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Abstract

:

The phenolic profile of wines is often used to evaluate their quality and authenticity. The phenolic composition of twenty-five commercial wines produced in different Croatian regions from eight red and nine white grape varieties was studied. A total of twenty-four polyphenols were analyzed using HPLC-DAD and classified into five groups based on their structure: phenolic acids, flavan-3-ols, anthocyanins, flavonoids, and stilbenes. The red wines contained higher concentrations of phenolic constituents than the white wines, of which gallic acid (11.8–90.3 mg/L), procyanidin B1 (13.7–63.8 mg/L), and catechin (10.5–34.5 mg/L) were the most abundant. In contrast to the white wines, great variability was observed in the red wines, with the autochthonous Plavac Mali and Babić showing the most specific phenolic profiles. The most representative phenolic components in the studied Croatian wines showed strong antioxidant activity. Gallic acid proved to be the most effective DPPH (IC50 = 0.33 µg/mL) and NO scavenger (IC50 = 12.36 µg/mL), while myricetin was the most potent inhibitor of lipid peroxidation (IC50 = 1.68 µg/mL). Our research has contributed to the characterization and varietal differentiation of Croatian wines, highlighting those rich in certain polyphenols as potential nutraceuticals.
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1. Introduction


Wine is the most traditional and popular alcoholic beverage consumed worldwide. A highly competitive market and consumer expectations force wineries to produce quality wines. Wine quality is determined by various factors, such as the type of grape varieties, geographical, climatic and pedological factors, viticultural practices, winemaking techniques, and aging conditions. Wine quality evaluation is based on both chemical and sensory analyses. The sensory characteristics of wines are significantly influenced by the phenolic profile, which is often used to evaluate the quality and authenticity of wines [1,2]. Phenolic compounds are a diverse group of highly bioactive substances found in grapes and wine that can be formed and altered during the winemaking process. They are essential for color, flavor, and taste attributes, such as mouthfeel and astringency of wines, especially red wines. The most important phenolic compounds in red wines include anthocyanins and their derivatives, which give the wine its color, flavonols, which are involved in the copigmentation process, and tannins, which are responsible for mouthfeel and astringency. Polymeric pigments, a heterogeneous group of anthocyanin–tannin reaction products, are usually formed during vinification [3]. The technological process to which the grapes are subjected has a significant impact on the phenolic content and composition of the wines. Since red wines are in contact with all parts of the grapes during maceration, they have a higher polyphenol concentration than white wines, whose polyphenol content comes mainly from the pulp [4]. During grape treatment and ripening, numerous chemical changes can take place, creating new compounds and/or degrading others. These changes can affect the polyphenolic profiles of wines. The phenolic composition of wines, which determines their organoleptic properties and provides information about their primary characteristics, can be used as a fingerprint to distinguish them according to their origin in terms of region, grape variety, and vintage [2]. The phenolic compounds most commonly used to evaluate wine quality and authenticity include phenolic acids, flavonoids, tannins, and stilbenes [1]. Polyphenols are not only closely related to wine quality but have also been shown to have health-promoting properties. Numerous studies have shown that moderate consumption of wine, especially red wine, is healthy as it protects against various chronic diseases such as cardiovascular and neurological disorders, metabolic syndrome, cognitive disorders, depression, and some cancers [4,5,6,7]. The positive role of red wine in oxidative stress [8] and in promoting desirable gut bacteria leading to a healthier human body system has also been highlighted [9,10].



Viticulture has a long tradition in Croatia, and there are an estimated 140 autochthonous grape varieties. Although the area under cultivation of foreign varieties has steadily increased over the last 50 years, 14 of the 30 most important varieties in Croatia are still indigenous [11]. Due to the geographical position of Croatia, the continental climate in the eastern and central parts of the country meets the Mediterranean climate in the southern, coastal areas [12]. In this context, Croatia is divided into four wine-growing regions [13]. The importance of determining the authenticity and commercial value of a wine, often related to its geographical origin, is recognized in Croatia, where viticulture and wine production play a significant economic role [12]. In the last two decades, several studies have been conducted to investigate the polyphenolic composition of Croatian wines. Rastija et al. [14] analyzed fifteen individual polyphenols in twelve Croatian wines from the 2002 vintage, and the wines from the Dalmatia wine region with a Mediterranean climate were the richest in polyphenols and contained the highest levels of gallic acid, quercetin, and myricetin. This was also confirmed in a study by Šeruga et al. [15]. Compared to red wines from continental Croatia, the Dalmatian red wines of the 2005–2006 vintage contained the most polyphenols, including the highest levels of gallic acid and catechin. Lukić et al. [16] conducted a comprehensive study of polyphenols in numerous samples of four representative red and six white Croatian wines from 2015. Many of the 58 identified phenolic compounds proved to be relevant differentiators between the wines. The influence of some viticultural and winemaking conditions on the content and composition of various polyphenols in Croatian wines has also been studied. Thus, the influence of commercial yeasts [17] and prolonged grape ripening [18] on the phenolic profile of Plavac Mali red wine was determined. Budić-Leto et al. [19,20] demonstrated a strong correlation between the sensory characteristics of Babić red wine and total polyphenol content and anthocyanin composition under the influence of maceration treatment. In addition, a positive correlation was found between the content of anthocyanins, phenolic acids, and flavan-3-ols of Teran red wine and the skin maceration time. Bubola et al. [21] showed that the concentration of hydroxycinnamic acid in Istrian Malvasia white wine is improved by the removal of leaves. Moreover, Osrečak et al. [22] demonstrated that leaf removal increases the content of many polyphenols in Croatian non-native white wines such as Italian Riesling, Traminer, and Manzoni Bianco. In addition, the antioxidant properties of some Croatian wines were studied. A very high correlation was found between antioxidant activity and total polyphenol content [6,15,23], and consequently better antioxidant properties of the studied red wines than white wines [6,24,25]. It is worth mentioning that the health benefits of phenolic compounds from wine are often attributed precisely to their antioxidant activity [6,26]. Compared to other European and world wines, Croatian wines, especially autochthonous ones, have not been sufficiently researched in terms of the composition of phenolic constituents and their biological properties. Thus, the main objective of this study was to investigate the phenolic profile of a wide range of wines characteristic of certain Croatian wine regions and to evaluate possible differences based on the detected polyphenols and multivariate analyses. Twenty-five commercial wines from eight red and nine white grape varieties were studied, with special attention to Croatian autochthonous wines. In addition, the antioxidant properties of the most representative phenolic constituents were evaluated.




2. Materials and Methods


2.1. Chemicals


HPLC ultra-gradient grade methanol, ethanol, and acetonitrile were supplied by Mallinkrodt-Baker (Deventer, Holland). Other chemicals and references were of HPLC or analytical grade. Orthophosphoric acid and potassium dihydrogen phosphate were obtained from Merck (Darmstadt, Germany). Procyanidins B1 and B2, trans-resveratrol, delphinidin-3-O-glucoside, malvidin-3-glucoside, and sodium nitroprusside were obtained from Extrasynthese (Genay, France). The trans-resveratrol was transformed into its respective cis-isomer by UV irradiation using a 254 nm wavelength for 4 h in a quartz cell [27]. Apigenin, rutin, myricetin, luteolin, and kaempferol were purchased from Carl Roth (Karlsruhe, Germany). Gallic acid, p-hydroxybenzoic acid, syringic acid, o-coumaric acid, p-coumaric acid, chlorogenic acid, caffeic acid, ferulic acid, catechin, epicatechin, naringenin, quercetin, quercitrin, extract from bovine brain, phosphate buffer saline, sulphanilamide, thiobarbituric acid, trichloroacetic acid, DPPH (2,2-diphenyl-1-picrylhydrazyl) were provided by Sigma-Aldrich (Steinheim, Germany). Trolox, butylated hydroxytoluene (BHT), and N-(1-naphthyl)ethylenediamine dihydrochloride were provided by Fluka (Buchs, Switzerland). Ascorbic acid was provided by Acros Organics (Geel, Belgium), butanol by Lach-Ner (Neratovice, Czech Republic), ethanol by Gram-Mol (Zagreb, Croatia), phosphoric acid by T.T.T. (Zagreb, Croatia), and iron(III) chloride by Riedel-de-Haën (Seelze, Germany). Pure water was obtained from the Milli-Q Advantage A10 system (Millipore, MA, USA).




2.2. Wine Samples


In the present study, a total of 25 commercial wine samples were analyzed. The 2007 vintage wines, bottled in glass, were provided by the producers or distributors in 2009. HPLC-DAD analyses were carried out when the samples reached three years of age. Table 1 and Table 2 show the Croatian monovarietal red and white wines studied, respectively, with their corresponding abbreviations, wine types, grape varieties, wine regions, subregions, and vineyard localities.



