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Do Equol’s C-ring Hydrogens Contribute to Free Radical Scavenging?
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Abstract

Free radical scavenging potency of physiologically active equol molecule, derived by gut
microbiota from soy isoflavone daidzein, was investigated by using M06-2X/6-311++G(d,p)
level of theory, accompanied with the TST and Eckart tunneling corrections for the estimation
of rate constants. Phenolic hydrogens of equol are recognized as much more abstractable than
C-ring hydrogens. This finding is opposite to the one very recently suggested, but in accordance
with well-known facts related to the flavonoid chemistry and phenolic O—H vs C—H reactivity.
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1. Introduction

Epidemiological studies suggest that diets rich in soy isoflavones are beneficial to human health
(Mayo et al. 2019). The perceived health promoting effects of such eating habits are ascribed
not to parental forms of ingested isoflavones but mainly to their intestinal metabolites (Li
2019). Among metabolites, equol has been extensively studied because of its antioxidant (Rufer
and Kulling 2006) and estrogenic activity (Setchell et al. 2005) which may reduce the incidence
of age-related and estrogen-dependent disorders (Mayo et al. 2019).

Isoflavone equol is not naturally present in most fruits and vegetables. Until now, it has
only been found in white cabbage (Hounsome et al. 2009). Equol is primarily a product of
human and animal intestinal bacterial metabolism of dietary soy isoflavone daidzein (Jackson et
al. 2011). Due to a lack of active intestinal bacterial flora, less than half of human population
(mainly Asians) is able to produce equol after consumption of soy foods (Watanabe and Uehara



46 A. Amic¢ et al.: Do Equol’s C-ring Hydrogens Contribute to Free Radical Scavenging?

2019). Equol in cow’s milk is derived from forage legumes such as red clover (Mustonen et al.
2009).

Free radicals play important role in normal physiological cell functions. However, elevated
levels of free radicals that overcome endogenous antioxidant enzymes capacity cause a
condition known as oxidative stress and damage cell biomolecules. Many diseases arise from
overproduction of free radicals (Finkel and Holbrook 2000). In order to restore homeostasis,
consumption of food rich in antioxidants may help. It has been shown that individuals with soy-
rich diets, in which isoflavones are particularly abundant, have significantly lower occurrences
of cardiovascular disease, osteoporosis, and some types of cancer (Yuan et al. 2007).

In vivo equol may act as an antioxidant by stimulating antioxidant enzymes (catalase,
glutathione peroxidase and superoxide dismutase) activity and expression to combat oxidative
stress condition (Choi 2009). Equol is superior to other isoflavones (considered as weak
antioxidants when tested in vitro) in inhibition of LDL oxidation and membrane lipid
peroxidation (Wiseman et al. 2000), as well as in different antioxidant and free radical
scavenging assays (Mitchell et al. 1998, Rimbach et al. 2003). Among possible mechanisms of
protective action of isoflavones, direct scavenging of free radicals may be operative (Galleano
et al. 2010). It could be of physiological relevance in situ, i.e., in gastrointestinal tract where
metabolites such as equol may reach concentrations compatible with a biological activity
(Oteiza et al. 2018).

Hydrogen atom transfer (HAT), sequential proton loss electron transfer (SPLET) and single
electron transfer followed by proton transfer (SET-PT) are mechanisms recently studied to
describe thermodynamics of free radical scavenging by a set of nine isoflavones (Lengyel et al.
2013). In another recent study, kinetics of inactivation of HOO" by a set of 6 isoflavones via
formal HAT (fHAT) and single electron transfer (SET) has been investigated (Caicedo et al,
2014). In HAT mechanism one electron and one proton transfer as a single entity, i.e., as a
hydrogen atom. Proton coupled electron transfer (PCET) mechanism involves one proton and
one electron transfer from different locations in the molecule. In the case where it is not
possible to clearly distinguish HAT from PCET mechanism, then the mechanism is labeled as
fHAT (Galano and Alvarez-ldaboy 2019). In all mentioned mechanisms phenolic -OH group
(phenoxide ion-O~) of isoflavones is considered as the active site for H-atom, H* and/or e~
donation to a free radical, as generally is the case in flavonoid antiradical action (Zhang and Ji
2006).

