Extraction of phenolic compounds from bilberry (Vaccinium myrtillus L.) press residue: Effect on phenolic composition and cell proliferation
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ABSTRACT
The press residue after industrial juice production from bilberry (Vaccinium myrtillus L.) contained high concentration of polyphenols, a group of compounds with possible health benefits. The effects of temperature (22 - 100 (C) and duration (4 - 45 min) utilized in aqueous extraction of phenolic compounds from the press residue was studied. The yield of anthocyanins in the extracts increased with temperature and extraction time up to a point, and then declined. The recovery of flavonols and cinnamic acid containing compounds in the extracts increased with increasing temperature and reached 97% and 63%, respectively. Extraction at 80 (C for 15 min and 100 (C for 4 min gave the highest retrieval of both total phenolics (TP) and total monomeric anthocyanins (TMA), 37% and 67 - 68%, respectively. Extracts obtained at high extraction temperatures showed a stronger inhibition of cell proliferation of three colon cancer cell lines (Caco-2, HT-29, and HCT 116) than extracts obtained at lower temperatures. 
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1. Introduction
Both fruits and leaves of blueberry, i.e. Vaccinium species with blue skin color on berries, among them bilberry (V. myrtillus L.), have been used for centuries in folk medicine. Today the understanding of why intake of berries may improve our health condition is increasing 
 ADDIN EN.CITE 
(Basu, Rhone, & Lyons, 2010; Seeram, 2008b)
. There are evidences suggesting that berries may prevent the progress of cancer in a number of ways 
 ADDIN EN.CITE 
(Neto, 2007; Seeram, 2008a)
. One of the possible mechanisms is inhibition of growth and induction of apoptosis in cancer cells. Extracts of blueberries have been shown to have a strong inhibitory effect on the growth of human colon cancer cells in vitro 
 ADDIN EN.CITE 
(Katsube, Iwashita, Tsushida, Yamaki, & Kobori, 2003; Olsson, Gustavsson, Andersson, Nilsson, & Duan, 2004)
. The anticancer potential has been related to many bioactive phytochemicals, especially polyphenols 
 ADDIN EN.CITE 
(Neto, 2007; Seeram, 2008a)
. The compounds with the highest antiproliferative effects in bilberry have been shown to be anthocyanins 
 ADDIN EN.CITE 
(Katsube et al., 2003; Olsson et al., 2004)
. Anthocyanins, which are responsible for the dark bluish red color of the berries, are the most abundant group of polyphenols in blueberry 
 ADDIN EN.CITE 
(Laaksonen, Sandell, & Kallio, 2010; Riihinen, Jaakola, Kärenlampi, & Hohtola, 2008; Skrede, Wrolstad, & Durst, 2000)
. Other phenolic compounds detected in the berries are flavonols, flavan-3-ols including proanthocyanidins, and hydroxycinnamic acids 
 ADDIN EN.CITE 
(Howard, Castrodale, Brownmiller, & Mauromoustakos, 2010; Koponen et al., 2008; Laaksonen et al., 2010; Määttä-Riihinen, Kamal-Eldin, Mattila, González-Paramás, & Törrönen, 2004; Määttä-Riihinen, Kähkönen, Törrönen, & Heinonen, 2005; Riihinen et al., 2008; Skrede et al., 2000)
. The qualitative phenolic composition in bilberry and other blueberry species is quite similar, however bilberry contain higher concentrations of phenolic compounds, especially of anthocyanins 
 ADDIN EN.CITE 
(Giovanelli & Buratti, 2009; Määttä-Riihinen et al., 2004; Riihinen et al., 2008)
.
In addition to their positive health related properties, bilberries have an appealing color and a sweet delicious taste and are thus used in food products such as jam and juice. Processing, including heat treatment, pressing and subsequent storage of the product, significantly affects the quality and content of polyphenols in the product 
 ADDIN EN.CITE 
(Buchert et al., 2005; Howard et al., 2010; Skrede et al., 2000)
. During juice processing the polyphenol rich seeds and skin of the berries are discarded, leading to considerable lower concentrations of polyphenols in the juice compared to the berries 
 ADDIN EN.CITE 
(Buchert et al., 2005; Koponen et al., 2008; Laaksonen et al., 2010; Lee & Wrolstad, 2004; Skrede et al., 2000)
. Even if efforts are made to increase the yield of polyphenols in the juice by use of enzyme-aided pressing, considerable amounts of polyphenols are still not released from the press residue 
 ADDIN EN.CITE 
(Buchert et al., 2005; Koponen et al., 2008)
. Polyphenols in the press residue can be extracted in a separate step. In the laboratory, acidified methanol or acetone are most often used for the extraction of polyphenols from plant material Escribano-Bailón & Santos-Buelga, 2003()
. However, in a food processing plant use of water or ethanol is preferred. During aqueous extraction from black currant press residue, reduction of particle size had the greatest influence on polyphenol yield among the factors tested Landbo & Meyer, 2001()
. Enzyme-assisted extractions gave varying results and a decrease in anthocyanin concentration was observed Landbo et al., 2001()
. Use of high temperature (80 (C) during aqueous extraction of phenolic compounds from blueberry skin gave the highest yield, while enzyme treatment had little effect Lee et al., 2004()
. The highest yield of phenolic compounds from black currant press residue was found in extracts obtained at high extraction temperatures and relatively short extraction durations Holtung, Grimmer, & Aaby, 2011()
. The polyphenol composition in aqueous extracts is highly influenced by extraction conditions 
 ADDIN EN.CITE 
(Çam & Aaby, 2010; Holtung et al., 2011)
.
Although some studies on extraction of phenolic compounds from berry processing waste have been performed, the extraction of phenolic compounds from bilberry press residue and the influence of extraction conditions on phenolic composition and cell proliferation have not previously been reported. The aim of the study was thus to investigate the effects of different extraction conditions for the aqueous extraction of phenolic compounds from bilberry press residue. Further, to characterize the phenolic composition and the in vitro antiproliferative activity of the extracts. 
2. Materials and methods
2.1. Chemicals 
Gallic acid and quercetin-3-glucoside were obtained from Sigma-Aldrich (Steinheim, Germany). Cyanidin-3-O​-(-glucopyranoside (cyanidin-3-glucoside) was purchased from Polyphenols Laboratories AS (Sandnes, Norway). Quercetin, quercetin-3-rhamnosylglucoside (rutin), p-coumaric acid, Folin-Ciocalteu’s phenol reagent and 3-(4,5-di

