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Abstract
Silybin (extracted from Silybum marianum) is the major active constituent of silymarin which possesses a wide range of
medicinal properties. These properties may be, in part, due to the potent scavenging capacity of oxidizing free radicals. In
this context, scavenging radicals (hydroxyl, azide, dibromide anion radicals, nitrite, carbonate, etc.) of silybin have been
studied to understand the mechanistic aspects of its action against free radicals. The transients produced in these reactions
have been assigned and the rate constants have been measured by pulse radiolysis techniques. Reduction potential
determined by cyclic voltammetry gave a value 0.6290.02 V vs NHE at pH 9. Quantum chemical calculations have been
performed to further confirm the different activities of individual hydroxyl groups with the difference of heat of formation.
Moreover, silybin also protected plasmid pUC18 DNA from soft X-ray radiation which induced strand breaks. These results
are expected to be helpful for a better understanding of the anti-oxidative properties of silybin.
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Introduction

In the last few decades, a substantial increase in the

research pertaining to natural antioxidants has been

observed due to their non-toxicity and interaction

with various endogenous and exogenous free radi-

cals in the living cells [1]. In spite of the compre-

hensive network of antioxidant defenses, many

reactive oxygen species (ROS) still escape this

surveillance and inflict various cytotoxic effects

causing loss in structural/functional architecture of

the cell. This oxidative damage leads directly to

cytotoxicity and/or indirectly to genotoxicity with

numerous serious anomalies favouring disharmony

and diseases [2].

The interest in antioxidants related to food and

herbal medicine is getting popularized due to their

natural origin, cost effectiveness, no side effects and

multifaceted activities. These provide enormous scope

in correcting the oxidative imbalance, serving humans

as food components, seasonings, beverages, cosmetics

as well as medicine. The World Health Organization

has estimated that � 80% of the earth’s inhabitants

rely on traditional medicine for their primary health

care needs and most of these therapies involve the use

of preparations from plant extracts [3]. Some of the

popular formulations used as drugs for liver diseases

and GIT (gastrointestinal tract) problems consist of

parts of a plant, Silybum marianum [4].
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Silybin(3,5,7-trihydroxy-2-[9-(4-hydroxy-3-methoxy

-phenyl)-8-(hydroxymethyl)-7,10-dioxabicyclo[4.4.0]

deca-2,4,11-trien-3-yl]chroman-4-one) (Figure 1),

isolated mainly from the seeds of milk thistle (namely

Silybum marianum), is an active component in a

number of phytopreparations, for example, flavo-

binTM and legalonTM. The flavonoid structure of

silybin makes it easy to form an intramolecular

hydrogen bond [5]. Silybin is widely used in the

treatment and prevention of chronic inflammatory

1iver disorders, diseases caused by g-radiation and

toxic chemicals such as carbon tetrachloride, galac-

tosamine, thioacetamide, ethanol, benzo[a]pyrene,

thallium, a-amanitin, etc [6,7]. It functions as a free

radical scavenger of active and stable oxygen radicals.

Growing interest in new activities of silybin in non-

traditional applications is documented by the fact

that�800 new papers on this topic have been

published in the last 5 years [8].

So far, the studies on silybin were focused on its

pharmacological characteristics and clinical effects,

the molecular mechanisms of the antioxidative activ-

ity of silybin have not been systematically investigated

and remain unclear. The poor solubility of silybin in

water at neutral pH limited the chemical kinetics

studies to a certain degree. Therefore, instead of pure

silybin, the glycosides of silybin such as dihemisucci-

nate salt were used to study the one electron

oxidation by pulse radiolysis in the 1990s [9,10]. In

one of our previous studies, laser flash photolysis was

carried out in its alcoholic solutions [11].

This paper aims to explain the markedly high

antioxidant activity of silybin at the molecular level.

In order to understand the ability to react with the

free radicals and the mechanism underlying the free

radical reactions, nanosecond pulse radiolysis techni-

ques were employed and the reaction of hydroxyl,

azide and other oxidizing radicals with silybin have

also been studied in detail. And the reduction

potential of silybin was determined by the cyclic

voltammetry method. Moreover, silybin also pro-

tected pUC 18 plasmid DNA from soft X-ray-

induced strand breaks as evidenced from studies

on agarose gel electrophoresis of the plasmid DNA

after radiation exposure. For the quantum chemical

calculations, a semi-empirical AM1 study has

been performed to optimize the structure of parent

compound and the radicals generated by H-abstrac-

tion reactions from individual hydroxyl groups. Bond

dissociation energies have further been calculated

using a hybrid density functional theory (DFT) at

B3LYP level for the respective H atom elimination

paths.

