.

RSC Adv., 2016, 6, 65322–65337 | 65325

https://doi.org/10.1039/c6ra12321j


Fig. 2 Fluorescence spectra of ANS binding to HSA excited at 380 nm (PC is aminoguanidine treated). All the data have been expressed in mean
� SEM for three independent experiments.
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products may generate free radicals by oxidizing the proteins.20

It is evident from our ndings that addition of cinnamic acid to
a HSA signicantly dampens protein oxidation even in presence
of glucose.
Fig. 3 MG–HSA assay. Inhibitory effect of cinnamic acid on middle sta
guanidine (10 mM) as a positive control). All the data have been expre
significantly different from MG at p # 0.05.

65326 | RSC Adv., 2016, 6, 65322–65337
The major site for non-enzymatic glycation of proteins is free
amino group present in lysine, but arginine, cysteine and
histidine have also found to be involved in this phenomenon.23

In this process, free 3-NH2 group of arginine and lysine react
ge of HSA glycation (MG is methylglyoxal as a control; PC is amino-
ssed in mean � SEM for three independent experiments. * indicates

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Thiol group and free lysine estimation. Concentration free thiol group in native HSA, glycated HSA and HSA treated with various
concentration of cinnamic acid (A). Effect of cinnamic acid on free 3-NH2 group of lysine determined by TNBSA assay on native HSA, glycated
HSA and HSA treated with various concentration of cinnamic acid (B) (PC is aminoguanidine treated HSA). All the data have been expressed in
mean � SEM for three independent experiments. * indicates significantly different from control at p # 0.05. # indicates significantly different
from group B at p # 0.05.
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with carbonyl group of various sugars to form Amadori product
and nally leading to the formation of heterogeneous class of
advanced glycated end products such as carboxymethyllysine
(CML), vesperlysine (VESP) and carboxyethyllysine (CEL) etc.35

One of the most common mechanism involved in antiglycation
process is the masking of lysine and arginine residues by small
molecule inhibitors. It is clear from Fig. 4B that glycation of
HSA with glucose for 28 days lead to 58.75% decrease in free
Fig. 5 Carbonyl content of native, glycated and cinnamic acid treated H
mean� SEM for three independent experiments. * indicates significantly
glycated HSA at p # 0.05.

This journal is © The Royal Society of Chemistry 2016
amino group of lysine. The treatment of 25, 50, 100 and 200 mM
of cinnamic acid to HSA showed 29.1%, 63.2%, 83.7% and
124.9% increment in availability of free 3-NH2 group of lysine as
compared to glycated HSA. This result reveals that cinnamic
acid has potent antiglycation activity which might be due to the
masking of free amino groups in HSA.

3.1.6. Carbonyl content estimation. Protein glycation via
Schiff base leads to the formation of stable ketoamines called
SA (PC is aminoguanidine treated). All the data have been expressed in
different from native at p# 0.05. # indicates significantly different from

RSC Adv., 2016, 6, 65322–65337 | 65327
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Fig. 6 Time dependent generation of reactive oxygen species from different samples by NBT assay. All the data have been expressed in mean �
SEM for three independent experiments.
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Amadori products. These can undergo enediol reaction,
resulting in the formation of carbonylated protein.36 These
ketoamines are further converted into superoxide radical
causing oxidative and cellular damage.37 Carbonyl content of
protein is well known biomarker of cellular oxidative stress. The
level of carbonyl content in glycated sample was found to be
Fig. 7 Far UV-CD spectra of native, glycated and cinnamic acid treated H
� SEM for three independent experiments.

65328 | RSC Adv., 2016, 6, 65322–65337
more than three fold as compared to the native HSA sample as
shown in Fig. 5. While the samples treated with 25, 50, 100 and
200 mM cinnamic acid resulted in 26.7%, 46.5%, 55.1% and
58.2% decrease in carbonyl content compared to glycated
sample respectively. The result veried the free carbonyl
group trapping ability of cinnamic acid that was apparent from
SA at various concentrations. All the data have been expressed in mean

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 SDS-polyacrylamide gel electrophoresis of HSA on 8% SDS-
PAGE for 4 h at 80 V. Protein samples (10 mg in each lane) were loaded
on well. Lanes: (1) native HSA; (2) glycated HSA; (3) aminoguanidine; (4)
50 mM; (5) 100 mM; (6) 200 mM cinnamic acid respectively.
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the reduced carbonyl content detected in the presence of cin-
namic acid.

