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Abstract  27 

Fruit pulps from Navel (N) and Cara Cara (CC) oranges, and Clementine 28 

mandarin freshly harvested (M) and refrigerated stored (M12) were used to evaluate the 29 

cytoprotective effect of their bioaccessible fractions (BF) against H2O2-induced 30 

oxidative stress in Caco-2 cells. BF of samples preserved viability vs. H2O2 treated cells, 31 

reaching values similar to controls. Lipid peroxidation was reduced to levels of control 32 

cells, but M did not reach control values. ROS and mitochondrial membrane potential 33 

changes (Δψm) values were reduced compared with H2O2 treated cells, but without 34 

achieving control levels. A significant reduction in cell proportions in G1 phase and a 35 

significant increase in sub-G1 phase (apoptosis) of cell cycle was shown in H2O2 treated 36 

cells, and BF allowed a recovery close to control levels. Thus, BF of samples protect the 37 

cells from oxidative stress by preserving cell viability, mitochondrial membrane 38 

potential and correct cell cycle progression, and diminishing lipid peroxidation and 39 

ROS.  40 

 41 
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1. Introduction 49 

 The gastrointestinal tract is the first site where interaction between endogenously 50 

generated reactive oxygen species (ROS) and dietary antioxidants takes place in vivo 51 

(Halliwell, Zhao & Whiteman, 2000). At elevated levels, ROS can adversely affect cell 52 

function leading to cell damage and cell death; thus, body’s antioxidant system, which 53 

is incomplete without exogenous antioxidants such as vitamin C, carotenoids and 54 

polyphenols, has to be efficient avoiding the onset of oxidative stress (Bouayed & 55 

Bohn, 2010). 56 

 Citrus fruits and juices of orange and mandarin are widely consumed worldwide 57 

and have attracted attention since a high intake may reduce the risk of degenerative 58 

diseases including cardiovascular, neoplastic, and nervous system related diseases 59 

(Silalahi, 2002), and also colon carcinogenesis (Miyagi, Om, Chee & Benninnk, 2000; 60 

Tanaka et al. 2000). These products are rich sources of a complex mixture of 61 

antioxidants such as vitamin C, carotenoids (namely -cryptoxanthin, lutein, zeaxanthin 62 

and -carotene) and polyphenols (mainly flavanones such as hesperidin and naringenin) 63 

(Guarnieri, Riso & Porrini, 2007) which may act in concert (additively or 64 

synergistically) to exert their antioxidant and anticancer activities (Liu, 2004). 65 

 A spontaneous mutant variety from sweet orange, termed Cara Cara, has been 66 

characterized and shows distinctive red pulp coloration due to the accumulation of 67 

lycopene in the juice vesicles (Lee, 2001; Alquezar, Rodrigo & Zacarias, 2008; Brasili 68 

et al. 2017). In addition, it has been reported that certain postharvest conditions promote 69 

the accumulation of carotenoids in the skin and pulp of citrus fruits, specifically -70 

cryptoxanthin in mandarin fruits (Carmona, Zacarias & Rodrigo, 2012; Rodrigo et al., 71 

2015). Based on these data, the profile and bioaccessibility of bioactive compounds 72 
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(vitamin C, flavonoids and carotenoids) in fruit juices and fruit pulps from Navel and 73 

Cara Cara oranges, and Clementine mandarin freshly harvested and postharvest stored 5 74 

weeks at 12 ºC has been determined. In general, vitamin C contents and bioaccessibility 75 

were similar in the 4 varieties studied, but higher bioaccessibility on average for pulps 76 

versus juices was observed. Likewise, much more content of flavonoids and carotenoids 77 

were noticed in pulps than in juices, and higher bioaccessibility was achieved in oranges 78 

or mandarins when flavonoids or carotenoids were considered, respectively (De Ancos, 79 

Cilla, Barberá, Sánchez-Moreno & Cano, 2017; Rodrigo, Cilla, Barberá & Zacarías, 80 

2015). Therefore, next step would be the evaluation of the bioactivity of citrus fruit 81 

pulps (due to their major bioaccessibility of vitamin C, flavonoids and carotenoids 82 

versus fruit juices) in a biological relevant model (Caco-2 cells), to further characterize 83 

their potential functional health benefits. 84 

 To this end, fully differentiated Caco-2 cells may serve as a good and valuable 85 

model for assessing the physiological response of enterocytes to various oxidant stresses 86 

(Bedoya-Ramírez, Cilla, Contreras-Calderón & Alegría-Torán, 2017). The protective 87 

effects of citrus fruits or related antioxidants against oxidative stress using Caco-2 cells 88 

have been documented in previous studies. In these sense, pre-incubation (24 h) of 89 

Caco-2 cells with -carotene (0.1-50 M) failed to inhibit 10 mM H2O2-derived 90 

oxidative stress (Bestwick & Milne, 1999). On the contrary, Tarozzi et al. 2006 reported 91 

that pre-incubation for 24 h with blood orange extracts (6.25-50 mg/mL) protected 92 

Caco-2 cells from 3 mM tert-Butyl hydroperoxide (t-BuOOH) oxidative stress 93 

decreasing cytotoxicity and ROS levels. Similarly, pre-incubation (1 h) with -94 

cryptoxanthin (1-25 M) protected Caco-2 cells from DNA damage generated by 15 95 

M H2O2 (Lorenzo, Azqueta, Luna, Bonilla, Domínguez & Collins, 2009). Other 96 

cytoprotective studies against oxidative stress with citrus fruits or related bioactive 97 
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components such as sweet orange peel extracts (Chen, Chu, Chyau, Chu & Duh, 2012) 98 

or sweet orange and citrus fruit unshiu mikan juice powders and their major flavonoids 99 

(Jannat, Ali, Kim, Jung & Choi, 2016) in HepG2, flavonoid fraction of bergamot and 100 

orange juices in A549 cells (Ferlazzo et al. 2015), citrus flavanones in PC12 cells 101 

(Hwang & Yen, 2008) and lutein and zeaxanthin in HLEC cells (Gao et al. 2011) have 102 

been reported. However, these studies have not considered the fact that food after 103 

consumption undergoes a gastrointestinal digestion process that may affect the native 104 

antioxidant potential of the complex mixture of bioactive compounds present in the 105 

food matrix before reaching the proximal intestine, thus, probably overestimating their 106 

biological activity (Cilla, Perales, Lagarda, Barberá, Clemente  Farré, 2011a). In this 107 

respect, to our knowledge, only two studies involving digested fruit beverages made of 108 

grape-orange-apricot have evaluated the cytoprotection against H2O2-induced oxidative 109 

stress in Caco-2 cells, based on cell viability maintenance, GSH-related enzymes 110 

activation, more preserved mitochondrial membrane potential and cell cycle 111 

distribution, and inhibition of caspase-3 activation (Cilla, Laparra, Alegría, Barberá & 112 

