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ABSTRACT: Silymarin is a natural mixture with beneficial
properties for health, specifically due to its antiradical
characteristics. The major components of this mixture are
silybin (SIL), silychristin (SILYC), isosilybin (ISOSIL),
silydianin (SILYD), and taxifolin (TAX). In this report, the
electronic properties of these substances are investigated using
density functional theory calculations, mainly in order to fully
understand the free radical scavenger properties of these
compounds. Optimized geometries and Raman spectra are
reported. These results could be experimentally useful for
identifying some of the major components of the mixture. The
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relative abundance of deprotonated species under physiological conditions is also included. The free radical scavenger capacity is
studied in relation to three mechanisms: the single electron transfer (SET), the radical adduct formation (RAF), and the
hydrogen atom transfer (HAT). According to this investigation, the HAT mechanism is the most efficient mechanism for
scavenging free radicals for these compounds followed by the RAF mechanism where intramolecular hydrogen bonds are formed
in order to stabilize the *OOH free radical. A particularly important factor is that none of the compounds being studied showed
an outstanding antiradical capacity performance compared to the others. In this sense, silymarin is an interesting mixture with
antiradical properties and we now know that one single component should be as effective as the mixture.

B INTRODUCTION

Milk thistle plant S. marianum (L.) Gaertn, Asteraceae’ was
identified previously by the ancient Greeks, but its medicinal
properties were first described by the renaissance naturalists.
This herbal plant has been consumed for decades because of its
beneficial biological properties,z_b which include hepatopro-
tective,” > anti-inflammatory,” and anticancer activity.® The
active component of the plant, which is extracted from the
seeds, is known as silymarin.” Silymarin has been intensively
studied in the last decades due to its antioxidant properties and
its effectiveness against chemically induced skin damage.”™"” It
is known that silymarin comprises a very complex mixture of
flavonolignans with silybin (SIL) representing the principal and
by far the most researched component. Silymarin contains
other flavonolignan and flavonoid compounds, named
silychristin (SILYC), isosilybin (ISOSIL), silydianin (SILYD),
and taxifolin (TAX) (Figure 1). It is interesting to note that
SIL, SILYC, ISOSIL, and SILYD are isomers. The mixture also
includes other compounds (10—30%) such as 2,3-dehydrosi-
lybin."* Furthermore, it was reported that, except for 2,3-
dehydrosilybin, none of the major components of silymarin
mixture is phototoxic in skin in vitro cells.”

As previously reported, flavonolignans and related com-
pounds are free radical scavengers."*™** The correlation
between the structure and the antiradical activity has been
demonstrated, in particular for SIL.'”*® It has been determined
experimentally and theoretically that, for SIL and deprotonated
silybin (SIL(_y5)™"), principal mechanisms for scavenging free
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radicals include the single electron transfer (SET), the
hydrogen atom transfer (HAT), and the radical adduct
formation (RAF).'”*® In spite of studies™® dealing with the
antiradical properties of SIL and SIL(_y, ", there are no reports
about the free radical scavenging activity of the other
components of silymarin. Silymarin consists of a complex
mixture of flavonolignans, which in combination provide strong
antiradical properties. Experimental results show excellent
antioxidant activity for SIL, that is the major component of
silymarin but not necessarily means that it is the best free
radical scavenger. In order to reveal which component of the
mixture represents the best free radical scavenger, it is
important to investigate all of the compounds. To this end,
we investigated the antiradical properties of the components of
silymarin (SILYC, ISOSIL, SILYD, and TAX). We also provide
a comparison with previous SIL results.

As previously reported, the relative abundance of deproto-
nated species under physiological conditions (pH 7.4) is the
key to truly understanding their antioxidant properties.”®
Therefore, in this investigation, the relative abundance of
deprotonated species at pH 7.4 for each compound is also
included, as well as its capacity to stabilize free radicals from the
deprotonated species (SILYC _H)_l, SIL(_H)_I, ISOSIL(_H)_I,
SILYD(_H)_l, and TAX(_y)~'). Optimized geometries and
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Figure 1. Chemical structures of the major components of silymarin. The labels used in this work are included. Relative abundance (in %) is also
reported (Aldrich MDL number MFCDO01776359). Stars (*) indicate the acid proton for further reference.