Occasionally, an assertion can be find in litertature stating that not phenolic but C-ring
hydrogens of catechins and flavanonols are responsible for antiradical activity (Kondo et al.
1999, Vo et al. 2019). Such claims were mainly based on the calculated bond dissociation
enthalpy (BDE) values of C—H and O—H bond breaking. Position with the lowest BDE value
was assumed as the active site of H-atom abstraction because the lower the enthalpy necessary
for breaking the donor—H bond, the higher the antiradical potency. In this way, Kondo et al.
(1999) stated that C2-H allylic hydrogen of epicatechin (BDE = 64.8 kcal/mol) and
epigallocatechin (BDE = 64.5 kcal/mol) are operative in free radical inactivation rather than
corresponding C4’-OH phenolic hydrogen (BDE = 72.1 and 68.4 Kkcal/mol, respectively).
Similarly, because of lower C—H BDE values by comparison with O—H BDE values, and
additional kinetic calculations, Vo et al. (2019) indicated C3-H hydrogen of dihydrokaempferol,
dihydromyricetin, keto-teracacidin, pinobanksin and taxifolin as preferred site of free radical
inactivation. The same was claimed for C2-H allylic hydrogen of naringenin and pinocembrin
(Vo et al. 2019). Most of the mentioned flavonoids possess catechol moiety (two vicinal -OH
groups) in A-ring or B-ring. Because of this, keeping in mind well known Bors’ criteria for
effective free radical scavenging (Bors et al. 1990), such statements at first glance sound
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questionable. Our suspicion is highly supported by the fact that O—H bonds undergo fHAT
faster than C—H bonds of similar strength (Mayer 2011).

Equol is a particularly suitable molecule to reinvestigate statements that not phenolic but C-
ring hydrogens are responsible for antiradical activity. Equol possesses five hydrogens in C-ring
structure that may compete with two phenolic hydrogens in free radical scavenging (Fig. 1).
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Fig. 1. Structure of equol

In this report hydrogen donation potency of equol C-ring and phenolic -OH groups to
hydroperoxyl radical (HOO") was estimated by both thermodynamic and kinetic approach.

2. Computational details

All electronic calculations were performed using the Gaussian 09 program package (Frisch et
al. 2009). Geometry optimizations and frequency calculations were carried out using the M06-
2X hybrid meta exchange-correlation functional (Zhao and Truhlar 2008) in conjunction with
the 6-311++G(d,p) basis set. The M06-2X accurately predicts chemical reaction barrier heights
and thermodynamic quantities (Mardirossian and Head-Gordon 2016). The influence of
solvents was calculated with an implicit continuum solvation model, SMD (Marenich et al.
2009). In conjunction with the M06-2X density functional, SMD model has been successfully
used for study of thermodynamics and kinetics of free radical scavenging mechanisms (Galano
and Alvarez-ldaboy 2014, Galano et al. 2016). Spin unrestricted calculations were used for
open-shell systems. Local minima and transition states (TSs) were identified by the number of
imaginary frequencies (0 and 1, respectively). Intrinsic reaction coordinate (IRC) calculation
was performed on both sides of the TS to confirm that it properly connects with the
corresponding reactants and products. All computations were performed in gas-phase, pentyl
ethanoate and water at 298.15 K. BDE related to H-atom donation was calculated as described
elsewhere (Amic et al. 2017).

The rate constants (k) for fHAT reactions were calculated at the M06-2X/6-311++G(d,p)
level by using the conventional transition state theory (TST) as implemented in Eyringpy
program (Dzib et al. 2018):

k= JK"BTTe(AG‘)’RT (1)

o is the reaction path degeneracy, i.e., the number of different but equivalent reaction pathways
that are possible, k accounts for tunneling corrections calculated through Eckart and Wigner
approach, kg is the Boltzmann constant, T is the temperature, h is the Planck constant, and AG?
is the Gibbs free energy of activation of the studied reaction.