 HYPERLINK "http://en.wikipedia.org/wiki/Methyl" \o "Methyl" methylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT) solution were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Quercetin-3-galactoside was obtained from Carl Roth GmbH (Karlsruhe, Germany). Chlorogenic acid, myricetin, caffeic acid, and formic acid were obtained from Fluka (Buchs, Switzerland). Sodium carbonate, sodium acetate, potassium chloride, acetone, methanol, acetonitrile, and acetic acid were provided from Merck KGAa (Darmstadt, Germany). All solvents were of HPLC grade and water was of Milli-Q-quality (Millipore Corp., Bedford, MA). Dulbecco’s Modified Eagle Medium (DMEM), McCoy’s 5A Medium, fetal calf serum (FCS), nonessential amino acids, and penicillin/streptomycin were purchased from Gibco (Invitrogen, Carlsbad, CA, USA). The apoptose kit Cell Death Detection ELISAPLUS and Complete EDTA-free Protease Inhibitor Cocktail Tablets were obtained from Roche (Diagnostics, Mannheim, Germany). Bicinchoninic acid (BCA) protein assay was provided from Thermo Fisher Scientific Inc. (Waltham, MA, USA). The Rohapect 10L, Rohapect DA6L, and Gamylozym AFL were purchased from AB enzymes (GmbH, Darmstadt, Germany).  
2.2. Plant material 
Individual quick frozen bilberries (Vaccinium myrtillus L.) were subjected to industrial juice processing at the berry processing company Findus (Lier, Norway). The berries (3000 kg) were macerated prior to a pectinolytic mash treatment (0.2 g/kg Rohapect 10L) for 2 h at 40 (C. The mash was pressed (HP 2500 and HP 3000, Bucher-Guyer AG, Niederweningen, Switzerland) and the raw juice was clarified using Rohapect DA6L (0.1 g/kg), Gamylozym AFL (0.02 g/kg), and Rohapect 10L (0.05 g/kg), and thereafter filtered. Samples were taken during bilberry juice production (bilberry, enzymatic treated mash, press residue, raw juice, clarified juice, and filtered juice) and frozen at -40 (C. Partly frozen bilberry press residue was homogenized in a kitchen machine (Combimax 700, Braun, Kronberg, Germany) and aliquots (60 g) were vacuum packed and stored at -40 (C until further use.

2.3. Extraction of phenolic compounds 
To determine the total content of phenolic compounds, the samples were extracted with acetone as earlier described Holtung et al., 2011()
. Bilberries, enzymatic treated mash, and press residue (5 g) was homogenized in acetone (15 mL) using a Polytron, PT 3100 homogenizer (Kinematica AG, Littau, Switzerland) and extracted by sonication (VWR Ultrasonic cleaner, Leuven, Malaysia, 45kHz) for 10 min. After centrifugation (4 (C, 1300g, 10 min, Heraus Multifuge 4 KR, Kendro Laboratory Products GmbH, Hanau, Germany), the supernatant was collected and the insoluble plant material re-extracted three times with  acetone/water (70/30, v/v) (10 mL). Acetone was removed from pooled extracts by a nitrogen flow at room temperature (Sample concentrator, Techne, Stone, Staffordshire, UK) The volume of the extract was made up to 25 mL by water. The samples were extracted in duplicate.

2.4. Aqueous extraction of phenolic compounds from press residue

Optimization of extraction of phenolic compounds from the press residue was performed with conditions that could be transferred to the food industry, i.e., with water as extraction solvent. Partly frozen bilberry press residue (5 g) and water (15 mL) was homogenized (Polytron) for 20 s. The samples were extracted either for 4, 15, 30, or 45 min at 22, 40, 60, 80 or 100 (C.  Immediately after each treatment the extract was separated from the residue by centrifugation (4 (C, 1300g, 10 min).  The volume of the extract was made up to 25 mL by water. Two extractions were performed at each treatment. The extracts were stored at -80 (C until analysis.  

