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Abstract

:

The reactive oxygen species (ROS) scavenging capacities of ginkgolides and bilobalide, which are the peculiar constituents of the extract of Ginkgo biloba, are investigated in silico (level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d)). Unlike other popular antioxidant natural substances, the carbon backbones of these compounds are entirely aliphatic and exclusively single C–C bonds are present. The selectivity for alkoxyl radicals via hydrogen-atom transfer (HAT) is assessed; importantly, the scavenging of peroxyl radicals is also possible from a peculiar site, here labeled C10 both for ginkgolides and bilobalide. The energetics are described in detail, and the analysis discloses that the studied compounds are powerful scavengers, with thermodynamic and kinetic properties similar to those of Trolox and melatonin, and that, in addition, they display selectivity for peroxyl radicals. These are all chemical-reactivity features contributing to the therapeutic action of the extract of G. biloba.
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1. Introduction


Radical species, due to the intrinsic instability of their electronic configurations, are naturally endowed with a high tendency to be reduced by reacting with other species, including biomolecules [1]. Thus, they represent a threat to cellular (macro)molecular targets, such as proteins, lipids and nucleic acids [2]. In the biological environment, the formation of radicals cannot be fully halted since they play several roles in cellular metabolism as reaction byproducts or redox signaling molecules. Thus, it is of outmost importance for the antioxidant defense of cells to keep up with the production of ROS when they suddenly increase due to stressors and external factors [3].



Within the cell, a fine equilibrium between pro-oxidant and antioxidant species exists. When this equilibrium is pathologically and uncontrollably altered in favor of the former species, a condition known as “oxidative stress” occurs [4], where oxidative damage jeopardizes the structures and functions of phospholipids, nucleic acids and proteins. These events have been linked to the onset and progression of several diseases, such as neurodegenerative disorders [5], cardiovascular diseases [6] and some types of cancer [7], as well as mood disorders [8] and schizophrenia [9].



Antioxidants mitigate oxidative stress conditions. Endogenous antioxidants include enzymes, such as superoxide dismutase (SOD), which catalyzes the dismutation of O2•− into O2 and H2O2 [10] (the latter being further inactivated by catalase (CAT) into O2 and H2O [11]), and glutathione peroxidase (GPx), which catalyzes the reduction of H2O2 and hydroperoxides to water/alcohols [12,13], but also low-molecular-weight compounds, such as glutathione [14] and melatonin (4, Scheme 1) [15]. Conversely, exogenous antioxidants are substances which can be ingested through the diet (e.g., carotenoids, flavonoids, vitamins C and E, and polyphenols) [16] and which typically act as scavengers of harmful radicals.



In this work, the focus is on the scavenging potential of natural components of Ginkgo biloba. In this connection, ginkgolides (1A–M, Scheme 1) are a family of C20 terpenic trilactones present in the leaves and root bark of G. biloba [18]. They possess more than one hydroxyl group, but, unlike polyphenols, their structures are completely saturated, and this results in completely different reactivity profiles. Although they were isolated in the 1960s, they attracted the attention of medicinal chemists some years later, when G. biloba leaf extracts were commercialized as a treatment for dementia and intermittent claudication due to their positive effect on central and peripheral blood circulation [19]. Currently, ginkgolides attract great interest due to the plethora of their biological activities, including anti-inflammatory, anticancer, antiatherosclerosis, antithrombosis and hepatoprotective effects [20,21]. Concerning their role in the central nervous system (CNS), ginkgolides influence the action of glutamate and dopamine, inflammatory processes and several stages of oxidative stress and exert anxiolytic-like activities and neuroprotective effects [22,23]. However, the toxicological profiles of these natural compounds still need to be fully elucidated [20].



Bilobalide (2, Scheme 1) is another widely studied bioactive component of G. biloba. The pharmacological features and the toxicity profile of this sesquiterpene trilactone have been recently reviewed by Lu et al. [24], who overviewed the several molecular targets of this natural molecule. Bilobalide bears neuroprotective properties and has been studied for its potential use against Parkinson’s and Alzheimer’s diseases [24]. These effects appear to be mediated by the antioxidant activity of bilobalide, which has been demonstrated to combat oxidative stress in animal models through interference with the Nrf2 pathway and via the enhancement of SOD and CAT enzymes [25,26]. Moreover, in a previous study, Lu et al. showed that bilobalide reduces oxidative damage in human melanocytes. Interestingly, the authors found that the compound promotes the expression of antioxidant enzymes CAT and GPx [27]. Furthermore, Chandrasekaran and co-workers [28] reported that bilobalide protects against neuronal death in brain ischemia via a complex mechanism which includes inhibition of free-radical generation as well as ROS scavenging.