Farré, 2008; Cilla, Laparra, Alegría & Barberá, 2011b). 113 

Thus, the aim of the present study was to evaluate the cytoprotective effect of 114 

bioaccessible fractions obtained after simulated gastrointestinal digestion of citrus fruit 115 

pulps from Navel and Cara Cara oranges, and Clementine mandarins freshly harvested 116 

and postharvest stored, against H2O2-induced oxidative stress in Caco-2 cells. 117 

2. Materials and methods 118 

2.1 Reagents 119 
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Simulated gastrointestinal digestion: Pepsin (porcine, 975 units per mg protein), 120 

pancreatin (porcine, activity equivalent to 4 x USP specifications) and bile extract 121 

(porcine) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).  122 

Carotenoids: HPLC-grade methanol, chloroform and acetone were supplied by 123 

Scharlau (Barcelona, Spain) and methyl tert-butyl ether (MTBE) by Merck (Darmstadt, 124 

Germany). Petroleum ether and diethyl ether were of analytical grade and were supplied 125 

by Scharlau (Barcelona, Spain). Commercial standards of -carotene (≥97%), lutein 126 

(≥95%) and lycopene (≥90%) were purchased from Sigma-Aldrich, and -cryptoxanthin 127 

(≥97%) and zeaxanthin (≥98%) from Extrasynthese (Lyon, France). Standards of 128 

phytoene and phytofluene were obtained from peel extracts of Pinalate orange fruits, 129 

and of all-E-violaxanthin and 9-Z-violaxanthin from peel extracts of Navel orange fruits 130 

and HPLC purified. 131 

Ascorbic acid analysis: Glacial acetic acid, metaphosphoric acid and formic acid 132 

and L(+) ascorbic acid (≥ 99% purity) were purchased from Panreac Química 133 

(Barcelona, Spain).  134 

Flavonoid analysis: Methanol and acetonitrile (HPLC-grade) were provided by 135 

Lab-Scan (Dublin, Ireland). Formic acid and hydrocloric acid were purchased from 136 

Panreac Química (Barcelona, Spain). Narirutin (naringenin-7-O-rutinoside) was 137 

obtained from Extrasynthese (France); hesperidin (hesperitin-7-O-rutinoside) and 138 

apigenin were purchased from Sigma (St. Louis, MO, USA). 139 

Hydrophilic antioxidant capacity analysis: 2,2´-azino-bis [3-140 

ethylbenzothiazoline-6-sulfonic acid] (ABTS•+) anion radical, potassium persulfate 141 

(K2S2O8), iron (III) chloride hexahydrate, phosphate buffered saline, 142 

hexadecyltrimethyl-ammonium bromide, and 2,2-diphenyl-1-picrylhydrazyl (DPPH▪), 143 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-(1-144 
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naphtyl)ethylenediaminedihydrochloride and 2,4,6-tris (2–pyridyl)-s-triazine (TPTZ) 145 

were obtained from Fluka Chemie AG (Buchs, Switzerland). Ascorbic acid (≥ 99% 146 

purity) and ethanol were obtained from Panreac Química (Barcelona, Spain). 147 

Caco-2 cell culture: DMEM+GlutaMAXTM-I, phosphate buffered saline (PBS), 148 

and trypsin-EDTA solution (2.5 g/L trypsin and 0.2 g/L EDTA) were purchased from 149 

Gibco Invitrogen (Carlsbad, USA). Absolute methanol was obtained from Merck 150 

(Darmstadt, Germany). The reagents used for preparing buffers were purchased from 151 

Panreac Química (Barcelona, Spain), and the rest of reagents used throughout the assays 152 

were from Sigma Chemical Co. (St. Louis, MO, USA), including the hydrogen peroxide 153 

solution 30% (w/w) used as inducer of oxidative stress. 154 

Water of cellular grade was used for the preparation of reagents used in Caco-2 155 

cells and throughout the in vitro digestion assay (Aqua B Braun, Braun Medical, 156 

Barcelona, Spain). The rest of the reagents were prepared with Milli-Q water (18.2 MΩ 157 

cm resistivity). 158 

2.2 Samples 159 

Fruit pulps from freshly harvested Clementine mandarin (Citrus clementina L) (M) and 160 

postharvest stored at 12ºC (90-95% relative humidity) for 5 weeks (M12), rich in β-161 

cryptoxanthin (Carmona et al. 2012) and from Navel orange (Citrus sinensis L) (N) and 162 

its spontaneous  mutant Cara Cara (CC) with high lycopene and other linear carotenes 163 

(phytoene and phytofluene) content (Alquezar et al. 2008), were used to evaluate the 164 

cytoprotective effect of their bioaccessible fractions (BF) (the maximum soluble 165 

fraction of food-derived compounds in the simulated gastrointestinal media that would 166 

be available for absorption) obtained by in vitro digestion against H2O2-induced 167 
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oxidative stress in Caco-2 cells. Bioaccesible bioactive compounds contents have been 168 

analyzed in previous reports (De Ancos et al. 2017; Rodrigo et al. 2015). 169 

2.3 In vitro digestion 170 

An in vitro gastrointestinal digestion procedure mimicking the physiological 171 

situation in the upper digestive tract (stomach and small intestine) was used to obtain 172 

bioaccessible fraction from 80 g of citrus fruit pulps in order to evaluate BF of 173 

carotenoids, polyphenols, ascorbic acid and hydrophilic antioxidant capacity according 174 

to the procedure described by Rodrigo et al. (2015). 175 

Briefly, 80 g of citrus fruit pulps or juices were adjusted to pH 2.0 with 6 M HCl 176 

(GLP 21 pH-meter, Crison, Barcelona, Spain). The pH was checked after 15 min, and if 177 

necessary readjusted to 2.0. Then an amount of freshly prepared demineralized pepsin 178 

solution sufficient to yield 0.02 g pepsin/g sample was added. The samples were made 179 

up to 100 g with cell culture-grade water (Aqua B Braun, Braun Medical, Barcelona, 180 

Spain), and incubated in a shaking water bath at 37ºC/120 strokes per minute for 2 h 181 

(SS40-2, Gran Instruments, Cambridge, UK). The gastric digests were maintained in ice 182 

for 10 min to stop pepsin digestion. For the intestinal digestion stage, the pH of the 183 

gastric digests was raised to pH 6.5 by the dropwise addition of 1 M NaHCO3. Then an 184 

amount of freshly prepared and previously demineralized pancreatin-bile salt solution 185 

sufficient to provide 0.005 g pancreatin and 0.03 g bile salt/g sample was added, and 186 

incubation was continued for an additional 2 h. To stop intestinal digestion, the sample 187 

was kept for 10 min in an ice bath. The pH was then adjusted to 7.2 by the dropwise 188 

addition of 0.5 M NaOH. Aliquots of 25 g of sample were transferred to polypropylene 189 

centrifuge tubes (50 ml, Costar, New York, USA) and centrifuged at 3500 x g for 1 h at 190 