3.1.7. Time dependent ROS generation. NBT assay was
performed to detect the generation of reactive oxygen species.
Fig. 6 demonstrates the generation of ROS which was found to
be maximum in glycated sample. While, native HSA did not
exhibit any signicant ROS production. The generation of
superoxide anion decreased remarkably in concentration
dependent fashion by treatment with cinnamic acid. It is clear
from the Fig. 6 that the ROS quenching ability of cinnamic acid
which might be due to its antioxidant property. These results
suggest that formation of AGE's which led to the development
highly reactive species that might be responsible for the
degradation of HSA.

3.1.8. Circular dichroism measurements. The changes
secondary structure of HSA was analysed by far-UV CD spec-
troscopy of each samples. The CD spectra for all the samples
showed 2 negative bands, at 208 nm and 222 nm, and
a positive band at 190 nm respectively (Fig. 7). DICHROWEB
was used for the quantitative estimation of the secondary
structural components in all the sample and details is
enlisted in Table 1.38 Glycation of HSA resulted in 42.7% loss
in regular a-helix as compared to native HSA. It is evident
from the data presented in Table 1 that the loss in secondary
structures of glycated HSA was accompanied by unordered or
random coil conformation. In HSA samples treated with 25
mM, 50 mM, 100 mM and 200 mM of cinnamic acid, the regular
a-helix was found to be 16.1%, 22.6%, 25.5% and 26.3%
respectively. This indicates that HSA got more inclined to its
native or dened secondary structure aer treatment with
cinnamic acid which evidently prevented glycation to
a remarkable extent.

3.1.9. Electrophoresis (SDS-PAGE). The migration pattern
of native and glycated human serum albumin samples are
shown on SDS-PAGE in Fig. 8. Native HSA showed a single band
while glycated-HSA showed more than one band. This could be
due the protein fragmentation caused by ROS generated by
AGE's. All samples treated with cinnamic acid, exhibited
a single band showing the protective role of cinnamic acid
against the formation of AGE's. There was negligible fragmen-
tation in all the treated samples including the one with
aminoguanidine.
Table 1 Secondary structure contents of native HSA, glycated HSA and
(http://dichroweb.cryst.bbk.ac.uk)a

Samples Helix 1 (%) Helix 2 (%) Strand

Native 30.2 24.3 07.1
Glycated 17.3 18.5 09.2
Aminoguanidine 28.8 25.4 04.9
CA (200 mM) 26.3 27.8 00.6
CA (100 mM) 25.5 25.7 01.8
CA (50 mM) 22.6 25.4 03.8
CA (25 mM) 16.1 18.1 08.4

a Helix 1, Helix 2, Strand 1 and Strand 2 indicate a regular a-helix, distor

This journal is © The Royal Society of Chemistry 2016
3.2. Interaction studies

3.2.1. UV-visible spectroscopy. Interaction of small mole-
cules that result in the formation of drug–protein complex are
also measured by UV-visible spectroscopy and the extent of
interaction is characterized by changes in absorbance or shi in
the position of peak (lmax).39,40 Titration of HSA with increasing
concentration of cinnamic acid resulted in hyperchromism of
UV-visible spectrum of HSA with a negligible change in peak
position Fig. 9A. These changes in the UV-visible spectrum of
HSA may be due to corresponding changes in the conformation
of HSA upon interaction with cinnamic acid.