G. biloba extracts have been reported to possess radical scavenging activity towards superoxide, hydroperoxyl and hydroxyl radicals; however, it is not clear which components of the extracts are responsible for this activity [17], as mixtures of different ginkgolides, bilobalide and flavonoids, which also have antioxidant effects, are present [29,30]. While the antioxidant scavenging activity of glycosylated flavonoids has been well established in silico as well as experimentally [31], for ginkgolides and bilobalide, which are the peculiar constituents of G. biloba extract, no theoretical rationalization rooted in the chemical features of these compounds has been attempted so far.



Ginkgolides and bilobalide are hydrophobic compounds sparingly soluble in water [19]. Their chemical features account for their affinity to cell membranes, where they can express their antioxidant effects by protecting unsaturated fatty acids from peroxyl radicals [32]. Ginkgolide B is arguably the most widely studied derivative of this class, and protonation states for this molecule have been extensively investigated experimentally as well as in vivo [33,34]. The three acid-dissociation constants for ginkgolide B are pKa1 = 7.14, pKa2 = 8.60 and pKa3 = 11.89, suggesting that the molecule exists in both neutral and monoanionic forms in physiological conditions. More specifically, Suehiro et al. [35] reported that, after administration, neutral ginkgolide B is rapidly distributed to various organs, including the liver, intestine and stomach, and that the ionized form is retained in plasma, while thereafter the ratios between the species slowly shift towards equilibrium. However, the authors reported low blood–brain barrier (BBB) permeability for this compound [35]. Through potentiometric analysis and NMR investigations, Zekri et al. have shown that, in physiological conditions, the species present in the most significant concentrations are the neutral form and the monoanionic form that originates by the hydrolysis of the F ring (1B anion, Scheme 1) [33].



Bilobalide is structurally related to the ginkgolides, as it is a trilactone which has similar chemical features [36]. Concerning its pharmacokinetic properties, a slightly longer half-life was observed for bilobalide with respect to ginkgolides A and B in rats [37].



The complex phenomenon of antioxidant action is rooted in elementary chemical reactions and an understanding of them is essential to gain insight into the ROS scavenging potential of classes of substances which can be employed as supplements or as drugs. Protocols in silico have been applied with success to a variety of classes of compounds, ranging from food constituents [38] to drugs [39,40,41,42,43,44].



Radical scavenging can occur via multiple mechanisms, depending on different conditions; competition among different mechanisms is also possible. The well-known HAT (hydrogen-atom transfer, Scheme 2a) entails the transfer of a hydrogen atom to the radical, which is thus quenched. If multiple reactive sites are present in the molecule, an equal number of different radical products (Hn-1A•) can be formed. SET (single-electron transfer, Scheme 2b) is better suited for negatively charged scavengers, which, however, can still react via HAT; RAF (radical adduct formation, Scheme 2c) usually involves an aromatic ring, or, in general, unsaturated bonds to which ROS are added, and can also result, like HAT, in multiple products, depending on the structure of the scavenger [45].



In this work, we investigated the radical scavenging activities of the five ginkgolides labelled A, B, C, J and M (1A–M, Scheme 1), the most stable monoanionic form of ginkgolide B (1B anion, Scheme 1), as well as that of bilobalide (2, Scheme 1), describing the thermodynamics and kinetics of the elementary reactions between these compounds and the five ROS (see Results and Discussion); the effect of polar and apolar environments are also discussed. The scavenging potential of these molecules was evaluated according to a state-of-the-art computational protocol [39,40,46]. This protocol, which relies on quantum-mechanical DFT calculations, evaluates the feasibility of a selection of radical scavenging mechanisms for a particular substrate, employing calculations of both reaction and activation energies. These can be compared to reference data obtained for extensively studied antioxidants, such as Trolox (3), for the elaboration of a relative quantification scale.




