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Abstract

:

Glioblastoma is one of the most aggressive and lethal brain tumors. Due to the failure of conventional chemotherapies and targeted drugs pursuit of natural, less toxic agents is on the rise as well as their utilization in glioblastoma treatment. Consequently, this study explores the antiproliferative potential of selected berry juices (wild blackberry (Rubus discolor), dwarf elderberry (Sambucus ebulus), and raspberry (Rubus idaeus)) on glioblastoma cells (U87-MG and GBM43) in comparison to temozolomide. The juices were assessed for total phenolic content, proanthocyanins, polyphenol profiles, and antioxidant activity. Wild blackberry and dwarf elderberry juices exhibited higher total polyphenols, proanthocyanins, and monomeric anthocyanins compared to raspberry juice. HPLC analysis revealed distinctive anthocyanins, flavonoids, and phenolic acids in each juice. With the DPPH assay, the highest antioxidant potential had wild blackberry juice, while with other assays dwarf elderberry juice had the highest potential. Antiproliferative effects were dose-dependent, with wild blackberry juice demonstrating the highest potency, surpassing temozolomide in inhibiting GBM43 cell proliferation. In U87 cells, all juices exhibited antiproliferative effects, with wild blackberry showing the strongest impact. This study highlights the potential of wild blackberry juice as a potent natural agent against glioblastoma, suggesting its superiority over the conventional treatment.
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1. Introduction


Nutritional guidelines have over the years highlighted the importance of daily consumption of fruits, especially berries. Berries are well known for their high content of flavonoids, phenolic acids, tannins, and especially anthocyanins, due to which they benefit from a “health halo”. These phenolic compounds, through numerous in vitro, pre-clinical, clinical and epidemiological studies, have been linked to many beneficial health effects like improvement of the lipid balance, regulation of hyperglycemia, protection from cardiovascular disorders, possible regulation of diabetes, anticancer potential, anti-inflammation properties and antioxidant potential [1,2,3,4,5,6].



Another very important and popular aspect among the general population is the utilization of bioactive phytochemicals, among which anthocyanins have a crucial role, in order to substitute synthetic compounds used in chemotherapeutic or chemopreventive applications [7,8,9]. Anthocyanins exhibit numerous anticancer effects such as antioxidation, lipid peroxidation, antiproliferation, cytotoxicity anti-inflammation, cell cycle perturbations, epidermal growth factor receptor inhibition, and apoptosis [7].



Glioblastoma is one of the most aggressive and lethal brain tumors which is characterized by the existence of weakly differentiated anaplastic cells immersed in necrotic zones of brain tissue [10,11,12]. Despite all the efforts that were made through the years in the treatment of this tumor, it is still characterized by a low survival rate of only 13 months after diagnosis and even in the most positive situations, the majority of patients die within two years. In clinical trials, a 5-year survival rate of only 4–5% of patients has been achieved [11,12,13,14,15,16]. Conventional glioblastoma treatment comprises surgical resection followed by radiotherapy and chemotherapy including temozolomide [10,12,15]. However, the prognosis for these patients remains weak as already mentioned due to the high tumor recurrence [10,12,14,15,16]. These tumor cells are quite heterogeneous and grow rapidly, invading and infiltrating the nearby healthy brain tissues which makes the complete tumor resection challenging. Residual tumor cells cause the initiation of the occurrence of secondary glioblastoma lesions, which are even more resistant to therapy than rapidly proliferating primary tumor cells, leading to tumor recurrence [10]. In addition to the tumor recurrence and therapy resistance, additional challenges are the inability of drugs to cross the blood–brain barrier and pass through the blood–brain–tumor barrier which is formed during the later stages of tumor growth [10,17,18,19]. All those challenges and failure of conventional chemotherapies and targeted drugs govern scientist in the direction to find natural, less toxic agents and explore their utilization in glioblastoma treatment [20].



The most commonly used cell lines in cancer research, particularly in the study of glioblastoma multiforme (GBM), which is a type of malignant brain tumor, are U87-MG and GBM43. U87-MG cells are characterized by their ability to form tumors in experimental animals and are often used as a model system for studying glioblastoma. These glioblastoma cells are used to investigate various aspects of glioblastoma biology, including tumor growth, invasion, and response to therapies. They are also employed in drug testing and preclinical studies [21,22,23]. The specific characteristics of GBM43 cells may vary depending on factors such as the source and handling of the cells. They are likely to share features common to glioblastoma cells, such as rapid proliferation and invasiveness. These cells are used to gain insights into the biology of glioblastoma and to test potential therapeutic interventions [24,25,26].



