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Abstract 14 

Background 15 

Plant polyphenols are widely distributed in foods and beverages, either naturally present in plant-16 

based foods or added as plant extracts due to their multifaceted functional and bioactive properties, 17 

especially as antioxidants that retard rancidity caused by lipid oxidation. More than 8,000 phenolic 18 

compounds with different molecular structure exist in nature, but only a limited range of 19 

polyphenol-containing plant extracts are commercially available as food ingredients, e.g. from 20 

rosemary, green tea, and grapes.  21 

Scope and Approach 22 

Polyphenols react with a wide range of food components, including proteins, peptides, amino 23 

acids, lipid oxidation products, intermediates of Maillard reactions, and compounds formed during 24 

thermal degradation of carbohydrates. The reaction mechanisms are very different for some of 25 

these reactions, and the molecular structure determines how efficiently a given polyphenol is 26 

involved in these reactions. This review will describe the chemical mechanisms for reactions of 27 

polyphenols with food components, and illustrate how choice of polyphenols with specific 28 

molecular structure can be used to control undesired reactions in foods. A discussion is included 29 

on other characteristics of polyphenols that need to be taken into consideration in order to avoid 30 

the introduction of new unwanted quality changes in foods. 31 

Key Findings and Conclusions 32 

Polyphenols with o-diphenol structure oxidize in foods and the resulting o-quinone reacts fast with 33 

nucleophilic amino acid residues, especially with thiol groups, and may change protein functional 34 

properties. Polyphenols with hydroxyl groups in meta-position will favor reaction with carbonyls, 35 

but these types of reactions are slower than reactions between quinones and proteins. 36 

 37 
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Introduction 38 

Phenolic compounds are widely distributed in plants and fruits, and are thus natural ingredients in 39 

plant-based foods. Plant phenolics are used commercially as natural antioxidant ingredients in 40 

foods due to their well-documented effects on preventing lipid oxidation and hereby oxidative 41 

rancidity (e.g. Jongberg, Tørngren, Gunvig, Skibsted, & Lund, 2013). In addition, phenolics from 42 

green tea, apples, citrus fruits, and olives have been shown to inhibit Maillard reactions, also 43 

known as protein glycation or non-enzymatic browning (Lund & Ray, 2017). Numerous studies 44 

have demonstrated health benefits of dietary polyphenols, even though some confusion remains 45 

regarding the mechanistic action of polyphenols in vivo due to experimental shortcomings in many 46 

studies (Crozier, Jaganath and Clifford, 2009; Del Rio, Rodriguez-Mateos, Spencer, Tognolini, 47 

Borges, and Crozier, 2013; Williamson, Kay, and Crozier, 2018). Incorporation of phenolic 48 

compounds in foods is becoming of increasing interest due to their multifaceted functions, which 49 

apart from their antioxidative and antiglycative activities, also include antimicrobial, 50 

antiproliferative, and anti-inflammatory properties as well as their ability to modify functional 51 

properties of foods, such as water-holding capacity, texture properties, gelation properties, and 52 

colour (Ali, Homann, Khalil, Kruse, & Rawel, 2013; Cao & Xiong, 2015; Jansson et al., 2017, 53 

Jansson et al., 2019; Jongberg et al., 2013; Jongberg, Terkelsen, Miklos, & Lund, 2015; Tang et 54 

al., 2017).  55 

 56 

Phenolic compounds are characterized by at least one benzene ring bearing one or more hydroxyl 57 

groups. More than 8,000 phenolics exist in nature, and are classified as flavonoids and non-58 

flavonoids, which include phenolic acids, lignans and stilbenes (Figure 1) (Crozier et al., 2009). 59 

Flavonoids are polyphenolic compounds with two benzene rings linked together by a three carbon 60 
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bridge (C6-C3-C6 skeleton), and are subdivided into 12 groups, including flavonols, flavons, 61 

flavan-3-ols, anthocyanins, flavanones, isoflavones, and dihydrochalcone with some common 62 

examples shown in Figure 1 (Crozier et al, 2009). Hydroxyl groups are commonly present at the 63 

4’-, 5-, and 7-positions, but sometimes also at the 3’- and 5’-positions. The majority of flavonoids 64 

exist naturally as O-glycosides, with conjugation of the sugar moiety most frequently at the 3-65 

position of the C-ring. Further details on phenolic compounds, their chemical structure, and 66 

bioavailability can be found elsewhere (Crozier et al., 2009; Williamson et al., 2018). 67 

 68 

Fresh plant foods and beverages that have been subjected to limited processing, contain high levels 69 

of polyphenols (Del Rio et al., 2013). However, in processed and/or stored foods, the polyphenols 70 

are modified by several different reaction pathways leading to rapid and substantial losses of the 71 

parent polyphenolic compounds (e.g. Ou, Wang, Zheng, and Ou, 2019; Wang, Kim, and Lee, 2000; 72 

Poojary, Zhang, Olesen, Rauh, and Lund, 2020). The rapid loss of polyphenols in foods and 73 

beverages is observed in both plant-based foods with a natural content of polyphenols, e.g. juices 74 

(Reque, Steffens, Jablonski, Flores, Rios & de Jong, 2014), and in foods where polyphenols are 75 

added as functional ingredients, e.g. in the form of a plant extract (Poojary et al., 2020). This loss 76 

may be due to degradation, epimerization and oxidative polymerization of polyphenols (Wang, 77 

Zhou, and Jiang, 2008), but may also include reactions with proteins and other food components, 78 

leading to the potential formation of a wide range of polyphenol adducts in foods (e.g. Waterhouse 79 

& Laurie, 2006; Poojary et al., 2020). Possible known food-derived reactants with polyphenols are 80 

summarized in Table 1. Carbonyl-containing compounds formed during Maillard reactions, lipid 81 

oxidation and sugar condensation react directly with polyphenols, while reaction with nucleophilic 82 

residues on proteinaceous components require the oxidation of polyphenols to quinones. 83 
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 84 

The reactions of polyphenols in foods are often accompanied by discoloration and haze formation, 85 

and in some food products polyphenols are removed during processing in order to avoid such 86 

quality changes (Manach, Scalbert, Morand, Rémésy, and Jiménez, 2004). Nevertheless, due to 87 

the positive health aspects associated with polyphenols as well as their ability to inhibit oxidation 88 

and Maillard reactions and tailor protein functionality, there is a growing interest to keep or 89 

introduce polyphenols in foods and beverages. It is therefore critically important to understand 90 

how polyphenols are modified in processed and stored foods in order to investigate how the 91 

formation of polyphenol adducts affect their bioavailability and effects on human health and to 92 

understand how polyphenols can be used to tailor protein functionality and improve food quality.  93 

