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Highlights

 Red beetroot samples contained thirteen different betalains.

 Applied technological methods reduce the content of betalains by 31-64%.

 In vitro digestion leads to the formation of betalain precursors.

 The ACE inhibitory activity differed significantly between tested samples.
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24 Abstract

25

26 The aim of this study was to determine the impact of three different technological processes and 

27 in vivo digestion on the profile and content of betalains and inhibition of angiotensin I converting 

28 enzyme (ACE) in red beet. Betalains were analysed by the micro-HPLC-TOF-MS/MS method, 

29 while ACE inhibition was determined by an in vitro assay. In the tested samples, thirteen 

30 betalains were identified, constituting nine betacyanins, two betaxanthins and two betalain 

31 precursors. Among the betalains identified in the non-digested samples, betanin (betacyanin) and 

32 vulgaxanthin I (betaxanthin) were predominant. In the digested samples, 17-decarboxy-

33 neobetanin (betacyanin) and cyclo-DOPA (betalain precursor) were the dominant compounds. 

34 The applied technological processes reduced the content of betalain by 31–64% in the obtained 

35 products. The contribution of betalains released from red beet products after in vitro digestion 

36 was detected within the range of 0.001–0.10%. The applied treatments lowered ACE inhibition of 

37 the non-digested red beet products, while in general, the in vitro digestion caused an increase in 

38 ACE inhibition in the digested red beet products.

39

40 Keywords: red beetroot, betalains, betalain precursors, ACE inhibitions, food processing, in 

41 vitro digestion
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47 1. Introduction

48

49 Previous studies indicate that food products can have nutritional values and additional 

50 beneficial effects on human health. These reports led to an increase in the production of so-called 

51 “functional foods”. Consequently, an increased interest in root vegetables, which are rich in many 

52 of the ingredients with beneficial properties for consumers, has recently been observed. One of 

53 the root vegetables that is very popular among scientists is red beetroot (Beta vulgaris L.). 

54 Additionally, red beetroot is very popular among farmers and is grown in many countries. 

55 Extracts from red beet are often used in the food industry for food colouring known as E162 

56 (Ninfali & Angelino, 2013; Georgiev et al., 2010). The red beetroot is a rich source of bioactive 

57 compounds, particularly betalains (Paciulli et al., 2016; Clifford et al., 2015).

58 Betalains are water-soluble nitrogen-containing pigments that can be divided into red–

59 violet (betacyanins) and yellow–orange (betaxanthins) pigments (Ravichandran et al., 2013; 

60 Paciulli et al., 2016). Betalains are not widely dispersed in the plant world; however, as 

61 previously mentioned, due to their properties, they are commonly used in the food industry as a 

62 source of a natural red colouring (Azeredo, 2009). The highest content of betalains is found in red 

63 beetroot (Sawicki et al., 2016; Ravichandran et al., 2013). The concentrations of betacyanins and 

64 betaxanthins in the roots of red beet were between 400 and 2100 mg/kg fresh weight and between 

65 200 and 1400 mg/kg fresh weight, respectively (Ninafli & Angelino, 2013). Moreover, research 

66 carried out by Sawicki et al. (2016) showed that the betalain content differs depending on the red 

67 beetroot variety. Betalains are very sensitive compounds that are degraded by heat, oxygen, light, 

68 pH and enzymes (Herbach et al., 2006). In addition, betalains have a high antioxidant capacity 
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69 (Kanner et al., 2001) and exhibit antibacterial, hepatoprotective, anticarcinogenic and anti-

70 inflammatory actions (Račkauskiene et al., 2015; Liñero et al., 2017).

71 Vegetables, including red beetroots, are often eaten in processed form. Technological 

72 processes are mainly used to improve the taste or to improve the bioavailability of the ingredients 

73 contained in the food product (Murador et al. 2016). Thus, determining the effect of technological 

74 processing on bioactive compounds including betalains would facilitate the formulation of dietary 

75 recommendations. Scientific studies show different information regarding the impact of 

76 technological processes on the content and activity of biologically active food ingredients. 

77 Pellegrini et al. (2010) found a decrease in the total phenolic content of steamed broccoli, 

78 whereas Turkmen et al. (2005) showed an increase in the phenolic level of broccoli. Studies on 

79 the beneficial effects of red beetroot consumption on human health are increasing; in particular, 

80 the results indicate the beneficial effects of red beetroot on the prevention of hypertension. 

81 Hypertension is a primary risk factor for cardiovascular disease, and one billion people 

82 worldwide have this disease. The aim of this study was to investigate the effect of different 

83 technological processing (boiling, fermentation and microwave-vacuuming) and in vivo digestion 

84 of red beetroot products on the betalains content and angiotensin-converting enzyme (ACE) 

85 inhibition activity.

86

87 2. Materials and methods

88  

89 2.1. Chemicals

90 Detergent-compatible (DC) protein assay reagents were purchased from Bio-Rad Laboratories 

91 (Hercules, CA, USA). Tripeptide Abz-Gly-Phe(NO2)-Pro was purchased from Cymit Quimica 
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92 (Barcelona, Spain). ACE from rabbit lung was obtained from Sigma Aldrich (Madrid, Spain). 

93 Alpha-amylase, pepsin, pancreatin and bile salts were purchased from Sigma (St. Louis, MO, 

94 USA). MS-grade reagents, including acetonitrile, methanol, water and formic acid, were 

95 purchased from Sigma Chemical Co. (St. Louis, MO, USA). Ammonium was obtained from 

96 Fluka (Buchs, Switzerland).

97

98 2.2. Material

99 Fresh red beet (Beta vulgaris L. subsp. vulgaris) roots (25 kg) were obtained from a local market 

100 in Olsztyn, Poland. The roots were cleaned, mixed and then divided into five groups: 1) fresh 

101 whole roots, 2) roots for the fermentation process, 3) roots for boiling, 4) roots for fresh juice and 

102 5) roots for red beet crunchy slices, which were kindly produced by the FPH PAULA company in 

103 Kalisz, Poland (www.crispy.pl). All red beet products were prepared from the same batch of 

104 fresh roots.

105

106 2.3. Processing

107 2.3.1. Fresh roots

108 The red beet roots assigned to the fresh group (5 kg) were equally divided into three subgroups: 

109 whole roots, peel and flesh separated from the roots. Then, after mixing within a subgroup, three 

110 samples (250 g) from each subgroup were taken to determine the betalain profile and content and 

111 to analyse the ACE inhibitory activity of the obtained material. After lyophilization, the samples 

112 were pulverized and stored at -80°C until analysis.

113

114 2.3.2. Fermentation and red beetroot juice production

http://www.crispy.pl
http://www.crispy.pl
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115 Beet roots (5 kg) were peeled and then cut into slices 2-3 mm thick. After mixing, shredded roots 

116 were equally divided into three traditional stoneware pots flooded with marinade (1.5 L) 

117 containing salt (12 g) and sugar (12 g). Next, the obtained materials were thoroughly mixed, and 

118 three independent fermentations were started. During the spontaneous fermentation process, the 

119 pots containing red beetroots were kept in a dark room at a temperature of 23°C. Fermentation 

120 was carried out until the pH was stabilized. The pH was measured once a day (Radiometr 

121 PHM85, Denmark), and the pH values obtained, ranging from 7.06 ± 0.01 (fresh juice) to 3.59 ± 

122 0.02 (after a 7-day fermentation process), clearly showed that the process was conducted 

123 properly. After 7 days, the fermentation process ended, and the fermented red beetroots (250 g) 

124 and juice obtained during the fermentation process were collected from each stoneware pot and 

125 frozen. The fermented beet root samples were pulverized and stored at -80°C until analysis. Fresh 

126 juice was obtained from 5 kg of roots using a commercial juice extractor and then centrifuged 

127 (Centrifuge 5415R, Eppendorf, Niemcy) for 20 min (13,200× g at 4°C). The supernatant was 

128 collected and stored at -80°C until analysis.

129

130 2.3.3. Boiling

131 The boiling group consisted of 5 kg of red beet roots. Roots were placed into a stainless steel pot 

132 with boiling distilled water (2.5 L) and covered with a lid. When the water reached the boiling 

133 point, the red beet roots were boiled for 45 min. Subsequently, boiled roots were immediately 

134 frozen with liquid nitrogen and then lyophilized. The process was carried out in triplicate, and the 

135 freeze-dried materials collected were pulverized and stored at -80°C until analysis.