2.5. Total monomeric anthocyanins (TMA) and total phenolics (TP) 
TMA was determined according to the pH differential method Giusti & Wrolstad, 2001()
. After 30 min of incubation in the dark at room temperature, absorption was measured at 520 and 700 nm (Agilent 8453 spectrophotometer, Agilent Technologies, Waldbronn Germany). The anthocyanin concentration in the samples was calculated as cyanidin-3-glucoside equivalents, i.e. mg CGE/100 g of fresh weight. TP was measured by the Folin-Ciocalteau method Holtung et al., 2011(; Waterhouse, 2002)
. The absorption was measured at 765 nm (Agilent 8453 Spectrophotometer) after 60 min incubation in the dark at room temperature. TP content was expressed as gallic acid equivalents (GAE) in mg per 100 g of sample (mg GAE/100 g of fresh weight) or mg GAE/L of extract. 

2.6. HPLC-DAD-ESI-MSn analyses of phenolic compounds 
The extracts or juices were filtered through a 0.45 (m Millex HV filter (Millipore Corp., Cork, Ireland) prior to analyses on an Agilent 1100 Series HPLC system (Agilent Technologies) equipped with an autosampler cooled to 6 (C, a diode array detector (DAD) (190 - 600 nm), and an MSD XCT ion trap mass spectrometer fitted with an electrospray ionization (ESI) interface. The chromatographic separation was performed on a Synergi 4( MAX RP C12-column (250 mm x 2.0 mm i.d.) equipped with a 5 (m C12 guard column (4.0 mm x 2.0 mm i.d.), both from Phenomenex  (Torrance, CA, USA). The separation was executed with mobile phases A; formic acid/water (2/98, v/v) and B; acetonitrile, with the following gradient: 0 - 10 min 5 - 10% B, 10 - 22 min 10 - 12.4% B, 22 - 42 min 12.4 - 28% B, 42 - 50 min 28 - 60%B, 50 - 55 min 60% B, and 55 - 58 min 60 - 5% B. The column was allowed to equilibrate for 5 min between injections (5 (L). The column temperature was held at 40 (C and the solvent flow rate was 0.25 mL/min.  Selected samples were analyzed by ESI-MS in both negative and positive mode as previously described Aaby, Ekeberg, & Skrede, 2007()
. 

The compounds were quantified by external standards. The anthocyanins were quantified as cyanidin-3-glucoside (at 520 nm), flavonols as rutin (at 360 nm), and cinnamic acid containing compounds (CAC) as chlorogenic acid (at 320 nm) and expressed as mg of cyanidin-3-glucoside equivalents (CGE), rutin equivalents (RE) and chlorogenic acid equivalents (CAE) per 100 of fresh weight, respectively. The distribution of individual anthocyanins in co-eluting peaks in bilberry was determined by integrating the MS+-ions under each peak.
2.7. Measurement of cell proliferation
2.7.1. Cell cultures 
Caco-2 cells were grown in DMEM, containing FCS (0.2 mL/mL), nonessential amino acids (0.01 mL/mL), penicillin (100 U/mL) and streptomycin (100 g/mL). The HT-29 cells were grown in DMEM, containing FCS (0.1 mL/mL), nonessential amino acids (0.01 mL/mL), penicillin (100 U/mL) and streptomycin (100 g/mL). HCT116 cells were cultured in McCoy’s 5A medium containing  serum (0.1 mL/mL), penicillin (100 U/mL), and streptomycin (100 g/mL). The cells were maintained at 37 (C and 5% CO2 atmosphere in a humidified incubator. All three cell lines originate from colorectal adenocarcinomas and were originally obtained from the American Type Tissue Collection (Rochville, MD, USA).
2.7.2. MTT assay
Cell proliferation was measured by the MTT-assay on Caco-2, HT-29, and HCT 116 cell lines as previously described Holtung et al., 2011()
. Briefly, after 24 or 48 h incubation at 37 (C, the medium was replaced with medium containing extract of bilberry, raw juice, or extracts of bilberry press residue obtained after extraction at 40, 60, 80, and 100 (C for 30 min. The concentrations of the extracts were 75, 125, and 250 mg GAE/L. Triplets of each concentration were added to the plates. After 24 h incubation the cell proliferation rate was determined by the ability of the metabolic active cells to cleave tetrazolium sodium salt to purple formazon crystals Vistica et al., 1991()
. Absorbance was measured at 562 nm (Titertek Multiscan plus MK II plate reader, Labsystems, Finland). The MTT-experiments were repeated on three different days.  
2.7.3. Measurement of apoptosis
The HT-29 cell line was analyzed for apoptosis using Cell Death Detection ELISAPLUS assay which measures cytoplasmic histone-associated-DNA-fragments after induced cell death. Extracts from bilberry press residue obtained from extraction at 40 and 90 (C for 30 min were mixed with growth medium to the concentrations of 75, 125, or 250 mg GAE/L, and added in parallel to the plate. After 24 h incubation, the cells were analyzed for apoptosis as previously described Holtung et al., 2011()
. The BCA protein assay was performed in parallel with the apoptosis experiment in order to correlate the protein quantity, and thereby the amount of cells, with signals generated in the Cell Death Detection ELISAPLUS assay. The same extracts were used as in the apoptosis experiment.  The samples were analyzed in parallel. The analysis was performed as previously described Holtung et al., 2011()
. 
2.8. Statistical analysis

One-way analysis of variance (ANOVA) was performed to evaluate significant differences between samples (Minitab 16, Minitab Inc., State College, PA, USA). Significant differences (p<0.05) between average responses were evaluated by using Tukey’s multiple comparison test. Multiple regression was performed using Minitab 16, to model the relationships and find significant effects (p<0.05) of the experimental factors, i.e. extraction time and temperature, on the yield of TP and TMA. 

