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ABSTRACT: Silybin (SIL) and 2,3-dehydrosilybin (DHS) are constituents of milk thistle extract (silymarin) applied in the treatment
of cirrhosis, hepatitis, and alcohol-induced liver disease. The molecular mechanism of their action is usually connected with antioxidant
action. However, despite experimental and theoretical evidence for the antioxidant activity of SIL and DHS, the mechanism of their
antiradical action still remains unclear. We studied the kinetics of SIL/DHS reactions with 2,2-diphenyl-1-picrylhydrazyl radical in
organic solutions of different polarity and with peroxyl radicals in a micellar system mimicking the amphiphilic environment of lipid
membranes. Kinetic studies together with determination of acidity and electrochemical measurements allowed us to discuss the
structure—activity relationship in detail. In nonpolar solvents the reaction with free radicals proceeds via a one-step hydrogen atom
transfer (HAT) mechanism, while significant acceleration of the reaction rates in methanol and water/methanol solutions suggests the
dominating contribution of a sequential proton-loss electron-transfer (SPLET) mechanism with participation of the most acidic hydroxyl
groups: 7-OH in SIL and 7-OH and 3-OH in DHS. In a heterogeneous water/lipid system, both mechanisms operate; however, the
reaction kinetics and the antioxidant efficacy depend on the partition between lipid and water phases.

Bl INTRODUCTION Scheme 1. Chemical Structures of Silybin (A) and

The vast majority of presently applied medicines are of natural 2,3-Dehydrosilybin (B)

origin' > with such evident examples as aspirin,* morphine,®
quinine,é noscapine,7 curcumin,® and digitalis.9 According to the
WHO, up to 80% of population relies currently on traditional
remedies. Echinacea, ginko, ginseng, garlic, St. John’s wort, milk

thistle, and valerian'®"" are just a few examples of herbs used A
commonly, regardless of the uncertainty of the formulation,
incomplete studies of individual and cooperative mechanisms of on o o
action of all constituents, and insufficient amount of reliable OH
clinical trials."""* Milk thistle (Silybum marianum (L.) Gaertn.) HO o o
is a herbaceous plant that has been used in folk medicine since O | © CHa
ancient times, mainly in the treatment of various liver disorders. B OH OH
Nowadays, the most common indications for administration of

. X . . . . . OH o
milk thistle extract (ie., silymarin) are cirrhosis, acute and
chronic hepatitis, alcohol-induced liver disease, and toxin-
induced hepatitis."> " Tt is widely applied due to its safety and Silybin (SIL, Scheme 1A), as the main constituent of silymarin, is
lack of adverse effects. Contemporary research has broadened considered to exhibit the foremost biological activity. Among a
the knowledge about its hepato- and cardioprotective properties, number of intracellular mechanisms responsible for the activity of
anticholestatic, anticancer, and antimetastatic efficacy, as well SIL, antioxidant action appears to be the key mechanism."***~*?
as neuroactive and neuroprotective activity.'”">> With a few Other documented mechanisms include stimulation of polymerase I,
exceptions, the increasing amount of knowledge on the health
benefits has not been accompanied by comprehensive basic Received: June 15, 2013
research on the molecular mechanisms of action. Published: September S, 2013
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rRNA transcription, stabilization of cellular membrane and regu-
lation of its permeability to protect the cells against xenobiotics.>' =
The composition of silymarin includes also other flavonolignans
(such as 2,3-dehydrosilybin, isosilybin, silychristin, and silydianin)
and some flavonoids (taxifolin, quercetin). The rest (10—30%) of
the extract is a chemically undefined fraction containing some other
polyphenolic compounds.* 2,3-Dehydrosilybin (DHS, Scheme 1B)
has received special attention only recently, since, in comparison to
SIL, it is a 25 times more potent radical scavenger and inhibits lipid
peroxidation 10 times more efficiently.****

Silymarin and silybin have been intensively studied in vitro,
in vivo, and also in clinical trials.>> However, only a few papers
have provided insight into their structure—activity relationship.
Gyorgy et al* indicated the 20-OH group in silybin as the
most probable site of hydrogen atom abstraction by free
radicals. Gazak et al.>® investigated the role of individual hydroxyl
groups in silybin, 2,3-dehydrosilybin, and their methylated
derivatives on the basis of reaction with 2,2-diphenyl-1-
picrylhydazyl radical (dpph®) in methanol solution, the inhibition
effect of these flavolignans on microsomal lipid peroxidation,
and on superoxide scavenging in the mitochondria from brown
adipose tissue (BAT). The authors concluded that the phenolic
20-OH group is responsible for the antiradical activity of SIL,
while for DHS the most important group is enolic 3-OH, with a
smaller contribution of the 20-OH group to the overall reactivity.

There are several thermodynamic and kinetic factors governing
the mechanism of reaction of chain-breaking phenolic antioxidants
(ArOH) with free radicals (Y*):*”*® the structure of ArOH, the
O—H bond dissociation enthalpy (BDEq_y), the ionization
potential (IP) and acidity of ArOH, the reactivity and electron
affinity of Y®, and some external factors such as reaction
environment, including polarity of a solvent, its ability to form a
hydrogen bond, pH,3 the structure of the membrane, and the
presence of coantioxidants. Hydrogen atom transfer (HAT) and
proton-coupled electron transfer (PCET)***' are examples of a
one-step mechanism.* Other mechanisms include separable steps
of electron/proton transfer. In the sequential proton-loss electron-
transfer mechanism (SPLET)*™* a deprotonation precedes the
electron transfer from phenolate anion to a radical and this
mechanism clearly depends on the ability of a solvent to support
ionization, acidity of a phenol, and electron affinity of a radical.*'
Another mechanism, electron transfer—proton transfer (ET-PT),
includes the opposite order of steps: electron transfer from a
phenol gives a radical cation that immediately deprotonates to
form phenoxyl radical.