136

137 2.3.4. Microwave-rotating-vacuum power



7

138 The crunchy slices were produced under industrial conditions at the FPH PAULA company by 

139 means of microwave-rotating-vacuum power (MIRVAC technology). The products obtained with 

140 this technology retain all taste, odour and nutritious characteristics of their fresh equivalents. It is 

141 important to emphasize two other attributes of MIRVAC products: microbiological purity, the 

142 lack of which posed great difficulties in the past, and their relatively low price (Zieliński et al., 

143 2012).

144

145 2.4. In vitro digestion

146 The in vitro digestion was conducted using a previously described method (Delgado-Andrade, 

147 2010). Briefly, 0.5 g of powder or 0.5 mL of juice of red beet was weighed, combined with 10 

148 mL of distilled water and 250 µL of an alpha-amylase solution (32.5 mg of alpha-amylase 

149 dissolved in 25 mL of 1 mM CaCl2 pH 7.0) per gram of sample and then incubated at 37°C for 30 

150 min. Next, the pH was adjusted to 2 using 6 M NaHCO3, and pepsin solution (0.4 g of pepsin 

151 dissolved in 2.5 mL 0.1 M HCl) was added. The mixture was then incubated at 37°C for 2 h. 

152 After this step, the pH was adjusted to 6 using 1 M HCl, and pancreatin and bile salts (0.1 g of 

153 pancreatin and 0.625 g of bile salts dissolved in 25 mL of 0.1 M NaHCO3) were added to the 

154 mixture. Then, the pH was adjusted to 7.5, and the mixture was incubated at 37°C for 2 h. After 

155 the incubation, enzyme inactivation was conducted by raising the temperature to 100°C for 4 

156 min. Next, the mixture was centrifuged (Centrifuge MPW-350R, MPW MED. INSTRUMENTS, 

157 Poland) for 1 h (3200× g, 4°C), and the supernatant was collected in a 15 mL flask and stored at -

158 80°C until analysis.

159

160 2.5. Extraction & chromatographic analysis
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161 The extraction and analysis of betalains in red beetroot products were carried out as described 

162 previously by Sawicki et al. (2016). Approximately 0.05 g of each dried red beet root sample was 

163 extracted by vortexing for 30 s in a 1 mL mixture of 15% methanol with 0.05% formic acid. 

164 Then, the mixture was sonicated for 30 s (VC 750, Sonics & Materials, Newtown, CT, USA), 

165 vortexed and sonicated again, and centrifuged (Centrifuge 5415R, Eppendorf, Wesseling, 

166 Germany) for 10 min (13,200 x g at 4°C). The supernatant was collected in a 5 mL flask. This 

167 step was repeated 5 times. Finally, before the analysis, the extract was centrifuged (20 min, 

168 13,000× g). Extracts of red beetroot products before and after in vivo digestion were identified by 

169 a micro-HPLC system (LC 200, Eksigent, Vaughan, ON, Canada) coupled with a TripleTOF 

170 5600+ mass spectrometer (AB SCIEX, Vaughan, ON, Canada). The quantities of betacyanins and 

171 betaxanthins were calculated from the micro-HPLC-TOF peak area against betanin and 

172 vulgaxanthin I, respectively, as external standards (Sawicki et al., 2016).

173

174 2.6. Determination of ACE inhibitory activity

175 ACE inhibitory activity was assessed in non-digested and digested samples according to the 

176 method described by Martinez-Villaluenga et al. (2012). Briefly, 50 µL of ACE working solution 

177 was added to each microtiter plate well and then adjusted to 100 µL by adding either distilled 

178 water to the control or samples in the inhibition studies. To determine the ACE inhibitory 

179 activity, the samples were diluted in the range from two- to tenfold. The enzyme reaction was 

180 initiated by the addition of 200 µL of 0.45 mM Abz-Gly-Phe(NO2)-Pro dissolved in 150 mM 

181 Tris-base buffer pH 8.3, containing 1.125 M NaCl, immediately mixed and incubated at 37°C. 

182 The generated fluorescence was measured at 1 min intervals for 30 min using a Multiscan 
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183 microplate fluorometer (Biotek, Winooski, VT, USA) at λexc=355 nm and λemi=405 nm. All 

184 measurements were conducted three times.

185

186 2.7. Statistical analysis

187 The results are given as the mean values and standard deviation (SD) of three independent 

188 measurements. The results were subjected to one-way analysis of variance (ANOVA) supported 

189 by Duncan’s multiple range test, and significant differences (P < 0.05) were calculated. Statistical 

190 analyses were performed using Statistica (Stat Soft, Tulsa, OK, USA).

191

192 3. Results and discussion

193

194 3.1. The profile and content of betalains in red beet products

195 The profile and content of betalains before and after in vitro digestion of red beet products 

196 were analysed using micro-HPLC-TOF-MS. The obtained MS data for red beet betalains are 

197 presented in Table 1. As mentioned above, betalains were identified by means of a comparison of 

198 their retention time in MS/MS spectra with previously published data (Sawicki et al., 2016; 

199 Wybraniec et al., 2016).

200 In the non-digested red beetroot products analysed, eleven betalain compounds were 

201 detected (Table 1). Among the identified betalains, nine compounds belong to the betacyanins 

202 group (betanin, isobetanin, betanidin, 17-decarboxy-neobetanin, neobetanin, isobetanidin, 2-

203 decarboxy-neobetanin, 2,17-bidecarboxy-betanidin and 6´-O-feruloyl-betanin), while two 

204 compounds belong to the betaxanthin group (vulgaxanthin I and dopamine-betaxanthin). Among 

205 the identified betalain compounds, in addition to betanin and isobetanin, aglycones of these 
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206 compounds (betanidin and isobetanidin, respectively) and a dehydrogenated form of betanin 

207 (neobetanin) were detected. Apart from betanin derivatives characterized by the loss of glucose 

208 molecules or hydrogen, compounds with additional structures were also detected. This compound 

209 consisted of an additional feruloyl residue and was identified as 6´-O-feruloyl-betanin. Other 

210 betalains identified in the red beet products analysed were decarboxylated forms of betanidin and 

211 neobetanin (2,17-bidecarboxy-betanidin, 17-decarboxy-neobetanin and 2-decarboxy-neobetanin). 

212 Previous studies have also shown the presence of decarboxylated derivatives of betanidin and 

213 neobetanin in red beetroots (Sawicki & Wiczkowski, 2018; Slatnar et al., 2015).

214 In the literature, only scarce information is available regarding the profile and content of 

215 betalains in red beetroot products. The results of a study by Paciulli et al. (2016) showed the 

216 presence of only one betalain compound (betanin) after blanching treatment. In comparison, in 

217 fresh red beetroot and after six different processes (boiling, drying, pickling, jam processing, 

218 juice processing, and puree processing), Guldiken et al. (2016) identified only two betalain 

219 compounds (betanin and isobetanin). Additionally, Ravichandran et al. (2013) found a small 

220 number of betalains (betanin, isobetanin and betanidin) after processing, such as boiling, roasting 

221 and microwaving. However, in a previous study, fifteen compounds from the betacyanin group, 

222 three compounds from the betaxanthin group and two precursors of betalains in nine solid red 

223 beet products were identified (Sawicki & Wiczkowski, 2018). In the above study, the red beet 

224 products contained nine more compounds (2´-O-glucosyl-betanin/ isobetanin, prebetanin, 

225 isoprebetanin, 17-decarboxy-betanin, 2,17-bidecarboxy-neobetanin, 2,17-bidecarboxy-betanin/ 

226 isobetanin, 2-decarboxy-betanin, 6´-O-feruloyl-isobetanin and threonine-betaxanthin) than those 

227 in our study. Interestingly, in our study, the tissues of red beet products contained one compound 

228 (2,17-bidecarboxy-betanidin) that was not identified in the abovementioned study. On the other 
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229 hand, after lactic acid fermentation by Lactobacillus sp., six betalains were detected in the 

230 obtained juices (Czyżowska at al., 2006). Furthermore, in another study, eight betalain 

231 compounds were found in the obtained juice during spontaneous fermentation (Sawicki et al., 

232 2017). In the same study, five betalains were detected in fresh juice; of these, four compounds 

233 belong to the betacyanins group, and one compound belongs to the betaxanthins group (Sawicki 

234 et al., 2017). The different numbers of identified betalains may be due to the use of different 

235 varieties of red beet. Additionally, vegetation season conditions (light, temperature, level of 

236 precipitation), climatic parameters and cultivation conditions influence the differences in the 

237 profiles of bioactive compounds, as demonstrated previously (Wiczkowski et al., 2014). 