48 A. Amic¢ et al.: Do Equol’s C-ring Hydrogens Contribute to Free Radical Scavenging?

For the SET reactions, the Marcus theory was used (Marcus 1997). It relies on the

transition state formalism and allows calculating the barrier of any SET reaction from two

0

thermodynamic parameters, the free energy of reaction, AG and the nuclear reorganization

SET
energy, A:
AGL, = A 1+ % 2 (2)
SET 4 /1
A= AESET - AG:ET ®)

AE; is the nonadiabatic energy difference between reactants and vertical products for
SET (Martinez et al. 2012). Accordingly, the TST rate constant for SET reactions is computed
in Eyringpy program using equation:

keer = kBTTe(AGSET )/RT

4

The branching ratios (I') calculated from the rate constants can be used to identify the
reaction pathways most contributing to the total reaction (in %) (Galano and Alvarez-ldaboy
2014). They are calculated as:

r—100_K_ (®)

overall

where ki represents the rate constant of independent path. The overall rate constant (Koveran) is
calculated as the sum of rate constants of all reaction paths.

3. Results and discussion

3.1. Estimation of C-ring vs phenolic hydrogen abstraction potency

Results of the performed thermodynamic and kinetic calculations at M06-2X/6-311++G(d,p)
level of theory are summarized in Table 1. The M06-2X functional was chosen because the very
widely used B3LYP functional is confirmed to systematically underestimate both BDE and
barrier heights (Feng et al. 2003, Zhao et al. 2005). To achieve reliable results the more
appropriate functional, such as M06-2X, should be applied in antioxidant thermodynamic and
kinetic calculations (Galano and Alvarez-ldaboy 2014). For the purpose of comparison, in
Table 1 the gas-phase results obtained by the M05-2X functional were included, which is
widely used in kinetic investigations of free radical scavenging (Galano and Alvarez-ldaboy
2019).

By considering only thermodynamic parameters listed in Table 1, it appears that among
five H-donor sites, C-4 hydrogen is the most abstractable due to the lowest BDE and A/G
values. As aforementioned, the similar assumption, that C-ring hydrogens are more abstractable
than phenolic ones, was claimed two decades ago by Kondo et al. (1999). For prediction of
BDE, they used unreliable low level of theory (PM3 method). Shortly after, using the B3LYP
functional, the phenolic hydrogens of catechins were found as more abstractable than allylic
ones (Zhang and Vang 2002). Recently, despite of the fact that it is recognized as inadequate for
thermodynamic and kinetic calculations, Vo et al. (2019) also used the B3LYP functional. As
indicated in Computational details section, in this report BDE was calculated by approach that
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nicely matches experimental BDE values of simple phenols (Ami¢ et al. 2017). Nevertheless,
any predicted BDE value could not be sole or the final determinant of chemical reactivity
(Ingold and Pratt 2014).

gas-phase MO05-2X/6-311++G(d,p)