4ºC (GT422 centrifuge, Jouan, Saint Nazaire, France). Supernatants (aqueous-micellar 191 
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fraction considered the bioaccessible fraction, BF) obtained after in vitro digestion were 192 

immediately frozen at -80ºC and used for cytoprotective assays with cells  193 

2.4 Antioxidants determination 194 

2.4.1 Carotenoids 195 

 Carotenoids from BF (25 mL) were extracted, identified and quantified by 196 

HPLC-DAD as previously described by Rodrigo et al. (2015). 197 

2.4.2 Flavonoid analysis 198 

Flavonoids from acidified BF (20 mL) were extracted, identified (HPLC-MS-199 

ESI-QTOF) and quantified (HPLC-DAD) according to the procedure described by De 200 

Ancos et al. (2017).  201 

2.4.3 Ascorbic acid 202 

Ascorbic acid was extracted and quantified by HPLC according to the procedure 203 

described by De Ancos et al. (2017) from 10 mL of acidified BF.  204 

2.4.4 Total antioxidant capacity (ABTS •+, FRAP and DPPH•)  205 

Total antioxidant capacity was determined according to the method of Re, 206 

Pellegrini, Proteggente, Pannala, Yang & Rice-Evans (1999) (for ABTS•+), the method 207 

of Benzie & Strain (1996) (for FRAP), and the method of Sánchez-Moreno, Larrauri 208 

and Saura-Calixto (1998) (for DPPH•), including an adaptation of the methods to 96-209 

well microplate format as previously described by De Ancos et al. (2017). 210 

2.5 Caco-2 cell culture 211 

Caco-2 cells were obtained from the American Type Culture Collection (HTB-212 

38, Rockville, MD, USA), and were used between passages 52 and 67. The cells were 213 
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maintained and grown as previously described (García-Nebot, Cilla, Alegría  Barberá, 214 

2011). 215 

Caco-2 cells were seeded onto 24-well plates for all experiments (Costar Corp., 216 

USA) at a density of                                                                                                                                         217 

2.5 x 104 cells/cm2 with 1 mL of DMEM (Dulbecco's Modified Eagle Medium), and 218 

culture medium was changed every two days. However, the integrity of the monolayer 219 

of differentiated cells (seven days post-seeding) was monitored in Transwell plates by 220 

measuring the transepithelial electrical resistance (TEER) (Milicell ERS-2, Millipore) 221 

value and microscopically observing the formation of domes (a feature of differentiated 222 

Caco-2 cells). Differentiated cells with values higher than 400 Ω x cm2 were used in the 223 

cytoprotection assays (MTT, lipid peroxidation, ROS, mitochondrial membrane 224 

potential and cell cycle). Then, the culture medium was aspirated from the wells, and 225 

cell monolayers were washed with PBS warmed to 37 ºC. Cell cultures were 226 

preincubated (37 ºC/5% CO2/95% relative humidity) for 24 h with bioaccessible 227 

fractions of citrus fruit pulps added in 1:6 proportion (v/v) with culture media to 228 

preserve cell viability and ensure they were not cytotoxic based on pH (7.4) and 229 

osmolarity (339 mOsm/L) which were within the limits tolerated by human cells (pH 7-230 

7.5 and osmolarity (280-330 mOsm/L) (Cilla, González-Sarrías, Tomás-Barberán, 231 

Espín & Barberá, 2009). Control cells only suffered change of the DMEM culture 232 

medium in the same treatment period. Afterwards, culture medium was removed and the 233 

cells were washed with PBS at 37 ºC; the induction of oxidative stress was carried out 234 

by exposure to a 5 mM H2O2 solution in culture medium for 2 h (37 ºC/5% CO2/95% 235 

relative humidity) based on dose- and time-dependent experiments as previously 236 

described by Cilla et al. (2008 and 2011b) and García-Nebot et al. (2011). 237 
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In order to evaluate the cytoprotective effects of citrus fruit pulps in a model of 238 

oxidative stress in cultured cells (Goya, Martín, Ramos, Mateos & Bravo, 2009) we 239 

measured: (i) cell viability (MTT test), (ii) an index of cellular oxidative stress 240 

(intracellular ROS levels) and (iii) biomarkers of oxidative damage to molecules and/or 241 

organelles such as lipids (malondialdehyde), mitochondria (changes in mitochondria 242 

membrane potential) and DNA (cell cycle distribution). 243 

2.6 Cell viability (mitochondrial enzyme activities – MTT test) 244 

The mitochondrial functionality of the Caco-2 cells was evaluated by using the 245 

MTT (3-[4,5-dimethylthiazol-2-yl]-2,3-diphenyl tetrazolium bromide) assay, as 246 

previously reported (García-Nebot et al., 2011). This colorimetric method is based on 247 

reduction of the tetrazolium ring of MTT by mitochondrial succinate dehydrogenases, 248 

yielding a blue formazan product which can be measured spectrophotometrically; the 249 

amount of formazan produced is proportional to the number of viable cells. The 250 

conversion to insoluble formazan was measured at 570 nm with background subtraction 251 

at 690 nm. Control cells were used in each assay. 252 

2.7 Lipid peroxidation 253 

Lipid peroxidation was measured according to Buege & Aust (1978), based on 254 

the cellular content of malondialdehyde (MDA). Lysed and homogenized cells were 255 

boiled (100 ºC water bath for 20 min) under acidic conditions in the presence of 0.5% 256 

thiobarbituric acid, 1.5 mM deferoxamine and 3.75% butylated hydroxytoluene. 257 

Afterwards, samples were cooled, centrifuged (3500 g, 15 min), and the absorbance was 258 

measured at 532 nm in a thermostatized UV-VIS spectrophotometer (Lambda 2, Perkin 259 

Elmer, Barcelona, Spain). Results were expressed as nmol of MDA/mL cell 260 

homogenate. Control cells were used in each assay. 261 
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2.8 Intracellular reactive oxygen species (ROS) 262 

The intracellular accumulation of ROS in Caco-2 cells was evaluated using a 2 263 

mM dihydrorhodamine (DHR) solution prepared in dimethylsulfoxide, which is 264 

oxidized to fluorescent rhodamine (Cilla et al. 2008). After pre-incubation with 265 

bioaccessible fractions of citrus fruit pulps, 1 mL of PBS containing DHR (final 266 

concentration 5 µM) was added, followed by incubation for 30 min in darkness (37 267 