238 However, previous studies have shown that thermal treatment contributes to the conversion of 

239 betalains to its decarboxylated and dehydrogenated derivatives (Celli & Brooks, 2017; 

240 Wybraniec, 2005; Wybraniec & Mizrahi 2005).

241 As shown in Table 2, the total concentration of betalains was found within the range of 2.58 

242 ± 0.04–10.76 ± 0.13 mg/g dm (dry matter) for the solid samples. In the case of betacyanins, the 

243 total content of these red–violet compounds in our study varied between 2.40 ± 0.02–9.43 ± 0.11 

244 mg/g dm. Similar to the total betalain level, the highest content of total betacyanins in the red 

245 beet products was observed in the peel (9.43 ± 0.11 mg/g dm), while the lowest was in fermented 

246 red beet (2.40 ± mg/g dm). The total betaxanthin content for the obtained products oscillated 

247 between 0.01 ± 0.00 mg/g dm for the beetroot crunchy slices and 2.19 ± 0.02 mg/g dm for the 

248 whole root. The obtained data indicate that the red beetroot is a good source of betalain 

249 compounds, allowing us to examine the association between the profile and content of these 

250 natural pigments and the applied technological process. In our study, the fate of betalains was 

251 investigated after boiling, fermentation and microwave-vacuum treatment because these methods 
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252 are the most popular types of industrial treatments for red beet. Our study showed that the 

253 processing application decreased the total betalain content in the analysed red beet products. The 

254 highest content of betalain compounds in the solid samples was characterized by the peel of red 

255 beet (10.76 ± 0.13 mg/g dm), which agrees with previous studies (Slatner et al., 2015; Kujala et 

256 al., 2002). In our work, the total betalain content in the peel was approximately 33% and 30% 

257 higher than the total betalain content of these compounds in the whole roots or flesh, respectively. 

258 Previous studies (Slatnar et al., 2015; Kujala et al., 2002) also showed that the peel was 

259 characterized by the largest betalain content. On the other hand, the lowest betalain concentration 

260 was detected in the fermented red beet (2.58 ± 0.04 mg/g dm), showing that the betalains were 

261 leached by using marinade or that these compounds were degraded by the bacteria that appear 

262 during the fermentation process. The order of total betalains content for the solid red beet 

263 products was as follows: fermented roots < boiled roots < red beet crunchy slices < whole fresh 

264 roots < flesh of red beet < peel of red beet.

265 The main compound among the betacyanins group in the analysed products was betanin 

266 (ranging from 55.2% to 78.9% of total betacyanins), while the predominant compound from the 

267 betaxanthins group was vulgaxanthin I (between 66.7–100.0% of total betaxanthins). Previous 

268 studies also demonstrated that betanin and vulgaxanthin I were the dominant compounds in fresh 

269 (Slatnar et al., 2015; Kujala et al., 2002) and processed red beet (Sawicki & Wiczkowski, 2018). 

270 The highest percentage of decarboxylated derivatives was found in the peel. This phenomenon 

271 could be a result of exposing red beetroots to light and temperature, causing the transformation of 

272 betacyanins into decarboxylated forms (Mikołajczyk-Bator & Pawlak, 2016; Wybraniec, 2005). 

273 Moreover, in the peel, flesh, and fermented and boiled roots, neobetanin was the second most 

274 dominant compound. However, isobetanin and 2,17-bidecarboxy-betanidin were the second most 
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275 predominant compounds in the whole roots and beetroot crunchy slices, respectively. Moreover, 

276 a much higher percentage of betanidin was detected in the fermented roots compared to that in 

277 other red beet products. However, isobetanidin was found only in the fermented roots. This 

278 finding indicates that betanin and/or isobetanin undergoes hydrolysis to betanidin and/or 

279 isobetanidin by lactic acid bacteria during the fermentation process. A higher percentage of 6´-O-

280 feruloyl-betanin was detected in the peel than in the flesh and whole roots, which may indicate 

281 the accumulation of the feruloyl derivative of betanin in the older part of the root. Dopamine-

282 betaxanthin, identified in the whole roots and flesh, was not found in the peel. As suggested by 

283 previous research, betaxanthin derivatives may degrade with the ageing of red beet root tissues 

284 (Sawicki & Wiczkowski, 2018).

285 The 45-min boiling process of whole roots led to a reduction in the total betalain content of 

286 approximately 46% (Table 2), while the total betacyanin and betaxanthin contents were degraded 

287 by approximately 28% and 86%, respectively. Previously published data also showed decreased 

288 levels of betacyanins and betaxanthins after boiling. Ravichandran et al. (2013) found decreases 

289 in betacyanin levels of 6%, 22%, and 51% and in betaxanthin levels of 18%, 23% and 33% after 

290 heating for 60, 120 and 180 s at 80°C, respectively. Jiratanan & Liu (2004) also demonstrated 

291 decreases in the content of betacyanins in red beetroots of 24%, 62% and 81% and in 

292 betaxanthins of 13%, 60% and 73% after treatment for 30 mins at 105°C, 115°C and 125°C, 

293 respectively. In a study by Sawicki & Wiczkowski (2018), the process of boiling whole roots for 

294 60 min led to a decrease in the total betalain content of approximately 54%. The results clearly 

295 showed that the time and temperature of the treatment are responsible for the stability of 

296 betalains.
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297 Taking into account the fate of individual betalain compounds during the boiling process, 

298 this method of treatment leads to both a decrease and increase in the percent contribution of 

299 individual betalains. Betanin was the main compound from the betacyanins group in the boiled 

300 roots. The contribution of betanin in the boiled roots (62.5%) was close to the level in the fresh 

301 roots (61.4%). Furthermore, the highest increase in the dehydrogenated form of betanin was 

302 observed in the boiled roots, as the contribution of neobetanin increased almost threefold. A 

303 previous study showed that betanin may convert to isobetanin, and both of these compounds can 

304 change into neobetanin (Stintzing et al., 2005). Furthermore, Mikołajczyk-Bator & Czapski 

305 (2017) demonstrated an increase in neobetanin content during heating. Decreases were observed 

306 in the other betacyanins detected (isobetanin, 17-decarboxy-neobetanin, 2-decarboxy-neobetanin, 

307 2,17-bidecarboxy-betanidin and 6´-O-feruloyl-betanin) in the boiled roots, and the highest 

308 decrease was observed for isobetanin. The concentration of isobetanin was over two and a half 

309 times lower in boiled roots than in the fresh roots. The change in the betacyanin profile can be 

310 associated with the compounds in the red–violet group having the same main core, and the 

311 applied heating method led to a transformation of one compound to another (Wybraniec, 2005). 

312 In the yellow–orange group, only two compounds in this group of betalains (vulgaxanthin I and 

313 dopamine-betaxanthin) were identified. Moreover, vulgaxanthin I was the predominant 

314 compound in the boiled roots, similar to the fresh roots; however, the contribution of this 

315 compound was decreased from 97.7% to 66.7% of the total betaxanthins content. This 

316 phenomenon may have been caused by vulgaxanthin I being the only betaxanthin in the peel, and 

317 the exposure of the outer parts of the roots to high temperature activity led to the degradation of 

318 this compound. Moreover, previous studies have shown that temperature is the main factor in the 

319 degradation of betaxanthins (Wendel et al., 2015). 
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320 Spontaneous fermentation was the treatment that caused the highest degradation of 

321 betalains in red beet roots among all the processing methods applied in this study. The 

322 fermentation process of whole roots for 7 days led to a reduction in the total betalain 

323 concentration of 64%, compared to the total betalain content of fresh roots (Table 2). In contrast, 

324 in a study by Sawicki & Wiczkowski (2018), spontaneous fermentation of red beetroots 

325 conducted for 7 and 14 days caused a decline in betalains content in the roots by 61% and 88%, 

326 respectively. The lower content of betalain in fermented roots may be related to the degradation 

327 or release of these pigments from the roots into the marinade, which seems more likely after a 

328 high concentration of these compounds were found in the obtained juice.

