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Abstract:



A protracted pro-inflammatory state is a major contributing factor in the development, progression and complication of the most common chronic pathologies. Fruit and vegetables represent the main sources of dietary antioxidants and their consumption can be considered an efficient tool to counteract inflammatory states. In this context an evaluation of the protective effects of strawberry extracts on inflammatory stress induced by E. coli LPS on human dermal fibroblast cells was performed in terms of viability assays, ROS and nitrite production and biomarkers of oxidative damage of the main biological macromolecules. The results demonstrated that strawberry extracts exerted an anti-inflammatory effect on LPS-treated cells, through an increase in cell viability, and the reduction of ROS and nitrite levels, and lipid, protein and DNA damage. This work showed for the first time the potential health benefits of strawberry extract against inflammatory and oxidative stress in LPS-treated human dermal fibroblast cells.
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1. Introduction


A common denominator in the pathogenesis of most chronic diseases is the involvement of oxidative stress, connected to an unbalanced equilibrium between oxidant production and antioxidant defenses [1]. The excessive production of reactive oxygen species (ROS), no longer adequately controlled by antioxidant defense systems, can lead to a wide range of effects in both human physiological and pathological conditions, affecting different cellular processes, such as proliferation, metabolism, differentiation, and survival, antioxidant and anti-inflammatory response, tissue injury and cell death by activating apoptosis and necrosis processes [2,3]. Moreover the inflammatory condition related to oxidative stress plays an important role also in the process of skin wound healing [4,5,6] which represents a complex process regulated by a large variety of different growth factors, cytokines and hormones and which involves various cellular and extracellular matrix components. At the cellular level the main targets of ROS attack are lipids, proteins and DNA [7]. Lipid damage occurs mainly in cellular membranes, which are especially vulnerable to peroxidation due to their contents in polyunsaturated fatty acids. Proteins can undergo direct and indirect damage following interaction with ROS, as well as peroxidation, damage to specific aminoacid residues, changes in their tertiary structure, degradation, and fragmentation. Finally, ROS can interact also with DNA causing several types of damage, such as loss of purines and modification of DNA bases, single- and double-DNA breaks, DNA-protein cross-linkage, and damage to the DNA repair system and to the deoxyribose moieties [8,9]. In this context dietary antioxidants from fruit and vegetables fill an important beneficial role and clinical and epidemiological data from literature corroborate this hypothesis [10,11,12]. Focusing on fruits, in recent decades, specific subgroups of fruits have been taken into account, to facilitate the observation and promote their specific health benefits [13]. Among these, the strawberry represents a relevant source of folate, is rich in vitamin C and contains various phytochemicals and bioactive compounds, which confer to this berry antioxidant, anticancer, anti-neurodegenerative and anti-inflammatory properties, as indicated in recent in vitro and in vivo studies [11,14,15,16,17]. In this context, the aim of the present work was to evaluate the effects of methanolic extracts from “Alba” strawberry cultivar on the inflammatory status induced by E. coli lipopolysaccharide (LPS) on the human dermal fibroblasts (HDF) cell line. The endotoxin LPS constitutes an outer membrane structure and an important virulence factor of the cell wall of Gram-negative bacteria, commonly used as an inflammatory agent [18,19]. HDF represent a standard cell model for different kinds of toxicity determinations [20,21]; it is also known that HDF recruit immune cells via soluble mediators and contribute to the progression of inflammatory processes [22,23]. For this reason it is very important to better understand how fibroblasts produce and secrete different inflammatory mediators, in relation to LPS-induced stress. In our work, mainly the phytochemical and antioxidant characterization of Alba extract was detected. In order to assess the effect of strawberry treatment on HDF cells in the presence or absence of LPS, cell viability, intracellular ROS and nitrite (NO2−) production assays were performed and the biomarkers of oxidative damage to the principal biological macromolecules were estimated. To the best of our knowledge this is the first study which investigates the protective effect of strawberry extract on LPS-induced damage in HDF cell line.




2. Results and Discussion


2.1. Strawberry Fruit Analysis


The extract from Alba strawberry cultivar showed a good content of polyphenols (TPC) (2.52 mg Gallic Acid Equivalent/g fresh weight (FW)), vitamin C (vit C) (0.58 mg vit C/g FW) and flavonoids (TFC) (0.66 mg Catechin Equivalent/g FW) (Table 1). Five anthocyanins (ACYs) pigments were detected through HPLC-MS/MS analysis, with pelargonidin (Pg) 3-glucoside (39.74 mg/100 g FW) and Pg 3-malonylglucoside (6.69 mg/100 g FW) being the most representative components (Table 1). Taking into account the folate profile, Alba cultivar contained 0.99 µg of folinic acid calcium salt hydrate/g FW and 0.06 µg of 5-methyltetrahydrofolic acid/g FW. These compounds represent, together with the other bioactive compounds present in strawberries, the elements responsible for several beneficial actions in human health as previously reported by different authors [24,25]. Finally, Alba extract also showed a high total antioxidant capacity (TAC) value, with 22.85, 22.64 and 7.71 μmol Trolox Equivalent/g FW for Ferric Reducing Antioxidant Power (FRAP), Trolox Equivalent Antioxidant Capacity (TEAC) and 2,2-DiPhenyl-1-PicrylHydrazyl (DPPH) respectively, confirming the results obtained for other strawberry varieties (Table 1) [26,27,28].



Table 1. Phytochemical and antioxidant capacity of Alba strawberry extract. Data are presented as mean value ± SD.