The mechanisms of action of silybin and 2,3-dehydrosilybin
were theoretically studied by Trouillas et al*® The authors
concluded that due to a low BDEq_y value in DHS the 3-OH
and 20-OH groups are able to participate in HAT, whereas for
silybin, having relatively stronger O—H bonds, other mechanisms,
namely electron transfer (ET) and formation of adducts with
radicals, are more probable. Very recently, the same authors*® have
suggested that the 7-OH group may react via the SPLET
mechanism in a way similar to that described by Musialik et al.*’
for 7-OH groups in other flavonoids. However, despite experi-
mental'***~*33% and theoretical” evidence of the antioxidant
activity of SIL and DHS, the mechanism of their antiradical action
still remains unclear. In this work we describe the kinetics of their
reaction with model dpph® radical in homogeneous solutions and
with lipid peroxyl radicals in heterogeneous systems. The results
are combined with the acidity of these two flavolignans, and on
the basis of such structure—activity relationships we propose the
mechanisms of antiradical action of SIL and DHS.
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B RESULTS AND DISCUSSION

Acidity of Hydroxyl Groups. The acidities of SIL and
DHS were determined by spectrophotometric titration in
water/methanol (1/1) with the same methodology as
previously used for other flavonoids.” The UV—vis plots
recorded during titration are presented in the Supporting
Information. The obtained values are in good agreement with
previous studies on the acidity of flavonoids.*’~*

Acidity of SIL. The pK, values determined for SIL are 7.7 +
0.06 and 11.0 + 0.08. Meloun et al.* reported four pK, values
for silybin: 7.00, 8.77, 9.57, and 11.66, corresponding to three
phenolic and one nonphenolic OH group. However, pK, =
11.66 reported for nonphenolic OH is inconsistent with the
values usually expected for aliphatic alcohols (15.5—18 in
water).>' In our measurements we focused on the ionization of
phenolic groups. The number of ionization steps determined by
us is lower than the number of phenolic groups in SIL by one.
To understand this difference, we decided to assign pK, values
to particular OH groups, on the basis of structural similarities to
other compounds of known acidities (Scheme 2).

Scheme 2. Structures of Phenols with Their pK, Values
Taken from the Literature (As Cited): (A) 6-Hydroxy-1-
tetralone;>> (B) 4-Hydroxyacetophenone;*> (C) 2-
Methoxyphenol (Guaiacol);** (D) 5,7-Dihydroxyflavone
(Chrysin);*” (E) 3,5,7-Trihydroxyflavone (Galangin);*” (F)
SIL (This Work); (G) DHS (This Work)

In SIL, a phenolic OH at position 20 is internally H-bonded
to an o-methoxyl group. Since ring E is not conjugated with
other rings, the acidity of 20-OH should be similar to the
acidity of guaiacol (see Scheme 2C, pK, = 10.68 in water*);
thus, pK,, can be assigned to the 20-OH group. Two other
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phenolic OH groups in SIL are at positions 5 and 7 in ring A. A
detailed discussion about the acidity of hydroxyflavones*’
showed that 7-OH groups are the most acidic, regardless of the
hydroxylation pattern, with pK, values between 7.5 and 8.5.
Also, the phenols presented in Scheme 2A,B, resembling
structurally a part of the SIL molecule, have pK,’s of 7.74 and 7.87,
respectively. All of these values suggest that the pK,; for SIL (7.7)
can be ascribed to the 7-OH group. After the 7-OH group is
ionized, the remaining S-OH group (H-bonded to the adjacent
carbonyl group) is nonionized until the pH reaches 11, as for other
flavones with OH groups at positions 5 and 7; see the structures
and pK, values for chrysin and galangin in Scheme 2D,E. That is,
both groups, 5-OH and 20-OH, deprotonate at the same pH region
and the processes cannot be deconvoluted.

Acidity of DHS. The pK, values obtained for DHS are 7.4 +
0.10, 8.7 + 0.09, and 11.0 + 0.0S. pK,; and pK,; for DHS
correspond very well to pK, values obtained for SIL and,
considering the structural similarity between SIL and DHS,
they might be assigned to the same phenolic groups in both
flavolignans. The presence of a double bond between C2 and C3
in DHS causes a rather small (less than '/, unit) decrease of pK,;,
leaving the pK,; value practically unchanged, in comparison to
SIL. More importantly, it changes the character of the 3-OH
group from alcohol (in SIL) to enol (in DHS).* This causes a
major shift in pK, value for the hydroxyl group: from very high,
characteristic for aliphatic alcohols (vide supra), to pK,, = 8.7.

Kinetics of the Reaction with dpph®. The reaction of a
phenolic chain-breaking antioxidant with a free radical can be
represented by the overall process (1) with the mechanism
depending mainly on the structure of ArOH, polarity of
microenvironment, localization and ionization of the antioxidant.

(1)
For a simple HAT process in H-bond (HB) accepting solvents
(S), the formation of the hydrogen bond ArO—H--S causes steric
hindrance leading to inaccessibility of phenolic OH for radicals.
This phenomenon, called the Kinetic Solvent Effect (KSE), was
quantitatively described by Ingold et al.:**

log(k*/M7's™") = log(k°/M™'s™") — 8.3a, 8"

mh

Y® + ArOH =5 YH + ArO°

)

where k° is the overall bimolecular rate constant of the reaction
carried out in an HB-accepting solvent, k° is the rate constant of
the process carried out in a non-HB-accepting solvent, and the
parameters &' and /5 describe the HB-donating ability of a
phenol and HB-accepting ability of a solvent, respectively. Both
parameters range from 0.0 to 1.0, and their values are accessible for
hundreds of compounds.*>*® Equation 2 predicts that any HAT
process occurring in HB-accepting solvent (B > 0) is always
slower than in hydrocarbons (S = 0), in agreement with a large
number of experimental results.>”

