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1.0 INTRODUCTION 
 

1.1 Free radicals; types and sources 

    Free radicals have gained increasing significance due to their central role in physiological 

signaling and pathological processes in various biological systems.1,2 Free radicals, which include 

various oxygen- or nitrogen-centered radicals, collectively called reactive oxygen and nitrogen 

species (RONS), are derived from both endogenous and exogenous sources.2,3 Key endogenous 

sources of reactive oxygen species (ROS) include mitochondria, phagocytic cells, peroxisomes, 

and the endoplasmic reticulum, along with several oxidative enzymes such as NADPH oxidase, 

xanthine oxidase, and NO synthase.4 Among these, mitochondrial electron transport chain 

enzymes remain the most significant contributor to most intracellularly derived ROS.1,5 The most 

biologically relevant ROS include hydrogen peroxide (H2O2), superoxide anion radical (O2
•–), 

singlet oxygen (1O2), hypochlorous acid (HOCl), hydroxyl radical (•OH), alkoxyl (RO•), and 

peroxyl radicals (ROO•).6-10 Meanwhile, the key reactive nitrogen species (RNS) are nitric oxide 

(NO), nitrogen dioxide (NO2), and peroxynitrite (ONOO–).11,12 Furthermore, transition metals such 

as iron and copper are integral to the generation of free radical, facilitating the production of 

hydroxyl radical via Fenton and Fenton-like reactions.13  

1.2 Antioxidants and oxidative stress 

    Low or moderate levels of RONS play essential physiological roles, including pathogen defense 

by the immune system, regulation of systemic circulation, and mediation of intracellular signaling 

pathways.2 Notably, ROS can protect cells against oxidative damage by inducing antioxidant 

defense mechanisms and maintaining redox homeostasis.14,15 Maintaining a balanced redox state 

is critical for homeostatic cellular activities, since fluctuations in redox status significantly 

influence transcriptional activity and signaling pathways regulated by oxidation-reduction 

processes. 

    Antioxidant enzymes counteract the potentially harmful effects of RONS, and oxidative stress 

occurs when an imbalance between these free radicals and antioxidants occurs due to depletion of 

antioxidants or ROS accumulation.16 This imbalance leads to biomolecular damage, including 

lipid peroxidation, protein oxidation, and DNA damage, ultimately contributing to the 

development of various diseases such as cardiovascular diseases (CVDs) and cancer.14,17 

Naturally, biological systems are equipped with several antioxidant defense mechanisms that 
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counterbalance the effect of oxidants. Antioxidants function through diverse mechanism, including 

neutralizing oxidants by donating or accepting electron(s), breaking free radical chain reactions, 

inhibiting lipid peroxidation, or repairing oxidative damage to biomolecules.14,18 The human body 

possesses an excellent intrinsic antioxidant system, complemented by exogenous antioxidants 

from dietary sources such as fruits, vegetables, herbs and spices, all mostly rich in polyphenols.19 

Antioxidants are broadly classified into enzymatic antioxidants like superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidase (GPx), thioredoxin, peroxiredoxin (PRX) and glutathione 

transferase (GST), and nonenzymatic antioxidants such as vitamin A, ascorbic acid, α-tocopherol, 

β-carotene and glutathione. Collectively, these antioxidants play unique roles in maintaining 

RONS at physiologically optimal levels.20  

1.3 Polyphenols as dietary antioxidants 

     Polyphenols are the largest and most studied group of naturally occurring antioxidants, 

characterized by hydroxyl group(s) attached to carbon atom(s) on an aromatic ring.21 As 

exogenous antioxidants, it is widely established that polyphenols mitigate oxidative stress 

primarily by modulating signaling pathways that regulate oxidative balance, upregulating 

antioxidant defense mechanisms and downregulating pathways that increase free radical levels.3,22  

     Polyphenols enhance cellular antioxidant activity by modulating redox-sensitive transcription 

factors, primarily the nuclear factor erythroid 2-related factor 2 (Nrf2) - antioxidant-response 

elements (AREs) pathway, a key regulator of oxidative stress responses.2,23 Under normal 

conditions, Nrf2 is sequestered by Keap1, which promotes its degradation, but oxidative stress 

induces Keap1 modifications, allowing Nrf2 nuclear translocation and activation of genes 

encoding antioxidant and detoxifying enzymes such as SOD, GPx1, GST, NQO1, HO-1, and 

TrxR.23 Furthermore, polyphenols enhance the glutathione (GSH) redox system by increasing γ-

glutamylcysteine synthetase (γ-GCS) activity, promoting GSH synthesis,23 and activate the AMPK 

pathway, leading to upregulation of Mn-SOD and catalase.24 In addition to stimulating antioxidant 

defenses, polyphenols contribute to downregulating the production and activity of pro-oxidative 

enzymes like NADPH oxidase, xanthine oxidase (XO), lipoxygenase (LOX), monoamine oxidase 

(MAO), and inducible nitric oxide synthase (iNOS).25 

https://www.sciencedirect.com/topics/chemistry/antioxidant-agent
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     However, while thought to have little in vivo relevance in decreasing ROS/RNS levels, these 

antioxidants can also directly scavenge these free radicals by accepting or donating electron(s) due 

to the presence of aromatic rings, multiple hydroxyl groups, and a highly conjugated system.26,27  

1.4 Scaveng(e)ome of dietary antioxidants  

     The term ‘scaveng(e)ome’ refers to the chemical space of all the metabolites that may be formed 

from an antioxidant upon scavenging ROS/RNS.28,29 When free radicals are scavenged, the 

resulting reactive intermediate(s) may undergo redox cycling or become stabilized via intra- or 

intermolecular rearrangements. This can take place through many different chemical routes, 

therefore the formation of stable metabolites expectably leads to a structurally diverse array of 

small-molecule metabolites, frequently representing a greater chemical complexity relative to the 

parent antioxidant.29 In biological systems, the specific types and quantities of ROS/RNS, dictated 

by localized oxidative stress conditions, play a crucial role in directing the metabolic fates of 

antioxidants. Although certain antioxidants, such as curcumin, can undergo oxidative 

fragmentation,30 it is more common for free radical scavenging by an antioxidant to result in more 

complex chemical structures via radical coupling reactions, resulting in unique new rings or ring 

systems.29  

      These complex oxidized metabolites often exhibit modulated pharmacological activities 

compared to their parent compounds due to their increased molecular specificity when interacting 

with macromolecules.28 A notable example of the biological relevance of a compound emerging 

from RONS scavenging by an antioxidant is vitamin C, which exhibits dual regulatory effects on 

NF-κB signaling: while its reduced form (ascorbic acid) scavenges ROS and decreases IκBα 

Kinase β (IKKβ) activation, its oxidized derivative (dehydroascorbic acid) selectively inhibits 

IKKβ, demonstrating a distinct pharmacological role.31 Similarly, oxidized polyphenol metabolites 

may result in the formation of biologically active compounds on new bioactive targets that were 

previously inactive to the parent compound. One of such studies reported that biomimetic, Fe-

catalyzed oxidation of resveratrol led to a mixture containing a variety of minor products that had 

potent LOX inhibitory activity in contrast to resveratrol, which was inactive.32  

      The drug-like potential of the known oxidized metabolites of some antioxidants was explored 

in our recent review.28 Using t-distributed stochastic neighbor embedding (t-SNE) analysis, several 

polyphenols (resveratrol, caffeic acid and its methyl ester) were investigated alongside their 
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oxidized derivatives as well as approved drugs with molecular weight below 700 Daltons. The 

analysis revelated that while the parent compounds (resveratrol, caffeic acid and its methyl ester) 

were found in the same cluster, their oxidized derivatives were found in several other clusters 

located distantly from the parent compounds.28 For example, a cysteine-coupled derivative of 

caffeic acid was identified as a chemically represented independent singleton in a cluster with 

Benserazide (DOPA decarboxylase inhibitor),33 while the quinone derivatives of caffeic acid and 

methyl caffeate were identified as small groups, and their cluster group included Diroximel 

fumarate (immunosuppressant),34 and Physostigmine (reversible cholinesterase inhibitor).35 The 

distribution of these oxidized derivatives in various clusters, both near and far apart from the parent 

compounds, underscore the potential of these oxidized metabolites to expand chemical space in a 

manner relevant to drug discovery. 

1.5 Resveratrol 

1.5.1 Chemistry and occurrence 

    Resveratrol (trans-3,4′,5-trihydroxystilbene), which consists of two aromatic rings linked by an 

ethylene bridge, is one of the most popular and widely studied dietary polyphenol found in nature. 

It occurs in plants as trans-resveratrol and cis-resveratrol, with the trans form being the more 

biologically stable and active isomer due to its lower susceptibility to photoisomerization and 

oxidative degradation.36 Additionally, resveratrol exists in glycosylated forms, primarily as trans-

piceid and cis-piceid, which improve its water solubility and stability in plant tissues, allowing 

better storage and transport.37 As a secondary metabolite, resveratrol is biosynthesized through 

the phenylpropanoid pathway, a crucial biosynthetic pathway responsible for 

producing flavonoids, lignin, and other polyphenolic compounds. This pathway is activated in 

response to environmental stressors such as pathogen attack, UV radiation, mechanical injury, and 

extreme temperature fluctuations, underscoring its role in plant defense mechanisms.38 Resveratrol 

is naturally abundant in grapes, peanuts, pistachios, cocoa, and a variety of berries, 

including mulberries, blueberries, bilberries, and cranberries, with its concentration varying based 

on plant species, environmental conditions, and processing methods.39 Among these sources, red 

grapes and their derivatives, particularly red wine, represent one of the richest dietary sources of 

resveratrol, a factor contributing to the well-documented "French paradox", where moderate red 

wine consumption is linked to cardiovascular health benefits.40  
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1.5.2 Pharmacokinetics and metabolism 

    Despite its high oral absorption rate (at least 70%), resveratrol has very poor systemic 

bioavailability (≈0.5%), primarily due to extensive phase I and II biotransformations in the 

intestinal enterocytes, the liver, and, to a lesser extent, by gut microbiota.41 Once ingested, 

resveratrol is absorbed via passive diffusion and carrier-mediated transport, but its rapid 

metabolism into sulfated and glucuronidated conjugates limits its circulating levels and 

therapeutic efficacy.42 Within enterocytes, resveratrol is metabolized by sulfotransferases 

(SULT1A1) and uridine 5′-diphospho-glucuronosyltransferases (UGT1A1, UGTA9), which add 

sulfate and glucuronide groups, respectively. These conjugated forms are actively transported out 

of enterocytes via BCRP and MRP2 (apical membrane) and MRP3 (basolateral membrane). 

A small fraction of unconjugated resveratrol enters portal circulation, but most undergo 

further hepatic metabolism, resulting in phase II metabolites such as resveratrol monosulfates, 

diglucuronides, and methylated derivatives.41  

     In the large intestine, gut microbiota reduce resveratrol to dihydroresveratrol, lunularin, and 

3,4′-dihydroxy-trans-stilbene, extending its biological effects and altering its activity profile.42 

Studies suggest that microbial metabolism plays a crucial role in determining resveratrol 

bioavailability, as inter-individual variations in gut microbiota composition can influence 

metabolite profiles and therapeutic outcomes.43 Resveratrol and its metabolites are excreted 

through urine or recycled back into the small intestine through bile, contributing to enterohepatic 

circulation.41  

1.5.3 Pharmacological activities 

    Resveratrol has attracted significant attention from medicinal chemists, diet nutritionists and 

health professionals due to its plethora of pharmacological activities including anticancer, 

antioxidant, anti-inflammatory, cardioprotective, and neuroprotective effects.38,44 These diverse 

biological effects stem from the ability of resveratrol to modulate multiple signaling pathways, 

enzymatic activities, and gene expression patterns.45  

Anticancer effect: Medical literature is full of studies showing the role of resveratrol and other 

polyphenolic compounds in the mitigation and possible treatment of cancer. Resveratrol 

exerts antiproliferative, pro-apoptotic, anti-metastatic, and anti-angiogenic effects by interfering 

with various oncogenic signaling cascades.46,47 Specifically, resveratrol inhibits mitogen-activated 
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protein kinases (MAPKs), activator protein-1 (AP-1), sirtuin-1 (SIRT1), and nuclear factor-kappa 

B (NF-κB), all of which play crucial roles in cancer cell survival and proliferation. Furthermore, 

resveratrol has been shown to arrest the cell cycle at different checkpoints, enhance apoptosis by 

activating pro-apoptotic proteins (p53, Bax, caspases), and suppress angiogenesis by 

downregulating vascular endothelial growth factor (VEGF).48  

Cardioprotective effect: The cardioprotective role of resveratrol has long been reported and 

considered to play a key role in the ‘French paradox’, for its ability to reduce risk of cardiovascular 

disease in the French population despite a high fat diet associated with the consumption of red 

wines (made from grapes, which is a rich source of resveratrol).40,49 Resveratrol exerts 

cardioprotective effects by reducing atherosclerosis and modulating numerous signaling pathways 

in the cardiovascular system, ultimately resulting in stimulating endothelial nitric oxide 

production, reducing oxidative stress, inhibiting vascular inflammation, and preventing platelet 

aggregation.50 

Anti-inflammatory effect: Multiple lines of evidence from laboratory studies, both in vivo and in 

vitro, have shown that the anti-inflammatory properties of resveratrol are attributed to inhibiting 

the production of anti-inflammatory factors. Resveratrol interferes with the activation of NF-κB, 

a transcription factor that regulates the expression of various genes involved in inflammation such 

as inflammatory cytokines like tumor necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6).51 