329 The fermented roots were found to have the richest profile of betalain compounds among 

330 all red beet products investigated in this study. In the fermented roots, eleven betalains were 

331 detected (Table 2). The main compound in this red beet product was betanin, similar to the fresh 

332 and boiled roots. However, a higher increase was observed for betanidin and isobetanidin. The 

333 increased contribution of betanidin and isobetanidin in the fermented roots can be associated with 

334 the hydrolysis of betanin and/or isobetanin to these compounds. However, isobetanin is 

335 characterized by the highest degradation (approximately fivefold), which agrees with the above 

336 statement that during the fermentation process, isobetanin undergoes transformation to an 

337 aglycone. In addition to isobetanin, the contributions of betanin, 17-decarboxy-neobetanin, 2-

338 decarboxy-neobetanin and 2,17-bidecarboxy-betanidin were decreased. On the other hand, the 

339 contributions of neobetanin and 6´-O-feruloyl-betanin in the fermented roots were similar to 

340 those in the fresh roots. The obtained data suggest that as a result of the fermentation process, 

341 betacyanin compounds may undergo dehydrogenation, decarboxylation and deglucosylation. In 

342 the case of the betaxanthins, the predominant compound in the fermented roots and in other red 
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343 beet products was vulgaxanthin I, with a 77.8% contribution to the total yellow–orange pigments. 

344 In the fermented roots, an increase in the share of the second compound from the betaxanthin 

345 group (dopamine-betaxanthin) was observed. The increase in dopamine-betaxanthin of 

346 approximately tenfold may be associated with the softening of beet tissue by using marinade and 

347 as a consequence, better extractability of this compound.

348 The level of betalains in red beet crunchy slices decreased by approximately 31% compared 

349 to the fresh roots and was the smallest loss of these pigments among tested solid red beet 

350 products. Furthermore, the betacyanin content in red beet crunchy slices (4.92 ± 0.04 mg/g dm) 

351 was almost the same as that in the fresh roots (4.98 ± 0.04 mg/g dm), which suggests that the 

352 applied method did not cause a loss of compounds from the betacyanin group (Table 2). A 

353 previous study reported that the production of red beet crunchy slices by MIRVAC technology is 

354 effective with regard to the final betacyanin content in obtained products (Wiczkowski et al., 

355 2018). On the other hand, the total betaxanthin content was the smallest among the obtained red 

356 beet products (0.01 ± 0.00 mg/g dm), and the degradation of yellow–orange pigments increased 

357 to 99.5%. In comparison, a study by Ravichandran et al. (2013), which examined the influence of 

358 non-thermal vacuum-dried treatment on the degradation of betalains, showed increases in 

359 betacyanins of 20% and in betaxanthins of 12% compared to the respective levels in the control.

360 The red beet crunchy slices contained seven compounds, i.e., six from the betacyanins 

361 group and one from the betaxanthin group (Table 2). Among the betalains detected, betanin was 

362 the predominant betacyanin (78.9%), and vulgaxanthin I (100%) was the main betaxanthin in the 

363 crunchy slices. At lower levels, 17-decarboxy-neobetanin, neobetanin, isobetanin, 2-decarboxy-

364 neobetanin and 2,17-bidecarboxy-betanidin were detected (ranging from 2.0% to 5.9%). In the 

365 case of betanin, its contribution was 21% higher in the red beet crunchy slices than in the fresh 
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366 roots. However, in a study by Wiczkowski et al. (2018), only two compounds (betanin and 

367 isobetanin) from to the betacyanins were found in the red beet crunchy slices. In the study cited, a 

368 different profile of betacyanins was detected in the crunchy slices: betanin constituted 60%, while 

369 isobetanin constituted 40% of the total betacyanins content. This difference in the number of 

370 compounds and the different profile in red beet may result from the use of different varieties in 

371 the study (Slatnar et al., 2015; Lee et al., 2014).

372 Among the liquid products examined, fresh red beet juice had a higher concentration of 

373 betalains (approximately 21%) than fermented juice (Table 2). The reverse was the case for the 

374 betacyanin content, where the content of red–violet pigments in fermented juice was 

375 approximately 13% higher than in fresh juice. This phenomenon may have resulted from three 

376 facts: first, betacyanins were effectively leached from the red beet tissues by the marinade used 

377 (Sawicki & Wiczkowski, 2018); second, acidification of the obtained juice (pH 3.59 ± 0.02) 

378 during the fermentation process may prevent the degradation of these compounds (Fernandez-

379 Lopez et al., 2007; Strack et al., 2003); and/or third, the fermentation process avoids oxidation by 

380 endogenous enzymes such as polyphenol oxidases and peroxidases (Strack et al., 2003). 

381 However, betaxanthins were found only in fresh juice. This finding confirms that the compounds 

382 in the betaxanthin group are unstable (Rodriguez-Sanchez et al., 2017; Wendel et al., 2015) and 

383 can also be degraded during the fermentation process. In comparison, fermented red beet juice 

384 obtained by spontaneous fermentation for 7 days had a higher content of total betalains, 

385 betacyanins and betaxanthins (102.33 ± 0.32 mg/L, 92.01 ± 0.17 mg/L and 10.32 ± 0.20 mg/L, 

386 respectively) (Sawicki & Wiczkowski, 2018) compared to the juice in our research. A study by 

387 Klewicka & Czyżowska (2011) examining the influence of fermentation by two bacteria 

388 (Lactobacillus brevis and Lactobacillus paracasei) for 48 h at 30°C, showed that the level of 
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389 betalains was 960 mg/L. On the other hand, as shown in Table 2, the total concentration of 

390 betalains in fresh juice was 82.49 ± 2.14 mg/L. Interestingly, the previously published data 

391 showed a higher concentration of betalains in fresh red beet juices. Klewicka & Czyżowska 

392 (2011) found approximately 1270 mg/L betalains in fresh juice obtained from the “Chrobry” 

393 beetroot variety (Poland), while Bazaria & Kumar (2016) observed 405.28 mg/L betalains in 

394 fresh juice prepared from red beet cultivated in the northern part of India. Similar results were 

395 reported by Jagannath et al. (2015) for fresh juice obtained from red beet cultivated in the 

396 southern part of India. With regard to the first group of betalains, the content of betacyanins in 

397 our research was 56.26 ± 1.56 mg/L. In comparison to our results and those of Bazaria & Kumar 

398 (2016), fresh juice obtained from red beet harvested in India had a higher content of red–violet 

399 pigments, i.e. 256.86 mg/L. On the other hand, the total concentration of betaxanthins in red beet 

400 cultivated in India was fivefold higher than in Poland (Bazaria & Kumar, 2016).

401 In the juices, ten betalain compounds were identified (Table 2). In the fermented juice, nine 

402 compounds were detected, and all identified substances belonged to the betacyanins group. 

403 However, in the fresh juices, eight compounds were detected: seven betacyanins and one 

404 betaxanthins. Among the betacyanins in fresh red beet juice, two compounds (betanidin and 

405 isobetanidin) that were present in fermented juices were not detected. These two compounds 

406 were the aglycones of betanin and/or isobetanin, which formed during the fermentation process, 

407 as shown in the case of fermented roots. Both in the fresh and fermented juices, betanin was the 

408 dominant compound; however, this compound had a higher contribution in the fresh juice (almost 

409 twofold). This situation may be related to the conversion of betanin to betanidin and isobetanidin, 

410 which were the second and third most predominant compounds in fermented juice. In the case of 

411 fresh juice, the second and third most dominant compounds were decarboxylated derivatives of 
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412 neobetanin (17-decarboxy-neobetanin and 2-decarboxy-neobetanin). In addition to betanin, 

413 betanidin and isobetanidin in fermented juice, a higher contribution to total betacyanin content 

414 was also detected from isobetanin, neobetanin and 6´-O-feruloyl-betanin compared to that in the 

415 fresh juice. However, in addition to betanin, 17-decarboxy-neobetanin and 2-decarboxy-

416 neobetanin, 2,17-bidecarboxy-betanidin constituted a higher contribution to the total betacyanin 

417 concentration in fresh juice than in the fermented juice. In comparison, the largest number of 

418 betalain compounds in the fermented juice obtained during spontaneous fermentation was 

419 detected by Sawicki & Wiczkowski (2018) and Czyżowska et al., 2006. On the other hand, only 

420 five compounds from the betacyanin group were detected in the fermented red beet juice obtained 

421 after a 24-h fermentation of red beet at 30°C by three probiotic bacteria and three infant intestinal 

422 microbiota of the Lactobacillus sp. (Czyżowska et al., 2006). Similar results were reported by 

423 Klewicka & Czyżowska (2011) for fermented red beet juice obtained by lactic fermentation 

424 conducted for 48 h at 30°C.

