
1 
 

Scavengome of an Antioxidant 

A. Hunyadi,1,2,* O. G. Agbadua,1 G. Takáts,3,4 G. T. Balogh3,5 

1 Institute of Pharmacognosy, Interdisciplinary Excellence Centre, University of Szeged, H-6720 Szeged, 

Hungary 
2 Interdisciplinary Centre for Natural Products, University of Szeged, H-6720 Szeged, Hungary 
3 Department of Chemical and Environmental Process Engineering, Budapest University of Technology 

and Economics, H-1111 Budapest, Hungary 
4 Mcule.com Ltd., H-1115 Budapest, Hungary 
5 Department of Pharmacodynamics and Biopharmacy, University of Szeged, H-6720 Szeged, Hungary 

* Corresponding author: hunyadi.attila@szte.hu 

 

ABSTRACT 

The term ‘scavengome’ refers to the chemical space of all the metabolites that may be formed from an 

antioxidant upon scavenging reactive oxygen or nitrogen species (ROS/RNS). This chemical space is very 

rich in structures representing an increased chemical complexity as compared to the parent antioxidant: a 

wide range of unusual heterocyclic structures, new C-C bonds, etc. may be formed. Further, in a biological 

environment, this increased chemical complexity is directly translated from the localized conditions of 

oxidative stress that determines the amounts and types of ROS/RNS present. Biomimetic oxidative 

chemistry provides an excellent tool to model chemical reactions between antioxidants and ROS/RNS. In 

this chapter, we provide an overview on the known metabolites obtained by biomimetic oxidation of a few 

selected natural antioxidants, i.e., a stilbene (resveratrol), a pair of hydroxycinnamates (caffeic acid and 

methyl caffeate), and a flavonol (quercetin), and discuss the drug discovery perspectives of the related 

chemical space. 

Keywords: Scavengome, antioxidant-based drug discovery, chemical space, oxidative metabolism, 

diversity-oriented synthesis, biomimetic oxidation, resveratrol, caffeic acid, methyl caffeate, quercetin 
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1. ANTIOXIDANTS AND THEIR MECHANISM OF ACTION: INTRODUCTION OF THE 

SCAVENGOME CONCEPT 

Plant polyphenols are among the best-studied dietary antioxidants, and their research keeps on the rise. In 

PubMed, the search term ‘antioxidant AND polyphenol’ gives over 30,000 hits in total, and over 3,300 only 

for 2021. This everlasting popularity is undoubtedly due to the plethora of beneficial bioactivities attributed 

to such compounds in connection with a wide range of chronic diseases such as diabetes, malignant tumors, 

and degenerative central nervous system (CNS) pathologies. This is no wonder, considering the well-known 

key role of oxidative stress in the pathomechanism and progression of such diseases. 

Oxidative stress and its role in health and disease has been thoroughly reviewed over the years, and 

the field has recently gone through a paradigm shift towards recognizing the physiological importance of 

oxidative processes and re-defining oxidative stress as a loss of control and balance. The biologically most 

important reactive oxygen species (ROS) are hydrogen peroxide (H2O2) (Gough & Cotter, 2011), 

superoxide anion radical (O2•–) (Hayyan et al., 2016), hypochlorous acid (HOCl) (Bauer, 2018), singlet 

oxygen (1O2) (Bauer, 2016), hydroxyl, alkoxyl and peroxyl radicals (•OH, RO•, and ROO•, respectively) 

(Dickinson & Chang, 2011), and major reactive nitrogen species (RNS) are nitric oxide (NO), nitrogen 

dioxide (NO2), and peroxynitrite (ONOO–) (Nimse & Pal, 2015). The reactivity of these species varies; 

primary ROS/RNS, like H2O2, O2
•–, and NO are much less reactive than toxic secondary species, 

particularly •OH, ONOO–, and HOCl, whose increasing amounts highly contribute to oxidative stress and 

related damage of macromolecules, cells, and tissues (Weidinger & Kozlov, 2015). The formation of 

ROS/RNS, and particularly the secondary species is determined by transition metal catalysis; in biological 

environment this is primarily connected to enzymatic processes, i.e., mitochondrial electron transport chain 

(ETC) complexes I and II, lipoxygenases, cyclooxygenases, xanthine oxidase, and cytochrome P 

monoxygenases (Dickinson & Chang, 2011; Weidinger & Kozlov, 2015). 

There is now wide a consensus about it that small molecule antioxidants decrease oxidative stress 

mainly through modulating the intrinsic enzymatic defense that maintains the redox balance in the body 

(Forman et al., 2014; Ruskovska et al., 2020; Sies, 1993). However, while direct free radical scavenging is 

generally thought to have little in vivo relevance in decreasing the levels of toxic ROS/RNS, the interaction 

between such reactive species and oxidizable dietary antioxidants should also not be ignored. Naturally, 

such an interaction has a major impact on both reaction partners. The reactive intermediate that is formed 

from the antioxidant may then be reduced back in a redox cycle, couple with an appropriate small-molecule 

or macromolecule reaction partner or get stabilized by intramolecular rearrangements. Because reactive 

antioxidant intermediates have a much more complex structure then ROS/RNS, their binding to 

macromolecules is also more specific, therefore such a “damage” may not necessarily cause toxic effects 
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but can also be translated to pharmacological activity. A good example to this is the covalent binding of 

quinones to the thiol groups of cysteine residues, which then leads to complex signal transduction processes 

(e.g., through the activation of Keap1/Nrf2 signaling) and may result in beneficial effects through an 

adaptive antioxidant response (Kato & Suga, 2018; Kerimi & Williamson, 2018). Further, the many 

possible intra- or intermolecular rearrangements stabilizing reactive antioxidant intermediates unravel a 

rich chemical space of small-molecule metabolites that may then exert a non-covalent action on any 

druggable targets in the microenvironment where they have been formed. Even though some antioxidants, 

e.g., curcumin, may undergo oxidative fragmentation (Shen & Ji, 2009), free radical scavenging by an 

antioxidant more frequently yields more complex chemical structures; this is due to the many possibilities 

for radical coupling reactions forming unique new rings or ring systems, various heterocycles, etc. In our 

recent review, we outlined the potential drug discovery perspectives of this novel and orthogonal chemical 

space and named it as the ‘scavengome’ (Hunyadi, 2019). 

Diversity-oriented synthesis is a major drug discovery strategy. A wide variety of success-oriented 

chemical approaches have been pursued over the years to turn plain chemical diversity into a so-called 

biological performance diversity, i.e., to create chemical libraries that are not only diverse but also have a 

high pharmacological hit rate (Pavlinov et al., 2019). In this context it is worth stressing that i) any given 

antioxidant will manifest only a segment of its scavengome in a biological microenvironment under 

oxidative stress, and ii) the formed metabolites contain chemical information directly translated from the 

local conditions of oxidative stress, i.e., the types and amounts of ROS/RNS present. Considering the co-

evolution of the biochemical machinery (i.e., potential drug targets) of animals and humans with their food 

rich in plant secondary metabolites, polyphenols, etc. (i.e., potential drugs), it seems reasonable to postulate 

that scavengome of a dietary antioxidant is an organic part of the signaling network related to oxidative 

stress. This notion suggests that a diversity-oriented chemical approach to explore the scavengome is a 

promising strategy towards biological performance diversity. 

In the followings, we aim to provide a summary of what is known about the scavengome of a few 

selected abundant natural antioxidants, i.e., a stilbene (resveratrol), a pair of hydroxycinnamates (caffeic 

acid and methyl caffeate), and a flavonol (quercetin). We approach this subject by overviewing the chemical 

complexity of their metabolites prepared through their oxidative chemical transformations, in view of the 

biomimetic value of the oxidants. We also provide some characteristic examples on the bioactivity of 

several metabolites and evaluate their positioning in the drug-like chemical space. 

2. BIOMIMETIC OXIDATIVE CHEMISTRY – EXPLORING THE SCAVENGOME 

For modeling biological processes with an in vitro chemical approach, it is especially important to 

characterize and classify the models based on the translational distance from the studied human 
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physiological process. In the case of oxidative stress or antioxidant studies, model developments typically 

focus on mitochondrial, macrophage and neutrophil-related, and microsomal free radical formation 

processes (Bartesaghi & Radi, 2018). In this context, the classical approach basically distinguishes three 

main classes of biomimetic models (López-Alarcón & Denicola, 2013) that evaluate i) the scavenging 

activity towards stable free radicals, e.g., 2,2-Diphenyl-1-picrylhydrazyl (DPPH•) and 2,2′-Azinobis-(3-

ethylbenzothiazole-6-sulphonate radical cation (ABTS•+), ii) the reduction of metal ions, e.g., Ferric 

Reducing Antioxidant Power (FRAP) and Cupric ion-Reducing Antioxidant Capacity (CUPRAC) to 

evaluate the sample’s capacity to reduce ferric or cupric ions in aqueous media, and iii) the oxidation of 

low-density lipoprotein (LDL). In relation with the scavengome concept, a comprehensive work is not 

limited to classical and directly biorelevant oxidative stress studies on the transformations of selected model 

compounds. In our novel approach to introduce potentially diverse oxidative chemical model systems in 

exploring a broad chemical space of oxidized antioxidant metabolites, we use a hierarchical classification 

system in our related studies, and this classification will also serve as an organizing principle to this chapter. 