ºC/5% CO2/95% relative humidity). After eliminating the supernatants, cells were 268 

washed with PBS and resuspended in a trypsin-EDTA solution (2.5 g/L trypsin, 0.2 g/L 269 

EDTA). Fluorescent intensities of DHR (ex = 488 nm and em = 525 nm) was 270 

determined by flow cytometry (Coulter, EPICS XL-MCL, Miami, USA). Control cells 271 

were used throughout each assay. At least 10,000 events per sample were analyzed.  272 

2.9 Mitochondrial membrane potential changes (m) 273 

Mitochondrial membrane potential (Δψm) changes were evaluated using DHR 274 

and propidium iodide (PI) double labeling, as previously determined by Cilla et al. 275 

(2008). Briefly, cultures were washed with PBS and resuspended in a trypsin-EDTA 276 

solution. Then, they were incubated with 1 mL of PBS containing DHR, prepared as 277 

described above, for 30 min in darkness (37 ºC/5% CO2/95% relative humidity). 278 

Afterwards, the media were aspirated and 0.5 mL of a PI staining solution (1 mg/mL of 279 

trisodium citrate, 0.05 mg/mL PI, and 1 mg/mL of RNase A) was added with an 280 

additional incubation time of 15 min in darkness under the aforementioned conditions. 281 

Fluorescent intensities of DHR (ex = 488 nm and em = 525 nm) and PI (exc = 488 nm 282 

and em = 620 nm) were determined by flow cytometry (Coulter, EPICS XL-MCL, 283 

Miami, USA). Δψm changes were estimated by the relative amount of PI versus DHR 284 
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double negative cell populations. Control cells were used throughout each assay. At 285 

least 10,000 events per sample were analyzed. 286 

2.10 Cell cycle analysis 287 

DNA distribution in each phase of the cell cycle was determined according to 288 

García-Nebot et al. (2011). Cells (2 x 105) were collected after the corresponding 289 

treatment period, fixed in ice-cold ethanol: PBS (70:30, v/v) for 30 min at 4 ºC, further 290 

resuspended in PBS with 40 μg/mL RNAse and 100 μg/mL PI, and incubated for 30 291 

min in darkness (37 ºC/5% CO2/95% relative humidity). DNA content (10,000 cells) 292 

was analyzed by flow cytometry (Coulter, EPICS XL-MCL, Miami, FL, USA) at exc = 293 

488 nm and em = 620 nm. Control events were used in each assay. 294 

2.11 Statistical analysis 295 

The results shown represent mean values ± standard deviation. These results 296 

were calculated from the means of 4 replicates obtained in at least two separate 297 

experiments. This means that it was performed one digestion experiment and two 298 

independent Caco-2 cell experiments, receiving 4 replicates of the digest for each assay 299 

(MTT, lipid peroxidation, ROS, mitochondrial membrane potential and cell cycle). 300 

One-way (type of sample) ANOVA was conducted followed by the Tukey post hoc test. 301 

The level of significance was set at p < 0.05 (Statgraphics Plus v. 5.1, Maryland, USA). 302 

3. Results and discussion 303 

3.1 Content of antioxidant bioactive compounds in bioaccessible fractions 304 

Concentrations of bioactive compounds such as vitamin C, vitamin E and 305 

carotenoids range between high M and low mM levels in human plasma and organs, 306 

whereas polyphenol concentrations are situated between high nM to low M levels 307 
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(Bouayed & Bohn, 2010). Nevertheless, gastrointestinal concentrations of these 308 

bioactive compounds might be much higher than serum/plasma concentrations due to 309 

the low bioavailability of polyphenols what implies that larger quantities are delivered 310 

to the colon where they and their catabolic products of bacterial fermentation can exert 311 

beneficial effects, perhaps preventing oxidative stress linked gastrointestinal diseases 312 

(Deiana et al. 2012). 313 

The concentration of major bioactive compounds used for cell assays from BF 314 

diluted (1:6 v/v) in culture medium are shown in table 1. 315 

The BF of M12 mandarin and CC orange showed less ascorbic acid and higher 316 

carotenoid and polyphenol contents (and consequently higher total bioactive compounds 317 

concentration) than their respective counterparts, M mandarin and N orange. The total 318 

bioactive compounds (carotenoids + polyphenols + ascorbic acid) in M12 mandarins 319 

and CC orange compared with their corresponding counterparts is 1.7 and 3.1 fold 320 

higher, respectively. In addition, total antioxidant capacity is, in general, slightly higher 321 

in these samples. However, strikingly, these differences in total bioactive compounds 322 

were not translated into significant differences in total antioxidant capacity as 323 

determined by the ABTS•+ and FRAP methods and further in the cytoprotective activity 324 

in Caco-2 cells (see below). The results in the present study are in line with those 325 

reported by Tarozzi et al. (2006), who indicated that despite the differences in total 326 

phenolics, ascorbic acid, total anthocyanins and intracellular antioxidant activity of 327 

blood orange extracts from organic versus non-organic agriculture, no statistical 328 

differences in cytoprotective activity in Caco-2 cells were found. Similarly, differences 329 

in antioxidant activity evaluated by chemical tests (ORAC and Folin-Ciocalteu) in 330 

bergamot and orange juices did not imply differences in viability preservation, ROS 331 

amelioration, lipid peroxidation and mitochondrial membrane potential preservation in 332 
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A549 cells (Ferlazzo et al. 2015). Likewise, Deiana et al. (2012) reported that wine 333 

extracts from distinct Sardinian grape varieties with different total phenolic content 334 

showed comparable cytoprotective activity in Caco-2 cells (in terms of cell viability and 335 

prevention of lipid peroxidation). These authors indicate that the resulting antioxidant 336 

capacity of a food extract may be influenced by the interactions (synergy and/or 337 

antagonism) among the different classes of bioactive compounds and the presence of 338 

radical molecules. Also, they point out that a high phenolic amount of an extract is not 339 

crucial for its antiradical activity, and should be ascribed not only to the different 340 

classes of phenolic compounds, but probably to the molecular structures of the 341 

individual  phenolic compounds present in the food extract determined (Deiana et al., 342 

2012).  343 

 3.2 Cell viability 344 

 MTT test was applied to measure the mitochondrial metabolic rate as an indirect 345 

value of cell viability to check the possible cytoprotection of BF of citrus fruit pulps 346 

against oxidative stress-induced cytotoxicity. MTT conversion percentages in cell 347 

cultures preincubated with BF of citrus fruit pulps with/without oxidative stress are 348 

shown in figure 1. 349 

 Pretreatment of Caco-2 cells for 24 h with the BF of samples (diluted 1:6 v/v in 350 