2. Materials and Methods


Full geometry optimizations of reactants, products and transition states were performed in the gas phase using the M06-2X functional [47] combined with the 6-31G(d) basis set, as implemented in Gaussian16 [48]. Spin contamination was checked for the doublet ground-state species and was found to be negligible. To verify the nature of the stationary points and to obtain thermodynamic corrections at 298 K and 1 atm, frequency calculations were carried out at M06-2X/6-31G(d). This procedure ascertained that a single imaginary frequency with the correct vibrational mode was present in the transition-state structures and that only real frequencies were present in the minimum-energy structures. Afterwards, to achieve a more accurate estimate, single-point energy calculations were computed for the optimized structures at the M06-2X/6-311+G(d,p) level of theory in gas phase, and, subsequently, in water and benzene, using the continuum solvation model SMD [49] (level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d)). Water and benzene were chosen to mimic polar and non-polar environments, respectively. This combination of functional and basis sets was previously validated and employed successfully in other studies [39,40,41,45,50]. To obtain gas-phase Gibbs free energies, thermochemical corrections (  Δ  G  g a s ,     R R H O  o   ) should be added to electronic energies in the gas phase (   E  g a s    ), according to Equation (1):


   G  g a s  o   ( X )  =  E  g a s    ( X )  + Δ  G  g a s ,     R R H O  o   ( X )     



(1)







Since the structures were not optimized in solution, we approximated the thermochemical correction to the electronic energy in the solution to be equal to that of the gas phase, i.e.:





    G  s o l n  o   ( X )  =  E  s o l n    ( X )  + Δ  G  g a s , R R H O  o   ( X )  − R T l n  (   V  − 1    )      



(2)







The last term of the right hand side of Equation (2) takes into account the standard state conversion from a concentration of 1 atm to a concentration of 1 M, since most of the experimental free energies in solution refer to a 1 M standard state [51].



The activation energies were calculated for the most and the least reactive sites of the neutral ginkgolide B and for the most reactive site of the monoanionic ginkgolide B (identified on the basis of   Δ  G  H A T  o   ); these were relative to the free reactants in the gas phase (Equation (3)) as well as in the solvent:


  Δ  G  H A T  ‡  =  G i o   (  T S  )  −  G i o   ( R )     



(3)




where i refers to the environment (gas phase, water or benzene).



This choice was made since HAT reactions were found to follow the Hammond postulate for different classes of molecules [39,40,52]; thus, the most favored reactions were expected to have the lowest activation energies. Electron spin densities, defined as the spatial differences between the densities of α spin electrons and β spin electrons, were calculated with Mulliken population analysis for selected sites of 1B and 1B anion. Spin density surfaces were drawn for selected structures with Avogadro [53], with an isodensity value of 0.02.




3. Results and Discussion


G. biloba, its extracts and its molecular components have been widely investigated for their antioxidant properties, and several contributions focused on this subject can be found in the literature.



Droy-Lefaix reported the effects of G. biloba extract EGb 761 in animal models, highlighting that it can contribute to the quenching of the superoxide anion and hydroxyl and peroxyl radicals, thus improving mitochondrial respiratory-chain function. Accordingly, the author suggested that flavonoids and terpenes may represent the antioxidant constituents. Moreover, the extract showed protective effects against lipoperoxidation and subsequent damage, paving the way for neuroprotective functions [54].



The protective antioxidant effects of EGb 761 in the context of neurodegenerative disease were also explored by Liu et al., who confirmed that the extract inhibited lipid peroxidation of microsomes and protected cells against H2O2-induced oxidative damage [55].



More recently, Singh et al. reviewed the neuroprotective and antioxidant effects of G. biloba extract against Alzheimer’s disease, and the reader is invited to refer to this contribution for a more detailed overview of this topic [56]. The main mechanisms responsible for antioxidant and neuroprotective activity involve the direct reduction of ROS but also the enhancement of antioxidant enzymes [56].



Accordingly, Di Meo et al. showed that EGb 761, acting as an intracellular antioxidant, protects against oxidative-stress-induced apoptotic cell death, supporting its potential role as a nutraceutical for the prevention and treatment of neurodegenerative diseases [57].



Multiple scavenging pathways can be viable for the same molecule, though it is convenient to identify the prevalent ones [41,50]. Based on previous studies of different archetypal structures [45], in the cases of the neutral ginkgolides 1A–M and bilobalide 2, it is reasonable to assume that HAT is prevalent over SET, but competition between the two mechanisms is considered for the monoanionic-form 1B anion. Conversely, RAF is not expected to be relevant to the compounds studied here because no unsaturated moieties are present in their structures; hence, this mechanism was not evaluated.



In this work, we investigated the radical scavenging activities of 1A–M, the 1B anion and 2 and described the thermodynamics and kinetics of HAT elementary reactions at all the available sites. Gibbs free reaction and activation energies were accurately computed using a computational protocol based on DFT.