Materials and methods

Materials

Silybin (SLB), naringin, ethidium bromide were

purchased from Sigma (Sigma-Aldrich, Japan) and

used as received. Perchloric acid was GR products,

phosphate buffer and sodium hydroxide were of

analytical grade, and the other reagents were of the

highest purity. They were purchased from Wako Pure

Chemical Industries, Ltd. (Japan). Water was pur-

ified through a Millipore system (Milli-Q, Element A-

10). Unless otherwise indicated, all solutions were

freshly prepared before each experiment. Sample

solutions were bubbled with high purity argon,

nitrous oxide or oxygen for each purpose over 20

min. All experiments were carried out at room

temperature.

Reactions with oxidizing species

Free radicals were generated by using standard

methods for converting primary species of the radi-

olysis of water, eaq
�, +OH and +H. When the sample

solution was saturated with N2O for 20 min prior to

pulse radiolysis, eaq
� was scavenged to form OH

radical. The yield of OH radical under such condi-

tions was 90% of the total [G(+OH)�5.5 molecule/

100 eV�5.7�10�7 mol/J]. The remaining 10%

contribution came from that of H+-atoms [G(+H)�
0.55 molecule/100 eV�0.57�10�7 mol/J].

H2O6+OH; e�aq; H+; H2O2; HO2 (1)

e�aq�N2O � H2O 0 +OH�OH��N2

k2�9:0�109 dm3=mol=s [12] (2)

In order to quantitatively generate secondary electron

oxidants, N3

+
and Br2

+�
, the following well-known

OH radical reactions (3�4) were used. Subsequent

reaction of these secondary oxidants with silybin

resulted in the generation of one-electron oxidized

silybin species.

+OH�N�
3 0 N

+

3�OH� (3)
+OH�Br�0 Br+�OH� (4a)

Br��Br+0 Br
+�
2 (4b)

+OH�NO�
2 0 NO

+

2�OH�

k5�1:0�1010 dm3=mol=s [13] (5)
+OH�CO2�

3 0 CO
+�
3 �OH�

k6�3:9�108 dm3=mol=s (6)

Trichloroperoxyl radicals were generated according

to the method of Gyorgy et al. [10], by delivery of an

electron pulse to an O2-saturated aqueous solutionFigure 1. The chemical structure of silybin.
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containing 48% iso-propanol and 4% CCl4 when

following reactions (7�11) take place.

+OH�(CH3)2CHOH 0 (CH3)2
+COH�H2O

k7�1:9�109 dm3=mol=s (7)

H+�(CH3)2CHOH 0(CH3)2
+COH�H2

k8�7:4�107 dm3=mol=s (8)

(CH3)2
+COH�CCl4 0 +CCl3�(CH3)2CO�H

��Cl�

k9�7:0�108 dm3=mol=s (9)

e�aq�CCl4 0 CCl�4 � 0 +CCl3�Cl�

k10�3:0�1010 dm3=mol=s (10)
+CCl3�O2 0 Cl3COO+

k11�3:3�109 dm3=mol=s [14; 15] (11)

In neutral pH, Ar-bubbled aqueous solution contain-

ing t-BuOH as an OH radical scavenger reaction (12)

takes place. G (eaq
�)�2.75 molec/100 eV�2.8�

10�7 mol/J.

+OH�(CH3)3COH 0 H2O� +CH2(CH3)2COH

k12�6:6�109 dm3=mol=s [16] (12)

In the system, +H and eaq
� react with S2O8

2� to

produce SO4

+�
(equations 13 and 14).

SO
+�
4 �SO2�

4 0 SO
+

4�SO2�
4 (13)

+H�S2O2�
8 0 SO

+�
4 �HSO�

4 (14)

Pulse radiolysis

Pulse radiolysis method is a popular technique to

observe the interaction of chemicals and free radicals.

In the present work, the 35 MeV LINAC accelerator at

the University of Tokyo provided 10 ns pulse width

electron beam using an absorption spectrometric

system and the dosimetry was based on the initial yield

of dithiocyanate radical anion obtained in N2O-

saturated samples of 10�2 mol/dm3 KSCN aqueous

solution (G�o�5.1�104 m2/J) at 472 nm [17].

Detailed descriptions of the set-up of pulse radiolysis

equipment and experimental conditions have been

described elsewhere [18]. In the present work, the

absorbed dose was usually �15 Gy/pulse for studying

the reaction kinetics with the substrate. A higher dose

of �65 Gy/pulse was used to record the absorption

spectra. The sample solution was kept flowing through

the quartz cell and was changed completely after each

electron-beam pulse by a Teflon pump. The optical

length of the quartz cell was 1.8 cm. Because of the

poor solubility of silybin in neutral aqueous solutions,

the samples were first dissolved in alkaline solutions,

then adjusted to neutral pH using HClO4.