	
Parameter

	
Quantification






	
TPC (mg GAEq/g FW)

	
2.52 ± 0.01




	
vit C (mg vit C/g FW)

	
0.58 ± 0.02




	
TFC (mg CEq/g FW)

	
0.66 ± 0.01




	
ACYs (mg/100g FW)




	
Cy-3-glucoside

	
3.11 ± 0.03




	
Pg 3-glucoside

	
39.74 ± 0.13




	
Pg 3-rutinoside

	
3.87 ± 0.16




	
Pg 3-malonylglucoside

	
6.69 ± 0.04




	
Pg 3-acetylglucoside

	
0.39 ± 0.01




	
Folate (µg folate/g FW)




	
folinic acid calcium salt hydrate

	
0.99 ± 0.09




	
5-methyltetrahydrofolic acid

	
0.06 ± 0.01




	
TAC (µmol Teq/g FW)




	
FRAP

	
22.85 ± 0.39




	
TEAC

	
22.64 ± 0.49




	
DPPH

	
7.71 ± 0.32











2.2. Strawberry and LPS Effects on Cell Viability


First, HDF cells were incubated for 24 h with different concentrations of dried strawberry extracts in order to evaluate their possible cytotoxic effect. After the treatment, an increase in cell viability was observed in a dose-dependent manner, up to +57% with 1000 µg/mL of strawberry extract (p < 0.05) (Figure 1). These results are in line with previous studies which highlighted the anti-cytotoxic effect of strawberry treatment on cellular viability [26,27,29].


Figure 1. MTT assay for the determination of cell viability in HDF cells treated with different concentrations of strawberry extracts (25–1000 µg/mL) for 24 h (red bars). Black bar represents the control group. Data are expressed as mean values ± standard deviation (SD). Values with different superscript letters are significantly different (p < 0.05).
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To test the effect of LPS on cell viability, HDF were treated with different endotoxin concentrations for 24 h. Only 10 μg/mL of LPS produced a significant reduction on viability, −13% compared to control (p < 0.05), while all the other doses did not produce any statistical difference compared to untreated cells (Figure 2).


Figure 2. MTT assay for the determination of cell viability in HDF cells treated with different concentrations of LPS (0.1–10 µg/mL) for 24 h (grey bars). Black bar represents the control group. Data are expressed as mean values ± SD. Values with different superscript letters are significantly different (p < 0.05).
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Finally, the effect of strawberry supplementation before the LPS treatment on HDF cell viability was also evaluated, in order to highlight the possible protective role of strawberry pre-treatment against LPS damage. As shown in Figure 3, strawberry extracts showed a protective role at all the different concentrations applied, producing a significant increase in cell viability compared to LPS-treated cells already at 100 μg/mL (p < 0.05). These preliminary data permitted to obtain a first observation of the concentration range of strawberry extracts and LPS, used for the following analysis.


Figure 3. MTT assay for the determination of cell viability in HDF cells treated with LPS (10 µg/mL) for 24 h (grey bar) and different concentrations of strawberry extract (25–1000 µg/mL) for 24 h and then with LPS (blue bars). Black bar represents the control group. Data are expressed as mean values ± SD. Values with different superscript letters are significantly different (p < 0.05).
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2.3. Strawberry Treatment Reduced ROS Intracellular Production


The measure of ROS intracellular production could represent a very useful parameter to quantify the oxidative stress induced by LPS. Endogenous or exogenous inflammatory stimuli induced the generation of ROS, resulting in hyperactivation of inflammatory response, tissue damage and oxidative stress phenomena [30]. In our work, the protective effect of strawberry extract on LPS-induced ROS production was demonstrated in a dose-dependent manner (Figure 4). In HDF cells, strawberry treatment showed a reduction of ROS amount compared to the control group, which became significant at 1000 µg/mL (p < 0.05). A significant reduction in the amount of ROS compared to the LPS treatment was obtained with a strawberry concentration of 50 μg/mL (p < 0.05), 100 μg/mL (p < 0.05) and 1000 µg/mL (p < 0.05). For this reason these doses of strawberry were used for all further analysis.


Figure 4. ROS level in HDF cells treated with different concentrations of strawberry extracts (25–1000 µg/mL) for 24 h (red bars), LPS (10 µg/mL) for 24 h (grey bar) and with different concentrations of strawberry extracts and then with LPS (blue bars). Black bar represents the control group. Data are expressed as mean values ± SD. Columns with different superscript letters are significantly different (p < 0.05).



[image: Molecules 22 00164 g004]






The results obtained for the first time with strawberries in HDF were in line with those found by several authors, who tested the efficacy of different bioactive compounds against LPS-induced damage in different cellular models, such as human gingival fibroblasts and macrophages [31,32,33].




2.4. Strawberry Treatment Decreased NO2− Accumulation


LPS can lead to the release of pro-inflammatory cytokines, activating a second level of inflammatory cascades including lipid mediators, cytokines and adhesion molecules such as nitric oxide (NO) [34]. NO is an important effector and regulatory molecule with different biological functions and it is involved in many physiological and pathophysiological processes. As shown in Figure 5, strawberry extract was able to reduce the level of NO derivative nitrite production compared to untreated HDF cells, significantly at 1000 µg/mL (p < 0.05). On the contrary, LPS-treatment significantly increased (p < 0.05) the NO2− level, which was efficiently counteracted with strawberry pre-treatment in a dose-dependent manner, restoring values similar to the control group with extract at 100 µg/mL.


Figure 5. NO2− production in HDF cells treated with different concentrations of strawberry extracts (50, 100, 1000 µg/mL) for 24 h (red bars), LPS (10 µg/mL) for 24 h (grey bar) and with different concentrations of strawberry extracts and then with LPS (blue bars). Black bar represents the control group. Data are expressed as mean values ± SD. Columns with different superscript letters are significantly different (p < 0.05).
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Although few studies have so far been carried out to investigate the involvement of NO2− production in HDF cells after strawberry/LPS treatment, our results are in line with previous data collected on different cell models (murine fibroblast cell line and macrophages) [32,33,35].




2.5. Strawberry Treatment Reduced Protein, Lipid and DNA Damage


In order to determine the level of protein and lipid oxidative damage, common markers of protein and lipid oxidation were evaluated, as shown in previous works [36,37,38]. As can be seen in Table 2, strawberry treatments ameliorated protein carbonyl content and increased glutathione (GSH) levels compared to untreated cells, while HDF subjected to LPS treatment showed considerable protein damage (p < 0.05), as highlighted by the highest value of carbonyl content and the lowest value of GSH. Pre-treatment with strawberry extracts improved the levels of LPS-induced protein damage: values statistically similar to the control groups were obtained, both for GSH and carbonyl groups, with the extract at 100 μg/mL. Similar results were obtained in relation to lipid oxidation marker (Table 2). Our results demonstrated that strawberry extracts significantly reduced the thiobarbituric acid-reactive substances (TBARS) level compared to the control group (p < 0.05); moreover Alba pre-treatment efficiently counteracted the LPS-oxidative effect, restoring values similar to untreated cells at 100 μg/mL.