The aim of this study was to evaluate the antiproliferative effect of selected berry juices (wild blackberry, dwarf elderberry and raspberry) on mentioned glioblastoma cells (U87-MG and GBM43). The effect of selected berry juices on glioblastoma cells was compared with temozolomide, the current drug of choice for treatment of glioblastoma. Additionally, berry juices were evaluated for their total phenolic content, proanthocyanidin content, individual polyphenols and antioxidant activity.




2. Materials and Methods


2.1. Chemicals


Products of Sigma-Aldrich (St. Louis, MO, USA) were 4-dimethylaminocinnamaldehyde, trolox, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt, 2,2-diphenyl-1-picrylhydrazyl and analytical standards of chlorogenic acid, gallic acid, ellagic acid, rutin and (-)-epicatechin. Standards of hyperoside, neochlorogenic acid and anthocyanins (cyanidin-3-glucoside, cyanidin-3-galactoside, cyanidin-3-rutinoside and cyanidin-3-sophoroside) were bought from Extrasynthese (Genay, France). From T.T.T. (Sveta Nedelja, Croatia) sodium carbonate was procured, while Folin–Ciocalteu reagent and potassium persulfate were from Kemika (Zagreb, Croatia). HPLC-grade orthophosphoric acid was product of Fisher Scientific (Loughborough, UK) and HPLC-grade methanol was from J.T. Baker (Deventer, The Netherlands). From Acros Organic (Geel, Belgium), cupric chloride, neocuproine and 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) were bought. From ThermoFisher Scientific (Waltham, MA, USA), Thiazolyl Blue tetrazolium bromide, 98% (2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl-1,3-thiazole;bromide), Temozolomide (3-methyl-4-oxoimidazol[5,1-d][1,2,3,5]tetrazine-8-carboxamide), DMEM media w/L-Glutamine, 4.5 g/L glucose and sodium pyruvate, Penicillin Streptomycin Solution (10,000 U/mL Penicillin, 10,000 μg/mL Streptomycin in 0.85% NaCl), and 0.25% Trypsin 0.1% EDTA were obtained. U87-MB and GBM43 cells were acquired from Mayo Clinic (Rochester, MN, USA). Fetal bovine serum was bought from R&D Systems.




2.2. Preparation of Berry Juice


Wild blackberry (Rubus discolor), dwarf elderberry (Sambucus ebulus), and raspberry (Rubus idaeus) fruits were collected at location 46°18′39.7″ N 16°32′67.7″ E near Varaždin, Croatia. About 2 kg of each fruits were collected, washed and pressed. The obtained juice was filtered through cheesecloth and afterwards juice (300 mL) was thermally treated at 90 °C for two minutes in order to inactivate naturally present enzymes that could lead to degradation of polyphenols.




2.3. Spectrophotometric Analysis of Total Polyphenols, Monomeric Anthocyanins and Proanthocyanidins


The method described by Singleton and Rossi [27] was used for the determination of total polyphenols in samples. Folin–Ciocalteu reagent (7.5%) was prepared and 10 mL was mixed with a 0.2 mL of sample, 1.8 mL demineralized water and 8 mL of sodium carbonate solution (7.5%). This mixture was kept in the dark for 120 min prior to the measurement of the absorbance at 765 nm. The calibration curve was created for gallic acid. Results were expressed as g of gallic acid equivalents per L of the juice (g GAE/L). Each sample was analyzed in triplicate and all measurements were conducted using a UV/Vis spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA).



Monomeric anthocyanins were determined by the pH differential method [28]. To conduct the analyses, it was necessary to prepare two different buffers (0.025 M KCl at pH 1 and 0.4 M sodium acetate at pH 4.5). Each buffer (2.8 mL) was mixed with the sample (0.2 mL). After these mixtures were kept in the dark for 15 min, absorbance was measured at 515 nm and 700 nm. The concentration of monomeric anthocyanins was expressed as mg of cyanidin-3-glucoside per L of the juice (mg cyanidin-3-glucoside/L).