The rate constants k° measured for the processes carried out
in ionization-supporting solvents (such as methanol, ethanol,
and water) are usually greater than predicted by eq 2. Such an
increase of k® is due to the participation of the SPLET
mechanism (reactions 3—5),° with very fast electron transfer

ArOH s ArO” + HY (3)
ArO +Y° > ArO° + Y~ 4)
Y™ + Ht s HY (3)

from the phenolate anion to a radical (reaction 4). The SPLET
mechanism was originally proposed for phenols (even for
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as weak acids as butylated hydroxytoluene and tocopherol)*

reacting with electron-deficient radicals (e.g., dpph®) in
ionization-supporting solvents. For HAT processes there is a
relationship between the rate constants ky.op 1/dpph” and
kaon/roo® (where ROO® denotes peroxyl radical);®" thus, the
stable dpph® radlcal is frequently applied as a simple model of
peroxyl radicals®® for studies of the structure—activity relation-
ship for many antioxidant systems. The conclusions, if carefully
interpreted, can be applied in oxidative processes involving
peroxyl radicals as reactive intermediates.

We measured bimolecular rate constants k* for reaction 6
carried out in 1,4-dioxane (A5 = 0.41 (0.47);>%% & = 2.2), ethyl

dppk + ArOH 5 dpph-H + ArO* ©)

acetate (AcOEt, A = 0.45;% & = 6.0), and methanol (B! =
0.41;> & = 32). Analysis of data collected in Table 1 shows that
with increasing solvent polarity (dioxane < AcOEt < methanol)
an enormous acceleration of reaction 6 occurs: 200-fold for SIL
and 1300-fold for DHS. Similar ' parameters for dioxane,®
ethyl acetate, and methanol ensure the same magnitude of KSE;
therefore, this huge acceleration of k° can be interpreted as a
result of a SPLET contribution.* A significant decrease of k°
values (ca. 15 and 140 times for SIL and DHS, respecively) after
the addition of acetic acid (/5 = 0.42)*® to methanol is additional
proof of the SPLET participation in the overall process. Such a
dramatic difference between kKM*°" and KM/ can be assigned
to a very small amount of ionized phenols in the presence of
stronger acid; thus, the kMeOH/ " Values are similar to kK*OF,
Reaction Sites in SIL. There are three phenolic groups in the
SIL molecule (Scheme 3). Since the 20-OH group has the
lowest BDE, it has been reported as the most reactive site in
HAT.”® Other phenolic groups have higher BDEs, and their
input to SIL’s activity is considerably smaller. We compared the
reactivity of SIL with the reactivity of 2-methoxyphenol
(guaiacol; see the structure in Scheme 2C), a molecule
structurally similar to ring E in SIL. Values of the rate constants
collected in Table 1 for guaiacol/dpph® reactions are similar to
the results for SIL in the same solvents, suggesting a
dominating contribution of the 20-OH group to the overall
activity of SIL. Another part of the SIL molecule (ACB rings,
see Scheme 1) is structurally similar to S,7-dihydroxyflavone
(chrysin; see Scheme 2D), with the same hydroxylation pattern
(3-OH in SIL is an alcohol group and is not taken into
consideration) and very similar acidities. The rate constants
determined for dpph®/chrysin in dioxane and ethyl acetate
(Table 1) are considerably smaller than for dpph®/guaiacol in
the same solvents, suggesting small activity of 5- and 7-OH
groups in HAT, consistent with their high BDEs (89.8 and
103.6 keal /mol, respectively®®). The comparison of reactivity of
SIL with the reactivities of its two building blocks, guaiacol and
chrysin, gives a strong argument for the dominating role of 20-
OH as a main site of hydrogen atom abstraction from SIL.
However, for reactions carried out in methanol (a solvent
supporting the ionization), SIL, chrysin, and guaiacol react with
dpph® considerably faster than in dioxane and in acidified
methanol (see Table 2), indicating an increasing role of
electron transfer from phenolate anions to dpph® in the overall
reaction kinetics. Two parts of the SIL molecule, depending on
their acidity and BDE values, can react with dpph® radicals with
two independent mechanisms. The most acidic 7-OH group in
ring A reacts via the SPLET mechanism (because the O—H bond
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Table 1. Bimolecular Rate Constants k° for Reactions of dpph® with SIL, DHS, and Structurally Related (Poly)phenols and the
Ratio k*(DHS)/k*(SIL) in Organic Solvents and Two Buffered Systems

solvent

dioxane

AcOEt

methanol

acidified methanol®
acetic buffer pH 5.5/¢
Tris buffer pH 7.4/¢

B (M sh)®

SIL DHS guaiacol chrysin” galangin® *(DHS)/k5(SIL)
0.030 0.21 0.055°¢ 0.0030 0.27 7
0.11 2.85 0.14¢ 0.074 0.62 26
6.5 273 7.8 2.7 310 42
0.47 19 0.12 0.15°¢ 34 4
19 188 nd nd nd 10
28 604 nd nd nd 21

“With errors +20%. bReference 47; see structures D and E in Scheme 2. “Reference 43. dContajning 100 mM acetic acid. eContaining 10 mM acetic

acid. /In a water/methanol system (1/1). #nd = not determined.