3. Results and discussion
3.1. Phenolic content in the samples during bilberry juice processing
TP and TMA in bilberry in the present study were 564 mg GAE and 296 mg GCE per 100 g of fresh weight, respectively (Table 1), which was in the range previously reported 
 ADDIN EN.CITE 
(Giovanelli et al., 2009; Prior et al., 1998)
. There was no decrease in phenolic content after two hours with enzymatic treatment. The concentrations of phenolic compounds in the juices, however, decreased gradually during refining, and in the final, filtered juice the TP and TMA concentrations were only 46% and 52% of the concentration in the berries, respectively. In the present study, as in previous studies 
 ADDIN EN.CITE 
(Koponen et al., 2008; Skrede et al., 2000)
, press residue contained high concentration of phenolic compounds, i.e., TP was 2.5 fold higher in press residue than in the berries (Table 1). The press residue thus appeared to be a good source for further extraction.

3.2. Aqueous extraction of phenolic compounds from bilberry press residue

The main objective of the current study was to extract phenolic compounds which remained in press residue after industrial bilberry juice processing with methods that could be used in the food industry. The effect of different extraction temperatures (22, 40, 60, 80, and 100 (C) in combination with different extraction times (4, 15, 30, and 45 min) for the aqueous extraction of phenolic compounds from bilberry press residue was tested. TP and TMA in the extracts are shown in Fig. 1.  TP in the extracts were from 124 - 576 mg GAE/100 g of press residue, which corresponded to 249 - 1153 mg GAE/L of extract. TMA in the extracts were from 47 - 313 mg CGE/100 g of press residue, i.e., 95 - 625 mg CGE/L of extract. The extracts contained 9 - 40% of the TP originally present in the press residue, while 10 - 68% of TMA originally present in the press residue was retrieved in the extracts. Somewhat lower yield of polyphenols from black currant press residue were previously found, i.e., 5 - 34% and 5 - 43% of TP and TMA, respectively Holtung et al., 2011()
, which may be explained by the thicker cell walls of black currant compared to bilberry Hilz, Bakx, Schols, & Voragen, 2005()
. 

The effect of the different extraction conditions on TP and TMA concentrations were evaluated by a multiple regression model with the following factors: temperature, extraction time, temperature x extraction time, temperature x temperature, and extraction time x extraction time (Table 2). Temperature and extraction time had a significant positive correlation with TP. In addition, TP was curvilinear related to both temperature (temperature x temperature) and extraction time (extraction time x extraction time), meaning that TP increased with increasing temperature and extraction time up to a point before decreasing or leveling out. As shown in Fig. 1B there were no significant differences in TP using 15, 30, or 45 min extraction time. Furthermore, there were no significant differences between the extraction temperatures 80 and 100 (C, except for 4 min extraction time.  
Temperature, but not extraction time, had a significant positive effect on TMA (Table 2). However, there was significant interaction effect between temperature and extraction time. Thus, the effect of extraction time was dependent on extraction temperature. When 20 (C was used as the extraction temperature, duration of extraction did not influence TMA (Fig. 1B). When the extraction temperatures were 40 or 60 (C, TMA was higher in extracts obtained after 15 - 45 min than in extracts obtained after 4 min. When the extraction temperature was 100 (C, longer extraction durations had negative effect on the yield of TMA. There was a curvilinear relationship between temperature (temperature x temperature) and TMA. As seen in Fig. 1B, TMA increased with temperature up 80 (C, then decreasing when the extraction time was 15 min or longer. The curvilinear relationships and interactions indicate degradation of polyphenols in the extracts obtained by more harsh treatment, i.e., high temperatures and long extraction time. This is in accordance with other studies showing that high temperature during extraction may cause thermal decomposition of polyphenols 
 ADDIN EN.CITE 
(Holtung et al., 2011; Moure et al., 2001)
. 
The highest TP was found in the extracts obtained at 100 (C and 15 min extraction time, however, the concentration was not significant higher than in the other extracts obtained at 100 (C or in the extracts obtained at 80 (C and 15 or 30 min extraction time. The highest TMA were achieved in the extracts obtained at 100 (C and 4 min extraction time and 80 (C and 15 min extraction time. Which suggest that extraction at 80 (C for 15 min or 100 (C for 4 min are optimal conditions for extraction of both anthocyanins and other polyphenols from bilberry press residue.       
3.3. Phenolic composition of the bilberry samples
The identification of the phenolic compounds in the bilberry samples are described in Supporting Information. 
3.3.1. Anthocyanins
The total anthocyanin concentration in bilberry, determined as the sum of individual compounds analyzed by HPLC, was 376 mg CGE/100 g of fresh weight (Table 3). The most abundant anthocyanins were galactosides and glucosides of delphindin and cyanidin, all contributing about 12% to the total anthocyanin content. The 3-(6''-coumaroyl)galactosides and –glucosides of delphinidin, cyanidin, petunidin, peonidin, and malvidin, contributed together only 0.6% to the total anthocyanin content. The anthocyanin contents and profile of bilberry vary considerably both between and within growing location Lätti, Riihinen, & Kainulainen, 2008()
, however the anthocyanin profile was mainly in accordance with previous findings in bilberry 
 ADDIN EN.CITE 
(Buchert et al., 2005; Laaksonen et al., 2010; Lätti, Riihinen, & Jaakola, 2011; Lätti et al., 2008)
. The anthocyanin content in the samples taken during bilberry juice processing decreased, but the anthocyanin profiles were quite similar, but a steady decrease in the percentage contribution of delphinidin-3-galactoside and the combined (peak) cyanidin-3-galactoside/delphindin-3-arabinoside were observed, concurrent with an increase in malvidin-3-glucoside in the progress of producing the final bilberry juice. The press residue had similar anthocyanin profile as the raw juice.
The anthocyanin composition in the aqueous extracts of bilberry press residue obtained after 30 min extraction time changed with increasing extraction temperatures (Table 3). The extracts obtained at higher extraction temperatures had consistent higher percentual contents of delphinidin-3-galactoside and delphinidin-3-glucoside and lower of cyanidin-3- and malvidin-3-arabinoside. This may be caused by enhanced extractability of delphinidin hexosides at higher temperatures, in combination with lower stability of anthocyanin arabinosides compared to glucosides and galactosides 
 ADDIN EN.CITE 
(Howard et al., 2010; Ichiyanagi, Oikawa, Tateyama, & Konishi, 2001)
. The extract obtained after 30 and 45 min extraction time at 100 (C, not only had decreased anthocyanin concentration compared to extracts obtained at lower temperatures, but also contained aglycons, representing 2.8 and 3.6% of the total anthocyanin concentration, respectively, showing an extensive degradation of anthocyanins in these samples. 