It is unknown how quantitatively important the individual reactions shown in Table 1 are since 94 

the high number of possibilities for reactions makes the characterization of these reactions very 95 

challenging. In addition, some polyphenols may react with multiple food components 96 

simultaneously or sequentially since one polyphenol (dependent on its chemical structure) may 97 

have multiple reaction sites, which complicates the characterization of polyphenol adducts even 98 

further. Quantitative analysis of adducts formed between polyphenol and other food components 99 

is almost non-existing due to the lack of available polyphenol adduct standards. Knowledge about 100 

which types of polyphenol reactions are likely to take place in a given food system will aid the 101 

development of targeted sample pre-treatment and analytical methods. 102 

 103 

The aim of the present review is to describe the current knowledge for reactions of polyphenols 104 

with components found in foods (as listed in Table 1), and how these reactions affect food and 105 

nutritional quality. This review will also demonstrate how quantitative analysis combined with 106 
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knowledge of reaction kinetics can be used to guide the establishment of reaction mechanisms for 107 

polyphenol reactions in foods. Radical reactions, antioxidative properties of polyphenols and 108 

oxidative polymerization of polyphenols will not be described in any details as this has been 109 

described elsewhere (e.g. Rice-Evans, Miller, and Paganga, 1996; Becker, Nissen, and Skibsted, 110 

2004). 111 

 112 

Reactions between polyphenols and carbonyl-containing compounds 113 

Polyphenols can react directly with -dicarbonyls, reactive intermediates formed during thermal 114 

degradation of carbohydrates and lipids (Figure 2, reaction 1) (Totlani & Peterson 2005; Lund & 115 

Ray, 2017). The reaction between flavanols and compounds with a single carbonyl group was 116 

already described in the 1970s, in this case for acetaldehyde (Figure 2, reaction 2) (Waterhouse & 117 

Laurie, 2006). Recently these trapping reactions have also been studied for a range of other 118 

carbonyl-containing compounds, including furfural derivatives, Strecker aldehydes, and secondary 119 

lipid oxidation products (Es-Safi et al., 2000; Cheng et al., 2008; Zamora & Hidalgo, 2016; Lund 120 

& Ray, 2017). Such trapping reactions have been shown to take place through an electrophilic 121 

substitution reaction on the A-ring of flavonoids. Both -dicarbonyls and carbonyl compounds 122 

can be substituted on C-6 and C-8 of the A-ring (Totlani & Peterson, 2006), but for simplicity only 123 

one of the adducts are shown in Figure 2. 124 

 125 

Efficiency of -Dicarbonyl Trapping by Different Polyphenols 126 

-Dicarbonyls are important intermediates formed during thermal degradation of carbohydrates 127 

by enolisation and dehydration reactions, which takes place during both Maillard reactions and 128 

caramelization (Hollnagel & Kroh, 1998; Zhang, Poojary, Ray, Olsen, & Lund, 2019). -129 
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Dicarbonyls may also be formed during autoxidation of unsaturated lipids (Suh, Niu, Hung, Ho & 130 

Wang, 2017) and by some microorganisms (Gandhi, Barrett-Wilt, Steele & Rankin, 2018). The 131 

reaction of -dicarbonyls with nucleophilic side chains of amino acids, peptides and proteins leads 132 

to formation of advanced glycation endproducts (AGEs), which are generally considered as an 133 

undesired reaction due to certain health risks although this is a matter of increasing debate in food 134 

science (Lund & Ray, 2017; Hellwig, Humpf, Hengstler, Mally, Vieths, & Henle, 2019). Different 135 

-dicarbonyls are formed in foods, including glyoxal (GO), methylglyoxal (MGO), 3-136 

deoxyglucosone (3-DG), and 3-deoxygalactosone (Hellwig, Degen, & Henle, 2010; Zhang et al. 137 

2019). A wide range of polyphenols and phenolic acids has been shown to trap -dicarbonyls, with 138 

MGO being the subject of most studies (discussed in detail in Lund & Ray, 2017). The efficiency 139 

of MGO trapping by different flavonoids was tested by Shao, Chen, Zhu, Sedighi, Ho, and Sang 140 

(2014), who confirmed that the A-ring was the active site for MGO trapping and further found that 141 

flavonoids with hydroxyl groups on C-5 and C-7 enhanced their trapping efficacy (see examples 142 

in Figure 1). These authors also found that the double bond between C-2 and C-3 on the C-ring 143 

could facilitate the trapping efficiency, and that the number of hydroxyl groups on the B-ring did 144 

not significantly influence the trapping efficiency. Lo, Hsiao, and Chen (2011) studied the MGO 145 

trapping efficiency of 20 different simple phenols and phenolic acids and found that benzene 146 

structures with only one hydroxyl group did not react with MGO, while those with three hydroxyl 147 

groups were most efficient. Lo et al. (2011) also included epicatechin in their study and found that 148 

this flavonoid was more efficiently trapping MGO than any of the examined simple phenolics.  149 

 150 

Several other studies have also compared the -dicarbonyl trapping abilities of different 151 

polyphenols with slightly different approaches, but different concentrations of reactants and 152 
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reaction conditions make it difficult to compare between studies. Kinetic investigations with 153 

determination of rates of reactions under the same reaction conditions allows for such comparison 154 

across studies; apparent second order rate constants determined at pH 7.4 and 37 C have been 155 

reported and show that the MGO trapping of polyphenols follows the order: epicatechin > 156 

naringenin > kaempferol > trans-resveratrol > apigenin > fisetin (summarized in Table 2).  157 

 158 

The determination of rate constants makes it possible to perform simulation studies such as those 159 

presented in Zhu, Poojary, Andersen, & Lund (2019; 2020a). Such simulation studies were used 160 

to demonstrate the necessary concentration of flavonoids required in order to compete with the 161 

reaction of MGO with protein side chains (rate constants determined by Lo, Westwood, McLellan, 162 