DMEM) resulted in no changes in cell viability compared to control cells, indicating 351 

that the concentrations used did not damage cell integrity during the period of 352 

incubation. However, after H2O2 exposure, cell viability was significantly decreased 353 

(p<0.05) versus control (33%), due to a decline in mitochondrial enzyme activities. On 354 

the contrary, pretreated cells with BF of samples and further exposure to oxidative 355 

stress were able to prevent a decline in cell viability reaching basal conditions of the 356 
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control cells. As previously indicated, all four BF of citrus fruit pulps exhibited 357 

comparable results despite differences in total bioactive compounds (see table 1).  358 

In line with the present results, pretreatment 24 h with BF of fruit beverages 359 

made of grape-orange-apricot (diluted 1:1 in DMEM, 50 M total phenolics) were 360 

able to protect differentiated Caco-2 cells against H2O2-induced oxidative stress (5 361 

mM/2 h) (Cilla et al. 2008 and 2011b). Inhibition of cytotoxicity (10-70%) in Caco-2 362 

cells induced by t-BuOOH (3 mM/3 h) after 24 h incubation with blood orange extracts 363 

(12.5-50 mg/mL) has also been indicated (Tarozzi et al. 2006). In agreement, 364 

pretreatment of HepG2 cells 24 h with sweet orange peel extracts (50-500 g/mL) 365 

containing the flavonoids hesperidin, hesperetin, nobiletin and tangeretin, restored the 366 

cytotoxicity derived by treatment with t-BuOOH (0.2 mM/6 h) (Chen et al. 2012). 367 

Similarly, pretreatment with flavonoid extracts of bergamot and orange juices (25 and 368 

50 g/mL) ameliorated the decrease in cell viability due to H2O2-induced oxidative 369 

stress (200 µM/2 h) in A549 cells (Ferlazzo et al. 2015). In tune with this, 24 h 370 

pretreatment with sweet orange and unshiu mikan citrus fruit juice powders (50-200 371 

g/mL) as well as major flavonoids (hesperidin, rutin and narirutin) at 2.5-100 µM 372 

dose-dependently protected against the decrease in cell viability evoked by t-BuOOH 373 

(200 µM/2 h) in HepG2 cells (Jannat et al. 2016). Likewise, pretreatment 6 h with citrus 374 

flavanones hesperidin, hesperetin and neohesperidin (0.8-50 M) protected PC12 cells 375 

from H2O2-induced oxidative stress (400 M/16h) (Hwang et al. 2008). On the contrary, 376 

pretreatment of HLEC cells for 48 h with lutein and zeaxanthin (5 M) did not prevent 377 

H2O2 (100 M/1h) induced loss of cell viability (Gao et al. 2011). This fact may imply 378 

that whole foods containing complex combinations of bioactive compounds, or perhaps 379 

specific flavonoids or combinations of them, as indicated by Hwang et al. (2008) and 380 
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Jannat et al. (2016), are able to protect from oxidative stress better than carotenoids; 381 

suggesting the higher chemo-protective capacity of flavonoids. 382 

3.3 Lipid peroxidation 383 

 Lipid peroxidation is responsible for the cleavage of polyunsaturated fatty acids 384 

at their double bounds in lipid bilayers, causing disruption of membrane structure and 385 

function (García-Nebot et al., 2011). MDA, a three-carbon compound formed by 386 

scission of peroxidized polyunsaturated fatty acids is one of the main products of lipid 387 

peroxidation (Goya et al. 2009). The MDA levels in cell cultures preincubated with BF 388 

of citrus fruit pulps with/without oxidative stress are shown in figure 2. 389 

 In the absence of an oxidative insult, pretreatment with BF of samples for 24 h 390 

did not alter the basal levels of MDA. On the contrary, H2O2 significantly increased 391 

(p<0.05) the MDA levels (13.07 ± 2.25) versus control cells (4.32 ± 0.68). In contrast,   392 

pretreatment with BF of citrus fruit pulps before H2O2 exposure equally prevented the 393 

damage to lipids in all samples, which showed similar levels of MDA than the same 394 

samples without stress, and in the case of N and CC oranges completely recovered basal 395 

levels. 396 

 Accordingly, pretreatment of HLEC cells for 48 h with the carotenoids lutein 397 

and zeaxanthin at 5 M completely prevented the H2O2 (100 M/1 h) induced lipid 398 

peroxidation (Gao et al. 2011). Similarly, pretreatment of HepG2 cells for 24 h with 399 

sweet orange peel extracts (50-500 g/mL) decreased the percentage of lipid 400 

peroxidation produced by t-BuOOH (0.2 mM/6 h) though not reaching control basal 401 

levels; however, hesperetin and nobiletin but not hesperidin (at 10 g/mL) completely 402 

prevented lipid peroxidation as in control cells (Chen et al. 2012). In agreement, the 403 

increase in lipid peroxidation in A549 cells caused by H2O2 (200 M/2 h) was 404 
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counteracted by 18 h pretreatment with the flavonoid fraction of bergamot and orange 405 

juices (25 and 50 g/mL) without reaching control basal levels (Ferlazzo et al. 2015). 406 

The antioxidant action of bioactive compounds such as polyphenols and carotenoids 407 

depends on both the radical-scavenging ability of aqueous peroxyl radicals at the 408 

surface of the membrane, and of lipid peroxyl radicals within the membrane. Therefore, 409 

the hydrophilicity/hydrophobicity of the bioactive compounds could result an essential 410 

factor for the resulting cytoprotective activity (Deiana et al. 2012). In this sense, 411 

although comparable results were found in the four samples analyzed, the two varieties 412 

of oranges (N and CC) displayed more efficiently the protection against lipid 413 

peroxidation, reaching basal levels, probably due to their higher content in total 414 

polyphenols than mandarins (see table 1). Since main polyphenols determined in the BF 415 

of citrus fruit pulps comprise glucosides and rutinosides, they mainly would act at the 416 

surface of the membrane due to the hydrophilicity conferred by the sugar moiety. Other 417 

compounds that could contribute to increase the protective action against lipid 418 

peroxidation by oranges BFs are the high concentration of ascorbic acid and total 419 

carotenoids found in N and CC, respectively. 420 

3.4 Intracellular ROS accumulation 421 

 As an index of the overall oxidative stress in living cells, the evaluation of 422 

intracellular ROS is useful to gain insights of the redox cell state (Cilla et al., 2008). 423 