Scheme 3. Experimental Values of pK, (Our Measurements) and Theoretical Values of BDE’s in the Gas Phase and in Polar
Solvent (in kcal/mol) for SIL and DHS®

BDEgas = 92.3 sIL
BDEPCM =946 o
PKat =77 OH the lowest BDE
HO O =
/ o CHs the most reactive site
the most acidic site / in HAT
- 20 OH
the m-ost reactive site OH o) pKap = 11
in SPLET PKap = 11
BDEgys = 84.8
BDEgas = 99.1 BDEpcy = 85.9
BDEPCM =93.0
BDEgas = 89.2 DHS
BDEPCM =90.7 o
pKaq = 7.4 OH
HO %
/ o CH;,
the most:cndlc site 20 OH  pKys =11
the most reactive site OH O PKpp=87 \ BDEgqs = 85.0
in SPLET pKas = 11 BDEg,s = 83.4 BDEpcy = 86.3
BDEgqs = 97.6 BDEpcm =802 the lowest BDE
BDEpcw = 91.4 the most reactive site
in HAT
“BDE parameters were taken from Trouillas et al.*®
Table 2. Acceleration Ratios back the deprotonation of the very weakly acidic 20-OH to
{MeOH e {eOH UeOH T make it fully Rrotopated.
Reaction Sites in DHS. In comparison to SIL, the only
structural difference in is the presence of a C2— ouble
S 217 14 tructural diff DHS is the p fa C2—C3 doubl
chrysin 9200 18 bond, leading to two important consequences: a change in the
DHS . 1300 144 chemical character of the 3-OH group from alcoholic (in SIL)
galangin 1148 o1 to enolic (in DHS) and conjugation of rings A, C, and B. The
guaiacol 144 66

“MeOH/H" containing 100 mM acetic acid. bReference 47. ‘MeOH/
H* containing 10 mM acetic acid.

is too strong to undergo HAT; vide supra) to give a phenoxyl
radical with an electron delocalized over ring A of the SIL
molecule (path I — III — IV, Scheme 4), whereas the 20-OH
site (with the lowest BDE and much higher pK,) reacts via the
HAT mechanism (path I — II). Although data in Table 2
suggest that guaiacol can also participate in SPLET, this is not
the case for the 20-OH group, because the presence of more
acidic groups in the same system (such as 7-OH in SIL) shifts
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importance of the 3-OH group conjugated with the C2—C3
double bond and adjacent carbonyl group in flavonoids has
been emphasized in the literature.”***> However, there is much
controversy about the conjugation of rings in flavones, with some
theoretical®® and experimental®” reports on the lack of aromatic
character of ring C in chromone, whereas other works claim the
aromaticity of the entire molecule of chromone.®® Introduction
of the 3-OH group to form 3-hydroxyflavone causes increased
aromaticity of the pyrone ring.% Also, ring B is considered as
conjugated with the 3-OH group in flavone.”® Trouillas and co-
workers”"”? demonstrated that hydroxyflavones with a C4 keto
group, 3-OH group and C2—C3 double bond do exhibit 7

dx.doi.org/10.1021/j0o401296k | J. Org. Chem. 2013, 78, 9102—9112
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Scheme 4. Mechanism of Reaction of Silybin with Free Radicals in Polar Solvents
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Scheme 5. Mechanism of Reaction of 2,3-Dehydrosilybin with Free Radicals in Polar Solvents
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conjugation over the entire molecule (e.g., galangin, quercetin); (gas phase).”® Thus, the presence of 3-OH together with
removal of 3-OH (as in chrysin or luteolin) leads to partial loss 20-OH results in better reactivity of DHS (compared to SIL) in
of 7 conjugation, while lack of the C2—C3 double bond (as in dioxane and in acidified methanol.
taxifolin) interrupts the conjugation path. The extended electron The enormously large acceleration of DHS/dpph® reaction

delocalization in hydroxyflavones has also been highlighted by in methanol can be ascribed directly to the ACB part of the
many other authors.”**”*~7° In DHS the planarity of the whole DHS molecule, because other parts of DHS and SIL are
system of rings A, C, and B permits the conjugation” and the identical. Galangin (3,5,7-trihydroxyflavone; Scheme 2E) is an

OH groups at positions 3, 5, and 7 in the flavone structure form excellent model for this part of DHS, and we found a very
an optimal hydroxylation pattern for the antioxidant activity of satisfactory agreement between the kinetic data obtained for
rings A and c DHS and for galangin (Tables 1 and 2) in all studied solvents.

The results collected in Tables 1 and 2 clearly show that Additionally, comparison of k° values obtained for DHS with
DHS scavenges dpph® radicals 4—40 times faster than SIL does, those obtained for galangin (identical with rings A, C, and B in

depending on the solvent. Such enhanced reactivity of DHS DHS) and guaiacol (identical with ring E in DHS) and for SIL
cannot be assigned to the 20-OH group (present in both, SIL (lacking only the enolic character of 3-OH) indicates that the
and DHS); therefore, the hydroxylation pattern in rings A and enolic 3-OH group is very important, regardless of the change
C appears to be responsible for the fast reaction with dpph®. in the mechanism of action when passing from nonpolar to
The BDE value for enolic 3-OH is 1.6 kcal/mol lower than for polar solvents. Therefore, in methanol the most acidic groups
20-OH in DHS and 1.4 kcal/mol lower than for 20-OH in SIL of DHS (7-OH and 3-OH) undergo deprotonation followed by
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fast electron transfer (paths A — B1 - Cl and A —» B2 - C2
in Scheme S). Due to the presence of the strongly electron
withdrawing character of O®* the hydroxyl groups in the
radicals C1 and C2 are prone to deprotonation, leading to the
formation of D. Of course, the HAT mechanism is also possible,
due to the low BDE of 3-OH in water,”* and it should not be
excluded in polar solvents (path A — C2 in Scheme $).

