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ABSTRACT 18 

Plant polyphenols applied as natural antioxidant ingredients, are known to bind to cysteine residues 19 

on meat proteins. The aim of this study was to examine the effect of light exposure on the formation 20 

of cysteine-phenol adduct in meat added 4-methylcatechol (4MC), a model polyphenol, during 21 

storage through quantitative LC-MS/MS-based analysis. Cysteine-4-methylcatechol adduct (Cys-22 

4MC) formation in meat added 1500 ppm 4-MC increased significantly (by 50%) when stored under 23 

light in oxygen at 4 ○C for 7 days as compared to storage in the dark. This was reflected by a 24 

significant decrease in thiol concentrations in the same sample. Gel electrophoresis showed loss in 25 

myosin heavy chain (MHC), and a resulting increase in cross-linked MHC (CL-MHC) and larger 26 

protein polymers in samples added 4MC. Protein blots stained with nitroblue tetrazolium (NBT) 27 

showed intensive protein-polyphenol binding in the meat samples added 4MC, but no major 28 

differences between storage conditions. 29 

 30 

Keywords 31 

Photo-oxidation; meat; cysteine-phenol adduct; thiols; protein cross-linking; protein oxidation; thiol-32 

quinone adduct; Michael addition.    33 
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1. INTRODUCTION 34 

Protein oxidation in foods has gained increased attention over the last decade due to the risk of 35 

reducing nutritional quality of proteins, as dietary protein is important for the human daily diet. 36 

Protein oxidation in meat has been shown to occur during storage in high oxygen modified 37 

atmosphere packaging (MAP), which is widely applied for retail storage in the Western world (Bao, 38 

Boeren, & Ertbjerg, 2018; Lund, Hviid, & Skibsted, 2007a; Lund, Lametsch, Hviid, Jensen, & 39 

Skibsted, 2007b; Park, Xiong, Alderton, & Ooizumi, 2006; Zakrys-Waliwander, O’Sullivan, O’Neill, 40 

& Kerry, 2012). High oxygen MAP (80% O2) favors the formation of oxymyoglobin on the surface 41 

of meat, giving a bright cherry red color of the meat, which is appealing to the consumer. Fresh meat 42 

packed in high oxygen MAP is most often displayed under light in supermarkets, but the effect of 43 

light on the extent of protein modifications of meat has not been studied in much detail (Andersen & 44 

Skibsted, 2010; O’Sullivan, 2011). We have recently shown that light exposure induces photo-45 

oxidation of proteins in meat during storage in high-oxygen atmosphere, which resulted in protein 46 

polymerization through oxidative cross-linking of especially cysteine residues to form disulfides 47 

(Zainudin, Poojary, Jongberg, & Lund, 2019). Protein polymerization results in textural changes of 48 

the meat (Bao et al., 2018; Kim, Huff-Lonergan, Sebranek, & Lonergan, 2010; Lund, Lametsch, 49 

Hviid, Jensen, & Skibsted, 2007b) and potentially also reduced digestibility and therefore reduced 50 

nutritional value (Rysman, Van Hecke, Van Poucke, De Smet, & Van Royen, 2016). 51 

 52 

Application of antioxidants to meat and meat products has been widely practiced in order to prevent 53 

oxidation in meat (Jongberg, Skov, Tørngren, Skibsted, & Lund, 2011; Lund, Hviid, et al., 2007). 54 

Especially extracts from plants rich in polyphenols such as green tea extract and rosemary extract 55 

have been investigated for their antioxidative potential (García-Lomillo, Gonzalez-SanJose, Del 56 

Pino-García, Ortega-Heras, & Muñiz-Rodríguez, 2017; Jongberg, Terkelsen, Miklos, & Lund, 2015; 57 
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Jongberg, Tørngren, Gunvig, Skibsted, & Lund, 2013). Plant-derived phenolic antioxidants work 58 

efficiently for inhibition of lipid oxidation and preserving the red color of meat (Jongberg, Skov, et 59 

al., 2011; Lund, Hviid, et al., 2007). However, some studies have found that these phenolic 60 

compounds bind to meat proteins and may generate protein cross-links (Cao & Xiong, 2015; 61 

Jongberg, Skov, et al., 2011). Polyphenols become highly reactive in their oxidized form as quinones 62 

and react rapidly with protein nucleophiles especially protein thiol groups (on Cys residues) but also 63 

with amine groups (on N-terminals of proteins and peptides and on Lys residues) to form protein-64 

polyphenol adducts (Li, Jongberg, Andersen, Davies, & Lund, 2016). Jongberg, Gislason, Lund, 65 

Skibsted, and Waterhouse (2011) detected the formation of an adduct formed between 4-66 

methylcatechol (4MC) and thiol groups of Cys residues (Cys-4MC) on proteins from meat samples 67 

added 4MC and exposed to oxygen, and proposed that the Cys-4MC adduct was formed through a 68 