425

426 3.2. The profile and content of betalains in red beet products after in vitro digestion

427   In vitro digestion was determined by simulating the digestion conditions, which included 

428 oral, gastric and intestinal phases. The profile and content of the betalains in the digestion phases 

429 resulting from in vitro gastrointestinal digestion of red beet products were determined (Table 3). 

430 The present study offers the opportunity to track changes in the profile and content of betalain 

431 compounds after in vitro digestion and potential in vitro bioaccessibility determination of these 

432 compounds released from the various red beet product matrices.

433 To the best of our knowledge, the literature available does not provide sufficient data 

434 regarding the profile and content of betalains in the digestion phases obtained from the in vitro 
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435 digestion of red beet products. Tesoriere et al. (2008) presented only three compounds (betanin, 

436 isobetanin and vulgaxanthin I) in the phases obtained after simulated gastrointestinal digestion of 

437 four red beet products (raw red beet, steamed red beet, red beet jam and juice). In comparison, 

438 nine betalains were identified in our research in all digestion phases of red beet products. Apart 

439 from the seven betalains present in non-digested red beet products (betanin, isobetanin, betanidin, 

440 17-decarboxy-neobetanin, 2-decarboxy-neobetanin, 2,17-bidecarboxy-betanidin and 6´-O-

441 feruloyl-betanin), two additional precursors of these compounds (betalamic acid and cyclo-

442 DOPA) were found in the digestion phase. However, in the digestion phases, neobetanin and 

443 isobetanidin, which were present in the non-digested samples, were not detected. Notably, in the 

444 digested samples, compounds from the betaxanthins group were not found. Among the nine 

445 compounds detected in the digestion phases (two betalain precursors and seven betacyanins), 

446 cyclo-DOPA (52.4%) had the highest average contribution to the total betalain precursor 

447 concentration, while 17-decarboxy-neobetanin (32.2%) had the highest total betacyanins content. 

448 In addition, only three compounds in all tested digested samples were detected; two of them 

449 belong to the precursors of betalains (betalamic acid and cyclo-DOPA), and one compound 

450 belongs to the betacyanins group (6´-O-feruloyl-betanin). The betalain precursors constitute the 

451 main structure of betalain compounds (Azeredo, 2009) and appear in the digestion phases as a 

452 result of the decomposition of betalains during in vitro digestion. However, 6´-O-feruloyl-betanin 

453 was probably liberated from the red beet matrix products by in vitro digestion. The other 

454 compounds (betanin, isobetanin, betanidin, 17-decarboxy-neobetanin, 2-decarboxy-neobetanin 

455 and 2,17-bidecarboxy-betanidin) were found in one or a few digestion phases. The betanin, 

456 isobetanin and 2,17-bidecarboxy-betanidin were present only in the phases obtained after 

457 digestion of the peel. Betanidin was detected after digestion of two red beet products (crunchy 
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458 slices and fermented juices) in the obtained phases. Importantly, this compound was not present 

459 in the non-digested crunchy slices. However, in crunchy slices, the main compound was betanin, 

460 which can be converted to betanidin by losing one molecule of glucose (Sawicki et al., 2016). 

461 Factors that may have caused the conversion of betanin to betanidin were higher temperature, pH 

462 changes and the enzymes used (Wiczkowski et al., 2018) during the in vitro digestion. The 2-

463 decarboxy-neobetanin was detected in the phases after digesting four red beet products, such as 

464 peel, boiled roots, fermented and fresh juices. The other decarboxylated derivative (17-

465 decarboxy-betanin) was present in five digested phases. This compound was detected after in 

466 vitro digestion of fresh roots, flesh, fermented roots, boiled roots, and crunchy slices.

467  As shown in Table 3, the total betalain content released from solid red beet products after in 

468 vitro digestion was detected within the range of 0.87–2.62 µg/g (corresponding to 0.012–0.10% 

469 of the betalains content in non-digested solid red beet products). Fermented roots of red beet were 

470 characterized by the highest betalains content released, while the flesh of red beet was 

471 characterized by the poorest release of these compounds (Table 3). This phenomenon may have 

472 resulted from the previous softening of the tissues of red beet by the fermentation process, which 

473 may result in a higher release of betalain compounds. On the other hand, the total concentration 

474 of released betalains from the fresh and fermented red beet juices in the digestion phases were 

475 found to be 1.12 ± 0.01 and 1.43 ± 0.01 mg/L, respectively (corresponding to 0.001% and 

476 0.002% of the betalains content in non-digested juices, respectively). The order of released 

477 betalains from red beet products after in vivo digestion was fresh juice < fermented juice < flesh 

478 < peel < whole roots < crunchy slices < boiled roots < fermented roots. In the case of betacyanin, 

479 the total concentration of these compounds in our study varied between 0.50–1.49 µg/g 

480 (corresponding to 0.008–0.016% of the betacyanin content in non-digested solid red beet 
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481 products). However, the highest contribution of released betacyanins in the digestion phases of 

482 fermented roots was noted to be similar to that of the total betalains. The fermented and fresh red 

483 beet juices were characterized by a total betacyanins concentration in the digested phases of 1.00 

484 ± 0.00 and 0.61 ± 0.00 mg/L, respectively (corresponding to 0.0015% and 0.0010% of the 

485 betacyanins content in non-digested juices, respectively). With regard to the second group of 

486 betalains detected in the digested samples, the total content of betalain precursors in our study 

487 was found to be within the range of 0.37–2.00 µg/g. The highest content of total betalain 

488 precursors was observed after the digestion of fermented roots (2.00 ± 0.03 µg/g), while the 

489 lowest was in the digestion phase of the flesh (0.37 ± 0.00 µg/g). However, no significant 

490 differences were found in the total betalain precursor content among the peel, flesh and crunchy 

491 slices. The concentration of total betalain precursors in fresh juices was approximately 16% 

492 higher than in fermented juice. The presented data showed that the betalains released from 

493 fermented red beet products may be more bioaccessible, which may result in potential health 

494 benefits when consuming these red beet products.

495

496 3.3. ACE inhibitory activity of red beet products

497 ACE inhibitory activity is now one of the major therapies for treating hypertension (Hall et 

498 al., 2018). The available data concerning ACE inhibitory activity focus on the action of phenolic 

499 compounds (Sakulnarmrat et al., 2014; Afonso et al., 2013; López de Lacey et al., 2014) and 

500 mostly bioactive peptides (Hall et al., 2018; Garcia-Mora et al., 2015). In our study, betalains 

501 derived from eight red beet products were assessed for the potential to lower blood pressure by 

502 inhibiting ACE (Fig. 1). Furthermore, the ACE inhibitory activity of these products was 

503 evaluated after simulated gastrointestinal digestion (Fig. 2). The results were expressed as the 
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504 percentage (%) of ACE inhibited by extracts or digestion phases of red beetroot products (Fig. 1 

505 & 2).

506 The value of ACE inhibition for non-digested solid samples ranged from 4.72 to 86.97%. 

507 All red beet products demonstrated a strong potential to inhibit ACE activity, although their ACE 

508 inhibition differed significantly across the red beet products studied (P < 0.05). Among non-

509 digested samples, fresh red beet juice was found to have the highest ACE inhibitory activity 

510 (86.97 ± 0.40%), while boiled beetroot was estimated to have the lowest (4.72 ± 0.92%). The 

511 reason for the low activity of the boiled red beetroot products was the heating treatment, which 

512 causes degradation of betalains with a simultaneous decrease in their activity (Pedreño & 

513 Escribano, 2001). Applied technological processes resulted in significant decreases in ACE 

514 inhibitory activity (p < 0.05) compared to that of fresh samples. Heating, fermentation and 

515 microwave-rotation-power vacuum treatment resulted in decreases in ACE inhibitory activity of 

516 84.1%, 31.0% and 20.5%, respectively. In contrast, the fermented red beet juice was 

517 characterized by approximately 8.5% lower ACE inhibition compared to the fresh juice. The 

518 order of decreasing ACE inhibitory activity was as follows: fresh juice > fermented juice > peel > 

519 whole fresh roots > red beet crunchy slices ≥ fermented roots > flesh > boiled roots. In addition, 

520 the ACE inhibitory values were highly correlated with the total betalain (r = 0.836) and 

521 betacyanin (r = 0.829) contents.