Intracellular ROS accumulation in cell cultures preincubated with BF of citrus fruit 424 

pulps with/without oxidative stress are shown in figure 3. 425 

 Treatment of Caco-2 cells with BF of samples without oxidative stress was not 426 

overtly toxic since no difference was found comparing with control cells. ROS 427 

generation, in turn, significantly (p<0.05) increased approximately ten-fold when the 428 
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cells were challenged with H2O2 (22.55 ± 3.13) versus control cells (2.53 ± 0.84). When 429 

the cells were pretreated with BF of citrus fruit pulps and subsequently exposed to 430 

oxidative stress, ROS levels were significantly decreased (p<0.05) in M and M12 431 

mandarins and CC oranges versus control stress cells, though without reaching their 432 

counterparts without stress and control basal levels. The absence of effect observed in N 433 

orange could be attributed to its lowest carotenoid (five-, ten- and fifteen-fold than M, 434 

M12 and CC, respectively) and total bioactive content than the other samples. This 435 

means that the mechanism of action of bioactive compounds present in the BF of citrus 436 

fruit pulps did not act mainly through ROS quenching. 437 

 In tune with the present results, pretreatment of HepG2 cells for 24 h with sweet 438 

orange peel extracts (50-500 g/mL) and flavonoids hesperidin, hesperetin and nobiletin 439 

(10-g/mL) decreased ROS levels evoked by t-BuOOH (0.2 mM/6 h) though not 440 

reaching control basal levels (Chen et al. 2012). In the same line, pretreatment 6 h with 441 

citrus flavanones hesperetin, hesperidin and neohesperidin (0.8-50 M) protected PC12 442 

cells from H2O2 (400 M/16 h) increase in ROS levels, however in some cases not 443 

reaching control basal levels (Hwang et al. 2008). Similarly, the pretreatment 18 h with 444 

flavonoid fraction of bergamot and orange juices (25 and 50 g/mL) lessened the ROS 445 

production caused by H2O2 (200 M/2 h) in A549 cells (Ferlazzo et al. 2015). In 446 

agreement, juice powders of sweet orange and unshiu mikan citrus fruit (50-100 g/mL) 447 

and their key flavonoids hesperidin, rutin and narirutin (2.5-100 M) pretreatment for 448 

24 h dose-dependently inhibited the ROS generation induced by H2O2 (200 M/2h) in 449 

HepG2 cells (Jannat et al. 2016). A dose-dependent inhibition of intracellular ROS (20-450 

90%) evoked by t-BuOOH (3 mM/3 h) has also been indicated in Caco-2 cells 451 

incubated 24 h with blood orange extracts (6.25-50ng/mL) (Tarozzi et al. 2006). On the 452 
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contrary, other studies have shown a failure in the inhibition of intracellular ROS 453 

accumulation in H2O2-injured Caco-2 cells as in the studies where the cells were 454 

subjected to a 24 h pretreatment with -carotene (0.1-50 M) (Bestwick et al. 1999) or 455 

with a fruit beverages made of grape-orange-apricot (50 M total phenolics) (Cilla et 456 

al. 2008). Likewise, pretreatment 20 h of HepG2 cells with phloroglucinol (4-400 M), 457 

coffee melanoidin (0.5 g/mL) or a selenium derivative (1 M) did not prevent ROS 458 

production caused by t-BuOOH (Goya et al. 2009; Quéguineur, Goya, Ramos, Martín, 459 

Mateos & Bravo, 2012). Nevertheless, in these studies in which antioxidants failed to 460 

protect against ROS generation, they were able to show a general cytoprotective effect 461 

by other mechanisms different to direct ROS scavenging, including viability 462 

maintenance and prevention of lipid peroxidation. 463 

3.5 Mitochondrial membrane potential changes  464 

 Mitochondria dysfunction, generally due to an increase in ROS levels and a 465 

decrease in GSH content, is manifested by a decrease in mitochondrial membrane 466 

potential and reduced ATP generation (Prasad, Ram, Sawhney, Ilavazhagan & Banerjee, 467 

2007). Thus, measurement of m allows us to ascertain whether mitochondria have 468 

suffered oxidative disturbances. m in cell cultures preincubated with BF of citrus fruit 469 

pulps with/without oxidative stress are shown in figure 4. 470 

 Pretreatment of Caco-2 cells 24 h with BF of samples without oxidative stress 471 

showed no statistical (p>0.05) modifications in m compared with control cells, with 472 

the exception of CC orange which presented a slight decrease (p<0.05) in mitochondrial 473 

membrane potential (concluded from the increased proportion of PI versus DHR double 474 

negative cells (PI/DHR, %) with respect to control cells). Exposure of Caco-2 cells to 475 

H2O2 (5 mM/2 h) resulted in a 15-fold drop (p<0.05) of mitochondrial membrane 476 
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potential (5.63 ± 0.94) versus control cells (0.37 ± 0.14). However, pretreatment with 477 

BF of citrus fruit pulps and further oxidative stress resulted in a prevention of 478 

mitochondrial membrane potential dissipation versus control stress cells (p<0.05), 479 

though not reaching control basal levels. M12 mandarin was the least effective sample 480 

in preserving m, while CC orange was able to reduce changes in m to levels found 481 

in the same sample without oxidative stress. 482 

 The results in the present study are coincident with those of Chen et al. (2012) 483 

who reported that pretreatment 24 h with sweet orange peel extracts (50-500 g/mL) 484 

and flavonoids hesperidin, hesperetin and nobiletin (10 g/mL) partially prevented m 485 

evoked by t-BuOOH (0.2 mM/6 h) though not reaching control basal levels. Similar 486 

results were quoted with pretreatment 6 h with citrus flavanones hesperetin, hesperidin 487 

and neohesperidin (0.8-50 M) and further H2O2 (400 M/16 h) induced stress in PC12 488 

cells (Hwang et al. 2008). In consonance, pretreatment 18 h with the flavonoid fraction 489 

of bergamot and orange juices (25 and 50 g/mL) lessened the H2O2 (200 M/2h) 490 

induced mitochondrial impairment in A549 cells (Ferlazzo et al. 2015). A complete 491 

prevention of mitochondrial membrane dissipation, in turn, was found with pretreatment 492 

24 h with BF of fruit beverages made of grape-orange-apricot (50 M total phenolics) 493 

in Caco-2 cells against H2O2-induced oxidative stress (5 mM/2 h) (Cilla et al. 2008). 494 

Excessive ROS generation may involve, in the end, apoptotic and necrotic cell death. 495 

Thus, changes of m may provide an early indication of the initiation of cellular 496 

apoptosis, since programmed cell death is accompanied by the signs of mitochondrial 497 

dysfunction including, among others, a loss in inner mitochondrial transmembrane 498 

potential, which can be prevented by antioxidants (Chen et al. 2012). Our findings let us 499 

to hypothesize that BF of citrus fruit pulps may behave as cytoprotectants through 500 
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additional mechanisms such as modulation of intracellular signaling cascades involved 501 

in cell apoptosis. 502 

3.6 Cell cycle progression 503 

 Cell cycle implies the sequential transition from one phase of the cycle to 504 

another, with checkpoints that control the fidelity in this progress (Burhans & Heintz, 505 