The value of binding constant was calculated using eqn (2).41

A0

A� A0

¼ 3HSA

3B
þ 3HSA

3BK
� 1

C
(2)

where A0 and A are the absorbance of HSA in the absence and
presence of cinnamic acid, 3HSA and 3B are the molar extinction
coefficient of HSA alone and the bound complex respectively, K
is the binding constant and C is the concentration of cinnamic
acid.
treated HSA estimated from the CD spectra (Fig. 7) using DICHROWEB

1 (%) Strand 2 (%) Turns (%) Unordered (%)

0.90 12.9 24.5
02.0 17.0 36.0
0.40 14.0 26.4
0.60 17.9 26.8
0.20 16.2 30.6
0.9 16.9 30.4

02.8 19.4 35.2

ted a-helix, regular b-strand and distorted b-strand, respectively.
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Fig. 9 UV-visible absorption spectra of HSA in absence and presence of varying concentration of cinnamic acid (A) and plot of 1/(A � A0) vs. 1/
[cinnamic acid] (B).
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The double reciprocal plot of 1/(A � A0) vs. 1/C (Fig. 9B) is
linear. The value of binding constant was estimated from the
ratio of the intercept to that of slope of the above mentioned
plot. The binding constant for the interaction of cinnamic acid
with HSA was found to be 3.09 � 104 M�1 which signies strong
interaction between HSA and cinnamic acid.

3.2.2. Fluorescence quenching studies. To further under-
stand the interaction of HSA with cinnamic acid, we conducted
uorescence quenching experiment at three different temper-
atures. Fig. 10A shows the uorescence emission spectra of HSA
in absence and presence of varying concentration of cinnamic
acid. HSA exhibited a strong uorescence spectrum with lmax ¼
336 nm when excited at 280 nm. In the presence of increasing
concentration of cinnamic acid a gradual quenching of the
uorescence intensity of HSA was observed suggesting the
formation of a complex between cinnamic acid and HSA.

The quantitative analysis of uorescence quenching data at
different temperatures (298, 303 and 310 K) was performed
through Stern–Volmer equation.42

F0

F
¼ 1þ Ksv½Q� (3)

where, F0 is the peak uorescence intensity of free HSA, F is the
peak uorescence intensity of HSA in presence of quencher
(cinnamic acid), Ksv is the Stern–Volmer constant and [Q] is the
concentration of quencher (cinnamic acid). The Stern–Volmer
plot of F0/F vs. [Q] is shown in Fig. 10B. Slope of the Stern–
Volmer plot at xed intercept aer linear regression of this plot,
gives the Stern–Volmer constant as illustrated in Table 2.

Generally, there are two types of uorescence quenching
mechanism i.e. dynamic and static which are governed by the
way of interaction between quencher and HSA.43 If any
quencher molecules possess sufficient amount of energy to
collide with the excited state uorophore of HSA (Trp-214) and
take it back to the ground state, then this is due to the dynamic
quenching mechanism. While in case of static quenching, there
65330 | RSC Adv., 2016, 6, 65322–65337
is formation of non-uorescent ground state complex between
quencher and uorophore.44

To examine whether interaction of cinnamic acid with HSA is
either static or dynamic quenching, eqn (4) was deployed.

Kq ¼ Ksv

s0
(4)

where, Kq is the apparent bimolecular quenching rate constant
and s0 is the average integral uorescence lifetime of trypto-
phan which is �5.78 � 10�9 s.45 The quenching constant (Kq)
increased with increase in temperature (Table 2). Themaximum
scatter collision quenching constant (Kq) for various kinds of
quenchers with biopolymer is approximately 2 � 1010 L mol�1

s�1.46 The values of quenching constants by cinnamic acid were
found to be greater than the Kq of the scatter mechanism. These
results conrm that the uorescence quenching mechanism of
formation of HSA–cinnamic acid complex involved a static
quenching procedure rather than dynamic.47

Fluorescence quenching of HSA in presence of quencher are
also used to quantitate the binding constant (K) and the
number of binding sites (n) by modied Stern–Volmer eqn (5):

log
F0 � F

F
¼ log K þ n log½Q� (5)

The values of n and K are obtained from the slope and Y-axis
intercept from a linear regression of the plot of log[(F0 � F)/F)]
vs. log[Q] (Fig. 10C). These values, as a function of temperature,
are mentioned in Table 3. The values of K increases with
increase in temperature, while the value of n was found to be
approximately one at different temperatures. These results
suggest the formation of a stable HSA–CA complex which might
be more stable at 310 K (physiological temperature) as
compared to lower temperature.