Croatia is divided into four wine regions [13]. Dalmatia is one of the two coastal wine regions of Croatia covering the area from the city of Zadar and its hinterland to the Konavle region in the extreme south, and from which the wine samples marked with blue circles in Figure 1 originate. Istria and Kvarner is the wine region in the northwestern part of the Croatian Adriatic coast. The samples of Istrian wines are marked in purple in Figure 1. The continental part of Croatia is also represented by two regions. The Croatian Highlands is the wine region in the northwestern part of Croatia, while the Slavonia and Croatian Danube region is located on the predominantly flat eastern mainland of Croatia. In Figure 1, the wine samples from these regions are marked in orange and green, respectively.



In terms of climate, Croatia is divided into two major climatic regions: the Mediterranean region, which includes Dalmatia, Istria, and Kvarner, and the Continental region, which includes the Croatian Uplands, Slavonia, and the Croatian Danube. The climatic conditions in these two regions of origin of the studied wines are very different. According to the available climatological data for the vineyards in 2007, the average monthly total precipitation during the ripening period was 82.0 mm with a monthly average temperature of 19.7 °C for the vineyards in the Continental region, and 50.0 mm precipitation at 22.9 °C for the vineyards in the Mediterranean region. The Supplementary Materials (Table S1) contain meteorological data from June to September 2007, measured at the meteorological stations near the vineyards where the grapes for the production of the studied wines were grown (data from the Croatian Meteorological and Hydrological Service).




2.3. HPLC Analyses


Samples used for HPLC analysis were taken from two different bottles of each wine. The wine samples and standard solutions were filtered through a syringe filter with a pore size of 0.45 µm. All experiments were performed using an Agilent 1100 series liquid chromatograph equipped with a DAD detector and an Agilent Zorbax SB -C18 (4.6 × 250 mm, 5 μm) column preceded by an Agilent Zorbax SB -C18 (10 × 4.6 mm, 5 μm) guard column.



The HPLC analysis of anthocyanins was performed according to Berente et al. (2000) [28]. Acetonitrile–buffer (5:95) was the mobile phase A, while acetonitrile–buffer (50:50) was the mobile phase B, where 10 mM KH2PO4 + H3PO4 to pH 1.6 was used as a buffer. The oven temperature was 50 °C. An amount of 20 μL of 0.45 μm membrane-filtered samples were injected with a 1 mL/min flow rate. Gradient elution was applied according to the following program: 0–30 min (10–45% B), 30–31 min (45–100% B), 31–34 min (100% B), 34–35 min (100–10%), and 35–45 min (10% B). The wavelength for detection was 518 nm.



Orthophosphoric acid pH 3.00 was the mobile phase A, while methanol was the mobile phase B for the HPLC analysis of flavonoids, phenolic acids, flavan-3-ols, and stilbenes. The eluents were used in the following gradient: 0–7 min (10–30% B), 7–25 min (30% B), 25–50 min (30–70% B), 50–60 min (70–86% B), 60–60.01 min (86–10% B), and 60.01–65 min (10% B). The flow rate was set at 1.0 mL/min. The separation was performed at 35 °C. The aliquot of the injected sample was 25 μL. The wavelengths for detection were 280, 325, or 360 nm, depending on the absorption maximum of the phenolic component analyzed. Peak assignment and identification were performed by comparing the retention times and UV/VIS spectra of the peaks in the sample chromatograms with those of the standards. Quantification of individual phenolic peaks was performed using the external standard method. Response factors (RF) were calculated daily by using freshly prepared reference solutions. Results were expressed in milligrams of the phenolic compound per liter of wine sample. The validation of this method was performed according to the recommendations of the guideline ICH Q2 [29]. The linearity of the method was evaluated using calibration curves with six concentrations (0.1, 0.5, 1, 2, 4, and 50 mg/L), while for gallic acid and procyanidin B1, an additional concentration of 100 mg/L was used. These concentration ranges were set according to the expected concentration of phenolic compounds in the wine samples. The recoveries were determined, and a linear regression analysis was performed, calculating the determinant coefficient, y-axis intercept, and slope to determine the linearity of the method. The analytical curves showed excellent linear behavior over the entire concentration range studied. The mean recoveries were calculated by comparing the calculated amounts with the amount present in the standard solution. The high mean recoveries for all studied compounds indicate the high accuracy of the method. The limit of detection (LOD) and limit of quantification (LOQ) were determined by analyzing the calibration curves. The following equation was used to calculate the LOD and LOQ values: C = (K × SD)/S, where SD is the standard deviation of the y-axis intercept values and S is the mean slope value from the three calibration curves generated. The K values were 3 for LOD and 10 for LOQ [30]. The Supplementary Materials (Table S2) show the corresponding validation parameters.




2.4. DPPH Radical Scavenging Activity


The ability of the selected phenolic compounds in wine to scavenge DPPH radicals was determined according to the method described by Vladimir-Knežević et al. [31]. Solutions of selected compounds at various concentrations (0.20–100 µg/mL) were mixed with a 0.1 mM ethanolic solution of DPPH. The samples were shaken vigorously and kept in the dark for 30 min. Then, the absorbance was measured at 517 nm compared to a suitable blank sample. The ability to scavenge DPPH radicals was calculated using the following equation: (%) = [(A0 − A1)/A0] × 100, where A0 is the absorbance of the control reaction and A1 is the absorbance in the presence of the tested sample.




2.5. NO Radical Scavenging Activity


The selected phenolic compounds in wine were evaluated for their ability to scavenge NO radicals using a slightly modified method described by Patel et al. [32]. Solutions (80 µL) of the selected compounds (6.25–400 µg/mL) were mixed with 80 µL of a 10 mM sodium nitroprusside solution in phosphate-buffered saline (pH = 7.4), the well plates were shaken, and incubated for 120 min at room temperature. Then, 80 µL of Griess reagent (1% sulphanilamide, 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride, and 5% phosphoric acid) was added to the samples under study. The absorbance was measured at 545 nm and NO radical scavenging activity was calculated according to the following equation: (%) = [(A0 − A1)/A0] × 100, where A0 is the absorbance of the control solution and A1 is the absorbance of the test solution.




2.6. Lipid Peroxidation Inhibition Assay


The lipid peroxidation inhibition assay was performed according to the method described by Houghton et al. [33]. The selected compounds were dissolved in dimethyl sulfoxide (0.78–200 µg/mL), and 10 µL of each solution was mixed with 0.5 mL of a suspension of bovine brain extract in phosphate-buffered saline (5 mg/mL, pH = 7.4). After the addition of 1 mM iron(III) chloride solution (0.1 mL), 10 mM phosphate-buffered saline (0.29 mL), and 1 mM ascorbic acid solution (0.1 mL), the test solutions were incubated at 37 °C for 60 min. Then, 1 mL of thiobarbituric acid (1% solution in 0.05 M sodium hydroxide), 1 mL of trichloroacetic acid (2.8%), and 0.1 mL of BHT (2%) were added and the mixture was heated in a boiling water bath for 20 min. After the addition of butanol (2 mL) to the mixture, the absorbance of the supernatant was measured at 532 nm compared to a suitable blank sample. The percentage of lipid peroxidation inhibition was calculated using the following equation: (%) = [(A0 − A1)/A0] × 100, where A0 is the absorbance of the control solution and A1 is the absorbance of the test solution.




2.7. Statistical Analysis


All experiments were performed in triplicate, and the results are expressed as means  ±  standard deviation. Linear regression extrapolation was used to calculate IC50 values. The ordinary one-way ANOVA and post hoc Tukey’s multiple comparisons test were used to determine differences between the obtained results. All statistical analyses were accomplished using GraphPad Prism software version 8.4.3 (GraphPad Software, Boston, MA, USA) as well as Microsoft Excel. All values with p < 0.05 were considered statistically significant. Principal component analysis (PCA) was performed for each type of wine to easily correlate and understand the relationship between chemical properties and wine samples. PCA was conducted using XLSTAT (Addinsoft, New York, NY, USA), an add-in for Microsoft Excel.





3. Results and Discussion


3.1. Contents of Phenolic Compounds in Croatian Wines


The content of twenty-four different phenolic compounds in selected Croatian wines was determined by the HPLC-DAD methods and divided into five classes based on their structure: phenolic acids (Table 3), flavan-3-ols, anthocyanins, stilbenes, (Table 4), and flavonoids (Table 5). The red wines contained the highest concentrations of phenolics, while the white wines had lower values. It is known that the content and composition of phenolic constituents are influenced to a considerable extent by the grape variety used, the technological processes to which the grapes are subjected, the type of yeast used in alcoholic fermentation, and the interaction with solid parts of the grapes during maceration [1,26]. Thus, our results are in line with expectations, considering that the pulp, skin, and seeds of grapes contain different classes and amounts of phenolic components, and that red wines are exposed to all parts of the grape during winemaking, while polyphenols in white wines mostly originate from the pulp [2,4].