Cyclic voltammetry

Cyclic voltammetry studies were carried out on an

Autolab Electrochemical System equipped with

PGSTAT 20 and driven by GPES software. The

working electrode was a highly polished glassy

carbon electrode (GCE) with a diameter of 2

mm, and a platinum wire was used as a counter

electrode. The reference electrode was saturated

calomel reference electrode (SCE) with a salt bridge

containing 3.0 mol dm�3 KCl aqueous solutions.

The GCE surface was polished with aqueous slurry

of alumina powder before each measurement. The

solution pH was adjusted by adding dilute acid/

alkali. Solutions were de-aerated by bubbling N2 for

10 min prior to recording the cyclic voltammogram.

The observed potential values were against SCE

and converted to those vs the normal hydrogen

electrode (NHE) by adding 0.24 V to the observed

values.

Estimation of DNA damage

Radiation-induced damage in DNA was determined

by the conversion of supercoiled pUC 18 plasmid

DNA to open circular (oc) and linear forms, accord-

ing to the procedure described previously [19].

Immediately after irradiation, the different forms of

DNA were separated by agarose gel electrophoresis.

Briefly, the mixture contained 150 ng plasmid

pUC18 in 2.0�10�2 mol/dm3 phosphate buffer,

pH 7.4, in the presence or absence of 2.5�10�5 dm3

silybin. After soft X-ray irradiation at 50 Gy, the

DNA samples were applied to 1% agarose gels in

0.5�TBE buffer consisting of 8.9�10�2 mol/dm3

Tris Borate/2.0�10�3 mol/dm3 EDTA, pH 8.3 [20],

and electrophoresis was performed at 140 V for 315

min. The gels were stained with ethidium bromide

and DNA bands were photographed and analysed.

The modification of the fluorescence intensity of the

bands is due to DNA band breakage that leads to a

decrease in the proportion of supercoiled form (sc)

and to an increase in linear form and open circular

DNA. The relative amount of DNA in each form was

then estimated by integration of the intensity of the

pixels comprising each band. Relative to the open-

circular and linear conformations, intensities of

supercoiled bands was multiplied by a factor of 1.4

to account for the lower binding constant for ethi-

dium to supercoiled plasmid, as discussed previously

[21]. The percentage of sc form remaining of DNA

was used to estimate the degree of radiation-induced

DNA damage [22].

Calculation of the G value for single-strand breaks (SSB)

formation

DNA single-strand breaks (conversion of supercoiled

to open circle) following irradiation in the presence or

absence of added silybin was determined in 2.0�
10�2 mol/dm3 phosphate buffer solution. A dose

response was determined from the logarithmic loss of

supercoiled plasmid DNA on radiation dose. Plotting

the logarithm of the fraction of survival supercoiled

Free radical scavenging and anti-oxidative activity of silybin 889
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DNA against radiation dose gave a straight line

(Figure 7B). The parameter of dose response D0

was calculated from the reciprocal of the slope of the

straight line, according to the equation below [23]:

D0�[(log1037)�2]=slope

At D0, the concentration of single strand breaks

(SSB) is equal to the concentration of DNA

expressed as plasmid molecules (relative molecular

mass�650 g/mol/bp�number of base pair). From

the definition of the G value (in units of mmol/J), the

G value for SSB formation, G(SSB) is equal to (DNA

concentration/mmol/dm3)/[(D0/Gy)�(r/kg/dm3)].

The density of the solution, r, is assumed to be unity

as previously described [24]. At least six points were

used in the estimation of each D0. Usually the highest

dose applied was two or three times of D0.

Quantum chemical calculations

Ab initio molecular orbital techniques have been used

to investigate the structure and energetics of silybin

and possible radical species (obtained by H-atom

abstraction from it). The bond dissociation energy

(BDE) of O-H was calculated as the difference in

total enthalpy between the silybin phenoxyl radical

(SLB-PhO+) formed after H abstraction and silybin

(SLB-PhOH), according to the following reaction:

SLB-PhOH 0SLB-PhO+�H+.

As the size of silybin is generally big, contains 57

atoms, the ab initio method is obviously difficult to be

used for mechanistic computation of reaction be-

tween silybin and radicals. Thus, the semi-empirical

method AM1 [25] was employed to perform a

complete geometry optimization. The geometry opti-

mization of each ArO+ radical was performed starting

from the optimized structure of the parent molecule,

after the H atom was removed from the 3, 5, 7 or 4?
position. Calculations were carried out without taking

into account the solvent effects. Guerra et al. [26]

studied the effect of explicit water molecules on

phenol. They concluded that solvent molecules could

be arranged in cages (of at least six water molecules)

in the vicinity of the OH group of phenol. Such

calculations for each OH group of silybin would have

been untraceable. The detailed calculation proce-

dures are as follows. The molecular geometries were

optimized by semi-empirical quantum chemical

method AM1 and then by DFT method B3LYP/6-

31G (d) functional on basis set of 6-31G(d) to

calculate single point energy (SPE). All of the

calculations were performed using Gaussian-03W

program package [27].