3.3.2. Flavonols and cinnamic acid containing compounds (CAC)
 Myricetin and quercetin glycosides were the main contributors to total flavonol concentration in bilberry (48 mg RE/100 g of fresh weight) (Table 4), which was 3-4 times higher than previously reported 
 ADDIN EN.CITE 
(Koponen et al., 2008; Laaksonen et al., 2010; Määttä-Riihinen et al., 2004)
. The deviation may partly be due to different extraction and quantification methods used. After enzymatic mash treatment 50% raise in the flavonol concentration was observed. Some of the increase may be explained by release of flavonols during enzymatic treatment. However the increase was much higher than expected. The flavonol concentration did not change during further processing, which is in accordance with previous studies showing that flavonols in bilberries and blueberries are stable during processing 
 ADDIN EN.CITE 
(Howard et al., 2010; Koponen et al., 2008)
. The press residue had 4.5-fold higher concentration of flavonols than the berries. The compound contributing most to the increased flavonol content was quercetin-3-galactoside. The concentration of CAC decreased steadily during processing and was halved in the final juice compared to the berries. Chlorogenic acid was the least stable of these compounds. Considerable loss of chlorogenic acid has also previously been found during juice processing Skrede et al., 2000()
. As opposed to flavonols and anthocyanins, the concentration of the CAC in the press residue was lower than in the berries, which is in accordance with previous findings Skrede et al., 2000()
. These compounds are apparently easily released with juice pressing. 

The concentrations of flavonols in the aqueous extracts of press residue increased with increasing extraction temperature and reached the same levels as in the press residue except for the aglycons, i.e., the flavonols were efficiently extracted from the press residue by means of hot water extraction. The yield of the CAC in the aqueous extracts of the press residue also increased with increasing extraction temperature and reached 63% at 100 (C. 
3.4. Contributions of different phenolic compounds to TP

The quantified phenolic compounds contributed totally to about 82% of TP in bilberry and raw juice, with anthocyanins as the major contributor (~65%) (Fig. 2). The extracts from the press residue had high content of flavonols. Flavonols and CAC had the highest contribution to TP in extracts obtained at 22 (C, i.e. 50 and 18%, respectively. The contribution of anthocyanins to TP in the extracts from press residue obtained after 30 minutes extraction time increased with temperature up to 60 (C, with maximum contribution 74%, then declining, with anthocyanins only contributing 41% to TP in extracts obtained at 100 (C. In extracts obtained at higher temperatures other compounds than the measured polyphenols made an increasingly contribution to TP. Even seldom quantified in bilberry fruits, the occurrence of flavan-3-ols including proanthocyanidins have been reported 
 ADDIN EN.CITE 
(Määttä-Riihinen et al., 2005)
 and may contribute to TP. Non-phenolic compounds, such as sugars, organic acids including ascorbic acid, might also make a minor contribution to TP in the berries and especially in the juice Waterhouse, 2002()
. Since TP was measured by using a colorimetric assay and calculated as gallic acid equivalents, while the individual polyphenols were determined after separation on HPLC and concentrations were calculated by using appropriate standards, the percentage contributions to TP of different polyphenols is not numerically correct, but gives an overview and illustrate differences between the samples.