Table 2. Protein and lipid oxidation markers (protein carbonyl content, GSH and TBARS levels) in HDF cells treated with different concentrations of strawberry extracts (50, 100, 1000 µg/mL) for 24 h, LPS (10 µg/mL) for 24 h and with different concentrations of strawberry extracts and then with LPS. Columns belonging to the same set of data with different superscript letters are significantly different (p < 0.05).







	
Treatment

	
Protein Carbonyl Content (nmol/mg Prot)

	
GSH Level (nmol/mg Prot)

	
TBARS Level (nmol/100 mg Prot)






	
No treatment (ctrl)

	
65.54 ± 1.63 c,d

	
25.89 ± 1.29 c,d

	
21.02 ± 2.12 b,c




	
Strawberry 50 µg/mL

	
54.97 ± 4.92 d,e

	
26.18 ± 1.31 c,d

	
18.12 ± 1.39 c,d




	
Strawberry 100 µg/mL

	
41.15 ± 8.89 e,f

	
37.63 ± 1.88 b

	
14.56 ± 1.54 d,e




	
Strawberry 1000 µg/mL

	
31.55 ± 7.28 f

	
42.84 ± 2.14 a

	
11.23 ± 1.47 e




	
LPS

	
94.78 ± 4.74 a

	
9.72 ± 0.49 f

	
33.25 ± 2.89 a




	
Strawberry 50 µg/mL + LPS

	
93.28 ± 4.66 a

	
14.86 ± 0.74 e

	
31.66 ± 3.54 a




	
Strawberry 100 µg/mL + LPS

	
74.56 ± 3.72 b,c

	
22.42 ± 1.12 d

	
23.85 ± 1.58 b




	
Strawberry 1000 µg/mL + LPS

	
62.24 ± 3.11 c,d

	
31.89 ± 1.59 b,c

	
16.23 ± 1.77 d










The DNA damage level was also investigated, through the evaluation of 8-Oxoguanine glycosylase (OGG1) expression. A variety of enzymes able to repair oxidant-induced DNA modifications are contained in mitochondrion and nucleus, which represent the two major targets of oxidative stress. DNA damage occurs when the endogenous antioxidant network and DNA repair systems are flooded [39]. The expression level of 8-Oxo-7,8-dihydro-2-deoxyguanosine reflects the rate of oxoguanosine formation in DNA, which is a symptom of oxidative stress. HDF treatment with strawberry extracts reduced OGG1 protein expression in a dose-dependent manner. On the contrary LPS, significantly increased the level of OGG1 (p < 0.05), which was efficiently reduced by pre-incubation with strawberries, already at 100 μg/mL (Figure 6).


Figure 6. Level of protein related to DNA damage (OGG1) in HDF cells treated with different concentrations of strawberry extracts (50, 100, 1000 µg/mL) for 24 h (red bars), LPS (10 µg/mL) for 24 h (grey bar) and with different concentrations of strawberry extracts and then with LPS (blue bars). Black bar represent the control group. Data are expressed as mean values ± SD. Columns with different superscript letters are significantly different (p < 0.05).
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3. Materials and Methods


3.1. Chemicals and Reagents


All chemicals and solvent were of analytical grade. Cyanidin (Cy)-3-glucoside, Pelargonidin (Pg)-3-glucoside, ferrous sulphate (FeSO4), 2,20-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH)6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid (Trolox), Griess reagent (catalog number G4410), dinitrophenylhydrazine, 5,5 dithiobis (2-nitrobenzoic acid), thiobarbituric acid (TBA), RIPA buffer (product number R 0278), LPS (Escherichia coli serotype 055:B5, product number L2880) and all other reagents and solvents were purchased from Sigma-Aldrich chemicals, Milan, Italy. CellROX® Orange reagent were purchased from InvitrogenTM, Life Technologies, Milan, Italy. Dulbecco’s Modified Eagle Medium (DMEM), were obtained from Carlo Erba Reagents, Milan, Italy, as well as all other products for cell cultivation. Primary and secondary antibodies were purchased from Santa Cruz Biotechnology, Dallas, TX, USA and Bioss Inc., Woburn, MA, USA and all the other products for western blot analysis from Bio-Rad Laboratories, Inc., Hercules, CA, USA.




3.2. Strawberry Fruit Preparation and Analysis


Ripe fruits of Alba strawberry cultivar were harvested from plants grown at the Azienda Agraria Didattico Sperimentale “P. Rosati” in Agugliano (Ancona, Italy). Within 2 h after harvest, whole fruits were stored at −20 °C. To make the strawberry extract, frozen strawberries were submitted to methanolic extraction as previously described [27]. Briefly, 10 g of fruits were homogenized in 100 mL of the 80% methanol aqueous solution acidified with 0.1% formic acid using an Ultra-Turrax T25 homogeniser (Janke & Kunkel, IKA Labortechnik) and then stirred for 2 h at 4 °C in the dark. The extract was centrifuged at 3500 rpm for 15 min twice sequentially in order to sediment solids, and the supernatant was filtered through a 0.45 mm Minisart filter (PBI International), transferred to 5 mL amber glass vials and stored at −20 °C prior to analysis. Folin-Ciocalteu method [40] and the aluminium chloride spectrophotometric method [41] were used to determine TPC and TFC, respectively. Vit C and folate contents were analysed by HPLC system [42,43], while ACYs solid-phase extraction and HPLC-MS/MS analysis were performed as previously described [44]. Finally, TAC was determined using TEAC [45], FRAP assays [46] and the DPPH free radical method [47]. Results were expressed as mean value of three replicates ± SD.