Michael addition. Protein-polyphenol adducts could also be formed from the reaction between thiyl 69 

radicals (RS•) and semiquinone radicals, as proposed by Fujimoto and Masuda (2012). Both 70 

mechanisms require the oxidation of the polyphenol, but to either a semiquinone radical or a quinone. 71 

Few studies also found a similar type of protein-polyphenol adduct formed between rosmarinic acid 72 

and Cys, Lys, Arg, and His on meat proteins after exposure to oxidation (Tang, Zhang, Dai, Li, Xu, 73 

& Zhou, 2015; Tang, Zhang, Wang, Xing, Xu, & Zhou, 2016; Tang, Zhang, Zhou, Xing, Zheng, Xu, 74 

& Zhou, 2017). The formation of protein-polyphenol adducts was found to be affected by 75 

temperature, time of stirring (i.e. in a solution), and oxidant concentration applied (Tang et al., 2015). 76 

These interactions between meat proteins and phenolic compounds have been found to affect meat 77 

protein functionality, such as texture and emulsifying properties (Feng et al., 2017; Jia, Wang, Shao, 78 

Liu, & Kong, 2017; Jongberg et al., 2015), and the digestibility of the meat proteins to different 79 

extents dependent on the type of phenolic compound (Cao, True, Chen, & Xiong, 2016; Rysman et 80 

al., 2016). 81 
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 82 

There is a lack of knowledge of which conditions influence the formation of protein-polyphenol 83 

adducts as well as quantitative data describing the actual amount of these compounds in meat. The 84 

protein-polyphenol adducts previously studied has mainly been based on chemically induced 85 

oxidation (i.e. by the Fenton reaction) (Jongberg, Gislason, et al., 2011; Tang et al., 2016) or storage 86 

under oxygen atmosphere (Jongberg, Lund, Waterhouse, & Skibsted, 2011; Tang et al., 2015). To the 87 

best of our knowledge, there is no information available on protein-polyphenol adducts generated by 88 

other oxidant sources such as light, which is relevant during retail display of meat products (Zainudin 89 

et al., 2019). Light induced oxidation occurs in the presence of natural photosensitizers in meat, such 90 

as riboflavin (absorbs light in the range of 365-445 nm), oxymyoglobin (absorbs light in the range of 91 

313-366 nm), and tyrosine or tryptophan residues (both absorb light in the range of 270-300 nm) 92 

(Andersen, Bertelsen, & Skibsted, 1989; Cardoso, Libardi, & Skibsted, 2012; Pattison, Rahmanto, & 93 

Davies, 2012). The amount of riboflavin in raw beef has been reported to be between 0.09 and 0.17 94 

mg/100 g (Lombardi-Boccia, Lanzi, & Aguzzi, 2005). The photosensitizers become excited to triplet 95 

state species, react with oxygen directly or indirectly to create superoxide anion (O2
·-) or singlet 96 

oxygen (1O2) and induce oxidative damage in the meat. We have recently established a quantitative 97 

method for Cys-4MC adducts in meat based on the synthesis of a Cys-4MC standard and LC-MS/MS 98 

analysis of meat samples after acidic hydrolysis (Arsad et al., 2020). The aim of the present study 99 

was to quantitatively determine the effect of light exposure on the formation of protein Cys-4MC 100 

adducts in meat added 4MC (500 ppm and 1500 ppm) during storage under oxygen and nitrogen 101 

atmospheres. It was hypothesized that light accelerates the oxidative processes in meat, and hence 102 

protein-polyphenol bonding. The meat samples were also subjected to thiol analysis to examine the 103 

loss of thiols as well as SDS-PAGE analysis followed by nitroblue tetrazolium (NBT) staining of 104 
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protein blots in order to compare this method with results obtained from the quantitative LC-MS/MS-105 

based method. 106 

 107 

2. MATERIALS AND METHODS 108 

2.1. Chemicals 109 

All chemicals used were of analytical grade or of the highest grade available. Double deionized water 110 

was obtained from a Millipore MilliQ-system (Millipore, Bedford, MA). Acetonitrile (LC-MS grade 111 