Selwood, & Thornalley, 1994) at concentrations relevant for UHT milk, and hereby inhibit the 163 

formation of undesired AGEs (Zhu et al., 2019; 2020a). Cömert & Gökmen (2019) used a slightly 164 

different approach and determined rate constants by non-linear curve fitting for an equimolar 165 

bimolecular reaction, and found the following order for MGO trapping under physiological 166 

conditions (pH 7.4, 37 C): phloretin > epicatechin > cysteine (Cys) > epigallocatechin gallate > 167 

arginine (Arg) > gallic acid > creatine > hesperetin > resveratrol > phloridzin > quercetin > 168 

chlorogenic acid > caffeic acid > naringin > histidine (His) > genistein > tryptophan (Trp). They 169 

suggested the use of a standardized protocol for future studies of -dicarbonyl trapping efficiency 170 

by inclusion of a reference compound, in this case either Cys or gallic acid, in order to make it 171 

possible to compare results between studies. It should be noted that the MGO trapping reactions 172 

are highly pH dependent; it has been demonstrated that the reaction between MGO and naringenin 173 

is based-catalysed with the rate of reaction increasing significantly at pH above the lowest pKa 174 
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value of naringenin (pKa 6.8) (Table 2), indicating that the deprotonated naringenin is the main 175 

reactant (Zhu et al., 2019).  176 

 177 

Most -dicarbonyl trapping studies have been performed with aglycones, while glycosides have 178 

been less systematically studied. A few examples in the literature can be found, e.g. 2,3,5,4’-179 

tetrahydroxystilbene 2-O-β-glucoside has been found more effective for MGO trapping that the 180 

corresponding aglycone, resveratrol (Lv, Shao, Wang, Huang, Ho, & Sang, 2010). On the other 181 

hand, phloridzin (phloretin 2’-O-glucose) is less effective for trapping of MGO and GO than 182 

phloretin (Shao, Bai, He, Ho, Yang, & Sang, 2008; Cömert & Gökmen, 2019). 183 

 184 

Trapping of Carbonyl Compounds: Efficiency of Reaction Compared to -Dicarbonyl Trapping 185 

Trapping of compounds with a single carbonyl group by anthocyanins was initially studied for 186 

acetaldehyde during wine aging (Timberlake & Bridle, 1976). Ethyl-linked polymers were found 187 

to be formed between acetaldehyde and anthocyanins or flavan-3-ols, which may stabilize color 188 

and reduce astringency (Waterhouse & Laurie, 2006). Later, similar polymerisation reactions were 189 

found to occur between flavan-3-ols and glyoxylic acid (Es-Safi, Le Guernevé, Cheynier, & 190 

Moutounet, 2000a), furfural and 5-(hydroxymethyl)furfural (HMF) (Es-Safi, Cheynier, & 191 

Moutounet, 2000b).  192 

 193 

Several phenolic compounds have been found to trap aldehydes formed during lipid oxidation 194 

(secondary lipid oxidation products) and Maillard reactions (Strecker aldehydes) to form either 195 

mono- or di-adducts. Phenolic acids (resorcinol and resorcinol derivatives) can trap 4,5-epoxy-2-196 

heptenal (Hidalgo, Delgado, & Zamora, 2017), propanal, 2-methylpropanal, butanal, 2-197 
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methylbutanal, 3-methylbutanal, pentanal, hexanal, and glyoxal (Hidalgo, Aguilar and Zamora, 198 

2017), fumaraldehyde, 4-oxo-hexenal, and 4-oxo-2-nonenal (Hidalgo, Aguilar and Zamora, 2018), 199 

and 4-hydroxy-2-alkenals (Hidalgo, & Zamora, 2019). A wide range of flavonoids and phenolic 200 

acids have been tested for their ability to trap acrolein and 4-hydroxy-trans-2-nonenal, which are 201 

cytotoxic compounds formed during lipid oxidation (Zhu et al., 2009). The most effective trapping 202 

compound was found to be phloretin followed by theaflavins and catechins. The antioxidant 203 

activity of phenolic compounds are well-established due to their ability to act as metal chelators 204 

and radical scavengers, and the recent studies demonstrating the ability of phenolic compounds to 205 

trap lipid-derived carbonyl compounds has led to the addition of a third defence mechanism for 206 

phenolic compounds towards lipid oxidation-induced damage in foods (Zamora, & Hidalgo, 207 

2016). Naringenin, epigallocatechin gallate and epicatechin have been found to trap 208 

phenylacetaldehyde, which is a Strecker aldehyde and a precursor for 2-amino-1-methyl-6-209 

phenylimidazo[4,5-b]pyridine, which is the most abundant mutagenic heterocyclic amine found in 210 

foods (Cheng et al., 2008; 2009; Zhu et al 2020b).  211 

 212 

Most of the studies demonstrating carbonyl trapping by phenolic compounds have been performed 213 

in model systems, but a few examples exist that provide evidence for the occurrence of these 214 

reactions in actual food samples; (E)-2-pentenal, acrolein and crotonaldehyde were trapped by 215 

quercetin in fried onions (Zamora, Aguilar, Granvogl, & Hidalgo, 2016). In the study by Zhu et 216 

al. (2020b), 5-(hydroxymethyl)furfural and acetaldehyde were found to be trapped by epicatechin 217 

in stored UHT milk along with the -dicarbonyls, MGO and GO. Comparison between apparent 218 

second order rate constants obtained for the reaction between epicatechin and different carbonyl 219 

compounds at pH 7.4 and 37 C are shown in Table 2. These results show that -dicarbonyls are 220 
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trapped significantly faster than compounds with only one carbonyl group, but the concentrations 221 

of the individual carbonyl compounds are also important for the trapping efficiency (Zhu et al., 222 

2020b).  223 

 224 

Binding between polyphenols and proteins  225 

Polyphenols may bind to proteins through covalent and non-covalent bonds. Covalent bonding 226 

between polyphenols and proteins is considered to be irreversible and leads to new polyphenol-227 

protein compounds. Non-covalent binding may include hydrophobic interactions, hydrogen 228 

binding and ionic binding between polyphenols and proteins, and will depend on the nature of the 229 

polyphenols and proteins as well as the conditions of the food product (e.g. pH and presence of 230 

salts) (Le Bourvellec & Renard, 2012). Non-covalent binding will typically be reversible and will 231 

not change the chemical structure of the polyphenol, but may change the structure (folding) of 232 

proteins (e.g. Jia, Gao, Hao, & Tang, 2017). In many studies, the type of binding between 233 

polyphenols and food components has not been directly specified, and may be a mix of both 234 

covalent and non-covalent dependent on the chosen experimental design and analytical methods 235 

employed (e.g. He, Chen, & Moser, 2015). Discussion on analytical methods to study protein-236 

polyphenol binding will only be included to a limited extent in the present review, since detailed 237 

information on this topic can be found elsewhere (Le Bourvellec & Renard. 2012; Jaldappagari, 238 

Balakrishnan, Hegde, Teradal, & Narayan, 2013). 239 

 240 

Covalent bonding between polyphenols and proteins 241 

Covalent bonding between polyphenols and proteins requires an oxidizing environment, since the 242 

polyphenol has to undergo oxidation to a quinone before it can react with nucleophilic groups on 243 
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proteins. In foods, o-quinones may be formed enzymatically by polyphenol oxidases/O2 or 244 

peroxidases/H2O2, or non-enzymatically by autoxidation, which may be catalyzed by trace levels 245 

of transition metal ions such as Fe and Cu (Singleton, 1985; Waterhouse & Laurie, 2006). The 246 

oxidation will in most cases involve the intermediate formation of a semiquinone radical (Figure 247 