To determine the concentration of proanthocyanidins, the DMAC method was applied [29]. Briefly, DMAC (4-dimethylaminocinnamaldehyde) reagent was prepared and mixed (1 mL) with sample and acidified ethanol. The absorbance of the samples was measured at 640 nm after the samples were kept in dark for 30 min. The calibration curve was set for procyanidin B2 and concentration of proanthocyanidins was expressed as mg of procyanidin B2 equivalent per L of the juice (mg B2E/L). All samples were analyzed in triplicate.




2.4. Evaluation of Antioxidant Activity—ABTS, DPPH, FRAP and CUPRAC Assays


Firstly, the ABTS assay by Arnao et al. [30] was conducted. After ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) reagent was prepared, 3.2 mL was mixed with 0.2 mL of the diluted samples and after 95 min, and absorbance was measured at 734 nm. Secondly, the DPPH (2,2-diphenyl-1-picrylhydrazyl) solution was prepared and 3 mL was mixed with 0.2 mL of the diluted samples. Absorbance was read at 517 nm after 15 min. This assay was described in detail elsewhere [31]. Thirdly, the ferric-reducing ability was determined using the method of Benzie and Strain [32]. FRAP reagent was prepared and 3 mL was mixed with 0.2 mL of the diluted samples and absorbance was read at 593 nm after 30 min. Finally, the CUPRAC assay was applied for the determination of cupric ion-reducing antioxidant capacity. This assay was described in detail by Apak et al. [33]. Copper chloride, neocuproine and ammonium acetate buffer (pH 7) solution were mixed in a ratio of 1:1:1 and 0.2 mL of the diluted samples were addes. After 30 min absorbance was read at 450 nm. All samples were analyzed in triplicate. Calibration curves were created using Trolox, and for all assays, results are expressed as µmol of Trolox equivalents per 100 mL of juice (µmol TE/100 mL).




2.5. Sample Preparation for High Performance Liquid Chromatography


Solid phase extraction was conducted using a commercial sorbent, StrataTM-X 33 μm Polymeric Reversed Phase from Phenomenex (Torrance, CA, USA), in order to exclude impurities. After the cartridges were placed in a vacuum manifold operated at room temperture, they were preconditioned with HPLC-grade methanol. A solution of acetic acid (1% in water) was added next and then the sample was added by dripping it and allowing it to form a compact ring in the cartridges. Elution of polyphenols was performed with methanol after the cartridges were dry [34,35]. The eluents were collected and injected into the HPLC system.




2.6. Determination of Individual Polyphenols Using Reversed Phase HPLC


For the evaluation of individual polyphenols in samples, Agilent HPLC system 1260 Infinity II (Agilent Technology, Santa Clara, CA, USA) was used. This system consisted of a quaternary pump, a vial sampler, a column (Poroshell 120 EC C-18, 4.6 × 100 mm, 2.7 µm) and diode array detector that was recording in the range from 190 to 600 nm. The method used was previously published by Buljeta et al. [36]. Orthophosphoric acid (0.1%) was used as mobile phase A and HPLC-grade methanol was used as mobile phase B. Injected volume was 5 µL and the flow rate was 1 mL/min. The calibration curves for standards of cyanidin-3-glucoside, cyanidin-3-galactoside, cyanidin-3-rutinoside, cyanidin-3-sophoroside, rutin, hyperoside, ellagic acid, gallic acid, neochlorogenic acid, chlorogenic acid, and (-)-epicatechin were created and linearity was confirmed with r2 > 0.99. All measurements were carried out in duplicate and concentrations of individual polyphenols were expressed as mg of polyphenol per L of the juice (mg/L).




2.7. Antiproliferative Effects of Berry Fruit Juices on Glioblastoma Cells


Glioblastoma cells (U87-MG and GBM43) were cultured in 96-well plates, a standard format for high-throughput screening and analysis. After 24 h, cells were exposed to fruit juices at concentrations of 1%, 2%, and 3% in the culture medium (DMEM-10% fetal bovine serum-1% penicillin/streptomycin). Untreated cells served as the negative control, while temozolomide, the current standard treatment for glioblastoma, was used as the positive control for inducing cell death. After 3 days of treatment, cell survival was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay [37]. This colorimetric assay measures the metabolic activity of living cells. Viable cells convert the yellow MTT reagent into purple formazan crystals, quantified by absorbance at a specific wavelength. Higher absorbance values indicate greater cell viability, reflecting the effectiveness of the treatment. Percentage survival for each treatment group was calculated as follows:


Percentage of survival = (Absorbance of treated cells/Absorbance of untreated control cells) × 100.