LiChrosolv®), formic acid 98-100% (LC-MS grade LiChropur®), L-cysteine (Cys), 4-112 

methylcatechol (4MC), guanidine hydrochloride (GuHCl), bovine serum albumin (BSA), 4,4-113 

dithiodipyridine (4-DPS), dithiothreitol (DTT), nitroblue tetrazolium (NBT), and methane sulfonic 114 

acid (MSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA).  115 

 116 

2.2. Meat sample preparation 117 

Meat samples were prepared as described by Arsad et al. (2020). In brief, beef (Longissimus dorsi) 118 

was purchased from a local Danish supermarket. Visible fat was removed and the remaining lean 119 

meat was minced and added 0, 500 or 1500 ppm 4MC. The minced meat samples (10 g) were molded 120 

into sticks of cylindrical shapes with dimension 7.0 cm x 2.0 cm to ensure a uniform exposure to 121 

light. The samples were transferred to 50 mL airtight glass bottles, which were flushed with either 122 

nitrogen (99.99%) or oxygen (99.99%). Each sample was prepared in independent triplicates. The 123 

meat samples were stored for 0 or 7 days at 4 °C in the respective atmosphere (nitrogen or oxygen) 124 

under light exposure or in the dark. The light exposed samples were stored directly under a standard 125 

fluorescent lamp (IP20 18W by Nordlux, 4000 K, 1350 Lumen) with a distance between the light 126 

source and samples of approximately 25 cm. This distance was selected to simulate a worst case 127 

scenario in supermarkets. The samples were illuminated continuously at 4 °C in a walk-in refrigerator 128 
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for 7 days. The average light intensity was 1200 lux measured with a Lux meter (Digital Light Meter 129 

YF-172, Taiwan). The samples were randomly shuffled once a day to ensure that the light exposure 130 

was evenly distributed for each sample. Also, samples were flushed either with nitrogen or oxygen 131 

every day for about 30 seconds. Samples stored at 4 °C in the dark were the same samples as those 132 

reported in our previous study (Arsad et al., 2020), and have only been included in the present study 133 

in order to be able to compare the effects of light and dark storage conditions. After sampling, the 134 

samples were vacuum packed, protected from light and stored at -80 ○C until analyses.  135 

 136 

2.3. Measurement of meat color 137 

The meat color was determined by Hunter L*, a*, b* values by a BYK-Gardner Color Meter 138 

(Geretsried, Germany). The measurement for each sample was an average of three measurements on 139 

three different positions of the meat surface.  140 

 141 

2.4. Preparation of myofibrillar protein isolate (MPI) 142 

The myofibrillar protein isolate was prepared according to previous literature (Jongberg, Skov, et al., 143 

2011). Lyophilized MPI was stored at -80 ○C until analyses.   144 

 145 

2.5. Determination of thiol concentrations 146 

Thiol concentration of MPI re-solubilized in 6 M GuHCl-Tris buffer was determined using the 4-147 

DPS method based on Arsad et al. (2020) and from a standard curve prepared from L-cysteine. Protein 148 

was quantified by measuring absorbance at 280 nm using a microplate reader (SpectraMax i3x, 149 

Molecular Devices, San Jose, CA) with a calibration curve of BSA. The thiol concentration was 150 

expressed as nmol thiol/mg protein.  151 

 152 
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2.6. Quantification of Cys-4MC adducts in MPI samples by LC-MS/MS 153 

MPI (10 mg) was hydrolyzed with 3 mL of 4 M methanesulfonic acid (MSA) containing 0.2% (w/v) 154 

tryptamine using a microwave synthesizer (Biotage Initiator, Uppsala, Sweden) at 150 ○C for 1 155 

minute before increasing the temperature to 165 ○C, which was then kept for 9 minutes as previously 156 

described (Zainudin et al., 2019). The solution was then neutralized with 4 M NaOH at a 1:1 ratio 157 

(v/v). The neutralized hydrolysate was diluted between 5 to 10 times with MilliQ water and 10 µL of 158 

the diluted sample was injected into an UHPLC Ultimate 3000 coupled with a Q-Exactive mass 159 

spectrometer (Thermo Fisher Scientific) system equipped with a reversed-phase C18 column 160 

(AerisTM 1.7 µm PEPTIDE XB-C18 100 LC Column 150 x 2.1 mm). The LC-MS/MS setting was 161 

similar to what was described by Arsad et al. (2020) and the quantification was based on a standard 162 

calibration curve prepared from the Cys-4MC standard in the range between (0.87 nM - 3.562 µM) 163 

with an R2 value of 0.9995. The Cys-4MC standard was synthesized and characterized as described 164 

by Arsad et al. (2020). 165 

 166 

2.7. Evaluation of protein cross-linking by SDS-PAGE and NBT blotting assay for protein-167 

polyphenol binding  168 

SDS-PAGE analysis and NBT blotting assay were performed according to the procedures described 169 

by Arsad et al. (2020). 170 

 171 

2.8. Statistical data analysis 172 

Statistical analysis was performed using R Statistical Software Version 3.5.1. Data were processed 173 

by analysis of variance using linear model and least square mean model with treatment (4MC dose), 174 

atmosphere, storage time (days), storage condition (dark or light) and replicate (three independent 175 