Raman spectra are reported. These results may be exper-
imentally useful for identifying some of the major components
of the mixture. The free radical activity is analyzed with regard
to three different mechanisms: SET, RAF, and HAT. In the
following, it becomes apparent that SIL is neither the most
stable isomer nor the best free radical scavenger found in
silymarin. In fact, none of the analyzed compounds present
outstanding free radical scavenger behavior compared to the
others. This is explained by the fact that all molecules share the
flavonoid skeleton, which probably guides the antiradical
reactivity.

B COMPUTATIONAL DETAILS

All calculations were carried out with Gaussian 09 implementa-
tion.”” Initial geometries were fully optimized at the M06/6-
31+G(d) level of theory in the gas phase.’” ™" This
methodology has been successfully used to study small organic
molecules.”*>*” Harmonic analyses are calculated to verify
local minima (zero imaginary frequencies). Marvin Sketch®® is
used to find the pK, values at 298 K (pK, min, 0; pK, max, 14)
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and to identify the relative abundance of the deprotonated
species under physiological conditions.

The SET mechanism is analyzed using the following
schemes:

(1)
)

ANTI represents all the molecules being studied that are
reported in Figure 1 and also the corresponding deprotonated
compounds. To investigate the SET mechanism, the vertical
ionization energy (I) and vertical electron affinity (A) were
obtained from single point calculations of the corresponding
cationic and anionic molecules, using the optimized structure of
the neutrals (or anions for the deprotonated molecules) and
the 6-311+G(d,p) basis set. Water and DMSO are included to
mimic polar and nonpolar environments. The full electron
donor—acceptor map (FEDAM) is a useful, previously defined
tool.>”*" In this map (Figure 2), I and A are plotted and allow
us to classify substances as either donors or acceptors of
electrons. Electrons are transferred from molecules located

ANTI + R® - R+ ANTI'®

ANTI + R* > R + ANTI®
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Figure 2. Full electron donor—acceptor map.

down to the left of the map (good electron donors) to those
molecules that are up to the right (good electron acceptors).

The RAF mechanism is investigated using *OOH as a free
radical expressed in the following equations.

[ANTI(OOH)]* — ANTI + *OOH
AEg, = [E("OOH) + E(ANTI)] — E[(ANTI(OOH)]*)
®)
*OOH is added to all of the C—C double bonds and also
close to a number of oxygen atoms forming hydrogen bonds.

The HAT mechanism is analyzed with the hydrogen transfer
energy (AEy,r) calculated as follows (eq 4)

ANTI(—H)® + RH — ANTI + R°

AE,,r = [E(ANTI) + E(R)"]

— [E(RH) + E(ANTI(-H)*] (4)
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0.0

3.2

5.1

54

SILYC
OH
!
O o o
OH OH
o)

OH
@[OH
@[o ]o
O

HO O
\Q;Q\OH OH

OH O
ISOSIL

HO

SIL

a4 d
rd
3995”3 ¢
T R 0,9
“.\*&'. @ ‘J‘.‘J g‘ ; 2.11
s Q‘\ 3 ? g 0?‘ °
Y I 9
LN .
1.79 2.09

OH O
TAX

Figure 3. Schematic representation and optimized geometries of major components of silymarin. Molecules inside the dashed square are isomers
(CysHy,040). AE (in keal/mol) corresponds to the energy differences between the isomers with respect to the most stable.
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Figure 4. Schematic representation and optimized geometries of major deprotonated components of silymarin. Molecules inside the dashed square
are isomers (CysH,,0,0)7". AE (in kcal/mol) corresponds to the energy difference between the isomers with respect to the most stable.

ANTI(—H)"® is the antiradical molecule, less one hydrogen
atom, and RH is the free radical molecule with one bonded H
atom. Five different free radicals (R* = *OH, *OOH, NO,",
CH,0°, and C¢H;0") are used to analyze this mechanism.