522 However, for the digested samples, the values of ACE inhibition were between 9.53 and 

523 87.99% (Figure 2). This finding indicates the high activity of digested red beet products against 

524 ACE. This phenomenon may result from the fact that red beets are good sources of phenolic acids 

525 (Guldiken et al. 2016; Ravichandran et al., 2012). Furthermore, phenolic acids mainly occur in a 

526 bound form, while thermal processing, fermentation, freezing (Dewanto et al., 2002) and 
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527 hydrolysis (Garcia-Mora et al., 2015) can contribute to the release of phenolic acids from the cell 

528 wall. Garcia-Mora et al. (2015) observed that phenolic compounds can contribute to the ACE 

529 inhibitory activity of bean hydrolysates. The case may be similar for red beetroot.

530 The peel was found to have the highest value of ACE inhibition among the digestion 

531 phases (87.99%), while the smallest value of ACE inhibitory activity was observed for fermented 

532 red beetroot juice (9.53%) (Figure 2). Furthermore, only the digested sample of fermented red 

533 beetroot juice showed a decrease in the activity of ACE inhibition compared to non-digested 

534 fermented juice. The phenolic acids present in the fermented juices were liberated from the red 

535 beet matrix by the fermentation process, which can be demonstrated by the high ACE inhibition 

536 value of the non-digested fermented juice. However, the next step of this study most likely 

537 caused the degradation of these compounds as a result of in vitro digestion. The other samples 

538 demonstrated higher ACE inhibitory activity in relation to non-digested red beetroot products. In 

539 addition, the fresh products of red beets (whole roots, peel and flesh) showed greater inhibitory 

540 activity against ACE. The order of ACE inhibition for the digested red beet products was as 

541 follows: peel > fresh whole roots > flesh > boiled roots > fermented roots > red beet crunchy 

542 slices > fresh juices > fermented juices.

543

544 4. Conclusions

545

546 This study is the first to demonstrate changes in the content and profile of the betalain 

547 compounds in the eight red beet products before and after in vitro digestion. The research clearly 

548 showed that each of the red beet products possessed its own unique profile of betalain compounds 

549 and that the total content of betalains differed significantly between individual red beet products. 
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550 Moreover, during the in vitro digestion, the betalain content decreased and the number of 

551 compounds identified in the digestion phases was reduced. In addition, each red beet product and 

552 digestion phase of these products were characterized by a specific and unique ACE inhibitory 

553 activity. Most likely, in the case of non-digested red beet products, the betalain compounds were 

554 responsible for ACE inhibition, while in the case of digested samples, phenolic acids were 

555 responsible. Further studies are now needed to discover the biological properties of betalains and 

556 to determine how betalains from different red beet products behave after consumption.

557

558 Funding

559 This research was supported by the statutory funds of the Department of Chemistry and 

560 Biodynamics of Food of the Institute of Animal Reproduction and Food Research of the Polish 

561 Academy of Sciences in Olsztyn and by the Ministry of Economy and Competitiveness 

562 (MINECO, Spain) (grant number AGL2013-43247-R).

563

564 References

565 Afonso, J., Passos, C. P., Coimbra, M. A., Silva, C. M., Soares-da-Silva, P. (2013). Inhibitory 

566 effect of phenolic compounds from grape seeds (Vitis vinifera L.) on the activity of 

567 angiotensin I converting enzyme. LWT-Food Science and Technology, 54, 265-270

568 Azeredo, H .M. C. (2009). Betalains: properties, sources, applications and stability – a review. 

569 International Journal of Science & Technology, 44, 2365-2376.

570 Bazaria, B., Kumar, P. (2016). Compositional changes in functional attributes of vacuum 

571 concentrated beetroot juice. Journal of Food Processing and Preservation, 40, 1215-

572 1222.

https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=35338892800&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=17342788500&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=35547014800&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=57195637544&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=35550335300&zone=


26

573 Celli, G. B., Brooks, M. S.-L. (2017). Impact of extraction and processing conditions on betalains 

574 and comparison of properties with anthocyanins — A current review. Food Research 

575 International, 100, 501-509.

576 Clifford, T., Howatson, G., West, D. J., Stevenson, E. J. (2015). The potential benefit of red 

577 beetroot supplementation in health and disease. Nutrients, 7, 2801-2822.  

578 Czyżowska, A., Klewicka, E., Libudzisz, Z. (2006). The influence of lactic acid fermentation 

579 process of red beet juice on the stability of biologically colorants. Europen Food 

580 Research and Technology, 223, 110-116.

581 Delgado-Andrade, C., Conde-Aguilera, J. A., Haro, A., Pastoriza de la Cueva, S., Rufián-

582 Henares, J. T. (2010) A combined procedure to evaluate the global antioxidant response 

583 of bread. Journal of Cereal Science, 52, 239-246.

584 Dewanto, V., Xianzhong, W., Adom, K. K., Liu, R. H. (2002). Thermal processing enhances the 

585 nutritional value of tomatoes by increasing total antioxidant activity. Journal of 

586 Agricultural and Food Chemistry, 50, 3010-3014.

587 Fernandez-Lopez, J. A., Castellar, R., Obon, J. M., Almela, L. (2007). Monitoring by liquid 

588 chromatography coupled to mass spectrometry the impact of pH and temperature on the 

589 pigment pattern of cactus pear fruit extracts. Journal of Chromatographic Science, 45, 

590 120-125.

591 Jiratanan, T., Liut, R. H. (2004). Antioxidant activity of processed table beets (Beta vulgaris var, 

592 conditiva) and green beans (Phaseolus vulgaris L.). Journal of Agricultural and Food 

593 Chemistry, 52, 2659-2670.  

594 Garcia-Mora, P., Frias, J., Peñas, E., Zieliński, H., Gimenez-Bastida, J. A., Wiczkowski, W., 

595 Zielińska, D., Martinez-Villaluenga, C. (2015). Simultaneous release of peptides and 

https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=8128650000&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=23395687100&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=15062892300&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=49663743200&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=6506170843&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=6508326429&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=6506588862&zone=
https://www.scopus.com/sourceid/33722?origin=recordpage
https://www.scopus.com/sourceid/33722?origin=recordpage


27

596 phenolics with antioxidant, ACE-inhibitory and anti-inflammatory activities from pinto 

597 bean (Phaseolus vulgaris L. var. pinto) proteins by subtilisins. Journals of Functional 

598 Foods, 18, 319-332.  

599 Georgiev, V. G., Weber, J., Kneschke, E. M., Denev, P. N., Bley, T., Pavlov, A. I. (2010). 

600 Antioxidant activity and phenolic content of betalain extracts from intact plants and hairy 

601 root cultures of the red beetroot Beta vulgaris cv. Detroit dark red. Plant Foods for 

602 Human Nutrition, 65, 105-111.

603 Guldiken, B., Toydemir, T., Memis, K. N., Okur, S., Boyacioglu, D., & Capanoglu, E. (2016). 

604 Home-processed red beetroot (Beta vulgaris L.) products: changes in antioxidant 

605 properties and bioaccessibility. International Journal of Molecular Sciences, 17, 858, 

606 doi:10.3390/ijms17060858.

607 Hall, F., Johnson, P. E., Liceaga, A. (2018). Effect of enzymatic hydrolysis on bioactive 

608 properties and allergenicity of cricket (Gryllodes sigillatus) protein. Food Chemistry, 262, 

609 39-47.

610 Herbach, K. M., Stintzing, F. C., Carle, R. (2006). Betalain stability and degradation – Structural 

611 and chromatic aspects. Journal of Food Science, 71, 41-50.