9 

 

replicates for each sample; A, B, and C) as variables. Mean values were used to compare differences 176 

and the significance level was selected as P < 0.05. 177 

 178 

3. RESULTS AND DISCUSSION 179 

3.1 Formation of Cys-4MC adducts and thiol loss 180 

A standard of Cys-4MC was synthesized and characterized as described in our previous study, and 181 

used for quantification of the formation of protein-derived Cys-4MC adducts in meat samples after 182 

acidic hydrolysis and LC-MS/MS analysis (Arsad et al., 2020). Since it is not possible to synthesize 183 

a protein-derived Cys-4MC standard of known concentration, it is not possible to calculate the 184 

recovery of Cys-4MC after acidic hydrolysis. Therefore, the Cys-4MC concentrations reported here 185 

must be considered as the minimum concentration found in the samples, since part of the Cys-4MC 186 

might have been lost during acidic hydrolysis as also explained in our previous study (Arsad et al., 187 

2020). The prepared Cys-4MC standard with m/z 244.06 undergoes fragmentation to produce product 188 

ions with m/z values 155.02 and 227.06, where the fragment ion of 155.02 m/z was the most dominant 189 

fragment and utilized for the quantification of Cys-4MC adducts in meat samples as described 190 

previously (Arsad et al., 2020). LC-MS/MS chromatograms are included in supplementary materials, 191 

Figure S1. Results of samples stored in the dark were already discussed in our previous study, so the 192 

samples stored in light will be the main focus in this paper, but we have included the results from 193 

samples stored in the dark in order to be able to make a statistical comparison (Table 1). The 194 

concentration of Cys-4MC adduct was significantly increased for samples stored in oxygen, and 195 

exposure to light was found to even further increase Cys-4MC adduct formation. Hence, the highest 196 

concentration of Cys-4MC adduct was found in the sample added 1500 ppm 4MC and stored in 197 

oxygen under exposure to light (12.2 nmol/mg MPI). The dose of 4MC was found to significantly 198 

influence the concentration of Cys-4MC adduct with 500 ppm 4MC resulting in lower concentrations 199 
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as compared to 1500 ppm. For the samples added 500 ppm 4MC and stored in oxygen or nitrogen, 200 

no significant effect of light was observed, although the mean value of Cys-4MC adduct concentration 201 

was numerically higher for samples stored in oxygen under light exposure. In general, the samples 202 

stored in nitrogen atmospheres only contained low levels of Cys-4MC adducts showing that the 203 

presence of oxygen strongly favored the formation of Cys-4MC adduct. However for the samples 204 

stored in nitrogen, a significantly higher Cys-4MC adduct concentration was found for meat samples 205 

added with 1500 ppm 4MC and stored under light (0.22 nmol/mg MPI) compared to in the dark (0.06 206 

nmol/mg MPI). This demonstrated that the formation of Cys-4MC adduct was dependent on the 207 

presence of oxygen, and that light exposure alone did not cause a very pronounced effect on Cys-208 

4MC adduct formation. This is an important finding for meat products added polyphenols, since it 209 

demonstrates that the protein-polyphenol binding can be significantly limited if only the product is 210 

stored without the presence of oxygen. 211 

 212 

In order to evaluate the significance of quantified levels of Cys-4MC adduct formed in the meat 213 

samples, the protein thiol concentration was also determined. As expected, thiol concentration was 214 

significantly lower in control samples stored in oxygen compared to those stored in nitrogen (Figure 215 

1), which is in agreement with previous studies (Arsad et al., 2020; Jongberg, Gislason, et al., 2011; 216 

Jongberg, Skov, et al., 2011). The combination of storage in oxygen and light resulted in a significant 217 

thiol loss, as also recently demonstrated by Zainudin et al. (2019). It was also found that addition of 218 

4MC caused an increased thiol loss, especially when the samples were stored in oxygen atmospheres, 219 

compared to control samples. Samples with 1500 ppm 4MC added had a significantly higher thiol 220 

loss compared to samples with 500 ppm 4MC added, which was found to be in agreement with the 221 

higher concentration of Cys-4MC formed in samples added 1500 ppm (Table 1). For samples with 222 

added 4MC, light exposure did not result in any additional thiol loss compared to storage in the dark 223 
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irrespective of the storage atmosphere (Figure 1). The thiol loss observed by addition of 4MC and 224 

exposure to oxygen was in agreement with previous literature (Cao & Xiong, 2015; Jongberg, 225 

Gislason, et al., 2011).  226 

 227 

Quantification of both thiols and Cys-4MC adduct in the meat samples makes it possible to estimate 228 

the relative proportion of thiols lost to Cys-4MC adduct formation and thiols lost to oxidation. For 229 

this comparison, the thiol value was converted from nmol per mg of protein to nmol per mg of MPI 230 

in order to have the same units.  The relative contribution of Cys-4MC adduct formation after 7 days 231 

of storage on the thiol loss was calculated according to eq. 1. 232 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 (%) =  
𝐶𝑦𝑠−4𝑀𝐶 𝑎𝑑𝑑𝑢𝑐𝑡

