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We report the inhibitory activity of silybin, a flavonolignan against the formation of early and advanced glycation end

products based on fluorescence, circular dichroism and molecular interaction studies. Silybin was found to be a potent

inhibitor for both the early and advanced glycation end products. The inhibition of glycation mediated fibrillation of BSA

was determined based on the binding of amyloid specific dyes i.e. Thioflavin T, Congo red and confocal imaging. Also, we

determined the proteictive effect of silybin towards the oxidative damage induced hemolysis of erythrocytes. The

molecular interaction pattern of silybin revealed its better affinity with BSA when compared to the other natural inhibitors

of glycation such as quercetin, epigallocatechin gallate, and curcumin.

Introduction

Maillard reaction and formation of advanced glycation end
products (AGEs) are the fundamental cause in the development of
oxidative stress and many pathological conditions such as

retinopathy, neuropathy, nephropathy and micro-vascular
complications.” > Maillard reaction is a multi step non-enzymatic
process which is initiated due to the reaction of glucose with free
amino groups in proteins leading to the formation of highly reactive
AGEs. AGEs are characterized by their specific properties such as
fluorescence, and cross linking.” * Albumin is the most abundant
protein in the plasma and highly prone for non-enzymatic glycation.
Glycation alters the structure and function of proteins leading to
the cross linking and aggregation. Glycation accelerate fibrillation
and formation of amyloid like aggregation in proteins and studies
have shown that glycation exacerbates the neuronal toxicity of
amyloid peptide.5 In the recent time research has been focused on
small molecule inhibitors for prevention of non-enzymatic
glycation. In spite of the strong antiglycation properties, the potent

antiglycation compounds such as aminoguanidine (AG) and
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metformin (MET) have been found to be associated with severe
side effects, which also led to the withdrawal of AG from the 3™
phase of clinical trial.® Due to the side effects of synthetic
the natural products are towards

compounds promising

development of a potent inhibitor for the formation of AGEs.

Silybin (SIB) is a flavonolignan and one of the major constituents
of silymarin. SIB is a mixture of two diastereoisomers known as
Silybin A and Silybin B in a ratio of 1:1.” The anti-diabetic,
antioxidant, anticancer and hepatoprotective activities of silybin
have been reported from both in vitro and in vivo examinations.
Also in vivo studies using mice have proven the clinical efficacy of
sinbin.S‘ %1% 1 our earlier work, we evaluated the antiglycation
activity of Sesbania grandiflora leaves and aspartic acid. Aspartic
acid showed antiglycation effects by carbonyl trapping and chemical

chaperon like activity.'" ™

The present study was carried out to demonstrate the
antiglycation potential of silybin using in vitro glycation model of
BSA. Assays were carried out to determine the inhibition of early
and advanced glycation end products based on measurements of
fructosamine, and fluorescent AGEs such as argpyrimidine,

pentosidine, crossline and vesperlysine. The protein bound carbonyl
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content was also estimated in order to get insights about the
glycation modification of BSA. Circular dichroism (CD) analysis
revealed that SIB imparted protective effects towards the native
helical structure of BSA. The inhibition of glycation induced
fibrillation was studied based on thioflavin T and Congo red binding.
Furthermore the protective effect of SIB towards the functional
properties of BSA was determined based on the oxidative stress
induced hemolysis of erythrocytes. Based on the observations it
was evident that silybin restrains formation of advanced glycation

end products and fibrillation of albumin.

Experimental

Chemicals

Bovine serum albumin (BSA), silybin (Sib), methylglyoxal
(MG),
(TNBSA), thioflavin T (Th T), and Congo red (CR) was purchased from

aminoguanidine (AG), 2,4,6-trinitrobenzenesulfonic acid

Sigma, USA. 2,4-Di-nitro phenyl hydrazine (DNPH), guanidine
hydrochloride and nitro blue tetrazolium (NBT) was obtained from
Sisco Research Laboratory (SRL), India. All other chemicals of AR
grade for the preparation of buffers were purchased from Merck,

India.

In vitro glycation of BSA

Glycation of BSA was carried out using physiological
concentrations of glucose and methylglyoxal under high sterile
conditions. Briefly, 10 mg /ml of BSA prepared in sodium phosphate
buffer (containing 0.02 % sodium azide) was incubated in the dark
with glucose (25 mM) and methylglyoxal (10 mM) for the period of
30 days. Incubation was carried out in closed capped glass vials. The
include BSA alone, BSA+Glucose and

control  samples

BSA+Methylglyoxal.