3.5. Antiproliferative effects 
Inhibition of cancer cell growth exposed to extract of bilberry has previously been demonstrated Katsube et al., 2003()
. Phenolic compounds are suggested to be at least partly responsible for the observed antiproliferative effects of bilberry and other berries 
 ADDIN EN.CITE 
(Katsube et al., 2003; Neto, 2007; Olsson et al., 2004; Seeram, 2008a)
. In the present study, three human colon cancer cell lines, Caco-2, HT-29, and HCT  116, were exposed to aqueous extracts of bilberry, raw juice, and aqueous extracts of bilberry press residue obtained after 30 min extraction time at 40, 60, 80, and 100 (C (Fig. 3). To investigate if different phenolic profiles of the extracts (Tables 2-4, Fig. 2) would affect cell proliferation, the concentration of the samples was adjusted to the same TP, in the range 75 – 250 mg GAE/L. These concentrations may be attained in the digestive system (colon) by normal intake of bilberry, that is, 250 mg GAE is obtained in 44 g bilberry, 60 mL raw juice, or 220 – 560 mL aqueous extracts from press residue, corresponding to polyphenols from 44 - 113 g press residue depending on extraction conditions. A dose dependent inhibition of cell proliferation was observed for all extracts, with an exception of raw juice on HT-29 and HCT 116 (Fig. 3). Interestingly, the aqueous press residue extracts obtained at high temperatures inhibited cancer cell growth more than extracts obtained at lower temperatures, and also more than extract of bilberry and raw juice. The cell proliferation of Caco-2 was 1.4 and 1.7 fold more inhibited of 125 mg GAE/L extracts obtained at 100 (C than the same concentration of extracts obtained at 60 and 40 (C, respectively. The HT-29 cells were inhibited 2.2 and 2.5 fold more when the cells were exposed to 250 mg GAE/L extract obtained at 100 (C than the same concentration of extracts obtained at 60 and 40 (C, respectively, while 4.0 and 5.6 fold higher inhibition of cell proliferation of HCT 116 was shown when 250 mg GAE/L of extract obtained at 100 (C was used, compared to extracts obtained at 60 and 40 (C, respectively. Similar results are obtained for aqueous extracts from black current press residue Holtung et al., 2011()
. A higher proportion of not identified compounds contributed to TP in the press residue extracts obtained at 80 and 100 (C compared to extracts obtained at lower temperatures (Fig. 2). The extracts obtained at high temperature also had slightly different anthocyanin profile and contained anthocyanin aglycons, formed by degradation of anthocyanins. In addition to enhanced extraction of phenolic compounds from the press residue by use of higher extraction temperature, the more complex phenolic compounds present in the press residue may decompose, as shown for the anthocyanins, and be more available to the cells. Cyanidin and delphinidin have previously been found to inhibit the growth of human cancer cells to a higher degree than the corresponding glycosylated anthocyanins 
 ADDIN EN.CITE 
(Kang, Seeram, Nair, & Bourquin, 2003; Katsube et al., 2003)
. The varying cell lines responded differently toward the extracts, as a higher inhibition was observed for Caco-2 and HCT 116 than for HT-29. Such a difference in sensitivity in growth of cancer cell lines of different origin subjected to berry extracts has also previously been found 
 ADDIN EN.CITE 
(Holtung et al., 2011; Katsube et al., 2003; Olsson et al., 2004)
. This may indicate that the cell lines respond to different compounds in the extracts. In support of this, a correlation has been found between anthocyanin concentration in fruit and berry extracts and the inhibition of growth of MCF-7 cells, but not HT29 cells 
 ADDIN EN.CITE 
(Olsson et al., 2004)
 and malvidin glycosides isolated from bilberry extract inhibited growth of HL60 cells, but not HCT 116 cells Katsube et al., 2003()
. 
To examine whether the observed reduction in cell proliferation was due to induction of apoptosis, HT-29 cells were incubated with bilberry press residue extracts obtained at 40 and 100 (C (Fig. 4). The extracts induced apoptosis in a dose-dependent way. Bilberry press residue extract (250 mg GAE/L) obtained at 100 (C induced apoptosis 18-fold over untreated controls, while extract obtained at 40 (C induced apoptosis 3-fold over untreated controls, i.e. extract obtained at 100 (C induced apoptosis 6-fold more than extract obtained at 40 (C. In accordance with this, extract obtained at 100 (C inhibited cell proliferation over 2.5 fold more than extracts obtained at 40 (C in the MTT test. The results thus indicate that the reduced cell proliferation in the HT-29 cells was due to apoptosis. 

4. Conclusions

In this study we have shown that phenolic compounds remaining in the press residue after industrial bilberry juice processing can effectively be extracted with hot water. The highest concentrations of phenolic compounds were achieved at high extraction temperatures (80 – 100 °C) and short extraction durations (4 – 15 min). Anthocyanins, flavonols, and cinnamic acid containing compounds in the samples were characterized and quantified by HPLC-DAD-MSn. The individual phenolic compounds were differently affected by the various extraction conditions. The aqueous extracts from bilberry press residue showed promising antiproliferative effects on three human colon cancer lines. To determine if the extracts have effect in the human body, however, further investigations are needed. The extracts obtained at high extraction temperatures gave the strongest inhibition of cancer cell growth. The increased effect of extracts obtained at high temperatures may partly be due to compounds not quantified in the present study, and/or not originally present in bilberry or press residue.  
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FIGURE CAPTIONS