𝑇ℎ𝑖𝑜𝑙 𝑙𝑜𝑠𝑠(𝐷𝑎𝑦 0−𝐷𝑎𝑦 7)
 𝑥 100%                       [1] 233 

Where the thiol loss was calculated by subtracting the thiol value on day 0 with the thiol value 234 

obtained after 7 days of storage. This estimation showed that the formation of Cys-4MC adducts 235 

accounted for nearly 92% of the total thiol loss by addition of 1500 ppm 4MC in the sample stored 236 

in oxygen and exposed to light. The relative contribution for addition of 500 ppm 4MC to samples 237 

stored in oxygen and exposed to light was only 36%. These values indicate that the formation of Cys-238 

4MC adducts are not only a minor reaction leading to thiol loss, but that the Cys-4MC formation is a 239 

major contributor to thiol loss and hereby protein modification in meat samples added 4MC. It should 240 

be taken into consideration that the calculation of these relative contributions was only possible by 241 

assuming that all the MPI was dissolved in the buffer during thiol analysis. Protein solubility has 242 

previously been shown to be affected by oxidative processes in meat during storage due to formation 243 

of cross-links between the myofibrillar proteins (Chen, Zhou, & Zhang, 2015; Zainudin et al., 2019). 244 

 245 

Photosensitizers in meat such as riboflavin and oxymyoglobin may absorb the energy from the light 246 

source if the light source transmits light at wavelengths absorbed by the photosensitizers. If this is the 247 
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case, the photosensitizers usually transform into highly reactive excited triplet state molecules, which 248 

may cause further oxidative damage. The reactivity of excited triplet states is well-characterized for 249 

riboflavin (Cardoso et al., 2012), but not for oxymyoglobin (Andersen & Skibsted, 2010). The light 250 

source which was used in the present study emitted energy in the wavelength range between 313-600 251 

nm, which falls within the wavelength range where riboflavin (365-445 nm) and oxymyoglobin (313-252 

366 nm) absorb light. These excited triplet state photosensitizers may either react with oxygen to 253 

produce singlet oxygen (1O2) via a Type II mechanism or be directly quenched by thiol compounds 254 

(or other reactive species in the meat) via a Type I mechanism before returning to their ground states 255 

(Cardoso et al., 2012). According to Pattison et al. (2012) formation of 1O2 would be the major cause 256 

for the Cys oxidation, which would explain the increased thiol loss obtained in the control meat 257 

sample (with 0 ppm 4MC) stored under light and in oxygen atmosphere as compared to storage in the 258 

dark (as well as the lack of loss when the same samples were stored in nitrogen atmospheres).  259 

 260 

To the best of our knowledge, no previous studies have investigated the effect of light on the 261 

formation on protein-polyphenol adducts in meat. Jongberg, Skov, et al. (2011) proposed a Michael 262 

addition mechanism to explain the formation of  Cys-4MC adducts in meat samples stored under 263 

oxygen atmospheres in the dark (Figure 2, reaction ii), while Fujimoto et al. (2012) proposed an 264 

additional pathway for the formation of protein-polyphenol adduct formation through a radical 265 

coupling mechanism (Figure 2, reaction i) followed by a dienone-phenol re-arrangement. There are 266 

several possible pathways that may explain the formation of Cys-4MC adduct in meat under light 267 

exposure. i) Photo-oxidation may increase the formation of Cys-4MC adduct by inducing oxidation 268 

of 4MC into semiquinone radicals or quinones and thiols into thiyl radicals via singlet oxygen formed 269 

through the Type II mechanism as described previously (Mukai, Nagai, & Ohara, 2005; Pattison et 270 

al., 2012) and ii) 4MC and thiols may be oxidized by triplet state photosensitizers such as riboflavin 271 
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or by superoxide anions (O2
·-) (Cardoso et al., 2012; Huvaere, Olsen, & Skibsted, 2009; Huvaere, 272 

Sinnaeve, Van Bocxlaer, & Skibsted, 2012). Cardoso et al. (2012) found that catechol was able to 273 

quench the triplet state riboflavin efficiently in model systems with a second order of rate constant of 274 

2.8 x 109 L mol-1 s-1. The oxidation of 4MC by an excited state photosensitizer is thus likely to occur; 275 

a previous study has shown that catechin was readily converted into o-quinone and catechin dimers 276 

during irradiation by visible light with flavin mononucleotide (FMN), a derivative of riboflavin as 277 

the photosensitizer (Huvaere et al., 2012). The direct photo-oxidation of 4MC is unlikely to occur in 278 

the present study since the absorbance maximum of 4MC is 280 nm, and the light sources used only 279 

emitted light from 313-600 nm (Huvaere & Skibsted, 2015; Li et al., 2016; Lu & Zhao, 2017). 280 