This is based on biocompatibility or translational goodness in terms of bioequivalence, i.e., oxidative 

transformation of an antioxidant by any chemical system can be classified as a biorelevant (A), biomimetic 

(B), or biomimetic-related chemical (C) oxidation. Accordingly, we consider biorelevant (A) any in vitro 

chemical models that directly provide oxidative agents/free radicals present in the body, such as •OH: 

metalloporphyrin/H2O2 (Mazoir et al., 2020),  Fe2+/H2O2 (Miller et al., 2021), H2O2: Cu2+/ascorbic acid ( 

Shen et al., 2021), and ONOO– (Ferrer-Sueta et al., 2018), and chemical systems for which there is 

significant experimental evidence of their suitability for biological oxidative stress (DPPH, AAPH, AIBN 

AMVN) (Marano et al., 2021; Takatsuka et al., 2022) are also included in this group. We classify as 

biomimetic (B) the chemical systems in which the oxidative reaction medium contains an aqueous 

component in addition to a cosolvent (in some cases dissolved O2 as a prooxidant) providing a medium 

with better suitability to the physiological system. The last class, i.e., chemical related to biomimetic (C), 

differs from class B only in the anhydrous organic solvent medium, which may still provide relevant models 

of oxidative processes within biological membranes. In some cases, we also classify oxidative conditions 

using biologically less relevant pH values into class C. In the model systems class B and C, three subgroups 

can be distinguished: (a) oxygen atom donors (H2O2, t-BuOOH, O2 in alkaline media) (Costa et al., 2021; 

Wenz et al., 2019) (b) electron donors (e.g. NaIO4, K3Fe(CN)6, Ru3+, Cu2+, Fe2+/Fe3+, Au3+) (Galletti et al., 

2018; Pradhan et al., 2020; Wu et al., 2021; Yang et al., 2016) (c) agents that mimic the nitrating capacity 

of peroxynitrite (eg. NaNO2) (Ozyurt & Otles, 2020; Vossen & De Smet, 2015). Figure 1 shows our 

hierarchical classification of oxidative chemical model systems according to their applicability to explore 

chemical metabolite space within the scavengome concept. 
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Figure 1. Hierarchical classification of oxidative chemical systems based on their bioequivalence value to 

model ROS/RNS scavenging reactions. 

 

 

OXIDATIVE TRANSFORMATIONS OF SELECTED ANTIOXIDANTS 

3.1 Resveratrol (I). 

Resveratrol (trans-3,5,4ʹ-trihydroxystilbene; compound I) is a natural polyphenol and phytoalexin, and 

probably the most popular dietary antioxidant due to its well-known presence in red wine. Other than that, 

it is also present in many common foods including, e.g., a variety of berries, tomato skin, peanuts, pistachios 

and cocoa (Dybkowska et al., 2018). Resveratrol was reported to have a myriad of beneficial bioactivities 

in health and disease (Baur & Sinclair, 2006), and its antioxidant properties are at the hallmark of these. 

Resveratrol can efficiently scavenge various types of ROS/RNS, resulting in radical intermediates stabilized 

by the delocalization of electrons between the two aromatic rings and the unsaturated methylene bridge 

joining them (Karlsson et al., 2000). This gives ample opportunities to C-C coupling at various regions of 

the resveratrol molecule. Interestingly, in a biological environment there is a high chance that the most 

likely reaction partner to such couplings would be another resveratrol molecule; this is because of the strong 

self-association of resveratrol fixed by strong π-π stacking in aqueous solution (Bonechi et al., 2008; Velu 

et al., 2013). This may be the reason why biorelevant / biomimetic oxidation of resveratrol very frequently 
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results in various dimers. The various oxidative reaction conditions applied are summarized in Table 1, and 

chemical structures of the metabolites obtained are presented in Figure 2. 

 

Table 1. Oxidative transformations of resveratrol (I). 

Reagents Experimental 
conditions 

Metabolites 
obtained 

References 

Biorelevant  
NaNO2 0.1M phosphate buffer, 

pH 3.0, 37°C I/1–11  Panzella et al., 2006 

Peroxynitrite 
0.1M, pH 7.4, 
phosphate-buffered 
ethanol solution 

Unspecified 
dimers, nitro- 
and dinitro-
derivatives 

 Holthoff et al., 2010 

DPPH MeOH I/1, I/12  Wang et al., 1999 
Biomimetic  

K3Fe(CN)6 
pH 5.5 phosphate 
buffered CH3CN I/1  Sako et al., 2004 

FeCl3 EtOH(aq) I/1, I/12, I/16  Shingai et al., 2011 
Formic acid Reflux I/13–15  Li et al., 2003 
Ruthenium chloride MeOH(aq), 35°C I/16, I/17  Yadav et al., 2019 
Biomimetic-related chemical  
AgOAc, Ag2O, Ag2CO3, 
AgNO3, Mn(OAc)3 
CuOAc, Cu(OAc)2 

Dry MeOH, 50°C I/1  Sako et al., 2004 

Tl(NO3)3 MeOH, -50°C I/16 

 Takaya et al., 2005 

Tl(NO3)3 MeOH, -30°C I/16 
K3[Fe(CN)6]/K2CO3 MeOH, 25°C I/1, I/16, I/18 
Ce(SO4)2 MeOH, -50°C I/1, I/16, I/18 
FeCl3 Acetone, 25°C I/1, I/16, I/18 
MnO2 CH2Cl2, 25°C I/1, I/18 
K3[Fe(CN)6], sodium 
acetate 

Aqueous acetone 
under reflux I/1, I/18–22  Xie et al., 2015 

AgOAc or FeCl3 EtOH I/16, I/23–25  El Khawand et al., 2020 
 

The biomimetic oxidation of stilbenes may lead to various regioselective couplings depending on 

the oxidant, solvent, and substitution (Velu et al., 2008). Compound I/1 was a major dimer formed by 

several biorelevant and biomimetic oxidants, and it was also a common oxidized product of resveratrol 

when it was reacted with various transition metals in less biomimetic experimental setups. An impressive, 

nearly quantitative (97%) yield of I/1 was achieved when resveratrol was oxidized by AgOAc or Ag2O 

(Sako et al., 2004). Similarly high (>90%) yields of I/1 were obtained with FeCl3 in acetone or MnO2 in 

CH2Cl2 at 25°C, while ε-viniferin (I/16) became the major product with no detectable formation of I/1 when 

resveratrol was oxidized by thallium(III) nitrate at –50°C (Takaya et al., 2005). 
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In a broader context of the scavengome, it is of interest that stressing grapevine leaves (var. 

Chasselas) by Plasmopara viticola (downy mildew) infection or UV-C irradiation also leads to the 

oxidative dimerization of resveratrol to form a mixture of products including the E/Z isomers of δ- and ε-

viniferins (I/1 and I/16–17) (Pezet et al., 2003). Both P. viticola infection and UV-C irradiation induces 

oxidative stress in grapevine leaves (Carvalho et al., 2015). While resveratrol dimers may certainly have 

been biosynthesized in the used experimental setup through various stress-activated enzymatic processes, 

the involvement of direct free radical scavenging may also not be excluded. 

Oxidizing resveratrol by AgOAc in ethanol resulted in oxidative coupling to form I/16 and three 

additional dimers, I/23–I/25 (El Khawand et al., 2020). It may be worth stressing that, while the presence 

of ethanol as a solvent makes these conditions of less use to model pathophysiological ROS/RNS 

scavenging, such oxidative processes can naturally occur in wine that also contains transition metals, mainly 

iron and copper (Płotka-Wasylka et al., 2018). 

Concerning the bioactivity of oxidized resveratrol metabolites, many of these compounds are 

widely recognized as phytoalexins, i.e., antibiotic compounds produced by plants in response to 

environmental stress stimuli (Jeandet, 2015). Other than that, a wide range of bioactivities of resveratrol 

dimers have been reported, including antiinflammatory, antioxidant, neuroprotective, and vascular 

protective activities. Related literature on ε-viniferin (I/16) has been most recently reviewed; this compound 

appears to exhibit particularly strong bioactivities against inflammatory and oxidative stress both in vitro 

and in vivo (Beaumont et al., 2022). 

Unlike resveratrol and its open-ring dimer (I/12), δ- and ε-viniferins I/1 and I/16 have 5-LOX 

inhibitory activity (Shingai et al., 2011). Additional anti-inflammatory activities of some oxidized 

resveratrol metabolites were also reported in models where resveratrol was found less active or inactive. 

Compounds I/1, I/23 and I/24 reduced the NO production in LPS-induced RAW 264.7 macrophages with 

around twice the potency of resveratrol (IC50 values <10µM) (El Khawand et al., 2020). At 10 µM 

concentrations, compounds I/13 and I/14 inhibited leukotriene B4 (LTB4) biosynthesis, inhibited the 

adhesion of HL-60 cells to capillary endothelial cells, and acted as LTD4 antagonists (Li et al., 2003). 