Figure 1. Total phenolics (TP) (A) and total monomeric anthocyanins (TMA) (B) in aqueous extracts from bilberry press residue obtained after extraction for 4, 15, 30, and 45 min at 22 (C (black), 40 (C (dark grey), 60 (C (grey), 80 (C (light grey) and 100 (C (white). The values are expressed relative to 100 g of press residue and are averages of two extractions. Statistically significant differences (p < 0.05) by Tukey´s multiple comparison tests are shown with different letters.  
Figure 2. Percentage contribution to total phenolics (TP) of anthocyanins (black), flavonols (white), and cinnamic acid containing compounds (CAC) (grey) in bilberry extracts, raw juice, and aqueous extracts of bilberry press residue obtained after extraction for 30 min at 22, 40, 60, 80, and 100 (C. The phenolic compounds were identified and quantified by HPLC-DAD-MS.  
Figure 3.  The effect of bilberry samples on the cell proliferation (MTT assay) of Caco-2 (A), HT-29 (B), and HCT 116 (C). The cells were exposed to different concentrations, i.e. 75 mg GAE/L (black), 125 mg GAE/L (grey) and 250 mg GAE/L (white) of bilberry extracts, raw juice, and aqueous extracts of bilberry press residue obtained after extraction for 30 min at 22, 40, 60, 80, and 100 (C in cell culture medium for 24 h before cell proliferation was measured. Data are expressed as % absorbance of cells treated with extracts compared to the control. The graphs represent the results of a typical experiment performed in triplicates.
Figure 4. The effect on apoptosis of aqueous extracts from bilberry press residue obtained at 40 and 100 (C for 30 min on HT-29 cells. The cells were exposed to bilberry press residue extracts at different concentrations, i.e. 75 mg GAE/L (black), 125 mg GAE/L (grey) and 250 mg GAE/L (white) in cell culture medium for 24 h before measuring protein content and cytoplasmic histone-associated-DNA-fragments after induced cell death. The data are expressed as % of medium control (untreated cells) and correlated to the protein content. The absorbance was measured at 405 nm. The graph represents the results of a typical experiment performed in triplicates.

Table 1. Total phenolics (TP) and total monomeric anthocyanins (TMA) in samples during industrial juice processing of bilberrya

	sample
	TP (mg GAE/100 g of fresh weight)
	TMA (mg/100 g of fresh weight)

	bilberry
	 564 ( 11
	  296 ( 11

	enzymatic treated mash
	 587 ( 13
	  280 ( 11

	press residue
	1447 ( 33
	458 ( 2

	raw juice
	422 ( 7
	218 ( 1

	clarified juice
	379 ( 4
	176 ( 2

	filtered juice
	261 ( 1
	155 ( 1


aValues are mean ( standard deviation of results obtained after analyses of two extracts of each sample.

Table 2. The effects of extraction parameters and their interactions on total phenolics (TP) (mg GAE/100 g of press residue) and total monomeric anthocyanins (TMA) (mg/100 g of press residue) evaluated by a multiple regression model
	
	TP 
	TMA

	parameters and interactions (x)
	coeff.
	p-value
	coeff.
	p-value

	temperature
	7.779
	<0.0001
	8.453
	<0.0001

	extraction time
	4.142
	0.012
	2.889
	0.075

	temperature x extraction time
	0.008
	0.514
	-0.032
	0.009

	temperature x temperature
	-0.016
	0.048
	-0.038
	<0.0001

	extraction time x extraction time
	-0.076
	0.010
	-0.025
	0.380

	Constant/intercept
	-94.91
	0.008
	-0.0323
	<0.0001


.Table 3. Concentration (mg CGE/100 g of fresh weight)a of the major anthocyaninsb in samples from industrial juice processing of bilberry and extracts obtained after aqueous extraction of press residue for 30 min at 22, 40, 60, 80, and 100 (C 

	sample
	Total antho.c
	dp-3-gal
	dp-3-glc
	cy-3-gal+dp-3-arab
	cy-3-glc
	pt-3-gal
	cy-3-arab
	pt-3-glc
	pn-3-gal+pt-3-arab
	pn-3-glc+mv-3-gal
	mv-3-glc
	mv-3-arab

	from industrial juice processing of bilberry
	
	
	
	
	
	
	
	

	  bilberry
	376(4
	43.7(0.0
	47.7(0.5
	 73(1
	46.5(0.1
	14.3(0.4
	31.5(0.1
	30.4(0.4
	14.0(0.2
	29.7(0.3
	34.3(0.3
	  7.8(0.1

	  enzymatic treated mash
	338(23
	36(1
	46(3
	 57(4
	42(1
	12(2
	26.6(0.8
	30(3
	13(1
	28(2
	37(2
	  8.2(0.6

	   press residue
	550(10
	60.1(0.6
	81(1
	 92(2
	57.1(0.1
	19.7(0.4
	38.1(0.2
	51.1(0.9
	20.2(0.8
	42.8(0.8
	70(1
	14.6(0.8

	   raw juice
	268(5
	24.2(0.0
	33.1(0.0
	42.8(0.4
	31.2(0.1
	  9.3(0.1
	19.2(0.3
	23.4(0.2
	14(2
	23.5(0.1
	33.6(0.1
	  6.9(0.0

	   clarified juice
	239(1
	21.5(0.1
	30.8(0.1
	37.3(0.0
	26.4(0.0
	  8.4(0.0
	16.0(0.2
	22.0(0.2
	10.5(0.8
	21.3(0.1
	34.1(0.1
	  6.6(0.0

	   filtered juice
	195(1
	17.7(0.1
	25.4(0.0
	30.8(0.1
	21.7(0.0
	  6.9(0.0
	13.2(0.1
	18.1(0.1
	  8.0(0.5
	17.6(0.0
	28.0(0.0
	  5.4(0.1

	aqueous extracts of bilberry press residue obtained at
	
	
	
	
	
	
	
	

	  22 (C for 30 min
	  70(3
	  5.2(0.2
	  8.2(0.4
	10.0(0.5
	  8.6(0.3
	  2.3(0.1
	  5.3(0.5
	  5.4(0.2
	  2.3(0.1
	  7.4(0.3
	12.6(0.5
	  2.1(0.1