612 Jagannath, A., Kumar, M., Raju, P. S. (2015). Fermentative stabilization of betanin content in 

613 beetroot and its loss during processing and refrigerated storage. Journal of Food 

614 Processing and Preservation, 39, 606-613.

615 Kanner, J., Harel, S., Granit, R. (2001). Betalains – a new of dietary cationized antioxidants. 

616 Journal of Agricultural and Food Chemistry, 49, 5178-5185.

617 Klewicka, E., Czyżowska, A., (2011). Biological stability of lactofermented beetroot juice during 

618 refrigerated storage. Polish Journal of Food and Nutrition Sciences, 61, 251-256. 



28

619 Kujala, T. S., Vienola, M. S., Klika, K. D., Loponen, J. M., & Pihlaja, K. (2002). Betalain and 

620 phenolic compositions of our beetroot (Beta vulgaris) cultivars. European Food Research 

621 and Technology, 214, 505-510.

622 Lee, E. J., An, D., Nguyen, C. T. T., Patil, B. S., Kim, J., Yoo, K. S. (2014). Betalin and betaine 

623 composition of greenhouse- or field-produced beetroot (Beta vulgaris L.) and inhibition 

624 of HepG2 cell proliferation.  Journal of Agricultural and Food Chemistry, 62, 6, 1324-

625 1331.

626 Liñero, O., Cidad, M., Carrero, J. A., Nguyen, C., de Diego, A. (2017). Partitioning of nutrients 

627 and non-essential elements in Swiss chards cultivated in open-air plots. Journal of Food 

628 Composition and Analysis, 59, 179-187.

629 López de Lacey, A. M., Pérez-Santín, E., López-Caballero, M. E., Montero, P. (2014). 

630 Biotransformation and resulting biological properties of green tea polyphenols produced 

631 by probiotic bacteria. LWT-Food Science and Technology, 58, 633-638.

632 Martinez-Villaluenga, C., Torino, M. I. , Martín, V., Arroyo, R., Garcia-Mora, P., Estrella 

633 Pedrola, I., Vidal-Valverde, C., Rodriguez, J. M., Frias, J. (2012). Multifunctional 

634 properties of soy milk fermented by Enterococcus faecium strains isolated from raw soy 

635 milk. Journal of Agricultural and Food Chemistry, 60, 10235-10244.

636 Mikołajczyk-Bator, K., Czapski, J. (2017). Effect of pH changes on antioxidant capacity and the 

637 content of betalain pigments during the heating of a solution of red beet betalains. Polish 

638 Journal of Food and Nutrition Sciences, 67, 123-128. 

639 Mikołajczyk-Bator, K., Pawlak, S. (2016). The effect of thermal treatment on antioxidant 

640 capacity and pigment contents in separated betalain fractions. Acta Scientiarum 

641 Polonorum, Technologia Alimentaria, 15, 257-265.

https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=25655018700&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=55427821400&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=6602264773&zone=
https://www.scopus.com/authid/detail.uri?origin=resultslist&authorId=7005998786&zone=
https://www.ncbi.nlm.nih.gov/pubmed/?term=Martinez-Villaluenga%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Torino%20MI%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mart%C3%ADn%20V%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arroyo%20R%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garcia-Mora%20P%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Estrella%20Pedrola%20I%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Estrella%20Pedrola%20I%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vidal-Valverde%20C%5BAuthor%5D&cauthor=true&cauthor_uid=22978423
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rodriguez%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=22978423


29

642 Murador, D. C., Mercadante, A. Z., de Rosso, V. V. (2016). Cooking techniques improve the 

643 levels of bioactive compounds and antioxidant activity in kale and red cabbage. Food 

644 Chemistry, 196, 1101-1107.

645 Ninfali, P., Angelino, D. (2013). Nutritional and functional potential of Beta vulgaris cicla and 

646 rubra. Fitoterapia, 89, 188-199.

647 Paciullin, M., Medina-Meza, I. G., Chiavaro, E., Barbosa-Canowas, V. (2016). Impact of thermal 

648 and high pressure processing on quality parameters of beetroot (Beta vulgaris L.). LWT – 

649 Food Science and Technology, 68, 98-104.

650 Pedreño, M. A., Escribano, J. (2001). Correlation between antiradical activity and stability of 

651 betanine from Beta vulgaris L roots under different pH, temperature and light conditions. 

652 Journal of the Science of Food and Agriculture, 81, 627-631. 

653 Pellegrini, N., Chiavaro, E., Gardana, C., Mazzeo, T., Contino, D., Gallo, M., Riso, P., Fogliano, 

654 V., Porrini, M. (2010). Effect of different cooking methods on color, phytochemical 

655 concentration, and antioxidant capacity of raw and frozen brassica vegetables. Journal of 

656 Agricultural and Food Chemistry, 58, 4310-4321.

657 Račkauskienė, I., Pukalskas, A., Venskutonis, P. R., Fiore, A., Triose, A. D., Fogliano, V. (2015). 

658 Effects of beetroot (Beta vulgaris) preparations on the Maillard reaction products in milk 

659 and meat-protein model systems. Food Research International, 70, 31-39.

660 Ravichandran, K., Saw, T. M. M. N., Mohdaly, A. A. A., Gabr, M. M. A., Kastell, A., Riedel, H., 

661 Cai, Z., Knorr, D., & Smetanska, I. (2013). Impact of processing of red beet on betalain 

662 content and antioxidant activity. Food Research International, 50, 670-675.



30

663 Rodríguez-Sánchez, J. A., Cruz y Victoria, M. T., Barragán-Huerta, B. E. (2017). Betaxanthins 

664 and antioxidant capacity in Stenocereus pruinosus: Stability and use in food. Food 

665 Research International, 91, 63-71. 

666 Sakulnarmrat, K., Srzednicki, G., Konczak, I. (2014). Composition and inhibitory activities 

667 towards digestive enzymes of polyphenolic-rich fractions of Davidson's plum and 

668 quandong. LWT-Food Science and Technology, 57, 366-375.

669 Sawicki, T., Bączek, N., Wiczkowski, W. (2016) Betalain profile, content and antioxidant 

670 capacity of red beetroot dependent on the genotype and root part. Journal of Functional 

671 Foods, 27, 249-261.

672 Sawicki, T., Juśkiewicz J., Wiczkowski W. (2017). Using the SPE and micro-HPLC-MS/MS 

673 method for the analysis of betalains in rat plasma after red beet administration. Molecules, 

674 22, 2137. doi:10.3390/molecules22122137.

675 Sawicki, T., Wiczkowski, W. (2018). The effects of boiling and fermentation on betalain profiles 

676 and antioxidant capacities of red beetroot products. Food Chemistry, 259, 292-303.

677 Slatnar,  A., Stampar, F., Vebaric, R., & Jakopic, J. (2015). HPLC-MSn identification of betalains 

678 profile of different beetroot (Beta Vulgaris L. ssp. Vulgaris) parts and cultivars. Journal 

679 of Food Science, 80, 9, 1952-1958.

680 Stintzing, F. C., Herbach, K. M., Mosshammer, M. R., Carle, R., Yi, W., Sellappan, S., Akoh, C. 

681 C., Bunch, R., Felker, P. (2005). Color, bettalain pattern, and antioxidant properties of 

682 cactus pear (Opuntia  spp.) clones. Journal of Agricultural and Food Chemistry, 53, 442-

683 451.

684 Strack, D., Vogt, T., Schlimann, W. (2003). Recent advance in betalains research. 

685 Phytochemistry, 62, 247-269.



31

686 Tesoriere, L., Fazzari, M., Angileri, F., Gentile, C., Livrea, M. A. (2008). In vitro digestion of 

687 betalainic foods. Stability and bioaccessibility of betaxanthins and betacyanins and 

688 antioxidative potential of food digesta. Journal of Agricultural and Food Chemistry, 56, 

689 10487-10492. 

690 Turkmen, N., Sari, F., Velioglu, Y. S. (2005). The effect of cooking methods on total phenolics 

691 and antioxidant activity of selected green vegetables. Food Chemistry, 93, 713-718.

692 Wendel, M., Szot, D., Starzak, K., Tuwalska, D., Gapinski, J., Naskrecki, R., Prukala, D., 

693 Sikorski, M., Wybranic, S., Burdzinski, G. (2015). Photophysical properties of 

694 betaxanthins: Vulgaxanthin I in aqueous and alcoholic solutions. Journal of 

695 Luminescence, 167, 289-295.

696 Wiczkowski, W., Romaszko, E., Szawara-Nowak, D., Piskuła, M. K. (2018). The impact of the 

697 matrix of red beet products and interindividual variability on betacyanins bioavailability 

698 in humans. Food Research International, 108, 530-538. 