Results and discussion

Reactions with N3

+
or Br2

+�
radical

N3

+
, as well as Br2

+�
radicals, are moderately strong

one-electron oxidants that can oxidize phenols and

polyphenols [28]. These radicals are conveniently

generated by the reaction of bromide or azide ions

with OH radicals, formed in the radiolysis of water

(reactions 1�4).

Pulse radiolysis of N2O-saturated aqueous solution

containing 1�10�3 mol/dm3 silybin and 0.05 mol/

dm3 NaN3 or KBr at pH 7.8, led to the initial

formation of N3

+
or Br2

+�
, respectively, which

subsequently oxidized silybin via electron transfer

reaction. The transient spectrum obtained after the

reaction of N3

+
with silybin was shown in Figure 2

with a narrow maximum absorption peak at 370 nm

and the other broad absorption band from 480�600

nm, which is similar to that obtained from reaction of

Br2

+�
with silybin (data were not shown). While the

band at 580 nm decayed within 10 ms, only a slight

formation at 370 nm on this time scale was observed

(Figure 2, inset). The difference of kinetic behaviours

at 370 and 580 nm suggests the formation of at least

two types of transient species, which is in good

agreement with the literature [10]. The assignment

of the species will be discussed in detail later.

Due to the strong absorption of silybin aqueous

solution below 380 nm, second-order rate constants

for reactions with N3

+
were derived from the build-up

of phenoxyl radicals at 580 nm. By varying the

five silybin concentrations between 2�10�4 to

1.0�10�3 mol/dm3, we derived the rate constants,

(2.090.2)�109 dm3 mol�1 s�1. With increasing the

pH to 11, the rate constants increased to 5.7�109

dm3/mol/s. Such an increase is due to the existence of

an acid-base equilibrium. Similar phenomena have

Figure 2. Transient absorption spectra from pulse radiolysis of

1.0�10�3 mol/dm3 silybin and 0.05 mol/dm3 NaN3 aqueous

solution saturated with N2O at pH 7.8, recorded at 1.0 and 5.0 ms

after pulse. Inset: the buildup trace of absorption at 370 and 580 nm.

890 H. Fu et al.
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been reported by Gyorgy et al. [10], in the case of

pulse radiolysis of 2-hydroxy-4-(3-sulpho-1-propy-

loxy)-acetophenone. They attributed the pH effect

to the chelatic H-bonding interaction between the

oxo and the OH groups at low pH.

The transient absorption spectrum formed by

Br2

+�
reacting with silybin was similar to that by

N3

+
radical. The formation rate constant was esti-

mated to be (3.990.2)�108 dm3/mol/s. Since N3

+

and Br2

+�
are considered to be moderate oxidants,

the easy oxidation of silybin by N3

+
or Br2

+�
might

imply a strong antioxidative ability of silybin.

Reaction with OH radical

Among the various ROS, OH radical is the most

reactive oxidant and is the most predominant ROS

generated endogenously during aerobic metabolism.

Effective scavenging of this radical is important from

the health perspective.

An aqueous N2O-saturated solution of 1.0�10�3

mol/dm3 silybin at pH 8.5 was pulse-irradiated. The

spectrum was uncorrected for a small contribution

(�10%) due to the H-atom reaction with the

substrate. Both a strong and narrow absorption

band in the 370�390 nm range and the other quite

broad absorption band in the 480�640 nm range

were similar to that observed during N3

+
or Br2

+�

radical reacting with silybin (Figure 3). Overall rate

coefficients for OH radicals were determined by

competition kinetics, using the formation of

(SCN)2

+�
as the reference reaction, with k(OH�

SCN�)�1.1�1010 dm3/mol/s. Rate constants for

the reactions of free radicals with the substrates are

summarized in Table I. Silybin reacts with +OH and,

at alkaline pH, azide radicals at a diffusion-controlled

rate. The values are in good consistent with the

results obtained from silybin dihemisuccinate-Na salt

[10].

By analogy with the spectra shown in Figure 3

inset, the glucoside substituted of naringin at ring A

C-7 caused no absorption band around 520�600 nm.

Moreover, according to the literature [10], the

absorption band appearing in the 480�600 nm is

attributed to the 7- O+ phenoxyl radical, the other is

assigned to the 4?- O+-methoxy-phenoxyl radical.

Hydroxyl radicals are known to form adduct with

aromatic rings. The decay of OH- adducts to

phenoxyl radical around 315 nm was not observed

due to strong absorption from the ground state. Even

though at pH 11 �17% of hydroxyl radicals exist in

the deprotonated form (O+�) and may react in

different way, there was no significant change in the

transient absorption spectra around pH 11 and 8.