Determination of fructosamine adduct

Fructosamine assay was used to determine the level of early
glycation product formed as described earlier”® with slight
modifications. Briefly, the glycated protein sample was incubated
with NBT (150 puM) reagent prepared in the sodium carbonate
buffer for 30 min. The absorbance was recorded at 530 nm using
Thermo Scientific Evolution-201 spectrophotometer. AG was used

as a positive control.
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Inhibition of fluorescent AGEs

The estimations of AGEs fluorescence were carried out for
glycated protein (1 mg ml'l) sample using a Jasco-FP8200
(Aex) (Aem)

wavelengths for different AGEs have been given in Table 1. The

spectrofluorimeter. The excitation and emission
results were expressed as percent inhibition of AGEs.

Table.1 The excitation and emission wavelengths of different AGEs.

Advance glycation Excitation Emission Reference
end products wavelength wavelength

(AGEs) (nm) (nm)

Total AGEs 350 440 "
Argpyrimidine 320 380 1
Vesperlysine 350 405 "
Pentosidine 335 385 1415
Crossline 380 440 16

Determination of protein bound carbonyl content

Protein bound carbonyl groups in glycated BSA sample was
determined following the method as described by earlier using
DNPH." The amount of carbonyl content was expressed as nmol
carbonyl mg'1 protein based on the extinction coefficient for DNPH

(€=22,000M™ cm™).

Determination of Lysine modification

Quantification of lysine modification was carried out by using
TNBSA assay.18 Briefly, the 500 ul of glycated BSA (1 mg ml™)
sample was incubated with 250 ul of 0.01% TNBSA for 2 hours at
room temperature. After incubation 250 pl of 10 % SDS and 1N HCI
was added and absorbance was read at 335 nm using Thermo
Scientific Evolution-201 spectrophotometer. TNBSA was prepared in
100 mM sodium bicarbonate buffer (pH- 8.5), and native BSA was
used as a control. Results were presented as the percent lysine

modification.

CD spectroscopy

CD spectra of BSA in the absence and presence of SIB was
measured using Jasco J-715 Circular Dichroism Spectropolarimeter
Jasco, Japan) at room temperature. A quartz cell with 1 mm path
length was used for far-UV (195-260 nm) measurements with 1 nm
bandwidth at a scan speed of 100 nm min™. All spectra were the

average of three consecutive scans for each sample.

This journal is © The Royal Society of Chemistry 20xx
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Determination of fibrillar state

The inhibition of glycation mediated fibrillation of BSA was
determined based on the binding of amyloid specific dyes i.e. CR

and ThT.
Congo red (CR) assay

CR binding assay was carried out by measuring the absorbance
for AGE-BSA and BSA (control) separately, as well as for Congo red
background as described earlier.” Briefly, 800 pL of protein solution
(100 uM) was incubated with 200 pL of CR (100 uM Congo red in
the phosphate buffer saline-ethanol 10% (v/v)). Absorbance was
recorded at 530 nm and results were expressed as the percent

inhibition of amyloid formation.

Thioflavin T (ThT) fluorescence assay

To determine of inhibitory activity of SIB for B aggregation, ThT,
another marker for the amyloid cross B structure was used.
Glycated samples and positive control (100 pL) were incubated with
32 uM ThT for 1 hr at room temperature.20 Fluorescence was
measured at A, and A.,, wavelengths of 435 and 485 nm (slit, 10
nm) respectively with correction for background signals without
ThT. The results were expressed as % inhibition, calculated by the
formula- Inhibition % = [(Fo-Fsg)/Fo] X 100, where F, is the
florescence of the positive control and Fg is the florescence of the

glycated albumin samples co-incubated with silybin.
Confocal microscopy

Fluorescent imaging of glycation mediated amyloid like
aggregation of BSA was carried out by using Carl Zeiss Confocal
microscope (LSM-710). Imaging was carried out using ThT
(Excitation= 445 nm and Emission= 480 nm) with protein samples

(100 uM) glycated in the presence and absence of silybin.
Computational method

Simulations for molecular docking studies were carried out to
determine the molecular interactions of silybin with BSA. AutoDock
Vina 4.0%" was used to carry out docking studies. The structure of
protein and ligands and were retrieved from the Protein Data Bank
(PDB), and PubChem chemical compounds database. Both protein
and ligands were pre-processed using AutoDcok tools, which

involved the addition of Kollman charges, polar hydrogen and

This journal is © The Royal Society of Chemistry 20xx

energy minimization. Docking score of SIB was compared with well

known compounds with antiglycation activity such as
epigallocatechin gallate (EGCG), curcumin (CUR) and quercetin
(QUR). The complex structures were visualized using Pymol in order
to make the images for the interacting residues and the binding

pattern of SIB with BSA.