699 Wiczkowski, W., Topolska, J., Honke, J. (2014). Anthocyanins profile and antioxidant capacity 

700 of red cabbages are influenced by genotype and vegetation period. Journal of Functional 

701 Foods, 7, 201-211.

702 Wybraniec, S. (2005). Formation of decarboxylated betacyanins in heated purified betacyanin 

703 fractions from red beet root (Beta vulgaris L.) monitored by LC-MS/MS. Journal of 

704 Agricultural and Food Chemistry, 53, 3483-3487.

705 Wybraniec, S., Starzak, K., Szneler, E., Pietrzkowski, Z. (2016). Separation of chlorinated 

706 diastereomers of decarboxy-betacyanins in myeloperoxidase catalyzed chlorinated Beta 

707 vulgaris L. extract. Journal of Chromatography B, 1036-1037, 20-32. 

https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=7003484922&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6701766861&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=55661027300&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=8303901100&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=7005921399&zone=


32

708 Wybraniec, S., & Mizrahi, Y. (2005). Generation of decarboxylated and dehydrogenated 

709 betacyanins in thermally treated purified fruit extract frim purple pitaya (Hylocereus 

710 polyrhizus) monitored by LC-MS/MS. Journal of Agricultural and Food Chemistry, 53, 

711 6704-6712.

712 Zieliński, H., Zielińska, D., Kostyra, H. (2012). Antioxidant capacity of a new crispy type food 

713 products determined by updated analytical strategies. Food Chemistry, 130, 1098-1104.

714

715 Figure caption

716 Fig. 1. ACE inhibitory activity of fresh and processed red beetroot

717 Fig. 2. ACE inhibitory activity of fresh and processed red beetroot after in vivo digestion







Table 1. The MS data of found red beet betalains.

Compound MS [m/z] MS/MS [m/z] Retention time 
[min]

betalain precursors
betalamic acid 212.2 166.0 1.30
cyclo-DOPA 358.1 196.0/150.1 1.31

betacyanins
betanin 551.1 389.1 1.29
isobetanin 551.1 389.1 1.34
betanidin 389.1 343.1 1.35
17-decarboxy-neobetanin 505.1 343.1/297.1 1.39
neobetanin 549.1 387.1 1.45
isobetanidin 389.1 343.1 1.46
2-decarboxy-neobetanin 505.1 343.0/297.1 1.47
2,17-bidecarboxy-betanidin 301.1 257.1 1.56
6'-O-feruloyl-betanin 727.1 551.1/389.0 1.70

betaxanthins
vulgaxanthin I 340.1 323.0 0.67
dopamine-betaxanthin 347.1 303.1 1.50



Table 2. The content and % contribution of betalains in red beetroot products.

fresh solid red beet products liquid red beet products

whole root divided intocompounds
whole root

peel flesh

fermented 
roots

boiled 
roots

crunchy 
slices

fermented 
juice fresh juice

betacyanins
betanin 61.4 55.2 68.8 58.8 62.5 78.9 30.2 57.0
isobetanin 13.3 5.1 4.7 5.8 6.7 5.1 8.7 5.0
betanidin 0.4 0.4 0.2 6.3 0.0 0.0 25.0 0.0
17-decarboxy-neobetanin 6.6 9.1 4.2 4.6 3.9 2.0 3.3 15.4
neobetanin 4.0 9.1 10.9 7.5 16.2 2.8 5.1 2.4
isobetanidin 0.0 0.0 0.0 1.3 0.0 0.0 18.7 0.0
2-decarboxy-neobetanin 7.0 7.0 4.7 4.6 4.5 5.3 3.3 11.4
2,17-bidecarboxy-betanidin 4.6 4.5 4.4 6.3 3.4 5.9 3.3 6.9
6'-O-feruloyl-betanin 2.6 9.5 2.2 5.0 2.8 0.0 2.5 1.9

Total1 4.98±0.04c 9.43±0.11a 6.42±0.04b 2.40±0.02e 3.57±0.07d 4.92±0.04c 64.84±1.26A* 56.26±1.56B*

betaxanthins
vulgaxanthin I 97.7 100.0 84.2 77.8 66.7 100.0 0.0 100.0
dopamine-betaxanthin 2.3 0.0 15.8 22.2 33.3 0.0 0.0 0.0

Total2 2.19±0.02a 1.33±0.02b 1.14±0.01c 0.18±0.01e 0.30±0.00d 0.01±0.00f 0.0 26.23±0.58A#

Total betalains3 7.17±0.05c 10.76±0.13a 7.56±0.04b 2.58±0.04f 3.87±0.08e 4.93±0.05d 64.84±1.26B* 82.49±2.14A*

1 All values were expressed as milligrams of betanin per gram dry matter of red beetroot / * milligram of betanin per liter. Data are expressed as mean ± SD (n=3). 
Means in line related to a total content of betacyanins for each red beetroot products by the different letters are significantly different (P<0.05).
2 Values were expressed as milligrams of vulgaxanthin I per gram dry matter of red beetroot / # milligram of vulgaxanthin I per liter. Data are expressed as mean ± 
SD (n=3). Means in line related to a total content of betaxanthins for each red beetroot products followed by the different letters are significantly different (P<0.05).
3 Values were expressed as milligrams of betanin per gram dry matter of red beetroot / * milligram of betanin per liter. Data are expressed as mean ± SD (n=3). 
Means in line related to a total content of betalains for each red beetroot products followed by the different letters are significantly different (P<0.05). 



Table 3. The content and % contribution of betalains in red beetroot in vitro digested products.

fresh solid red beet products liquid red beet products

whole root divided intocompounds
whole root

peel flesh

fermented 
roots

boiled 
roots

beetroot 
chips

fermented 
juice fresh juice

betalain precursors
betalamic acid 37.2 46.2 44.3 90.4 23.9 45.4 46.9 46.8
cyclo-DOPA 62.8 53.8 55.7 9.6 76.1 54.6 53.1 53.2

Total1 0.48±0.00c 0.41±0.00d 0.37±0.00d 2.00±0.03a 0.74±0.05b 0.38±0.01d 0.43±0.00B* 0.51±0.00A*

betacyanins
betanin 0.0 17.9 0.0 0.0 0.0 0.0 0.0 0.0
isobetanin 0.0 20.6 0.0 0.0 0.0 0.0 0.0 0.0
betanidin 0.0 0.0 0.0 0.0 0.0 51.5 23.7 0.0
17-decarboxy-neobetanin 74.9 0.0 57.1 59.9 40.0 25.9 0.0 0.0
2-decarboxy-neobetanin 0.0 27.2 0.0 0.0 28.1 0.0 52.0 64.7
2,17-bidecarboxy-betanidin 0.0 18.6 0.0 0.0 0.0 0.0 0.0 0.0
6'-O-feruloyl-betanin 25.1 15.7 42.9 40.1 32.0 22.6 24.3 35.3

Total2 0.70±0.02c 1.49±0.01a 0.50±0.00e 0.63±0.01d 0.72±0.01c 1.09±0.04b 1.00±0.00A* 0.61±0.01B*

Total betalains2 1.18±0.02d 1.90±0.01b 0.87±0.00e 2.62±0.04a 1.46±0.06c 1.48±0.05c 1.43±0.01A* 1.12±0.01B*

1 All values were expressed as micrograms of betanin per gram dry matter of red beetroot / * milligram of betanin per liter. Data are expressed as mean ± SD (n=3). 
Means in line related to a total content of betalain precursors for each red beetroot products by the different letters are significantly different (P<0.05).
2 Values were expressed as micrograms of betanin per gram dry matter of red beetroot / * milligram of betanin per liter. Data are expressed as mean ± SD (n=3). Means 
in line related to a total content of betacyanins for each red beetroot products followed by the different letters are significantly different (P<0.05).
3 Values were expressed as micrograms of betanin per gram dry matter of red beetroot / * milligram of betanin per liter. Data are expressed as mean ± SD (n=3). Means 
in line related to a total content of betalains for each red beetroot products followed by the different letters are significantly different (P<0.05).