The different sites where HAT can occur are labeled with the number of C (or C–O) atoms bonded to the H atom, which is transferred to the ROS (the numeration refers to Scheme 1). According to this choice, HAT from C10 refers to the cleavage of a C10–H bond; HAT from C10OH, instead, refers to the cleavage of a O–H bond of C10O–H.



The ROS here considered are •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2. Hydroxyl (•OH) and methoxy (•OCH3) radicals display high reactivities, with •OH being the most reactive due to the single oxygen atom bearing an unpaired electron and having a shorter half-life (i.e., 10−9 s [58]), while the peroxyl radicals •OOH and •OOCH3 are less reactive and are characterized by longer half-lives (i.e., a few seconds [59]), which allows them to diffuse and to damage molecular structures that are not in close proximity. Additionally, •OOCH=CH2 mimics an unsaturated fatty acid peroxyl radical, which is the product of the oxidation of phospholipids.



3.1. HAT Energetics for Ginkgolides


Thermodynamic data for the neutral ginkgolides, which revealed the feasibility of the reactions, were computed for all five neutral ginkgolides. Only those of 1B are discussed; the others, the analysis of which led to very similar conclusions, are included in the Supplementary Materials and are briefly commented on at the end of this paragraph. Gibbs free reaction energies (  Δ  G  H A T  o   ) of HATs involving 1B and the five selected ROS in gas phase, in water and in benzene are shown in Figure 1.



Positions 4, 5 and 9 (Scheme 1) are not eligible for HAT. Moreover, all H atoms found in methyl groups, such as at position 14 or in the tert-butyl group at position 8, are equivalent for HAT.



The gas-phase data (Figure 1a) show that all HATs to •OH are moderately or even strongly exergonic (  Δ  G  H A T  o    values between −10.27 and −34.38 kcal mol−1); •OCH3, as expected, is the second most reactive ROS, associated with negative—although smaller in absolute terms when compared to those computed for •OH—  Δ  G  H A T  o    values for all sites, with the exception of the three OH positions. •OOH is noticeably less reactive than the two alkoxyl radicals, having an exergonic HAT only from site C10. The same behavior can be observed for •OOCH3 and •OOCH=CH2, both still being able to undergo a favorable HAT only from site C10. Thus, HAT from C10 is exergonic for all ROS, indicating that the radical product of this reaction is more stable than the free ROS. C1 and C14 are the second and third most reactive sites, respectively, although their reactivities are not sufficient to allow for exergonic HATs to the three peroxyl radicals. Hydroxyl groups (C1OH, C3OH and C10OH) react spontaneously only with •OH, while the quenching of all the other radicals is associated with a positive   Δ  G  H A T  o    value (•OCH3 still shows a less unfavorable reactivity compared to peroxyl radicals but remains endergonic). The stability of the HAT radical products can be rationalized by inspecting the electronic spin density surfaces shown in Figure 2a,b: a larger delocalization is present in the product of HAT from C10 than in C10OH. C10, which is in the α position with respect to a lactone carbonyl group, also bears a hydroxyl group, which can delocalize the spin density efficiently. It is also noteworthy that hydroxyl groups show a spontaneous tendency for HAT only with the most reactive ROS, which contrasts with the common behavior of polyphenols, such as anthocyanidins [34,46]. This major difference is easily explained by comparing the two very different chemical scaffolds: ginkgolides are completely aliphatic, whereas polyphenols are aromatic. The presence of a highly delocalized π system in the latter class of compounds boosts the reactivity of hydroxyl groups towards HAT.



The scavenging potentials of ginkgolides A, C, J and M were also investigated, following the same protocol (Tables S2–S5, Figures S1–S4). These data do not show any remarkable differences in trends or absolute values; thus, here and in the following, only ginkgolide B data are discussed. The different substitutions in 1A–M at the three sites C1, C3 and C7 have little to no effect on overall reactivity. The OH sites are still the least reactive, and HAT from C10 remains the only reaction with a negative   Δ  G  H A T  o    value for the scavenging of peroxyl radicals (−7.11 kcal mol−1 <   Δ  G  H A T , w a t e r  o    < −6.12 kcal mol−1 for •OOH). The only substantial difference is that the presence of a hydroxyl group increases the delocalization of the spin density on the carbon in α at R1, R2, R3=OH. This may lead to lower, yet still not negative,   Δ  G  H A T  o    values with the peroxyl radicals, as can be seen for C1 in ginkgolides B and C. Moreover, these substitutions show no major effects on the reactivity of C10, the most reactive site, as is to be expected given the absence of large, conjugated regions.