As compared to the reaction with the azide radicals,

in this case, the transient absorbencies were a little

lower. This may be explained as follows. The azide

radicals can react with silybin via only the pathway of

H-atom abstraction or electron transfer, which leads

to the formation of phenoxyl radical. However, the

hydroxyl radical can also undergo the pathway of

addition to form OH-adducts. Possibly, besides one

electron oxidation, the hydroxyl radicals also form an

addition with silybin, leading to a little lowering in the

phenoxyl radical concentration. Moreover, the tran-

sient absorbances due to the adduct formation might

have a lower absorption coefficient below 350 nm.

Both of these factors contribute to the bleaching

signal at the 300�350 nm (Figure 3) wavelength

regions.

Reaction with SO4

+�
radicals

SO4

+�
radical was also used as one-electron oxidant

in many studies. On the pulse radiolysis of aqueous

solution containing 1.0�10�3 mol/dm3 silybin, 0.02

mol/dm3 K2S2O8, 0.1 mol/dm3 t-BuOH and satu-

rated with argon, a transient optical absorption

spectrum appeared and was characterized by a

maximum absorption at 460 nm after 50 ns.

In the case of silybin, accompanying the absorption

decay of SO4

+�
radical, the radical cation of silybin

Figure 3. Transient absorption spectra from pulse radiolysis of

1.0�10�3 mol/dm3 silybin aqueous solution at pH 8.5 purged

with N2O. Inset: Transient absorption spectra of naringin (R was

substituted by Rhamnoglucoside at Ring A, C-7), at 1.0 ms after

pulse.

Table I. Kinetic and spectroscopic properties for the reaction of

oxidizing radicals with silybin in aqueous solution.

Radical pH lmax/nm k�10�9 (dm3/mol/s)

+
OH 8.0 18

N3

+
7.8 580 2.0

N3

+
11 580 5.7

Br2

+�
7.8 370 0.39

SO4

+�
8.5 520 1.2

NO2

+
7.8 390 0.083

CO3

+�
11 380 0.19

CCl3OO
+

11 380 0.035

dGMP 7.0 370 1.0 [48]

Free radical scavenging and anti-oxidative activity of silybin 891
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with absorption peak at 370 nm and a broad

absorption region from 500�560 nm appeared sub-

sequently (Figure 4).

Then, SO4

+�
reacts with silybin to form phenoxyl

radicals (PhO+) (equation 15):

SLB�SO
+�
4 0 SLB-PhO+�SO2�

4 �H� (15)

The kinetics at l�520 nm contains not only the

formation of silybin phenoxyl radical, but also the

decay of SO4

+�
. Due to the overlap of an absorption

at 520 nm, we roughly separated the formation of

silybin phenoxyl radical by subtracting the time

profile at 460 nm (multiplied by a factor of A520/

A460) from that at 520 nm, following the method

reported by Jian et al. [29] The calculated time

profile, trace c, as shown in the inset of Figure 4, is

synchronous with the decay of SO4

+�
radical at 460

nm. From kinetic analysis of the growth trace at 520

nm, the reaction rate constants of silybin with SO4

+�

was calculated to be (1.290.1)�109 dm3/mol/s.

Reaction with CO3

+�
and NO2

+
radical

Nitrogen dioxide radical (NO2
+) and carbonate

radical (CO3

+�
) are two well-known toxic species

and strongly oxidizing radicals. Their one-electron

redox potentials in neutral aqueous solution are

E(NO2

+
/NO2

�)�1.0 V and E(CO3

+�
/CO3

2�)�
1.59 V [30,31], respectively. In particular, the

NO2

+
radical could be found in the cigarette smoke,

car exhausts and chimney smoke from the factories

[32]. As a common atmospheric pollutant, the NO2

+

radical is believed to be related to the development of

oral/lung cancers and heart disease in smokers [33].

In biological systems, several modes of deleterious

actions of NO2

+
and CO3

+�
have been proposed.

Moreover, both NO2
+ and CO3

+�
have been de-

monstrated to selectively oxidize tyrosine and cysteine

residues in peptides [34], leading to the loss of

activity of enzymes. To gain further insight into the

antioxidant activity of silybin, the reactions of NO2
+

and CO3

+�
with silybin were studied by pulse

radiolysis technique.

By pulse radiolysis 5.0�10�2 mol/dm3 nitrite

anion, 10�3 mol/dm3 silybin, N2O-saturated at pH

7, NO2

+
radicals were initially formed via reactions

(2) and (5). The rate constant was obtained to be

(8.390.3)�107 dm3/mol/s.