2.8. Statistical Analysis


Comparisons of the obtained results for polyphenols were carried out by analysis of variance (ANOVA) and Fisher’s least significant difference (LSD), with the significance defined at p < 0.05. The software program STATISTICA 13.1 (StatSoft Inc., Tulsa, OK, USA) was applied for statistical analyses. Comparisons of the obtained results for antiproliferative effects of berry fruit juices on glioblastoma cells were graphed and statistically analyzed using one-way analysis of variance (ANOVA) to determine significant differences in survival percentages between groups. These analyses were performed using GraphPad Prism version 10.1.2.





3. Results


3.1. Phenolic Compounds and Antioxidant Activity of Berry Juices


Amounts of total polyphenols, proanthocyanidins and monomeric anthocyanins of selected berry juices are presented in Table 1. From the obtained results, it can be seen that wild blackberry and dwarf elderberry juices had approximately 3.2 g/L of total polyphenols while raspberry juice had a significantly lower amount, 1.67 g/L (p < 0.05). Investigated juices significantly differ in proanthocyanidins and monomeric anthocyanins amounts. The amount of pronanthocyanidins in juices declined in the following: order dwarf elderberry > wild blackberry > raspberry juice (71.21 mg/L > 56.21 mg/L > 32.32 mg/L) (p < 0.05). A slightly different tendency was observed for the amounts of monomeric anthocyanins, and their amounts were ranked in the following order: wild blackberry > dwarf elderberry > raspberry juice (759.99 mg/L > 433.17 mg/L > 230.39 mg/L) (p < 0.05).



HPLC profiles of individual polyphenols of investigated juices are presented in Table 2. It is evident from the results that juices differ in the type of anthocyanins inherent in their phytochemical profiles, as well as in phenolic acids and flavonoids. Dwarf elderberry juice contained cyanidin-3-galactoside (261.40 mg/L) while the other two investigated juices did not contain this anthocyanin. Wild blackberry juice contained high amounts of cyanidin-3-glucoside and cyanidin-3-rutinoside (389.60 and 269.72 mg/L, respectively). These two anthocyanins were also identified in raspberry juice but in significantly lower amounts (39.11 and 34.28 mg/L, respectively). The most abundant anthocyanin in raspberry juice was cyanidin-3-sophoroside (210.65 mg/L). Two flavonoids were detected in wild blackberry and dwarf elderberry juices, hyperoside and rutin. Dwarf elderberry and wild blackberry juice contained both of these flavonoids, but in different amounts. In dwarf elderberry juice, hyperoside was evaluated at 34.19 mg/L and rutin at 109.72 mg/L. The opposite trend was observed in wild blackberry juice, i.e., hyperoside was evaluated in the higher amount (73.27 mg/L) than rutin (3.37 mg/L). Raspberry contained only rutin in the amount of 14.70 mg/L.



Gallic, ellagic, chlorogenic and neochlorogenic acids were detected in the berry juices. Chlorogenic and neochlorogenic acids (160.02 and 27.18 mg/L, respectively) were identified only in dwarf elderberry juice in addition to gallic acid. Gallic acid was also identified in wild blackberry juice, and those two juices contained 4.57 mg/L of this phenolic acid. In raspberry and wild blackberry juices, ellagic acid was determined at 3.41 mg/L and 5.14 mg/L, respectively.