2009). The extent of oxidative stress determines the cell fate leading to cell cycle arrest 506 

and DNA repair or the activation of apoptotic pathways (Barzilai & Yamamoto, 2004). 507 

In addition, peroxides have been found to initiate checkpoint arrest in several cell types 508 

with H2O2 inducing a G1 checkpoint response that could be attenuated by antioxidants 509 

(Clopton & Saltman, 1995). Oxidative stress-induced alterations in cell cycle 510 

distribution in cell cultures preincubated with BF of citrus fruit pulps with/without 511 

oxidative stress are shown in figure 5. 512 

 Pretreatment of Caco-2 cells with BF of samples in the absence of oxidant did 513 

not affect the different phases of cell cycle compared to control cells. On the contrary, 514 

H2O2 evoked a marked decrease (12.8%) in the G1 phase population accompanied by a 515 

sharp increase in sub-G1 phase (8.50 ± 0.90%) compared to control cells (1.62 ± 516 

0.55%). This increase in sub-G1 from H2O2-induced oxidative stress is commonly, 517 

though not exclusively, associated with DNA fragmentation occurring during apoptosis 518 

(García-Nebot et al. 2011). The treatment of cells with BF of citrus fruit pulps and 519 

subsequent oxidative insult showed that all samples were able to restore the proportion 520 

of cells in G1 phase and to avoid the rise in sub-G1 (probably related to apoptosis) 521 

compared to control stress cells, almost mirroring the same distribution of DNA in all 522 

phases of cell cycle as in control cells. 523 
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 Similar results were reported for BF of fruit beverages made of grape-orange-524 

apricot which partially prevented the decrease in G1 phase and the increase in sub-G1 525 

cell population in Caco-2 cells challenged with H2O2 (5 mM/2 h) (Cilla et al. 2011b). 526 

 The present results point out that the cascade of events involving lipid 527 

peroxidation of cell membranes, increase in ROS levels and mitochondrial dysfunction 528 

that may lead to cell cycle perturbation through a reduction in the proportion of cells in 529 

G1 phase and the rise in sub-G1 phase due to oxidative stress, were almost completely 530 

prevented by bioactive compounds present in BF of citrus fruit pulps allowing the 531 

maintenance of viability of Caco-2 cells. 532 

On the other hand, it is of mention to highlight that the results of cytoprotection 533 

of the present study with differentiated Caco-2 cells can be more physiologically 534 

relevant than others performed with non differentiated cells of cancer origin. In fact, 535 

human colon carcinoma Caco-2 cells grown in culture undergo enterocytic 536 

differentiation to form a polarized monolayer closely mimicking both morphologically 537 

and functionally the human small intestinal epithelium, serving as a suitable model for 538 

evaluating the physiological response of enterocytes to oxidative injury (Manna, 539 

Galletti, Cucciolla, Moltedo, Leone & Zappia, 1997). In this sense, it is known that the 540 

redox status of cancer cells is different than those of differentiated ones, making 541 

undifferentiated cancer cells more sensitive towards toxicity. For instance, it has been 542 

reported that during differentiation, HL-60 cells acquire more resistance to oxidative 543 

stress, increasing the content and/or the activity of antioxidants and modifying their cell 544 

distribution (Palozza et al. 2002). In line with this, it has been described that in rat colon 545 

cancer cells there is enhanced oxidative stress that leads to overproduction of ROS and 546 

even induction of endogenous antioxidants (SOD, CAT and GPx) which in turn 547 

contribute to pro-tumorigenic signaling pathways substantiating the maintenance of 548 



24 
 

redox homeostasis and survival advantage by transformed cancer cells (Sharma, 549 

Chellappan, Chinnaswamy & Nagarajan, 2017). Moreover, paradoxical effects of 550 

antioxidants in cancer have been related, with antioxidants decreasing ROS levels and 551 

strikingly increasing the proliferation of cancer cells which results in greater tumor 552 

burdens and reduced survival (Mendelsohn & Larrick, 2014). Therefore, the biological 553 

context in cytoprotection assays (use of differentiated cells as a more physiological in 554 

vivo situation instead of undifferentiated cancer cells) may be key and desirable in 555 

predicting the action of antioxidants in pre-clinical cell culture models. 556 

4. Conclusions 557 

 The study of mechanisms involved in cell injury evoked by oxidative stress as 558 

well as the evaluation of biomarkers of cellular cytoprotection could help to identify 559 

functional foods or related bioactive compounds with the aim to establish potential 560 

strategies for the prevention or reduction of oxidative stress related diseases. In the 561 

present study, BF of citrus fruit pulps from Navel and Cara Cara oranges, and 562 

Clementine mandarin freshly harvested and postharvest stored, protected Caco-2 cells 563 

from H2O2-induced oxidative stress at luminal physiological concentrations by 564 

preserving cell viability and correct cell cycle progression. Also, BF of citrus pulps 565 

preserved partially mitochondrial membrane potential, diminished lipid peroxidation 566 

and partially reduced ROS production. The mechanism of action can be mainly related 567 

to the abolition of lipid peroxidation protecting the cell lipid bilayer, possibly through 568 

binding of specific bioactive components on both side of the bilayer and modulation of 569 

intracellular signaling cascades involved in cell apoptosis, rather than direct free radical 570 

scavenging activity. Remarkable differences in the concentration of bioactive 571 

compounds among samples (higher in Clementine mandarin postharvest stored 5 weeks 572 

at 12 ºC and in Cara Cara orange than their respective counterparts), in general, did not 573 
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translate into any significant difference in their cytoprotective activity, supporting the 574 

opinion that total bioactive compounds are not essential for the antioxidant and 575 

cytoprotective activity of citrus fruit pulps. 576 
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Figure captions 721 

Figure 1. Effects of BF of citrus fruit pulps from freshly harvested (M) and postharvest 722 

stored at 12ºC (M12) Clementine mandarins and from Navel (N) and Cara Cara (CC) 723 

oranges, with/without oxidative stress on MTT conversion percentages in Caco-2 cells. 724 

