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The influence of the structure of flavonolignans (silybin, silychristin), flavonoids (quercetin and taxifolin) on the
antioxidant properties of silymarin - a standardized herbal extract obtained from the milk thistle seeds (lat. Silybum
marianum), which contains a mixture of these compounds has been studied. Molecular structure was optimized at
HF/6-31G(d,p) level of theory by means of the GAMESS program package. The O-H bond dissociation enthalpies for all
OH groups and ionization potentials of molecules were calculated using density functional theory approach with B3P86
functional and 6-31G(d,p) basis set to analyze the redox properties. The solvation model IEF PCM was used to account for
the solvent effects. It has been shown that the OH groups of the side phenolic ring give the maximum contribution to the
hydrogen atom transfer mechanism (HAT). CH,OH groups and OH groups of flavonoids moieties of silybin and silycristin
weakly participate in the HAT (high dissociation enthalpies). The presence of 2,3-double bond in the flavonoid moiety
affects the redistribution of charge and increases the contribution of the 3-OH group to a HAT mechanism for the
quercetin molecule compared to taxifolin. The contribution of the electron transfer mechanism to the antioxidant activity is
reduced in a series of quercetin > silychristin > taxifolin > silybin.
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INTRODUCTION used as a hepatoprotective drug for the prevention
and treatment of liver diseases of different
etiologies [8]. Silica nanocomposites with
silymarin may be more effective for the treatment
of, for example, toxic liver disease. However, the
creation of nanocomposites requires a detailed
study of the properties of its components. The aim
of this work was to study the influence of the
structure of main components of silymarin (silybin,
silychristin, quercetin and taxifolin) on its
antioxidant properties.

The formation of free radicals is one of the
most versatile processes which occur in the cells
and in the intercellular space of all living
organisms. In small amounts, free radicals play a
useful role in maintaining health, taking part in the
millions of chemical reactions. They help digest
food, fight pathogenic bacteria, fungi and viruses.
But the influence of some factors, such as high
temperature, electromagnetic radiation leads to
failure of natural control mechanisms. Oxidative
stress is thought to contribute to the development THEORETICAL BACKGROUND
of a wide range of diseases including Alzheimer's
disease, Parkinson's disease, the pathologies caused
by diabetes, rheumatoid  arthritis and
neurodegeneration in motor neuron diseases [1-3].
Oxidative damage in DNA can cause cancer [4].
And then antioxidants can come to the assistance
by intercepting free radicals which attack vital
targets when a natural neutralizing mechanism
can’t cope with this task.

There is a growing interest in the antioxidant
properties of silymarin [5—7] — a standardized
herbal extract obtained from the milk thistle seeds
(lat. Silybum marianum) containing a mixture of
flavonolignans (silybin, isosilybin, silychristin,
silydianin), flavonoids (quercetin and taxifolin) and
other polyphenolic compounds. Silymarin was

Molecular  structure (Fig. 1) has been
optimized by using Hartree-Fock theory with the
6-31G(d,p) basis set by means of the GAMESS
[9]. The enthalpies of dissociation of O—H bonds
for each OH-groups and ionization potentials of
molecules were calculated using DFT (B3P86/6-
31G(d,p)) (GAMESS) with functional B3P86,
which gives the best agreement with experiment
for ionization potentials and bond-dissociation
enthalpies for phenolic compounds [10]. The
improved solvation model IEF PCM (Integral
Equation Formalism version of the Polarizable
Continuum Model) [11] was used to account for
the solvent effects.

Compounds with phenolic structure can realize
the antioxidant properties by two mechanisms [10]:
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by transferring the hydrogen atom (1) or electron
transport (2).

ArOH +R'—ArO"+ RH (1)

ArOH + R'—ArOH" + R" — ArO’ + RH )

R is any radical involved in oxidative stress
(including "OH, O,"-, ROO’) and, for example, the
model-radical DPPH.