path BDE ArG v AGi kTST KEck kTST/Eck KWig kTSTANig
C-2 9399 89 -1695 227 7.23x10° 289 211x10' 38 277x107?
C-3 8815 16 -1768 21.7 1.99x 107 931 187x10° 40 7.83x107?
C-4 8463 -0.2 -1666 18.7 5.48x10° 48.0 265x10% 3.7 2.05x 10!
O-7 86.75 18 -2023 16.8 6.63x 10! 152.0 1.02x10* 50 3.43x10?
0-4> 86.83 1.8 -2095 17.8 1.39x 10! 269.2 3.67x10® 53 7.23x10!
Koveraii:  8.57 x 10° 1.41 x 10* 4.36 x 102
gas-phase MO06-2X/6-311++G(d,p)
path BDE ArG v AG;& kTST KEck kTST/ECk ’éNig kTSTNVig
C-2 9391 7.8 -1819 212 8.43x10? 51.2 428x10° 42 3.49x10"
C-3 8913 22 -1919 21.8 1.51x10? 348.0 524x10° 46 6.63x1072
C-4 8582 -0.1 -1740 18.0 1.81x10* 705 1.26x10° 39 7.23x10'
O-7 8731 15 -2110 171 4.76x 10! 2124 1.02x10* 53 253x10?
04 8745 17 -2201 174 277 x10! 376.1 1.02x10* 5.7 157 x 102
Koveran:  9.35 x 10* 2.17 x 10* 4.82 x 102
pentyl ethanoate MO06-2X/6-311++G(d,p)
path BDE ArG v AGi kTST KECk kTST/Eck KWig kTST/Wig
C-2 96.06 82 -1795 228 24x10™* 474 11x10?%* 41 99x10*
C-3 90.18 23 -1882 222 33x10™* 2855 95x102% 44 15x1073
C4 8759 03 -1732 200 2.8x102 740 21x10° 39 1.1x10"
O-7 8748 01 -2334 174 1.1x10° 11261 13x10® 6.3 7.2 x10°
0-4> 87.83 06 -2282 180 4.2x10"! 6126 26x10> 6.1 2.6 x 10°
Koverai: 1.5 x 10° 1.6 x 103 9.9 x 10°
water MO06-2X/6-311++G(d,p)
path BDE AG v AG? KTST KECK K TST/Eck 1Wig KTST/Wig
C-2 9597 65 -1789 208 75x1073 512 39x10!' 41 31x10?
C-3 889 -03 -1755 199 15x102 679 1.0x10° 40 6.1x107?
C-4 8684 -23 -1696 18.1 6.9x10"! 51.7 36x10' 3.8 2.6 x 10°
O-7 8698 -19 -3059 178 58x10"!' 105815 6.2x10% 101 59x10°
04 8751 -13 -2654 180 4.1x10"! 50148 2.0x10® 7.8 3.2 x10°
Kovera: 1.7 x 10° 8.2 x 10° 1.2 x 10!

Table 1. Bond dissociation enthalpies BDE (kcal/mol), reaction Gibbs free energies A:G
(kcal/mol), TS imaginary frequencies v (cm™), activation Gibbs free energies AG” (kcal/mol),
TST (K™T), Eckart (K"STE¢k) and Wigner (k"SWi9) rate constants (M~' s™') with corresponding
Eckart (x5€) and Wigner (xV19) tunneling coefficients in fHAT reaction of equol with HOO" at
298.15 K.

Although the BDE may be an important factor governing the fHAT reactions, a more
complete understanding would require kinetic analysis. It has long been known that main group
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free radicals abstract H-atom much faster from O—H bonds than from C—H bonds of similar
strength, showing that BDE is not the only determinant of fHAT reactivity (Mayer 2011). For
instance, oxyl radicals react ~10* faster with O—H bonds than with C—H bonds of comparable
strength (Mahoney and DaRooge 1975, Mayer et al. 2006).

The simplest approach to study the rate constants is the non-variational transition state
theory (TST) (Truhlar 1983) since it requires very limited information about the potential
energy surface (PES): electronic energies and frequencies of the reactants, products and
transition state on the PES. Tunneling factor in hydrogen abstraction reactions is significant and
must be taken into account. TST and Eckart’s tunneling correction could be a good
approximation for the calculation of bimolecular rate constants (Espinosa-Garcia et al. 1994). In
order to achieve a better estimate of the rate constants of bimolecular H-abstraction reactions,
the reactant and product complexes are taken into account in Eyringpy program (Alvarez-
Idaboy et al. 2001, Dzib et al. 2018).