2, reactions 3-4). The autoxidation of polyphenols is favored at increasing pH due to the acid-base 248 

equilibrium between phenol and phenolate forms, which are readily oxidized (Cilliers & Singleton 249 

1990). 250 

 251 

o-Quinones are strong electrophiles, which may react with nucleophilic groups of proteins, 252 

peptides and amino acids through Michael addition reactions (Figure 2, reaction 5) or with amines 253 

directly at the carbonyl group of the quinone to form benzoquinone imines (Figure 2, reaction 6) 254 

(Pierpoint 1969; Prigent, Voragen, Li, Visser, van Koningsveld, & Gruppen, 2008; Yin, 255 

Hedegaard, Skibsted, & Andersen, 2014). The Michael addition between o-quinones and thiol 256 

groups is exploited in wine making, where small thiol compounds, such as Cys or glutathione 257 

(GSH) is added to wine to prevent polyphenol polymerization and browning as the resulting thiol 258 

adduct is colourless (Singleton, 1985; Cilliers & Singleton, 1990). Protein thiol-quinone adducts 259 

are also formed in meat and milk added polyphenols (Jongberg et al., 2011a; unpublished results 260 

from our lab). The reaction of o-quinones with amine groups is much slower than with thiol groups. 261 

This has been illustrated by establishment of rate constants between 4-methylbenzoquinone 262 

(4MBQ) and various amino acids and proteins (Li et al. 2016) and is in agreement with the findings 263 

of Pierpoint (1969) and Nikolantonaki and Waterhouse (2012). Thiol groups were shown to be 264 

kinetically favoured for Michael addition reactions with 4MBQ with apparent second order rate 265 

constants up to 105 M-1 s-1 at slightly acidic pH (pH 5-6.5) and 25 C with increasing rates observed 266 
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for increasing pH values (Table 3). In addition, proteins with free thiol groups (bovine and human 267 

serum albumin; BSA and HSA) were also found to react faster with 4MBQ than proteins without 268 

free thiol groups (-lactalbumin) or with blocked thiols (BSA treated with N-ethylmaleimide) (Li 269 

et al., 2016). 270 

 271 

Amine groups reacted too slowly with 4MBQ at pH < 6.5 (apart from L-Gly) to allow reliable 272 

determination of rate constants, but an increase to pH 7-8 provided apparent second order rate 273 

constants of 1-46 M-1 s-1 at 25 C (Li et al., 2016). The rate of the reaction between N-acetyl-L-274 

Arg with 4MBQ was found to be too slow for determination of rate constants under the conditions 275 

employed in the study. Most studies investigate the potential for polyphenols to covalently react 276 

with proteins at pH  7, but quinone reactions with thiol groups have been detected in wine at pH 277 

3.2-3.5 for thiol-containing aroma compounds (Ma, Bueschl, Schuhmacher, & Waterhouse, 2019), 278 

in model wine at pH 3-8 for thiol-containing amino acids and peptides (Romanet, Bahut, 279 

Nikolantonaki, & Gougeon, 2020), at pH 2.7-5.0 for Cys in aqueous solutions (Jameson, Zhang, 280 

Jameson, Linert, 2004), and with BSA at pH 6.5-7.0 (Li et al., 2016). Polyphenols such as 281 

epigallocatechin gallate spontaneously form semiquinone radicals at pH 4-5, and in the presence 282 

of a radical stabilizing agent such as Zn2+, those radicals covalently react with protein (Hagerman 283 

et al., 2003).  284 

 285 

Under the reaction conditions used by Li et al. (2016), it was only possible to detect the amine-286 

quinone adduct from the reaction of 4MBQ with amines, not the benzoquinone imine. In another 287 

study, (-)-epicatechin was allowed to react with lysine (Lys) at pH 8 and 70 C in the presence of 288 

FeSO4, and in this case both products (equivalent to Figure 2, reactions 5 and 6) were identified 289 
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by LC-MS (Yin et al., 2014). Guerra & Yaylayan (2014) conducted a study with (+)-catechin and 290 

glycine heated at 120 C for 70 min, and found different benzoquinone imine products, but no 291 

Michael addition products were detected in this study. No systematic investigation has been 292 

conducted in order to verify which conditions favour formation of amine-phenol adducts and 293 

benzoquinone imines, but taken together, these studies suggest that benzoquinone imine formation 294 

requires higher temperatures, while the Michael addition product is favoured at lower 295 

temperatures. Of course, the discrepancy in detected reaction products found between the studies 296 

may also be explained by differences in the nature of the polyphenol, pH, and/or the presence of 297 

ferric ions or other oxidizing conditions.  298 

 299 

Michael addition reactions have been shown to occur on other functional groups than thiols and 300 

amines on proteins, but the rate constants for these reactions have not yet been determined. Prigent 301 

et al. (2008) found the reaction of oxidized chlorogenic acid with Arg residues to be minor, which 302 

was in agreement with the slow rates observed by Li et al. (2016) and findings by Pierpoint (1969). 303 

Nevertheless, Michael addition products were detected by LC-MS/MS on Arg residues of extracts 304 

of meat proteins incubated with rosmarinic acid and Fe(III)/ascorbic acid/H2O2 (Tang et al., 2016), 305 

which suggests that the nature of the polyphenol and reaction conditions are highly important for 306 

the nature of reaction products formed. Tang et al. (2016) also detected rosmarinic acid adducts 307 

on His residues of meat proteins, which was in agreement with the study by Prigent et al. (2008) 308 

where adducts between His residues and oxidized chlorogenic acid were detected. Prigent et al. 309 

(2008) also detected chlorogenic acid adducts on Trp and tyrosine (Tyr) residues showing that 310 

pyrrole and phenol moieties of amino acids also react with quinones. Based on MS intensities they 311 

concluded that Lys and Tyr were most reactive, followed by His and finally Trp, while methionine, 312 
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serine, threonine, Arg, asparagine and glutamine were not found to be reactive (Cys was not 313 

included in their study) (Prigent et al., 2008). The reactivity towards the pyrrole group of Trp by 314 

quinones has been widely studied (reviewed by Kroll, Rawel, & Rohn, 2003), but in most of these 315 

studies the degree of reaction between quinones and Trp residues has been evaluated by loss of 316 

intrinsic Trp fluorescence (e.g. Rawel, Krohn, & Rohn, 2001). Numerous studies show that 317 

polyphenols quench intrinsic Trp fluorescence, which is used to study non-covalent interactions 318 

(see further details in the section below) (Dufour & Dangles, 2005), and covalent bonding between 319 