Protection to erythrocytes

Blood sample (1ml) was withdrawn in citrate tube with a prior
written informed consent and all experiments were performed in
compliance with the relevant laws following ethical guidelines. The
inhibitory potential of silybin for the oxidative stress induced
erythrocyte hemolysis in the presence of glycated albumin was
evaluated following method as described earlier.”? Blood sample
was centrifuged at 3000 rpm for 10 min, followed by three times
washing of erythrocyte with 0.15 M sodium chloride solution. Cells
obtained were suspended in PBS (pH 7.4) and used for assays.
Erythrocytes were treated with 100 uM hydrogen peroxide (H,0,)
and without glycated samples to obtain complete hemolysis. To the
100 pL of erythrocyte suspension 100 pL glycated BSA was mixed
and 100 pL of H,0, (100 uM) was added followed by incubation was
carried out at 37°C for 3 h. Three different concentrations of SIB
were used to determine its protective effects. The absorbance was

measured at 540 nm.

Results and Discussion

Non-enzymatic glycation of albumin was carried out to
determine the anti-glycation activity of silybin using an in vitro
glycation model of BSA with glucose and methylglyoxal. The free
amino groups in albumin react with sugars to give rise to the
formation of early glycation intermediate called Amadori product
(Early glycation product). These Amadori products upon oxidation
give rise to the formation of highly reactive and toxic AGEs. The
assays were carried out to estimate the inhibition of both early and
advanced glycation end products. BSA was incubated with glucose
and methylglyoxal considering their physiological concentrations
(25 mM and 5 mM respectively). In vitro, glycation of BSA was

carried out for the period of 30 days under highly sterile conditions.

RSC. Adv., 2015, 00, 1-3 | 3
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Due to the high antiglycation activity, aminoguanidine (AG) has

. . 23
been regularly used as a reference compound for in vitro assays.

Effect of silybin on early glycation

Fructosamine is the early glycation product of lysine, which is
formed due to the reaction of the free amino group with glucose.
Fructosamine is also used as a marker in the management of
glycemic levels in diabetes patients. Fructosamine assay was carried
out using nitro blue tetrazolium (NBT) to determine the inhibition of
early glycation products. NBT is used in the diagnosis of diabetes.””
> NBT reacts with fructosamine and leads to the formation of blue
color formazan, which can be read at 530 nm. Increasing
concentrations (50, 100, & 500 uM) of SIB were used to study the
dose-dependent inhibitory activity for early glycation and results of

fructosamine assay are presented in the Fig. 1.
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Fig. 1 Effect of silybin on fructosamine formation. Results are means +
standard deviations of three different assays.

More than 70 % inhibition was achieved in the presence of SIB
at the concentration of 500 UM which suggests the significantly high
inhibitory activity of silybin. Inhibition of non-enzymatic glycation at
early stage could be helpful to prevent the formation of more

reactive advanced glycation end products.

Effect of silybin on advanced glycation end products (AGEs)

AGEs are highly heterogeneous compounds, which are classified
based on their characteristic properties such as fluorescence and
cross-linking. AGEs specific fluorescence has been frequently used

to quantify the extent of AGEs modification. SIB was effectual in

4 | RSC. Adv., 2015, 00, 1-3

reducing the formation of AGEs as observed at different
concentrations (Fig. 2). With increasing studies on the glycation of
proteins the fluorescence characteristics of many different AGEs
have been well defined (Table 1). In addition to the total AGEs
inhibition, we analyzed the effect of SIB on specific AGEs. It was
seen that the presence of SIB showed significantly reduced
fluorescence for all the four different AGEs, i.e. argpyrimidine,
pentosidine, vesperlysine, and crossline. The reason for specifically
analyzing these four AGEs was their role in the development of
complications in body and well characterized fluorescence
properties. The level of inhibitory potential of SIB for different
AGEs studied was found

fluourcent to be vesperlysine>

argpyrimidine>  pentosidine> crossline. The SIB showed

comparatively better inhibitory activity for AGEs when compared to

the aminoguanidine.
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Fig. 2 Effect of silybin on AGEs formation. Results are means +
standard deviations of three different assays.