Amongst kinetic parameters (AG* and k) listed in Table 1, the rate constants are more
relevant than AG” to compare the different reaction paths since fHAT reactions involve
tunneling effect. It was suggested that the quantum mechanical tunneling is the key factor
affecting the fastness of fHAT reactions because a light particle (H-atom) can easily tunnel
through the reaction barrier (Navarrete et al. 2005). Without tunneling corrections, the overall
rate constant (Koveran) Of the reaction of equol with HOO" is ~10 M! s™! at 298.15 K, while by
including Eckart tunneling corrections it amounts to ~10* M~! s in all investigated media at the
same temperature.

Both M06-2X and MO05-2X functionals indicated preferred H-atom abstraction from
phenolic OH groups of equol in comparison with C-ring hydrogens (Table 1). Preferred fHAT
from phenolic C7-OH and C4-OH groups (K"™STE%) in comparison with C2-H and C3-H is in
line with the known fact that O—H bonds are intrinsically much more reactive than C—H bonds
of similar strength, by a factor of ~10* (Mayer 2011). However, in the case of C4-H nearly 102
times higher reactivity of phenolic hydrogens was found.

To additionally quantify the contributions of the C-ring hydrogens vs phenolic hydrogens
on the overall HOO" scavenging potency of equol, the branching ratios (I') were estimated.
Because Eckart tunneling corrections are more reliable than Wigner corrections (Dzib et al.
2018) it was assumed that the branching ratios related to the Eckart approach are more
appropriate to ascertain preferred reaction path(s). Data presented in Table 2 confirm that the
HOO" scavenging by equol takes place dominantly via hydrogen atom donation from phenolic
C7-OH and C4’-OH groups. Amongst C-ring hydrogens, only those from the C-4 site slightly
contribute to the HOO" inactivation in gas-phase.

reaction path gas-phase  pentyl ethanoate  water
C2-H 0 0 0
C3-H 0 0 0
C4-H 6(2) 0 0
C7-OH 47 (72) 83 76
C4’-OH 47 (26) 17 24

Table 2. Branching ratios T" (%) related to the M06-2X (M05-2X) calculations at 298.15 K.

Deviation from the expected k value difference of ~10* in the case of C4-H abstraction
(Table 1) may be related to the fact that the Wigner, Eckart and zero-curvature tunneling (ZCT)
corrections may severely underestimate the importance of tunneling for the O—H abstraction in
comparison with the C—H abstraction (Sun and Saeys 2008). We suppose that the more accurate
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results could be achieved by using canonical variational transition state theory (CVT) corrected
by the semiclassical multidimensional small-curvature tunneling (SCT) (Bao and Truhlar 2017).
The CVT/SCT method is successfully applied to the reactions of free radical scavenging by
natural antioxidants (Navarrete et al. 2005, Tejero et al. 2007, Chiodo et al. 2010).

Fig. 2 shows potential energy profiles for the H-atom transfer from the most reactive sites
of equol (C7-OH, C4’-OH and C4-H) to HOO-, that correspond to the optimized geometries.

— C7-OH
9.026 m— C4-OH

AE (kcal/mol)

-5.658

-10.076, -8.360

separated reactant transition product separated
reactants complex state complex products

Reaction coordinate

Fig. 2. Potential energy profiles for the reaction of hydroperoxyl radical with the C7-OH (red
line), C4’-OH (blue line) and C4-H (green line) sites of equol in gas-phase.

It should be emphasized that the product complexes are more stable than separated
products, as earlier has been found in scavenging of peroxyl radicals by other naturally
occurring antioxidants (Navarrete et al. 2005, Chiodo et al. 2010). The higher stability of
product complexes indicates that H,O, product remains bound to the equol free radical for a
while. In this way, pro-oxidant activity of equol (oxidation by the equol’s free radicals of the
target assumed to be protected) and H2O- is reduced.

3.2. Evaluation of the reliability of calculated results

The preferred way to ascertain reliability of applied theoretical model is comparison of obtained
results with related experimental findings. To the best of our knowledge there is no available
experimental kinetic results of HOO" inactivation by equol. Because of that, we performed
kinetic calculations for well-known extensively studied natural antioxidant a-tocopherol and its
water soluble synthetic derivative trolox, and compared obtained results with published
experimental as well as theoretical results (Table 3).