3.1.1. Phenolic Acids in Selected Red and White Wines


Three hydroxybenzoic acids and five hydroxycinnamic acids were identified in all the red wines studied, while most white wines did not contain o-coumaric acid, syringic acid, or chlorogenic acid. As shown in Table 3, gallic acid was the most abundant phenolic acid in the red wines; its content ranged from 11.8 to 90.3 mg/L. The red wines also contained significant amounts of syringic acid and hydroxycinnamic acids, such as p-coumaric acid and caffeic acid, whose concentrations ranged from 3.3 to 21.8 mg/L. In the wines studied, the proportion of the above-mentioned acids varies, which indicates their importance for the varietal differentiation of Croatian wines.



The Plavac Mali (rPD and rPI) and Babić (rBS) wines, produced from the autochthonous Croatian grape varieties of the same name, contained the highest levels of phenolic acids (113.0–139.7 mg/L), with gallic acid being the most representative (72.5–90.3 mg/L). In a recent study, a similarly high concentration of gallic acid was found in Plavac Mali of 2019 vintage from the Central and Southern Dalmatia subregion [6]. However, the analysis of 27 different samples of Plavac Mali wine produced in the Croatian coastal regions in 2013–2015 conducted by Žurga et al. [11] showed significantly lower gallic acid content (average 45.8 mg/L) compared to our samples. Similar results were obtained by Lukić et al. [16] when analyzing 20 samples of Plavac Mali wine from the 2015 vintage. Moreover, an even smaller amount of gallic acid (26.9 mg/L) was found in the 2002 vintage Plavac Mali wine from northern Dalmatia than in our samples from the island of Hvar and the Pelješac Peninsula in southern Dalmatia. In the context of these differences, Jagatić Korenika et al. [17] determined the influence of commercial yeasts on the phenolic profile of Plavac Mali wines from the Croatian coastal areas and also confirmed the role of geographical and pedological heterogeneity of vineyard sites. As far as we are aware, this study is the first to provide a detailed polyphenol composition of Babić wine. However, previous analyses of polyphenols in the seeds and skins of Babić grapes confirm such a high content of phenolic acids (130.8 mg/L) in the studied wine sample as in the case of wine from Plavac Mali [34]. Teran is an autochthonous variety widely grown on the Istrian Peninsula. The tested sample from Croatian Istria (rTD) contained 77.9 mg/L of phenolic acids, of which 53.0 mg/L was gallic acid. The percentage of gallic acid was higher than in the previously tested Teran wine from the 2013–2015 vintages [11,16], but almost three times lower than in the wine from 2019 [6].



Of the red wines examined in this study, Cabernet Sauvignon from the southern part of Dalmatia (rCD) had the lowest gallic acid content (11.8 mg/L). By contrast, Cabernet Sauvignon wine samples from the Dalmatian Hinterland (rCK), Croatian Istria (rCA), and Croatian Danube (rCB) contained 30.9–43.3 mg/L, which is consistent with Montenegrin samples [35], higher than other Croatian samples [11,14], and lower than Chinese [36,37] and Macedonian Cabernet Sauvignon wine [38]. In addition to Cabernet Sauvignon, Merlot is also widely grown as a non-native grape variety in the Croatian coastal regions. The percentage of total phenolic acids in Merlot wine from the Dalmatian Hinterland (rMK) was 82.8 mg/L, while in the sample from Croatian Istria (rMA) the content of identified phenolic acids was 60.3 mg/L. The Dalmatian sample of this wine contained the same amount of gallic acid but significantly more p-hydroxybenzoic acid, syringic acid, and p-coumaric acid. The proportions of gallic acid (37.0–38.9 mg/L) in Merlot wines studied were in agreement with the majority of previously studied samples from Croatia [11,16], as well as some samples from Serbia, France, and Spain [39], while the gallic acid concentrations were higher compared to the values determined in some Italian samples [40,41]. Table 3 shows a great similarity between Syrah wine (rSK) and Merlot wine (rMK) from the same geographical area in terms of phenolic acid composition. In this work, the polyphenols of Syrah wine of Croatian origin were identified and quantified for the first time. In comparison with the results of the analysis of polyphenols in Syrah wines from China and Brazil, a common dominance of the proportion of hydroxybenzoic acids is observed, but with mutual differences in their individual concentrations [37,42]. The grape variety Blauer Portugieser is grown mainly in the small region of Plešivica on the Croatian mainland and is used to produce young wine, which is traditionally consumed immediately after fermentation [43]. The wine sample from the Plešivica Hills (rPM), along with Cabernet Sauvignon from the extreme south of the Croatian coast (rCD), is another of the red wines studied with somewhat lower phenolic acid levels. Gallic acid was the most abundant phenolic acid (25.1 mg/L), followed by syringic acid, caffeic acid, and p-coumaric acid with values between 4.7 and 7.4 mg/L. This is the first information on the composition of phenolic acids in this wine variety of Croatian origin. A recent study of several samples from the same subregion showed that the total content of polyphenols and stilbenes decreases with aging and that consumption of young Blauer Portugieser is preferable [43]. An analysis of wine samples from Northern Serbia also showed that the content of phenolic acids in Blauer Portugieser, especially gallic acid, decreases with wine aging [44]. In addition, the gallic acid content in samples of this wine variety from neighboring Hungary averaged 43.0 mg/L, with a high standard deviation indicating high variability of the content [45]. Pinot Noir from the Slavonia region (rPK) was characterized by a high level of hydroxybenzoic acids, primarily gallic acid (57.9 mg/L). Van Leeuw et al. [46], who studied samples of different origins on the Belgian market, also found high levels of gallic acid in this type of wine. Samples from France, Italy, Argentina, and Chile contained 122.1–223.1 mg/L of quantified phenolic acids, of which 23.4–105.3 mg/L was gallic acid.



Istrian Malvasia is an autochthonous Croatian white grape variety grown mainly on the Istrian Peninsula. It is known as Malvazija Istarska in Croatia and Malvasia Istriana in Italy [47]. The percentage of quantified phenolic acids in the sample of Istrian Malvasia from western Istria (wMD) was 6.3 mg/L, dominated by p-hydroxybenzoic acid, p-coumaric acid, and caffeic acid. In contrast to the results of a recent study by Radeka et al. [6], our sample contained significantly less phenolic acids. Table 3 shows that the wMD sample of Istrian Malvasia is more similar in its phenolic acid composition to the sample of the Malvasia Bianca Lunga variety from southern Dalmatia (wMA) than to the other sample from northern Dalmatia (wMS), which is characterized by a low content of hydroxycinnamic acids and a higher content of hydroxybenzoic acids, especially gallic acid (2.3 mg/L), just like the Italian white wine of the Malvazija family [48]. In Croatia, the grape variety Malvasia Bianca Lunga (Malvasia del Chianti) is known as Maraština. It is an old white grape variety grown mainly in the coastal regions of Croatia (Dalmatia). The aroma components of Maraština wine have already been researched [49], but as far as we know, this work provides the first information about its polyphenolic components.



Other white wines contained significant amounts of caffeic acid (1.5–8.7 mg/L) and p-coumaric acid (1.5–4.4 mg/L). In addition, white wine samples of Sauvignon Blanc (wSD), Traminer (wTI), and Rhine Riesling (wRD) contained gallic acid at concentrations of 2.4–4.0 mg/L. The content of p-hydroxybenzoic acid was also significant in most of the tested wines, except for Sauvignon Blanc (wSD), Traminer (wTI), and Welschriesling (wGK) from the Slavonia and Croatian Danube regions. Regarding the total amount of phenolic acids quantified in wSD, our results are in agreement with a previous study on Spanish Sauvignon Blanc wine [50]. Comparing the composition of the predominant phenolic acids in the wSD and Chardonnay (wCR and wCB) wines with those from South Africa, the proportions of gallic acid, caffeic acid, and p-coumaric acid were higher, except for the proportion of gallic acid in Chardonnay wines, which was lower than in the sample from South Africa [51]. The gallic acid content of wTI was consistent with a previous analysis of Traminer wine of the same origin. However, unlike wTI, caffeic acid and p-coumaric acid were not detected in this wine sample [14]. By contrast, Traminer wine from Serbia (Banat wine region) contained significantly higher concentrations of the above hydroxycinnamic acids than wTI [52]. A previously analyzed Croatian Rhine Riesling wine from 2011 contained lower amounts of gallic acid than the sample wRD and no p-coumaric acid [53]. Accordingly, the content of phenolic acids and total phenols in Rhine Riesling wines was found to be significantly different depending on the ripeness of the grapes [54]. Welschriesling (Italian Riesling) is the most widely cultivated grape variety in Croatia, where it is also known as Graševina. The wGJ and wGK wine samples studied in this work were from western and eastern mainland Croatia, respectively. They were characterized by a higher proportion of hydroxycinnamic acids compared to hydroxybenzoic acids. In addition, gallic acid was present in traces (below the calculated limit of quantification), which is not consistent with previous analyzes of Croatian samples from experimental breeding in 2008 and 2009 [22].