Reaction (1) corresponds to the homolytic
dissociation of an O-H bond (when the total
electron pair shared between radicals ArO” and R’
which are formed) and can occur on each OH
group of the phenolic compound depending on the
bond dissociation enthalpy of the OH group. With
a decrease in the bond dissociation energy, the
probability increases of participation of this OH
group in an antioxidant effect. Reaction (2)
proceeds to form an intermediate — cation,
therefore it is dependent on the ionization potential
of the molecule, which by Koopmans theorem
(within the method of molecular orbitals) is
determined by the energy of the HOMO with the
opposite sign [12].

RESULTS AND DISCUSSION

To analyze the contribution of the various
mechanisms to antioxidant activity of silymarin,

quantum-chemical  calculations on  silybin,
silychristin, quercetin and taxifolin have been
carried out. Flavonolignans silybin and silychristin
are the major components of silymarin. Quercetin
is a reference phenolic antioxidant, and taxifolin is
its dihydroflavonol counterpart (Fig.1). The
difference between those two compounds comes
from the presence of the 2,3-double bond in
quercetin. Since the intermolecular interactions
between molecules in the human body take place in
a liquid medium, calculations were made taking
into account the solvation effects [13].

To estimate the contribution of hydrogen atom
transfer, the bond dissociation enthalpies (Table 1)
of the O-H bonds were calculated for all OH
groups of the molecules studied (Fig. 1):

AHgis = AH{ArO") + AH(H") — AH{ArOH),

where ArOH — phenolic compound, ArO" and H —
radicals formed by homolytic dissociation of O—H
bond.

Geometry optimization 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, 16, or 20 position
and additionally from the CH,—OH group.

Fig. 1. The three-dimensional optimized structure of silybin (a), taxifolin (b), silychristin (¢) and quercetin (d) molecules
with the numbers of carbon atoms, which are attached to OH group
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Table 1. The enthalpies of dissociation of O-H bonds for various OH groups (kcal/mol)

Molecule 3-OH 5-OH 7-OH 16-OH 20-OH CH,-OH 3’-OH 4’-OH
silybin 114.8 118.0 119.7 95.5 112.8
silychristin 114.7 117.7 119.7 91.6 93.5 111.0
taxifolin 114.9 104.2 104.5 84.1 84.1
quercetin 86.9 106.2 103.5 85.2 82.6

The enthalpies of dissociation of the O-H
bonds (Table 1) have been analyzed. The lowest
values were for the OH groups of the side phenolic
ring (20-OH group of silybin and silychristin and
3'-OH, 4'-OH of quercetin and taxifolin) and for the
additional OH group in position 16 (16-OH) of
silychristin. These groups provide a maximum
contribution to the hydrogen transfer mechanism.
The dissociation enthalpy values for these groups
vary in the range of 82-95 kcal/mol. Involvement
of OH groups of flavonoids moieties (3-OH, 5-OH
and 7-OH) in the transfer of hydrogen atoms is
small (AHy;ss values for these groups are more than
19 kcal/mol above). The role of 3-OH group is
more significant only for quercetin molecule
(AHyiss value is comparable with the corresponding
values for the side ring). The charges on the
oxygen and hydrogen atoms of the 3-OH group
and on the carbon atoms of 2,3-bonds of the
quercetin and taxifolin are shown in Table 2.
Formation of 2,3-double bond in the molecule of

quercetin leads to a redistribution of charges,
reduction of the negative charge on the oxygen
atom, and explains the decrease in enthalpy of
homolytic dissociation of this O—H bond.

The hydrogen atom transfer from the CH,-OH
group of silybin and silycristin seems to be less
effective (AHgs are 112.8 and 111.0 kcal/mol,
respectively), indicating that this group weakly
participate in the H-transfer mechanism.

The ionization potentials (Table 3) allow us to
estimate the contribution of the mechanism of
electron transfer in the antioxidant properties of
molecules. The ionization potential of the molecule
of quercetin was the lowest (6.17 eV). Thus, the
presence or absence of the 2,3-double bond are the
most influences on ionization potential. For other
molecules studied the contribution of electron
transfer in antioxidant activity was lower than that
for quercetin.

Table 2. The charges on the oxygen and hydrogen atoms of 3-OH group and on the carbon atoms of 2,3-bond of the

molecules of quercetin and taxifolin (a.u.)