Rate constant values for reaction of a-tocopherol and its structural analogs with ROO" in
solvents of different polarity have been experimentally assayed (Bielski et al. 1985, Burton et
al. 1985, Cedrowski et al. 2016). In aqueous solution of 0.022 M sulfuric acid in 85% ethanol, k
value of 2.00 x 10° M~! s! was obtained for inactivation of HOO" by a-tocopherol (Bielski et
al. 1985). It could be presumed that in such acidic media deprotonation of phenolic OH group
of a-tocopherol (pKa = 11.92) is suppressed, thus eliminating SPLET to leave only fHAT
mechanism (Musialik and Litwinienko 2005). The size of a considered a-tocopherol molecule
may be reduced by replacing a long hydrophobic phytyl tail by methyl group obtaining
2,2,5,7,8-pentamethyl-6-chromanol (TOH). It has been shown that k values are negligibly
influenced by size of attached chain: in nonpolar medium, for inactivation of HOO" by a-
tocopherol, TOH and TOH1, experimental k values of 3.2 x 108 M~ s, 3.8 x 106 M~! s™! and
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2.7 x 10® M™! s7!, respectively, were obtained (Burton et al. 1985). Using CVT/SCT
methodology in calculation the barrier heights and tunneling corrections, previously
theoretically calculated rate constant for a-tocopherol TOH1 analogue, in the gas-phase, was
1.5 x 10° M~ s7! (Navarrete et al. 2005). TOHL1 is a-tocopherol analogue that bears H-atoms on
C-2 atom (instead of methyl groups in TOH).

Equal or very similar rate orders have been found for reaction of TOH with styrylperoxyl
radical (Cedrowski et al. 2016). It has been suggested that structure of peroxyl radicals mostly
has no significant impact on the k values of H-atom abstraction (Burton et al. 1985, Cedrowski
et al. 2016). This fact should be emphasized because results of Burton et al. (1985) were
obtained by scavenging of styrylperoxyl radical.

Experimental results Theoretical results
styrene/Ph CCl,P PhCIP 85% EtOH® water gas-phase*
CI?
a-tocopherol 3.2 x 10° 2.00 x 10°
TOH 3.8x10% 1.6x10" 1.6x10° 1.3 x 105 3.67 x 107
TOH1 2.7 x 108 1.5 x 10°
Experimental results Theoretical results
85% EtOH®  styrene/PhCI? water® pentyl ethanoate®  gas-phase
trolox  2.02 x 10° 1.1 x 106 8.96 x 10* 3.40 x 10° 4.64 x 108
1.5 x 106

2 Burton al. 1985; P Cedrowski et al. 2016; € Bielski et al 1985; 9 Navarrete et al. 2005; ¢ Bielski
et al 1985; ¢ Alberto et al. 2013; our results are given in italics

Table 3. Experimental and calculated rate constants k (in M~! s7!) for bimolecular inactivation
of peroxyl radical by a-tocopherol (and its structural analogues TOH and TOH1) and trolox.

We suppose that the results given in Table 3 could be mutually roughly compared because
of the same underlying mechanism (fHAT). By inspection of the data presented in Table 3, it
could be concluded that here applied theoretical approach seems reasonable because our results
(given in italics) fairly match experimental results obtained in different media. The obtained
results presented in Table 1 indicate that equol reacts with HOO" slower than a-tocopherol and
its structural analogues by approximately two orders of magnitude (Table 3). Equol also appears
as less potent HOO" scavenger than trolox.

3.3. Estimation of preferred fHAT mechanism

The simplest method of distinction between the HAT and PCET mechanisms is based on the
character of the singly occupied molecular orbital (SOMO) at the transition state (Mayer et al.
2002). According to this method, the transfer of equol’s C-ring hydrogens to HOO* occurs via
HAT mechanism, as illustrated for the abstraction of the C4 hydrogen in Fig. 3a. In transition
state (TS) structure for this reaction, the SOMO has significant density in orbitals that lie along
the C-donor---H---O-acceptor axis and the transferring moiety between C and O atoms is a
hydrogen atom.