Results of the evaluation of antioxidant activities of berry juices are presented in Table 3. Antioxidant activities were evaluated using the following assays: DPPH (with DPPH radicals), ABTS (with ABTS cation radicals), FRAP (ferric reducing antioxidant power) and CUPRAC (cupric ion reducing capability) assays. Application of DPPH assay revealed that wild blackberry juice had the highest antioxidant potential, followed by the dwarf elderberry and raspberry juices (13.25, 9.86 and 6.95 µmol TE/100 mL, respectively) (p < 0.05). However, with other applied assays, a different trend was observed. Dwarf elderberry juice had the highest antioxidant potential, followed by raspberry and wild blackberry juices. For ABTS assay, these values were 26.18, 15.56 and 6.08 µmol TE/100 mL, respectively, (p < 0.05). The lowest values were obtained by FRAP (2.11, 1.38 and 0.59 µmol TE/100 mL, respectively) (p < 0.05) while the highest by CUPRAC assay (107.78, 64.00 and 27.37 µmol TE/100 mL, respectively) (p < 0.05). Comparing these results of antioxidant activity with individual polyphenols determined in berry juices, it is evident that antioxidant activity depends on the structure of polyphenols and the mechanism of action of each applied assay. Wild blackberry juice contained the highest amount of anthocyanins and had the highest antioxidant activity determined by a DPPH assay. For all other assays, dwarf elderberry juice possessed the highest antioxidant activity. It has to be noted that this juice contained, next to anthocyanins, a significant amount of flavonoids and phenolic acids in contrast to the other two berry juices. Even though raspberry juice contained a lower amount of anthocyanins and a much lower amount of flavonoids and phenolic acids than wild blackberry juice, through utilization of ABTS, FRAP and CUPRAC assay, a higher antioxidant activity was achieved than for wild blackberry juice. This can be explained by well-known phenomena of antagonistic or synergistic effects of phenolic compounds.




3.2. Antiproliferative Effects of Berry Juices


Results of the antiproliferative effect trials of berry juices on GBM43 and U87-MG cells are presented in Figure 1. Their potential for inhibition of proliferation of GBM43 and U87-MG cells was compared with temozolomide (TMZ), the drug of choice for the treatment of selected tumor cells. Juices were used in the amounts of 1%, 2% and 3%. The results demonstrated that berry juices exhibited antiproliferative effects on both GBM43 and U87-MG cells with different potency in a dose-dependent manner. The percentage of survival of U87-MG cells was 52.6% when the inhibition was conducted with TMZ. The potential for inhibition of proliferation of U87-MG cells decreased in the following order: wild blackberry > dwarf elderberry > raspberry. For the wild blackberry juice percentages of survival of U87 cells were 53.8%, 49% and 44%, respectively, when cells were treated with 1%, 2% and 3% of juice. The percentage of survival of U87 cells when treated with 1% of dwarf elderberry juice was 67.7%. 58.2% and approximately 60% when treated with higher concentrations. Raspberry juice was the least potent juice for this population of tumor cells, and percentages of survival were 75% when they were treated with 1% of juice and approximately 65% when treated with higher concentrations.



Remarkably, GBM43 cells, which are typically resistant to temozolomide, exhibited significantly higher inhibition when treated with berry juices compared to the temozolomide treatment. The percentage of survival of GBM43 cells was 73.7% when inhibition was conducted with TMZ. The potential for inhibition of proliferation of GBM43 cells decreased in the following order: wild blackberry > raspberry > dwarf elderberry. The percentages of survival of GBM43 cells were 43.3%, 40.2% and 30% when treated with 1%, 2% and 3% of wild blackberry juice. Treatment of GBM43 cells with 1%, 2% and 3% of raspberry juice resulted in survival rates of 64.5%, 54 and 47.2%, respectively. Percentages of survival rates of 66%, 62% and 51.2% were achieved when GBM43 cells were treated with 1%, 2% and 3% of dwarf elderberry juice.



These results of the in vitro study suggest that wild blackberry juice may be the most potent among the tested berry juices in combating these types of cancer. In both cell lines, wild blackberry juice demonstrated the most pronounced impact on the reduction in cell survival.