3.1.2. Flavan-3-ols, Anthocyanins, and Stilbenes in Selected Red and White Wines


According to the results presented in Table 4, catechin, epicatechin, and their dimers (type B proanthocyanidins) were highly represented polyphenols in red wines. As for phenolic acids, Croatian wines of the Babić (rBS) and Plavac Mali (rPI and rPD) grape varieties were the richest in monomeric and dimeric flavan-3-ols (97.9–140.0 mg/L), while Cabernet Sauvignon wine from the Croatian Danube subregion (rCB) contained the lowest amount of flavan-3-ols (27.2 mg/L). In addition to the autochthonous wines from the Croatian coastal regions, another red wine of the Pinot Noir variety (rPK) from the continental part of Croatia, more precisely from the subregion of Slavonia, stood out for its content of flavan-3-ols (101.2 mg/L). Considering the individual proportions, the highest contents of catechin, epicatechin, and procyanidin B1 were found in rBS, while procyanidin B2 was the most abundant in rPK. In addition to gallic acid, p-coumaric acid, and caffeic acid, individual flavan-3-ols also appear to be of great importance for the differentiation of Croatian wines, as their proportions vary greatly in the wines studied. The content of catechin in Plavac Mali wines (rPI and rPD) was lower, while the content of procyanidin B1 was significantly higher compared to previously studied wine samples [6,11].



As mentioned above, the Croatian Pinot Noir wine (rPK) contained large amounts of flavan-3-ols, although to a much lesser extent than in several Italian, French, Argentine, and Chilean samples. The combined content of catechin, epicatechin, and procyanidins B1 and B2 ranged from 140.9 to a very high value of 767.2 mg/L [46]. In the same article, the results of the determination of flavan-3-ols in Cabernet Sauvignon, Syrah (Italy and France), and Merlot (USA, Australia, Chile, Italy, and Bulgaria) wines from the 2007–2010 vintages are presented. As with Pinot Noir, these commercial wines contained significantly more flavan-3-ols than our corresponding samples. Although the studied Cabernet Sauvignon wines lagged behind those from Spain [55], China [56], and Croatia [16] in terms of flavan-3-ol content, somewhat smaller differences were observed. By contrast, our samples contained similar proportions of monomeric and dimeric flavan-3-ols as the Montenegrin wine [34]. Cabernet Sauvignon wines from Dalmatia (rCD and rCK), Istria (rCA), and Croatian Danube regions (rCB) were characterized by large amounts of procyanidin B1 (13.7–44.6 mg/L) and catechin (10.5–19.3 mg/L), while epicatechin and procyanidin B2 contents were much lower (<LOQ—11.0 mg/L). A very similar composition of flavan-3-ols was also found in the Merlot samples from the Croatian coastal areas (rMK and rMA), which was lower on average compared to previously studied wines of the same variety and the same wine-growing region [16]. In addition to Cabernet and Merlot, the results presented in Table 4 show that the studied Syrah (rSK), Teran (rTD), and Blauer Portugieser (rPM) wines are also very similar in terms of flavan-3-ols composition. The content of flavan-3-ols in rTD was lower compared to the results of previous analyses of the Croatian Teran wine [6,16].



Table 4 shows that, as expected, the white wines had significantly lower amounts of flavan-3-ols. In the majority of the white wines tested, their individual contents were below the limit of quantification. Epicatechin was detected in several samples but could not be quantified in any of them. Pinot Blanc from the Croatian Uplands (wPD) had the highest levels of catechin and procyanidin B1 (6.2 and 6.8 mg/L, respectively). Catechin was also determined only in samples of Chardonnay wine from Istria (wCR) and Traminer from the Croatian Danube (wTI), and procyanidin B1 in the sample of Welschriesling from Međimurje (wGJ), in the amounts of 5.1–5.5 mg/L. Looking at the composition of flavan-3-ol in the Chardonnay samples studied, only one difference can be observed, namely that the sample from Istria (wCR) contained more catechin than the sample from the Croatian Danube region (wCB). The first sample was similar to the sample from northern Italy from the 2014 vintage [57]. Traminer wine (wTI) contained twice as much catechin as the Croatian sample from the 2008 and 2009 experimental vintages [22]. Rhine Riesling from Slavonia (wRD) contained 8.1 mg/L procyanidin B2, which was significantly higher than that of the previously studied sample from northwestern Croatia [53]. There was no statistically significant difference in the other six white wine samples in which 3.0–3.8 mg/L procyanidin B2 was determined (Table 4).



No tested anthocyanins were detected in the white wines, while their content varied widely in the red wines (Table 4). The content of delphindin-3-glucoside was low, reaching a maximum of 0.5 mg/L in the Cabernet Sauvignon from southern Dalmatia (rCD). The same wine also contained a high concentration of 20.2 mg/L malvidin-3-glucoside, which was not the case in other Cabernet Sauvignon wines from Istria, Dalmatia, and the Croatian Danube. A similar malvidin-3-glucoside content to rCD was also found in the Blauer Portugieser from the Croatian Uplands (rPM) at 21.4 mg/L. The other red wines contained 1.4–6.0 mg/L malvidin-3-glucoside. As mentioned above, Blauer Portugieser from the Croatian Uplands (rPM) and Cabernet Sauvignon from southern Dalmatia (rCD) contained the most anthocyanins, but these are still lower values compared to the results of Kumšta et al. [58] and de Andrade et al. [59], who analyzed Czech and Brazilian wines, respectively. As the most abundant anthocyanin in grapes, malvidin-3-glucoside was predominant in all the red wine samples, but its content in the wines studied was significantly lower compared to most previously published results. Thus, its content in Merlot from various European countries was 4.49–41.9 mg/L [38,60], while our samples from the Dalmatian Hinterland (rMK) and Croatian Istria (rMA) contained only 1.6–2.1 mg/L of malvidin-3-O-glucoside, which is also much lower than the samples from Croatia studied by Lukić et al. [16]. This was very similar in the other red wines studied, such as Syrah and Pinot Noir. Our samples contained significantly less malvidin-3-glucoside than the Brazilian [42,46,59] or Hungarian [60] wines. It is interesting to note that not only the examined non-autochthonous but also the Croatian autochthonous red wines had unexpectedly low anthocyanin contents. In comparison with our results, many times higher levels of malvidin-3-glucoside were previously found in Plavac Mali [16,17] and Teran [16] wines.



As shown in Table 4, unlike white wines, red wines contained stilbenes and the proportion of trans-resveratrol was generally much higher than that of cis-resveratrol in all the wines studied, which is consistent with numerous previous relevant studies [2]. In addition to anthocyanins, the Blauer Portugieser from Croatian Uplands (rPM) contained the highest levels of trans-resveratrol (6.8 mg/L) and cis-resveratrol (1.6 mg/L). By contrast, previously studied Portugieser young wines from the same Croatian wine subregion and after 12 months of bottle aging contained significantly less trans-resveratrol (0.6–3.4 mg/L and 0.8–2.0 mg/L, respectively), the concentration of which decreased with aging [43]. Portugieser wine originating from south Hungary [60] and the Czech region of Moravia [61] also contained significantly less resveratrol than the sample studied. In Plavac Mali (rPD and rPI), Babić (rBS), Merlot (rMK and rMA), and Pinot Noir (rPK) a common stilbene content between 1.8 and 4.6 mg/L was found, while the content in the other studied red wines was <LOQ—1.9 mg/L. Katalinić et al. [62] determined the free resveratrol monomers in wine varieties from the Dalmatian region, including Plavac Mali, Babić, and Merlot. They demonstrated that resveratrol contents differ between wines of the same grape variety from different locations. For example, they found that Plavac Mali wine from some locations on the Pelješac Peninsula is particularly rich in resveratrol compared to the central Dalmatian islands of Hvar and Brač. Thus, the resveratrol content is not only dependent on the grape variety, but could also be due to lower temperatures, higher humidity, and precipitation leading to the synthesis of stilbenes in grapes in response to fungal attacks triggered by these environmental conditions. It has already been reported that higher humidity is usually associated with stilbene synthesis, while temperature has a negative effect on the concentration of resveratrol in grapes and wines [35]. Since resveratrol and other stilbenes act as phytoalexins, they play a crucial role in the defense against phytopathogens and are also involved in the adaptation of plants to abiotic environmental factors [63]. Our results also support the fact that, in the production of red wine, maceration with skins and seeds during fermentation results in higher resveratrol concentrations in red wines than in white wines [44].