Reactions in Buffered Water/Methanol Solutions. We also
measured k° values for reactions of dpph® with SIL and DHS
carried out in water/methanol (1/1) buffered solutions (Table 1).
The increase of pH from 5.5 to 7.4 causes an increase of k°: from
17 to 28 M™' s~ for SIL and from 190 to 600 M~" s~ for DHS.
These results corroborate the SPLET mechanism; however, the
observed acceleration is lower than would be expected on the
basis of the increased fraction of ionized phenol (50-fold increase
for SIL). This apparent contradiction may be explained by the
formation of a relatively unstable radical after electron transfer
from the phenolate anion (i, from deprotonated 7-OH in ring A
of SIL). The radical is not stable enough to efficiently shift the
equilibrium of the reaction 4 (dpph® + phenoate™ & dpph™ +
phenoxyl®) toward the products. Thus, the 20-OH group is still
the most reactive site in the reaction of SIL with dpph® (the HAT
mechanism dominates over the SPLET mechanism, regardless of
the ionization of the 7-OH group). In DHS, the presence of the
C2—C3 double bond together with the enolic 3-OH group makes
an additional conjugation of rings A, C, and B, and thus, the
acceleration of the DHS/dpph® reaction is more sensitive toward
increasing pH. At pH 7.4 about 46% of 7-OH (less reactive) and
2.6% of 3-OH (more reactive) groups are deprotonated. The
ionization of the 3-OH group (as the more reactive site of
SPLET) correctly explains the 3-fold increase of overall k° when
the pH is changed from 5.5 to 7.4, because this new reactive site
dominates over the reactivity of the 20-OH group (which still
operates via the HAT mechanism).

Cyclic Voltammetry of SIL and DHS. The electro-
chemical behavior of SIL and DHS was investigated by cyclic
voltammetry over a pH range of 4—10, and typical voltammo-
grams obtained at pH 4.0 are shown in Figure 1A. For SIL we
observed two anodic peaks (E, and E;) within the whole pH
range, but for DHS three peaks (E,, E,, and E;) at low pH’s and
four peaks (E,,/E,;, E,, and E;) at high pH’s can be detected.

Trouillas et al.* interpreted cyclic voltammograms recorded
at pH 7.0. Selective methylation of SIL and DHS allowed the
authors to assign the E; peak to the oxidation of the 3-OH
group in DHS and the E, peak to the oxidation of the 20-OH
group in SIL. Gyorgy et al.** also ascribed the first oxidation
peak for SIL to the oxidation of the 20-OH group. In
our measurements performed at two different scan rates,
S mV s~ (resembling equilibrium conditions) and 50 mV s~
(see the Supporting Information), we detected no substantial
kinetic limitations for electrooxidation of SIL and DHS. At a
scan rate of S mV s™! both compounds exhibit E, peaks at very
similar potentials within the whole pH range (Figure 1B), and
hence the E, peak can be ascribed to the oxidation of the
20-OH group also in DHS. The E, peak is found for DHS only;
thus, we confirm the assignment of the E; peak to the oxidation
of the 3-OH site. The E,, E,, and E; peaks were recorded for the
first scan only, and no oxidation current was detected for sub-
sequent scans, indicating that the electrode surface became entirely
blocked. Hence, the E; peak is most probably related to the oxi-
dation of products formed after the electrochemical steps (E,, E,)
and cannot be assigned to any phenolic group in SIL/DHS.
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Figure 1. (A) Cyclic voltammograms for SIL and DHS recorded at pH
4.0 (scan rate 5 mV s™') with marked peaks E,, E,, and E;. (B) E,»
values for DHS (E,, *; E,,, +; Ey, X; E,, ®; E;,¥) and for SIL (E,, O;
E;, V) determined over the pH range 4.0—10.0.

There are many internal and external features contributing to
the antioxidant activity, and one of the most important is the
ability of an antioxidant molecule to be a reducing agent. This
mechanistically very important property can be parametrized by
the half-peak oxidation potential (Ep/z).és’s1 Van Acker et al.*!
proposed a classification of radical scavengers, depending on
their E,/, values vs a saturated calomel reference electrode
(SCE): good (E,,, < 0.2 V), moderate (02V > E,;, > 1V) and
very weak or inactive (>1 V). Thus, at pH 7.0 DHS (E, peak,
E,, = 027 V; E, peak, E,, = 041 V; vs SCE) and SIL
(E, peak, E =039V vs SCE) are both moderate antioxidants.
The reducing properties of flavonoids are very often charac-
terized by formal redox potentials (E°’) determined at pH 7.0 vs
normal hydrogen electrode (NHE). This parameter can be quite
accurately approximated by a half-wave potential (E,,). We
recalculated the data for SIL and DHS recorded at S mV s7),
knowing that E,,, precedes E,,, by 28/n mV.** The results are
presented in Table 3, and for SIL they are in good agreement

Table 3. Formal Redox Potentials at pH 7.0 vs NHE for
DHS, SIL, and Some Oxygen-Centered Radicals

redox couple E°'/V
DHS,,/DHS,.; (3-OH and 20-OH sites) 0.53; 0.68°
SIL,/SIL,.; (20-OH site) 0.66"
ROO®, H/ROOH 0.77—1.44°
057, 2H'/H,0, 0.94°
HO3, HY/H,0, 1.06"
OH*, H'/H,0 231°

“This work. “Reference 83.

with E°’ obtained previously by Gyorgy et al. (0.62 and 0.76 V*°
vs NHE). In comparison with the redox potentials of reactive
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oxygen species such as alkylperoxyl (ROO*®), superoxide (057),
hydroperoxyl (HO3), and hydroxyl (OH®) radicals, both SIL and
DHS are able to reduce these four radicals. Moreover, DHS
exhibits a redox potential similar to that of a-tocopherol (0.50 V),**
which is one of the strongest chain-breaking antioxidants.