The transfer of phenolic hydrogens to HOO" occurs via PCET mechanism (Fig. 3b): the
SOMO of PCET TSs involve & orbitals that are orthogonal to the O-donor---H---O-acceptor
vector. Proton is transferred between lone pairs of electrons in ¢ orbitals on the oxygens and an
electron is synchronously transferred from the doubly occupied 7 orbital on the oxygen of equol
7-OH group to the singly occupied 7 orbital on the oxygen of HOO". The obtained results are
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consistent with the published ones regarding different reactivity of O—H vs C—H bonds:
phenolic O—H bonds followed the PCET and C—H bonds the HAT mechanism (Mayer et al.
2002, Galano et al. 2010, Usharani et al. 2013).

a)
° 9
Y :‘ “/ 9 J.\QJ
e ‘/J 2
©
b)

.»"”'f““{f . t§§m

Fig. 3. TS structure of the reaction of equol with HOO" accompanied by the corresponding
SOMO: a) abstraction of C4 hydrogen; b) abstraction of phenolic C7-OH hydrogen.

Fig. 3 also illustrates the advance of H-atom transfer between two heteroatoms (Inagaki et
al. 2014). HOO" abstracts H-atom from the O—H donor group faster than from the C—H donor
group mainly because of the presence of an H-bonded complex between the reactants (TS
donor-acceptor distance 2.34 A), thus favoring PCET mechanism (Ingold and Pratt 2014). In
reactilg\n of the C—H group, hydrogen bonding is less pronounced (TS donor-acceptor distance
254 A).

3.4. Equol’s potency to protect from hydroperoxyl radical damage

In order to predict if equol is efficient as a free radical scavenger, reaction with the
hydroperoxyl radical is particularly suitable because it is the simplest of the biologically
relevant peroxyl radicals (ROO") with intermediate reactivity and not too short half-live to be
effectively scavenged by phenolic compounds (Galano and Alvarez-ldaboy 2019).
Hydroperoxyl radical can initiate peroxidation of fatty acids resulting in membrane lipid
damage (Aikens and Dix 1991). Oxidative damage to lipids may underlay degenerative diseases
and aging.

The experimentally measured rate constants corresponding to the reactions of HOO* with
polyunsaturated fatty acids (PUFAs) are in the range 1.18-3.05 x 10 M™! s7!, assayed in
aqueous ethanolic solutions at very low pH (Bielski et al. 1983). Compounds that react faster
with HOO* than the double allylic H-atom of the PUFAs are expected to act as efficient
antioxidants (Galano 2015).

Here obtained result in water solution (Koverar = 8.2 x 10° M™' s7') indicates equol as
efficient protector from HOO" damage via fHAT mechanism. To ascertain equol’s potency to
inactivate HOO® via SET mechanism, kser for single electron transfer from equol 4’-O~
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phenoxide anion to HOO" in water as a solvent was calculated. For two pK, values of equol, the
value pK, = 9.84 is considered to be common for the two hydroxyls, taking equol as a
monoprotic acid (Han et al. 2009). Despite the fact that the molar fraction of equol monoanion
is very low (0.004) at physiological pH, its reactivity dominates the overall rate constant
(Caicedo et al. 2014). For this reaction, by including the molar fraction of HOO" at pH=7.4, the

obtained value of kser = 1.40 x 10° M 57! (AGJz; = 3.2 keal/mol; AGZz; = 5.5 kcal/mol; A =

15.0) was in good agreement with previously published: kser = 7.60 x 10° M' s, AGZer =