Both δ- and ε-viniferins (I/1 and I/16) exerted significant protective functions on vascular endothelial cells 

(Wu et al., 2020), and compound I/1 was reported as a potent antioxidant against hemoglobin (Hb)-induced 

oxidative stress in erythrocytes, and to protect Hb from methemoglobin formation (Ficarra et al., 2016).  
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Figure 2. Oxidized resveratrol derivatives formed in reactions with biorelevant (A), biomimetic (B), or 

biomimetic-related chemical oxidants (C). 
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3.2. Caffeic acid (II) and methyl caffeate (III) 

Caffeic acid is widely distributed in plants, and it is the most abundant hydroxycinnamic acid in many fruits 

and vegetables including, e.g., black chokeberries, lingonberries, dates, plums, olives, and potatoes, 

beverages, e.g., coffee, wines, and beers, seeds, like sunflower seeds, and a wide range of herbs and spices, 

like common sage, thyme, oregano, etc. It may occur in free form or glycosides, and it is valued for a wide 

range of beneficial bioactivities (Birková, 2020). While it is a very small and simple molecule, it is 

considered a highly valuable building block in the design of new bioactive compounds (Touaibia et al., 

2011). Both caffeic acid (II) and its naturally occurring methyl ester (III) have been described as chain-

breaking, radical scavenging antioxidants due to their hydrogen atom or electron donating capacity and to 

the ability to delocalize/stabilize the resulting phenoxyl radical (Teixeira et al., 2013). Caffeic acid is 

susceptible to autoxidation and it was reported to react with transition metals, glutathione and other 

thiols (cysteine, thioglycolic acid or thiocresol), and ascorbic acid (Cilliers & Singleton, 1990; Heleno et 

al., 2015). The behavior of compounds II and III under oxidative conditions have been studied in various 

experimental setups; these are summarized in Table 2, and chemical structures of the metabolites obtained 

are presented in Figure 3. 

Table 2. Oxidative transformations of caffeic acid (II) and methyl caffeate (III).  

Reagents Experimental conditions Metabolites 
obtained 

References 

Biorelevant  
Iron-porphyrin 
Fe(TDCPPS)Cl, 
H2O2 

MeOH(aq) 
II/1–4 

 Šmejkalová & Piccolo, 2006 
 Šmejkalová et al., 2006 

Peroxynitrite 50mM phosphate buffer, 
pH 7 II/1  Rice-Evans & Miller, 1996 

Peroxynitrite 
Continuous-flow, ONOO– 
prepared in situ, NaCl 
and glycine buffer present 

III/6  Fási et al., 2020 

Fenton oxidation  
Aq. solution of 
Fe2+/EDTA (1:1) and 3% 
H2O2 

II/5, II/6  Antolovich et al., 2004 

2,2′-Azobis(2,4-
dimethylvaleronitrile) 
(AMVN) 

CH3CN, reaction in the 
presence and absence of 
ethyl linoleate, 37°C 

III/1–5  Masuda et al., 2014 

AAPH CH3CN:Water (2.5:1, 
v/v), 60°C III/6, III/7  Fási et al., 2020 

Biomimetic  

Oxygen Bubbled through aqueous 
solution containing KOH 

II/2, II/3, II7–
10  Cilliers & Singleton, 1991 

NaIO4 
Aqueous solution ranging 
from pH 2 to 7 II/11, II/12  Fulcrand et al., 1994 
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NaIO4 

Citric acid solution (pH 
3.5), reaction in the 
absence and presence of 
L-cysteine, NaOH to 
adjust the pH 

II/1, II/13  Bassil et al., 2005 

NaIO4 CH3CN:Water (5:1, v/v) II/5, II/6  Antolovich et al., 2004 
NaIO4 Water II/14, III/8  Tazaki et al., 2003 

FeCl3 
Caffeic acid in EtOH with 
the oxidant dissolved in 
water 

II/15  Masuda et al., 2014 

 

Unsurprisingly, the o-quinone derivative II/1 was frequently observed as the primary intermediate 

during the oxidative coupling of caffeic acid (Antolovich et al., 2004; Tazaki et al., 2003), and thus it was 

reported as a common product in several oxidative transformations. As an interesting biomimetic element 

of the reaction setup, II was subjected to oxidation in the presence of L-cysteine (Bassil et al., 2005). The 

thiol group of cysteine residues plays a central role in redox signaling and stress response (Fra et al., 2013). 

Conjugation of caffeic acid with L-cysteine took place to yield II/13 and this somewhat (by ca. 7%) 

enhanced the antiradical efficiency compared to that of caffeic acid (Bassil et al., 2005). More importantly, 

however, this also demonstrates the potential of reactive caffeic acid intermediates, particularly II/1, to 

modulate proteins’ function through covalent coupling to accessible cysteine residues. Bubbling oxygen 

gas through the alkaline aqueous solution of caffeic acid led to the formation of compounds II/7–10 (Cilliers 

& Singleton, 1991). Several related 1,4-benzodioxane-type neolignans were obtained when II was 

transformed by a non-specified crude mixture of pear enzymes, and this study revealed the enhanced COX-

2 inhibitory activity of II/7 (IC50=7.5 µM) and II/8 (IC50=25.6 µM) as compared to the inactive parent 

compound II (Bae & Kim, 2012). Among the oxidized metabolites of caffeic acid derivatives, perhaps the 

most significant bioactivity changes were observed for compound III/6. This dihydrobenzofuran lignan 

was formed when methyl caffeate (III) was oxidized in biorelevant (Fási et al., 2020) or biomimetic (Pieters 

et al., 1999) experimental setups. Compound III/6 was identified as a highly promising antitumor agent in 

various in vitro and in vivo experimental models. Its 2R,3R enantiomer (but not the inactive 2S,3S) acted as 

an anti-tubulin agent as potent (IC50=6.0 μM) as combretastatin A-4 (Pieters et al., 1999), and exerted strong 

antiangiogenic activity apparently without interfering with fibroblast growth factor‐2 (FGF‐2) or vascular 

endothelial growth factor (VEGF) (Apers et al., 2002). Further, the racemate of III/6 was found to suppress 

4T1 tumor metastasis in mice at a dose of 100 µg/kg through increasing the interleukin-25 (IL-25) secretion 

of tumor-associated fibroblasts (Yin et al., 2016). In our previous work, we investigated the possible 

formation of III/6 in HeLa, SiHa, MCF-7 and MDA-MB-231 cancer cells treated with III and incubated 

with or without t-BuOOH-induced oxidative stress. While no direct evidence was found for an in-situ 
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formation of III/6, the cytotoxic activity of III was altered by oxidative stress in a way that coincided with 

the cell line specificity of compound III/6 (Fási et al., 2020).  

 

 
 

Figure 3. Oxidized caffeic acid or methyl caffeate derivatives formed in reactions with biorelevant (A) or 

biomimetic (B) oxidants.  
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3.3 Quercetin (IV) 

Quercetin is one of the most common dietary flavonols due to its widespread occurrence in many common 

fruits and vegetables, including apples, blueberries, cherries, onions, lettuce, Chinese cabbage, etc., as well 

as in popular beverages like black tea and red wine (Dabeek & Marra, 2019). The free radical scavenging 

properties of quercetin have been thoroughly studied; it is well known to possess ROS/RNS scavenging 

properties due to i) the o-dihydroxy (catechol) structure in its B ring; ii) the 2,3-double bond conjugated 

with the 4-keto function; and iii) the additional presence of both 3- and 5-OH groups (Buchner et al., 2006; 

Makris & Rossiter, 2002-02; Rice-Evans & Miller, 1996). The oxidation of quercetin has been studied in 

many experimental models including enzymatic, electrochemical, chemical, and microbial systems, and a 

wide spectrum of products were identified, arising from dimerization, skeleton alteration and/or 

decomposition (Zhou & Sadik, 2008). Herein, we discuss the chemical models; experimental setups are 

summarized in Table 3, and structures of the metabolites are shown in Figure 4. 

 

Table 3. Oxidative transformations of quercetin (IV). 