We calculated the number of electrons, n,, participating in
the oxidation processes of SIL and DHS from the equation

6.5 mV
Ep _ Ep/z _ 56.5m
ne (7)

where E, is the peak potential. The values of E, — E,, at pH
4.0 are 57 mV for the E, peak for SIL and 34 and 57 mV for the
E, and E, peaks, respectively, for DHS. That confirms one-
electron oxidation at the 20-OH site in SIL, reported previously
by Gyorgy et al,* and also indicates the same mechanism for
the 20-OH site in DHS. The E, peak represents a two-electron-
oxidation process (a slight deviation from 28 mV might be caused
by kinetic effects), and we expect that it is 2 more complex process
due to the conjugation of rings A, C, and B. The mechanism might
include one-electron/one-proton transfer from the 3-OH site
followed by a change of electron density in rings A and C and/or
cleavage of ring C and subsequent electron/proton transfer,
similarly to electrooxidation of ring C in quercetin.**

The electrochemical behavior of SIL and DHS is strongly
dependent on pH. In the whole pH range DHS is oxidized at
lower potentials than SIL (see Figure 1B), in agreement with
the better antiradical properties of DHS over SIL, observed
during kinetic measurements (reaction with dpph® radical).
The Nernstian slopes of E,, vs pH, i.e. 58 (E,) mV pH™"' for
SIL and 56 (E,) and 59 (E;) mV pH™' for DHS, indicate a 1:1
stoichiometry of electron transfer to proton transfer. Deviations from
the Nernstian slope observed at pH >80 suggest a change in the
reaction mechanism. The most significant changes occur for DHS,
and at pH 8—10 we could distinguish two peaks (E;, and Ey)
instead of one (E,) present at lower pH. The origin of this behavior
is not clear at the present stage of the study. Most likely it is related
to the transition from concerted to stepwise two electron electrode
process but the occurrence of two slightly different forms of DHS
anions cannot be excluded. Perhaps, the bifurcation derives from the
occurrence of two slightly different forms of DHS anions.

Kinetics of Lipid Oxidation in Heterogeneous Sys-
tems. We investigated the antioxidant activities of SIL and
DHS during peroxidation (reactions 8—13) of methyl linoleate

RH = K ()
R + O, » ROO’ 9)
ROO" + RH -3 ROOH + K° (10)
ROO®* + ROO* 2 non-radical products (11)
ROO® + ArOH - ROOH + ArO" (12)
ROO® + ArO® — non-radical products (13)

(ML) at 37 °C in Triton X-100 micelles—the system mimicking
the amphiphilic environment of phospholipid bilayers. The reaction
was followed by monitoring the consumption of oxygen, as the rate
of oxygen uptake reflects well the rate of peroxidation process.*”
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The oxidation chain was initiated by a water-soluble azo com-
pound 2,2'-azobis(amidinepropane) dihydrochloride (ABAP).*
We determined the rates of initiation (R, reaction 8) over the
pH range 4—10 using the method of Boozer et al.*” (see the
Supporting Information) for 2,2,5,7,8-pentamethyl-6-chromanol
(PMHC), known to trap two peroxyl radicals by each of its
molecules (stoichiometric factor n = 2). The values of R; were
calculated from the equation

R, = n[ArOH],
(14)
where [ArOH] is the initial concentration of the chain-breaking
antioxidant and 7,,4 is the length of the induction period (when
consumption of oxygen is very slow). The determined rates of
initiation were nearly constant 5.64 + 0.21 nM s™' at pH 4—8 and
increased only slightly to 6.55 + 0.07 nM s™" at pH 9—10; hence,
the changes in the peroxidation kinetics in this range of pH can
be considered as not dependent on the R; parameter. The
experimental oxygen uptake plots for uninhibited and inhibited
peroxidations are shown in Figure 2, and the corresponding data
are reported in Table 4.

Tind
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Figure 2. Oxygen uptake traces recorded during ABAP-initiated
peroxidation of ML in Triton X-100 micelles at 37 °C in the absence
(uninhibited) and presence of SIL (10 uM) or DHS (10 M) at pH 8.0.
For DHS a graphical method used for determination of 7,4 is depicted.

We observed a significant decrease in the rate of ML oxidation
after addition of SIL (see Rugap and R, in Table 4); however, we
were not able to distinguish a definite induction period at any pH.
This behavior is characteristic for the retardation process, which
prevents the introduction of chain-initiating radicals.*® The effect
does not depend on pH for SIL. Even stronger retardation effect
is observed for DHS in the pH range 4.0—6.0. At pH 7.0 its
antioxidant activity undergoes a sudden increase, showing a
substantial induction period, though with further increase of pH it
gradually decreases, with increasing rate of inhibited peroxidation
Ry, and kinetic chain length v,

The rate constant k,,;, for the reaction 12 can be determined
for the peroxidation processes that show induction period. Knowing
the rate of inhibited oxygen consumption (R, = —d[O,]/d¢t)
and the propagation constant kp89 of ML, we calculated kyy, from
the integrated equation®"#?~%!

k [ML]
P ln(l - L)
Tind

inh
dx.doi.org/10.1021/jo401296k | J. Org. Chem. 2013, 78, 9102—9112
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Table 4. Kinetic Parameters for the Peroxidation of 2.74 mM ML Initiated by 10 mM ABAP and Inhibited by 10 uM SIL or
10 uM DHS: Induction Time (7,,4), Bimolecular Rate Constant of Reaction with Peroxyl Radicals (k;,;,), Rate of Inhibition
(R;uh), Rate of Oxidation When No Induction Period Is Observed (R,,;) or after the Induction Period Is Over (R,,,), and
Kinetic Chain Length during the Induction Period (¥;,,), When No Induction Period Is Observed (v, ), or after the Induction

Period Is Over (v,,)

uninhibited 10 uM SIL 10 uM DHS
pH 10°Rupap”/M 57" 1R /M 5™ 10y Tpg/min 10R/Ms™ v 107 Y/MT 5™ (10%Re)” 10%Re0/M 5™ (Vo) Vs
4 50 9.1 15 (7.8) (13)
5 46 13 24 (10) (18)
6 46 14 25 (8.3) (15)
7 47 13 25 18 6.5 12 2.4 13 25
8 44 13 23 11 8.1 14 4.0 28 49
9 53 13 20 7.4 10 15 4.8 40 61
10 49 13 19 3.5 15 24 5.7 70 106

“Rate of uninhibited peroxidation initiated with ABAP. “Rate of retardation. “Calculated as v,,, = Ry1/R, Vi, = Rin/Ry, and v, = R, ,/R, where R;
is the rate of initiation by 10 mM ABAP. “Calculated from eq 15 with the value of k, =37 M™' 57" taken from reference 89.