4. Discussion


In this study, we selected three berry juices, namely dwarf elderberry, raspberry and wild blackberry for the treatment of glioblastoma tumor cells (U87-MG and GBM43). Selected juices differ in their phenolic composition and antioxidant capacity. Wild blackberry and dwarf elderberry juices exhibited a higher content of total polyphenols, proanthocyanins, and monomeric anthocyanins compared to raspberry juice. HPLC analyses revealed distinctive anthocyanins, flavonoids, and phenolic acids in each juice. Comparisons of concentrations of individual phenolic compounds revealed that anthocyanins were the most prevalent flavonoid molecules in the profiles of all the juices. Wild blackberry and dwarf elderberry juice contained significant amounts of quercetin derivates, while the dwarf elderberry juice additionally contained significant amounts of phenolic acids. Wild blackberry juice had the highest potency of inhibition against both types of glioblastoma cells probably due to the highest concentration of anthocyanins, which is in agreement with other studies [7,11,16,38,39,40,41,42,43,44,45,46]. All berry juices selected for this study had cyanidin-based anthocyanins, but the base structure differed for each berry species which may account for their different potencies in inhibition of glioblastoma cells.



Other studies also highlighted anthocyanins among polyphenols as the compounds responsible for the inhibition of the proliferation of different tumor cells. Compared to other flavonoids, anthocyanins were more effective for the inhibition of direct cell growth [38]. Research on the potential for inhibition of migration of glioblastoma cells by anthocyanidins demonstrated that delphinidin, petunidin, and cyanidin could potentially inhibit these cancer cells. This property was ascribed to their structure, i.e., the number of hydroxyl groups on the B-ring. Delphinidin (with three hydroxyl groups) demonstrated the best inhibitory effect (83%) while the other two anthocyanidins (with two hydroxyl groups) demonstrated an inhibitory effect of 48% [16]. However, comparing the effectiveness of delphinidin and cyanidin in antiproliferative and apoptotic effects in MCF7 human breast cancer cells revealed that cyanidin was more effective [7]. Even though Lamy et al. [16] pointed out that aglycones are more potent in inhibition of tumor cell growth, Jing et al. [39] observed that the glycosides of anthocyanins might be more efficient since they can handicap glucose transport and cause inhibition of energy metabolism, which, in turn, may lead to mitochondrial damage and apoptosis of tumor cells.



In a study of mulberry anthocyanins (cyanidin 3-rutinoside and cyanidin 3-glucoside) on human lung cancer cells, an inhibitory effect on the migration and invasion of highly metastatic A549 cells was revealed. It was concluded that treatment of lung cancer cells with those anthocyanins could decrease the expression of matrix matallopro-tinase-2 (MMP-2) and urokinase-plasminogen activator (u-PA) on the one hand, and on the other increase the expression of tissue inhibitor of matrix matalloprotinase-2 (TIMP-2) and plasminogen activator inhibitor (PAI) [40]. Research with Mexican wild blackberries (R. liebmannii and R. palmeri) indicated that the anthocyanin fraction of extracts of these fruits mostly contained cyanidin 3-rutinoside and cyanidin 3-glucoside and it was determined that anthocyanins elicit apoptosis in C6 cell line and RG2 cell line. Both of these samples caused the arrest of the C6 cell lines in the G0/G1 phase (around 76.5% for R. liebmannii and 75.5% for R. palmeri), significantly higher compared to the control group [11]. Both of these anthocyanins were identified in our samples of wild blackberry and raspberry juices, with wild blackberry having these anthocyanins as dominant ones. Different berry ex-tracts (blackberry, black raspberry, red raspberry, blueberry, cranberry and strawberry) have been tested for the inhibition of growth of tumor cell lines like breast (MCF-7), colon (HT-29 and HCT116), prostate (LNCaP) and oral (KB and CAL27) cell lines. It was concluded that with the increase in berry extract concentration, the resulting inhibition of cell proliferation increased in all of the tested cells, with different degrees of potency between cell lines depending on the anthocyanin profiles of used berry extracts. A comparison of the effect of blackberry and raspberry extracts revealed that the blackberry extracts had a higher potency in the inhibition of tested cell lines than the raspberry extracts; however, their apoptosis effect was the same [41]. Comparison of the effects of different types of extracts (hexane, EtOAc and MeOH extracts) of blackberry and raspberry species (Jamaica-grown species: Rubus jamaicensis, Rubus rosifolius and Rubus racemosus, and of the Michigan-grown Rubus acuminatus, Rubus idaeus cv. Heritage and Rubus idaeus cv. Golden) resulted in the conclusion that their tumor cell proliferation inhibition can be attributed to anthocyanins, and the majority of species contained high amounts of cyanidin-3-glucoside. The most potent sample tested was the hexane extract of Rubus jamaicensis. It had the greatest overall capacity to inhibit the progression of tumor cell growth, inhibiting colon, breast, lung, and gastric human tumor cells by 50%, 24%, 54%, and 37%, respectively, [42].