Reagents Experimental conditions Metabolites 
obtained 

References 

Biorelevant 

Cu2+ 
Phosphate-citrate buffer solution 
(pH 7.5), reaction in the 
presence of L-ascorbic acid 

IV/1 
 Bobolaki et al., 2018 

Cu2+ 

Phosphate-citrate buffer solution 
(pH 7.5), reaction in the 
presence and absence of L-
cysteine  

IV/1, IV/5–8 

 Photiades et al., 2020 

DPPH MeOH IV/2  Furusawa et al., 2003 
Biomimetic 
2,2ʹ-azobis-
isobutyronitrile (AIBN) CH3CN, 60°C IV/1–4  Krishnamachari et al., 

2002 
NaNO2 KCl-HCl solution (pH 1-3) IV/1   Takahama et al., 2003 

K3[Fe(CN)6] Aqueous phosphate buffer (0.05 
M, pH 7.4) 

IV/2, IV/9 Chervyakovsky et al., 
2008 

t-BuOOH 

t-BuOH–water (2:1 v/v), 
reaction in NaOH, neutralized 
with sodium phosphate buffer 
(pH 7.4) 

IV/2 

 Mallepu et al., 2018 

K3[Fe(CN)6], NaHCO3 
70% CH3CN IV/6, other 

unspecified 
products 

 Makris & Rossiter, 
2002 

CuSO4/H2O2 

NaIO4 70% aq. CH3CN 
IV/6, other 
unspecified 
products 

 Makris & Rossiter, 
2002-02 
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Fe3+, Fe2+ and Cu2+ 70/30 (v/v) mixtures of aqueous 
acetic acid and different organic 
modifiers; (CH3CN, CH3OH and 
EtOH) 

IV/1 

 Jungbluth et al., 2000 

CuSO4 (CH3CN/water: 8/2, v/v), pH 
adjusted from 4.5 to 2 at the end 
of the reaction 

IV/1 
 Gülşen et al., 2007 

K3[Fe(CN)6], Na2CO3 CH3CN IV1, IV/2  Gülşen et al., 2007 

Air NaOH (pH 12) 
IV/1, IV/5, 
IV/6, IV/11–
15  

 Fuentes et al., 2017 

[AuCl4]- 0.1M HClO4 aqueous solution 
(1:1, v:v) 

IV/11, 
IV/19, IV/21  Bondžić et al., 2013 

Biomimetic-related chemical 
CuC12 MeOH and EtOH IV/16–21  Utaka & Takeda, 1985 
Ru + Ag + NaOH 
PdCl2 
K2OsCl6 
Solid Pt and Au in aqua 
regia. 

MeOH 

IV/1 

 Balcerzak et al., 2004 

PbCl2 MeOH IV/1  Cornard et al., 2005 

 

When studying the effect of L-ascorbic acid (Bobolaki et al., 2018) and L-cysteine (Photiades et al., 

2020) on the Cu2+-induced oxidation of quercetin (IV) under several experimental conditions (pH and 

temperature), three oxidized products (IV/5, IV/6 and IV/1) were tentatively identified by LC-DAD-MS. 

The product profile was pH-dependent, and when the oxidation was performed in presence of L-cysteine 

(Photiades et al., 2020), two tentatively assigned quercetin/L-cysteine adducts (IV/7 and IV/8) were also 

observed. It was concluded that both ascorbyl and cysteinyl radicals may take an active part in the oxidation 

of quercetin. In view of the scavengome concept, this is an interesting example for the chemical 

environment significantly affecting the product profile connected to ROS/RNS scavenging by a small-

molecule antioxidant. The dimer IV/2 was observed as a main oxidation product in a photooxidation 

experiment, in which quercetin was oxidized by in situ formed tert-butoxyl radicals (t-BuO•) in a solvent 

mixture of t-BuOH water (2:1 v/v) containing t-BuOOH (Mallepu et al., 2018). Since the excess t-BuOH 

supposedly scavenged the •OH radicals also formed from the photolysis, results of this experiment suggest 

that such a dimerization of quercetin may also take place when it reacts with alkoxyl radicals. This dimer 

IV/2 is also naturally present in the brownish scale of onion, and it was reported to exhibit stronger anti-

platelet activity than quercetin (IV), and to rigidify liposomal and surface membrane bilayers (Furusawa et 

al., 2003). The membrane activity of IV/2 may also be the reason for its increased anti-proliferative activity 

as compared to that of IV, based on its enhanced capacity to altering essential physicochemical properties 
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of tumor cells needed for their proliferation, metastasis and malignancy (Furusawa et al., 2006). 

Interestingly, several oxidized products of quercetin act as more potent antioxidants than quercetin itself 

(Vásquez-Espinal et al., 2019). In particular, compound IV/1 was shown to exhibit improved antioxidant 

characteristics compared to IV (Gülşen et al., 2007). Further, it is of particular interest that a whole mixture 

of autoxidized quercetin metabolites was found to exert a ca. 20-fold stronger cytoprotective activity than 

quercetin on Hs68 and Caco2 cells exposed to indomethacin, and a metabolite, identified by ESI-MS/MS 

as IV/1, was 200-times stronger cytoprotective agent than its parent compound (Fuentes et al., 2017). These 

results strongly support the notion that the oxidized metabolites of quercetin are of potential value for drug 

discovery. 
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Figure 4. Oxidized quercetin derivatives formed in reactions with biorelevant (A), biomimetic (B) or 

biomimetic-related chemical oxidants (C).  
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3. DRUG DISCOVERY VALUE OF THE CHEMICAL METABOLITE SPACE OF I–IV 

To place the selected four antioxidants and their oxidized derivatives in the field of medicinal chemistry, 

we studied them by a popular method in cheminformatics, the t-distributed stochastic neighbor embedding 

(t-SNE) (Van der Maaten & Hinton, 2008) for dimensional reduction and visualization. The t-SNE defines 

a probabilistic distribution of the data points in the high dimensional space, in our case in the space of 

extended-connectivity fingerprints (ECFP4) (Rogers & Hahn, 2010), then defines a similar probability 

distribution in the low dimensional space. In the last step it minimizes the Kullback-Leibler divergence 

between the two distributions and provides a 2D projection of the high-dimensional space. In this projection 

we can state that objects similar in the high dimensional space fall close to each other in the low dimensional 

space with high probability. Figure 5 shows the t-SNE plot of the distribution of compounds I–IV and their 

metabolites over the chemical space of approved drugs (Wishart et al., 2017) that have a molar mass below 

700 Da, a total of 2,378 compounds. Groups I to IV contain parent compounds and derivatives of resveratrol 

(I), caffeic acid (II), methyl-caffeate (III), and quercetin (IV). Parent compounds are also highlighted 

separately in Figure 5 for an easier identification. 
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Figure 5. t-SNE plot of compounds I–IV, their oxidized derivatives, and approved drugs with a molecular 

mass below 700 Da. A total of 2,378 approved drugs are plotted that were retrieved from the DrugBank 

database. Each sphere represents a compound, and color codes are assigned to approved drugs (grey), and 

compound groups I, II, III, and IV (orange, yellow, red, and purple, respectively). 

 

The investigated antioxidant compounds and their derivatives could be classified into four clusters and 

six additional small groups or singletons based on their structural similarity on the t-SNE map. Cluster 

groups that are located far from the origin of the t-SNE plot and in a space underrepresented by approved 

drugs can be considered unique, and thus to represent a new medicinal chemistry space.  A good example 

for this is Cluster 1, which included only one known drug, Cyanidanol ((+)–catechin). This part of the t-

SNE space is overall underrepresented. Another structurally valuable group is Cluster 2, which is close to 

Cluster 1 and contains only quercetin (IV) and its derivatives without any approved drugs. Clusters 3 and 

4 are already much closer to the origin of the t-SNE plot, so that several structurally similar drugs could be 

included in them. It should be noted that Cluster 3 contains three of the parent compounds (I–III) and the 
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active substances Tapentadol (opioid analgesic) (Tzschentke et al., 2006), Stiripentol (anticonvulsant) 

(Quilichini et al., 2006), Entacapone (reversible inhibitor of COMT) (Chong & Mersfelder, 2000), and 

Voxelotor (hemoglobin oxygen-affinity modulator) (Hutchaleelaha et al., 2019); this predicts a variety of 

expectable pharmacological effects for compounds placed within this cluster. In terms of structural 

exclusivity, it is important to highlight the caffeic acid derivatives II/14 and III/8, which are also located 

in the under-represented part of the t-SNE space. Their chemical exclusivity is presumably explained by 

the presence of a rigid heterocycle formed by oxidative cyclization and the relatively high number of oxygen 

atoms. Similarly, methyl-caffeate derivatives (III/2–5) and quercetin derivatives (IV/7–8) were identified 

as small groups providing new chemical entities. However, the cysteine-coupled derivative of caffeic acid 

(II/13) was identified as a chemically represented independent singleton in a cluster with Benserazide 

(DOPA decarboxylase inhibitor) (Shen et al., 2003), Asparagine, and Carbocysteine (mucolytic) (Zheng et 

al., 2008). Furthermore, the quinone derivatives of II and III (II/1, III/1) were identified as small groups, 

and their cluster group includes Diroximel fumarate (immunosuppressant) (Kourakis et al., 2020), 

Monomethyl fumarate (alters the NFE2L2 transcription factor) (Kourakis et al., 2020), and Physostigmine 

(reversible cholinesterase inhibitor) (Arens et al., 2018). Overall, the t-SNE map shows that although three 

of the four antioxidant parent compounds are in a common cluster (Cluster 1: I–III), their derivatives are 

scattered on the t-SNE map and distributed in a diverse way in the drug-like chemical space. Based on their 

appearance in several underrepresented areas of the t-SNE map and on the identified drugs in their cluster 

groups, a variety of pharmacological effects are expected from derivatives of compounds I–IV formed by 

biomimetic oxidation. 

4. SUMMARY 

The scavengome concept focuses on the drug discovery potential of metabolites that may be formed when 

small-molecule antioxidants scavenge reactive oxygen or nitrogen species. Naturally, any attempt to 

systematically explore such metabolites’ chemical space requires an extensive use of biomimetic oxidative 

chemistry from a diversity-oriented perspective. 