The presence of a solvent does not modify the trends stated above for ginkgolide B. Stabilization effects attributed to solvation are slight to nonexistent in the case of a HAT reaction in benzene (Figure 1c), while water is appreciably more efficient in stabilizing the ginkgolide radicals (Figure 1b), with a maximum stabilization energy (  Δ  G  H A T ,   w a t e r  o  − Δ  G  H A T  o   ) reaching −5.07 kcal mol−1. Analogous considerations are valid for the other ginkgolides (see the Supplementary Materials).




3.2. HAT Energetics for the Anionic Form of Ginkgolide B


Ginkgolide B is the most studied ginkgolide and it is also commercial. It has interesting and well-established acid behavior [33], and in physiological conditions the neutral form coexists with a monoanionic form due to the hydrolysis of the F ring (1B anion, Scheme 1). In this form, ginkgolide B may still act as a radical scavenger via the HAT mechanism, but also via SET (Scheme 2b), since it is negatively charged. Thus, we analyzed first the HAT mechanism for all the possible sites (the ones of the neutral form plus C2OH) and then the SET mechanism, which is a single reaction for each ROS. Gibbs free reaction energies (  Δ  G  H A T  o   ) computed in gas phase, in water and in benzene are shown in Figure 3. Due to the similar reactivities of the five ginkgolides in their neutral forms, only the monoanionic form of ginkgolide B was analyzed.



The gas-phase data (Figure 3a, Table S6) show a thermodynamic trend analogous to that reported for the neutral system; HAT to •OH is the most favored process, followed by HAT to •OCH3. In the former case, all reactions are exergonic, but at the new C2OH site the reaction is isergonic. Conversely, a positive   Δ  G  H A T  o    value is associated with the second ROS only in the case of all the OH sites, with the exception of C3OH. The three peroxyl radicals are significantly less reactive, and they still react spontaneously only at the C10 site, which remains the energetically most favored site for HAT. Conversely, the C2OH site is associated with the most unfavored HAT, suggesting that the radical ginkgolide product must be very unstable. The solvation effect is still very modest in the case of benzene, while in water the maximum stabilization energy (  Δ  G  H A T ,   w a t e r  o  − Δ  G  H A T  o   ) is −6.88 kcal mol−1.



  Δ  G  H A T  o    values for 1B and the 1B anion are quite similar, with few differences between them. The HATs from the most reactive site, i.e., C10, are more exergonic in the monoanionic form, with a difference of −4.54 kcal mol−1, regardless of the ROS. C2 and C3OH sites are associated with a significantly more favored reaction in the monoanionic form, while the reactions from C1 and C14 become less favored moving from the neutral to the anionic form. These considerations are valid for all ROS; the   Δ  G  H A T  o    values for the scavenging of ·OH via HAT are reported in Table 1. These differences are maintained in benzene, while in water they decrease in absolute values. In particular,   Δ Δ  G  H A T  o    from C10 becomes negligible, while the reactivity differences of the other sites of the two forms of ginkgolide B mentioned above remain significant (Table S7).



The better stabilization of the radical HAT product from the C2 and C3OH sites in the 1B anion with respect to 1B can be explained also in this case by inspecting the electron spin density surfaces (Figure 2c–f). In both cases, a spontaneous proton transfer occurs from the OH of C2 to the carboxylate group, generating a carboxylic acid. This is characterized by a higher delocalization, which involves one or two C–O groups. In the case of C3OH, which becomes as reactive as any C site, the spin density is further delocalized on a C–C bond. Conversely, the destabilization of the radicals formed at sites C1 and C14 is caused by a lower delocalization.



For the 1B anion, the SET mechanism was also considered for the scavenging activity of the five ROS. Gibbs free reaction energies (  Δ  G  S E T  o   ) computed in gas phase, in water and in benzene are reported in Table 2. These data show very endergonic reactivities via SET for each ROS in gas phase. The solvation in water and benzene reduces the endergonicity, particularly in the case of water, for the scavenging of •OH. This is the only reaction that can be considered isergonic. Nevertheless, the thermodynamics of SET are more unfavorable compared to those of HAT from most of the available sites. Thus, the HAT mechanism can be considered the prevalent one.