3.3. Cell Culture and Strawberry/LPS Treatments


HDF were Human Dermal Fibroblasts isolated from adult skin provided by GIBCO® Invitrogen cell. HDF were plated into a T-75 flasks and cultured as previously described [48]. Cells were maintained in HeraCell CO2 incubator at 37 °C with 5% CO2 and the medium was changed every 2–3 days. All the tests and the different pellet preparations were conducted on cells between the 4th and 6th passage. Strawberry extract was concentrated under vacuum to eliminate total methanol and resuspended in Dulbecco’s Modified Eagle Medium (DMEM). Cells were treated with extract of Alba cultivar and LPS at different concentrations/times according to the assay performed.




3.4. Cell Viability Assay


Cell viability was determined using the MTT assay as previously described [49], with some modifications. The assay represents a quick and comprehensive colorimetric method based on the ability of viable cells to reduce a soluble tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenytetrazolium bromide to blue formazan crystals [50]. Briefly, HDF were seeded into 96-well plates at a density of 5 × 103 cells/well and left to adhere for 16-18 h. After the cells were adherent, they were incubated with: (i) DMEM only for the control group; (ii) dried strawberry extract at 25, 50, 100, 250, 500 and 1000 μg/mL for 24 h; (iii) LPS at 0.1, 1, 5 and 10 μg/mL for 24 h; (iv) dried strawberry extract for 24 h and then with LPS at 10 μg/mL for 24 h. The concentration values and the exposure time applied for dried strawberry and LPS treatments were chosen according to previous cytotoxicity studies (data not shown). At the end of the different incubations (i, ii, iii, iv) fibroblasts were washed twice with PBS and incubated with a salt solution of MTT at a concentration of 0.5 mg/mL for 2 h at 37 °C. The medium was then removed and the crystals were dissolved in DMSO. The level of colored formazan derivative was analysed on a microplate reader (ThermoScientific Multiskan EX) at a wavelength of 590 nm. Cell viability was expressed as a percentage of live cells compared to control. The data reported represent average values from three independent experiments.




3.5. TALI® ROS Concentration Assay


The determination of intracellular ROS levels was performed using the probe CellROX® Orange reagent according to the manufacturer’s instructions. Briefly, on the first day of the assay 1.5 × 105 cells were seeded in a 6-well plate, and left to adhere for 16–18 h. The cells were treated, the day after seeding, with: (i) DMEM only for the control group; (ii) dried strawberry extract at 25, 50, 100, 250, 500 and 1000 μg/mL for 24 h; (iii) LPS at 10 μg/mL for 24 h; (iv) dried strawberry extract for 24 h and then with LPS for 24 h. The concentration of LPS at 10 μg/mL was chosen according to previous cell viability results. At the end of each treatment (i, ii, iii, iv), the medium was removed and collected, then CellROX® Orange Reagent was added (1:500 dilution) to 1 mL of DMEM. Samples were incubated at 37 °C for 30 min, centrifuged at 320 g and then resuspended in phosphate-buffered saline solution (PBS). After labeling with CellROX® Orange Reagent, cells were analyzed with the Tali® Image-Based cytometer (InvitrogenTM, Life Techonoliges, Milan, Italy). Control cells were used to determine baseline levels of ROS and to set the fluorescence threshold for the instrument. Each treatment was performed in three replicates and the final results were reported as fold increase compared to control.




3.6. Determination of Nitrite Production


NO2− accumulation in cell culture media was determined by Griess method [51]. Briefly, 1 × 106 cells were seeded in a T75 flask, and left to adhere overnight. The day after seeding, HDF were subjected to different treatments: (i) DMEM only for the control group; (ii) dried strawberry extract at 50, 100 and 1000 μg/mL for 24 h; (iii) LPS at 10 μg/mL for 24 h; (iv) dried strawberry extract for 24 h and then with LPS for 24 h. The concentration values for dried strawberry treatments were chosen according to previous ROS production results. At the end of the diverse incubations (i, ii, iii, iv), the different cell supernatants were collected, the samples (1 mL) were mixed with equal volume of Griess reagent (1 mL of 1:1 0.1% naphthyl-ethylenediamine and 1% sulfanilamide in 5% phosphoric acid) in a tube, and incubated in the dark for 10 min at room temperature. The absorbance of the reaction mixture was measured at 540 nm on a microplate reader (ThermoScientific Multiskan EX). The concentration of NO2− in the sample was determined using a standard curve realized with sodium nitrite (NaNO2) in a working range of 0.1–6.25 µM. Each treatment was carried out in three replicates and the final results were expressed as nmol NO2−/mg protein.




3.7. Measurements of the Protein and Lipid Oxidative Damage


For the measurement of protein and lipid oxidative damage, HDF were treated as explained for nitrite evaluation. At the end of the different incubations (i, ii, iii, iv), HDF were treated with RIPA buffer, incubated on ice for 5 minutes and the lysate obtained was stored at −80 °C until analyses [52]. In cellular lysates, protein oxidation was detected through the measurement of protein carbonyl content and GSH levels were determined by the dinitrophenylhydrazine method [53] and 5,5 dithiobis (2-nitrobenzoic acid) assay [54], respectively. Lipid peroxidation was performed by the assay of TBARS production, according to a standardized method [55]. In the case of carbonyl content and GSH the results were expressed as nmol/mg prot, while for TBARS level as nmol/100 mg prot. Each sample was analyzed in three replicates.