Atom taxifolin quercetin

C, 0.090 0.136

C; 0.049 0.005

(O3 —0.463 —-0.402

H, 0.364 0.377
Table 3.  The ionization potential (V)
Molecule silybin silychristin taxifolin quercetin
Tonization potential 6.52 6.32 6.41 6.17

CONCLUSION the redistribution of charge and increases the

It has been shown that the OH groups of the
side phenolic ring (20-OH group for silybin and
silychristin and 3'-OH, 4-OH for quercetin and
taxifolin) and additionally OH-group in position 16
for silichristin give the maximum contribution to
the hydrogen atom transfer mechanism. It has been
found that the presence of 2,3-double bond affects
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contribution of the 3-OH group to the hydrogen
atom transfer mechanism for the quercetin
molecule compared to taxifolin one.

The contribution of the electron transfer
mechanism to the antioxidant activity is reduced in
a series of quercetin — silychristin — taxifolin —
silybin.



0.0. Kazakova

KBanToBoxiMiuHe TOCTiIKEeHH AaHTHOKCHUIAHTHUX BJIACTHUBOCTEH
npupoaHuX GeHOJIbHHUX CIOIYK

0.0. Ka3zakoBa

Inemumym ximii nogepxui im. O.0. Yyiixa Hayionanvnoi akademii nayx Yrpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina, kazakova_olga @ukr.net

Memooamu Xapmpi-@oka (bazuc 6-31G(0,p)) i TOI" (B3P86/6-31G(d,p)) 3 suxopucmanHsam conb8amayiuHol
modeni IEF PCM 6yno euguero éniue cmpykmypu (nagonicHawie (cunioin, cunikpucmut), piagonoiois (keepyemur
i makcigonin) Ha AHMUOKCUOAHMHI 61ACMUBOCMI CUNIMAPUHY - CMAHOAPMU308AHO20 DPOCIUHHOZ0 eKCMPAKmy 3
Hacinus posmoponwi naamucmoi (nam. Silybum marianum), wo micmume cymiw yux cnoayk. byno noxasamo, wo
OH-2pynu 6iuno2o ghenonbHo20 Kinbys 0aroms MAKCUMATbHUL 6HECOK 8 MEeXAHI3M NepeHeceHHs amoma 800H. Byno
6CMAHOBIEHO, WO HaABHicmb 2,3-N00GIIHO20 38'A3KY 6NIUBAE HA NepPepo3no0in 3apady i 30iNbUYE 8HECOK Zpynu
3-OH 6 mexamuism nepeHeceHHs amomd 600HIO ONA MOJEKVIU Keepyemuwny. Buecox mexamizmy 3 nepeneceHHAM
€eKMPOHA 68 AHMUOKCUOAHMHY AKMUBHICMb 3HUIICYEMbCSL 8 POy KEEPUEemuUH > CUMIKPUCMUK > Maxcigonin >
cuniobim.

Knrouosi cnosa: gprasonicnanu, (prasonoiou, aHmuoKCUOAHMHA AKMUBHICMb

KBanToBoxumMmnueckoe uccjieq0BaHuEe AHTHOKCHAAHTHBIX CBOICTB
NPUPOIHBIX (PeHOTbHBIX COeIMHEHMN I
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Memooamu  Xapmpu-@oka (basuc 6-31G(0,p)) u T®I (B3P86/6-31G(d,p)) c¢ ucnonvzosanuem
conveamayuonnoti mooeau IEF PCM 6wvin0 usyueno enusnue cmpykmypbi ragoiueHanos (CUrubuH, CUTUKpUcmun),
@nasonoudos  (keepyemurn U MAKCUPOIUH)  HA  AHMUOKCUOAHMHblE  CEOUCMBA  CUTUMAPUHA -
CMAaHOApMU3UPOBAHHO20 PACUMENbHO20 IKCMPAKMA U3 CeMsH pacmoponwiu namuucmou (nam. Silybum
marianum), cooepicaujeco cmecv 3mux coeounenuu. bviio noxasano, umo OH-epynnvl 60K06020 (henonrbHO20
KObYA Oaiom MAKCUMAbHBLI 6KIAO 8 MEXAHU3M NepeHOCcd amoma 600opoda. bwino ycmanoseneno, umo nanuuue
2,3-0601iHOUl c6A3U 6NUsAem HA NnepepacnpeodeieHue 3apsaoa u yeeauuusaem exnao epynnel 3-OH 6 mexanusm
nepenoca amoma 6000pooa O1si MOJNEKYTbl Keepyemunda. Brkiad mexamusma ¢ NepeHocoM JIeKmpoHd 6
AHMUOKCUOGHMHYIO AKIMUSHOCHb CHUIICAEMCSL 8 PSIOY KGePYEmuH > CUTUKPUCIIUH > MAKCUDOTIUH > CUTUOUH.