ROS accumulation resulting in oxidative stress plays a role in promoting inflammation in a wide 

spectrum of diseases.52 Resveratrol exerts anti-inflammatory effects by inhibiting the production 

of both ROS and NO. The anti-inflammatory effect and mechanism of action of resveratrol was 

examined in a comprehensive review by Meng et al.53 

Neuroprotective effect: Excess production of reactive oxygen species in the brain has been 

implicated as a common underlying risk factor for the pathogenesis of several neurodegenerative 

disorders, including Alzheimer's disease, Parkinson's disease, and stroke.54 In addition to its 

antioxidant and anti-inflammatory activities that have provided a means to avoid neurological 

diseases, resveratrol inhibits beta-amyloid (Aβ) protein aggregation and modulates intracellular 

effectors involved in neuronal cell survival/ death. More recently, resveratrol has been proposed 

to exert neuroprotective effects through the activation of SIRT1, a class of deacetylase. The ability 
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of resveratrol to increase SIRT1 activity is also linked to deacetylation of PGC-1α.55 Another 

protein affected by resveratrol, peroxisome proliferator-activated receptor-γ (PPAR-γ), has been 

proposed as a therapeutic target for neurodegenerative disease due to its ability to protect against 

mitochondrial damage.56,57  

1.5.4 Resveratrol as an antioxidant 

    Many of the health benefits attributed to resveratrol stem from its antioxidant properties. This 

is greatly influenced by the redox characteristics of the phenolic hydroxyl groups and the capacity 

for electron delocalization within its chemical structure.58 Resveratrol functions as an antioxidant 

through the following mechanisms: 

 

- Upregulating endogenous antioxidant enzymes 

    Resveratrol enhances the body's intrinsic antioxidant defense by upregulating the expression 

and activity of key antioxidant enzymes. Notably, it increases the levels of SOD, CAT, and GPx.44 

Research indicates that resveratrol treatment leads to a significant increase in the activity of these 

enzymes in various cell types, and this coordinated enzymatic activity effectively reduces ROS 

levels, thereby bolstering the cellular antioxidant capacity.44,53  

 

-  Downregulating pro-oxidant enzymes 

    Resveratrol also exerts its antioxidant effects by suppressing the activity of pro-oxidant 

enzymes. Notably, resveratrol inhibits NADPH oxidase, a key enzyme complex responsible for 

the production of superoxide anions, thereby reducing oxidative stress at its source.59 Additionally, 

resveratrol downregulates myeloperoxidase (MPO) activity, an enzyme that catalyzes the 

formation of hypochlorous acid from hydrogen peroxide, contributing to oxidative tissue 

damage.60  

 

- Activation of SIRT1 and modulation of signaling pathways 

    Resveratrol activates SIRT1, a NAD⁺-dependent deacetylase that plays a central role in cellular 

stress resistance and longevity. This activation leads to the deacetylation and activation of 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), enhancing 

mitochondrial biogenesis and oxidative metabolism, which collectively reduce oxidative stress.61 
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Additionally, SIRT1 activation by resveratrol inhibits the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signaling pathway, leading to decreased expression of pro-

inflammatory genes and further reduction of oxidative stress.62,63 

- Modulation of the Nrf2 pathway 

    Resveratrol activates the nuclear factor erythroid 2–related factor 2 (Nrf2) pathway, a critical 

regulator of antioxidant defense. Under oxidative stress, Nrf2 dissociates from its inhibitor, Keap1, 

translocates to the nucleus, and binds to antioxidant response elements (ARE) in the DNA, 

promoting the transcription of antioxidant genes.64 Resveratrol facilitates this process, enhancing 

the expression of genes encoding for antioxidant enzymes such as heme oxygenase-1 (HO-1), 

NAD(P)H quinone dehydrogenase 1 (NQO1), and glutamate-cysteine ligase.64,65 This 

upregulation strengthens the cellular defense against oxidative damage and contributes to the 

maintenance of redox homeostasis.  

- Direct Scavenging of Reactive Oxygen and Nitrogen Species (RONS) 

    Despite the multifaceted indirect mechanisms through which resveratrol exerts antioxidant 

effects, it can also directly neutralize RONS due to its distinctive chemical structure. Resveratrol 

contains three hydroxyl groups located at positions 3,5, and 4′, along with conjugated double bonds 

and aromatic rings, enabling it to effectively scavenge a wide range of RONS, including 

superoxide anion radicals (O2
•–), hydroxyl radicals (•OH), and peroxynitrite (ONOO⁻).66 These 

hydroxyl groups allow resveratrol to donate hydrogen atoms, stabilizing free radicals and 

preventing oxidative damage to critical cellular components such as lipids, proteins, and DNA.44 

Moreover, the phenolic structure also facilitates chelation of redox-active metal ions like Fe2+,67 

which further inhibits ROS generation by disrupting metal-catalyzed oxidative reactions.66,68 

2.0 AIMS AND OBJECTIVES. 

   Considering that only marginal attention has been paid to the structural changes related to RONS 

scavenging carried out by antioxidants and to the related pharmacological consequences, this 

represents an unexplored segment of the chemical space with significant potential as a treasury of 

bioactive molecules. Resveratrol, one of the most popular dietary polyphenols, is renowned for its 

extensive pharmacological activities that have been linked to its antioxidant function. Beyond 

modulating pro-oxidant and antioxidant enzyme systems, resveratrol can also directly scavenge 
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free radicals due to its chemical structure, resulting in a wide array of oxidized metabolites 

expectably with modulated pharmacological activities. In this context, the primary aim of this 

Ph.D. study was to employ performance-based diversity-oriented synthesis to study the 

scavengeome of resveratrol subjected to various oxidative transformations, and to investigate the 

pharmacological activity of the oxidized metabolites. Thus, the following objectives were set up 

for this Ph.D. work; 

1. Preparation of oxidized resveratrol metabolite mixtures. To achieve this, we aimed to 

cover the scavengeome of resveratrol using optimized experimental oxidation conditions for 

each biomimetic and biorelevant oxidant.  

2. Identification of metabolites from these oxidized mixtures. To identify the plethora of 

oxidized metabolites formed, we aimed to utilize several chromatographic and metabolite 

profiling techniques to determine the nature of metabolites formed. 

3. Biological evaluation of oxidized mixtures. We aimed to evaluate the pharmacological 

activities of the oxidized mixtures as potential inhibitors of several enzymes: angiotensin-

converting enzyme (ACE), 15-lipoxygenase (15-LOX) and xanthine oxidase (XO).  

4. Chemical and biological evaluation of isolated compounds. We aimed to isolate compounds 

from diverse and bioactive mixtures, identify these oxidized derivatives, and evaluate their 

biological activities as inhibitors of several enzymes: angiotensin-converting enzyme (ACE), 

15-lipoxygenase (15-LOX), cyclooxygenase-1 and -2 (COX-1 and COX-2) and xanthine 

oxidase (XO). DPPH scavenging activity and the Oxygen Radical Absorbance Capacity 

(ORAC) of the oxidized mixtures were also aimed to be evaluated. Lastly, we aimed to develop 

and apply in silico methodologies in predicting the pharmacokinetic profiles and therapeutic 

potential. 
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3.0 MATERIALS AND METHODS 

3.1 General information 

    Resveratrol (>98% pure, as determined by HPLC analysis) was purchased from Career Henan 

Chemical Co. (Henan province, China). Analytical grade reagents, organic solvents and HPLC 

solvents were purchased from Sigma (Merck KGaA, Darmstadt, Germany), Reanal Laboratory 

Chemicals (Budapest, Hungary) and ChemLab (Zedelgem, Belgium). 

Chromatographic instruments and functional units used during this Ph.D. work include: 

- HPLC (Jasco Co., Tokyo, Japan) for analytical purposes – dual PU-2080 pumps; AS-2055 

Plus autosampler; MD-2010 Plus PDA detector, used with columns; Kinetex XB-C18 and 

Biphenyl (250 × 4.6 mm, 5 μm). 

- HPLC (Agilent Technologies, Waldbronn, Germany) for semi-preparative purposes-Agilent 

1100 Series system pump attached with a Jasco “UV- 2070 Plus” single-wavelength UV 

detector., using Gemini-NX C18 or Phenyl-hexyl column (250 x 10.0 mm, 5µm). 

- HPLC (Gilson, Middleton, WI, USA) for preparative purposes - Armen Spot Prep II 

integrated HPLC purification system using a Kinetex XB-C18 100 Å or Biphenyl column 

(250 x 21.2 mm, 5µm). 

-  Flash chromatograph (Teledyne ISCO, Lincoln, NE, USA) for preparative purposes - 

Combiflash Rf+ instrument equipped with diode array and evaporative light scattering 

detection (DAD‐ELSD) using commercially available prefilled “RediSep” columns.  

- HPLC (Jasco Co., Tokyo, Japan) used for chiral separation – PU-4386 pump and PU-4086 

pump; column oven (CO-4060); AS-4350 autosampler; MD-4015 PDA detector, equipped 

with a fraction collector. 

3.2 Exploration of oxidized resveratrol metabolite mixtures in 96-well microplates 

    Each well containing 2 mM resveratrol was subjected to various oxidants/co-oxidants at varying 

concentrations in a 1 mL microplate (VWR Deep Well Plates, 96 Round Well European Cat. No. 

732-3322) or 500 μL microplate (Grenier 786201 PP-Masterblock, 96 Well, V-Shape). ACE 

inhibitory screening of the oxidized mixtures was determined at the start of each reaction by 

transferring 5 μL aliquots of the oxidized mixture from the reaction plate to a 96-well black plate 

(655096, F-bottom, Grenier bio-one). Concurrently, the metabolite profile of each mixture was 

also determined at the start using laser-assisted rapid evaporative ionization mass spectrometry 
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(LA-REIMS). Subsequent bioactivity screening and metabolite profiling was conducted at specific 

time intervals after stopping each reaction by either by transferring a 5 μL aliquot from the reaction 

microplate to bioactivity microplates or adding aq. GSH solution to the respective wells (and 

thereafter taking 5 μL aliquot from the stopped reaction mixture). 

3.2.1 Oxidation of resveratrol in 96-well microplates 

Reaction of resveratrol with PIFA in acetonitrile 

    Resveratrol (228.28 μg/150 μL in acetonitrile) was oxidized by 350 μL acetonitrile-water 

solution (250 μL acetonitrile + 100 μL water) of PIFA (1, 2, 4, and 8 mM) at room temperature. 

ACE inhibitory activity was determined at 0 h, 2 h and 6 h, while LA-REIMS analysis was 

performed 0, 2, 4, and 6 h for LA-REIMS analysis. Aqueous GSH solution (614.66 μg/100 μL 

H2O) was added to respective wells when required to stop the reaction. 

 

Reaction of resveratrol with AAPH and NaIO4 

    Resveratrol (319.52 μg/225 μL in acetonitrile) was oxidized by 250 μL aqueous solution of 

AAPH and 225 μL acetonitrile-water solution of NaIO₄ (AAPH: 2, 4, and 8 mM; NaIO₄: 2, 4, and 

8 mM) at 65°C. After the analyses at the start of the reaction, further ACE inhibitory screening 

and LA-REIMS analysis was done at specific time intervals (4 h and 21 h 30 min for ACE 

inhibitory bioactivity; 4 h, 21 h 30 min, and 24 h for LA-REIMS analysis). Aqueous GSH solution 

(614.66 μg/150 μL H₂O) was added to the corresponding wells to stop the reaction. 

 

Reaction of resveratrol with PIDA in acetonitrile 

    Resveratrol (228.28 μg/100 μL in acetonitrile) was oxidized by 400 μL acetonitrile-water 

solution (150 μL acetonitrile + 250 μL water) of PIDA (1, 2, 4, and 8 mM) at room temperature. 

ACE inhibitory screening was conducted at 0, 1, and 3 h, and LA-REIMS analysis at 0, 1, 2, and 

3 h. The reaction was stopped with an aqueous GSH solution (461 μg/100 μL H₂O).  

 

Reaction of resveratrol with PIFA in ethanol 

    Resveratrol (228.28 μg/100 μL in ethanol) was oxidized by PIFA (1, 2, 4 and 8 mM), each in 

400 μL ethanol solution and the mixture stirred at room temperature. After the analyses at the start, 

further ACE inhibitory screening and LA-REIMS analysis was done at 30 min and 60 min, while 
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the LA-REIMS analysis was carried out at 30 min, 60 min and 90 min. Aqueous GSH solution 

(614.66 μg/100 μL H₂O) was added to GSH-terminated wells when required. 

 

Reaction of resveratrol with oxone and H5IO6 in ethanol 

    Resveratrol (456.56 μg/ 225 μL in ethanol) was oxidized by 125 μL aqueous solution of oxone 

at (10, 20, and 40 μM) and 150 μL ethanol solution of H₅IO₆ (H₅IO₆: 1, 2, and 4 mM) at room 

temperature. Further ACE inhibitory activity was measured at 2 h and 6 h, with LA-REIMS 

analysis at 2 h, 4 h and 6 h after stopping the reaction in the corresponding wells by adding aqueous 

GSH solution (1.23 mg/100 μL H₂O).  

 

Reaction of resveratrol with FeCl3 and H5IO6 in acetonitrile 

    Resveratrol (456.56 μg/150 μL in acetonitrile) was oxidized by a 300 μL aqueous solution of 

FeCl₃ and a 550 μL acetonitrile-water solution (100 μL ACN + 450 μL H2O) of H₅IO₆ (FeCl₃: 90, 

120, and 180 μM; H₅IO₆: 1, 2, and 4 mM) at room temperature. After analyses at the start of the 

reaction, further ACE inhibition screening was performed at 4 h and 20 h, with LA-REIMS 

analysis was carried out at 4h, 20 h, and 22 h 30 min, after adding aqueous GSH solution (1.23 

mg/200 μL H₂O) to stop reaction in the respective wells. 