3.8. Immunoblotting Assay for DNA Damage Evaluation


For immunoblotting assays, HDF were treated as explained for nitrite evaluation. At the end of the different incubations (i, ii, iii, iv), HDF were collected, washed with PBS, lysed in 100 μL lysis buffer (120 mmol/L NaCl, 40 mmol/L Tris [pH 8], 0.1% NP40) containing protease and phosphatase inhibitor cocktails (Roche Diagnostics, Mannheim, Germany) and centrifuged for 15 min at 13,000 g. Proteins from cell supernatants were then charged on a 10% dodecyl sulfate-polyacrylamide running gel (Bio-Rad, Hercules, CA, USA), and at the end of the electrophoresis run, proteins were transferred to nitrocellulose membranes, using a Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). After that the membranes were blocked with TBS-T containing 5% non-fat milk for 1 h at room temperature. OGG1 antibody was used to detect protein by Western Blotting. GAPDH protein was used for the measurement of the amount of protein analysed. Membranes were incubated overnight at 4 °C with the primary antibodies solution, (1:500 diluted v/v) and then probed for 1 h at room temperature with their specific HRP-conjugated secondary antibodies (1:80,000 diluition v/v). Proteins were visualized using a chemiluminescence method (C-DiGit Blot Scanner, LI-COR, Bad Homburg, Germany). Quantification of gene expression was made using the software provided by the manufacturer of the Blot Scanner (Image Studio 3.1) and data were expressed as fold increase compared to control. The assay was performed in three replicates. Protein amount was determined by the Bradford method [56].




3.9. Statistical Analysis


Statistical analyses were performed using STATISTICA software (Statsoft Inc., Tulsa, OK, USA). Data were subjected to one-way ANOVA analysis of variance for mean comparison, and significant differences among different treatments were calculated according to HSD Tukey’s multiple range test. Data are reported as mean ± SD. Differences at p < 0.05 were considered statistically significant.





4. Conclusions


Our results showed for the first time a clear and a dose-dependent protective effect of strawberry extract on LPS-induced damage in HDF cell line, improving cell viability, reducing ROS and NO2− level and counteracting oxidative damage to the principal biological macromolecules. These preliminary results represent an interesting starting point: additional in vitro and in vivo studies will be necessary to identify the molecular pathways involved in the strawberry-mediated anti-inflammatory response and their mechanisms of action. Moreover further studies will be needed in order to detect the main classes of flavonoid compounds by evaluating and comparing the anti-inflammatory effect of anthocyanin and ellagitanin fractions compared to the whole extract.







Acknowledgments


The authors wish to thank Monica Glebocki for extensively editing the manuscript.




Author Contributions


Massimiliano Gasparrini, Francesca Giampieri and Tamara Y. Forbes-Hernandez conceived and designed the experiments under the supervision of Maurizio Battino. Massimiliano Gasparrini, Francesca Giampieri, Tamara Y. Forbes-Hernandez and Sadia Afrin performed the experiments and analyzed the data together with Maurizio Battino. Maurizio Battino contributed reagents/materials/analysis tools. Massimiliano Gasparrini and Francesca Giampieri wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Joseph, S.V.; Edirisinghe, I.; Burton-Freeman, B.M. Berries: Anti-inflammatory Effects in Humans. J. Agric. Food Chem. 2014, 62, 3886–3903. [Google Scholar] [CrossRef] [PubMed]

	2. 
Trachootham, D.; Lu, W.; Ogasawara, M.A.; Nilsa, R.D.; Huang, P. Redox regulation of cell survival. Antioxid. Redox Signal. 2008, 10, 1343–1374. [Google Scholar] [CrossRef] [PubMed]

	3. 
Ray, P.D.; Huang, B.W.; Tsuji, Y. Reactive oxygen species (ROS) homeostasis and redox regulation in cellular signaling. Cell Signal. 2012, 24, 981–990. [Google Scholar] [CrossRef] [PubMed]

	4. 
Elliott, C.G.; Forbes, T.L.; Leask, A.; Hamilton, D.W. Inflammatory microenvironment and tumor necrosis factor alpha as modulators of periostin and CCN2 expression in human non-healing skin wounds and dermal fibroblasts. Matrix Biol. 2015, 43, 71–84. [Google Scholar] [CrossRef] [PubMed]

	5. 
Landén, N.X.; Li, D.; Ståhle, M. Transition from inflammation to proliferation: A critical step during wound healing. Cell. Mol. Life Sci. 2016, 73, 3861–3885. [Google Scholar] [CrossRef] [PubMed]

	6. 
Alvarez-Suarez, J.M.; Giampieri, F.; Cordero, M.; Gasparrini, M.; Forbes-Hernández, T.Y.; Mazzoni, L.; Afrin, S.; Beltrán-Ayala, P.; González-Paramás, A.M.; Santos-Buelga, C.; et al. Activation of AMPK/Nrf2 signalling by Manuka honey protects human dermal fibroblasts against oxidative damage by improving antioxidant response and mitochondrial function promoting wound healing. J. Funct. Foods 2016, 25, 38–49. [Google Scholar] [CrossRef]

	7. 
Afrin, S.; Giampieri, F.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Varela-López, A.; Quiles, J.L.; Mezzetti, B.; Battino, M. Chemopreventive and Therapeutic Effects of Edible Berries: A Focus on Colon Cancer Prevention and Treatment. Molecules 2016, 21, 169. [Google Scholar] [CrossRef] [PubMed]

	8. 
Davies, K.J. Oxidative stress, antioxidant defenses, and damage removal, repair, and replacement systems. IUBMB Life 2000, 50, 279–289. [Google Scholar] [CrossRef] [PubMed]

	9. 
Kohen, R.; Nyska, A. Oxidation of biological systems: Oxidative stress phenomena, antioxidants, redox reactions, and methods for their quantification. Toxicol. Pathol. 2002, 30, 620–650. [Google Scholar] [CrossRef] [PubMed]

	10. 
Forbes-Hernández, T.Y.; Giampieri, F.; Gasparrini, M.; Mazzoni, L.; Quiles, J.L.; Alvarez-Suarez, J.M.; Battino, M. The effects of bioactive compounds from plant foods on mitochondrial function: A focus on apoptotic mechanisms. Food Chem. Toxicol. 2014, 68, 154–182. [Google Scholar] [CrossRef] [PubMed]

	11. 
Giampieri, F.; Alvarez-Suarez, J.M.; Battino, M. Strawberry and human health: Effects beyond antioxidant activity. J. Agric. Food Chem. 2014, 62, 3867–3876. [Google Scholar] [CrossRef] [PubMed]

	12. 
McCarty, M.F.; DiNicolantonio, J.J.; O’Keefe, J.H. Capsaicin may have important potential for promoting vascular and metabolic health. Open Heart 2015, 2, e000262. [Google Scholar] [CrossRef] [PubMed]