The examples discussed above demonstrate that antioxidants’ transformation by a variety of 

biorelevant, biomimetic, or biomimetic-related chemical oxidants yields various product patterns and 

therefore significantly expands chemical space. At the same time, the high diversity of such product patterns 

is accompanied by a considerable overlap between products that are achievable through different chemical 

approaches, i.e., several less biomimetic oxidative conditions lead to the formation of products that are 

common with those formed in fully biorelevant models. This confers a plasticity to possible yield 

optimization initiatives for the selective preparation of any potential lead compounds identified from the 

scavengome. 
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The very high increase in the chemical complexity of oxidized metabolites as compared with that 

of their parent antioxidants (Figures 2–4), and their spreading in the drug-like chemical space (Figure 5) 

strongly suggest a great drug discovery value for such compounds. Accordingly, it may be postulated that 

a diversity-oriented exploration of the scavengome of antioxidants is a valid strategy to achieve an increase 

in biological performance diversity, and that using the scavengome concept as a guiding principle may 

serve as a novel strategy for antioxidant-inspired drug discovery. 

ACKNOWLEDGEMENTS 

The authors acknowledge support from the National Research, Development, and Innovation Office 

(NKFIH), Hungary (K-134704), and project no. TKP2021-EGA-32, implemented with the support 

provided by the Ministry of Innovation and Technology of Hungary from the NKFIH, financed under the 

TKP2021-EGA funding scheme. 

REFERENCES 

Antolovich, M., Bedgood, D. R., Jr., Bishop, A. G., Jardine, D., Prenzler, P. D., & Robards, K. (2004). LC-

MS investigation of oxidation products of phenolic antioxidants. Journal of Agricultural and Food 

Chemistry, 52(4), 962-971. doi:10.1021/jf0349883 

Apers, S., Paper, D., Bürgermeister, J., Baronikova, S., Van Dyck, S., Lemière, G., Vlietinck, A., & Pieters, 

L. (2002). Antiangiogenic Activity of Synthetic Dihydrobenzofuran Lignans. Journal of Natural 

Products, 65(5), 718-720. doi:10.1021/np0103968 

Arens, A. M., Shah, K., Al-Abri, S., Olson, K. R., & Kearney, T. (2018). Safety and effectiveness of 

physostigmine: a 10-year retrospective review. Clinical Toxicology, 56(2), 101-107. 

doi:10.1080/15563650.2017.1342828 

Bae, J. S., & Kim, T. H. (2012). Enzymatic transformation of caffeic acid with enhanced cyclooxygenase-

2 inhibitory activity. Bioorganic & Medicinal Chemistry Letters, 22(2), 793-796. 

doi:10.1016/j.bmcl.2011.12.072 

Balcerzak, M., Kopacz, M., Kosiorek, A., Swiecicka, E., & Kus, S. (2004). Spectrophotometric Studies of 

the Interaction of Noble Metals with Quercetin and Quercetin-5ʹ-Sulfonic Acid. Analytical 

Sciences, 20(9), 1333-1337. doi:10.2116/analsci.20.1333 

Bartesaghi, S., & Radi, R. (2018). Fundamentals on the biochemistry of peroxynitrite and protein tyrosine 

nitration. Redox Biology, 14, 618-625. doi:10.1016/j.redox.2017.09.009 

Bassil, D., Makris, D. P., & Kefalas, P. (2005). Oxidation of caffeic acid in the presence of l-cysteine: 

isolation of 2-S-cysteinylcaffeic acid and evaluation of its antioxidant properties. Food Research 

International, 38(4), 395-402. doi: doi:10.1016/j.foodres.2004.10.009 



20 
 

Bauer, G. (2016). The Antitumor Effect of Singlet Oxygen. Anticancer Research, 36(11), 5649-5663. 

doi:10.21873/anticanres.11148 

Bauer, G. (2018). HOCl and the control of oncogenesis. Journal of Inorganic Biochemisstry, 179, 10-23. 

doi:10.1016/j.jinorgbio.2017.11.005 

Baur, J. A., & Sinclair, D. A. (2006). Therapeutic potential of resveratrol: the in vivo evidence. Nature 

Reviews. Drug Discovery, 5(6), 493-506. doi:10.1038/nrd2060 

Beaumont, P., Courtois, A., Atgié, C., Richard, T., & Krisa, S. (2022). In the shadow of resveratrol: 

biological activities of epsilon-viniferin. Journal of Physiology and Biochemistry., 

doi:10.1007/s13105-022-00880-x 

Birková, A. (2020). Caffeic acid: a brief overview of its presence, metabolism, and bioactivity. Bioactive 

Compounds in Health and Disease, 3, 74. doi:10.31989/bchd.v3i4.692 

Bobolaki, N., Photiades, A., Grigorakis, S., & Makris, D. P. (2018). Empirical Kinetic Modelling of the 

Effect of l-Ascorbic Acid on the Cu(II)-Induced Oxidation of Quercetin. ChemEngineering, 2(4), 

46. doi: doi:10.3390/chemengineering2040046 

Bondžić, A. M., Lazarević-Pašti, T. D., Bondžić, B. P., Čolović, M. B., Jadranin, M. B., & Vasić, V. M. 

(2013). Investigation of reaction between quercetin and Au(iii) in acidic media: mechanism and 

identification of reaction products. New Journal of Chemistry, 37(4), 901-908. 

doi:10.1039/C2NJ40742F 

Bonechi, C., Martini, S., Magnani, A., & Rossi, C. (2008). Stacking interaction study of trans-resveratrol 

(trans-3,5,4'-trihydroxystilbene) in solution by Nuclear Magnetic Resonance and Fourier 

Transform Infrared Spectroscopy. Magnetic Resonance in Chemistry, 46(7), 625-629. 

doi:10.1002/mrc.2217 

Buchner, N., Krumbein, A., Rohn, S., & Kroh, L. W. (2006). Effect of thermal processing on the flavonols 

rutin and quercetin. Rapid Communications in Mass Spectrometry, 20(21), 3229-3235. 

doi:https://doi.org/10.1002/rcm.2720 

Carvalho, L. C., Vidigal, P., & Amâncio, S. (2015). Oxidative stress homeostasis in grapevine (Vitis 

vinifera L.). Frontiers in Environmental Science, 3. doi:10.3389/fenvs.2015.00020 

Chervyakovsky, E. M., Bolibrukh, D. A., Kurovskii, D. L., Gilep, A. A., Vlasova, T. M., Kurchenko, V. 

P., & Usanov, S. A. (2008). Oligomeric oxidation products of the flavonoid quercetin. Chemistry 

of Natural Compounds, 44, 427-431. doi: 10.1007/s10600-008-9092-1.  

Chong, B. S., & Mersfelder, T. L. (2000). Entacapone. Annals of Pharmacotherapy, 34(9), 1056-1065. 

doi:10.1345/aph.19328 

Cilliers, J. J. L., & Singleton, V. L. (1990). Caffeic acid autoxidation and the effects of thiols. Journal of 

Agricultural and Food Chemistry, 38(9), 1789-1796. doi:10.1021/jf00099a002 



21 
 

Cilliers, J. J. L., & Singleton, V. L. (1991). Characterization of the products of nonenzymic autoxidative 

phenolic reactions in a caffeic acid model system. Journal of Agricultural and Food Chemistry, 

39(7), 1298-1303. doi:10.1021/jf00007a021 

Cornard, J. P., Dangleterre, L., & Lapouge, C. (2005). Computational and Spectroscopic Characterization 

of the Molecular and Electronic Structure of the Pb(II)−Quercetin Complex. The Journal of 

Physical Chemistry A, 109(44), 10044-10051. doi:10.1021/jp053506i 

Costa, C. A. E., Vega-Aguilar, C. A., & Rodrigues, A. E. (2021). Added-Value Chemicals from Lignin 

Oxidation. Molecules, 26(15), 4602. doi: 10.3390/molecules26154602  

Dabeek, W. M., & Marra, M. V. (2019). Dietary Quercetin and Kaempferol: Bioavailability and Potential 

Cardiovascular-Related Bioactivity in Humans. Nutrients, 11(10), 2288. doi:10.3390/nu11102288 

Dickinson, B. C., & Chang, C. J. (2011). Chemistry and biology of reactive oxygen species in signaling or 

stress responses. Nature chemical biology, 7(8), 504-511. doi:10.1038/nchembio.607 

Dybkowska, E., Sadowska, A., Świderski, F., Rakowska, R., & Wysocka, K. (2018). The occurrence of 

resveratrol in foodstuffs and its potential for supporting cancer prevention and treatment. A review. 

Rocz Panstw Zakl Hig (Annals of the National Institute of Hygiene), 69(1), 5-14. PMID: 29517181  

El Khawand, T., Valls Fonayet, J., Da Costa, G., Hornedo-Ortega, R., Jourdes, M., Franc, C., de Revel, G., 

Decendit, A., Krisa, S., & Richard, T. (2020). Resveratrol transformation in red wine after heat 

treatment. Food Research International, 132, 109068. doi:10.1016/j.foodres.2020.109068 

Fási, L., Latif, A. D., Zupkó, I., Lévai, S., Dékány, M., Béni, Z., Könczöl, A., Balogh, G.T., & Hunyadi, A. 