 

Reaction of resveratrol with FeCl3 and H5IO6 in ethanol 

     Resveratrol (456.56 μg/300 μL in ethanol) was oxidized by 300 μL aqueous solution of FeCl₃ 

and 300 μL ethanol solution of H₅IO₆ (FeCl₃: 10, 20, and 40 μM; H₅IO₆: 1, 2, and 4 mM) at room 

temperature. The reaction was stopped in the respective wells by adding an aqueous GSH solution 

in (1.23 mg /200 μL H₂O), and ACE inhibitory screening and LA-REIMS analysis was determined 

at the beginning of the reaction and at predefined time intervals (3 h and 20 h for the ACE 

inhibitory bioactivity; 3h, 17 h and 20 h for the LA-REIMS analysis).). 

 

Reaction of resveratrol with AIBN in acetonitrile 

    Resveratrol (2 mM) in 150 μL in acetonitrile-water solution (CH3CN:H2O, 1:1) was oxidized 

by 350 μL aqueous solution of AIBN (15, 30, 60, and 120 mM) at 37°C. The ACE inhibitory 

screening and LA-REIMS analysis was determined at the start of the reaction and specific time 

intervals (3 h and 6 h 30 min for ACE inhibitory bioactivity; 3 h, 4 h 30 min, and 6h 30 min for 
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LA-REIMS analysis), after stopping the reaction by adding aqueous GSH solution (614.66 μg/100 

μL H₂O) to the respective wells.  

 

Reaction of resveratrol with peroxynitrite in acetonitrile 

    Peroxynitrite was prepared as described by Fasi et al,69 with the concentration of the prepared 

peroxynitrite determined at 302 nm using 1670 M-1cm-1 as molar extinction coefficient.70 

Resveratrol (228.28 μg/250 μL in acetonitrile) was oxidized by 250 μL peroxynitrite solution 

(0.05, 0.1, 0.2, and 0.5 mM) at room temperature. The ACE inhibitory activity and LA-REIMS 

analysis was done at the start of the reaction. At 10 min, the reaction in corresponding wells was 

stopped by adding drops of diluted HCl until pH 2, with bioactivity screening and metabolite 

profiling subsequently done. 

 

Reaction of resveratrol with NaNO2 in phosphate buffer, pH 3.0 

Resveratrol (2 mM, 5 μL resveratrol solution in acetonitrile) was oxidized by 495 μL phosphate-

buffered solution (pH 3.0) containing NaNO₂ at varying concentrations (4, 8, 16, and 20 mM) 

at 37°C. After ACE inhibitory and LA-REIMS analyses at the start, further analysis done at 30 

min and 60 min, after stopping the reaction in corresponding wells by the addition of aqueous GSH 

solution (614.66 μg/100 μL H₂O). 

 

Reaction of resveratrol with NaNO2 in KCl-HCl, pH 2.0 

    Corresponding amounts of NaNO2 were dissolved in solutions of 50 mM KCl-HCl to get 

varying concentrations (1, 2, 4 and 6 mM) of the oxidant solution. Thereafter, 2 mM resveratrol 

solution (250 μg resveratrol/250 μL acetonitrile solution) was oxidized by 250 μL of each oxidant 

solution, and the mixture stirred at 37°C. ACE inhibitory and LA-REIMS analyses were performed 

at the start of the reaction and at specific time intervals (1 h and 2 h), after adding aqueous GSH 

solution (614.66 μg/100 μL H₂O) to respective wells.  

 

Reaction of resveratrol with AAPH and H2O2 in acetonitrile 

Resveratrol (319.52 μg/300 μL in acetonitrile) was oxidized by 250 μL aqueous solution of 

AAPH and 150 μL H₂O₂ solution (AAPH: 2, 4, and 8 mM; H₂O₂: 100, 200, and 400 mM) at 65°C. 

The reaction was stopped with aqueous GSH solution (614.66 μg/150 μL H₂O) in corresponding 
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wells, with ACE inhibitory screening and LA-REIMS analysis determined at the start of the 

reaction and at specific time intervals (4 h and 21 h 30 min for ACE inhibitory screening; 4 h, 21 

h 30 min, and 24 h for LA-REIMS analysis. 

 

Reaction of resveratrol with K3[Fe(CN)6] and Na2CO3 in acetonitrile 

    Resveratrol (456.56 μg/400 μL in acetonitrile) was oxidized by 300 μL aqueous solution of 

K₃[Fe(CN)₆] and 300 μL aqueous solution of Na₂CO₃ (K₃[Fe(CN)₆: 1, 2, and 4 mM; Na2CO3: 1, 2, 

and 4 mM) at room temperature. In addition to analysis at the start of the reaction, ACE inhibitory 

screening was done at 2 h 30 min and 20 h while LA-REIMS analysis was performed at 2 h 30 

min, 17 h 30 min, and 20 h. Aqueous GSH solution (614.66 μg/200 μL H₂O) was added to 

respective wells, before analyses were carried out. 

 

Reaction of resveratrol with CuSO4 in acetonitrile  

    Resveratrol (228.28 μg/200 μL acetonitrile + 50 μL water) was oxidized by 250 μL aqueous 

solution of CuSO₄ at varying concentrations (1, 2, 4, and 8 mM) at 37°C. The ACE inhibitory 

screening and LA-REIMS analysis was determined at the start of the and at specific time intervals 

(6 h and 25 h for ACE inhibitory bioactivity; 6 h, 22 h, and 25 h for LA-REIMS analysis), after 

adding aqueous GSH solution (614.66 μg/100 μL H₂O) to respective wells.  

 

Reaction of resveratrol with H2O2 and 5,10,15,20-Tetrakis(pentafluorophenyl)-21H,23H-

porphyrin iron(III) chloride (C44H8ClF20FeN4) in acetonitrile-methanol (TPF) 

     Resveratrol (228.28 μg/150 μL in acetonitrile) was oxidized by 360 μL acetonitrile-methanol 

solution (6.2 – 1, CH3CN – CH3OH) of TPF and 50 μL aqueous H₂O₂ solution at varying 

concentrations (TPF: 1, 2, and 4 mM; H₂O₂: 75, 150, and 300 mM) at room temperature. At the 

start of the reaction and at specific time intervals (1 h for ACE inhibitory bioactivity; 30 min, and 

1 h), ACE inhibitory screening and LA-REIMS analysis was determined. Analyses were 

performed after adding aqueous GSH solution (614.66 mg/50 μL H₂O) to respective wells.  

 

3.2.2 Metabolite fingerprinting of microplate oxidized mixtures by LA-REIMS 

    Metabolite profiling of the oxidized resveratrol mixtures in the microplates was studied in 

collaboration with the group of Prof. György Tibor Balogh of the Department of Pharmaceutical 
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Chemistry, Semmelweis University, Budapest, Hungary. The detailed description of the setup was 

published,71; it involved the direct analysis of the aerosolized oxidation reaction solutions using 

laser ablation (OPOTEK OPO laser, λ=2940nm, 5mJ/pulse, 20Hz shot frequency, 6ns pulse width) 

coupled with rapid evaporative ionization mass spectrometry (REIMS). In brief, after introducing 

the sample into the REIMS interface, ionization occurred via collision with a high-temperature 

impactor surface. Mass spectrometry was conducted on a Xevo G2-XS QToF spectrometer in 

positive and negative modes Leucine enkephalin was used as a lock mass standard, ensuring <3 

ppm mass accuracy. Data processing was performed using Waters MassLynx™ 4.2 and Abstract 

Model Builder (AMX) software, with calibration using 0.5 mM sodium formate solution. Samples 

had at least two laser burns for real-time metabolite identification. Each sample had at least two 

laser burns (±3 seconds per burn), allowing high-throughput screening and identification of 

oxidized resveratrol metabolites in real-time. 

3.2.3 ACE inhibitory screening of microplate oxidized mixtures 

    ACE inhibitor screening of the oxidized mixtures was measured by fluorometric assay following 

the method described by Sentandreu and Toldrá 72 with some modifications. Buffer A (150 mM 

Tris-base buffer with 1 μM ZnCl2, pH 8.3) required for ACE preparation, and buffer B (150 mM 

Tris-base buffer with 1.125 M NaCl, pH 8.3) required for substrate buffer solutions were prepared 

as outlined.73 To determine the inhibitory activity of the oxidized mixtures, to 5 μL aliquot of each 

mixture in a 96-well black microplate was added 15 μL buffer A, and subsequently 20 μL ACE 

solution (2 mU enzyme activity). After pre-incubating at 37°C for 10 minutes, 80 μL of 0.45 mM 

buffered substrate solution was added, and fluorescence monitored at λex/λem = 340/450 nm 

every minute at 37°C for 30 min using a FluoStarOptima plate reader (BMG Labtech, Ortenberg, 

Germany). Control samples, representing 100% enzyme activity, were prepared by substituting 

the mixture solution with buffer A. The percentage inhibition by each compound was calculated 

as;            % inhibition = (control values – sample values)/(control samples) x 100 

 

3.3 General procedures for resveratrol oxidation and isolation of compounds [I, II] 70,74 

    Following microplate-based oxidative transformations, optimized oxidative reactions were 

carried out on resveratrol as reported.70  
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3.3.1 Reaction of resveratrol with PIFA in acetonitrile (Ox1) [II] 

    Briefly, resveratrol (300 mg/150 mL in acetonitrile) was oxidized by an acetonitrile solution of 

1 equiv PIFA for 5 h at room temperature. The mixture was worked up and subsequently purified 

to obtain 1 (3.15 mg), 2 (10.13 mg) and 3 (2.93 mg)  

 

3.3.2 Reaction of resveratrol with AAPH and NaIO4 (Ox2) [II] 

    In summary, resveratrol (500 mg/250 mL in acetonitrile) was oxidized by aq. solution of 1.5 

equiv AAPH and an acetonitrile solution of 1 equiv NaIO4 for 23 h at 65°C, with the reaction 

stopped by adding aq. solution of 1.76 equiv reduced glutathione. Compounds 4 (3.24 mg), 5 

(12.93 mg), 6 (11.38 mg) and 7 (2.65 mg) were isolated from this mixture. 

 

3.3.3 Reaction of resveratrol with PIDA in acetonitrile (Ox3) [II] 

    Briefly, resveratrol (100 mg/25 mL in acetonitrile) was oxidized by an acetonitrile solution of 2 

equiv PIDA for 2 h at room temperature. The reaction was stopped by adding aq. solution of 2 

equiv GSH, worked up, and the resulting residue purified to get 6 (6.37 mg). Compound 6 racemate 

(5 mg) was separated into its enantiomers by chiral HPLC using an isocratic elution of hexane – 

EtOH (82:18, v/v) on cellulose tris(3,5–dimethylphenylcarbamate) coated on silica gel (Chiralcel 

OD-H; 250 x 4.6 mm, 5 µm, Daicel, Japan) to obtain pure enantiomers 6a (1.89 mg) and 6b (1.97 

mg). 

 

3.3.4 Reaction of resveratrol with PIFA in ethanol (Ox4) [II] 

    To summarize, resveratrol (250 mg/50 mL in ethanol) was oxidized by an ethanol solution of 1 

equiv PIFA for 90 min at room temperature, stopped by adding an aq. solution of 2 equiv GSH, 

worked up and purified to obtain compounds 8 (11.93 mg), 9 (8.38 mg) and 10 (22.62 mg).  

 

3.3.5 Reaction of resveratrol with Oxone and periodic acid in ethanol (Ox5) [II] 

     Briefly, resveratrol (600 mg/300 mL in ethanol) was oxidized by an ethanol solution of 0.005 

equiv oxone and ethanol solution of 0.66 equiv H5IO6 for 7 h at room temperature. The reaction 

was stopped by adding an aqueous solution of 2 equiv GSH, worked up and purified to get 11 

(12.41 mg), 8 (18.66 mg), 5 (167.30 mg), 12 (18.30 mg), 13 (25.94 mg), 14 (2.70 mg) and 15 

(20.09 mg). 
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3.3.6 Reaction of resveratrol with FeCl3 and H5IO6 in acetonitrile (Ox6) [II] 

    Briefly, resveratrol (480 mg/240 mL in acetonitrile) was oxidized by an acetonitrile solution of 

0.03 equiv FeCl3 and an acetonitrile solution of 0.8 equiv H5IO6 for 17 h at room temperature. The 

reaction was stopped by adding an aq. solution of 2 equiv GSH, worked up and purified to obtain 

compounds 16 (12.01 mg), 5 (9.13 mg) and 12 (22.27 mg). 

 

3.3.7 Reaction of resveratrol with FeCl3 and H5IO6 in ethanol (Ox7) [II] 

    Briefly, resveratrol (360 mg/180 mL in ethanol) was oxidized by an ethanol solution of 0.03 

equiv FeCl3 and an ethanol solution of 1.1 equiv H5IO6 for 17 h at room temperature, with the 

reaction stopped by adding an aq. solution of 2 equiv GSH, worked up and purified to get 5 (3.11 

mg), 13 (7.67 mg), 14 (6.15 mg) and 17 (6.05 mg). 

 

3.3.8 Reaction of resveratrol with AIBN in acetonitrile (Ox8) [II] 

    In summary, resveratrol (160 mg/7 mL, 1-6, v/v in DMSO-acetonitrile) and 20 mL ethyl 

linoleate (L1751, Sigma Aldrich) was oxidized by an acetonitrile solution of 31.2 equiv AIBN for 

8 h at 40°C. The resulting mixture was worked up and purified to obtain a pure compound, 6 (3.19 

mg). 

 

3.3.9 Reaction of resveratrol with peroxynitrite in acetonitrile (Ox9) [II] 

    Briefly, resveratrol (114.13 mg/50 mL in acetonitrile) was oxidized by 50 mL, 0.1 mM 

peroxynitrite for 5 min at room temperature. The reaction was stopped by adding drops of diluted 

HCl until pH 2, worked up and subsequently purified to obtain compounds 2 (17.00 mg), 6 (22.63 

mg) and 19 (18.61 mg). 