	13. 
Giampieri, F.; Tulipani, S.; Alvarez-Suarez, J.M.; Quiles, J.L.; Mezzetti, B.; Battino, M. The strawberry: Composition, nutritional quality, and impact on human health. Nutrition 2012, 28, 9–19. [Google Scholar] [CrossRef] [PubMed]

	14. 
Giampieri, F.; Alvarez-Suarez, J.M.; Mazzoni, L.; Romandini, S.; Bompadre, S.; Diamanti, J.; Capocasa, F.; Mezzetti, B.; Quiles, J.L.; Ferreiro, M.S.; et al. The potential impact of strawberry on human health. Nat. Prod. Res. 2013, 27, 448–455. [Google Scholar] [CrossRef] [PubMed]

	15. 
Lee, J.; Kim, S.; Namgung, H.; Jo, Y.H.; Bao, C.; Choi, H.K.; Auh, J.H.; Lee, H.J. Ellagic acid identified through metabolomic analysis is an active metabolite in strawberry (‘Seolhyang’) regulating lipopolysaccharide-induced inflammation. J. Agric. Food Chem. 2014, 62, 3954–3962. [Google Scholar] [CrossRef] [PubMed]

	16. 
Alarcón, M.; Fuentes, E.; Olate, N.; Navarrete, S.; Carrasco, G.; Palomo, I. Strawberry extract presents antiplatelet activity by inhibition of inflammatory mediator of atherosclerosis (sP-selectin, sCD40L, RANTES, and IL-1β) and thrombus formation. Platelets 2015, 26, 224–229. [Google Scholar] [CrossRef] [PubMed]

	17. 
Amatori, S.; Mazzoni, L.; Alvarez-Suarez, J.M.; Giampieri, F.; Gasparrini, M.; Forbes-Hernandez, T.Y.; Afrin, S.; Errico Provenzano, A.; Persico, G.; Mezzetti, B.; et al. Polyphenol-rich strawberry extract (PRSE) shows in vitro and in vivo biological activity against invasive breast cancer cells. Sci. Rep. 2016, 6, 30917. [Google Scholar] [CrossRef] [PubMed]

	18. 
Mayer, H.; Tharanathan, R.N.; Weckesser, J. Analysis of Lipopolysaccharides of Gram-Negative Bacteria. Methods Microbiol. 1985, 118, 157–207. [Google Scholar]

	19. 
Giampieri, F.; Forbes-Hernandez, T.Y.; Gasparrini, M.; Alvarez-Suarez, J.M.; Afrin, S.; Bompadre, S.; Quiles, J.L.; Mezzetti, B.; Battino, M. Strawberry as a health promoter: An evidence based review. Food Funct. 2015, 6, 1386–1398. [Google Scholar] [CrossRef] [PubMed]

	20. 
Malpass, G.E.; Arimilli, S.; Prasad, G.L.; Howlett, A.C. Complete artificial saliva alters expression of proinflammatory cytokines in human dermal fibroblasts. Toxicol. Sci. 2013, 134, 18–25. [Google Scholar] [CrossRef] [PubMed]

	21. 
Awang, M.A.; Firdaus, M.A.; Busra, M.B.; Chowdhury, S.R.; Fadilah, N.R.; Wan Hamirul, W.K.; Reusmaazran, M.Y.; Aminuddin, M.Y.; Ruszymah, B.H. Cytotoxic evaluation of biomechanically improved crosslinked ovine collagen on human dermal fibroblasts. Biomed. Mater. Eng. 2014, 24, 1715–1724. [Google Scholar] [PubMed]

	22. 
Tardif, F.; Ross, G.; Rouabhia, M. Gingival and dermal fibroblasts produce interleukin-1 beta converting enzyme and interleukin-1 beta but not interleukin-18 even after stimulation with lipopolysaccharide. J. Cell. Physiol. 2004, 198, 125–132. [Google Scholar] [CrossRef] [PubMed]

	23. 
Wheater, M.A.; Falvo, J.; Ruiz, F.; Byars, M. Chlorhexidine, ethanol, lipopolysaccharide and nicotine do not enhance the cytotoxicity of a calcium hydroxide pulp capping material. Int. Endod. J. 2012, 45, 989–995. [Google Scholar] [CrossRef] [PubMed]

	24. 
Tulipani, S.; Mezzetti, B.; Battino, M. Impact of strawberries on human health: Insight into marginally discussed bioactive compounds for the Mediterranean diet. Public Health Nutr. 2009, 12, 1656–1662. [Google Scholar] [CrossRef] [PubMed]

	25. 
Buendía, B.; Gil, M.I.; Tudela, J.A.; Gady, A.L.; Medina, J.J.; Soria, C.; López, J.M.; Tomás-Barberán, F.A. HPLC-MS analysis of proanthocyanidin oligomers and other phenolics in 15 strawberry cultivars. J. Agric. Food Chem. 2010, 58, 3916–3926. [Google Scholar] [CrossRef] [PubMed]

	26. 
Giampieri, F.; Alvarez-Suarez, J.M.; Tulipani, S.; Gonzàles-Paramàs, A.M.; Santos-Buelga, C.; Bompadre, S.; Quiles, J.L.; Mezzetti, B.; Battino, M. Photoprotective potential of strawberry (Fragaria × ananassa) extract against UV-A irradiation damage on human fibroblasts. J. Agric. Food Chem. 2012, 60, 2322–2327. [Google Scholar] [CrossRef] [PubMed]

	27. 
Giampieri, F.; Alvarez-Suarez, J.M.; Mazzoni, L.; Forbes-Hernandez, T.Y.; Gasparrini, M.; Gonzàlez-Paramàs, A.M.; Santos-Buelga, C.; Quiles, J.L.; Bompadre, S.; Mezzetti, B.; et al. An anthocyanin-rich strawberry extract protects against oxidative stress damage and improves mitochondrial functionality in human dermal fibroblasts exposed to an oxidizing agent. Food Funct. 2014, 5, 1939–1948. [Google Scholar] [CrossRef] [PubMed]