 281 

3.2 Visual appearance 282 

The apparent visual effect of addition of 4MC was determined by evaluation of the meat color. The 283 

a* value describes colors of green (negative values) to red (positive values) and allowed 284 

differentiation of samples based on their redness. Results showed that storage for 7 days significantly 285 

decreased redness independently of treatment or storage condition (Figure 3), which indicated 286 

oxidation of oxymyoglobin (cherry red pigment of meat) to metmyoglobin (brown pigment) 287 

(O’Sullivan, 2011). Results also showed that 4MC was able to significantly preserve some of the 288 

redness when samples were exposed to oxygen, which indicates that 4MC may preserve 289 

oxymyoglobin in the meat through its antioxidative properties. In addition, Miura, Inai, Honda, 290 

Masuda, and Masuda (2014) have shown that formation of a cysteinyl-caffeic acid adduct generated 291 

a synergistic effect in retaining the meat red color compared to that of caffeic acid or cysteine alone  292 

(Miura et al., 2014), so the formation of Cys-4MC adducts in the present study could also contribute 293 

to the preservation to red meat color in samples with added 4MC. Moreover, the adduct with two 294 

cysteines attached to hydroxytyrosol (polyphenol from olive) showed the most effective reducing 295 
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activity of metmyoglobin without causing pro-oxidant effect to the oxymyoglobin (Honda, Miura, 296 

Masuda, & Masuda, 2016). Without addition of 4MC, oxygen was found to significantly decrease the 297 

redness, and with the combination of oxygen and light redness decreased most intensively. During 298 

storage in nitrogen, no significant effect of light on redness was observed.  299 

 300 

3.3. Protein polymerization 301 

The present work has demonstrated that light accelerated the formation of Cys-4MC in meat. A 302 

previous study by Tang et al. (2015) investigating the reaction between the quinone of rosmarinic 303 

acid and thiols, showed that the formation of Cys-rosmarinic acid (Cys-RosA) adduct could undergo 304 

a second oxidation and react with yet another cysteine to produce a polymerized Cys-4MC compound, 305 

Cys-Phenol-Cys (Cys2P). The same study also highlighted that temperature, concentration of 306 

oxidants and stirring time of the reaction solution affected the formation of protein-polyphenol 307 

adducts. In the present study, the formation of protein polymerization in the meat samples was 308 

evaluated by SDS-PAGE analysis. Figure 4 shows the separation of proteins in meat samples with 309 

and without addition of 4MC stored in oxygen and subjected to light exposure or dark storage. No 310 

protein polymerization was observed during storage in nitrogen, so the gels containing these samples 311 

are not shown, and the following discussion will only concern samples stored in oxygen. The samples 312 

were run non-reduced, where all covalent cross-links remain intact in the samples (Figure 4A), and 313 

reduced by DTT which cleaves primarily disulfide bonds (Figure 4B).  314 

 315 

Analysis of the gels indicated the formation of cross-linked myosin heavy chain (CL-MHC) for all 316 

samples after storage for 7 days (Figure 4A). Storage in light seemed to induce more CL-MHC, and 317 

the presence of 4MC also appeared to produce a more intense CL-MHC band in a dose-dependent 318 

manner. The increased polymerization was also evident from the unambiguous loss in myosin heavy 319 
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chain (MHC) for the samples containing 4MC, especially for the high dose of 4MC. Actin (~42 kDa) 320 

and a protein band with lower molecular weight (~100 kDa) were also found to disappear in the 321 

samples containing 4MC, and these reactions were found to occur at both day 0 and day 7. This 322 

indicated that addition of 4MC did not prevent the formation of protein polymerization, but rather 323 

induced more protein polymerization, in agreement with previous studies (Jongberg, Skov, et al., 324 

2011; Jongberg et al., 2013). The CL-MHC bands tended to be smeared with increasing 4MC dose, 325 

indicating the presence of proteins with varying molecular weight, which could potentially be caused 326 

by protein modification by 4MC to various degrees as shown by Tang et al. (2016) for rosmarinic 327 

acid. Furthermore, larger protein aggregates were found in the top of the lanes, indicating the presence 328 

of large protein polymers. In the control samples without 4MC, CL-MHC formation was also detected 329 

by exposure to light, demonstrating the effect of photo-oxidation on protein polymerization as already 330 

demonstrated by Zainudin et al. (2019). This indicated once again the synergistic effect between light 331 

and oxygen on meat protein cross-linking.  332 

 333 

SDS-PAGE of the reduced samples showed that the CL-MHC was still present in samples added 334 

4MC even after reduction by DTT, indicating that the cross-links were formed through non-reducible 335 

bonds (Figure 4B). The CL-MHC band was not visible for the control sample without 4MC, 336 

indicating that the CL-MHC formation in the control sample was formed by reversible cross-links, 337 

such as disulfides (Kim, Huff-Lonergan, Sebranek, & Lonergan, 2010; Lund, Lametsch, et al., 2007). 338 

During interpretation of the band intensities of the SDS-PAGE results, it is important to consider that 339 