(2020). AAPH or Peroxynitrite-Induced Biorelevant Oxidation of Methyl Caffeate Yields a Potent 

Antitumor Metabolite. Biomolecules, 10(11). doi:10.3390/biom10111537 

Ferrer-Sueta, G., Campolo, N., Trujillo, M., Bartesaghi, S., Carballal, S., Romero, N., Alvarez, B., & Radi, 

R. (2018). Biochemistry of Peroxynitrite and Protein Tyrosine Nitration. Chemical Reviews, 

118(3), 1338-1408. doi:10.1021/acs.chemrev.7b00568 

Ficarra, S., Tellone, E., Pirolli, D., Russo, A., Barreca, D., Galtieri, A., Giardina, B., Gavezzotti, P., Riva, 

S., & De Rosa, M. C. (2016). Insights into the properties of the two enantiomers of trans-δ-viniferin, 

a resveratrol derivative: antioxidant activity, biochemical and molecular modeling studies of its 

interactions with hemoglobin. Molecular Biosystems, 12(4), 1276-1286. doi:10.1039/c5mb00897b 

Forman, H. J., Davies, K. J., & Ursini, F. (2014). How do nutritional antioxidants really work: nucleophilic 

tone and para-hormesis versus free radical scavenging in vivo. Free Radical Biology & Medicine, 

66, 24-35. doi:10.1016/j.freeradbiomed.2013.05.045 

Fra, A., Yoboue, E. D., & Sitia, R. (2017). Cysteines as Redox Molecular Switches and Targets of Disease. 

Frontiers in Molecular Neuroscience, 10. doi:10.3389/fnmol.2017.00167 



22 
 

Fuentes, J., Atala, E., Pastene, E., Carrasco-Pozo, C., & Speisky, H. (2017). Quercetin Oxidation 

Paradoxically Enhances its Antioxidant and Cytoprotective Properties. Journal of Agricultural & 

Food Chemistry, 65(50), 11002-11010. doi:10.1021/acs.jafc.7b05214 

Fuentes, J., Atala, E., Pastene, E., Carrasco-Pozo, C., & Speisky, H. (2017). Quercetin Oxidation 

Paradoxically Enhances its Antioxidant and Cytoprotective Properties. Journal of Agricultural and 

Food Chemistry, 65(50), 11002-11010. doi:10.1021/acs.jafc.7b05214 

Fulcrand, H., Cheminat, A., Brouillard, R., & Cheynier, V. (1994). Characterization of compounds obtained 

by chemical oxidation of caffeic acid in acidic conditions. Phytochemistry 35(2), 499-505. doi: 

10.1016/S0031-9422(00)94790-3  

Furusawa, M., Tsuchiya, H., Nagayama, M., Tanaka, T., Nakaya, K-I., & Iinuma, M. (2003). Anti-Platelet 

and Membrane-Rigidifying Flavonoids in Brownish Scale of Onion. Journal of Health Science, 

49(6), 475-480. doi:10.1248/jhs.49.475 

Furusawa, M., Tsuchiya, H., Nagayama, M., Tanaka, T., Oyama, M., Ito, T., Iinuma, M., & Takeuchi, H. 

(2006). Cell Growth Inhibition by Membrane-Active Components in Brownish Scale of Onion. 

Journal of Health Science, 52(5), 578-584. doi:10.1248/jhs.52.578 

Galletti, P., Martelli, G., Prandini, G., Colucci, C., & Giacomini, D. (2018). Sodium periodate/TEMPO as 

a selective and efficient system for amine oxidation. RSC Advances, 8(18), 9723-9730. 

doi:10.1039/C8RA01365A 

Gough, D. R., & Cotter, T. G. (2011). Hydrogen peroxide: a Jekyll and Hyde signalling molecule. Cell 

Death & Disease, 2, e213. doi:10.1038/cddis.2011.96 

Gülşen, A., Turan, B., Makris, D. P., & Kefalas, P.. (2007). Copper(II)-mediated biomimetic oxidation of 

quercetin: generation of a naturally occurring oxidation product and evaluation of its in vitro 

antioxidant properties. European Food Research & Technology,  225, 435-441. 

doi:10.1007/s00217-006-0437-3 

Gülşen, A., Makris, D. P., & Kefalas, P. (2007). Biomimetic oxidation of quercetin: Isolation of a naturally 

occurring quercetin heterodimer and evaluation of its in vitro antioxidant properties. Food Research 

International, 40(1), 7-14. doi:10.1016/j.foodres.2006.07.009 

Hayyan, M., Hashim, M. A., & AlNashef, I. M. (2016). Superoxide Ion: Generation and Chemical 

Implications. Chemical Reviews, 116(5), 3029-3085. doi:10.1021/acs.chemrev.5b00407 

Heleno, S. A., Martins, A., Queiroz, M. J., & Ferreira, I. C. (2015). Bioactivity of phenolic acids: 

metabolites versus parent compounds: a review. Food Chemistry, 173, 501-513. 

doi:10.1016/j.foodchem.2014.10.057 



23 
 

Holthoff, J. H., Woodling, K. A., Doerge, D. R., Burns, S. T., Hinson, J. A., & Mayeux, P. R. (2010). 

Resveratrol, a dietary polyphenolic phytoalexin, is a functional scavenger of peroxynitrite. 

Biochemical pharmacology, 80(8), 1260-1265. doi:10.1016/j.bcp.2010.06.027 

Hunyadi, A. (2019). The mechanism(s) of action of antioxidants: From scavenging reactive 

oxygen/nitrogen species to redox signaling and the generation of bioactive secondary metabolites. 

Medicinal Research Reviews, 39(6), 2505-2533. doi:10.1002/med.21592 

Hutchaleelaha, A., Patel, M., Washington, C., Siu, V., Allen, E., Oksenberg, D., Gretler, D.D.,  Mant, T., 

& Lehrer-Graiwer, J. (2019). Pharmacokinetics and pharmacodynamics of voxelotor (GBT440) in 

healthy adults and patients with sickle cell disease. British Journal of  Clinical Pharmacology, 

85(6), 1290-1302. doi:10.1111/bcp.13896 

Jeandet, P. (2015). Phytoalexins: Current Progress and Future Prospects. Molecules, 20(2), 2770-2774. doi: 

10.3390/molecules20022770 

Jungbluth, G., Rühling, I., & Ternes, W. (2000). Oxidation of flavonols with Cu(II), Fe(II) and Fe(III) in 

aqueous media. Journal of the Chemical Society, Perkin Transactions 2(9), 1946-1952. 

doi:10.1039/B002323J 

Karlsson, J., Emgard, M., Brundin, P., & Burkitt, M. J. (2000). trans-resveratrol protects embryonic 

mesencephalic cells from tert-butyl hydroperoxide: electron paramagnetic resonance spin trapping 

evidence for a radical scavenging mechanism. Journal of Neurochemistry, 75(1), 141-150. 

doi:10.1046/j.1471-4159.2000.0750141.x 

Kato, Y., & Suga, N. (2018). Covalent adduction of endogenous and food-derived quinones to a protein: 

its biological significance. Journal of Clinical Biochemistry & Nutrition, 62(3), 213-220. 

doi:10.3164/jcbn.18-26 

Kerimi, A., & Williamson, G. (2018). Differential Impact of Flavonoids on Redox Modulation, 

Bioenergetics, and Cell Signaling in Normal and Tumor Cells: A Comprehensive Review. 

Antioxidants & Redox Signaling, 29(16), 1633-1659. doi:10.1089/ars.2017.7086 

Kourakis, S., Timpani, C. A., de Haan, J. B., Gueven, N., Fischer, D., & Rybalka, E. (2020). Dimethyl 

fumarate and its esters: a drug with broad clinical utility? Pharmaceuticals, 13(10), 306. 

doi:10.3390/ph13100306 

Krishnamachari, V., Levine, L. H., & Paré, P. W. (2002). Flavonoid oxidation by the radical generator 

AIBN: a unified mechanism for quercetin radical scavenging. Journal of Agricultural & Food 

Chemistry, 50(15), 4357-4363. doi:10.1021/jf020045e 

Li, X.-M., Huang, K.-S., Lin, M., & Zhou, L.-X. (2003). Studies on formic acid-catalyzed dimerization of 

isorhapontigenin and of resveratrol to tetralins. Tetrahedron, 59(24), 4405-4413. 

doi:10.1016/S0040-4020(03)00623-9 



24 
 

López-Alarcón, C., & Denicola, A. (2013). Evaluating the antioxidant capacity of natural products: a review 

on chemical and cellular-based assays. Analytica Chimica Acta, 763, 1-10. 

doi:10.1016/j.aca.2012.11.051 

Makris, D. P., & Rossiter, J. T. (2002). An investigation on structural aspects influencing product formation 

in enzymic and chemical oxidation of quercetin and related flavonols. Food Chemistry, 77(2), 177-

185. doi:https://doi.org/10.1016/S0308-8146(01)00333-8 

Makris, D. P., & Rossiter, J. T. (2002-02). Hydroxyl free radical-mediated oxidative degradation of 

quercetin and morin: a preliminary investigation. Journal of Food Composition & Analysis, 15(1), 

103-113. doi:10.1006/jfca.2001.1030 

Mallepu, R., Potlapally, L., & Gollapalli, V. L. (2018). Photo-oxidation of some flavonoids with 

photochemically generated t-BuO• radicals in a t-BuOH water system using a kinetic approach. 