B RESULTS AND DISCUSSION

Geometry Optimization. The major components of
silymarin may be deprotonated under physiological conditions.
The calculated relative abundance at a pH of 7.4 for the five
molecules considered in this investigation indicates that 30%
are deprotonated (approximately, see Table S1 of the
Supporting Information). This result shows it is important to
consider the deprotonated compounds in order to complete the
description of the antiradical properties under physiological
conditions. Previous results for SIL were considered in order to
select the initial geometries for optimization.”® It was reported
that intramolecular hydrogen bonds are very important for the
stabilization of this molecule so that, for this reason, as much as
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possible we used initial geometries that contain intramolecular
hydrogen bonds.

Figures 3 and 4 present a schematic representation and the
optimized structures of SIL, SILYC, ISOSIL, SILYD, and TAX
and deprotonated molecules, respectively. In each figure,
structures inside the dashed square are isomers, as they have
the same chemical formula (C,sH,,0,, and C,qH,,0,,™" for
the deprotonated molecules). SILYC is the most stable isomer
followed by SIL (AE = 3.2 kcal/mol), ISOSIL (AE = 5.1 kcal/
mol), and SILYD (AE 5.4 kcal/mol). In terms of
deprotonated species, SILYC(_;)~" is the most stable isomer
followed by ISOSIL(_;)~" (AE = 3.7 keal/mol), SILYD ™"
(AE = 5.6 keal/mol), and SIL(_y5,~" (AE = 6.5 keal/mol). The
greatest energy difference is less than 7 kcal/mol, and these
compounds can be expected to coexist under experimental
conditions.

Figures 3 and 4 present optimized molecules indicating the
hydrogen bond lengths (in A). All optimized structures have at
least three hydrogen bonds: two related to the flavonoid
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Figure S. Raman spectra for major components and major deprotonated components of silymarin.

skeleton between the carbonyl and the hydroxyl groups and the
third one between OCHj; and OH of the aromatic ring. TAX
also presents intramolecular hydrogen bonds. Comparing the
optimized structures, the differences between two of the
hydrogen bond lengths are not significant, as they are
practically the same, even considering the deprotonated species.
However, there is one H bond distance that is shorter for the
deprotonated molecules (Figure 4) than for the others (Figure
3). As expected, deprotonated molecules present a stronger H
bond.

Raman Spectra. The characterization of these compounds
can be made experimentally using infrared and Raman spectra,
with the Raman spectra being very useful due to the surface-
enhanced-Raman-scattering (SERS) technique. To help with
the experimental characterization, Figure S reports the
theoretical Raman spectra for the compounds under study.
There are important differences in the Raman spectra
(indicated by stars) that enable us to make the characterization.
SIL and ISOSIL are similar, but in the case of ISOSIL, there are
two signals at 80 and at 780 cm™", which are not characteristic
of SIL. This difference could be helpful for distinguishing
between these two molecules. SILYC presents three signals that
are not present for the other compounds at 555, 615, and 720
cm™’, and SILYD shows a unique signal at 450 cm™". TAX, the
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only molecule that is not an isomer, shows an exclusive signal at
205 cm™. For deprotonated compounds, we also found
significant differences. For SIL__y)™', a unique signal around
675 cm™! was found. For SILYC(,H)_I, there are three major
signals at 55, 555, and 705 cm™". Finally, for SILYD(_H)_I, there
is a signal around 475 cm™" that is not present in the case of the
other molecules. For ISOSIL(_H)_1 and TAX(_H)_I, no
distinguishable signals were found in the Raman spectra.
Comparing the two Raman spectra, we were able to distinguish
the deprotonated compounds. SIL presents an important peak
at 585 cm™! that is not evident in the case of SIL(_H)_I.
Identification of SILYC and SILYC(_y;~" is possible due to the
signal around 1S5 cm™ for SILYC(_H)_I. ISOSIL shows an
important signal at 400 cm™', which is not present for
ISOSIL(_g~". For SILYD and SILYD(_y,™", the shape of the
signal around 475 cm™ changes significantly, making it possible
to distinguish one from another. Finally, we were able to
recognize TAX to TAX(_)~" because of the signal at 205 cm™
of TAX. For deprotonated compounds, Raman spectra are less
intense. The main conclusion concerning the Raman spectra is
that it makes it possible to characterize different components of
the mixture and also the deprotonated molecules.
Antiradical Capacity. Single Electron Transfer (SET). The
full electron donor—acceptor maps of the molecules being