	  40 (C for 30 min
	146(5
	11.7(0.6
	20(1
	 21(1
	17.0(0.4
	  4.6(0.3
	11.8(0.2
	12.5(0.5
	  5.0(0.1
	13.7(0.9
	24(2
	  4.4(0.4

	  60 (C for 30 min
	286(15
	27.1(0.8
	45(3
	 44(2
	32(2
	  9.5(0.4
	19.5(0.9
	28(2
	10.2(0.7
	24(1
	39(2
	  7.7(0.6

	  80 (C for 30 min
	332(3
	36(1
	51.1(0.5
	 53(2
	34.5(0.6
	11.7(0.2
	22.1(0.1
	30.7(0.5
	12.1(0.3
	27(2
	41.6(0.5
	  8.6(0.1

	  100 (C for 30 min
	234(18
	23(2
	35(4
	 32(3
	27(2
	  7.9(0.5
	11.9(0.8
	23(2
	  5.5(0.3
	19.7(0.9
	34(1
	  5.1(0.2


aConcentrations were calculated as cyanidin-3-glucoside equivalents (CGE) and given per 100 g of sample from samples from the juice processing and per 100 g of press residue for the aqueous extracts of bilberry press residue. Values are mean ( standard deviation of results obtained by HPLC analyses of two extracts of each sample. bAbbreviations used: dp, delphinidin; cy, cyanidin; pt, petunidin; pn, peonidin; mv, malvidin; gal, galactoside; glc, glucoside; arab, arabinoside. cTotal anthocyanin concentration determined as the sum of individual compounds analyzed by HPLC and quantified by external standard cyanidin-3-glucoside. 

Table 4. Concentration (mg/100 g of fresh weight)a of flavonols and major cinnamic acid containing compounds in samples from industrial juice processing of bilberry and extracts obtained after aqueous extraction of bilberry press residue for 30 min at 22, 40, 60, 80, and 100 (C 
	sample
	total flavonols
	myricetin galactoside
	quercetin 

hexoside
	quercetin pentoside
	other

flavonol glycosidesb 
	myricetin+ quercetin
	caffeic acid hexoside
	chlorogenic acid
	vaccino-sidec

	from industrial juice processing of bilberry
	
	
	
	
	
	
	

	  bilberry
	  41.7(0.8
	 7.7(0.4
	13.1(0.2
	3.3(0.0
	14.0(0.2
	 3.5(0.0
	6.9(0.3
	7.1(0.1
	16.5(0.7

	  enzymatic treated mash
	  64.9(0.3
	13.3(0.4
	23.8(0.1
	6.4(0.0
	16.0(0.1
	 5.5(0.0
	6.2(0.3
	7.1(0.2
	15.1(0.0

	  press residue
	187 ( 2
	38.3(0.3
	75.6(0.2
	24.4(0.3
	32.6(0.3
	16.2(0.2
	6.3(0.0
	5.5(0.1
	16.2(0.0

	  raw juice
	  60.6(0.5
	13.0(0.3
	24.4(0.2
	6.3(0.0
	13.4(0.3
	 3.4(0.3
	5.3(0.0
	4.6(0.0
	11.1(0.1

	  clarified juice
	  76.8(0.2
	16.6(0.1
	32.5(0.0
	8.4(0.0
	15.1(0.1
	 4.1(0.1
	4.7(0.0
	3.9(0.0
	10.1(0.0

	  filtered juice
	  63.4(0.1
	13.8(0.1
	26.8(0.0
	7.0(0.0
	12.5(0.1
	 3.4(0.1
	3.9(0.0
	3.1(0.0
	  8.3(0.0

	aqueous extracts of bilberry press residue obtained at:
	
	
	
	
	
	
	

	  22 (C for 30 min
	    62(2
	  13.0(0.7
	29.7(0.4
	  6.8(0.0
	12(1
	   0.7(0.2
	3.1(0.2
	2.2(0.2
	  5.0(0.1

	  40 (C for 30 min
	  100(7
	    23 ( 2
	  46 ( 4
	11.7(0.8
	18.0(0.2
	   1.6(0.5
	3.3(0.2
	2.1(0.1
	  6.3(0.1

	  60 (C for 30 min
	  138(2
	  30.8(0.1
	60.3(0.8
	16.7(0.3
	24.7(0.5
	   5.4(0.1
	3.6(0.1
	2.5(0.0
	  7.4(0.1

	  80 (C for 30 min
	  173(1
	  38.1(0.9
	75.8(0.4
	21(2
	31.3(0.3
	   6.2(0.3
	3.9(0.0
	3.1(0.0
	  9.1(0.5

	  100 (C for 30 min
	  170(3
	  38.4(0.7
	73.4(0.9
	20.2(0.3
	30.5(0.6
	   7.8(0.6
	4.0(0.0
	4.8(0.0
	  8.9(0.2


aConcentrations of flavonols and cinnamic acid derivatives were calculated as rutin equivalents (RE) and chlorogenic acid equivalents (CAE), respectively, and given per 100 g of sample from the samples from the juice processing and per 100 g of press residue for the aqueous extracts of bilberry press residue. The values are mean ( standard deviation from HPLC analyses of two extracts of each sample. bMyricetin glucoside, myricetin pentoside, quercetin glucuronide, laricitrin hexoside, isorhamnetin hexoside, syringetin galactoside, and syringetin glucoside.c10-p-trans-coumaroyl-1S-monotropein, an iridoid glycoside 
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