Journal of the Chinese Chemical Society, 65(10), 1266-1273. doi: 10.1002/jccs.201700342 

Marano, S., Minnelli, C., Ripani, L., Marcaccio, M., Laudadio, E., Mobbili, G., Amici, A., Armeni, T., & 

Stipa, P. (2021). Insights into the Antioxidant Mechanism of Newly Synthesized Benzoxazinic 

Nitrones: In Vitro and In Silico Studies with DPPH Model Radical. Antioxidants, 10(8), 1224. doi: 

10.3390/antiox10081224 

Masuda, T., Shingai, Y., Takahashi, C., Inai, M., Miura, Y., Honda, S., & Masuda, A. (2014). Identification 

of a potent xanthine oxidase inhibitor from oxidation of caffeic acid. Free Radical Biology & 

Medicine, 69, 300-307. doi:10.1016/j.freeradbiomed.2014.01.016 

Mazoir, N., Benharref, A., Vaca, L., Reina, M., & González-Coloma, A. (2020). Optimization of 

Insecticidal Triterpene Derivatives by Biomimetic Oxidations with Hydrogen Peroxide and 

Iodosobenzene Catalyzed by MnIII and FeIII Porphyrin Complexes. Chemistry & Biodiversity, 

17(9), e2000287. doi:10.1002/cbdv.202000287 

Miller, C. J., Chang, Y., Wegeberg, C., McKenzie, C. J., & Waite, T. D. (2021). Kinetic Analysis of H2O2 

Activation by an Iron(III) Complex in Water Reveals a Nonhomolytic Generation Pathway to an 

Iron(IV)oxo Complex. ACS Catalysis, 11(2), 787-799. doi:10.1021/acscatal.0c02877 

Nimse, S. B., & Pal, D. (2015). Free radicals, natural antioxidants, and their reaction mechanisms. RSC 

Advances, 5(35), 27986-28006. doi:10.1039/C4RA13315C 

Ozyurt, V. H., & Otles, S. (2020). Investigation of the effect of sodium nitrite on protein oxidation markers 

in food protein suspensions. Journal of Food Biochemistry, 44(3), e13152. 

doi:https://doi.org/10.1111/jfbc.13152 

Panzella, L., De Lucia, M., Amalfitano, C., Pezzella, A., Evidente, A., Napolitano, A., & d'Ischia, M. 

(2006). Acid-Promoted Reaction of the Stilbene Antioxidant Resveratrol with Nitrite Ions:  Mild 

Phenolic Oxidation at the 4’-Hydroxystiryl Sector Triggering Nitration, Dimerization, and 



25 
 

Aldehyde-Forming Routes. The Journal of Organic Chemistry, 71(11), 4246-4254. 

doi:10.1021/jo060482i 

Paulsen, C. E., & Carroll, K. S. (2013). Cysteine-Mediated Redox Signaling: Chemistry, Biology, and Tools 

for Discovery. Chemical Reviews, 113(7), 4633-4679. doi:10.1021/cr300163e 

Pavlinov, I., Gerlach, E. M., & Aldrich, L. N. (2019). Next generation diversity-oriented synthesis: a 

paradigm shift from chemical diversity to biological diversity. Organic & Biomolecular Chemistry, 

17(7), 1608-1623. doi:10.1039/C8OB02327A 

Pezet, R., Perret, C., Jean-Denis, J. B., Tabacchi, R., Gindro, K., & Viret, O. (2003). δ-Viniferin, a 

Resveratrol Dehydrodimer: One of the Major Stilbenes Synthesized by Stressed Grapevine Leaves. 

Journal of Agricultural and Food Chemistry, 51(18), 5488-5492. doi:10.1021/jf030227o 

Photiades, A., Grigorakis, S., & Makris, D. P. (2020). Kinetics and modeling of L-cysteine effect on the 

Cu(II)-induced oxidation of quercetin. Chemical Engineering Communications, 207(2), 139-152. 

doi:10.1080/00986445.2019.1574767 

Pieters, L., Van Dyck, S., Gao, M., Bai, R., Hamel, E., Vlietinck, A., & Lemière, G. (1999). Synthesis and 

biological evaluation of dihydrobenzofuran lignans and related compounds as potential antitumor 

agents that inhibit tubulin polymerization. Journal of Medicinal Chemistry, 42(26), 5475-5481. 

doi:10.1021/jm990251m 

Płotka-Wasylka, J., Frankowski, M., Simeonov, V., Polkowska, Ż., & Namieśnik, J. (2018). Determination 

of Metals Content in Wine Samples by Inductively Coupled Plasma-Mass Spectrometry. 

Molecules, 23(11), 2886. doi: 10.3390/molecules23112886 

Pradhan, B., Engelhard, C., Van Mulken, S., Miao, X., Canters, G. W., & Orrit, M. (2020). Single electron 

transfer events and dynamical heterogeneity in the small protein azurin from Pseudomonas 

aeruginosa. Chemical Science, 11(3), 763-771. doi:10.1039/C9SC05405G 

Quilichini, P. P., Chiron, C., Ben-Ari, Y., & Gozlan, H. (2006). Stiripentol, a putative antiepileptic drug, 

enhances the duration of opening of GABAA-receptor channels. Epilepsia, 47(4), 704-716. 

doi:10.1111/j.1528-1167.2006.00497.x 

Rice-Evans, C. A., & Miller, N. J. (1996). Antioxidant activities of flavonoids as bioactive components of 

food. Biochemical Society Transactions, 24(3), 790-795. doi:10.1042/bst0240790 

Rogers, D., & Hahn, M. (2010). Extended-Connectivity Fingerprints. Journal of Chemical Information & 

Modeling, 50(5), 742-754. doi:10.1021/ci100050t 

Ruskovska, T., Maksimova, V., & Milenkovic, D. (2020). Polyphenols in human nutrition: from the in vitro 

antioxidant capacity to the beneficial effects on cardiometabolic health and related inter-individual 

variability – an overview and perspective. British Journal of Nutrition, 123(3), 241-254. 

doi:10.1017/S0007114519002733 



26 
 

Sako, M., Hosokawa, H., Ito, T., & Iinuma, M. (2004). Regioselective oxidative coupling of 4-

hydroxystilbenes: synthesis of resveratrol and epsilon-viniferin (E)-dehydrodimers. Journal of 

Organic Chemistry, 69(7), 2598-2600. doi:10.1021/jo035791c 

Shen, H., Kannari, K., Yamato, H., Arai, A., & Matsunaga, M. (2003). Effects of benserazide on L-DOPA-

derived extracellular dopamine levels and aromatic L-amino acid decarboxylase activity in the 

striatum of 6-hydroxydopamine-lesioned rats. Tohoku Journal of Experimental Medicine, 199(3), 

149-159. doi:10.1620/tjem.199.149 

Shen, J., Griffiths, P. T., Campbell, S. J., Utinger, B., Kalberer, M., & Paulson, S. E. (2021). Ascorbate 

oxidation by iron, copper and reactive oxygen species: review, model development, and derivation 

of key rate constants. Scientific Reports, 11(1), 7417. doi:10.1038/s41598-021-86477-8 

Shen, L., & Ji, H. F. (2009). Insights into the inhibition of xanthine oxidase by curcumin. Bioorganic & 

Medicinal Chemistry Letters, 19(21), 5990-5993. doi:10.1016/j.bmcl.2009.09.076 

Shingai, Y., Fujimoto, A., Nakamura, M., & Masuda, T. (2011). Structure and Function of the Oxidation 

Products of Polyphenols and Identification of Potent Lipoxygenase Inhibitors from Fe-Catalyzed 

Oxidation of Resveratrol. Journal of Agricultural and Food Chemistry, 59(15), 8180-8186. 

doi:10.1021/jf202561p 

Sies, H. (1993). Strategies of antioxidant defense. European Journal of Biochemistry, 215(2), 213-219. 

doi:10.1111/j.1432-1033.1993.tb18025.x 

Šmejkalová, D., & Piccolo, A. (2006). Rates of Oxidative Coupling of Humic Phenolic Monomers 

Catalyzed by a Biomimetic Iron-Porphyrin. Environmental Science & Technology, 40(5), 1644-

1649. doi:10.1021/es051760i 

Šmejkalová, D., Piccolo, A., & Spiteller, M. (2006). Oligomerization of Humic Phenolic Monomers by 

Oxidative Coupling under Biomimetic Catalysis. Environmental Science & Technology, 40(22), 

6955-6962. doi:10.1021/es061127c 

Takahama, U., Yamamoto, A., Hirota, S., & Oniki, T. (2003). Quercetin-dependent reduction of salivary 

nitrite to nitric oxide under acidic conditions and interaction between quercetin and ascorbic acid 

during the reduction. Journal of Agricultural & Food Chemistry, 51(20), 6014-6020. 