100% 100%
A e B
neutral e —— neutral
80% 7.0 / 80% 4 ----7.0
~~~~~~ 7-0°15:0°120-0° ; e 70130
60% - ; 60% |~ 7-0'13-0'15-0'120-0
//
I/
40% - , 40% -
;
,
//
20% L/ 20% -
0% T '_'-l—/ T T o 0% T ‘l’
4 5 6 7 8 9 10 4 5 6
pH

Figure 3. Dissociation diagrams of SIL (A) and DHS (B) within the pH range 4—10.

Because the reactivity of SIL does not change with increase
in pH from 7.0 to 10.0 (see Table 4), we might assume that
deprotonation (Figure 3A) has little or no influence on its
reaction with free radicals. In the same pH range more than 2-
fold acceleration of the reaction between DHS and ROO®
radicals is observed (see ki, in Table 4). This result is in very
good agreement with our findings from the kinetic measurements
with dpph® radical. Therefore, the behavior of DHS can be
ascribed to the presence of the 3-OH enolic group: the induction
period appears at pH 7.0, where the 3-O~ species constitutes
0.59% of the total DHS concentration (see Figure 3B). The
increase of ki, at higher pH’s is consistent with the greater
participation of 3-O~ species in overall concentration (up to 88%
at pH 10.0) and, thus, enhanced SPLET participation.

Surprisingly, although the reaction of DHS and ROO*
accelerates with increasing pH, other parameters (7j,g, R
Vi) seem to indicate slightly less efficacy of DHS. Perhaps,
the localization of DHS molecules in the lipid/water system is
responsible for this phenomenon. We calculated the distribu-
tion coefficient D of DHS using software by Hilal et al.”> At pH
7.0 the concentration of DHS in the lipid phase is 700 times
greater than in water, while at pH 10.0 it is 4 times lower than
in water. On the basis of the change of distribution of DHS and
the concentration and aggregation number of Triton X-100
(143 molecules per aggregate”™), we estimated that, with pH
rising from 7.0 to 10.0, the amount of DHS molecules per
micelle decreases S times, which corresponds very well with the
S-fold decrease in induction time within this pH range and
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might explain the diminished protection against peroxidation.
After the antioxidant is exhausted in the inhibition process, the
rate of peroxidation should be the same as the rate of the unin-
hibited process (Rygap)- For DHS, there is a clear retarding behavior
after the end of the induction period at pH 7.0 (R,p << Rapap),
gradually declining as the pH increases up to pH 9.0. At pH 10.0
the effect becomes prooxidative (R,,, > Rypap). These deviations
can be ascribed to the retarding activity of the phenol present in the
polar phase or to the fate of the phenoxyl radicals. Taking all
parameters into consideration, DHS exhibits the best antioxidant
activity at pH 7.0, which is a value close to the intracellular pH of
hepatic cells.”*

B CONCLUSIONS

We investigated the antioxidant activity of silybin and 2,3-
dehydrosilybin in several organic solvents and in a model
micellar system. On the basis of kinetic considerations and
acidity measurements, we found that the mechanism of action
of both flavolignans depends on the environment. However, the
media-dependent mechanism is limited to phenolic (enolic)
groups at positions 3 and 7 in DHS and position 7 in SIL,
having sufficient acidity for SPLET to occur. Other phenolic
groups, namely 20-OH and S-OH, react mostly via a HAT
mechanism because of their higher pK,. Their reaction via
SPLET is possible in solvents highly supporting ionization/at
very high pH; however, at physiologically relevant pH’s this
mechanism is negligible. Kinetics and electrochemical data
indicate that DHS is a much better radical scavenger than SIL
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in all studied systems. This is due to the presence of the enolic
3-OH group conjugated with the C2—C3 double bond and C4
carbonyl group. The radical formed at this site is relatively
stable, as the electron is delocalized over three flavone rings.
The participation of 3-OH group is favored in both mechanisms,
HAT (lowest BDEq_) and SPLET (moderate acidity), and
provides enhanced antioxidant activity of DHS. Studies in a lipid/
water system suggest that the partition of the chain-breaking
antioxidant between two phases is an important factor controlling
its antioxidant behavior. While the reaction with peroxyl
radicals accelerates with rising pH due to an increase in SPLET
participation, the decrease in the number of molecules in the lipid
phase impairs its protection against peroxidation processes.

B EXPERIMENTAL SECTION

Materials. All chemicals used in the experiments were of the
highest purity and are commercially available, except for 2,3-
dehydrosilybin, which was prepared from silybin as described by
Maitrejean et al.”> "H NMR spectra of DHS were recorded in acetone
at 200 MHz and DMSO at 500 MHz (COSY) with TMS as an
internal standard. Chemical shifts (§) are given in parts per million and
coupling constants (J) in hertz (Hz). Melting point was measured on a
melting point apparatus.

2,3-Dehydrosilybin. Light yellow powder, mp 228—233 °C. 'H
NMR (acetone-ds, 200 MHz, 22 °C): 3.57 (1H, m, H-23(1)), 3.79
(1H, m, H-23(2)), 3.90 (3H, s, OCH,), 426 (1H, m, H-10), 5.07