The cells were incubated with BF (1:6 v/v in DMEM) for 24 hours and then treated or 725 

not with H2O2 5 mM for 2 hours. Cell cultures exposed to culture media were 726 

considered as controls. Values are expressed as means ± standard deviation (n=4) from 727 

at least two independent experiments. Different superscript letters (a-c) denote statistical 728 

significant differences among treatments (p<0.05). 729 

 730 

Figure 2. Effects of BF of citrus fruit pulps from freshly harvested (M) and postharvest 731 

stored at 12ºC (M12) Clementine mandarins and from Navel (N) and Cara Cara (CC) 732 

oranges, with/without oxidative stress on intracellular MDA levels in Caco-2 cells. The 733 

cells were incubated with BF (1:6 v/v in DMEM) for 24 hours and then treated or not 734 

with H2O2 5 mM for 2 hours. Cell cultures exposed to culture media were considered as 735 

controls. Values are expressed as means ± standard deviation (n=4) from at least two 736 

independent experiments. Different superscript letters (a-c) denote statistical significant 737 

differences among treatments (p<0.05). 738 

Figure 3. Effects of BF of citrus fruit pulps from freshly harvested (M) and postharvest 739 

stored at 12ºC (M12) Clementine mandarins and from Navel (N) and Cara Cara (CC) 740 

oranges, with/without oxidative stress on intracellular reactive oxygen species (ROS) 741 

production in Caco-2 cells. The cells were incubated with BF (1:6 v/v in DMEM) for 24 742 

hours and then treated or not with H2O2 5 mM for 2 hours. Cell cultures exposed to 743 

culture media were considered as controls. Values are expressed as means ± standard 744 
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deviation (n=4) from at least two independent experiments. Different superscript letters 745 

(a-c) denote statistical significant differences among treatments (p<0.05). 746 

 747 

Figure 4. Effects of BF of citrus fruit pulps from freshly harvested (M) and postharvest 748 

stored at 12ºC (M12) Clementine mandarins and from Navel (N) and Cara Cara (CC) 749 

oranges, with/without oxidative stress on changes in mitochondrial membrane potential 750 

(m) in Caco-2 cells. The cells were incubated with BF (1:6 v/v in DMEM) for 24 751 

hours and then treated or not with H2O2 5 mM for 2 hours. Cell cultures exposed to 752 

culture media were considered as controls. Values are expressed as means ± standard 753 

deviation (n=4) from at least two independent experiments. Different superscript letters 754 

(a-c) denote statistical significant differences among treatments (p<0.05). 755 

 756 

Figure 5. Effects of BF of citrus fruit pulps from freshly harvested (M) and postharvest 757 

stored at 12ºC (M12) Clementine mandarins and from Navel (N) and Cara Cara (CC) 758 

oranges, with/without oxidative stress on cell cycle phase distribution of Caco-2 cells. 759 

The cells were incubated with BF (1:6 v/v in DMEM) for 24 hours and then treated or 760 

not with H2O2 5 mM for 2 hours. Cell cultures exposed to culture media were 761 

considered as controls. (A) Values are expressed as means ± standard deviation (n=4) 762 

from at least two independent experiments. Different superscript letters (a-c) denote 763 

statistical significant differences among treatments (p<0.05). (B) Representative 764 

histograms of cell cycle analysis for each treatment.765 
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Table 1. Concentration of major bioactive compounds (M) and total antioxidant capacity (M AAE/100 766 

g) present in the bioaccessible fractions of citrus fruit pulps used for cytoprotective effects in Caco-2 cells 767 

(diluted 1:6 v/v in DMEM), calculated from previous data (Rodrigo et al. 2015A; De Ancos et al. 2017B). 768 

Bioactive compound M M12 N CC 

CarotenoidsA  

Phytoene 62.7 ± 7.7a  105.2 ± 28.5a  17.1 ± 4.3b  1011.7 ± 44.7c 

Phytofluene n.d.  n.d.  traces  139.4 ± 32.9 

-carotene traces  33.8 ± 0.9a  n.d.  3.1 ± 1.3b 

Lycopene n.d.  n.d.  n.d.  23.0 ± 1.6 

-cryptoxanthin 232.4 ± 71.8a  564.4 ± 20.8b  12.1 ± 2.1c  6.3 ± 0.9d 

Zeaxanthin 10.0 ± 1.8a  23.4 ± 1.8b  traces  traces 

Antheraxanthin 39.0 ± 8.3a  73.5 ± 5.7b  6.3 ± 1.4c  8.3 ± 1.1c 

All-E-Violaxanthin 13.9 ± 2.5a  30.0 ± 3.6b  10.8 ± 1.7c  6.9 ± 2.0c 

9-Z-Violaxanthin 60.5 ± 16.4a  115.7 ± 3.3b  42.7 ± 12.5c  37.7 ± 1.4c 

Total carotenoids 418.5± 15.8a  946.0 ± 9.2b  89.0 ± 4.4c  1236.4 ± 9.6d 

PolyphenolsB  

Apigenin 6,8-di-C-glucoside n.d.  n.d.  5.0 ± 0.1a  7.6 ± 1.3b 

Naringenin-7-O-glucoside 1.4 ± 0.03a  3.2 ± 0.01b  9.7 ± 0.3c  12.1 ± 3.1d 

Eriocitrin n.d. n.d. 1.4 ± 0.02a 2.7 ± 0.01b 

Rutin 0.28 ± 0.01a 0.76 ± 0.04b 0.78 ± 0.01b 1.2 ± 0.02c 

Narirutin 1.0 ± 0.01a  3.3 ± 0.01b  17.5 ± 2.4c  18.8 ± 3.4c 

Hesperidin 3.3 ± 0.1a  8.6 ± 0.9b  40.7 ± 7.2c  70.0 ± 9.8d 

Dydimin 0.10 ± 0.02a  0.90 ± 0.03b  3.3 ± 0.03c  2.8 ± 0.3c 

Total polyphenols 6.1 ± 0.1a  16.8 ± 0.3b  78.4 ± 2.0c  115.2 ± 3.6d 

Ascorbic acidB  314.0 ± 8.9a  290.7 ± 2.6a  366.2 ± 3.5b  292.4 ± 0.6a 

Total bioactive compounds 738.6 ± 6.5a  1253.5 ± 3.4b  533.6 ± 5.1c  1644.0 ± 5.3d 

Total antioxidant capacityB 
    

ABTS•+ 57.4 ± 0.6a  60.0 ± 0.6b  58.8 ± 1.3ab  59.1 ± 0.2ab 

FRAP 23.5 ± 0.9a  25.1 ± 1.8a  31.2 ± 0.6b  28.2 ± 2.3b 

DPPH• 11.6 ± 0.3a  16.8 ± 1.1b  18.4 ± 0.9b  23.7 ± 0.4c 

M: freshly harvested Clementine mandarin. M12: Clementine mandarin postharvest stored at 12ºC. N: Navel 769 

orange. CC: CaraCara orange. n.d. not detected. Total bioactive compounds: sum of 770 
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carotenoids+polyphenols+ascorbic acid. Different superscript letters on the same line (a-d) indicate significant 771 

differences among samples for a specific bioactive compound (p<0.05). 772 

 773 
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Figure 4. Cilla et al. 

 

 



Figure 5. Cilla et al. 
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