doi:10.1021/jf021253+ 

Takatsuka, M., Goto, S., Kobayashi, K., Otsuka, Y., & Shimada, Y. (2022). Evaluation of pure antioxidative 

capacity of antioxidants: ESR spectroscopy of stable radicals by DPPH and ABTS assays with 

singular value decomposition. Food Bioscience, 48, 101714. 

doi:https://doi.org/10.1016/j.fbio.2022.101714 



27 
 

Takaya, Y., Terashima, K., Ito, J., He, Y.-H., Tateoka, M., Yamaguchi, N., & Niwa, M. (2005). Biomimic 

transformation of resveratrol. Tetrahedron, 61(43), 10285-10290. 

doi:https://doi.org/10.1016/j.tet.2005.08.023 

Tazaki, H., Kawabata, J., & Fujita, T. (2003). Novel oxidative dimer from caffeic acid. Biosci Biotechnol 

Biochem, 67(5), 1185-1187. doi:10.1271/bbb.67.1185 

Teixeira, J., Gaspar, A., Garrido, E. M., Garrido, J., & Borges, F. (2013). Hydroxycinnamic Acid 

Antioxidants: An Electrochemical Overview. BioMed Research International, 2013, 251754. 

doi:10.1155/2013/251754 

Touaibia, M., Jean-François, J., & Doiron, J. (2011). Caffeic Acid, a versatile pharmacophore: an overview. 

Mini-Reviwes in Medicinal Chemistry, 11(8), 695-713. doi:10.2174/138955711796268750 

Tzschentke, T. M., De Vry, J., Terlinden, R., Hennies, H. H., Lange, C., Strassburger, W., Haurand, M., 

Kolb, J., Schneider, J., Buschmann, H., Finkam, M., Jahnel, U., & Friderichs, E. (2006). Tapentadol 

hydrochloride: analgesic mu-opioid receptor agonist noradrenaline reuptake inhibitor. Drugs 

Future, 31(12), 1053-1061. doi:10.1358/dof.2006.031.12.1047744 

Utaka, M., & Takeda, A. (1985). Copper(II)-catalysed oxidation of quercetin and 3-hydroxyflavone. 

Journal of the Chemical Society, Chemical Communications(24), 1824-1826. 

doi:10.1039/C39850001824 

Van der Maaten, L., & Hinton, G. (2008). Visualizing data using t-SNE. Journal of Machine Learning 

Research, 9(11), 2579-2605. https://www.jmlr.org/papers/v9/vandermaaten08a.html 

Vásquez-Espinal, A., Yañez, O., Osorio, E., Areche, C., García-Beltrán, O., Ruiz, L. M., Cassels, B.K., & 

Tiznado, W. (2019). Theoretical Study of the Antioxidant Activity of Quercetin Oxidation 

Products. Frontiers in Chemistry, 7. doi:10.3389/fchem.2019.00818 

Velu, S. S., Buniyamin, I., Ching, L. K., Feroz, F., Noorbatcha, I., Gee, L. C., Feroz, F.,  Noorbatcha, I., 

Gee, L. C., Awang, K., Wahab, I. A., & Weber, J.-F. F. (2008). Regio- and Stereoselective 

Biomimetic Synthesis of Oligostilbenoid Dimers from Resveratrol Analogues: Influence of the 

Solvent, Oxidant, and Substitution. Chemistry – A European Journal, 14(36), 11376-11384. 

doi:https://doi.org/10.1002/chem.200801575 

Velu, S. S., Di Meo, F., Trouillas, P., Sancho-Garcia, J. C., & Weber, J. F. (2013). Regio- and 

stereocontrolled synthesis of oligostilbenoids: theoretical highlights at the supramolecular level. 

Journal of Natural Products, 76(4), 538-546. doi:10.1021/np300705p 

Vossen, E., & De Smet, S. (2015). Protein Oxidation and Protein Nitration Influenced by Sodium Nitrite in 

Two Different Meat Model Systems. Journal of Agricultural and Food Chemistry, 63(9), 2550-

2556. doi:10.1021/jf505775u 



28 
 

Wang, M., Jin, Y., & Ho, C. T. (1999). Evaluation of resveratrol derivatives as potential antioxidants and 

identification of a reaction product of resveratrol and 2, 2-diphenyl-1-picryhydrazyl radical. 

Journal of Agricultural & Food Chemistry, 47(10), 3974-3977. doi:10.1021/jf990382w 

Weidinger, A., & Kozlov, A. V. (2015). Biological Activities of Reactive Oxygen and Nitrogen Species: 

Oxidative Stress versus Signal Transduction. Biomolecules, 5(2), 472-484. 

doi:10.3390/biom5020472 

Wenz, C., Faust, D., Linz, B., Turmann, C., Nikolova, T., & Dietrich, C. (2019). Cell–cell contacts protect 

against t-BuOOH-induced cellular damage and ferroptosis in vitro. Archives of Toxicology, 93(5), 

1265-1279. doi:10.1007/s00204-019-02413-w 

Wishart, D. S., Feunang, Y. D., Guo, A. C., Lo, E. J., Marcu, A., Grant, J. R., Sajed, T., Johnson, D., Li, 

C., Sayeeda, Z, Assempour, N., Iynkkaran, I., Liu, Y., Maciejewski, A., Gale, N., Wilson, A, Chin, 

L., Cummings, R., Le, D., Pon, A., Knox, C., & Wilson, M. (2017). DrugBank 5.0: a major update 

to the DrugBank database for 2018. Nucleic Acids Research, 46(D1), D1074-D1082. 

doi:10.1093/nar/gkx1037 

Wu, C. W., Nakamoto, Y., Hisatome, T., Yoshida, S., & Miyazaki, H. (2020). Resveratrol and its dimers 

ε-viniferin and δ-viniferin in red wine protect vascular endothelial cells by a similar mechanism 

with different potency and efficacy. The Kaohsiung Journal of Medical Sciences, 36(7), 535-542. 

doi:https://doi.org/10.1002/kjm2.12199 

Wu, S., Zhou, D., Geng, F., Dong, J., Su, L., Zhou, Y., & Yin, S.-F. (2021). Metal-Free Oxidative 

Condensation of Catechols, Aldehydes and NH4OAc towards Benzoxazoles. Advanced Synthesis 

& Catalysis, 363(14), 3607-3614. doi:https://doi.org/10.1002/adsc.202100249 

Xie, J. S., Wen, J., Wang, X. F., Zhang, J. Q., Zhang, J. F., Kang, Y. L., Hui, Y.W., Zheng, W.S., & Yao, 

C. S. (2015). Potassium Hexacyanoferrate (III)-Catalyzed Dimerization of Hydroxystilbene: 

Biomimetic Synthesis of Indane Stilbene Dimers. Molecules, 20(12), 22662-22673. 

doi:10.3390/molecules201219872 

Yadav, M. K., Mailar, K., Nagarajappa Masagalli, J., Chae, S. W., Song, J. J., & Choi, W. J. (2019). 

Ruthenium Chloride-Induced Oxidative Cyclization of Trans-Resveratrol to (±)-ε-Viniferin and 

Antimicrobial and Antibiofilm Activity Against Streptococcus pneumoniae. Frontiers in 

Pharmacology, 10, 890. doi:10.3389/fphar.2019.00890 

Yang, Y., Bai, B., Jin, M., Xu, Z., Zhang, J., Li, W., Xu, W., Wang,  X., & Yin, C. (2016). Fluorescent 

imaging of Au3+ in living cells with two new high selective Au3+ probes. Biosensors and 

Bioelectronics, 86, 939-943. doi:https://doi.org/10.1016/j.bios.2016.07.112 



29 
 

Yin, S.-Y., Jian, F.-Y., Chen, Y.-H., Chien, S.-C., Hsieh, M.-C., Hsiao, P.-W., Lee, P-W., Kuo, Y-H., & 

Yang, N.-S. (2016). Induction of IL-25 secretion from tumour-associated fibroblasts suppresses 

mammary tumour metastasis. Nature Communications, 7(1), 11311. doi:10.1038/ncomms11311 

Zheng, J.-P., Kang, J., Huang, S.-G., Chen, P., Yao, W.-Z., Yang, L., Bai, C. X., Wang, C-Z., Wang, C., 

Chen, B-Y., Shi, Y., Liu, C-T., Chen, P., Li, Q., Wang, Z-S., Huang, Y-J., Luo, Z-Y., Chen, F-

P., Yuan, J-Z., Yuan, B-T., Qian, H-P., Zhi, R-C., & Zhong, N.-S. (2008). Effect of carbocisteine 

on acute exacerbation of chronic obstructive pulmonary disease (PEACE Study): a randomized 

placebo-controlled study. Lancet, 371(9629), 2013-2018. doi:10.1016/s0140-6736(08)60869-7 

Zhou, A., & Sadik, O. A. (2008). Comparative Analysis of Quercetin Oxidation by Electrochemical, 

Enzymatic, Autoxidation, and Free Radical Generation Techniques: A Mechanistic Study. Journal 

of Agricultural and Food Chemistry, 56(24), 12081-12091. doi:10.1021/jf802413v 

  



30 
 

 