 

3.3.10 Reaction of resveratrol with NaNO2 in phosphate buffer, pH 3.0 (Ox10) [II] 

    To summarize, resveratrol (85.5 mg/15 mL in acetonitrile) was oxidized by phosphate-buffered 

sodium nitrite solution (207 mg in 1485 mL) for 1 hour at 37°C, with the reaction stopped by 

adding an aq. solution of 2 equiv GSH, worked up and purified to obtain compounds 4 (4.15 mg), 

18 (13.03 mg) and 19 (2.84 mg). 
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3.3.11 Reaction of resveratrol with NaNO2 in KCl-HCl, pH 2.0 (Ox11) [II] 

    Briefly, resveratrol (11.84 mg/400 mL in acetonitrile) was oxidized by a 50 mM KCl-HCl 

solution of 1 equiv NaNO2 for 2 h at 37°C. The reaction was stopped by adding an aqueous solution 

of 0.8 equiv GSH, worked up and analyzed by HPLC. 

 

3.3.12 Reaction of resveratrol with AAPH and H2O2 in acetonitrile (Ox12) [II] 

    Briefly, resveratrol (10 mg/ 6 mL acetonitrile) was oxidized by an aqueous solution of 1.5 equiv 

AAPH and 50 mM hydrogen peroxide for 26 h at 65°C. The reaction was stopped by adding an 

aqueous solution of 2 equiv GSH and worked up to give a dry residue required for HPLC analysis. 

 

3.3.13 Reaction of resveratrol with K3[Fe(CN)6] and Na2CO3 in acetonitrile (Ox13) [II] 

     Briefly, resveratrol (11.4 mg/4 mL in acetonitrile) was oxidized by an aqueous solution of 1 

equiv potassium ferricyanide and an aqueous solution of 1 equiv sodium carbonate for 43 h at 

room temperature. The reaction was stopped by adding an aqueous solution of 1 equiv GSH and 

worked up to give a dry residue required for HPLC analysis. 

 

3.3.14 Reaction of resveratrol with CuSO4 in acetonitrile (Ox14) [II] 

    In summary, resveratrol (10 mg/10 mL; 9-1in acetonitrile-water) was oxidized by an aqueous 

solution of 2 equiv CuSO4 for 72 h at 37°C. The reaction was stopped by adding an aqueous 

solution of 2 equiv GSH and worked up to give a dry residue required for HPLC analysis. 

 

3.3.15 Reaction of resveratrol with xanthine oxidase in phosphate buffer, pH 7.4 (Ox15) [II] 

    Briefly, resveratrol (10.25 mg/5 mL DMSO) was oxidized by 0.15 mM phosphate-buffered 

xanthine solution and xanthine oxidase solution for 5 min at 37°C. The reaction was cooled and 

worked up to obtain dry residue required for HPLC analysis. 

 

3.3.16 Reaction of resveratrol with H2O2 and 5,10,15,20-Tetrakis(pentafluorophenyl)-

21H,23H-porphyrin Iron (III) Chloride (C44H8ClF20FeN4) (Ox16) [II] 

    Briefly, resveratrol (11.48 mg/9 mL in acetonitrile) was oxidized by a methanol-water solution 

of 0.2 equiv of the porphyrin iron (III) chloride and 160 mM hydrogen peroxide for 50 min at room 
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temperature. The reaction was stopped by adding an aqueous solution of 2 equiv GSH, worked up 

and purified to give a dry residue required for HPLC analysis. 

 

3.4 Metabolite profile analysis [II] 

    In collaboration with Prof. Emerson F. Queiroz and Prof. Jean-Luc Wolfender, and their 

research group at the Institute of Pharmaceutical Sciences of Western Switzerland, University of 

Geneva, Geneva, Switzerland, the metabolite profile of the oxidized mixtures and pure compounds 

isolated from these mixtures were done using UHPLC-PDA-ELSD-MS and UHPLC-PDA-CAD-

HRMS respectively according to previously described methods on the same instrument and under 

the same conditions as those described by Huber and coworkers.75 

3.5 Structure elucidation of compounds 

    Structure elucidation of the isolated compounds was based on the information obtained through 

high-resolution mass spectrometry (HRMS) and nuclear magnetic resonance (NMR) spectroscopic 

studies. HRMS spectra were performed in a collaboration with Dr Róbert Berkecz (Institute of 

Pharmaceutical Analysis, University of Szeged, Szeged, Hungary), and were acquired on Q-

Exactive Plus hybrid quadrupole-orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, 

USA) equipped with heated electrospray ionisation (HESI-II) probe that was used in positive or 

negative mode per required. Analysis of 1H NMR, 13C, APT, HSQC, HMBC, 1H,1H-COSY and 

NOESY were conducted in acetone-d6 at room temperature on a Bruker DRX-500 spectrometer. 

The chemical shifts (δ) are given on the δ-scale and referenced to the solvents (acetone-d6: δH = 

2.05 and δC = 29.9 ppm); coupling constant (J) values are expressed in Hz. Data interpretation 

and spectral analysis were carried out using widely accepted strategies with MestReNova v6.0.2-

5475 software (Mestrelab Research S.L., Santiago de Compostela, Spain). The NMR 

investigations were performed in research collaboration with Dr. Norbert Kúsz (University of 

Szeged, Institute of Pharmacognosy, Szeged, Hungary). The NMR investigations of compounds 

2, 5-6, 8-10, 12 and 16 were performed in collaboration with Prof. Gábor Tóth (NMR Group, 

Department of Inorganic and Analytical Chemistry, Budapest University of Technology and 

Economics, Budapest, Hungary).  
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3.6 Absolute configuration of 6 enantiomers [II] 

     Using vibrational circular dichroism (VCD), molecular modeling and calculation of VCD 

spectra, the absolute configuration of the enantiomers of 6 (i.e., 6a and 6b) was determined in 

collaboration with Dr. Elemér Vass and Prof. Antal Csámpai at the Department of Organic 

Chemistry, Eötvös Loránd University, Budapest, Hungary. The absolute configuration of 

compound 6b was determined by recording its VCD spectrum in DMSO-d6 and comparing it with 

theoretical spectra calculated for the (2S,3S) enantiomer using B3LYP/6-311++G(d,p) level 76 with 

an IEF-PCM solvent model, based on Boltzmann-weighted sum of 64 conformers. 

 

3.7 Biological evaluation of mixtures and compounds [I, II]  

3.7.1 Angiotensin-I Converting Enzyme (ACE) inhibitor activity [II] 

    ACE percentage inhibition and dose-response studies on resveratrol and isolated compounds 

were calculated by measuring the fluorescence in kinetic mode at Ex/Em 290/450 nm. The 

inhibition mechanism of the most potent compounds, 6 and 12, was elucidated by ACE inhibitory 

kinetic studies with the Km and Vmax determined by Lineweaver-Burk plots. Subsequent to 

inhibitory kinetic studies, the inhibitory activity and dose-effect studies of the most active 

compounds (6 and 12) in both ACE domains was determined by measuring the fluorescence of the 

FRET-substrate (Abz-SDK(Dnp)P-OH and Abz-LFK(Dnp)-OH for the N- and C-domain, 

respectively) at λex/λem = 290/450 nm  

     Following domain-specific studies, the energy minimized structures of both enantiomers 6a-

(R,R)  and 6b-(S,S) were docked in the active sites of C-domain (PDB ID: 1O86) and N-domain 

(PDB ID: 2C6N) of  ACE, obtained from the RCSB Protein Data Bank 77,78 using Autodock suite 

according to previously published method.70,79,80 A zinc-centered grid box (X: 43.817, Y: 38.308, 

and Z: 46.652, covering 50 × 70 × 50 grid points of 0.375 Å spacing) was set for 1O86 (C-

domain),81 while a similar preparation was done for 2C6N (N-domain), defining a grid box (X: -

28.034, Y: -24.612, and Z: -33.992, with 70 x 70 x 60 grid points and 0.375 Å spacing).82 Docking 

with the Lamarckian genetic algorithm in AutoDock 4.2 involved 20 runs at the medium level (2.5 

× 10⁶ evaluations), with the best confirmations determined based on binding energy values. The 

docking interactions were visualized using Biovia Discovery Studio after converting the generated 

PDBQT files to PDB format with OpenBabel GUI 2.4.1.83 
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3.7.3 15-Lipoxygenase (15-LOX) inhibitory activity [II] 

  The oxidized mixtures and pure compounds were tested for 15-LOX inhibition using the 

Cayman’s lipoxygenase inhibitor screening assay kit (760700, Cayman Chemical, MI, USA), with 

minor modifications to the volume of concentration of linoleic acid substrate added to the wells as 

described in our study. 

 

3.7.4 Cyclooxygenase (COX) inhibitory activity [II] 

  COX-1 and 2 inhibitory activities were tested based on the fluorometric method described in 

BioVision’s COX-1 inhibitor screening kit leaflet (K548-100, BioVision, CA, USA) and the COX-

2 inhibitor screening kit leaflet (K547-100, BioVision, CA, USA) respectively. 

 

3.7.5 Xanthine Oxidase inhibitory activity [I] 

     The XO inhibitory activity of the oxidized mixtures and pure compounds, and  dose–effect 

studies on the most bioactive compounds and resveratrol were tested by estimating the  increase 

in uric acid formation at 290 nm, for approximately 150 s at 37◦C, with allopurinol as the reference 

using the previously described method.84 Enzyme kinetic studies of the bioactive compounds were 

also performed. Subsequent to the enzyme-kinetic studies, in silico docking was performed with 

the most potent competitive inhibitors 12 and 16. To this, we followed our previously published 

approach using the 3NVY protein,85 and the docking site was defined in a 10 Å radius around the 

experimental position of quercetin bound to the active site of XO.  

 

3.7.6 DPPH Radical scavenging activity [I] 

     The DPPH free radical scavenging assay was conducted based on the method of Fukumoto et 

al.86 by measuring absorbance at 550 nm for 30 min, and using a sigmoidal dose–response model 

of the blank corrected values was used to calculate IC50 values of compounds.  

 

3.7.7 Oxygen Radical Absorbance Capacity (ORAC) [I] 

    The oxygen radical absorbance capacity was determined as described by Dávalos et al.87 by 

measuring the fluorescence at Ex/Em 485/520 every 90 s cycle time for 120 cycles. The antioxidant 

abilities, expressed as Trolox equivalents, were obtained by calculating the area under the 

fluorescence decay curve (AUC) and interpolating the net AUC against the Trolox standard curve. 
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4.0 RESULTS 

4.1 Exploring the scavengeome of resveratrol 

     Oxidized resveratrol metabolite mixtures were prepared by subjecting resveratrol to various 

oxidative models, including several biomimetic and biorelevant oxidation approaches. These 

models included those that directly generate oxidative agents/free radicals naturally present in 

biological systems such as hydroxyl radicals (•OH), as well as generated by 

metalloporphyrin/H2O2, Fe2+, or Cu2+ systems along with ONOO–, a potent RNS. Resveratrol was 

also oxidized by hypervalent iodine oxidants, PIDA and PIFA. Additionally, AIBN and AAPH, 

well-characterized radical initiators, were incorporated as experimentally validated models of 

oxidative stress. Similarly to peroxynitrite oxidation, resveratrol was oxidized by sodium nitrite 

under acidic phosphate buffer (pH 3.0) and KCl-HCl (pH 2.0). Chemical systems incorporating 

aqueous components in the oxidative reaction medium were also considered. To further enhance 

the physiological relevance of the experimental procedure, most reactions were terminated by 

adding GSH. 

     Oxidation reactions conducted in microplates resulted in a wide array of metabolite profiles, 

which were fingerprinted using LA-REIMS. Real-time monitoring of all oxidative reactions 

revealed a total of 105 and 154 m/z product ions in positive ([M+H]+) and negative mode ([M-

H]-), respectively. ACE inhibitory screening assays were simultaneously conducted on the 

oxidized mixtures to obtain a time-course plot for ACE inhibition of the oxidized mixtures from 

the start of the reaction to the end. Majority of the oxidized mixtures exhibited >97% ACE 

inhibition at their peak biological activity, in contrast with resveratrol that demonstrated 35–50% 

inhibition in all conditions. The oxidation of resveratrol led to the formation of multiple oxidized 

metabolites with improved ability to inhibit the ACE enzyme compared to the parent compound. 

4.2 Preparation and evaluation of oxidized resveratrol metabolites  

     Subsequent to performance-based diversity-oriented resveratrol oxidation, optimal 

experimental conditions were selected for the scale-up of each oxidative transformation. The 

resulting oxidized mixtures (Ox1–Ox16) were analyzed by HPLC-PDA to obtain chromatographic 

fingerprints, and subsequently by UHPLC-PDA-ELSD-MS to obtain a comprehensive overview 

of their metabolic profile. To gain preliminary insights into the formed metabolites, the metabolic 

profile of the mixtures was analyzed against a diverse array of resveratrol oligomers. At first glance 
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using Mzmine 4.3.0 software (mzio, GmbH), in accordance with previously published protocol,88 

the metabolite map of the oxidized mixtures, Ox1–Ox16, showed that oxidized metabolites ranged 

between 220–570 Da, having m/z values signifying resveratrol dimers, ethoxy-substituted 

derivatives and halogen-substituted derivatives. 

 

Table 1. ACE, 15-LOX, and XO inhibitory activities of the oxidized mixtures in comparison with 

resveratrol, and the compounds isolated from each mixture. Results are expressed as mean ± SEM, 

n = 3, *: p <0.05 by one-way ANOVA using Dunnett’s multiple comparison test to the parent 

compound, resveratrol. Resveratrol was tested at 90 µM, 40 µM and 100 µM for ACE, 15-LOX 

and XO inhibition screening respectively, and mixtures Ox1–Ox16 at corresponding 

concentrations of resveratrol equivalents.  