Effect of silybin on protein bound carbonyl content

The di-carbonyls compounds such as glyoxyllic acid and
methylglyoxal are the glycation by-products formed due to the
oxidation reaction have been regarded as the precursor in the
formation of highly reactive AGEs.”® The protein bound carbonyl
content was determined using the Di-nitro phenyl hydrazine (2, 4-
DNPH) assay and results are presented in the Fig.3. As shown in the
figure, the BSA glycated without any inhibitor shows very high
bound carbonyl content. On the other hand, SIB exhibited a dose-
dependent reduction in the carbonyl content. The carbonyl trapping

or scavenging potential of SIB was evident in the results which

This journal is © The Royal Society of Chemistry 20xx
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showed comparatively very low level of protein bound carbonyl

when incubated along with BSA and glucose.
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Fig. 3 Effect of silybin on protein bound carbonyl content. Results are means
+ standard deviations of three different assays.

Effect of silybin on lysine modification

Lysine residues are highly susceptible for non-enzymatic
glycation and based on the mass spectroscopic studies, 34 of the 59
lysine residues in BSA have been identified to serve as major sites
for glycation.27 Masking of lysine and arginine residues has been
proposed to be as one of the key mechanism towards the
antiglycation activity of phytochemicals.28 The quantification of
modified lysine residues for glycated BSA incubated in the presence
of SIB can provide insights about its antiglycation activity. The lysine
quantification was carried out for the non-enzymatically glycated
BSA in the presence and absence of SIB by TNBSA assay and results

are presented as the extent of lysine modification in Fig. 4.

100

80+

% Lysine modification

20+
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BSA+Glu

SIB50
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Fig.4 Effect of silybin on lysine modification in BSA. Results are meanst
standard deviations of three different assays.

Glycated BSA showed up to 80% lysine modification which was

lowered in the presence of SIB and AG. The extent of lysine

This journal is © The Royal Society of Chemistry 20xx
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modification was found to be as low as 20 % at 500 uM of SIB.
Reduction in the lysine modification can be a key mechanism in the
inhibition of glycation and formation of AGEs as many AGEs
compounds identified until now, are the derivatives of lysine

modification.

Effect of silybin on glycation induced fibrillation of albumin

Glycation is known to induce amyloid like fibrillation,29 which is
fundamental in the development of severe pathological condition
such as Alzheimer’s disease,30 Parkinson Disease,31 and Familial
amyloidotic polyneuropathy.32 To determine the inhibitory effects
of SIB on the development of fibrillar state of albumin studies were
carried out using amyloid specific dyes i.e. CR and ThT. CR binds
perpendicularly to the amyloid beta fibrils can be estimated based
on the absorbance at 530 nm. The results of the CR binding assay

are presented in the Fig. 5a. SIB showed reduced fibrillation of BSA.
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Fig.5 Effect of silybin on the fibrillation state of BSA. (a) Binding of CR (b)
Binding of ThT. Results are means + standard deviations of three different
assays
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Further studies were carried out using Thioflavin T, which has
been extensively used in order to study the amyloid fibrillation of
protein both in vitro and in vivo.® Thioflavin T exhibits specific
fluorescence on binding to the fibrillar state of protein, which can
be read at the A.=236 nm and A.,,=282 nm. Glycated BSA showed
very high ThT binding, which was reduced in the presence of SIB
and AG (Fig. 5b). SIB exhibited better inhibitory activity when
compared to aminoguanidine. More detailed studies will be needed
in this regard in order to more efficiently, explore the anti-

fibrillation activity of SIB.

Confocal microscopic imaging of amyloid fibrils by using ThT
fluorescence has been extensively used in order to study the
fibrillation of BSA.>* Imaging of BSA glycated in the presence and
absence silybin was carried out using by fluorescent imaging in
order to get more insights about the anti-fibrillation of effects of SIB

and results are shown in Fig.6.

Fig. 6 Effect of silybin on glycation induced amyloid like aggregation and
fibrillation of BSA.