Generation of CO3
+� radicals was carried out by

pulse radiolysis of a N2O saturated aqueous solution

containing 5.0�10�2 mol/dm3 sodium carbonate

and 1�10�3 mol/dm3 silybin at pH 11. The rate

constant was obtained to be (1.990.2)�108 dm3/

mol/s.

Comparing the reaction rate constants of NO2

+

with bio-molecules, such as tyrosine (3.2�105 dm3/

mol/s), glycyltyrosine (B1�105 dm3/mol/s) [35],

and the reaction rate constants of CO3

+�
with

tyrosine (4.5�107 dm3/mol/s), the reaction rate

constants of silybin with NO2

+
or CO3

+�
are

(8.390.4)�107 and (1.990.2)�108 dm3/mol/s,

respectively, which are much higher. Therefore,

silybin is an efficient scavenger of NO2

+
and

CO3

+�
radicals, which is expected to protect the

cell membrane and enzymes against oxidation by

NO2

+
and CO3

+�
.

Reaction with trichloromethyl-peroxyl radical

CCl4 is a known hepato-toxic chemical whose toxic

action is due to its metabolism to an activated free

radical of the type CCl3OO+. CCl3OO+ is capable of

inducing lipid peroxidation [36]. This radical in

particular has been widely used as a model com-

pound for studying its reactivity with organic sub-

strates, primarily because the haloperoxyl radicals are

known to possess higher reactivity as compared to

their unhalogenated analogues, due to the electron

withdrawing nature of the halide ions.

It is very convenient to use CCl3OO+ as a peroxyl

radical model because it can be generated in water/

alcohol solution, in which sufficient solubility of the

substrate can be obtained. Figure 5 shows the

transient absorption spectra after pulse radiolysis of

alkaline solvent containing 1.0�10�3 mol/dm3 sily-

bin saturated with O2. A new absorption band

appears around 380 nm. Since the absorption peak

of CCl3OO+ is located at lB320 nm [37], the

absorption band around 380 nm should be assigned

to the phenoxyl radical of silybin arising from electron

transfer reaction between CCl3OO+ and silybin.

After capture of one electron, CCl3OO+ was deduced

to CCl3OO� at pH 11.

Figure 4. (A) Transient absorption of the species formed during

pulse radiolysis of silybin aqueous solution (1.0�10�3 mol/dm3)

containing 0.1 mol/dm3 tert-butanol, 0.02 mol/dm3 K2S2O8 and

degased with argon at pH 8.5 (dose 65 Gy). (B) Inset: (a) time

profile at 520 nm, (b) the decay at 460 nm, (c) absorbance

obtained by subtracting trace (b) multiplied by A520/A460 from

trace a [29].
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CCl3OO+�SLB+� 0 CCl3OO��SLB+ (16)

The buildup trace of the phenoxyl radical of silybin

at 380 nm is shown as Figure 5 inset. It follows well

the pseudo-first-order rate law. By varying silybin

concentration (0.4�1.0�10�3 mol/dm3) at pH 11,

the rate constant for electron transfer from silybin to

CCl3OO+ was determined as (3.590.2)�107 dm3/

mol/s.

Reduction potential of silybin

Cyclic voltammetry has been often used to determine

the redox potential and the total antioxidant capacity

of natural products, biological samples, etc. [38].

Since silybin is present in many health foods, it is

quite pertinent to determine its reduction potential in

aqueous medium. The voltammograms were run for

aqueous silybin solutions at pH 9 employing scan

rates of 50 mV/s. Only one anodic peak was observed

in the forward scan (Figure 6), whereas no peak was

observed during the reverse scan indicating that the

oxidation products were unstable or undergo elec-

trode reaction or due to fast second order decay of

radicals. From the anodic peak observed at 0.38 V,

the reduction potential of silybin for the couple of the

type (ArO+/ArOH) was 0.6290.02 V vs NHE at pH

9. This value is comparable (or in good agreement)

with the reported one, 0.62 V, where 4-methoxy-

phenol was used as reference at pH 7 [10], while the

reduction potential was related to pH value. For

example, 542�572 mV to pH 7 [39], 400 mV to pH

13.5 [10].

Protection of plasmid pUC18 DNA damaged

by soft X-ray

Exposure of plasmid pUC18 DNA to soft X-ray

radiation results in production of strand breaks as a

result of which the supercoiled (sc) form of DNA gets

converted to open circular (oc) and linear forms. The

disappearance of sc form of DNA can be taken as an

index of DNA damage induced by the radiation

exposure. Figure 7A shows the agarose gel electro-

phoresis pattern of plasmid DNA exposed to soft X-

ray exposure under different conditions. The control

pUC18 DNA contains mostly supercoiled form and

only a small amount of the relaxed form (lane 1).