The exergonicities of the HAT reactions in the cases of 1B and the 1B anion in scavenging the peroxyl radicals, although from a single site (C10), are remarkable results. Not even for Trolox, a well-known antioxidant (3, Scheme 1) [60], have such large negative Gibbs free energies for the scavenging of a peroxyl radical from a C site been reported [39]. Table S8 shows the data for Trolox computed at a consistent level of theory, i.e., (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d), by several of the present authors [39]. The most reactive site of Trolox is the OH group on the phenyl ring, which is characterized by the largest negative   Δ  G  H A T  o    in any condition for the scavenging of any radical, e.g., for •OOH   Δ  G  H A T , w a t e r  o    = −9.3 kcal mol−1. However, the most reactive C site of Trolox (C6) is associated with a neatly positive   Δ  G  H A T  o    value in the case of •OOCH3. Conversely, the analogous HATs from C10 in 1B and the 1B anion are associated with negative   Δ  G  H A T  o    values.



It is also possible to compare our results to the scavenging activity of melatonin via HAT, which is another compound with significant antioxidant activity [61,62]. For the two lowest energy conformers of melatonin, the   Δ  G  H A T  o    values for the most reactive sites were computed at the same level of theory used in this work ((SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d)) by several of the present authors [39]. Table S9 shows these values compared to the thermodynamic data on HAT from C10 on 1B and the 1B anion. Melatonin is a good scavenger for •OH and •OCH3; nevertheless, the   Δ  G  H A T  o    values are always smaller (in absolute terms) than those computed for HAT from C10 on 1B and the 1B anion, e.g., for •OCH3   Δ  G  H A T , w a t e r  o    = −18.7 kcal mol−1 for 4 against   Δ  G  H A T , w a t e r  o    = −23.9 kcal mol−1 for 1B from C10. Furthermore, melatonin is not an efficient scavenger of peroxyl radicals, while the selectivity of 1B for these ROS via HAT from C10 is evident. Analogous conclusions are also valid for the other ginkgolides analyzed in this work (see the Supplementary Materials).



To rationalize the experimental results of Maitra et al. [17] which showed the scavenging activity of peroxyl radicals by G. Biloba extract, a comparison must also be made with the   Δ  G  H A T  o    values of flavonoids, which usually account for roughly 20–30% of G. Biloba extracts [63,64]. On the other hand, terpenoids, including ginkgolides and bilobalide, generally represent roughly 5–10% of the components [64]. Castañeda-Arriaga et al. showed that, depending on their chemical scaffolds, flavonoids can either be bad (chrysin) or good (quercetin) scavengers of peroxyl radicals [65]. Specifically, when quercetin in its monoanionic form was considered, a favorable   Δ  G  H A T  o    of −10 kcal mol−1 was computed for water, in which one of the phenolic OH functions of the molecule donates the hydrogen to •OOH. The level of theory employed by Castañeda-Arriaga et al. [65] is slightly different from the one employed in our work; thus, a rigorous comparison will not be attempted. However, these results show that both ginkgolides, from the C10 site, and at least some flavonoids, from the phenolic functions, can scavenge peroxyl radicals in G. Biloba extracts, supporting potential contributions from both classes of compounds to its experimentally tested radical scavenging activity.




3.3. HAT Kinetics of Ginkgolides


To complete the investigation of the capacities of 1B and the 1B anion as radical scavengers, we computed the activation energies (  Δ  G  H A T  ‡   ) for HATs from the most reactive site, i.e., C10, in gas phase, in water and in benzene. For 1B,   Δ  G  H A T  ‡    was also computed for one of the least favored HATs, i.e., the C10OH site. Table 3 shows the activation energies. The kinetic studies were limited to ginkgolide B, since the other ginkgolides were not expected to yield different results. Figure 4 shows the optimized structure of the transition state when HAT occurs from C10 on 1B for the scavenging of •OOH.



In gas phase as well as in solvent,   Δ  G  H A T  ‡    values for the two forms of ginkgolide B increase with the decreasing reactivities of the ROS. Hence, the trend of activation energies for the different ROS mirrors the thermodynamic trend of   Δ  G  H A T  o   : the lowest energy barriers correspond to the most exergonic reactions at a single site. Analogous considerations can be made by comparing the different sites of 1B. HAT from the C10 site is characterized by smaller energy barriers than HAT from the C10OH site, regardless of the ROS or the environment. These kinetic differences are more remarkable for the peroxyl radicals, and they become less significant with •OH. This is consistent with the reactivity–selectivity principle; hence, the most reactive ROS is less selective for a single site. Focusing on   Δ  G  H A T  ‡   , for 1B and the 1B anion with respect to the C10 site, some considerations can be made. For all ROS, the energy barriers are always lower for the 1B anion in gas phase. This is still consistent with the   Δ  G  H A T  o    trend, since HAT from C10 is more favored for the 1B anion in gas phase.