3.2.3. Thermodynamics of HSA–cinnamic acid interac-
tions. The change in entropy, enthalpy and free energy at
This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Steady-state fluorescence spectra of HSA in absence and presence of varying concentration of cinnamic acid (A) and the Stern–Volmer
plots for the HSA–cinnamic acid interaction at different temperatures (B). log[(F0 � F)/F] vs. log[Q] plots for HSA–cinnamic acid interaction (C)
and Van't Hoff plot (D).

Table 2 Stern–Volmer constant and quenching constant of the HSA–
cinnamic acid complex at different temperatures

pH Temp (K)
Ksv

(�104 M�1)
Kq

(�1012 M�1 s�1) R2

7.4 298 1.310 2.267 0.9966
303 1.560 2.699 0.9976
310 1.819 3.146 0.9953
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different temperatures were analysed from the van't Hoff's
equations mentioned below.

ln K ¼ � DH�

RT
þ DS�

R
(6)

and

DG� ¼ DH� � TDS� (7)
This journal is © The Royal Society of Chemistry 2016
where, K is the binding constant, DH� is the enthalpy change,
DG� is the free Gibbs energy change, DS� is the entropy change,
and R is the universal gas constant (1.987 cal mol�1 K�1).

The nature of forces involved in the formation of HSA–cin-
namic acid complex can be depicted from the magnitude and
sign of various thermodynamic parameters.48 Therefore, we
plotted the van't Hoff's plot to know the involvement of
molecular forces in the HSA–cinnamic acid complex from the
binding constants earlier obtained at their respective tempera-
tures (Fig. 10D). The values of DH� and TDS� mentioned in
Table 3 were determined from the slope and Y-axis intercept of
linear regression of van't Hoff's plot using eqn (6). The negative
value of DG obtained from the eqn (7) suggest that the forma-
tion of HSA–cinnamic acid complex in spontaneous. Non-
covalent interactions, mainly van der Waal's forces and
hydrogen bonds played major role in cinnamic acid–HSA
interactions.48 The positive TDS� is also a strong manifestation
that water molecules have been excluded from the interface of
RSC Adv., 2016, 6, 65322–65337 | 65331
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Table 3 Thermodynamic parameters, binding constant and number of binding sites for HSA–cinnamic acid complex formation at various
temperatures

pH Temp (K) K (�104 M�1) n R2 DG� (kcal mol�1) DH� (kcal mol�1) TDS� (kcal mol�1)

7.4 298 1.111 0.985 0.9972 �5.527 18.373 23.901
303 1.949 1.033 0.9989 �5.928 24.301
310 3.711 1.046 0.9940 �6.489 24.863
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binding site of HSA, because the presence of water at binding
site mimic nature of forces responsible for protein–ligand
interaction. The positive value of TDS� is routinely is regarded
as quintessential affirmation of hydrophobic interactions.49

3.2.4. Synchronous uorescence study. Fluorescence
quenching study only tells about the binding constants and
various thermodynamic parameters. Synchronous uorescence
spectroscopy was performed to examine whether the binding of
cinnamic acid to HSA affects the conformation and/or the
molecular environment of HSA's uorophores.50 Any shi in
maximum uorescence emission wavelength of HSA is gov-
erned by the changes of polarity around the uorophore
molecules. When Dl(lem � lex) is kept at 60 nm or 15 nm, the
synchronous uorescence spectra reveals the characteristic
information of the microenvironment of tryptophan or tyrosine
residues respectively.51

The synchronous uorescence spectra of HSA in absence and
presence of cinnamic acid is shown in Fig. 11. It is evident from
the Fig. 11A that there is negligible shi (�1 nm) on maximum
emission wavelength of tyrosine residues, stating that the local
environment around tyrosine residue did not had any signi-
cant change. While the synchronous uorescence spectra of
tryptophan (Fig. 11B) changed remarkably (3–4 nm) indicating
the increase in polarity around the tryptophan residue thereby
lowering the hydrophobicity of the residue.52
Fig. 11 Synchronous fluorescence spectra at Dl ¼ 15 (A) and Dl ¼ 60
concentrations.