	28. 
Ariza, M.T.; Martínez-Ferri, E.; Domínguez, P.; Medina, J.J.; Miranda, L.; Soria, C. Effects of harvest time on functional compounds and fruit antioxidant capacity in ten strawberry cultivars. J. Berry Res. 2015, 5, 71–80. [Google Scholar] [CrossRef]

	29. 
Giampieri, F.; Alvarez-Suarez, J.M.; Mazzoni, L.; Forbes-Hernandez, T.Y.; Gasparrini, M.; Gonzàlez-Paramàs, A.M.; Santos-Buelga, C.; Quiles, J.L.; Bompadre, S.; Mezzetti, B.; et al. Polyphenol-rich strawberry extract protects human dermal fibroblasts against hydrogen peroxide oxidative damage and improves mitochondrial functionality. Molecules 2014, 19, 7798–7816. [Google Scholar] [CrossRef] [PubMed]

	30. 
Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453–R462. [Google Scholar] [CrossRef] [PubMed]

	31. 
Park, G.J.; Kim, Y.S.; Kang, K.L.; Bae, S.J.; Baek, H.S.; Auh, Q.S.; Chun, Y.H.; Park, B.H.; Kim, E.C. Effects of sirtuin 1 activation on nicotine and lipopolysaccharide-induced cytotoxicity and inflammatory cytokine production in human gingival fibroblasts. J. Periodontal Res. 2013, 48, 483–492. [Google Scholar] [CrossRef] [PubMed]

	32. 
Mo, C.; Wang, L.; Zhang, J.; Numazawa, S.; Tang, H.; Tang, X.; Han, X.; Li, J.; Yang, M.; Wang, Z.; et al. The crosstalk between Nrf2 and AMPK signal pathways is important for the anti-inflammatory effect of berberine in LPS-stimulated macrophages and endotoxin-shocked mice. Antioxid. Redox Signal. 2014, 20, 574–588. [Google Scholar] [CrossRef] [PubMed]

	33. 
Choi, E.Y.; Kim, H.J.; Han, J.S. Anti-inflammatory effects of calcium citrate in RAW 264.7 cells via suppression of NF-κB activation. Environ. Toxicol. Pharmacol. 2015, 39, 27–34. [Google Scholar] [CrossRef] [PubMed]

	34. 
Zong, Y.; Sun, L.; Liu, B.; Deng, Y.S.; Zhan, D.; Chen, Y.L.; He, Y.; Liu, J.; Zhang, Z.J.; Sun, J.; et al. Resveratrol inhibits LPS-induced MAPKs activation via activation of the phosphatidylinositol 3-kinase pathway in murine RAW 264.7 macrophage cells. PLoS ONE 2012, 7, e44107. [Google Scholar] [CrossRef] [PubMed]

	35. 
Español, A.J.; Goren, N.; Ribeiro, M.L.; Sales, M.E. Nitric oxide synthase 1 and cyclooxygenase-2 enzymes are targets of muscarinic activation in normal and inflamed NIH3T3 cells. Inflamm. Res. 2010, 59, 227–238. [Google Scholar] [CrossRef] [PubMed]

	36. 
DeLeve, L.D.; Kaplowitz, N. Importance and regulation of hepatic glutathione. Semin. Liver Dis. 1990, 10, 251–266. [Google Scholar] [CrossRef] [PubMed]

	37. 
Ciolino, H.P.; Levine, R.L. Modification of proteins in endothelial cell death during oxidative stress. Free Radic. Biol. Med. 1997, 22, 1277–1282. [Google Scholar] [CrossRef]

	38. 
Babujanarthanam, R.; Kavitha, P.; Mahadeva Rao, U.S.; Pandian, M.R. Quercitrin a bioflavonoid improves the antioxidant status in streptozotocin: Induced diabetic rat tissues. Mol. Cell. Biochem. 2011, 358, 121–129. [Google Scholar] [CrossRef] [PubMed]

	39. 
Häcker, H.; Redecke, V.; Blagoev, B.; Kratchmarova, I.; Hsu, L.C.; Wang, G.G.; Kamps, M.P.; Raz, E.; Wagner, H.; Häcker, G.; et al. Specificity in Toll-like receptor signalling through distinct effector functions of TRAF3 and TRAF6. Nature 2006, 439, 204–207. [Google Scholar] [CrossRef] [PubMed]

	40. 
Slinkard, K.; Singleton, V.L. Total Phenol analysis: Automation and comparison with manual methods. Am. J. Enol. Viticult. 1977, 28, 49–55. [Google Scholar]

	41. 
Dewanto, V.; Wu, X.; Adom, K.K.; Liu, R.H. Thermal processing enhances the nutritional values of tomatoes by increasing the total antioxidant activity. J. Agric. Food Chem. 2002, 50, 3010–3014. [Google Scholar] [CrossRef] [PubMed]

	42. 
Jastrebova, J.; Witthoft, C.; Grahn, A.; Svensson, U.; Jagerstad, M. HPLC determination of folates in raw and processed beetroots. Food Chem. 2003, 80, 579–588. [Google Scholar] [CrossRef]

	43. 
Patring, J.D.; Jastrebova, J.A.; Hjortmo, S.B.; Andlid, T.A.; Jägerstad, I.M. Development of a simplified method for the determination of folates in baker’s yeast by HPLC with ultraviolet and fluorescence detection. J. Agric. Food Chem. 2005, 53, 2406–2411. [Google Scholar] [CrossRef] [PubMed]

	44. 
Giusti, M.; Wrolstad, R.E. Characterization and Measurement of Anthocyanins by UV-Visible Spectroscopy. Curr. Protoc. Food Anal. Chem. 2001. [Google Scholar] [CrossRef]

	45. 
Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	46. 
Benzie, I.F.F.; Strain, J.J. Ferric reducing ability of plasma (FRAP) as a measure of antioxidant power: The FRAP assay. Anal. Biochem. 1996, 239, 70–76. [Google Scholar] [CrossRef] [PubMed]