DOI: 10.1021/acs.jpcb.6b02807
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Figure 6. Full electron donor—acceptor map for the major components of silymarin mixture and their deprotonated compounds. DPPH®,
astaxanthina (ASTA), resveratrol (RESVE), 2,3-dehydrosilybin (2,3-DEHY), and deprotonated 2,3-dehydrosilybin (2,3-DEHY(_H)_1) are included

for comparisons.

studied are reported in Figure 6, considering water and DMSO
as solvent to mimic polar and nonpolar environment.
Astaxanthin (ASTA), resveratrol (RESVE), silybin (SIL),
deprotonated silybin (SIL(_y)™"), 2,3-dehydrosilybin (2,3
DEHY), and deprotonated 2,3-dehydrosilybin (2,3-
DEHY(_H)_I) were reported previously”® and are included for
purposes of comparison. DPPH® is taken into account, as it is a
stable free radical that is very useful for experimental
determination of free radical scavenger activity. All compounds
in the study present higher I values than ASTA, RESVE, and
DPPH®, meaning that none can transfer electrons to DPPH".
As electron acceptors, all neutral molecules represent slightly
better electron acceptors than RESVE but worse than ASTA
and DPPH". As expected, deprotonated molecules represent
worse electron acceptors (smaller A values) than the others.
Except for SIL(_y;)™" in DMSO which presents a smaller I value
and represents a better electron donor, the other deprotonated
molecules do not represent better electron donors than the
neutral molecules. Comparing with 2,3-DEHY and 2,3-
DEHY_y;)”}, it is evident that major components of silymarin
represent worse electron donors (I larger) and, therefore, worse
free radical scavengers than 2,3-DEHY. As previously
reported,”® both SIL_y)~" and 2,3-DEHY_y,™" are able to
donate electrons to stabilize DPPH® with the transfer electron
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mechanism being less effective for SIL(_H)_l. This concurs with
previous experimental results indicating that this last molecule
represents a better free radical scavenger than SIL.”® The
conclusion from the SET mechanism is that no significant
differences are apparent among the major components of
silymarin mixture. As a result, major silymarin components are
not able to either donate or accept electrons from DPPH®. Due
to its position on the map, none of the major compounds
included in the silymarin mixture is able to stabilize DPPH® by
the electron transfer mechanism. Only SIL(_y,”", in a nonpolar
environment such as DMSO, could effectively stabilize DPPH®.

Radical Adduct Formation (RAF). Except for SIL,”® there
are no experimental or theoretical results that analyze the free
radical scavenging properties of the major compounds of
silymarin mixture with *OOH. In this report, we analyze the
adduct formation mechanism using *OOH as a free radical and
10 molecules as free radical scavengers (SILYC, SIL (reported
previously),”® ISOSIL, SILYD, TAX, SILYC(_ ™", SIL(_y)~,
ISOSIL(_s)”", SILYD (4", and TAX(_y)~'). The *OOH
radical was systematically added to every C—C, C—O double
bond or close to the oxygen atoms where hydrogen bonds can
be formed. All systems were fully optimized. Tables S2—S11
show the results of dissociation energies for each free radical
adduct compound, indicating the position of the addition.
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Figure 7. Optimized structures for the most stable ANTI adduct with *OOH and the dissociation energies (kcal/mol) for each compound being
studied in the following scheme: [ANTI-OOH]* — ANTI + *OOH. Intramolecular hydrogen bonds are formed, and distance lengths are reported

in A.