Trp residues and quinones should therefore be studied by other techniques, such as MS or NMR 320 

spectroscopy, in the future to avoid any misinterpretation. 321 

 322 

Most studies on covalent bonding of polyphenols to food proteins have been conducted in model 323 

systems (reviewed in Kroll et al., 2003; Le Bourvellec & Renard, 2012), and are facilitated by 324 

incubating protein and polyphenols at pH 9 for 24 hours at room temperature (Rawel et al., 2001) 325 

or for 1 hour at 50 C (Cömert, Akillioglu, & Gökmen, 2017). Due to the higher reactivity of amine 326 

groups under these pH conditions, it is therefore likely that the Lys residues are more modified by 327 

quinones than they would be under the conditions of foods, which typically have pH 3-7. Other 328 

protocols for generating covalent bonds between proteins and polyphenols have been reported, 329 

which either includes a one-step reaction where oxidizing agent is mixed together with proteins 330 

and polyphenols (Prigent et al., 2008; Jongberg, Gislason, Lund, Skibsted, & Waterhouse, 2011a; 331 

Tang et al., 2016), or a two-step reaction, where the polyphenol is initially oxidized to an o-332 

quinone, which is then reacted with amino acids, peptides or proteins (Jongberg et al., 2011a; Li 333 

et al., 2016). One-step protocols may result in higher yields of the protein-polyphenol compound, 334 

but may also introduce undesired oxidation of the protein due to radical formation of the oxidizing 335 
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system (e.g. polyphenol oxidases, Fenton reactants) or changes in the protein structure during 336 

incubation at alkaline pH. Two-step protocols have been reported with oxidation to o-quinones by 337 

periodate resin, where the periodate resin is then removed by filtration prior to incubation with 338 

proteins (Jongberg et al., 2011a), or by electrolysis, which does not require the addition of any 339 

chemicals (Li et al., 2016). Two-step protocols require a certain stability of the o-quinone formed 340 

to allow time for reaction with proteins before the generated o-quinones polymerise (Figure 2, 341 

reaction 7). 342 

 343 

We have recently synthesized a standard of 4MBQ and L-Cys in order to quantify the formation 344 

of 4MBQ-thiol adducts formed in foods under realistic processing and storage conditions. Minced 345 

meat was added 4-methylcatechol (4MC) and stored under O2 atmospheres for 7 days in order to 346 

mimic high-oxygen modified atmosphere packaging, which is widely used for retail storage of 347 

fresh minced meat (Arsad, Zainudin, de Gobba, Jongberg, Larsen, Lametsch, Andersen, & Lund, 348 

2020). The meat was subjected to acidic hydrolysis after storage and concentrations of 4MC-Cys 349 

adducts on meat proteins of up to 8 nmol/mg myofibrillar protein isolate were formed, which was 350 

estimated to be responsible for a significant part (up to 62% dependent on the dose of 4MC) of the 351 

thiol loss observed during storage. Later, it was found that the combination of oxygen atmosphere 352 

and light exposure during storage increased the formation of 4MC-Cys in meat even further 353 

(Zainudin, Jongberg, & Lund, 2021). 4MC-Cys adducts have also been determined in milk added 354 

4MC and subjected to heat treatments to mimic UHT processing. Interestingly, unheated milk 355 

samples also contained 4MC-Cys adduct (although at lower concentrations) showing that oxidants 356 

present in the milk (e.g. Cu ions and/or lactoperoxidase) were capable of oxidizing 4MC to 4MBQ, 357 

hereby facilitating Michael addition reactions (unpublished results from our lab). Extensive 358 
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binding of epigallocatechin gallate to proteins in UHT treated milk and of 4-methylcatechol to 359 

proteins in stored meat samples has been found by staining of protein blots with the redox-cycling 360 

agent, nitroblue tetrazolium (NBT) (Jansson et al., 2017; 2019; Poojary et al., 2020; Arsad et al., 361 

2020; Zainudin et al., 2020). Milk proteins without free thiol groups (caseins and -lactalbumin) 362 

were also stained intensely by NBT on these blots in samples with added polyphenols, indicating 363 

substantial reaction between quinones and other amino acid residues than Cys. The NBT blot assay 364 

may also include some non-covalent protein-polyphenol interactions (discussed in Jansson et al., 365 

2017; 2019), but such interactions have previously been shown to be suppressed by SDS (Chen & 366 

Hagerman, 2005), which is employed in the SDS-PAGE step prior to NBT blotting. In addition, 367 

subjecting the UHT milk samples with added epigallocatechin gallate to a pre-treatment that 368 

removes free and non-covalently bound polyphenols, and repeating the NBT blots, showed the 369 

same degree of staining as for non-pre-treated samples demonstrating that the polyphenol-binding 370 

to milk proteins was in fact of covalent nature (Poojary et al, 2020).  371 

 372 

Non-covalent binding 373 

Non-covalent binding between proteins and polyphenols is most often caused by hydrophobic 374 

interactions and hydrogen binding (Le Bourvellec & Renard, 2012; Jaldappagari et al., 2013). 375 

Electrostatic interactions between proteins and polyphenols require deprotonation of a hydroxyl 376 

group on polyphenols, which usually occurs at alkaline pH values, and is therefore considered to 377 

be less relevant in foods. The nature of the binding depends on the chemical structure of the 378 

polyphenol and the protein. In general, stronger protein binding is observed with more 379 

hydrophobic polyphenols (Le Bourvellec & Renard, 2012) and with proline-rich proteins 380 

(Hagerman, 2012). Tannins are large polyphenol polymers found in many plants, and their 381 
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interaction with proteins has been extensively studied (Hagerman, 2012). Several reviews have 382 

examined the structure-affinity relationship for non-covalent polyphenol binding to proteins (e.g. 383 

Xiao & Kai, 2012; Le Bourvellec & Renard, 2012; Hagerman, 2012), and will thus not be covered 384 

here.  385 

 386 

Milk proteins, especially β-lactoglobulin, have been shown to interact non-covalently with 387 

polyphenols leading to altered protein structure and inhibition of enzyme activity (e.g. Kanakis, 388 

Hasni, Bourassa, Tarantilis, Polissiou, & Tajmir-Riahi, 2011; Hasni, Bourassa, Hamdani, Samson, 389 

Carpentier, & Tajmir-Riahi, 2011; He, Chen, Moser, 2015; Jia et al., 2017; Khalifa, Xia, Dutta, 390 

Peng, Jia, & Li, 2020). At pH  6.4 and temperatures of  80 C, the non-covalent binding between 391 

epigallocatechin gallate and β-lactoglobulin was found to be increased due to a more unfolded 392 

state of the protein and thus exposure of hydrophobic areas. However, the authors discussed the 393 

possibility of epigallocatechin gallate undergoing oxidation at such high temperatures followed by 394 

covalent bonding to β-lactoglobulin encouraging further future studies in this field (He et al., 395 

2015).  396 

 397 

Non-covalent binding has been widely studied by fluorescence quenching (Dufour & Dangles, 398 