 

To evaluate their pharmacological potential, these chemically diverse oxidized mixtures were 

screened for inhibitory activity against ACE, LOX and XO, i.e., targets known to be modulated by 

resveratrol. The oxidation of resveratrol resulted in several metabolites with modulated ACE, LOX 

and XO inhibitory activity when compared to the parent compound (see Table 1). The combined 

evaluation of the metabolite diversity of these mixtures and their bioactivity served as a guide for 

the isolation of most bioactive metabolites. Bioactivity results, along with compounds isolated 

from each mixture are compiled in Table 1.  

ID ACE Inh. (%) LOX Inh. (%) XO Inh. (%) Compound isolated 

Res. 35.9 ± 1.9 7.0 ± 1.0 49.9 ± 6.9 - 

Ox1 51.3 ± 1.2* 45.9 ± 9.1* 42.5 ± 3.3 1–3 

Ox2 69.9 ± 7.2* 43.8 ± 3.3* 37.6 ± 5.3 4–7 

Ox3 55.3 ± 3.3* 56.8 ± 7.0* 32.0 ± 2.1* 6 

Ox4 66.7 ± 6.3* 39.1 ± 4.0* 47.1 ± 1.6 8–10 

Ox5 87.3 ± 1.6* 42.1 ± 3.8* 55.8 ± 1.8 5, 8, 11–15 

Ox6 87.7 ± 4.5* 18.9 ± 4.5 67.8 ± 1.8* 5, 12, 16 

Ox7 64.7 ± 3.5* 2.9 ± 1.4 75.7 ± 4.9* 5, 13, 14, 17 

Ox8 52.0 ± 7.2* 20.5 ± 3.6 42.3 ± 2.9 6 

Ox9 94.3 ± 1.9* 31.7 ± 3.8*  63.3 ± 1.6 2, 6, 19 

Ox10 75.4 ± 3.4* 30. 4 ± 5.6*  46.9 ± 1.1 4, 18, 19 

Ox11 68.9 ± 0.9* 17.0 ± 1.8  57.5 ± 1.5 19 

Ox12 48.2 ± 2.3 44.0 ± 3.8* 10.9 ± 2.8 * 2 

Ox13 64.8 ± 4.0* 34.2 ± 2.5*  29.7 ± 0.5* 2, 6 

Ox14 86.1 ± 1.2* 29.6 ± 5.1* 31.9 ± 3.2* 6 

Ox15 59.2 ± 1.7* 12.7 ± 1.0 7.8 ± 0.6* 6 

Ox16 47.6 ± 4.8 18.5 ± 3.8  2.1 ± 1.6* 2 
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Figure 1: Structures of resveratrol and its metabolites obtained by chemical oxidation (1–19). 
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4.3 Structure elucidation of isolated compounds 

    The structures of compounds 2, 4, 5, 6, 16, 18 and 19 were previously characterized, and, by 

comparing their spectroscopic information with literature values, they were identified as trans-ε-

viniferin (2),32 3β-(3′,5′-dihydroxyphenyl)-2α-(4′′-hydroxyphenyl) dihydrobenzofuran-5-

carbaldehyde (4),89,90 iodo-substituted resveratrol (5),91,92 trans-δ-viniferin (6),75 chloro-

substituted resveratrol (16),93 and regioisomeric nitro-derivatives (18 and 19).90 The structure of 

the other oxidized metabolites were elucidated by employing widely accepted NMR strategies,70 

and included two ethoxy-substituted dimers (9, 10), two open dimers (1, 17), several mono- and 

di-substituted iodine resveratrol derivatives (12, 13, 14 and 15) and two ethoxy-substituted 

monomers (8, 11) as seen in Figure 1. 

4.4 In silico evaluation of drug-likeness 

     Following the elucidation of the structure of resveratrol's oxidative metabolites, it became 

feasible to evaluate their drug discovery potential. The in silico evaluation of the compounds was 

done in collaboration with the group of Prof. György Tibor Balogh (Department of Pharmaceutical 

Chemistry, Semmelweis University, Budapest, Hungary). We employed the ACD/Percepta 

software package,94 emphasizing Lipinski's rule of five (Ro5) to evaluate drug-likeness 95 and 

complementing it with the Ertl method to assess intestinal absorption.96  

     The principal physicochemical properties relevant to these compounds are summarized in 

Table 2, with the last column highlighting any associated medicinal chemistry rule violations 

(MedChem issues). In the evaluation of resveratrol and its oxidized derivatives, five compounds 

(1, 9, 10, 14, 17) exhibited violations of Lipinski's Rule of Five (Ro5), with compound 17 showing 

significant deviations from the optimal draggability range across three parameters. Assessment 

using the Ertl method indicated that compounds 1, 10, and 17 have a marginally reduced predicted 

intestinal absorption, while compound 9 is expected to have minimal absorption. Predictions of 

aqueous solubility categorized compounds 1, 2, 6, 10, and 14 as having moderate solubility (<0.1 

mg/mL), and compound 17 as having poor solubility (<0.01 mg/mL).  

     Given that the ACD/Percepta software's internal database confirmed the experimentally 

established inhibitory impact of resveratrol on the cytochrome P450 1A2 (CyP1A2) isoenzyme, it 

was deemed important to evaluate this also for compounds 1–19. In silico evaluation of the 

inhibitory effect of resveratrol and these compounds on the CyP1A2 isoenzyme revealed 
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comparable potential inhibitory effect on CYP1A2 for compounds 5, 18, and 19, similar to the 

inhibition by resveratrol. Overall, the physicochemical characteristics of the resveratrol 

metabolites adhere to in silico drug-likeness criteria, except for compounds 1, 9, 10, 14, and 17. 

 

Table 2: Physicochemical characterization of resveratrol and its ROS/RNS-oxidized metabolites 

(1–19) using ACD/Percepta suite 

Compounds MW strongest 

pKa,acid 

HBD/ 

HBA 

logP / 

logD7.4 

TPSA 

Å² 

Solubility 

mg/ml 

MedChem 

issues 

Resveratrol 228.2 9.2 3 / 3 2.8 / 2.8 60.7 1.23 CyP1A2 inhibition 

1 454.5 8.5 6#/ 6 4.7#/ 4.7 121.4# 0.01# Ro5! (HBD) 

2 454.5 9.2 5 / 6 4.2 / 4.2 110.4 0.08# - 

3 267.3 9.0 2 / 4 2.9 / 2.9 66.5 0.17 - 

4 348.4 9.2 3 / 5 3.0 / 3.0 87.0 0.28 - 

5 354.1 7.8 3 / 3 3.5 / 3.4 60.7 0.35 CyP1A2 inhibition 

6 454.5 9.2 5 / 6 4.1 / 4.1 110.4 0.04 - 

7 474.3 7.8 3 / 5 3.9 / 3.7 87.0 0.11 - 

8 318.4 9.2 3 / 5 2.9 / 2.8 79.2 0.31 - 

9 516.5# 9.2 7#/ 8 3.9 / 3.9 150.8## 0.19 Ro5! (MW, HBD), TPSA! 

10 500.5# 9.2 6#/ 7 4.5 / 4.5 130.6# 0.02# Ro5! (MW, HBD) 

11 318.4 9.2 3 / 5 2.9 / 2.8 79.2 0.31 - 

12 354.1 8.1 3 / 3 4.1 / 4.0 60.7 0.24 - 

13 444.3 7.7 3 / 5 3.8 / 3.6 79.2 0.17 - 

14 480.0 6.6 3 / 3 5.1#/ 4.1 60.7 0.04# Ro5! (logP) 

15 444.3 8.0 3 / 5 4.1 / 4.0 79.2 0.13 - 

16 262.7 8.1 3 / 3 3.7 / 3.6 60.7 0.36 - 

17 706.3## 6.7 6#/ 6 6.8##/ 5.7 121.4# 0.002## Ro5! (MW, HBD, logP) 

18 273.2 8.8 3 / 6 2.5 / 2.5 106.5 0.5 CyP1A2 inhibition 

19 273.2 6.8 3 / 6 3.0 / 2.3 106.5 0.5 CyP1A2 inhibition 
#moderate or ##increased violations using classical rule of five 94 or for TPSA (#>120 Å², ##>140 Å²) or for Solubility 

(#<0.1 mg/ml, ##<0.01 mg/ml). 

4.5 Bioactivity of the oxidized metabolites 

4.5.1 Cardiovascular protective activity 

 The ACE inhibitory activity of the oxidized metabolites was evaluated and compared to that of 

resveratrol to assess their cardioprotective potential. Results are compiled in Table 3.  
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Table 3. ACE inhibitory activity and ligand-lipophilicity efficiency (LLE) of resveratrol and the 

isolated pure compounds. Results are expressed as mean ± SEM, n = 3 for % inhibition studies 

and n = 2 for IC50 estimation. % inhibition of the compounds was performed at 90 µM and captopril 

at 10 µM. *: p <0.05 by one-way ANOVA using Dunnett’s multiple comparison test to the parent 

compound resveratrol. Ligand-lipophilicity efficiency values are calculated by LLE=pIC50-logP 

using the logP values from Table 2. 

 

Compounds ACE Inh. (%) ACE IC50 (µM) LLE 

Resveratrol 38.6 ± 0.6 185.8 ± 9.1 0.9 

1 87.4 ± 1.6 17.5 ± 4.8* 0.0 

2 81.8 ± 1.0* 31.8 ± 0.5* 0.3 

3 33.4 ± 1.0 106.4 ± 2.0 1.0 

4 66.9 ± 2.6* 41.6 ± 2.4* 1.4 

5 70.9 ± 9.3* 20.4 ± 2.2* 1.2 

6 101.0 ± 0.4* 9.2 ± 0.6* 0.9 

7 82.0 ± 2.8* 17.1 ± 1.8* 0.9 

8 -7.9 ± 2.7* >1000 - 

9 91.5 ± 0.2* 36.5 ± 0.8* 0.5 

10 74.5 ± 5.3* 33.3 ± 1.5* -0.1 

11 -2.9 ± 1.0* >1000 - 

12 90.5 ± 0.7* 15.1 ± 1.5* 0.7 

13 10.8 ± 2.1 >1000 - 

14 81.8 ± 9.3* 16.2 ± 1.7* -0.3 

15 0.5 ± 3.0* >1000 - 

16 62.4 ± 0.1 61.6 ± 3.4* 0.5 

17 71.4 ± 4.9* 38.8 ± 1.1* -2.4 

18 10.7 ± 0.3* 277.7 ± 7.8 1.1 

19 28.1 ± 2.8* 192.4 ± 2.5 0.7 

Captopril 81.2 ± 1.0* 0.12 ± 0.1* - 

 Remarkably, most of the oxidized resveratrol derivatives obtained in this study exhibited 

significantly stronger ACE inhibitory compared to the moderately active resveratrol itself. Several 

halogenated derivatives (5, 7, 12, 14 and 17) had markedly improved inhibitory activity. 

Compounds with ethoxy groups replacing the CH=CH double bond, as in 8, 11, 13 and 15, had a 

complete loss of ACE inhibitory activity. Dimers, open- and ring-closed, had improved 

bioactivities, with trans-δ-viniferin (6) identified as the most potent ACE inhibitor in this study, 
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over 20 times stronger than resveratrol. Connecting two monomers at the CH=CH bond, such as 

in 9 and 10, resulted in reduced activity compared to that of their aromatic ring-connected 

counterpart 1. Additionally, fragmented dimers (4 and 7), which are clearly products of subsequent 

oxidative transformations, were also active. 

  Given that 11 derivatives were found to have IC50 values less than 50 𝜇M,  we employed the 

LLE metric 97 to tackle and minimize the promiscuity risk in selecting ACE selective candidates. 

According to the method proposed by Leeson,98 derivatives 4, 5, 6 and 7, each with LLE ≥ 0.9 

(equivalent to or larger than resveratrol) contain enthalpically more favorable binding 

characteristics for ACE (see Table 3). Altogether, based on IC50 and LLE values, and drug-like 

physicochemical properties, compounds 6 and 12 were highlighted as the most promising ACE 

inhibitor candidates among the compounds in this study. 

 

Kinetic and domain specific studies of 6 and 12 as ACE inhibitors 

    Enzyme kinetic studies were performed to evaluate the mode of ACE inhibition by compounds 

6 and 12. Our results revealed 6 as a competitive, and 12 as a mixed-type inhibitor.  

 

Table 4: Inhibitory activity of compounds 6 and 12 on the C- and N-terminal domain of rabbit 

lung ACE. Results are expressed as mean ± SEM, n = 3 for % inhibition and n = 2 for dose-

response studies; n. d. = not determined. For both % inhibition and dose-response studies, the 

substrate concentration [S] = KM was calculated from initial velocity studies of both substrates; 

Abz-SDK(Dnp)P-OH; [S] = 79 µM and Abz-LFK(Dnp)-OH; [S] = 33 µM.  

Inhibitor  
C-domain  N-domain  

Inhibition (%)a IC50 (µM) Inhibition (%) IC50 (µM) 

6  46.3 ± 4.2 17.1 ± 1.2 22.4 ± 0.7 56.4 ± 5.2 

12  35.0 ± 3.3 35.1 ± 1.5 12.8 ± 1.9 104.8 ± 3.4 

BPPb 80.9 ± 3.1 n. d. 0.6 ± 0.4 n. d. 

Angiotensin II 36.8 ± 1.1 n. d. 6.1 ± 1.1 n. d. 
a Inhibition percentage was determined at 10 µM for angiotensin II, and compounds 6 and 12, and at 

200 nM for BPPb. 