Positive dissociation energies indicate that the adduct is more
stable than the dissociative products. Figures 7 and 8 report the
most stable free radical adduct compounds and the AEg,g (in
kecal/mol) according to eq 3. All [ANTI—OOH]* are stable by
more than 10 kcal/mol with respect to their dissociative
products, which implies that the adduct formation is
thermodynamically favorable. [SILYD—OOH]® is stable by
16.3 kcal/mol, [SILYC—OOH]* and [ISOSIL—OOH]* are
also stable with AEg,; equal to 13.6 and 13.5 kcal/mol,
respectively, whereas [TAX—OOH]* and [SIL—OOH]*
present dissociation energy values of 12.0 and 11.7 kcal/mol,
respectively. For all of these molecules, *OOH is bonded to
ANTI, mainly forming hydrogen bonds at different positions.
In Figure 7, hydrogen bond lengths are also presented.
Intramolecular hydrogen bond distances vary from 1.70 A in
[SILYC—OOH]* and [TAX—OOH]"® to 3.30 A for [SIL—
OOH]". In Figure 8, it is possible to see that deprotonated
adducts are stable by approximately 17—18 kcal/mol. The
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deprotonated adducts are slightly more stable than the
corresponding neutral molecules. In every deprotonated
molecule, the most reactive atom is the O of the carbonyl
group, which forms hydrogen bonds with the *OOH. For these
molecules, hydrogen bond length does not vary significantly
from one compound to another. The hydrogen bond distance
between the O from the C=O and the H from the *OOH free
radical is 1.55—1.56 A for all deprotonated species. The
hydrogen bond lengths formed between the O of the *OOH
and the H atom of the hydroxyl group of deprotonated
molecules vary between 1.89 A for [SILYD_,~'—OOH]*
and 1.96 A for [SILYC_y,~'—OOH]".

In summary, O atoms of major components of silymarin play
a key role in stabilizing the *OOH free radical following the
RAF mechanism. As for the SET mechanism, the RAF
mechanism does not offer significant differences in antiradical
capacity among these compounds. In this way, all compounds

DOI: 10.1021/acs.jpcb.6b02807
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[SILYC .y '-OOH]*
AEgrar =17.3 kcal/mol

[SIL(_H)_1 -OOH] b
AERAF =17.6 kcal/mol

[ISOSIL g, '-OOH]*
AERAF =17.7 kcal/mol

[SILYDy,'-OOH]*
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Figure 8. Optimized structures of the most stable ANTI adduct with *OOH and the dissociation energies (kcal/mol) of each deprotonated
compound being studied in the following scheme: [ANTI(_H)’I—OOH]' - ANTI(_H)’1 + *OH. Intramolecular hydrogen bonds are formed, and

distance lengths are reported in A.

under study show practically the same reactivity for the RAF
mechanism with the *OOH free radical.

Hydrogen Atom Transfer (HAT). In order to evaluate the
antiradical capacity of the compounds being studied, we also
considered the HAT mechanism. For this purpose, all the
hydrogen atoms of the molecules were dissociated one by one,
and only the three most stable dehydrogenated molecules were
considered for this discussion. The HAT mechanism was
analyzed considering five different free radicals: *OH, *OOH,
NO,*, CH;0°, and C4HO®. Table 1 reports AE;,1 (see eq 4).
Positive AEy,r values indicate that the stabilization of the free
radical is thermodynamically favorable. According to eq 4 and
the selected free radicals, the products RH are H,O for the
*OH free radical, H,0, for the *OOH free radical, HNO, for
the NO,* free radical, and CH;0H and C,H;OH for CH;0°
and C4H;O°, respectively.
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As far as we know, the only HAT study for these molecules
was carried out by Trouillas et al."” These authors reported the
bond dissociation enthalpies of the H atom for four OH groups
for SIL and 2,3-DEHY. The abstraction of the H atoms for the
remaining positions was not taken into account, and the overall
conclusion is that HAT may be the main mechanism for 2,3-
DEHY, as it is much more effective for this than for SIL. In this
study, we complete this first description by taking into account
all H atoms in every molecule being studied and by considering
diverse free radicals in the HAT mechanism reaction. As a
result of doing this, we found that the H atoms from the
hydroxyl group produce stable dehydrogenated molecules,
however not necessarily the most stable ones. For SIL, there are
two H atoms that do not correspond to OH groups that are
reactive (Table 1, SIL, reactive positions 1 and 3). For 2,3-
DEHY, there is one reactive position (2, Table 1) that was not
considered before. By comparing the reactivity of these

DOI: 10.1021/acs.jpcb.6b02807
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Table 1. HAT Study”