We determined a dose-dependent behavior in the inhibition of tumor cells with the increase in applied berry juice amounts. That trend was also observed in previous studies where anthocyanins or phenolics showed a dose-dependent growth inhibition against breast, colon, stomach, central nervous system, and lung tumor cells [7,16,38,39,43,44,45].



A major mechanism of suppression of cancer is apoptosis or programmed cell death [41,46]. Generally, the growth rate of preneoplastic or neoplastic cells is higher than the growth of normal cells; thus, the initiation of apoptosis or cell cycle arrest can be a valuable mechanism for inhibition of the promotion and progression of carcinogenesis and consequently for the removal of genetically damaged, preinitiated, or neoplastic cells from the body [41,46]. Among berry phenolics, anthocyanins have been shown to possess apoptotic effects in human cancer cells [41,47,48]. In addition to anthocyanins, quercetin was also recognized for its apoptotic effects [46]. It can cause activation of caspases which are underexpressed in tumor cells leading to the apoptotic response [49].



Dwarf elderberry and wild blackberry juices contained derivatives of quercetin which could lead to induction of apoptosis in combination with anthocyanins. It has been demonstrated that quercetin and fruit extracts (strawberry and plum), in contrast to chlorogenic acid and (-)-epicatechin, caused the induction of apoptosis in HepG2 cells. Actually, quercetin and fruit extracts restrained the G1 phase in the progression of the cell cycle prior to apoptosis so they can contribute to the reduced cell viability in investigated tumor cells [47]. The anti-proliferative effect of quercetin on two breast cancer cell lines (MCF-7 and MDA-MB-231; cells that differ in hormone receptor) was also studied and it was concluded that quercetin had a significant cytotoxicity in MCF-7 cells, but not in MDA-MB-231 cells. In MCF-7 cells, quercetin also had an effect on the restriction of the G1 phase and caused effective suppression of the expression of CyclinD1, p21, Twist and phospho p38MAPK, which was not observed in the MDA-MB-231 cells [50]. Treatment of U87 and T98G cell lines with quercetin showed a significant decrease in the IL-6 mediated STAT3 activation [44]. Additionally, it caused an increase in the sensitivity of U87 and U251 cell lines to TMZ through suppression of Hsp27 known to confer drug resistance [51]. It was observed that quercetin can cause induction of mitochondria-mediated apoptosis in the resistant p53 mutant U373MG cell line [52]



Only rutin was detected in raspberry juice in significantly lower concentrations in comparison to the other two juices. The raspberry juice had a higher impact on inhibition of GBM43 glioblastoma cells than the dwarf elderberry, probably due to the already mentioned cyanidin 3-rutinoside and cyanidin 3-glucoside. Also, raspberry juice and wild blackberry juice contained ellagic acid, which is known for its anticarcinogenic properties. Both in vitro and in vivo studies have revealed that anticarcinogenic effects of ellagic acid were due to the inhibition of tumor cell proliferation, induction of apoptosis, breaking DNA binding to carcinogens, blocking virus infection, and disturbing inflammation, angiogenesis, and drug-resistance processes required for tumor growth and metastasis [53].



Asl et al. [45] also demonstrated the potential cytotoxic activities of ethyl-acetate and methanol extracts of leaf and the fruit of dwarf elderberry upon treatment of breast and stomach cancer cells (MCF-7 and AGS cells) and emphasized the importance of phenolic profile.



Ingestion of berry flavonoids, including anthocyanins, causes their degradation across the digestive system; thus, in circulation, they largely appear in the form of metabolites [1,54]. In plasma, anthocyanins can be found in their intact form, or as the corresponding phenolic acids and aldehydes, and conjugates (methyl, sulfate and glucuronyl conjugates) [54,55]. However, it was determined that flavonoids (including anthocyanins) and their metabolites can be found in the brain tissue passing through the blood–brain barrier [55,56,57], which is one of the challenges in effective glioblastoma treatment. Therefore, our results could be beneficial from this point of view. Additionally, since it has been determined that flavonoids can pass through the blood–brain barrier, our results can be beneficial from the aspect of formulation of delivery systems. Generally, drug delivery to glioblastoma cells is quite a challenging field. Significant efforts have been committed to the development of efficient delivery systems with the aim of overcoming the molecular and cellular heterogeneity of the tumor cells, its infiltrative nature, and the blood–brain barrier [17,18,19]. Since anthocyanins can pass the blood–brain barrier, they have the potential to be incorporated into delivery systems alone or, with TMZ, to boost their effect, which could be further explored.