3.1.3. Flavonoids in the Selected Red and White Wines


Eight flavonoids were analyzed in the selected commercial Croatian wines. The white wines did not contain flavonoids, except for two samples of Welschriesling from Međimurje (wGJ) and Pinot Blanc from the Croatian Uplands (wPD) with traces of quercitrin. In contrast to the white wines, the red wines contained various types of flavonoids in amounts up to 37.6 mg/L (Table 5). The highest amount of flavonoids tested was present in three wine varieties from the same wine region. Merlot (rMK), Cabernet Sauvignon (rCK), and Syrah (rSK) originating from the Dalmatian Hinterland contained 32.4–37.6 mg/L flavonoids. They were followed by the Croatian autochthonous wine varieties Plavac Mali (rPD) and Babić (rBS) from Dalmatia with flavonoid contents of 29.6 and 26.1 mg/L, respectively. The Plavac Mali (rPI) wine sample contained 16.9 mg/L flavonoids, which is significantly less than the previously described rPD sample of the same variety. These Plavac Mali wines are from the same subregion but from different Croatian vineyard locations. Cabernet Sauvignon (rCB) is a red wine originating from a continental wine region and is characterized by high flavonoid content (19.3 mg/L), which, however, is significantly higher than that of the sample of the same variety from Croatian Istria (rCA, 6.6 mg/L) and from the extreme south of Croatia (rCD, 7.1 mg/L). Likewise, the Merlot from Croatian Istria (rMA) contained a much lower amount of flavonoids (7.9 mg/L) than the sample from the Dalmatian Hinterland (rMK). Among the tested flavonoids, the flavonols quercetin (<LOQ—21.7 mg/L) and myricetin (2.9–12.1 mg/L) stood out in terms of quantity in all the studied red wines. As far as the content of quercetin is concerned, the order of the wines from the richest in quercetin to the poorest in quercetin is completely identical to that which we described when considering the contents of total flavonoids tested.



Our results are consistent with some previous studies of Croatian red wines, which showed that quercetin and myricetin are very abundant flavonoids in wines made in the coastal areas [6,14], but with large differences in their proportions. On the contrary, Lukić et al. [16] determined significantly lower amounts of myricetin (<2 mg/L) and quercetin (<0.5 mg/L) in autochthonous wines Plavac Mali and Teran and in non-native Merlot and Cabernet Sauvignon. Syrah wine from the Dalmatian Hinterland (rSK), which was rich in myricetin and quercetin, corresponded to samples of this variety from the 2010 and 2011 vintages in some Brazilian regions, where significant differences in polyphenol composition were found due to climatic conditions [42]. In response to solar radiation, especially UV-B, flavonols accumulate mainly in the epidermal cells of plant tissue and filter the most dangerous wavelength of the solar spectrum for DNA [64]. Therefore, Croatian wines from the coastal regions, where solar radiation is significantly higher compared to the mainland, were richer in flavonols. Among the studied red wines, Merlot (rMK), Cabernet Sauvignon (rCK), and Syrah (rSK) from the Dalmatian Hinterland stood out for their content. Although these wines were obtained from different grape varieties, they had very similar flavonol compositions. The reasons for this are most likely the same location of the vineyard, exposed to high and uniform solar radiation.




3.1.4. Differentiation of the Selected Monovarietal Red and White Wines


Because of the obvious difference between red and white wines, a separate principal component analysis (PCA) was performed using the data in Table 3, Table 4 and Table 5. Analysis of the PCA score plot for the monitored values showed that 61.02 and 53.97% of the total variance in the data could be described by F1 and F2 for red and white wines, respectively. Figure 2 shows three well-separated clusters for the red wines studied and a biplot derived from the polyphenolic compounds. The Croatian autochthonous wines Plavac Mali (rPD and rPI) and Babić (rBS) form a separate group in the first quadrant. The mentioned differences are mostly due to the different contents of gallic acid, p-coumaric acid, ferulic acid, catechin, and procyanidin B1 compared to other red wines. Our study supports the results of Lukić et al. [16] and Žurga et al. [11] about the most specific composition of Plavac Mali compared to other Croatian red wines. In this context, we found for the first time the same varietal differences in Babić wine, which is also produced from Croatian autochthonous grape varieties. A group of non-native wines, including Merlot (rMK), Cabernet Sauvignon (rCK), and Syrah (rSK), was also separated. According to F1, this group shows similarity with Croatian autochthonous red wines from the same wine-growing region, and the differences present can be attributed mostly to higher levels of quercetin and rutin compared to Plavac Mali and Babić wines. One of the possible reasons for this difference is the better adaptation of autochthonous species to local conditions and the resulting lower stress, which leads to a lower accumulation of quercetin [11]. Seven other wines formed a third distinctive group, also comprising other Cabernet Sauvignon samples from different wine-growing regions. PCA confirmed the previously described results that rCD from the extreme south of the Croatian coast is more similar to rCB from the easternmost continental part of Croatia than rCA from Croatian Istria, which contains higher levels of caffeic acid, p-coumaric acid, epicatechin, and procyanidin B1 and lower levels of myricetin compared to rCD and rCB. According to F2, Pinot Noir from the continental region of Slavonia (rPK) in the second quadrant is the least different from the autochthonous red wines Plavac Mali, which is mainly due to the high content of gallic acid, epicatechin, and procyanidins B1 and B2.



Although the white wines did not differ as much as the red wines, the multivariate analysis revealed more detailed relationships among them. Figure 3 shows the PCA of the clustering of Croatian white wines and a biplot derived from the polyphenolic compounds. In the third quadrant, there is a separate sample of Malvasia Bianca Lunga wine from Northern Dalmatia (wMS), which is significantly different from the other white wines, including wine from the same grape variety (wMA). Compared to other white wines, o-coumaric acid was detected only in the wMS sample. In addition, wMS also contained significantly lower amounts of caffeic acid and p-coumaric acid than other white wines. Compared to the wine of the same variety from Southern Dalmatia (wMA), it also had significantly higher levels of gallic acid and procyanidin B2. Possible reasons for this lie not only in the different locations but also in the winemaking process. Namely, wMS was produced using a special technique based on aging on the lees (sur lie), which has been shown to correlate positively with gallic acid levels [65]. Proteolytic enzymes released during yeast autolysis could be involved in the hydrolysis of tannins and, consequently, in changes in the composition of polyphenols and the associated sensory characteristics of the wine [66]. Two other wines were also distinguished based on their phenolic profile. Pinot Blanc originating from the Croatian Uplands (wPD) and Chardonnay from Istria (wCR) were distinguished from the other white wines by their high content of catechin. In addition, significantly higher levels of caffeic acid and p-coumaric acid in wCR (the second quadrant) than in the other white wines contributed to the separation of this sample from the others. Figure 3 shows the similarity between Traminer (wTI), Sauvignon Blanc (wSD), and Rhine Riesling (wRD) from Slavonia and the Croatian Danube according to F2, which is mainly due to the very comparable compositions of phenolic acids, while the distinction from the other white wines is due to the content of gallic acid. The high content of procyanidin B2 in wRD is the reason why it differs from wTi and wSD.