The presence of a solvent destabilizes the transition state with respect to the gas phase; this effect, which is found for each site and each ROS and is shown in Table 3, increases with increasing solvent polarity. In all of the considered cases, the energy barriers are slightly higher in benzene than in the gas phase, and they further increase in water. This effect is particularly remarkable for the 1B anion in water, especially when comparing the C10 sites of the two forms of ginkgolide B in water. As previously stated, in water the   Δ  G  H A T  o    differences between the neutral and the negative systems decrease, and this is reflected in the   Δ  G  H A T  ‡     values. However, the effect on •OH is particularly high, whereby the 1B anion has a slightly higher barrier than 1B.




3.4. HAT Energetics for Bilobalide


Finally, the scavenging potential of 2 via HAT was investigated.   Δ  G  H A T  o    values in gas phase, water and benzene are reported for all sites in Figure S5 and Table S10. The chemical reactivity of 2 is very similar to those of the ginkgolides. The OH sites are the least reactive (negative   Δ  G  H A T  o    only with •OH), while C10 is the most reactive site. C10 of 2 has the same chemical topology as C10 in ginkgolides; it is bonded to a hydroxyl group and is in the α position with respect to a lactone carbonyl group. Furthermore, C10 is the only site characterized by negative   Δ  G  H A T  o    values for peroxyl radicals. The similarities with ginkgolides also concern the energies in solvent.   Δ  G  H A T  o    values observed for benzene show no remarkable differences to those observed for gas phase, while in water HAT reactions of 2 are more favorable, with differences of a few kcal mol−1.



We want to stress another parallelism between 2 and ginkgolides considering the C12 site. In both molecules, this site is bonded to two different oxygen atoms; in 2, they both belong to a lactone group, while in ginkgolides only one oxygen belongs to a lactone group. C12 in each molecule is one of the least reactive sites, suggesting that this chemical position is not particularly favored for scavenging activity. Conversely, the chemical scaffold of C10 seems to be particularly favored for HAT reactions. Scheme 3 shows a representative chemical scaffold found in 1A–M, the 1B anion and 2, focusing on the surroundings of the C10 and C12 sites.





4. Conclusions


Ginkgolides and bilobalide are naturally occurring polyhydroxylated compounds with unique chemical and pharmacological features. These molecules have been widely studied over the years, and experimental evidence shows that multiple mechanisms are involved in promoting their observed biological effects. Among these, direct and indirect antioxidant activities, as radical scavengers or mediated by interactions with cellular macromolecular targets, play a primary role.



In this study, with the aid of molecular modeling, we investigated the contributions of the different functional groups. We proved for the first time the direct involvement of C10 as a reactive site and the potential of completely saturated scaffolds in the scavenging of peroxyl radicals. More specifically, the latter site has the same chemical structure in ginkgolides and bilobalide, suggesting new possible features by means of which to improve the scavenging potential of chemical scaffolds. Furthermore, the C10 site displays selectivity for peroxyl radicals, unlike the C sites of Trolox and melatonin. In conclusion, this study led to the identification of peculiar topologies bearing highly reactive scavenging sites. The recognition that these moieties possess promising scavenging activities can improve the toolset for future studies in which similar structures will be inserted into model compounds to replicate their antioxidant activities in more readily available molecules. This increased knowledge certainly paves the way for the design and optimization of novel antioxidants.



In a more general context, the abovementioned findings support the crucial contributions of ginkgolides and bilobalide to the antioxidant properties of G. biloba extract. In fact, unlike flavonoids, which are well-known antioxidants that are present in several plants, ginkgolides and bilobalide represent peculiar components of G. biloba extract and contribute to its unique properties.
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Scheme 1. Chemical structures of ginkgolides A (1A), B (1B), C (1C), J (1J) and M (1M), the most stable monoanionic form of the 1B anion; bilobalide (2); Trolox (3); and melatonin (4) [17]. 
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Scheme 2. (a) HAT, (b) SET and (c) RAF mechanisms for a generic antioxidant, HnA. 
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Figure 1. Gibbs free reaction energies (  Δ  G  H A T  o   ) computed in (a) gas phase, (b) water and (c) benzene for the scavenging of •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2 via HAT from all the available sites of 1B. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d). 
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Figure 2. Spin densities on the radical products of 1B when HAT occurs from C10 (a), C10OH (b), C2 (c) and C3OH (d) and on the 1B anion radical when HAT occurs from C2 (e) and C3OH (f) with an isosurface value of 0.02. Level of theory: M06-2X/6-311+G(d,p)//M06-2X/6-31G(d). 
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Figure 3. Gibbs free reaction energies (  Δ  G  H A T  o   ) computed in (a) gas phase, (b) water and (c) benzene for the scavenging of •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2 via HAT from all the available sites of the 1B anion. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d). 
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Figure 4. Fully optimized reactant, transition state and product (left to right) geometries of 1B when HAT occurs from C10 for the scavenging of •OOH. Relevant atomic distances are also reported in Å. Level of theory: M06-2X/6-31G(d). 
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Scheme 3. Representative chemical scaffold found in 1A–M, the 1B anion and 2, including C10 and C12 sites. The green and red hydrogen atoms are particularly favored and unfavored C sites for HAT reactions, respectively. 