 

  ACE consists of two homologous metallopeptidase domains, N- and C-terminal domain (N-

ACE and C-ACE, respectively).78 Based on this, we studied the action of compounds 6 and 12 on 
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both domains using domain specific substrates, Abz-SDK(Dnp)P-OH (for N-ACE) and Abz- 

LFK(Dnp)-OH (for C-ACE). To validate the method, angiotensin II and bradykinin potentiating 

peptide B (BPPb), a highly specific C-ACE inhibitor, were used as positive controls. The 

percentage inhibition and the dose-dependent inhibition of the compounds on each domain is 

presented in Table 4. For both natural oligopeptides, BPPb and angiotensin II, the inhibition of 

the C-domain was significantly higher than that of the N-domain at the same inhibitor 

concentration, which corroborates previous studies.99,100 Both compounds 6 and 12 also 

preferentially inhibited the C-domain part of the ACE. The inhibition constants of 6 bound to ACE; 

C-domain (Ki = 9.9 x 10–6 M) and N-domain (Ki = 2.7 x 10–5 M) showed that compound 6 

preferentially inhibits the C-domain of the enzyme, with a selectivity factor of 2.74. 

 

Chemical and biological evaluation of trans-δ-viniferin enantiomers 

     Chiral HPLC using an isocratic elution of n-hexane-ethanol (82:18, v/v) on a cellulose-based 

chiral column (Chiralcel OD-H) confirmed C-domain-specific ACE inhibitor trans-δ-viniferin (6) 

was a racemic mixture. The racemate, 6 was separated to pure enantiomers (6a and 6b) in a similar 

workflow as previously reported by Huber and colleagues.75 A comparison of the experimental 

and theoretical VCD spectra of the separated 6b indicated that the absolute configuration of this 

enantiomer is (S,S), due to a strong correlation between the measured spectrum and the population-

weighted (average) calculated spectrum.70 

 

Table 5: ACE inhibitory activity of resveratrol and isolated enantiopure compounds. Results are 

expressed as mean ± SEM, n = 4 for % inhibition studies and IC50 estimation. Inhibition % of the 

compounds was tested at 50 µM. *: p <0.05 by unpaired t-test assuming Gaussian distribution 

(parametric test) between the enantiomers. 

Compound ACE Inhibition 

 (%) 

ACE IC50 

(µM) 

6 96.3 ± 0.3 10.9 ± 0.1 

6a-(R,R) 99.4 ± 0.5 8.7 ± 0.6 

6b-(S,S) 91.2 ± 0.9 12.1 ± 0.1* 

 

Assessment of the ACE inhibitory activity of the trans-δ-viniferin enantiomers indicated a 

significantly higher potency of 6a-(R,R) compared to its stereoisomeric counterpart, 6b-(S,S) (see 
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Table 5). Following chemical and biological evaluations of these enantiomers, docking 

simulations were carried out to explore the interactions between both compounds with ACE at the 

C- and N-terminal active sites. The best docked position of both enantiomers in the ACE C-domain 

and N-domain active site are shown in Figure 2. 

 

 

Figure 2. A: The best docked position of enantiomers 6a-(R,R) in blue and 6b-(S,S) in green, along 

with the experimental position of lisinopril (red) in the ACE C-domain active site along with the 

interaction map of 6a-(R,R). B: The best docked position of enantiomers, 6a-(R,R) in blue and 6a-

(S,S) in green, along with the experimental position of lisinopril (red) in the ACE active site along 

with the interaction map of 6b-(S,S) in the A-chain of ACE N-domain. 
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4.5.2 Anti-inflammatory activities 

    The potential anti-inflammatory activities of the isolated compounds, relative to resveratrol, 

were evaluated based on their inhibitory effects on 15-LOX, COX-1 and COX-2 enzymes. Results 

are shown in Table 6. 

 

Table 6:  Anti-inflammatory activities of resveratrol and compounds 1–19. Positive controls were 

SC560, Celecoxib, and NDGA for COX-1, COX-2, and 15-LOX, respectively.  Results are 

expressed as mean ± SEM, n = 3. Compounds were tested at 100 µM for LOX % inhibition and 

50 µM for COX-1 and COX-2 % inhibition. Dose-response studies were carried out on compounds 

exhibiting ≥ 70% and 80% inhibition for COX-1 and COX-2, respectively; n.d. = not determined. 

Ligand-lipophilicity efficiency values were calculated as LLE=pIC50-logP using logP values from 

Table 2. 

 

Compounds COX-1  

Inh.(%)/IC50 (µM)/LLE 

COX-2  

Inh.(%)/IC50 (µM)/LLE 

LOX  

Inh.(%)/IC50 (µM)/LLE 

Resveratrol 98.6 ± 0.2/2.9 ± 1.0/2.7 95.8 ± 1.3/5.4 ± 0.1/2.4 4.3 ± 6.3/> 400 

1 65.2 ± 5.2/ n.d. 86.5 ± 2.8/5.2 ± 0.3/0.5 59.8 ± 7.4/53.4 ± 5.0/-0.5 

2 80.0 ± 1.4/9.1 ± 1.6/0.9 91.7 ± 2.5/3.4 ± 0.1/1.3 85.8 ± 3.9/9.7 ± 2.8/0.8 

3 41.5 ± 4.1/n.d. 72.0 ± 5.2/n.d. 35.0 ± 7.1/85.7 ± 20.1/1.1 

4 37.9 ± 3.9/n.d. 80.1 ± 2.5/19.6 ± 1.4/1.7 9.9 ± 6.9/241.1 ± 21.0/0.6 

5 73.9 ± 5.3/21.3 ± 0.7/1.1 78.5 ± 2.1/n.d. 18.7 ± 5.0/120.6 ± 4.9/0.4 

6 98.6 ± 0.3/4.7 ± 0.3/1.2 92.7 ± 0.9/5.6 ± 0.6/1.1 73.1 ± 4.4/22.4 ± 8.8/0.5 

7 37.1 ± 2.8/n.d. 60.6 ± 5.7/n.d. -14.5 ± 15.8/n.d. 

8 16.8 ± 7.9/n.d. 38.9 ± 4.9/n.d. -2.7 ± 4.7/n.d. 

9 29.5 ± 6.0/n.d. 77.7 ± 2.9/n.d. 13.5 ± 14.8/99.6 ± 5.1/0.1 

10 65.9 ± 13.1/n.d. 85.2 ± 2.0/12.2 ± 0.2/0.4 -8.6 ± 7.6/n.d. 

11 17.4 ± 3.3/n.d. 19.2 ± 6.0/n.d. -7.4 ± 8.6/n.d. 

12 67.3 ± 2.9/n.d. 93.2 ± 0.9/11.1 ± 0.4/0.8 19.9 ± 12.8/97.2 ± 2.4/-0.1 

13 29.8 ± 16.4/n.d. 70.2 ± 1.6/n.d. -11.5 ± 9.0/n.d. 

14 26.5 ± 0.6/n.d. 67.1 ± 3.6/n.d. 20.3 ± 5.0/97.2 ± 2.4/-1.0 

15 9.5 ± 1.9/n.d. 37.9 ± 3.6/n.d. -1.2 ± 6.8/n.d. 

16 49.1 ± 3.3/n.d. 88.2 ± 1.1/13.3 ± 0.1/1.2 11.6 ± 4.7/94.4 ± 3.8/0.3 

17 42.6 ± 17.8/n.d. 60.6 ± 2.8/n.d. 24.2 ± 8.1/174.9 ± 2.2/-3.1 

18 55.8 ± 4.0/n.d. 48.8 ± 4.2/n.d. 6.2 ± 1.1/>400 

19 77.0 ± 1.1/19.8 ± 0.1/1.7 57.5 ± 4.9/n.d. -0.48 ± 3.8/n.d. 

Control 100.4 ± 10.6/0.011 ± 0.1 77.7 ± 1.4/0.5 ± 0.1 80.19 ± 6.4/3.5 ± 0.8 



32 

 

     Trans-ε-viniferin (2) and trans-δ-viniferin (6) had markedly improved LOX inhibitory activity 

corroborating previous study on the Fe-catalyzed, biomimetic oxidation of resveratrol,32 with 

trans-ε-viniferin acting as a 40 times stronger 15-LOX inhibitor than resveratrol. Open ring 

dimers, 1 and 9, also had improved activities, and several iodinated compounds (5, 12 and 14) 

exhibited pronounced LOX inhibition. Apart from the viniferins 2 and 6, which were comparably 

potent, most of the oxidized derivatives obtained in this study were less effective as COX inhibitors 

when compared to resveratrol.  Interestingly, compound 2 had a nearly 3-times selectivity towards 

COX-2, in contrast with resveratrol that was slightly COX-1 selective in this study.  

  Anti-inflammatory effects were also assessed using the ligand-lipophilicity efficiency (LLE) 

metric (see Table 6). Since the oxidized derivatives could not be proven to possess an improved 

inhibitory effect of COX-1 and COX-2 in comparison to resveratrol, only the relative LLE values 

were assessed. Thus, rating the resveratrol derivatives revealed that on COX-1 they had the 

enthalpically beneficial order of effect as 19 > 6 > 5 > 2, whereas in case of COX-2, this was 4 > 

2 > 16 > 6 > 12 > 1. For LOX inhibition, only IC50 values below 50 μM were taken into 

consideration, and as such, compounds 2 and 6 were identified as the two main enthalpically 

valuable candidates, which could potentially be considered as the order related to the LLE value. 

4.5.3 Xanthine oxidase inhibition and free radical scavenging activity. 

    XO inhibitory activity of the compounds was estimated based on their ability to prevent uric 

acid formation from xanthine. To evaluate the potential direct antioxidant activity of the 

compounds in comparison with that of resveratrol, both DPPH scavenging activity and ORAC 

were evaluated. Results are presented in Table 7.  

    Oxidation of resveratrol resulted in the formation of some metabolites with significantly 

enhanced ability to inhibit XO compared to resveratrol, as shown in Table 7. Compounds 5, 12, 

and 16 exerted a nearly complete inhibition of XO at 100 μM, and dose–response studies revealed 

that 12 and 16 showed similar efficacy in XO inhibition comparable to allopurinol, a standard 

reference drug. Enzyme inhibition kinetics studies revealed that compounds 12 and 16 inhibit XO 

competitively, compound 18 and the viniferins (2 and 6) were observed to be mixed-type 

inhibitors. In silico docking was performed with 12 and 16, the most potent competitive inhibitors, 

and the best-docked position of both compounds in XO active site is presented in Figure 3.  
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Table 7: XO inhibitory activity along with DPPH scavenging activity and ORAC values of 

compounds 1–19. Results are expressed as mean ± SEM, n = 3 for % inhibition studies and IC50 

estimation. *: p < 0.05 by one-way ANOVA using Dunnett’s multiple comparison test to the parent 

compound, resveratrol. n = 2 for DPPH and 3 = ORAC assay. For XO studies, n = 4; due to the 

large differences, statistical significance was not evaluated for IC50 values.  

   

    A chlorine-substituted metabolite, 16, exhibited improved DPPH scavenging activity compared 

to the parent compound, resveratrol. Several compounds including trans-ε-viniferin (2) and trans-

δ-viniferin (6), and iodine-substituted derivatives (12 and 13) had significantly higher TE value 

than resveratrol. 

Compounds XO  

Inh.(%) / IC50 (µM) 

DPPH  

IC50 (µM) 

ORAC  

 (Trolox Equivalent, TE) 

Resveratrol 55.6 ± 1.1/119.4 ± 2.0 27.7 ± 1.4 8.9 ± 0.2 

1 30.7 ± 1.7/ n.d. 45.59 ± 1.9 4.8 ± 0.3* 

2 69.1 ± 3.1/22.8 ± 6.3 92.1 ± 1.6 15.2 ± 0.5* 

3 6.5 ± 1.4*/ n.d. 114.9 7.0 ± 0.2* 

4 32.9 ± 1.0/ n.d. >500 8.6 ± 0.1 

5 97.2 ± 4.9*/15.3 ± 1.4 41.0 ± 1.5 9.9 ± 0.5* 

6 77.4 ± 2.1/16.4 ± 1.3 340.7 ± 2.1 12.5 ± 0.7* 

7 23.0 ± 3.3/ n.d. >500 9.2 ± 0.5 

8 14.4 ± 3.0*/>1000 >500 8.1 ± 0.5 

9 31.5 ± 4.8/234.1 ± 4.8 22.6 ± 1.9 9.5 ± 0.3 

10 15.1 ± 1.7*/233.3 ± 5.1 53.1 ± 1.5 13.9 ± 0.1* 

11 15.0 ± 1.4*/ n.d. >500 8.1 ± 0.5 

12 93.8 ± 1.3*/6.4 ± 0.5 51.7 ± 1.6 12.5 ± 0.7* 

13 26.5 ± 1.6/ n.d. >500 11.0 ± 0.8* 

14 45.3 ± 3.0/ n.d. 150.3 ± 1.5 10.5 ± 0.9 

15 22.1 ± 0.7*/ n.d. 233.8 ± 5.8 9.3 ± 0.7 

16 90.6 ± 4.4*/4.8 ± 0.8 15.8 ± 1.0 9.9 ± 0.5 

17 64.4 ± 0.3/ n.d. 87.1 ± 2.9 8.3 ± 0.1 

18 87.7 ± 1.8/15.7 ± 0.4 >500 4.7 ± 0.1* 

19 66.6 ± 2.1/22.1 ± 0.8 >500 4.5 ± 0.1* 

Standard 97.3 ± 0.9*/5.9 ± 0.9 - - 
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Figure 3. Best-docked poses of compounds 16 (A) and 12 (B). Three-dimensional orientation and 

aromatic edge/face receptor surface is shown for both compounds at identical viewing angle and 

zoom (left), along with the 2D interpretation of the ligand–residue interactions with the 3NVY 

protein (right).  