2005; Le Bourvellec & Renard, 2012; Jia et al., 2017, He et al., 2015), which occurs when there is 399 

molecular contact between the fluorophore (i.e. protein) and the quencher (i.e. polyphenol). Most 400 

studies find that the quenching of protein fluorescence by polyphenols occurs mainly by static 401 

quenching (Jaldappagari et al., 2013), where a nonfluorescent protein-polyphenol complex is 402 

formed (Lakowicz, 2006). Some studies have used intrinsic fluorescence spectroscopy of Trp to 403 

examine the Michael addition reactions on Trp residues (e.g. Rawel et al., 2001), or antioxidative 404 
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capacity of polyphenols on oxidative loss of Trp (e.g. Utrera & Estevez, 2012), but conclusions 405 

from such studies should be re-evaluated since a loss in Trp fluorescence signal may simply be 406 

due to quenching of the Trp fluorescence by polyphenols. 407 

 408 

Effects of polyphenol reactions on food quality 409 

Effect of polyphenols on taste and flavour  410 

Formation of undesired flavours caused by e.g. lipid oxidation and Maillard reactions may be 411 

inhibited by antioxidative activity and carbonyl trapping as already discussed above, but other 412 

unwanted flavours such as bitterness and astringency might be introduced by the polyphenol itself 413 

(Colahan-Sederstrom & Peterson, 2005; Jansson et al., 2019). Astringency is often associated with 414 

polymeric polyphenols, such as proanthocyanidins and tannins, but monomeric polyphenols and 415 

phenolics have also been shown to contribute to astringency. The ability of polyphenols to interact 416 

with salivary proteins is important for their sensation of astringency (Lesschaeve & Noble, 2005). 417 

Bitterness seems to decrease with degree of polymerisation, but small differences in flavonoid 418 

configurations can give significant differences in sensory properties. Properties of the food 419 

product, such as pH, ionic strength, ethanol content, sweetness and viscosity, may also affect 420 

bitterness and astringency (Lesschaeve & Noble, 2005). The contribution from polyphenols to 421 

these background flavours has to be carefully controlled by choice of the most active 422 

polyphenol/plant extract and appropriate dose, with consideration of their solubility, and finally 423 

tested in the food product.  424 

 425 

Polyphenol-induced changes of colour of food products 426 



20 

 

Colour changes induced by Michael addition between polyphenols and proteins are highly 427 

dependent on the type of polyphenol and amino acid site. Reactions between thiol groups and 428 

quinones generate uncoloured adducts, and have been explored for stabilization of colour in wine, 429 

while amine groups typically form red or green coloured adducts dependent on the polyphenol 430 

(Pierpoint, 1969; Waterhouse & Laurie, 2006; Li et al., 2016; Bongartz, Brandt, Gehrmann, 431 

Zimmermann, Schulze-Kaysers, & Schieber, 2016). Addition of epigallocatechin gallate-enriched 432 

green tea extract to UHT milk created red-coloured adducts (Jansson et al, 2017; 2019). Reactions 433 

of chlorogenic acid with amine groups have been shown to generate trihydroxy benzacridine 434 

derivates, which are green coloured adducts, and is particularly important to consider during 435 

alkaline extraction of proteins from plants containing chlorogenic acid (Prigent et al., 2008; 436 

Bongartz et al., 2016). Addition of free Cys has been shown to reduce green color formation in a 437 

concentration-dependent manner by competing with Lys for chlorogenic acid quinones at pH 8 438 

and 9 (Liang & Were, 2020).  439 

 440 

Changes in protein structure and functionality by polyphenol bonding 441 

Protein structure changes by polyphenol-bonding as schematically illustrated in Figure 3. The 442 

surface activity (hydrophobicity, charges) and denaturation temperature are affected by 443 

conjugation of a polyphenol molecule to the protein (Figure 3, reaction 1-2) (Kroll et al., 2003; 444 

Cao & Xiong, 2015). The conjugated polyphenol may then re-oxidize (Figure 3, reaction 3) and 445 

undergo a second Michael addition with another protein resulting in a polyphenol-mediated protein 446 

cross-link (Figure 3, reaction 4). This may occur on multiple sites of the same protein leading to 447 

large protein polymers (Figure 3, reaction 5) (Jongberg et al., 2013, 2015; Tang et al., 2016). 448 

Polyphenol-mediated protein polymerization requires two binding sites, which is the case for many 449 
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polyphenols; e.g. epicatechin has three binding sites on the B-ring, while rosmarinic acid has six 450 

binding sites, although it is unlikely that all of these can be occupied by proteins due to steric 451 

hindrance. However, the most abundant polyphenols in rosemary extract (carnosol and carnosic 452 

acid) only have one binding site, which only allows for one Michael addition reaction and thus no 453 

protein polymerization as demonstrated by Jongberg et al. (2013).  454 

 455 

The degree of polyphenol bonding to proteins greatly affects how protein functionality is changed, 456 

and can be controlled by choice of type and concentration of polyphenol. A lower degree of 457 

bonding achieved with low concentration of polyphenols has been demonstrated to improve 458 

gelation of myofibrillar proteins, while a higher degree of bonding lowered gelation (Cao & Xiong, 459 

2015). Similarly, other functional properties such as protein solubility, water-binding capacity, 460 

emulsification, textural properties, and thermal stability are also affected by polyphenol-bonding 461 

to protein (Ali et al., 2013; Jongberg et al., 2015; Cao & Xiong, 2015). Recently, it was 462 

demonstrated that the physical stability of UHT milk during storage can be improved by addition 463 

of a green tea extract (Jansson et al., 2019). A more comprehensive review of effects on 464 

functionality can be found elsewhere (Kroll et al., 2003; Keppler, Schwarz, & van der Goot, 2020). 465 

 466 

Health aspects of polyphenol reactions 467 

Changes in protein digestibility  468 

The role of polyphenols on protein digestibility has recently been reviewed by Velickovic and 469 

Stanic-Vucinic (2019). The collective body of knowledge suggests that the presence of 470 

polyphenols is likely to reduce protein digestibility through both non-covalent and covalent 471 

interactions with proteins. These effects can be caused by inhibition of digestive enzymes by 472 
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polyphenols; non-covalent binding of tea catechins has been shown to inhibit enzyme activity of 473 

-amylase, pepsin, trypsin, and lipase (He, Lv, & Yao, 2007), and covalent bonding of phenolic 474 

acids to -amylase, trypsin and lysozyme showed similar inhibitory effects (Rohn, Rawel, & Kroll, 475 