Knwuesnie cnoea: d)ﬂaGO/luZHaHbl, (f)/laBOHOMabl, AHMUOKCUOAHMHASL AKMUBHOCTb

REFERENCES

1. Nunomura A., Castellani R.J., Zhu X., Moreira P.I., Perry G., Smith M.A. Involvement of oxidative stress in
Alzheimer disease. J. Neuropathol Exp. Neurol. 2006. 65 (7): 631.

2. Wood-Kaczmar A., Gandhi S., Wood N.W. Understanding the molecular causes of Parkinson's disease. Trends
Mol. Med. 2006. 12(11): 521.

3. Davi G, Falco A., Patrono C. Lipid peroxidation in diabetes mellitus. Antioxid Redox Signal. 2005. 7(1-2): 256.

4. Khan M.A., Tania M., Zhang D., Chen H. Antioxidant enzymes and cancer. Chin. J. Cancer Res. 2010. 22(2):
87.

466 ISSN 2079-1704. CPTS 2016.V.7.N 4



A quantum-chemical study on the antioxidant properties of natural phenolic compounds

5. Asghar Z.,Masood Z. Evaluation of antioxidant properties of silymarin and its potential to inhibit peroxyl
radicals in vitro. Pak. J. Pharm. Sci. 2008. 21(3): 249.

6. Koksal E., Gulcin 1., Beyza S., Sarikaya O., Bursal E. /n vitro antioxidant activity of silymarin. J. Enzyme Inhib.
Med. Chem. 2009. 24(2): 395.

7. Surai P.F. Silymarin as a Natural antioxidant: an overview of the current evidence and perspectives.
Antioxidants. 2015. 4: 204.

8. Abenavoli L., Capasso R., Milic N., Capasso F. Milk thistle in liver diseases: past, present, future. Phytother.
Res. 2010. 24(10): 1423.

9. Schmidt M.W., Baldridge K.K., Boatz J.A., Elbert S.T., Gordon M.S., Jensen J.H., Koseki Sh., Matsunaga N.,
Nguyen K.A., Su Sh., Windus Th.L., Dupuis M., Montgomery J.A. The general atomic and molecular electronic
structure system. J. Comput. Chem. 1993. 14(11): 1347.

10. Trouillas P., Marsal P., Siri D., Lazzaroni R., Duroux J.L. A DFT study of the reactivity of OH groups in
quercetin and taxifolin antioxidants: the specificity of the 3-OH site. Food Chem. 2006. 97(4): 679.

11. Cances M. T., Mennucci B., Tomasi J. A new integral equation formalism for the polarizable continuum model:
Theoretical background and applications to isotropic and anisotropic dielectrics. J. Chem. Phys. 1997. 107(8):
3032.

12. Parr R.G., Donnelly R.A., Levy M., Palke W.E. Electronegativity: The density functional viewpoint. J. Chem.
Phys. 1978. 68: 3801.

13. Kazakova O.A. Interaction of bioactive molecules with highly dispersed silica surface in aqueous medium:
quantum chemical investigation. Surface. 2011. 3(18): 13. [in Russian].

Received 30.07.2016, accepted 03.11.2016

ISSN 2079-1704. CPTS 2016.V.7.N 4 467