3.2. Antioxidant Activity of Major Phenolic Components in Commercial Croatian Wines


The polyphenols present in wines determine many of their sensory characteristics, such as appearance, color, astringency, bitterness, and taste, as well as their stability to subsequent oxidative processes that lead to browning in white wines and oxidation in red wines. Apart from sensory properties and wine quality, polyphenols have also been shown to be highly beneficial to health, including antioxidant and cardioprotective effects [4,67]. The antioxidant capacity of a wine depends largely on its phenolic profile, since different compounds have different levels of activity that are closely related to their chemical structure [68]. Therefore, our aim was to compare for the first time the antioxidant activity of the main polyphenolic components of Croatian wines and to predict their possible importance in the antioxidant properties of wine. In our study, most of the selected polyphenols also proved to be important distinguishing features between Croatian wines. The obtained results are presented in Table 6 and Suppl. Tables S3–S5. The most representative phenolic components in the studied Croatian wines showed a strong antioxidant effect, mostly exceeding the effect of Trolox as a reference antioxidant. Gallic acid proved to be the most potent DPPH and NO radical scavenger, reaching IC50 values of 0.33 µg/mL and 12.36 µg/mL, respectively. Of the seven polyphenols tested, resveratrol had the weakest potential to inhibit the production of free DPPH (IC50 = 7.56 µg/mL) and NO radicals (IC50 = 35.08 µg/mL) but showed a much better ability to inhibit lipid peroxidation (IC50 = 5.02 µg/mL). The strongest inhibitor of lipid peroxidation was myricetin (IC50 = 1.68 µg/mL), followed by quercetin (IC50 = 2.06 µg/mL), while caffeic acid showed the weakest effect, achieving 50% inhibition of lipid peroxidation at a concentration of 141.76 µg/mL. Our study showed that the selected polyphenols from Croatian wines inhibit lipid peroxidation at very low concentrations (except caffeic acid), which confirms their strong ability to protect against this type of cellular damage as an indicator of oxidative stress in cells and tissues. The high lipid content of cell membranes makes them one of the most important targets for reactive oxygen and nitrogen species. NO is a biologically relevant free radical that, when formed in excessive amounts, reacts with other free radicals, such as superoxide anion, to form a highly reactive nitrogen species [69]. The selected polyphenols were found to be potent NO radical scavengers, indicating their excellent antioxidant properties and related significant contribution to the beneficial health effects of wine.





4. Conclusions


In this study, twenty-five commercial Croatian wines from eight red and nine white grape varieties were characterized in terms of their phenolic composition. To our knowledge, this is one of the few comparative studies of wines from different wine-growing regions of Croatia. Moreover, for the first time, some data on the phenolic composition of specific wines were reported in detail. The twenty-four polyphenols analyzed were classified as phenolic acids, flavan-3-ols, anthocyanins, flavonoids, and stilbenes. In contrast to the white wines, the red wines contained higher concentrations of polyphenols with wide variability. Gallic acid, p- and o-coumaric acid, caffeic acid, ferulic acid, catechin, epicatechin, procyanidins B1 and B2, quercetin, rutin, and myricetin proved to be important differentiators among the Croatian monovarietal wines. Red wines formed three well-distinguished groups, of which the group of Croatian autochthonous wines Plavac Mali and Babić differed the most in terms of polyphenolic composition. The main representative phenolic components in the studied Croatian wines showed strong antioxidant activity, including gallic acid as the most effective DPPH and NO radical scavenger, while myricetin proved to be the strongest inhibitor of lipid peroxidation. Plavac Mali and Babić wines were the richest sources of gallic acid and catechin. Babić wine also contained the highest levels of epicatechin and myricetin. Merlot, Cabernet Sauvignon, and Shiraz wines from the Dalmatian Hinterland contained high levels of quercetin. Our study provided new insights into the phenolic profiles of the selected red and white wines from different Croatian regions and contributed to their characterization and varietal differentiation.
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Figure 1. Map showing the locations of vineyards in the Croatian wine regions where the grape varieties of the studied wine samples are grown. The abbreviations corresponding to the wine samples are listed in Table 1 and Table 2. 
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Figure 2. Principal component analysis of the clustering of Croatian red wines based on phenolic composition (A) and biplot with active variables (B). The abbreviations corresponding to the wine samples are shown in Table 1. 
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Figure 3. Principal component analysis of the clustering of Croatian white wines based on phenolic composition (A) and biplot with active variables (B). The abbreviations corresponding to the wine samples are shown in Table 2. 
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Table 1. Data on the studied varietal red wines from different Croatian wine regions.
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	Sample

Abbrev.
	Grape Variety
	Croatian Wine Region
	Croatian Wine Subregion
	Vineyard Location





	rPD
	Plavac Mali
	Dalmatia
	Central and Southern Dalmatia
	Ivan Dolac, (Island Hvar)



	rPI
	Plavac Mali
	Dalmatia
	Central and Southern Dalmatia
	Postup (Pelješac Peninsula)



	rBS
	Babić
	Dalmatia
	Northern Dalmatia
	Primošten



	rTD
	Teran
	Istria and Kvarner
	Istria
	Dajla (Novigrad)



	rCD
	Cabernet Sauvignon
	Dalmatia
	Central and Southern Dalmatia
	Konavle



	rCK
	Cabernet Sauvignon
	Dalmatia
	Dalmatian Hinterland
	Korlat (Benkovac)



	rCA
	Cabernet Sauvignon
	Istria and Kvarner
	Istria
	Mornarica (Poreč)



	rCB
	Cabernet Sauvignon
	Slavonia and Croatian Danube
	Croatian Danube
	Banovo brdo (Beli Manastir)



	rMK
	Merlot
	Dalmatia
	Dalmatian Hinterland
	Korlat (Benkovac)



	rMA
	Merlot
	Istria and Kvarner
	Istria
	Faragude (Funtana)



	rSK
	Syrah
	Dalmatia
	Dalmatian Hinterland
	Korlat (Benkovac)



	rPM
	Blauer Portugieser
	Croatian Uplands
	Plešivica Hills
	Okić (Plešivica)



	rPK
	Pinot Noir
	Slavonia and Croatian Danube
	Slavonia
	Hrnjavac (Kutjevo)
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Table 2. Data on the studied varietal white wines from different Croatian wine regions.
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	Sample

Abbrev.
	Grape Variety
	Croatian Wine Region
	Croatian Wine Subregion
	Vineyard Location





	wMD
	Malvazija Istarska
	Istria and Kvarner
	Istria
	Dajla (Novigrad)



	wMA
	Malvasia Bianca Lunga
	Dalmatia
	Central and Southern Dalmatia
	Ston (Pelješac Peninsula)



	wMS
	Malvasia Bianca Lunga
	Dalmatia
	Northern Dalmatia
	Skradin



	wCR
	Chardonnay
	Istria and Kvarner
	Istria
	Radovani (Višnjan)



	wCB
	Chardonnay
	Slavonia and Croatian Danube
	Croatian Danube
	Banovo brdo (Beli Manastir)



	wGJ
	Welschriesling
	Croatian Uplands
	Međimurje
	Železna gora (Štrigova)



	wGK
	Welschriesling
	Slavonia and Croatian Danube
	Slavonia
	Hrnjavac (Kutjevo)



	wSD
	Sauvignon Blanc
	Slavonia and Croatian Danube
	Slavonia
	Đulovac (Daruvar)



	wTI
	Traminer
	Slavonia and Croatian Danube
	Croatian Danube
	Principovac (Ilok)



	wRD
	Rhine Riesling
	Slavonia and Croatian Danube
	Slavonia
	Đulovac (Daruvar)



	wFD
	Furmint
	Croatian Uplands
	Međimurje
	Lopatinec (Sv. Juraj na Bregu)



	wPD
	Pinot Blanc
	Croatian Uplands
	Međimurje
	Lopatinec (Sv. Juraj na Bregu)
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Table 3. Contents of hydroxybenzoic and hydroxycinnamic acids in selected Croatian wines (mg/L).
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	Wine Sample
	Gallic Acid
	p-Hydroxy Benzoic Acid
	Syringic Acid
	o-Coumaric Acid
	Chlorogenic Acid
	Caffeic Acid
	p-Coumaric Acid
	Ferulic Acid





	rPD
	72.5 ± 3.1 c
	7.4 ± 0.7 c,d
	5.9 ± 0.1 e,f
	0.2 ± 0.0 b,c
	0.7 ± 0.1 b,c
	7.9 ± 0.0 d
	15.7 ± 0.4 c
	2.7 ± 0.2 a



	rPI
	90.3 ± 1.2 a
	5.7 ± 0.2 e
	7.4 ± 0.0 b
	0.2 ± 0.0 b,c
	0.5 ± 0.0 c,d
	12.3 ± 0.1 b
	21.8 ± 0.3 a
	1.5 ± 0.0 b



	rBS
	86.4 ± 2.1 b
	7.0 ± 0.2 d
	5.4 ± 0.1 g
	0.3 ± 0.1 b
	0.5 ± 0.0 c,d
	11.2 ± 0.1 c
	18.5 ± 0.1 b
	1.5 ± 0.1 b



	rTD
	53.0 ± 1.2 e
	3.6 ± 0.1 f
	6.4 ± 0.1 d
	0.2 ± 0.0 b,c
	0.6 ± 0.1 c
	4.9 ± 0.1 i
	8.4 ± 0.2 f
	0.8 ± 0.0 c



	rCD
	11.8 ± 0.2 j
	1.9 ± 0.1 g,h
	5.8 ± 0.0 f,g
	0.2 ± 0.0 b,c
	<LOQ
	4.1 ± 0.0 l
	4.7 ± 0.0 h
	0.1 ± 0.0 f