4MC may have interfered with the quantification of protein concentration, which was determined at 340 

280 nm. Such interference may cause an underestimation of the protein content of the sample, and 341 

hence direct comparison of intensities may be less accurate. However, comparison between dark and 342 

light storage conditions is unaffected as the concentration of 4MC was the same. 343 
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 344 

The formation of phenol-mediated protein cross-link by addition of polyphenols to meat protein under 345 

oxidative conditions has previously been described (Jongberg et al., 2013; Jongberg et al., 2015). 346 

Phenol-mediated protein polymerization was found to affect the texture and functional properties of 347 

myofibrillar protein (Feng et al., 2017; Jia et al., 2017; Jongberg et al., 2015). The effects of phenol-348 

mediated cross-link depend on the ratio of protein to polyphenols, and higher proportions of 349 

polyphenols compared to protein have been found to cause loss of texture strength (Jongberg et al., 350 

2015).  351 

 352 

3.4 Nature of the protein-phenol binding 353 

The meat proteins separated by gel electrophoresis were blotted onto a PVDF membrane and stained 354 

by NBT, which is a redox-active compound. Hereby protein-polyphenol interactions may be 355 

identified since only proteins bound to a reducible compound (such as 4MC) will react with NBT and 356 

create a purple color visualized on the membrane (Figure 5A). Samples with added 1500 ppm 4MC 357 

produced the most intense protein band compared to the dose of 500 ppm, and no staining was 358 

observed for control samples without addition of 4MC. This result is in agreement with the LC-MS 359 

analysis (Table 1). There were no differences in the staining intensity between the dark and light 360 

treated samples within the same group of 4MC dose and storage atmosphere. This observation was 361 

only partly in agreement with the LC-MS analysis as a higher concentration of Cys-4MC was in fact 362 

observed for samples added 1500 ppm and stored under light and oxygen, compared to similar 363 

samples stored in the dark. An intense protein-polyphenol band was shown for myosin heavy chain 364 

(MHC) with molecular weight 200 kDa indicating that most of the interaction occurs on MHC, but 365 

the band at ~35 kDa was also stained quite intensely. An intense staining was already apparent at day 366 

0 for the sample added 1500 ppm 4MC showing that the reaction between oxidized 4MC and proteins 367 
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is fast. The staining intensity of the sample from day 0 added 1500 ppm 4MC was very similar (and 368 

even appeared more intense) than the samples from day 7 added 1500 ppm 4MC (Figure 4A). The 369 

quantitation of Cys-4MC by LC-MS/MS did, however, result in significantly higher values in day 7 370 

samples compared to day 0 samples (Table 1). The discrepancy between these two methods may be 371 

due to loss of protein solubility in stored samples; while the NBT blotting assay only detects proteins 372 

that have entered a gel by SDS-PAGE and subsequently been transferred to a membrane, the LC-373 

MS/MS method involves a complete hydrolysis of the sample. The sample for day 0 with 1500 ppm 374 

4MC added is the same sample for Figure 5A and 5B, and since the staining intensity of this sample 375 

is different on the two blots, it is not possible to compare results between storage in oxygen (Figure 376 

5A) and nitrogen atmospheres (Figure 5B). The staining intensity of day 0 and day 7 samples added 377 

1500 ppm 4MC and stored in nitrogen (Figure 5B) is comparable as was also observed for samples 378 

stored in oxygen (Figure 5A). A number of other factors must also be taken into consideration when 379 

evaluating the staining intensities of NBT blots; i) the Michael addition may occur on other 380 

nucleophilic amino acid residues than Cys, such as Lys, Arg and His (Tang et al., 2016), although the 381 

rate of reaction between the quinone of 4MC and Lys and Arg is slow and not favored by the low pH 382 

of meat (no kinetic data is available for His residues) (Li et al., 2016), and ii) non-covalent binding 383 

may also contribute to the NBT blot staining intensities even though most non-covalent bonds are 384 

assumed to be broken during the SDS-PAGE step.  385 

 386 

4. CONCLUSIONS 387 

Addition of 4MC to minced meat stored under oxygen severely affected the protein thiol 388 

concentration, and caused formation of covalent bonds between Cys residues and 4MC. Exposure to 389 

light and oxygen during storage had a significant effect on the formation of the Cys-4MC adduct 390 

formation when a high dose (1500 ppm) of 4MC was added to the meat, where the Cys-4MC 391 
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concentration was found to be 12.2 nmol/mg MPI. Addition of 4MC also induced a higher degree of 392 

protein polymerization in a concentration dependent manner as compared to samples without added 393 