MOLECULE ﬁ:ﬁﬁi «OH | *OOH N?)];::MCH3O- CgH;0°

1 |356| 35 | 46| 210 | 23

2 351 31 |50 206 | 19

3 0339] 1.8 |-63] 193 | 06

1 [362| 41 | 40| 217 | 29

2 |329] 08 |-73] 183 | -04

3 |326] 05 | 76| 181 | -07

OH

1 363 43 | 39| 218 | 3.0

2 |334] 13 |68 188 | 0.1

3 |206| 25 [-106] 150 | -3.7

1 |389| 69 | -13| 244 | 56

2 |341] 21 |-60| 196 | 09

3 |315] 06 | 87| 169 | -1.8

1 |418] 97 | 16 | 273 | 85

2 332 12 |70 | 187 | -01

31309 -1.1 | 92| 164 | 23

TAX
O_ _CH,0H
3] vo o O ] ocHs 1 |342] 21 | -60| 196 | 09
H
on 2 326 05 | -76 | 180 | -07
oH o [1] 3 |283| -38 [-11.9] 137 | -50
2,3-DEHY

“AEyr values (in kcal/mol) for the indicated H atom are presented.

molecules with different free radicals, we determined that the
HAT mechanism is not more important for 2,3-DEHY than for
SIL. In this way, this report completed what Trouillas et al.
previously initiated."

As expected, all analyzed compounds are able to stabilize the
*OH free radical, as this is the most unstable and reactive free
radical. All molecules showed three positive and high values of
AEyr when the reaction is with this free radical. The
stabilization of *OOH free radical is also possible for all
compounds. AEy, are smaller than those for the reaction with
*OH, but they are positive and the reaction is feasible. Notably,

according to the HAT mechanism, none of the compounds
being studied is able to stabilize NO,*, as all AEy,1 values are

negative (the exception is a small positive value for TAX). For
the CH;0°® we observe a similar behavior to that of *OH
because every molecule is capable of stabilizing this free radical

and shows high values of AEy,r. The greatest difference in

terms of the antiradical capacity of these molecules following
the HAT mechanism occurs with C¢H;O°. For the
dehydrogenated stable molecules studied, the only significant
value is for TAX (8.5 kcal/mol) and SILID (5.6 kcal/mol). The
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other dehydrogenated compounds present positive values
considering one or two positions, but the values are small.

This analysis provides an indication of the free radical
capacity of each of the compounds. In spite of this, the main
conclusion concerning the HAT mechanism is that none of the
compounds shows significantly greater antiradical reactivity
compared to the others. This corroborates the proposition that
what makes silymarin a strong antiradical mixture is not one
component. One single component should be as effective as the
mixture.

B CONCLUSIONS

The main conclusion of this investigation is that SIL is neither
the most stable compound nor the best free radical scavenger
considering the major components of silymarin mixture in
terms of single electron transfer (SET), radical adduct
formation (RAF), and hydrogen atom transfer (HAT)
mechanisms. In fact, none of the compounds analyzed manifest
better antiradical reactivity than the others. Accordingly,
silymarin is an interesting mixture with antiradical properties
and now we know that one single component should be as
effective as the mixture.

It is possible to identify some of the more abundant
components of the mixture applying Raman spectroscopy.
Raman spectra allows us to identify four major components and
three major deprotonated compounds of the silymarin mixture:
SILYC, ISOSIL, SILYD, and TAX and SILYC )", SIL(_sp~",
and SILYD(_y, "

The SET mechanism shows that deprotonated compounds
represent slightly better electron donors but worse electron
acceptors than neutral molecules, but in both cases, molecules
show similar electron donor—acceptor capacity.

The analysis of the RAF mechanism with *OOH allows us to
conclude that deprotonated species increase the stability of
formed adduct but the antiradical capacity is practically the
same for every molecule analyzed.

Hydrogen atom transfer (HAT) mechanisms indicated that,
from a global point of view, no notable difference exists
between any of the molecules.

For the compounds being analyzed, the SET mechanism
appears to be the least favorable for stabilizing free radicals,
whereas the HAT mechanism is apparently the most propitious.
In the case of the RAF mechanism, stable free radical adducts
are formed but notably it is possible to make successive
additions in order to prove the capacity of this kind of molecule
for stabilizing more than one free radical. This offers an
interesting subject for further investigation.
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