5.0 DISCUSSION 

5.1 Oxidative transformation models 

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

exploring a broad chemical space of oxidized resveratrol metabolites, we employed ‘biomimetic’ 

and ‘biorelevant’ models that are considered similar to human physiological processes, along with 

biomimetic-related chemical oxidation.28 Accordingly, biorelevant in vitro models included those 

that directly provide free radicals that occur as such in the body, e.g., •OH. These include systems 

like metalloporphyrin/H2O2, Fe2+/H2O2, H2O2: Cu2+/ascorbic acid, and ONOO– as described in our 

previous publication.28 Additionally, the chemical systems with substantial experimental evidence 

of their suitability for biological oxidative stress (DPPH, AAPH, AIBN) were also considered. For 
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biomimetic models, chemical systems involved an oxidation medium containing an aqueous 

component in addition to a cosolvent, providing a medium that may serve as a good model to the 

physiological conditions.28 Chemical oxidation related to biomimetic models, differed from 

biomimetic only in the anhydrous organic solvent medium (CH3CN, CH3OH, EtOH, DMSO), 

which may still provide relevant models of oxidative processes within biological membranes. We 

therefore considered electron donors (e.g. NaIO4, K3Fe(CN)6, Cu2+, Fe2+/Fe3+) and agents that 

mimic the nitrating capacity of peroxynitrite (e.g. NaNO2). 

    Synthetic metalloporphyrin models complexed with donor oxidants like H2O2 have been 

developed as oxidative catalysts,101 similar to cytochrome P-450  metalloporphyrin containing 

proteins/enzymes. In biological systems, H2O2 generates hydroxyl radical by electron abstraction 

from iron or copper ions (metals abundant in biological systems), with the original metal ions 

regenerated by O2
•–, a two-step process that culminates in ROS generation.13 Furthermore, AIBN 

and AAPH, well-characterized radical initiators that decompose to generate alkylperoxyl and 

alkoxyl radicals, respectively, have been utilized as experimentally validated oxidative stress 

models.102,103 We also considered oxidation by hypervalent iodine (III) reagents PIFA and PIDA; 

these reagents were found in previous studies to reasonably mimic reactions that could occur via 

ROS scavenging by an antioxidant.104,105 Additionally, xanthine oxidase was also used; it is a key 

enzyme in purine catabolism, and catalyzes xanthine and hypoxanthine oxidation to uric acid while 

generating ROS (O2
•– and H2O2).

106 This supports its high relevance as a biochemical model for 

oxidative stress. 

     One of the most important RNS found in biological systems is peroxynitrite, formed from the 

reaction of the two radicals; nitric oxide (NO), an ubiquitous intracellular messenger, and O2
•– .107 

In biological environments, peroxynitrite is rapidly converted to peroxynitrous acid (ONOOH), a 

strong oxidizing agent.108 Under acidic conditions, as present in the stomach, nitrite acts as an 

oxidizing agent,109 justifying our studies on the transformations of resveratrol with sodium nitrite 

under acidic phosphate buffer (pH 3.0) and  KCl-HCl (pH 2.0) as biomimetic models,90,109 

mimicking gastric oxidative conditions. 

    Several reactions were also performed in ethanol, to expand our work towards oxidations that 

may occur in aged wine bottles. As stated in our published studies,70,74 most reactions were 

terminated by adding aqueous solution of reduced glutathione (GSH), an abundant intracellular 

antioxidant and redox buffer 110 to further improve the biorelevance of the experimental procedure. 
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5.2 The chemical space of resveratrol 

    Diversity-oriented synthesis to create chemical libraries for drug discovery purposes requires 

methodologies that are not only diverse but also have a high pharmacological hit rate,111,112 termed 

biological performance diversity.113 Our study approached this subject by exploring the chemical 

space of the oxidized metabolites prepared via chemical models of ROS/RNS scavenging by 

resveratrol. Oxidized resveratrol metabolite mixtures in microplates were screened using LA-

REIMS, a powerful analytical technique for metabolite fingerprinting that enables real-time 

monitoring of chemical reactions and metabolic processes by ionizing molecules directly from the 

sample surface without extensive sample preparation. This allowed the identification of key 

oxidative resveratrol metabolites, offering insights into resveratrol's chemical reactivity and its 

scavengeome. Several m/z product ions such as dimers (M+H+: 455.1478, M-H-: 453.1337), 

ethoxy-dimers (M+H+: 501.1919), iodo-substituted and chloro-substituted resveratrol moieties 

(M+H+: 352.9670, M+H+: 261.0355, respectively) and nitro-substituted derivatives (M-H-: 

272.0563), were easily identifiable based on literature.74,114-116 These m/z values were observed to 

be common across all oxidized mixtures, with variations in peak intensity and quantity depending 

on oxidant concentration and reaction time in each experimental set-up. Although diversity-

oriented synthesis creates large, diverse chemical libraries, there is no guarantee that the newly 

formed compounds have significant biological activity, causing redundancy.113 To minimize this, 

the oxidized mixtures were pre-screened by their ACE inhibitory potential, allowing for the 

selection of conditions that result in biologically important metabolites.  

     Dietary antioxidants such as resveratrol may directly scavenge reactive oxygen and nitrogen 

species (RONS), producing a complex array of metabolites that exhibit modulated 

pharmacological activities when compared to their corresponding parent antioxidants.29 The 

discovery of bioactive metabolites relies upon the biological assessment (screening) of collections 

(or libraries) of these metabolites to identify those with desired properties (hits).117,118 A key 

challenge remains optimizing the balance between broad chemical space coverage and biological 

relevance. Although several reaction conditions resulted in a more-diverse chemical space, they 

did not correlate with enhanced ACE inhibitory activity. For example, some oxidized mixtures 

exhibited higher bioactivity at earlier time points but lacked structural diversity, as observed in 

resveratrol oxidation with 8 mM AAPH + 100 mM H2O2, which had an 80% inhibition at 4 h, but 

declined to about 45% inhibition at 21 h 30 min. Thus, we approached this challenge by prioritizing 
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reaction conditions favoring dimer formation (M+H+: 455.1478, M-H-: 453.1337), which were 

deemed better products for our scavengeome concept and linked to increased bioactivity. 

    The oxidation conditions optimized for high chemical diversity and bioactivity were scaled up 

to focus exclusively on significant experimental parameters. Metabolomic profiling of these 

optimized oxidized mixtures against a diverse array of resveratrol derivatives showed that many 

metabolites had m/z values characteristic of resveratrol dimers, in addition to ethoxy- or halogen-

substituted derivatives. Resveratrol can efficiently scavenge various types of ROS/RNS, resulting 

in radical intermediates stabilized via electron delocalization across the two aromatic rings and the 

unsaturated methylene bridge connecting them.119 Such transformations are expected as a result of 

chemical transformations such as carbon-carbon coupling, heterocyclic ring formation and 

oxidative dimerization that occur in polyphenols like resveratrol.29 Bioactivity evaluations of these 

compounds revealed that the scavengeome of resveratrol represents significantly modulated 

pharmacological activities when compared to resveratrol. For example, subjecting resveratrol to 

ONOO– oxidation (Ox9) resulted in the formation of trans-ε- and trans-δ-viniferins (2 and 6), as 

well as a nitro-substituted resveratrol (19) that collectively resulted in an almost 100% inhibition 

on ACE at the measured concentration. Other mixtures with high ACE inhibitory action were Ox5 

and Ox6, both containing halogen-substituted derivatives. These derivatives also contributed to 

the modulated inhibitory action on LOX and XO enzymes. Similarly observed, the Fe-catalyzed 

oxidation of resveratrol led to a mixture containing a variety of minor products (ε- and δ-viniferins 

and open dimer), with improved lipoxygenase inhibitory activity with resveratrol inactive.32 

Furthermore, Fe-catalysed oxidation of resveratrol in the presence of periodic acid resulted in 

oxidized mixtures, Ox6 and Ox7, with modulated XO inhibitory activity. 

5.3 Chemistry of compounds and occurrence in biological environment/systems 

     The oxidation of resveratrol led to the isolation of a diverse group of compounds, representing 

a structural diversity that was expectable from our chemical approach. Regarding their biological 

relevance, it may be particularly noteworthy that compounds 2, 6 and 16 are expectable products 

of a resveratrol molecule scavenging free radicals in a biological environment. For instance, 

chlorine substitution seen in compound 16 may be the result of a reaction of a resveratrol radical 

with chloride ions, which are abundant in intra- and extracellular fluids. Similarly, the strong self-

association of resveratrol via strong π-π stacking in aqueous solution 120 facilitates radical coupling 
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that could lead to dimers such as 1, 2, 4 and 6, possible in a biological environment under oxidative 

stress, regardless of the very low concentration of free resveratrol achievable in vivo. Additionally, 

nitro-derivatives, 18 and 19, are also expectable products due to the availability of nitric oxide, 

and its potential to form peroxynitrite in biological systems.69 To further assess the potential for in 

vivo formation, resveratrol was oxidized by XO leading to the formation of trans-δ-viniferin (6), 

albeit in trace amounts. Given that XO is a ubiquitous enzyme responsible for the oxidation 

of xanthine and hypoxanthine to uric acid, generating ROS (O2
•– and H2O2),

106 this finding 

suggests a plausible biological oxidation pathway. Moreover, activated XO produces significant 

amounts of superoxide anion in the vascular system under pathophysiological conditions,106 and, 

interestingly, the O2
•− scavenging activity of resveratrol is higher in the xanthine/XO system.66 

     Compounds 5, 12 and 14 are valuable to expand chemical space towards halogen-substituted 

derivatives related to the biologically more relevant compound 16. In addition to this, the ethoxy 

substituted compounds 8–10 are of further interest for their potential formation when resveratrol 

becomes oxidized in the presence of ethanol, as may occur during the aging of red wine, which is 

connected to a gradual decline in resveratrol content.121  

5.4 Bioactivity of the isolated compounds 

5.4.1 Cardioprotective potential  

     Numerous studies suggest that cardiovascular diseases (CVDs) like hypertension and cardiac 

failure are linked to oxidative stress via various signaling pathways in the renin-angiotensin system 

(RAS).122,123 An important component of the RAS is the angiotensin-I converting enzyme (ACE), 

which catalyzes the conversion of angiotensin I to angiotensin II, the primary mediator of the 

RAS.124 Angiotensin II stimulates AT1 receptor on smooth muscle cells of the arteriole vasculature 

causing vasoconstriction and elevation of blood pressure.125 ACE inhibitors decrease the 

production of angiotensin II and aldosterone, while simultaneously increasing bradykinin, 

endothelial NO and prostacyclin, a combined effect that results in vasodilation, and thus 

cardioprotection.126  

     Resveratrol has shown cardioprotective effects partly through ACE modulation, thereby 

promoting vascular health.127 In this study, all tested compounds, except those with a loss of the 

H-C=C-H, showed greater ACE inhibitory activities than resveratrol, suggesting this bond might 

be responsible for the activity of natural and semi-synthetic stilbene compounds in inactivating 
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ACE. Structure–activity relationship analysis revealed that substituting one of the aromatic rings 

of resveratrol with iodine or chlorine increases the ACE inhibitory effect by approximately 3–12 

fold in the order of 16 << 5 < 14 ~ 12.Consequently, the presence of a 4-iodo group seems more 

favorable than a 2-iodo group (12 vs. 5 and 14 vs 5) in this context, and significantly more 

favorable than a 2-chloro substitution (16). The reduced inhibitory effect of 16 could possibly be 

a result of the presence and interaction of chlorine with several amino acid acids in the native ACE 

active site.77 The presence of these halogenated derivatives in the oxidized mixtures suggest their 

contribution to the overall activity of these mixtures. Replacing the CH=CH double bond with 

ethoxy groups, as in 8 and 11, led to a complete loss of ACE inhibitory activity, regardless of 

iodine substitution, as observed in 13 and 15. Nonetheless, ethoxy substitution of the open dimers 

as in  9 and 10 did not result in such a dramatic loss of activity as that observed in the monomers, 

8 and 11. The most potent ACE inhibitor identified was compound 6, trans-δ-viniferin, a common 

resveratrol dimer formed from various oxidation models reported, which might explain the 

improved ACE inhibition of the oxidized mixtures.  

     ACE comprises two homologous metallopeptidase domains, N and C, joined by a short linker 

region. While both domains are capable of cleaving the two hemoregulatory peptides angiotensin 

I and bradykinin, their affinities for substrates and inhibitors differ.78 The C domain is primarily 

responsible for angiotensin II production, and hence blood pressure regulation,128,129 making it a 

crucial target for antihypertensive drug development. Kinetic studies revealed that compounds 6 

and 12 preferentially inhibited the C-domain. The selectivity of ACE inhibitors for either N- or C-

domain is controlled by subtle differences in the amino-acids forming the active site.  

   As 6 was shown to be a competitive inhibitor to the ACE, superimposing the best docked 

orientation of 6a-(R,R) and 6b-(S,S) enantiomers with the experimentally bound lisinopril, an 

approved hypertension drug, in the crystal structure of ACE C- and N-domains (PDB ID: 1O86 

and 2C6N, respectively) 77,130 provided important insights into the difference observed between 

the bioactivities of 6a-(R,R)  and 6b-(S,S) as presented in Figure 2. 