Without X-ray exposure, the sample containing 4�
10�4 mol/dm3 silybin did not show any effect on the

various forms of the DNA, as can be seen from lane

2. When the plasmid DNA is exposed to 10 Gy X-ray

radiation, the amount of the sc form decreased due to

strand breaks and as a result the intensity of the sc

band was reduced (lane 3). However, this radiation

induced decrease in the amount of the sc form was

prevented by the presence of 4�10-4 mol/dm3 silybin

along with the DNA during radiation exposure, as

shown in lane 4. This clearly indicates that silybin

could offer protection to DNA against radiation

induced damage in vitro by reducing the formation

of strand breaks. Under these experimental condi-

tions, the protection effect should be mainly due to

the scavenging of hydroxyl radical by silybin.

Figure 7B shows the percentage (in logarithm) of

the remained supercoiled plasmid DNA as a function

of dose, in the presence and the absence of silybin. In

the applied dose range, both of them show a well

linear relationship. Then from the slope, the dose

Figure 5. Transient absorption spectra from pulse radiolysis of

silybin alkaline solvent (1.0�10�3 mol/dm3) saturated with O2 at

pH 11 (dose 65 Gy). Inset: Growth trace of the transient

absorption of the phenoxyl radical of silybin at 380 nm.

Figure 6. Cyclic voltammogram obtained for 2.0�10�3 mol/dm3

silybin in N2-bubbled aqueous solutions containing 0.1 mol/dm3

KCl, 5.0�10�3 mol/dm3 phosphate buffer, pH 9, and at a scan

rate of 50 mV/s.
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response parameter D0 can be calculated: 4.8 Gy for

curve a, 86 Gy for curve b as Figure 7B, respectively.

Generally, higher D0 implies better protection effect.

Yield of single strand breakage (GSSB)

Figure 8 shows the yield of single-stand breaks in the

presence of different concentration of silybin. Six

concentrations of silybin were tested, at the 2, 10, 20,

100, 200 and 400�10-6 mol/dm3 level for DNA

strand breaks. While the low concentrations (2�
10�6 mol/dm3) are at physiological levels, the highest

concentration results in the maximum, or near to the

maximum, in the reduction of single-strand breaks.

As the silybin concentration increased from 0.1 to

4.0�10�4 mol/dm3, the G values for SSB formation

decreased from 2.2�10�4 to 0.32�10�4 mmol/J. At

lower silybin concentrations ranging from 2.0�10�4

to 4.0�10�4 mol/dm3, the values of SSB yield with

silybin concentration changed from (0.4590.12) to

(0.3290.09)�10�4 mmol/J. While at lower concen-

trations (2.0 and 10.0�10�6 mol/dm3), the values

were (5.5090.46) and (3.3690.28)�10�4 mmol/J,

respectively, the variation was much more pro-

nounced than at higher silybin concentrations.

The significance of our findings awaits definitive

studies on the uptake of the different classes of silybin

and their distribution in cells. Silybin is uncharged

molecule, which should pass through cellular mem-

branes, but it is presently unknown if it can be

concentrated inside the cell. Modest binding to

DNA has been reported for the flavonol class of

flavonoids, e.g. quercetin [40], while it is not known if

similar weak binding can occur between silybin and

DNA. However, even if there is little increased uptake

in cells over the concentrations measures in plasma,

our data suggest that silybin can have activity in

ameliorating DNA damage at the micromolecular

level. Concentrations of antioxidants in the micro-

molar range cannot compete with cellular constitu-

ents, which are present in much higher

concentrations for the scavenging of highly reactive

ROS species such as OH radicals. Some antioxidants

also present the amelioration of free radical damage

on DNA by micromolar concentration in the cell.

Vitamins C and E in human plasma have been

reported as (4.291.2) and (3.190.3)�10�5 mol/

dm3, respectively [41]. Hence, it can be assumed that

the protection of DNA at low concentrations could

present another biochemical mechanism to counter

the consequences of ROS-induced DNA damage. To

help understanding this aspect, the investigation by

further biological approaches is in progress to eluci-

date the effect of silybin on X-ray-induced damage in

DNA or cells.

Quantum chemical calculations

The relative bond dissociation energies (BDE) were

used to evaluate the antioxidant ability. According to

Figure 7. Effect of soft X-ray radiation on plasmid pUC18 DNA in presence and absence of silybin. (A) Agarose gel electrophoresis pattern

of plasmid DNA exposed to soft X-ray radiation in presence and absence of silybin. The arrow indicates the running direction of gel. Lane 1:

0 Gy; Lane 2: 0 Gy, 4.0�10�4 mol/dm3 silybin; Lane 3: 10 Gy; Lane 4: 10 Gy, 4.0�10�4 mol/dm3 silybin. (B) Presentation of data as log

of % sc form of plasmid pUC18 DNA against various doses of X-ray irradiation.