6.15 kcal/mol; A = 27.8 (Caicedo et al. 2014). Therefore, equol is expected as able for
preventing peroxyl oxidation of lipids via SET because it reacts faster with HOO" than bisallylic
hydrogen in PUFAs. This prediction is in line with in vivo results that the consumption of soy
increases resistance of low-density lipoprotein to oxidation in humans (Wiseman et al. 2000),
and in vitro inhibition of LDL oxidation and membrane lipid peroxidation by equol (Hwang et
al. 2000), where free radical scavenging may take a part in protecting activity. Equol also has
potential to react faster with HOO" than proteins and DNA, because reactivity of these
biological targets is lower than that of bisallylic hydrogens in PUFAs (Villuendas-Rey et al.
2015). Hence, obtained kinetic data imply that equol has potential to protect biologically
important molecules against HOO" induced oxidative damage.

Data presented in Table 4 indicate that in gas-phase daidzein (equol precursor) reacts
slower with HOO® via fHAT (k = 6.13 x 103 M~! s7!) than equol (k = 2.17 x 10* M~! s7!). This is
in accordance with experimental results of antioxidant and free radical scavenging activity of
soy isoflavones and their metabolites (Wiseman et al. 2000, Rimbach et al. 2003) and with
theoretical predictions (Caicedo et al. 2014). In a liposome model system, greater flexibility for
conformational changes of equol structure enables easier penetration into the interior of the
membrane than more rigid structure of its precursor daidzein (Arora et al. 1998). This
contribute to equol’s higher antioxidant activity in comparison with daidzein (Hodgson et al.
1996, Mitchell et al. 1998).

path BDE AG v AG?* KTST 1Eck KTST/ECK WNig  TSTWig

O-7 108.24 22.6 -2287 204 181x10"' 6248 1.14x102 6.1 1.08x 10°
o-4 86.73 10 -2146 175 211x10' 2957 6.02x10® 55 1.14x10?

koverall: 212 X 101 613 X 103 115 X 102

Table 4. Bond dissociation enthalpies BDE (kcal/mol), reaction Gibbs free energies A/G
(kcal/mol), TS imaginary frequencies v (cm™'), activation Gibbs free energies AG” (kcal/mol),
TST (K™T), Eckart (K"STE¢k) and Wigner (k™S"Wi9) rate constants (M~ s™') with corresponding
Eckart («5) and Wigner («V9) tunneling coefficients in fHAT reaction of daidzein with *OOH

in gas-phase at 298.15 K.

The results presented in this article can be compared with previously published ones
dealing with HOO" trapping by isoflavones. By using SMD/M05-2X/6-311++G(d,p) level of
theory accompanied with classical TST/ZCT method, Caicedo et al. (2014) obtained k = 1.75 x
103 M 's!and k = 1.83 x 10> M~! s7! for the fHAT reaction of equol with HOO" in water and
pentyl ethanoate, respectively. Deviations in relation to our results presented in Table 1 (k = 8.2
x 103 M stand k = 1.6 x 10 M s7! in water and pentyl ethanoate, respectively) could be
mainly related to applied tunneling corrections which may have high impact on calculated k
values. For example, in H-atom abstraction from a-tocopherol by HOO" in gas-phase, about
80% of the fHAT reactivity at 298.15 K is tunneling contribution estimated by using CVT/SCT
method (Navarrete et al. 2005). Recalling that the Wigner, Eckart and ZCT corrections may
severely underestimate the importance of tunneling for the O—H abstraction (Sun and Saeys
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2008), it appears that a more sophisticated methodology (CVT/SCT) is needed for better
estimation of equol’s potency to scavenge HOO" via fHAT mechanism.

4. Conclusions

Performed electronic structure and kinetic calculations at M06-2X/6-311++G(d,p) level of
theory, accompanied by the TST and Eckart tunneling corrections, indicated phenolic
hydrogens of equol as much more abstractable than C-ring hydrogens. Thus, the C-ring
hydrogens are poor HOO* scavengers with negligible contribution to equol antioxidant potency.
This is in line with the known facts related to phenolic O—H vs C—H reactivity and structural
requirements needed for antioxidant activity of flavonoids, but opposite to recently published
predictions.
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