   Computational docking analysis showed that 6a-(R,R) has a higher binding affinity to the ACE 

C-domain than its counterpart 6b-(S,S), with affinity values of -10.38 Kcal/mol and -9.9 Kcal/mol, 

respectively, in their best docked position (Figure 2A). The binding orientation of 6a-(R,R) to the 

active site of C-ACE closely resembles that of lisinopril, which may explain its higher inhibitory 

potential as compared to its enantiomeric pair, 6b-(S,S). Zinc, an important catalytic component 
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of ACE, is bound at the active site to His383, His387 and Glu411,77 and therefore, the ionic 

interactions observed between 6a-(R,R) and the residues, Glu411 and Zn701, might provide a 

structural basis to the inhibitory potential of this compound. Furthermore, several hydrogen bonds 

were observed between the phenolic hydroxyl groups of 6a-(R,R) and amino acid residues at the 

active site, notably Arg522 that is essential for chloride activation.131 Compound 6a-(R,R) also 

interacted with Glu376 and Val380, recognized as distinct residues contributing to the C-domain 

selectivity of ACE inhibitors lisW-S, kAW and RXPA380.129,131 The polar interactions of 6a-(R,R) 

with Ala354 and His353 are noted to enhance the inhibitory activity of this compound, echoing 

reported interactions between the pseudo-proline side chain of RXPA380 and the amino acid 

residues.131 

  In the best docked orientation of both enantiomers in the A subunit of N-ACE as shown in 

Figure 2B, our docking study revealed nearly identical orientation and binding affinities of 6a-

(R,R) and 6b-(S,S) in the active site of the N-domain (with a binding energy of -10.02 Kcal/mol 

and -10.07 Kcal/mol, respectively). Both enantiomers formed several polar and non-polar 

interactions with the N-domain amino acid residues, similar to those observed in the RXP407 and 

33RE 82 but no interaction was observed with Tyr369, which would be crucial for selectivity of 

the aforementioned N-domain selective inhibitors.82 

5.4.2 Anti-inflammatory activities 

      Inflammation is central to the development of CVDs, with atherosclerosis serving as an 

example of a CVD driven by multiple inflammatory mechanisms.44 Angiotensin II, acting through 

the AT1 receptor, induces oxidative stress-, which in turn activates several inflammatory 

mediators, most notably the nuclear factor-κB (NF-κB) pathway, leading to the production 

of proinflammatory cytokines, TNF-α and IL-6. This cascade further underscores 

the interconnection between ACE inhibitors and inflammation in cardiovascular disorders.132-134  

      Interdependent of their ability to lower blood pressure, ACE inhibitors may reduce vascular 

inflammation.135-137 Thus, several of the oxidized metabolites also had marked anti-inflammatory 

activities. Benzofuran dimers, along with several open ring dimers, 1 and 9, had improved LOX 

inhibition. The presence of an -OH group in 9, an ethoxy-substituted open ring dimer, seemed to 

have reversed the observed inactivity of compound 10, another ethoxy-substituted open ring dimer 

similar to the compound also reported in the previous study by Shingai and coworkers.32 
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Compounds 9 and 10 may also hold further pharmacological potential, considering that some 

related stilbene dimers from Dracaena cochinchinensis were previously reported as thrombin 

inhibitory agents.138 Notably, some iodinated compounds with lower biological relevance 

(specifically 5 and 12, with a mono-substitution and 14 with di-substitution, respectively) also 

exhibited pronounced LOX inhibition. 15-LOX appears to play a crucial role in the development 

of atherogenesis, and targeting this enzyme could provide a feasible strategy in managing 

CVDs.139-141  

      Resveratrol has been reported to effectively inhibit cyclooxygenase activity in vivo primarily 

by selectively inhibiting of COX-1 activity and a reducing COX-2 expression at the mRNA 

level.142 COX-1 inhibition suppresses thromboxane A2 (TxA2) synthesis, a potent vasoconstrictor 

and platelet aggregation inducer, thereby mitigating thrombus formation and reducing the risk of 

myocardial infarction.143 The importance of inhibiting COX-1 along with antioxidant activity and 

XO inhibitory potential and its role in cardiovascular protection was thoroughly investigated in 6-

gingerol derivatives.144 Additionally, resveratrol attenuates atherosclerosis-associated 

inflammation by downregulating COX-2 and its downstream product, prostaglandin E2 (PGE2), a 

key mediator in arterial inflammation.145 Most oxidized derivatives obtained in this study were 

less active COX inhibitors than resveratrol, except for the viniferins 2 and 6, that showed similar 

potency. The selective COX-2 inhibition by compound 2 allows for effective anti-inflammatory 

and analgesic effects while minimizing gastrointestinal side effects typically associated with 

nonselective NSAIDs.146 

5.4.3 Free Radical Scavenging Activity  

     Evidence suggests that angiotensin II stimulates NAD(P)H oxidase activation in the arterial 

wall, a major source of ROS, which then initiates various redox signaling cascades that further 

amplify oxidative stress such as triggering ROS production by other enzymes such as xanthine 

oxidase, lipoxygenase and inducible nitric oxide synthase (iNOS).147-149 The activation 

of NAD(P)H oxidase and subsequent superoxide generation within the vascular wall plays a 

pivotal role in atherosclerosis progression and contributes to clinical cardiovascular events.150 

NAD(P)H oxidase-derived superoxide has broader implications for vascular pathology, 

particularly under inflammatory and oxidative stress conditions, where iNOS activation leads to 
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an increase in NO production. The resulting NO may react with O2
•– to form peroxynitrite, a highly 

reactive nitrogen species.151 

     The two antioxidant assays used to determine the antioxidant potential of the oxidized 

metabolites provide complementary insights since DPPH can be scavenged via hydrogen atom 

transfer (HAT) or single-electron transfer (SET), whereas the ORAC assay predominantly 

involves the HAT mechanism.152 In this study, the DPPH free radical scavenging activity of 

resveratrol corroborated with some earlier reports,153,154 and, expectably, we found a potent 

antioxidant also in the ORAC assay, as reported previously.155  

     Concerning structure–activity relationships based on direct scavenging activity of the 

compounds, it was observed that substituting one of the aromatic rings with chlorine, as in 

compound 16, increased the DPPH scavenging activity, unlike the iodine substitution (5 and 12). 

Iodine substitution, however, significantly increased the compounds’ capacity of HAT. 

Substitution of a phenol ring with electron-donating or electron-withdrawing groups (like 

halogens) markedly alters the free radical scavenging activity of polyphenols 156 depending on the 

position and the number of halogen substituents.157 The presence of halogens have been reported 

to confer increased potential for HAT,158 which is in agreement with our results on the iodine-

substituted compounds 5 and 12–14. The ethoxy- substituted dimer 10 had higher TE value than 

resveratrol, which aligns with similar findings from antioxidant abilities reported for other 

resveratrol dimers without the benzofuran ring.159 Notably, several of the oxidized derivatives of 

resveratrol were found to be similarly or more potent free radical scavengers when compared to 

their parent compound in either or both bioassays.  

      In addition to inducing NADPH oxidase, angiotensin II is also known to upregulate xanthine 

oxidase (XO) expression via ROS and NAD(P)H oxidase activation.160 Atherosclerosis in humans 

and experimental animals is associated with increased activity of both endothelial XO and plasma 

XO,161,162 suggesting a contribution of XO-derived ROS to cardiovascular disease. In the vascular 

system, XO produces large amounts of ROS under pathophysiological conditions.106 XO inhibition 

is therefore believed to work by reducing the production of ROS that damage blood vessels and 

contribute to endothelial dysfunction.163 In addition to reducing oxidative stress, xanthine oxidase 

inhibitors are reported to reduce cardiovascular risk by reducing uric acid levels. Uric acid is 

thought to have direct proinflammatory effects on vascular cells, induces inflammation by 

activating the production of cyclooxygenase 2 (COX2), thromboxane and chemokines.164,165 
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       Some metabolites had significantly enhanced ability to inhibit XO compared to resveratrol, as 

seen in Table 7, with compounds 12 and 16 acting as competitive inhibitors. In the best docked 

orientation of 12 and 16 in the active site of XO as seen in Figure 3, several hydrogen bonds were 

observed between the phenolic ring containing the two meta-hydroxy groups and several amino 

acid residues. For both compounds, a hydrogen bond was observed with the molybdopterin 

residue, Mos1328. Additionally, the halogen substituents of 12 and 16 formed hydrogen bonds 

with Glu802 and Thr1010, respectively. Proton transfer from the molybdopterin residue’s 

hydroxyl group to Glu1261 is an initial step required for the conversion of xanthine to uric acid by 

XO, suggesting that the interaction of 16 with this residue is important to the inhibitory effect. 

Glu802, Arg880, and Thr1010 have also been reported to be essential in the catalytic 

transformation of xanthine to uric acid.166,167 Therefore, interactions observed between 12 and 16 

and these residues provide a reasonable mechanistic background to the compounds’ XO inhibitory 

activity.74 

     The π–π interactions between the compounds’ A-ring and the aromatic ring of residues Phe914 

and Phe1009 restricted the compounds to a well-defined plane perpendicular to the base plane of 

the molybdenum center in the active site, further stabilizing the orientation of both compounds 

within the XO active site. The orientation and interactions of the hydroxy groups of 12 and 16 are 

similar to the 5-OH and 7-OH of quercetin and apigenin, both of which are well-studied as XO 

inhibitors.85  

5.5 In silico evaluation of isolated compounds 

     Lipinski's Rule of Five (Ro5) serves as a guideline to evaluate the drug-likeness of compounds, 

focusing on parameters such as molecular weight, lipophilicity (logP), hydrogen bond donors, and 

acceptors, which can help in predicting their absorption and permeation. Violations of Ro5 

parameters can indicate potential challenges in a compound's bioavailability.168 Increase in 

molecular weight and logP of a compound reduces its aqueous solubility and membrane 

permeability, thereby reducing its bioavailability. The Ertl method correlates polar surface area 

(PSA) with intestinal absorption, indicating that compounds with PSA <60 Å² are typically well-

absorbed, whereas those with PSA >140 Å² have poor absorption.  

     Compounds 1, 10, and 17, with PSA values suggesting marginally reduced absorption, may 

face moderate bioavailability challenges. This aligns with studies on similar polyphenolic 
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compounds showing that increased PSA can negatively impact oral bioavailability.169 Aqueous 

solubility is another critical factor influencing bioavailability, with poor solubility limiting a drug's 

dissolution rate, thus reducing its absorption and therapeutic efficacy. However, it is important to 

note that while Ro5 provides a useful framework, there are notable exceptions, especially among 

certain drug classes like antibiotics and antifungals, which often violate these rules yet remain 

orally active due to specific structural features or active transport mechanisms.170 The application 

of the ligand-lipophilicity efficiency (LLE) metric has proven instrumental in optimizing the 

balance between potency and lipophilicity during drug development.171,172 Combining potent 

inhibitory activity with desirable physicochemical properties revealed compound 6 as a potent and 

drug-like ACE inhibitor, i.e., a promising agent for cardiovascular protection. Likewise, 

compounds 2 and 6 were identified as promising LOX inhibitors. 

     Cytochrome P450 enzymes play a pivotal role in drug metabolism, and inhibition of CYP1A2 

can lead to significant drug-drug interactions, affecting the clearance of co-administered drugs 

metabolized by this enzyme. Similar inhibitory effects have been reported for other polyphenolic 

compounds, emphasizing the need for comprehensive metabolic studies to assess the safety 

profiles of these derivatives.173   

6.0 SUMMARY 

    The aim of this Ph.D. study was to extend the chemical space of oxidized resveratrol derivatives 

and to examine their pharmacological potential. Our results may be summarized as follows: 

1. Preparation of oxidized resveratrol metabolites. 

     A diverse variety of oxidized resveratrol metabolites were prepared after subjecting resveratrol 

to a variety of oxidants. Based on the metabolic profile diversity and pharmacological investigation 

to inhibit ACE, LOX, COX-1 and COX-2, and XO, and to exert direct free radical scavenging 

activity, a total of 19 compounds were isolated, including 7 new compounds.  

2. Biological evaluation of the oxidized derivatives obtained. 

The following results were obtained on the bioactivity of the pure isolated compounds: 

• Inhibition of ACE: All compounds except those with a loss of the characteristic H-C=C=H 

had a better activity than resveratrol. Compound 6 (trans-δ-viniferin) was the most potent (20 

times more active than resveratrol), and enzyme kinetic and domain-specific studies identified 

it as a competitive inhibitor, preferentially inhibiting the C-domain of the ACE enzyme by a 
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selectivity factor of 2.14. Chiral separation and evaluation revealed the 6a-(R,R) as the more 

potent enantiomer in this regard albeit with a relatively low eudysmic ratio of 1.46. 

• Inhibition of 15-LOX: While resveratrol was inactive, several of its oxidized derivatives were 

inhibitors of this enzyme. Trans-ε-viniferin (2) was the most active compound, followed by 

its isomer, trans-δ-viniferin (6) 

• Inhibition of COX-1 and COX-2: Similar inhibitory action on COX-1 and COX-2 was 

observed between resveratrol and several oxidized derivatives. In general, compounds 

inhibited COX-2 better than COX-1, suggesting that the isolated oxidized metabolites might 

be more specific to COX-2. 

• Inhibition of XO: Compounds 5, 12 and 16 (all halogen-substituted resveratrol derivatives) 

were the most potent inhibitors of XO. These compounds also inhibited the enzyme 

competitively, suggesting that the introduction of a halogen substituent to resveratrol played 

an important role in interacting with the active site of the enzyme. Resveratrol dimers, trans-

ε-viniferin (2) and trans-δ-viniferin (6), were also better inhibitors than resveratrol, and were 

identified as mixed-type inhibitors after enzyme kinetic studies. 

• Free radical scavenging potential: With a few of the oxidized derivatives having similar DPPH 

scavenging potential, compounds exhibited better antioxidant activity by hydrogen atom 

transfer, evident in the Trolox Equivalent values of the compounds from ORAC assay. 

• In silico evaluation: Most of the compounds exhibited physicochemical properties within 

acceptable parameters. Compounds (1, 9, 10, 14, 17) exhibited violations of Lipinski's Rule 

of Five (Ro5). In silico evaluation of the inhibitory effect on cytochrome P450 1A2 (CyP1A2) 

isoenzyme revealed comparable potential inhibitory effect for compounds 5, 18, and 19, 

similar to the inhibition by resveratrol. 

    In this early-phase drug discovery study, we demonstrated that scavenging various types of 

biologically relevant ROS/RNS by resveratrol leads to the formation of diverse array of 

metabolites with enhanced pharmacological activities compared to their parent compound 

resveratrol itself. As a proof of concept, our approach and findings support a performance-based 

diversity-oriented exploration of the antioxidant scavengeome as a novel high-hit-rate strategy for 

drug discovery. 
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