	rCK
	43.3 ± 0.7 f
	8.0 ± 0.2 b,c
	7.0 ± 0.1 b, c
	0.6 ± 0.1 a
	0.6 ± 0.1 c
	5.4 ± 0.0 h
	7.4 ± 0.1 g
	0.5 ± 0.0 d



	rCA
	35.2 ± 0.7 g
	2.6 ± 0.1 g
	3.6 ± 0.0 h
	0.1 ± 0.0 c
	0.3 ± 0.0 d
	13.1 ± 0.1 a
	10.2 ± 0.1 e
	0.5 ± 0.0 d



	rCB
	30.9 ± 0.4 h
	4.0 ± 0.6 f
	4.0 ± 0.5 h
	0.2 ± 0.0 b,c
	1.1 ± 0.1 a
	4.4 ± 0.0 k
	3.3 ± 0.1 i
	0.3 ± 0.1 d,e,f



	rMK
	38.9 ± 0.8 g
	8.9 ± 0.0 b
	9.2 ± 0.1 a
	0.5 ± 0.0 a
	0.9 ± 0.0 a,b
	5.9 ± 0.0 g
	18.0 ± 0.3 b
	0.5 ± 0.0 d



	rMA
	37.0 ± 0.6 g
	2.6 ± 0.3 g
	3.0 ± 0.1 i
	0.2 ± 0.0 b,c
	0.6 ± 0.1 c
	6.4 ± 0.0 f
	10.1 ± 0.2 e
	0.4 ± 0.0 d,e



	rSK
	30.8 ± 0.6 h
	11.2 ± 0.3 a
	6.9 ± 0.1 c
	0.5 ± 0.1 a
	1.0 ± 0.1 a
	4.5 ± 0.0 k
	12.9 ± 0.2 d
	0.5 ± 0.0 d



	rPM
	25.1 ± 0.4 i
	2.5 ± 0.0 g
	7.4 ± 0.1 b
	0.3 ± 0.0 b
	<LOQ
	6.6 ± 0.0 e
	4.7 ± 0.0 h
	0.2 ± 0.0 e,f



	rPK
	57.9 ± 1.6 d
	1.5 ± 0.2 h
	6.3 ± 0.1 d,e
	0.2 ± 0.0 b,c
	<LOQ
	4.7 ± 0.0 j
	3.4 ± 0.0 i
	0.3 ± 0.0 d,e,f



	wMD
	<LOQ
	2.1 ± 0.1 b
	0.3 ± 0.0 b
	n.d.
	0.6 ± 0.1 b,c
	1.2 ± 0.0 i
	1.4 ± 0.0 g,h
	0.7 ± 0.0 c



	wMA
	<LOQ
	1.3 ± 0.1 d
	0.3 ± 0.0 b
	n.d.
	0.6 ± 0.2 b,c
	1.2 ± 0.0 i
	1.2 ± 0.1 h
	0.3 ± 0.0 g



	wMS
	2.3 ± 0.1 c
	1.7 ± 0.1 b,c,d
	0.5 ± 0.0 a
	0.5 ± 0.0
	<LOQ
	0.6 ± 0.0 j
	0.1 ± 0.0 i
	0.2 ± 0.0 h



	wCR
	<LOQ
	1.9 ± 0.0 b,c
	<LOQ
	n.d.
	1.1 ± 0.0 a
	8.7 ± 0.0 a
	4.4 ± 0.1 a
	0.5 ± 0.0 e



	wCB
	<LOQ
	2.1 ± 0.2 b
	<LOQ
	n.d.
	0.9 ± 0.1 a,b
	4.6 ± 0.0 c
	2.0 ± 0.0 c,d
	0.4 ± 0.0 f



	wGJ
	<LOQ
	1.8 ± 0.1 b,c
	n.d.
	n.d.
	<LOQ
	3.3 ± 0.0 f
	1.6 ± 0.2 e,f,g
	0.4 ± 0.1 f



	wGK
	<LOQ
	0.8 ± 0.2 e
	<LOQ
	n.d.
	n.d.
	1.5 ± 0.0 h
	1.5 ± 0.0 f,g
	0.3 ± 0.0 g



	wSD
	4.0 ± 0.3 a
	0.7 ± 0.2 e
	n.d.
	n.d.
	<LOQ
	4.9 ± 0.0 b
	2.7 ± 0.0 b
	0.6 ± 0.0 d



	wTI
	2.4 ± 0.0 c
	0.5 ± 0.2 e
	<LOQ
	n.d.
	<LOQ
	3.3 ± 0.0 f
	1.7 ± 0.0 e,f
	1.1 ± 0.0 a



	wRD
	3.4 ± 0.1 b
	2.0 ± 0.3 b
	<LOQ
	n.d.
	n.d.
	3.6 ± 0.0 e
	1.8 ± 0.0 d,e
	0.9 ± 0.0 b



	wFD
	<LOQ
	3.3 ± 0.1 a
	n.d.
	n.d.
	0.3 ± 0.0 c
	2.8 ± 0.0 g
	2.1 ± 0.0 c
	0.2 ± 0.0 h



	wPD
	<LOQ
	1.5 ± 0.1 c,d
	n.d.
	n.d.
	1.1 ± 0.2 a
	4.0 ± 0.0 d
	1.5 ± 0.0 f,g
	0.2 ± 0.0 h







Abbreviations corresponding to wine samples are shown in Table 1 and Table 2. Data are expressed as mean values of three independent experiments ± standard deviation. Mean values displaying different letters within each column in the red and white wine groups are significantly different according to Tukey’s multiple comparisons test at a 95% confidence level. <LOQ: the content is below the calculated limit of quantification; n.d.: not detected.
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Table 4. Contents of flavan-3-ols, anthocyanins, and stilbenes in selected Croatian wines (mg/L).






Table 4. Contents of flavan-3-ols, anthocyanins, and stilbenes in selected Croatian wines (mg/L).





	Wine Sample
	Catechin
	Epicatechin
	Procyanindin B1
	Procyanindin B2
	Delphinidin-3-Glucoside
	Malvidin-3-Glucoside
	cis-Resveratrol
	trans-Resveratrol





	rPD
	25.3 ± 0.9 c
	9.5 ± 0.4 e
	56.7 ± 4.1 b
	6.4 ± 0.8 c
	0.2 ± 0.0 d
	6.0 ± 1.1 b
	<LOQ
	2.9 ± 0.1 c



	rPI
	28.1 ± 1.5 b
	15.8 ± 2.6 c
	55.3 ± 3.5 b
	8.8 ± 0.3 b
	0.1 ± 0.0 e
	4.4 ± 0.3 b,c,d
	<LOQ
	1.8 ± 0.0 e



	rBS
	34.5 ± 0.9 a
	29.7 ± 1.6 a
	63.8 ± 0.7 a
	12.0 ± 0.8 a
	0.1 ± 0.0 e
	3.2 ± 0.1 c,d,e,f
	<LOQ
	2.4 ± 0.0 d



	rTD
	15.8 ± 0.3 e
	9.7 ± 0.2 e
	25.4 ± 1.3 e,f
	4.0 ± 0.6 d, e
	0.1 ± 0.0 e
	3.7 ± 0.4 b,c,d,e,f
	0.6 ± 0.0 c
	1.3 ± 0.0 f



	rCD
	10.5 ± 0.1 f
	3.0 ± 0.0 f
	21.5 ± 0.7 e,f
	<LOQ
	0.5 ± 0.0 a
	20.2 ± 0.5 a
	n.d.
	<LOQ



	rCK
	19.3 ± 0.6 d
	4.2 ± 0.1 f
	44.6 ± 1.7 c,d
	3.2 ± 0.8 e
	0.4 ± 0.0 b
	3.2 ± 0.3 c,d,e,f
	<LOQ
	1.4 ± 0.1 f



	rCA
	15.5 ± 1.2 e
	11.0 ± 1.2 d,e
	26.0 ± 3.4 e,f
	4.2 ± 0.1 d, e
	0.1 ± 0.0 e
	4.1 ± 1.6 b,c,d
	<LOQ
	<LOQ



	rCB
	10.9 ± 0.4 f
	2.6 ± 0.2 f
	13.7 ± 1.2 g
	<LOQ
	0.1 ± 0.0 e
	1.4 ± 0.0 f
	n.d.
	<LOQ



	rMK
	19.0 ± 0.5 d
	2.7 ± 0.0 f
	39.0 ± 1.8 d
	<LOQ
	0.2 ± 0.0 d
	1.6 ± 0.2 e,f
	<LOQ
	1.8 ± 0.1 e