Figure 8. Yields of DNA strand breaks in the presence or the

absence of silybin (2�400�10�6 mol/dm3). Error bars present the

standard deviation derived from the average of the D0 values. Lane 1:

DNA; Lane 2: DNA-2�10�6 mol/dm3 silybin; Lane 3: DNA-1.0�
10�5 mol/dm3 silybin; Lane 4: DNA-2�10�5 mol/dm3 silybin;

Lane 5: DNA-1.0�10�4 mol/dm�3 silybin; Lane 6: DNA-2.0�
10�4 mol/dm3 silybin; Lane 7: DNA-4.0�10�4 mol/dm3 silybin.

894 H. Fu et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



the parameters’ definitions, O�H BDE (DHOF)�
Hr�Hh-Hp, in which Hr is the enthalpy of radical

generated through H-abstraction reaction, Hh is the

enthalpy of H-atom, �0.49765 hartree, and Hp is

the enthalpy of parent molecule. Molecular enthalpy

(H) consists of (RO)B3LYP/6-31 G(d)-calculated

SPE, AM1-derived thermal contributions to enthalpy

(TCE, in which the vibrational contributions includ-

ing zero point vibrational energy were scaled by a

factor of 0.973) [42]. To characterize the O-H BDE,

the difference of heat of formation between parent

molecule and its free radical (DHOF) was employed

as a theoretical parameter. The lower the DHOF

indicates, the weaker the O-H bond, and the more

active the antioxidant to scavenge free radicals.

In order to estimate the contribution of hydrogen

abstraction mechanism in silybin, the BDEs were

calculated for each OH group and are reported in

Table II. The sequence of O-H bond dissociation

energy in silybin is 4?-OH�7-OH�5-OH�3-OH.

The lowest BDE is obtained for the 4?-OH groups

(�74 kcal/mol in the gas phase), while the 3-OH

BDE is the highest (�101 kcal/mol). These data

reveal that the radical at C-4? is the most stable

among all of the positions of phenol ring. The energy

difference between this and the next most stable

radical (7-OH) was 91.8 kcal/mol, 5-OH to 83.4 kcal/

mol, indicating the H-transfer from 5- and 7-OH

groups seems to be less effective (high BDE) and 3-

OH group does not participate in the H-transfer.

This result is in very good agreement with the

antioxidant tests of the previous report for flavonoid

compounds using (U)B3P86/6-311�G(d,p) // (U)

B3P86/6-31G(d) calculations [39].

It is interesting to compare the experimental

structure-activity relationship as well as the theore-

tical calculations obtained for flavonolignans to those

of flavonoids. The recent literature reported BDE

calculations at the DFT level on different compounds

including quercetin and taxifolin [43,44]. The role of

the B-ring has been pointed out, especially in the

presence of the catechol moiety (quercetin and taxi-

folin). The role of the 3-OH group was confirmed in

the absence of the 2,3-double bond and the 4?-OH

group can easily transfer H to free radicals. Recently,

the antioxidant activities of phenols have been

correlated with the bond dissociation enthalpy

(BDE) of the phenolic O-H bond [45]. Our data of

quantum chemical calculations confirmed that the

contribution of phenol hydroxyl in ring B appears to

be significant. The structure of silybin may lead to

enhancement of its antioxidant efficiency due to the

presence of an easily abstractable hydrogen atom.

Conclusion

Radiation-induced damages to cells and tissues

involve generation of reaction oxygen species (ROS)

and reactive nitrogen species (RNS) which in turn

cause alterations in DNA, membrane-lipids and

proteins, eventually leading to cellular dysfunction

or cell death [46]. It has been suggested that DNA

damage by ROS leads to alteration and elimination of

bases, formation of single and double stranded breaks

resulting in cell cycle arrest and recruitment of DNA

repair enzymes to rescue cells from the DNA damage

[47]. The radiation-induced cellular damage may be

manifested as clonogenic cell death or alternations in

cell-signaling cascades resulting in activation of

responsive genes inducing apoptosis.

In the present paper, we have shown that silybin

has the antioxidative activity and free radical scaven-

ging properties, which can scavenge various oxidizing

radicals such as +OH, Br2

+�
, N3

+
, SO4

+�
, NO2

+
,

CO3

+�
and CCl3OO+ efficiently. The rate constants

of silybin with OH radical (1.8�1010 dm3/mol/s) is

diffusion controlled, suggesting that silybin is a

potent free radical scavenger. The protection of

plasmid DNA from X-ray radiation induced strand

breaks by our studies in neutral aqueous media and

our recent results [48], the fast chemical reparation of

DNA base, further strengthen the potential of this

molecule to function as a repair agent and a radio-

protector.
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