(1H, d, J = 8.1, H-11), 6.28 (1H, d, ] = 2.1, H-6), 6.59 (1H, d, ] = 2.1,
H-8),6.91 (1H, d,] = 8.1, H-21), 6.93 (1H, s, H-18), 7.02 (1H, dd, ] =
8.2, 2.0, H-22), 7.10 (1H, d, J = 9.2, H-16), 7.85 (1H, m, H-15), 7.88
(1H, m, H-13), 9.71 (1H, s, 20-OH), 12.15 (1H, s, 5-OH). 'H NMR
(DMSO-dg, 500 MHz, 25 °C): 3.36 (1H, m, H-23(1)), 3.57 (1H, m,
H-23(2)), 3.79 (3H, s, OCHj;), 427 (1H, m, H-10), 496 (1H, d, ] =
7.9, H-11), 499 (1H, m, 23-OH), 6.19 (1H, d, ] = 2.1, H-6), 6.46 (1H,
d,J=21,H8),681 (1H, d, J = 8.1, H-21), 6.89 (1H, dd, ] = 8.1, 1.9,
H-22), 7.04 (1H, d, J = 1.9, H-18), 7.12 (1H, d, ] = 9.0, H-16), 7.74
(1H, d, J = 2.2, H-13), 7.77 (1H, m, H-15), 9.16 (1H, s, 20-OH), 9.56
(1H, s, 3-OH), 10.81 (1H, s, 7-OH), 12.41 (1H, s, 5-OH). MS-ESI
(m/z): [M + H]* caled for C,gH,, 0,4 481.43, found 481.1; [M + Na]*
caled for C,H,,0,Na 503.41, found 503.1.

pK, Measurements. The values of pK, for SIL and DHS in water/
methanol (1/1) were determined as described previously.*” Briefly,
samples of flavonolignan solution at a concentration of 8 X 10> M in
water/methanol were titrated with 1 M KOH and the process was
monitored with a precision pH meter with a combined pH glass
electrode. The UV—vis spectrometer was employed to record the
spectra within the range 200—600 nm over a pH range of 1.5—13.5
(corrected for the water/methanol system). Obtained data were
processed with Datan 3.0 software.

Kinetic Measurements. The kinetics of the reaction of SIL and
DHS with dpph® was measured by the stopped-flow method as
described previously.” Measurements were conducted in solvents of
different polarity and H-bond basicity: i.e. dioxane, methanol, acidified
methanol, ethyl acetate, acetate buffer (pH S5.5), and Tris buffer
(pH 7.4). A decrease of dpph® ((2—11) X 10~ M) absorbance at
517 nm in the presence of an excess of the phenols was monitored by
a UV—vis spectrophotometer connected to a single-mixing stopped-
flow system. With constant [dpph®] and various [PhOH] a series of
pseudo-first-order rate constants (kexp) was calculated as average values
from at least two independent sets of measurements. Values of the
bimolecular rate constants (k%) were obtained as a slope of the
straight-line equation k,, = kS[PhOH] + constant.

Cyclic Voltammetry. Measurements were carried out in a three-
electrode system; the saturated (HglHg,SO,/K,SO,) mercury sulfate
reference electrode was separated from the studied solution with a salt
bridge. An Au wire with a large surface area (ca. 5 cm®) served as a
counter electrode. As the working electrode a glassy-carbon disk
embedded in Teflon with a surface area exposed to the solution of A =
0.031 cm” was used. The electrode surface was polished with alumina
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paste (Buehler, S, 1, and 0.0S ym), rinsed with deionized water, and
immersed into an ultrasonic bath to remove residual alumina. This
procedure was repeated prior to each voltammetry experiment, in which
only one potential scan cycle was registered with scan rate v = 0.05 or
0.005 V s™". The acidity of the solution was determined by using a pH
glass electrode. The pH was adjusted using an automatic titrator within
the range 4—10 (with a step of 1). The measurements were performed at
room temperature in 10 mL of modified Britton—Robinson buffer (pH
10, titration with 85% H,;PO,) in the absence and in the presence of SIL
or DHS. A stock solution of the compound in methanol (1-2 mg/mL)
was added to the buffer solution at pH 10 to obtain an initial concen-
tration of 1 X 10™* M. The solution was deoxygenated with an Ar flow.
The half-peak oxidation potentials (Ep /») were determined.

Oxygen Uptake Measurements. The oxygen depletion during
autoxidation of methyl linoleate (2.7 mM) was measured in Triton X-
100 emulsions at 37 °C in the absence and presence of SIL or DHS
over a pH range of 4—10. The pH’s of all samples were maintained
using series of buffers: acetate buffer (pH 4—5), phosphate buffer (pH
6—8), and borate buffer (pH 9—10). A Biological Oxygen Monitor
equipped with a Clark-type electrode was used to follow the oxidation
course. Each sample (5.0 mL) was first saturated with oxygen in a
measuring chamber equipped with a magnetic stirring disk, the
electrode was placed in the chamber, and then autoxidation was
initiated by the injection of 2,2’-azobis(2-amidinopropane) hydro-
chloride (ABAP) solution to obtain 10 mM final concentration. After
the level of oxygen decreased by 10%, 10 uL of a stock solution of
flavonolignan in methanol was injected, without opening the chamber,
to obtain 10 uM final concentration. A 1% amount of oxygen
depletion recorded refers to 2.2 X 10™° M of oxygen consumed (see
the Supporting Information). The rates of inhibited and noninhibited
autoxidations were determined from the slopes of oxygen uptake. The
length of induction periods was determined graphically as the time
between antioxidant injection and the point of intersection of tangents
to parts of the curve representing the inhibited oxidation and final
uninhibited oxidation (see Figure 2 in the text).
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