	rMA
	12.5 ± 0.4 f
	4.3 ± 0.0 f
	20.6 ± 1.1 f
	<LOQ
	n.d.
	2.1 ± 0.2 d,e f
	1.4 ± 0.0 b
	3.2 ± 0.0 b



	rSK
	12.4 ± 0.8 f
	<LOQ
	26.2 ± 1.5 e,f
	<LOQ
	0.3 ± 0.0 c
	3.9 ± 0.4 b,c,d,e
	<LOQ
	1.4 ± 0.2 f



	rPM
	25.0 ± 0.9 c
	13.5 ± 0.5 c,d
	27.8 ± 2.2 e
	5.7 ± 0.7 c,d
	0.2 ± 0.0 d
	21.4 ± 1.9 a
	1.6 ± 0.1 a
	6.8 ± 0.1 a



	rPK
	20.6 ± 0.6 d
	21.5 ± 0.0 b
	45.9 ± 1.7 c
	13.2 ± 0.8 a
	0.1 ± 0.0 e
	4.6 ± 0.3 b,c
	<LOQ
	1.8 ± 0.1 e



	wMD
	<LOQ
	<LOQ
	n.d.
	<LOQ
	n.d.
	n.d.
	n.d.
	n.d



	wMA
	<LOQ
	n.d.
	n.d.
	<LOQ
	n.d.
	n.d.
	n.d.
	n.d



	wMS
	<LOQ
	n.d.
	<LOQ
	3.8 ± 1.0 b
	n.d.
	n.d.
	n.d.
	n.d



	wCR
	5.4 ± 0.6 a,b
	<LOQ
	<LOQ
	3.5 ± 0.8 b
	n.d.
	n.d.
	n.d.
	n.d



	wCB
	<LOQ
	<LOQ
	<LOQ
	3.3 ± 0.3 b
	n.d.
	n.d.
	n.d.
	n.d



	wGJ
	<LOQ
	<LOQ
	5.5 ± 0.3 b
	3.5 ± 0.3 b
	n.d.
	n.d.
	n.d.
	<LOQ



	wGK
	<LOQ
	<LOQ
	<LOQ
	3.0 ± 0.0 b
	n.d.
	n.d.
	n.d.
	n.d



	wSD
	<LOQ
	<LOQ
	n.d.
	<LOQ
	n.d.
	n.d.
	n.d.
	n.d



	wTI
	5.1 ± 0.1 b
	<LOQ
	<LOQ
	<LOQ
	n.d.
	n.d.
	n.d.
	n.d



	wRD
	<LOQ
	n.d.
	<LOQ
	8.1 ± 0.2 a
	n.d.
	n.d.
	n.d.
	n.d



	wFD
	<LOQ
	<LOQ
	<LOQ
	3.6 ± 0.2 b
	n.d.
	n.d.
	n.d.
	n.d



	wPD
	6.2 ± 0.2 a
	<LOQ
	6.8 ± 0.7 a
	<LOQ
	n.d.
	n.d.
	n.d.
	n.d







Abbreviations corresponding to wine samples are shown in Table 1 and Table 2. Data are expressed as mean values of three independent experiments ± standard deviation. Mean values displaying different letters within each column in the red and white wine groups are significantly different according to Tukey’s multiple comparisons test at a 95% confidence level. d.: <LOQ: the content is below the calculated limit of quantification; n.d.: not detected.
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Table 5. Contents of flavonoids in selected Croatian red wines (mg/L).
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	Wine Sample
	Naringenin
	Apigenin
	Luteolin
	Myricetin
	Kaempferol
	Quercetin
	Rutin
	Quercitrin





	rPD
	0.1 ± 0.0 c
	0.5 ± 0.0 d
	<LOQ
	11.5 ± 0.2 b
	2.2 ± 0.0 b
	14.3 ± 0.2 d
	0.1 ± 0.0 h
	0.9 ± 0.0 a



	rPI
	0.1 ± 0.0 c
	0.4 ± 0.0 e
	<LOQ
	6.9 ± 0.0 e
	1.1 ± 0.1 d
	7.7 ± 0.1 f
	0.1 ± 0.0 h
	0.6 ± 0.0 d



	rBS
	0.2 ± 0.0 b
	0.2 ± 0.0 f
	<LOQ
	12.1 ± 0.2 a
	0.5 ± 0.0 e
	12.2 ± 0.1 e
	0.1 ± 0.0 h
	0.8 ± 0.0 b



	rTD
	n.d.
	0.2 ± 0.0 f
	n.d.
	5.3 ± 0.2 g
	<LOQ
	4.7 ± 0.1 g
	0.2 ± 0.0 g
	0.3 ± 0.0 f



	rCD
	0.1 ± 0.0 c
	0.2 ± 0.1 f
	n.d.
	6.3 ± 0.0 f
	n.d.
	<LOQ
	0.5 ± 0.0 e
	n.d.



	rCK
	0.2 ± 0.0 b
	0.9 ± 0.0 b
	<LOQ
	9.5 ± 0.1 c
	2.5 ± 0.1 a
	21.7 ± 0.3 a
	2.3 ± 0.1 b
	0.4 ± 0.0 e



	rCA
	0.1 ± 0.0 c
	0.1 ± 0.0 f
	n.d.
	3.7 ± 0.1 h
	<LOQ
	2.3 ± 0.0 i
	0.2 ± 0.0 g
	0.2 ± 0.0 g



	rCB
	n.d.
	0.6 ± 0.0 c
	n.d.
	8.9 ± 0.1 d
	0.6 ± 0.0 e
	8.0 ± 0.1 f
	1.2 ± 0.1 d
	<LOQ



	rMK
	0.2 ± 0.0 b
	0.5 ± 0.0 d
	<LOQ
	7.0 ± 0.3 e
	2.3 ± 0.0 b
	20.8 ± 0.2 b
	6.1 ± 0.2 a
	0.7 ± 0.0 c



	rMA
	0.2 ± 0.0 b
	0.2 ± 0.0 f
	n.d.
	3.7 ± 0.1 h
	<LOQ
	3.1 ± 0.0 h
	0.5 ± 0.1 e
	0.2 ± 0.0 g



	rSK
	0.1 ± 0.0 c
	1.2 ± 0.1 a
	<LOQ
	9.6 ± 0.3 c
	1.5 ± 0.1 c
	18.3 ± 0.7 c
	1.3 ± 0.1 c
	0.4 ± 0.0 e



	rPM
	0.3 ± 0.0 a
	0.2 ± 0.1 f
	<LOQ
	3.9 ± 0.2 h
	n.d.
	<LOQ
	0.4 ± 0.1 f
	<LOQ



	rPK
	0.1 ± 0.0 c
	0.1 ± 0.0 f
	<LOQ
	2.9 ± 0.0 i
	n.d.
	<LOQ
	0.2 ± 0.0 g
	<LOQ







Abbreviations corresponding to wine samples are shown in Table 1. Data are expressed as mean values of three independent experiments ± standard deviation. Mean values displaying different letters within each column in the red and white wine groups are significantly different according to Tukey’s multiple comparisons test at a 95% confidence level. d.: <LOQ: the content is below the calculated limit of quantification; n.d.: not detected.
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Table 6. Comparative overview of antioxidant effects (IC50 values, μg/mL) of the main phenolic compounds from Croatian wine.
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	Phenolic Compound
	DPPH• Scavenging Activity
	NO• Scavenging Activity
	Lipid Peroxidation Inhibition





	Quercetin
	0.87 ± 0.04 d,e
	20.50 ± 0.60 d
	2.06 ± 0.26 d



	Myricetin
	0.82 ± 0.07 d,e
	20.77 ± 0.63 d
	1.68 ± 0.10 d



	Gallic acid
	0.33 ± 0.01 e
	12.36 ± 0.93 e
	11.27 ± 0.90 a,b



	Caffeic acid
	0.62 ± 0.04 d,e
	18.79 ± 0.42 d
	141.76 ± 15.60 *



	Catechin
	1.34 ± 0.01 c,d
	31.75 ± 0.92 c
	13.05 ± 1.2 a



	Epicatechin
	1.90 ± 0.01 b,c
	21.26 ± 0.26 d
	10.12 ± 0.57 b



	Resveratrol
	7.56 ± 0.52 a
	35.08 ± 1.32 b
	5.02 ± 0.34 c



	Trolox
	2.50 ± 0.75 b
	60.87 ± 1.51 a
	-







The data are expressed as mean values of three independent experiments ± standard deviation. Mean values displaying different letters within each column are significantly different according to Tukey’s multiple comparisons test at a 95% confidence level. -: not tested; *: excluded from statistical analysis due to the extremely high IC50 value.
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