	47. 
Prymont-Przyminska, A.; Zwolinska, A.; Sarniak, A.; Wlodarczyk, A.; Krol, M.; Nowak, M.; de Graft-Johnson, J.; Padula, G.; Bialasiewicz, P.; Markowski, J.; et al. Consumption of strawberries on a daily basis increases the non-urate 2,2-diphenyl-1-picryl-hydrazyl (DPPH) radical scavenging activity of fasting plasma in healthy subjects. J. Clin. Biochem. Nutr. 2014, 55, 48–55. [Google Scholar] [CrossRef] [PubMed]

	48. 
Gasparrini, M.; Forbes-Hernandez, T.Y.; Afrin, S.; Alvarez-Suarez, J.M.; Gonzàlez-Paramàs, A.M.; Santos-Buelga, C.; Bompadre, S.; Quiles, J.L.; Mezzetti, B.; Giampieri, F. A Pilot Study of the Photoprotective Effects of Strawberry-Based Cosmetic Formulations on Human Dermal Fibroblasts. Int. J. Mol. Sci. 2015, 16, 17870–17884. [Google Scholar] [CrossRef] [PubMed]

	49. 
Moongkarndi, P.; Kosem, N.; Kaslungka, S.; Luanratana, O.; Pongpan, N.; Neungton, N. Antiproliferation, antioxidation and induction of apoptosis by Garcinia mangostana (mangosteen) on SKBR3 human breast cancer cell line. J. Ethnopharmacol. 2004, 90, 161–166. [Google Scholar] [CrossRef] [PubMed]

	50. 
Lyu, S.Y.; Park, W.B. Photoprotective Potential of Anthocyanins Isolated from Acanthopanax divaricatus Var. albeofructus Fruits against UV Irradiation in Human Dermal Fibroblast Cells. Biomol. Ther. 2012, 20, 201–206. [Google Scholar] [CrossRef] [PubMed]

	51. 
Wang, R.; Ghahary, A.; Shen, Y.J.; Scott, P.G.; Tredget, E.E. Human dermal fibroblasts produce nitric oxide and express both constitutive and inducible nitric oxide synthase isoforms. J. Investig. Dermatol. 1996, 106, 419–427. [Google Scholar] [CrossRef] [PubMed]

	52. 
Doktorovová, S.; Santos, D.L.; Costa, I.; Andreani, T.; Souto, E.B.; Silva, A.M. Cationic solid lipid nanoparticles interfere with the activity of antioxidant enzymes in hepatocellular carcinoma cells. Int. J. Pharm. 2014, 471, 18–27. [Google Scholar] [CrossRef] [PubMed]

	53. 
Levine, R.L.; Garland, D.; Oliver, C.N.; Amici, A.; Climent, I.; Lenz, A.G.; Ahn, B.W.; Shaltiel, S.; Stadtman, E.R. Determination of carbonyl content in oxidatively modified proteins. Methods Enzymol. 1990, 186, 464–478. [Google Scholar] [PubMed]

	54. 
Griffith, O.W. Determination of glutathione and glutathione disulfide using glutathione reductase and 2-vinylpyridine. Anal. Biochem. 1980, 106, 207–212. [Google Scholar] [CrossRef]

	55. 
Ohkawa, H.; Ohishi, N.; Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 1979, 95, 351–358. [Google Scholar] [CrossRef]

	56. 
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [Google Scholar] [CrossRef]






	
Sample Availability: Samples of the strawberry compounds are not available from the authors.

























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  molecules-22-00164


  
    		
      molecules-22-00164
    


  




  





media/file8.jpg
NO; production (nmol NO, /mg protein)

07

05

0s

03

01

a
a
be e b
be
I I I I |
an 50 100 1000 s 0 100 1000

wg/mL of strawberry extract

g/mi of strawberry extract + LPS.





media/file11.png
OGG1/GAPDH

S 14 -
| .
)
o
u 1.2 1
o
e
3] 1 -
(V]
Q.
(7,]
Y o8 -
L
(7,]
(12
U 0.6 -
(& ]
£
T 04 -
£
0.2 -
0 .
0GG1
GAPDH

cd
de
ctrl 50 100 1000 LPS 50 100 1000
pug/mL of strawberry extract pug/mL of strawberry extract + LPS
A «anl N - N - | - ———m

T ——  — N T R e






media/file6.jpg
ROS level (fold increase respect tot control)

25

3

® pg/ml of strawberry extract
= g/mL of strawberry extract+ S

arl s





media/file1.png
% live cells

180

160

140 -

120 -

100

80 -

60 -

40

20 -

25

50

100 250

500

1000

pug/mL of strawberry extract





media/file10.jpg
(0GG1/GAPDH
(fold increase respect to control)

£ 28 .

2

oca1

Gapom

b
o P <
@
o
I | I
an s 100 1000 ™ 0 100 1000

b/t of stawberry extract g/l of strawbery extract+ LS

— e e — e —

—_——— — —






media/file7.png
ROS level (fold increase respect tot control)

2.5

1.5

0.5

ctrl

LPS

25

50

100

250

B pg/mL of strawberry extract
 ug/mL of strawberry extract + LPS

500 1000





media/file9.png
NO, production (nmol NO, /mg protein)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

ctrl

T T

50 100 1000 LPS 50 100 1000

pg/mL of strawberry extract pg/mL of strawberry extract + LPS





media/file5.png
% live cells

160

140

120

100

o0
o

2]
o

Y
o

N
o

ctrl

LPS

cd

25

cd

50 100 250 500 1000

ng/mL of strawberry extract + LPS





media/file12.png





media/file3.png
% live cells

102
100
98
96
94
92
90
88
86
84
82

80

ctrl

a d
I I b
1 5 10

pug/mL of LPS





media/file4.jpg
% live cells

160

10

a
b b
« @
| I I I
e
arl s 2 50 100 20 500 1000

ug/mL of strawberry extract + LPS






media/file0.jpg
180

1680

10

w0

»

an

b
b 3
«
| I I
g s0 100 250 500 1000

ug/mL of strawberry extract






media/file2.jpg
102

a
%
2
0 b
s
%
s
2
0
an 01 1 s 10

ng/mL of LPS