In conclusion, our study highlights the diverse phenolic composition and antioxidant capacity of three berry juices—wild blackberry, dwarf elderberry, and raspberry—in their potential treatment of glioblastoma tumor cells (U87-MG and GBM43). The distinct anthocyanins, flavonoids, and phenolic acids present in each juice contribute to their varying inhibitory effects on glioblastoma cells. Wild blackberry juice, with its high concentration of anthocyanins, exhibited the most potent inhibition, aligning with findings from other studies.



Anthocyanins, particularly cyanidin types, emerged as the key compounds responsible for the inhibition of glioblastoma cells. The dose-dependent behavior observed in our study is consistent with previous research demonstrating the growth-inhibitory effects of anthocyanins on various tumor cell lines. Apoptosis, a major mechanism of cancer suppression, is induced by anthocyanins and other phenolic compounds, including quercetin. The combination of quercetin derivatives and anthocyanins in dwarf elderberry and wild blackberry juices suggests a potential synergistic effect in inducing apoptosis and cell cycle arrest.



Future studies should explore deeper into the specific mechanisms through which these berry juices exert their anticancer effects, investigating the interplay of individual compounds and potential synergies. Additionally, investigating the impact of different berry varieties and their specific phenolic profiles on various cancer types can provide valuable insights for the development of targeted therapies. In the realm of cancer research, the exploration of natural compounds, such as those found in berry juices, continues to offer promising venues for developing effective and potentially less toxic treatments for glioblastoma and other cancers.




5. Conclusions


Our results suggest that all three berry juices tested (wild blackberry, dwarf elderberry, and raspberry) have anticancer effects on both GBM43 and U87-MG glioblastoma cells. This is significant because GBM43 cells are resistant to temozolomide, the current drug of choice against glioblastomas. The antiproliferative effects of wild blackberry juice, specifically, against GBM43 cells are particularly interesting and warrant further investigation into its mechanism. Dwarf elderberry and raspberry also appear to significantly inhibit U87 and GBM43 cell growth, which warrants further study into the possible impacts of these juices as well. Overall, our study provides strong evidence that wild blackberry, dwarf elderberry, and raspberry juices have antiproliferative effects on glioblastoma cells. Further research is needed to investigate the mechanisms of action of these juices and to evaluate their potential as therapeutic agents for glioblastoma.
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Figure 1. Antiproliferative effect of investigated berry juices on GBM43 and U87-MG cells. (p values * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001); DE—dwarf elderberry; WB—wild blackberry; RB—raspberry; UT—control; TMZ—Temozolomide. 
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Table 1. Total polyphenols (TP), monomeric anthocyanins (MA) and proanthocyanidins (PAC) of investigated berry juices.
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	Juice
	TP (g/L)
	MA (mg/L)
	PAC (mg/L)





	DE
	3.16 ± 0.02 a
	433.17 ± 2.66 b
	71.21 ± 0.81 a



	WB
	3.21 ± 0.01 a
	759.99 ± 3.53 a
	56.21 ± 1.96 b



	RB
	1.67 ± 0.02 b
	230.39 ± 1.10 c
	32.34 ± 0.27 c







DE—dwarf elderberry; WB—wild blackberry; RB—raspberry. Values in the same column, marked with different letters (a–c) are significantly different at p ≤ 0.05.













 





Table 2. Polyphenols amount of investigated berry juices (mg/L of fresh weight).
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	DE
	WB
	RB





	Cyanidin-3-glucoside
	nd
	389.60 ± 10.98 a
	39.11 ± 0.01 b



	Cyanidin-3-rutinoside
	nd
	269.72 ± 8.52 a
	34.28 ± 0.35 b



	Cyanidin-3-galactoside
	261.40 ± 1.41 a
	nd
	nd



	Cy