Scheme 3. Representative chemical scaffold found in 1A–M, the 1B anion and 2, including C10 and C12 sites. The green and red hydrogen atoms are particularly favored and unfavored C sites for HAT reactions, respectively.



[image: Antioxidants 12 00525 sch003]







[image: Table] 





Table 1. Gibbs free reaction energies (  Δ  G  H A T  o    kcal mol−1) computed in the gas phase of 1B and the 1B anion for the scavenging of •OH via HAT from the C1, C2, C10, C14 and C3OH sites. Level of theory: M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).






Table 1. Gibbs free reaction energies (  Δ  G  H A T  o    kcal mol−1) computed in the gas phase of 1B and the 1B anion for the scavenging of •OH via HAT from the C1, C2, C10, C14 and C3OH sites. Level of theory: M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).





	Site
	    Δ  G  H A T  o    ( 1 B )    
	    Δ  G  H A T  o    ( 1 B   anion )    
	    Δ Δ  G  H A T  o     





	C1
	−28.27
	−20.16
	8.11



	C2
	−16.94
	−27.61
	−10.67



	C10
	−34.38
	−38.92
	−4.54



	C14
	−26.55
	−19.55
	7.00



	C3OH
	−10.27
	−23.41
	−13.14
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Table 2. Gibbs free reaction energies (  Δ  G  S E T  o    kcal mol−1) computed in gas phase, water and benzene for the 1B anion for the scavenging of •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2 via SET. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).






Table 2. Gibbs free reaction energies (  Δ  G  S E T  o    kcal mol−1) computed in gas phase, water and benzene for the 1B anion for the scavenging of •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2 via SET. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).





	ROS
	    Δ  G  S E T  o     
	    Δ  G  S E T ,   w a t e r  o     
	    Δ  G  S E T ,   b e n z e n e  o     





	•OH
	51.67
	0.87
	32.31



	•OOH
	65.85
	23.10
	50.13



	•OCH3
	56.18
	20.18
	41.55



	•OOCH3
	64.51
	25.47
	50.94



	•OOCH=CH2
	48.26
	16.54
	36.18
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Table 3. Gibbs free activation energies (  Δ  G  H A T  ‡    kcal mol−1) computed in gas phase, water and benzene of 1B and the 1B anion for the scavenging of •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2 via HAT from C10 and C10OH. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).






Table 3. Gibbs free activation energies (  Δ  G  H A T  ‡    kcal mol−1) computed in gas phase, water and benzene of 1B and the 1B anion for the scavenging of •OH, •OOH, •OCH3, •OOCH3 and •OOCH=CH2 via HAT from C10 and C10OH. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d).












	Site
	ROS
	    Δ  G  H A T  ‡     
	    Δ  G  H A T ,   w a t e r  ‡     
	    Δ  G  H A T ,   b e n z e n e  ‡     





	
	•OH
	8.41
	13.51
	9.03



	
	•OOH
	28.57
	33.85
	29.72



	1B-C10OH
	•OCH3
	17.06
	21.99
	17.92



	
	•OOCH3
	31.49
	35.42
	32.84



	
	•OOCH=CH2
	28.28
	31.20
	29.16



	
	•OH
	7.51
	9.32
	7.99



	
	•OOH
	23.46
	25.25
	24.40



	1B-C10
	•OCH3
	13.46
	15.32
	14.43



	
	•OOCH3
	25.11
	26.55
	26.41



	
	•OOCH=CH2
	24.33
	23.58
	24.91



	
	•OH
	5.31
	10.61
	6.58



	
	•OOH
	18.76
	25.15
	20.83



	1B anion-C10
	•OCH3
	12.25
	15.00
	13.08



	
	•OOCH3
	21.68
	25.32
	23.34



	
	•OOCH=CH2
	20.05
	23.79
	21.59
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