65332 | RSC Adv., 2016, 6, 65322–65337
3.2.5. Evaluation of binding site of cinnamic to HSA in the
presence of site markers (ibuprofen and warfarin). The crystal
structure of HSA unveils that it has three homologous domains
named I, II, and III, and each domain contain two sub-domains
i.e. A and B.53 To nd out the precise binding site, some site
specic markers are oen used, whose binding sites to HSA are
already known. From the X-ray crystallographic studies, it is well
known that warfarin is a probe for sub-domain IIA or the
Sudlow site I. Similarly, ibuprofen is a probe for sub-domain
IIIA or Sudlow site II.54 To facilitate the comparison of the
inuence of site markers on HSA–cinnamic acid system, a graph
was plotted using the Stern–Volmer equation (Fig. 12). It is
evident from the gure that the uorescence property of cin-
namic acid–HSA system did not had any signicant change in
presence of ibuprofen. This result indicates that ibuprofen did
not had any effect on the binding of cinnamic acid to its usual
location in HSA. In contrast, the uorescence quenching
property by cinnamic acid was remarkably decreased in the
presence of warfarin. This illustrates that binding of cinnamic
acid was greatly affected due to the presence of warfarin in the
solution. The site specic experiment conrms that the binding
site of cinnamic acid to HSA is mainly located in Sudlow's site I
(sub-domain IIA) of HSA.

3.2.6. Effects of ionic strength. In this study, we further
evaluated the involvement of electrostatic interaction in the
(B) of HSA in absence and in presence of cinnamic acid at different

This journal is © The Royal Society of Chemistry 2016
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Fig. 13 Isothermal titration calorimetry profile of HSA and cinnamic
acid interaction.

Fig. 12 Competitive binding of cinnamic to HSA in the presence of site markers at 37 �C [HSA at 3 mM and site markers at 6 mM].

This journal is © The Royal Society of Chemistry 2016
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stability of HSA–cinnamic acid complex. ESI Fig. S2† shows the
titration of different concentration (10–100 mM) of NaCl to
a xed concentration of HSA–cinnamic acid complex which
resulted in a very small increase in the uorescence emission
signal. The result suggests a negligible involvement of electro-
static interactions in the formation of HSA–cinnamic acid
complex.

3.2.7. Isothermal titration calorimetric (ITC) characteriza-
tion of HSA–cinnamic acid interaction. The validation of
various thermodynamic parameters of HSA–cinnamic acid was
further investigated from ITC studies. ITC experiments not only
provides information about thermodynamic quantities such as
enthalpy change (DH�), entropy change during binding (DS�),
Gibb's free energy change (DG�) but also determines the
binding affinity (K) and the number of binding sites (n).55 ITC
proles of the binding of cinnamic acid with HSA is depicted in
Fig. 13. Measurements of various thermodynamic quantities are
described in Table 4.

The negative value of DH� conrms that the formation of
HSA–cinnamic acid complex is exothermic. The value on n close
to unity deciphers that HSA has single binding site for cinnamic
acid. The positive value of TDS� and negative value of DH� also
indicates that HSA–cinnamic acid complex is mainly stabilized
by hydrophobic interaction and hydrogen bond.54 The values of
binding constant and Gibb's energy change (DG�) obtained
from spectroscopy and calorimetry (Tables 3 and 4) are
comparable and found to in same order. In contrast, the values
of TDS� and DH� differ signicantly from that of obtained by the
uorescence spectroscopy. This is due the fact that the value of
DH� is temperature dependent while uorescent spectroscopic
technique calculates it as temperature-independent param-
eter.45,56–58 Furthermore, the differences in the values of ther-
modynamic parameters obtained by uorescence spectroscopy
RSC Adv., 2016, 6, 65322–65337 | 65333
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Table 4 Isothermal titration calorimetry of HSA and cinnamic acid interaction

pH Temp. (K) Kb (�104 M�1) n DG� (kcal mol�1) DH� (kcal mol�1) TDS� (kcal mol�1)