6 | RSC. Adv., 2015, 00, 1-3

BSA glycated without any inhibitor showed highest aggregation,
whereas the presence of SIB exhibited inhibition of such
aggregation and fibrillation. BSA glycated in the presence of SIB
showed native like aggregation which suggests protective effects of
SIB. These results were in total agreement with the CR and ThT

binding assay.

Effect of silybin on glycation mediated conformational changes

Glycation induces structural modifications in BSA leading to the
transition from the native helical state to the beta sheeted
conformation. Circular dichroism (CD) study provides the best tool
to study the glycation mediated secondary structural changes in
BSA and protective effect of silybin. Fig. 6 presents the CD spectra
for the native BSA, BSA+Glu and BSA+Glu+SIB500. Glycated BSA
showed loss of alpha helicity and increased beta sheet formation.
The presence of SIB showed close to native like spectra with very
slight structural change. Outcome from CD analysis further affirmed
the protective effect of silybin against the formation of advanced

glycation end products and fibrillation of BSA.

20
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Fig.6 Effects on silybin on the conformation of BSA. Far-UV CD spectra of
native BSA, glycated BSA and in the presence of Silybin (50, 100 and 500
uM).

Molecular interaction pattern of silybin with BSA

In order to get the insights about the interaction pattern of SIB
and BSA molecular docking studies were carried out using
AutoDock. The natural compounds such as epigallocatechin gallate
(EGCG) and curcumin (CUM) (Fig. 7) which have been studied in
past due to their potent anti-glycation and anti-fibrillation activity

were used to compare the interaction of SIB with BSA.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Structures of (a) silybin A (b) silybin B (c) curcumin (d) epigallocatechin
gallate.

The values for the binding affinities (Kcal/mol) of ligands with
BSA are shown in the Fig. 8. SIB was found to have highest affinity
with BSA i.e. -8.6 Kcal/mol which was comparatively higher than the
three reference compounds, i.e. epigallocatechin gallate (EGCG, -

8.2), curcumin (CUR, -6.2) and quercetin (QUR, -5.7).

0=
g -2
£
s
£ 4o
-
-1
“
3 o
o0
=
z
2 -8+
=

-10

T T T T
SIB EGCG CUR QUR

Fig. 8 The binding affinity of SIB with BSA as determined from the molecular
docking approach. Results are means tstandard deviations of three different

assays.

The interaction pattern of SIB with BSA and residues involved in
the hydrogen bonding are shown in Fig. 9. SIB binds with BSA by the
forming two hydrogen bonds with Arginine-194 and Histidine-247
along with the hydrophobic forces. The distance of two hydrogen
bonds was found 2.6A and 1.9A respectively with Arg-194 and His-
247. The high affinity of SIB for BSA further provides insights about
its inhibitory activity in the glycation mediated aggregation and

fibrillation of BSA.

This journal is © The Royal Society of Chemistry 20xx

Fig. 9 The molecular interactions of silybin with BSA. The h-bonds are shown
as green dashed line and distance is given in A.

Protective effect of silybin on oxidative hemolysis of erythrocytes

Besides being the major carrier of drugs albumin also
exhibits antioxidant function in body. Non-enzymatic glycation is
known to impair the antioxidant activity of albumin.®
Investigations were carried to evaluate protective effects SIB on
towards the antioxidant properties of glycated albumin by
determining its effect on H,0, induced lysis of erythrocytes. 100
mM H,0, was used to achieve 100 % complete lysis of cells. In the

presence of glycated albumin hemolysis was observed to be more

than 75 % (Fig. 10).
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Fig.10 Effect of silybin on oxidative stress induced hemolysis of erythrocytes.
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The presence of AG exhibited protective effects on albumin as there
was only 25-29 % hemolysis was observed. Silybin exerted similar
protective effects at different concentrations (45-22 %). From
results it was evident that silybin exhibits protective effects on

albumin retains its antioxidant property.

Conclusions

In summary, this study presents the first demonstration of
antiglycation activity of silybin and its potential to restrain the
glycation induced fibrillation of BSA. The protective effects of silybin
on albumin structure and function were confirmed based on the
observations from the fluorescence, CD and erythrocyte’s hemolysis
assay. Computational studies revealed the mode of interaction of
SIB with BSA. SIB showed comparatively better antiglycation activity

than AG and also exhibited comparatively higher affinity with BSA.
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