4MC, and the degree of protein polymerization was correlated to the level of Cys-4MC adduct 394 

formation. Nevertheless, all samples treated with 4MC showed intense protein-polyphenol 395 

interactions regardless of oxygen or light exposure, as determined after blotting and staining by NBT, 396 

indicating the likelihood of other covalent interactions than with thiols, and potentially also the 397 

presence of non-covalent interactions.  398 

 399 

ABBREVIATIONS USED 400 

Cys-4MC, cysteine-4-methylcatechol adduct; MPI, myofibrillar protein isolate; LC-MS/MS, liquid 401 

chromatography mass spectrometry tandem; MSA, methane sulfonic acid; SDS-PAGE, sodium 402 

dodecyl sulfate polyacrylamide gel electrophoresis; PRM, parallel reaction monitoring; MHC, 403 

myosin heavy chain; CL-MHC, cross-link myosin heavy chain. 404 
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Supplementary materials 406 

LC-MS/MS chromatograms of the cysteine-4MC adduct compound formed in meat samples with 407 

4MC added (Figure S1). 408 
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Table 1 Concentration of cysteine-4-methylcatechol (Cys-4MC) adduct formation in meat samples 549 

added 4-methylcatechol (0, 500 and 1500 ppm) and stored under oxygen or nitrogen atmosphere in 550 

the dark or under exposure to light for 7 days at 4 C. Cys-4MC was quantified by LC-MS/MS after 551 

acidic hydrolysis by MSA of meat samples. Results for samples stored in the dark have previously 552 

been published, but have been included here in order to make a statistical comparison between the 553 

effect of light exposure and storage in the dark. nd: not detected. Values represent mean values of 554 

three independent replicates  standard deviation, and different letters indicate statistical significant 555 

difference between samples (P<0.05). 556 

Day Storage 

atmosphere 

Storage in 

dark/light 

Dose of 4MC Concentration of  

Cys-4MC adduct 

(nmol/mg MPI) 

Reference 

 

 Day 0 

  

  

  

  

  

  

  

Control nd  

(Arsad et al., 

2020) 

500 ppm 0.037 ± 0.005e 

1500 ppm 0.10 ± 0.01e 

 

  

  

  

  

 Day 7 

  

  

  

  

  

  

 

  

 Nitrogen 

  

  

  

 

 Dark 

  

Control nd  

(Arsad et al., 

2020) 

500 ppm 0.07 ± 0.02e  

1500 ppm 0.06 ± 0.01e  

 

 Light 

  

Control nd Present study 

500 ppm 0.05 ± 0.02e Present study 

1500 ppm 0.22 ± 0.09d Present study 

  

 

 Oxygen 

  

  

  

 

Dark  

Control Nd  

(Arsad et al., 

2020) 

500 ppm 2.2 ± 0.3c 

1500 ppm 8.1 ± 0.9b 

 

Light 

  

Control Nd Present study 

500 ppm 3.4 ± 1.1c Present study 

1500 ppm 12.2 ± 1.7a Present study 

 557 
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558 

Figure 1. Thiol concentrations of samples treated with three different doses of 4MC (0/control, 500 559 

and 1500 ppm) under nitrogen or oxygen atmospheres and stored in the dark or under the exposure 560 

to light for 7 days at 4 ○C. Values represent mean values of three independent replicates  standard 561 

deviation, and different letters indicate statistical significant difference between samples (P<0.05). 562 

Results for samples stored in the dark was published in Arsad et al. (2020), but included here in order 563 

to compare the effect of light exposure to storage in the dark. 564 

 565 

  566 
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567 

Figure 2. Proposed mechanism for formation of cysteine-4-methylcatechol (Cys-4MC) adduct in 568 

meat stored in oxygen atmosphere under the exposure to light (modified from Fujimoto & Masuda, 569 

(2012)). 570 

 571 

  572 
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573 

Figure 3. Visual appearance as determined by the a* value (mean ± standard deviation) of minced 574 

beef added 0, 500, or 1500 ppm 4-methylcatechol (4MC) and stored in nitrogen or oxygen for 7 days 575 

at 4 ○C, while kept under light exposure or in the dark. A sample without 4MC at day 0 was included 576 

as a control. Letters (a-f) indicate statistical significant differences between samples (P<0.05). 577 

 578 

  579 
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580 

Figure 4. SDS-PAGE analysis of non-reduced (A) and reduced meat samples (B) added 4MC (0, 500 581 

or 1500 ppm) stored under oxygen atmospheres either in the dark under or exposure to light for 7 582 

days at 4 ○C. Results for samples stored in the dark was published in Arsad et al., (2020), but included 583 

here in order to compare the effect of light exposure to storage in the dark. 584 

 585 

  586 
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587 
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Figure 5. NBT staining blots for protein-polyphenol binding in non-reduced meat samples added 588 

4MC (0/control, 500 and 1500 ppm) stored in oxygen (A) or nitrogen (B) atmospheres in the dark or 589 

under exposure to light. Results for samples stored in the dark was published in Arsad et al. (2020), 590 

but included here in order to compare the effect of light exposure to storage in the dark. 591 