2002). In addition, the protein substrate may be less susceptible to digestibility, either due to 476 

modification of cleavage sites of the digestive enzymes or due to protein polymerization (as 477 

illustrated in Figure 3, reaction 5). On the other hand, polyphenol-binding to protein may also 478 

cause protein unfolding (Figure 3, reaction 2) and thus increased exposure of cleavage sites 479 

leading to an improved protein digestibility (Velickovic & Stanic-Vucinic, 2019). Importantly, it 480 

seems that the potential inactivation of digestive enzymes during in vitro digestion studies by non-481 

covalent polyphenol-binding induced by the presence of free polyphenols have not been 482 

considered, and may have affected the outcome of such studies (Velickovic & Stanic-Vucinic, 483 

2019). Most studies on covalent bonding between polyphenols and proteins have included a 484 

dialysis step prior to in vitro digestion in order to remove any free polyphenols from the protein 485 

sample (Kroll et al., 2003).  486 

 487 

Inhibition of formation of AGEs by polyphenols 488 

Even though the role of dietary AGEs on human health is still under debate, the mechanism behind 489 

the inhibitory effect of polyphenols on formation of AGEs is relevant to understand and only a few 490 

studies have investigated this. Most studies suggest that the inhibitory effect of polyphenols on 491 

Maillard reactions is caused by the -dicarbonyl trapping ability, but other mechanisms may also 492 

play a role, such as antioxidant capacity towards Maillard-derived radicals, blocking of amine 493 

groups by quinones, and trapping of specific Maillard reaction products, such as Strecker 494 

aldehydes and furfural compounds (reviewed in Lund & Ray, 2017). Blocking of Lys residues in 495 
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ovalbumin (by 12%) by catechins from a green tea extract resulted in 14% reduction in N--496 

carboxymethyllysine (CML; a Lys-derived AGE) formation during a following heat treatment with 497 

glucose as compared to a control sample, showing that blocking of amine groups is a feasible 498 

strategy for inhibition of CML formation (Cömert et al., 2017). It should be noted that the 499 

experiments were conducted at pH 9, and can therefore not be directly transferred to food systems. 500 

In addition, it has recently been shown that CML react with 4MBQ at similar rates as Lys residues 501 

(Table 3; Figure 2, reaction 8) (Li, Li, Lund, Li, Hu, & Zhang, 2018a). A possible trapping 502 

mechanism of CML by catechin quinones was suggested to occur in heated beverages, but the 503 

inhibition of CML was found to be most efficient in beverages of pH  6.5 (Li, Li, Lund, Li, Hu, 504 

& Zhang, 2018b). Another model system with casein and epicatechin showed that heating 505 

conditions (temperature and dry/aqueous state) strongly affected CML concentrations (Akillioglu 506 

& Gökmen, 2014). In contrast to the above mentioned studies, an epigallocatechin gallate-enriched 507 

green tea extract was found to inhibit formation of Arg-derived AGEs, but not Lys-derived AGEs, 508 

in stored UHT milk (Poojary et al., 2020). Overall, the specific mechanism for inhibition of AGEs 509 

formation by polyphenols in foods is not yet clear, and deserves further attention as it is likely to 510 

be different for different foods and reaction conditions. 511 

 512 

Health effects of polyphenol adducts 513 

The bioavailability of ‘free’ polyphenols has been reviewed in detail by Crozier et al. (2009), but 514 

it is yet unknown how polyphenol adducts (e.g. polyphenol-protein, polyphenol--dicarbonyl, and 515 

polyphenol-aldehyde adducts) are taken up in vivo.  516 

 517 
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Many of the amino acid residues that are targets for quinones in proteins are essential or semi-518 

essential amino acids, and covalent bonding to polyphenols may reduce amino acid availability 519 

and thus nutritional quality dependent on whether or how they are absorbed in the gastrointestinal 520 

tract. Nevertheless, using protein-binding to enhance target-specific delivery of polyphenols is 521 

gaining increased attention (reviewed by Li et al., 2021). In addition, covalent modification of 522 

protein allergens with various polyphenols has been demonstrated to reduce allergenic potential of 523 

peanut proteins (e.g. Plundrich et al., 2014; Plundrich, Bansode, Foegeding, Williams, & Lila, 524 

2017) and ovalbumin from egg white (Lu, Li, Xu, Zhang, Lin, & Wu, 2018).  525 

 526 

Presence of -dicarbonyls in foods is gaining increased interest due to a concern of their ability to 527 

induce tissue protein modification during digestion (reviewed by Hellwig, Gensberger-Reigl, 528 

Henle, & Pischetsrieder, 2018). However, it is not yet clear to which extent individual dietary -529 

dicarbonyls are able to pass the gut epithelium and their fate in the digestive tract remains to be 530 

understood. A recent study has shown that fruits containing flavonoids trap MGO during in vitro 531 

intestinal digestion, and it was emphasized that the fate of the formed flavonoid--dicarbonyl 532 

adducts during digestion should also be evaluated in terms of their absorption or potential cytotoxic 533 

effects on intestinal cells (Cömert, & Gökmen, 2020). In addition, quantitative data of the 534 

formation of polyphenol adducts in foods and during digestion is necessary to obtain in order to 535 

assess if any potential cytotoxic effects can be reached with the diet. 536 

 537 

Future outlook  538 

This review provides an overview of how polyphenols react with different food components 539 

dependent on their chemical structures. This knowledge should be taken into consideration when 540 
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choice of functional polyphenol ingredient is made for any given food or beverage application to 541 

avoid undesired side reactions. Polyphenols with an o-diphenol moiety will likely undergo 542 

oxidation and covalent bonding to proteins. Phenol-mediated protein cross-linking is likely to 543 

occur with polyphenols having an o-diphenol moiety with multiple reaction sites for proteins. 544 

Since commercially available and food grade polyphenol-rich plant extracts typically contain a 545 

mix of polyphenols with different functionalities, it may be difficult to find an extract with the 546 

desired properties. Separation of polyphenols from crude extracts into single components will be 547 

more expensive, but may be a necessary approach to control their functionality in foods. 548 

Development of new protein functionalities by covalent bonding to polyphenols is an increasing 549 

trend, and it is therefore important to examine the nutritional quality and safety of such polyphenol-550 

protein adducts in the future. Polyphenols with hydroxyl groups in meta-position on the A-ring are 551 

most effectively trapping undesired carbonyl-containing compounds formed during lipid oxidation 552 

and Maillard reactions as compared to phenolics with only one hydroxyl group. Similar to 553 

polyphenol-protein adducts, such polyphenol-carbonyl adducts should be quantified in foods and 554 

their fate during gastrointestinal digestion should be established. 555 
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Table 1 Possible reactants with polyphenols in foods and beverages, and their reactive functional 1023 

groups and derived reaction pathway. 1024 

Reactant Reactive 

functional 

groups of 

reactant 

Derived reaction 

pathway of reactant 

References 

 

Reactions that do not require oxidation of polyphenol to quinone 

-Dicarbonyls Carbonyl Maillard reactions/ 

Sugar condensation 

Totlani & Peterson, 2006; 