7.4 298 5.87 0.986 �6.503 �5.586 0.917
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and ITC is due to the fact that ITC measures a global change in
the thermodynamic property, whereas the uorescence spec-
troscopy only measures the local changes around the uo-
rophore (Trp-214).59,60

3.2.8. Molecular docking studies. Molecular docking has
been employed for further validation of spectroscopic and
calorimetric experimental studies and to get a closer look of the
site specic binding of cinnamic acid. HSA is 585 amino acids
polypeptide chain having three domains as domain I (residues
1–195), domain II (196–383) and domain III (384–585) with
Fig. 14 Molecular models of HSA complexed with cinnamic acid. (A) De
selected protein side-chains are shown as ribbons. (B) Cinnamic acid is
Cinnamic acid in hydrophobic pocket of HSA surrounded by hydrophob

65334 | RSC Adv., 2016, 6, 65322–65337
further subdivision of each domain as subdomain A and B.
Most common binding sites for drugs are located in the
hydrophobic cavity of subdomain IIA of HSA.54 AutoDock-vina
resulted in 9 best conformations with increasing order of
Gibb's free energy and the conformation having lowest energy is
depicted in Fig. 14. Molecular docking result reveals that cin-
namic acid binds to subdomain IIA (Sudlow's site I) with
a binding energy of �7.0 kcal mol�1, nearly the same value
obtained using ITC and uorescence spectroscopy. Cinnamic
acid forms two hydrogen bonds with Ser287 and Arg257 of HSA
tailed view of the docking poses of the HSA–cinnamic acid complex,
shown in the binding pocket of HSA with interacting amino acids. (C)
ic amino acids. (D) A 2-dimensional view by Discovery Studio 4.5.

This journal is © The Royal Society of Chemistry 2016
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and hydrophobic interactions with Leu219, Leu234, Leu238, Ile
264 and Leu260. The complex is also being stabilized by van der
Walls forces that are formed between Arg222, Ile290, Ala291,
Phe223 and Tyr150 of HSA and cinnamic acid. The cinnamic
acid was found to be in the binding pocket (Sudlow's site I) of
HSA surrounded by many hydrophobic residues such as Ala254,
Val241, Leu233, Ile219, Val216, Ser287 etc. is in accordance with
our site specic displacement experiments.49

4. Conclusion

It is concluded that cinnamic acid strongly inhibits the forma-
tion of AGEs and acts as a potent antiglycating agent. The values
of binding constants obtained both from UV-visible and uo-
rescence spectroscopy show a strong interaction between HSA
and CA. While The negative value of Gibb's free energy change
demonstrated that the process of HSA–CA complex formation is
spontaneous, ITC results conrm that the reaction is
exothermic in nature. Further, molecular docking studies
showed that the interaction between HSA and CA are stabilised
mainly through hydrophobic and hydrogen bond. The binding
site of CA was at one of the major glycating sites in HSA. In the
stable HSA–CA complex, reduced numbers of glycating sites are
available to react further with free glucose, thereby inhibiting
glycation. Evaluation of secondary structure by far-UV CD shows
that treatment with CA, allows HSA to retained its native
conformation required for proper function even in the presence
of high concentration of glucose. Furthermore, the estimation
of various biomarkers such as free lysine group, carbonyl
content, free sulydryl group, reactive oxygen species etc.
depicts that cinnamic acid is a quencher of free radical and
could prove benecial for diabetes and associated complica-
tions. Reckoning with these facts, the study may be valuable to
compare the effect of different concentrations of CA on HSA–
glucose structure and conformation upon glycation. However,
most of the investigations in this area are limited to in vitro
experimental studies and therefore, further investigations
should examine the in vivo efficacy of cinnamic acid in suitable
animal model.
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