Troise et al., 2014; Poojary et 

al., 2020 

Secondary lipid 

oxidation products 

Carbonyl Lipid oxidation Hidalgo, Aguilar & Zamora, 

2017;  

Hidalgo, Dalgado & Zamora, 

2017 

Hidalgo & Zamora, 2019  

Strecker aldehydes Carbonyl Maillard reactions Cheng et al., 2008; Hidalgo, 

Aguilar & Zamora, 2017;  

Zhu et al., 2020b 

Other carbonyl 

compounds, e.g. 

furfural and HMF 

Carbonyl Maillard reactions/ 

Sugar condensation 

Es-Safi et el., 2000; Qi et al., 

2018; Zhu et al., 2020b 

Reactions that require oxidation of polyphenol to quinone 

Proteins,  

peptides,  

free amino acids 

Amine (N-

terminal/Lys 

residue) 

Thiol (Cys 

residue) 

Guanidine (Arg 

residue) 

Imidazole (His 

residue) 

Naturally present in 

most foods 

(Peptides and amino 

acids can also be formed 

during 

hydrolysis/proteolysis) 

Li et al., 2017; 

Pierpoint, 1969; 

Prigent et al., 2008 

N-

carboxymethyllysine 

(CML) 

Amine Maillard reactions Li et al., 2018a 
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  1026 
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Table 2 Rate constants for the reaction of methylglyoxal (MGO) and other carbonyl compounds 1027 

with different polyphenols in aqueous solutions at 37 C. 1028 

Carbonyl Polyphenol Apparent second order 

rate constant 

determined [M-1 s-1] 

pH References 

MGO Naringenin (7.8  0.6) x 10-4 6.00 Zhu et al., 2019 

(5.5  0.8) x 10-3 6.40 

(2.3  0.2) x 10-2 6.80 

(4.4  0.3) x 10-2 7.00 

(8.3  0.0) x 10-2 7.25 

0.1  0.0 7.40 

Trans-

resveratrol 

(2.7  0.2) x 10-2 7.40 Zhu et al., 2020a 

Apigenin (4.4  0.4) x 10-3 

Kaempferol (6.3  0.2) x 10-2 

Fisetin (3.6  0.1) x 10-3 

Epicatechin 1.6  0.2 Zhu et al., 2020b 

GO Epicatechin (5.9 ± 0.3) × 10-2 7.40 Zhu et al., 2020b 

HMF (4.0  ± 0.2) × 10-2  

Acetaldehyde (2.6 ± 0.3) ×10-2  

Phenylacetaldehyde (2.1 ± 0.2) ×10-2  

Furfural (4.3 ± 0.1) × 10-3  

2-Methylbutanal ~ 0  

3-Methylbutanal ~ 0  

 1029 

  1030 
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Table 3 Selected apparent second order rate constants for Michael addition reactions between 4-1031 

methylbenzoquinone (4MBQ) and different amino acids, peptides and proteins, as well as CML. 1032 

BSA, bovine serum albumin; NEM, N-ethylmaleimide; n.a., not applicable.  1033 

Nucleophilic group Compound  pHa k2 (M-1 s-1)b 

Amino acids/peptides  

Thiol group Glutathione  6.0 5.4  105 

 L-Cys  6.0 7.0  105 

 N-acetyl-L-Cys  6.0 1.8  105 

 N-acetyl-L-Cys  6.5 5.2  105 

Amine group L-Gly  6.5 0.7  1 

 L-Gly  7.0 2.0  0.3 

 L-Lys  7.0 8.4  0.5 

 N-acetyl-L-Cys  7.0 4.0  0.4 

 N-acetyl-L-Cys  7.0 0.9  0.1 

 CML  7.0 9.5  1.4  

Guanidine group N-acetyl-L-Arg  - Too slow 

Proteins  [Thiols]c 

(mol/mol protein) 

  

With free thiol group Human serum 

albumin 

0.21 7.0 (4.8  0.2)  103 

 BSA 0.38 7.0 (3.1  0.2)  104 

 BSA (NEM treated)d 0.16 7.0 (1.0  0.1)  104 

With amine groups  -Lactalbumin n.a. 7.0 (4.0  0.2)  102 
aValues obtained for the most neutral possible pH values are included. Reactions with thiols at pH 1034 

> 6.5 were too fast to be investigated by stopped-flow spectrophotometry, while reactions with 1035 

amines at pH < 7.0 were to slow. bAll values are obtained from Li et al. (2016) except for the value 1036 

for CML, which is from Li, Li, Lund, Li, Hu, and Zhang (2018a). cThiol concentration was 1037 

determined by the Ellman assay. dNEM was used to block thiol groups in BSA. 1038 
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 1040 

Figure 1 Examples of phenolic compounds found in plants and fruits grouped into non-flavonoids 1041 

and flavonoids. Examples of abundant phenolic compounds within each group and subgroup are 1042 

shown (Crozier et al., 2009; Smeds et al., 2007). 1043 

 1044 
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1046 

Figure 2 Reactions of polyphenols with different food components, illustrated by the flavan-3-ol, 1047 

epicatechin, which is present in e.g. green tea, grapes, wine, and beer. Reactions 1 and 2 show 1048 

trapping of -dicarbonyls, aldehydes and ketones. Substitution may take place on C-8 as well. 1049 

Reactions 3 and 4 show the oxidation of epicatechin to a semiquinone radical and a quinone. 1050 

Reaction 5 shows the Michael addition occurring between a quinone and a nucleophilic group on 1051 

amino acids, peptides and proteins, illustrated by Pr-XH. Reaction 6 shows the reaction between a 1052 

quinone and an amine group to form a benzoquinone imine. Reaction 7 shows polyphenol 1053 

polymerisation. Reaction 8 shows the Michael addition between a quinone and the advanced 1054 

glycation endproduct, N--carboxymethyllysine (CML); both amine groups may react with 1055 

quinones, but for simplicity only one of the adducts is shown.  1056 

 1057 
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1058 

Figure 3 Effect of polyphenol reactions on protein structure. –XH denotes a nucleophilic group 1059 

on a protein. Reaction 1 shows oxidation of polyphenol to o-quinone. Reaction 2 shows Michael 1060 

addition of o-quinone on a native protein to form a protein-polyphenol compound, which is likely 1061 

to change protein folding and structure. Reaction 3 shows re-oxidation of the polyphenol to form 1062 

a protein-quinone compound. Reaction 4 shows a second Michael addition with another protein to 1063 

form a phenol-mediated protein cross-linked compound, and reaction 5 shows phenol-mediated 1064 

protein polymerisation occurring after multiple Michael addition reactions, which is likely to 1065 

change protein functionality and digestibility. 1066 


