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Abstract

:

Gluten-free products based on starch and hydrocolloids are deficient in nutrients and do not contain pro-health substances. Therefore, they should be enriched in raw materials naturally rich in antioxidants, especially if they are intended for celiac patients, prone to high oxidative stress. Apart from the traditionally used pseudo-cereals, seeds, vegetables and fruits, innovative substrates such as the by-product (especially in Poland) dry apple pomace could be applied. The study material consisted of gluten-free bread enriched with apple pomace. The content of individual polyphenols, the content of total polyphenol and flavonoids, and also the antioxidant potential of the bread were determined by the UPLC-PDA-MS/MS methods. It was observed that apple pomace was a natural concentrate of bioactive substances from the group of polyphenols. In summary, gluten-free bread with 5% content of apple pomace showed the highest organoleptic scores and contained high levels of phenolic compounds. The values of total phenolic content, and the amounts of flavonoids, phenolic acids and phloridzin in this bread were 2.5, 8, 4 and 21 times higher in comparison to control.
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1. Introduction


From a nutritional point of view, gluten is a mixture of storage proteins (monomeric gliadins and polymeric glutenins) present in mature wheat kernels [1], and this definition could be extended to homogenic proteins of rye (secalin), barley (hordein) and oats (avenin). Better diagnosis tools and the increasing self-awareness of consumers has resulted in a growing incidence of identified adverse reactions to these proteins in recent years. Among the disorders caused by gluten, celiac disease should be listed first. This is followed by ataxia and Dhuring disease, classified as autoimmune conditions, and wheat allergy, caused by overreaction of the immune system. Celiac disease (CD), which is the most frequent autoimmune enteropathy triggered by the ingestion of gluten in genetically susceptible individuals, is considered to be one of the most common human genetic disorders, occurring with a prevalence of about 1% of the total population worldwide [2,3]. It should be kept in mind that there is a strong relationship between gluten consumption and the occurrence of the above-mentioned conditions, so the only effective treatment of CD is a strict adherence to a gluten-free diet. A key role in gluten-free diet is played by gluten-free bread, which is usually inferior in nutritional value compared to traditional wheat and wheat-rye bread. The low nutritional quality of gluten-free bread (GFB) is caused by the lower content of protein, vitamins (folic acid, B vitamins) and minerals (Fe, Ca, Mg, Cu) [2,4]. Relevant studies indicate that up to 87% of adult patients are deficient in one or several vitamins (A, D, B6, B12) and minerals (Zn, Fe, Ca), and many celiacs have problems with the intake of calcium and vitamin D [5]. Moreover, GFB is also low in substances important from a physiological point of view (pro-health constituents), such as dietary fiber, which plays a substantial role in rational nutrition and the prevention of chronic diseases, such as hypertension, diabetes and cancer. Gluten-free products are deficient in nutritional and especially pro-health constituents, resulting in the occurrence of many disorders, such as osteoporosis, esophageal cancer, and infertility [5,6]. It should be noted that many authors [7,8,9,10] have indicated oxidative stress and cellular redox status as potential factors in the pathogenesis of celiac disease. People with CD usually exhibit significant oxidative stress and impaired performance of antioxidant enzymes (glutathione peroxidase, glutathione reductase, superoxide dismutase (SOD), and catalase), which form an important antioxidant barrier in the body, and are therefore prone to oxidant-antioxidant imbalance and DNA damage. The state of oxidative stress in celiac patients, measured by the level of oxidative DNA damage, could be minimized by the use of antioxidants (e.g., vitamin E and especially polyphenols) in the diet, which, among other things, would diminish the risk of cancer development. Therefore, it is important to create new recipes for gluten-free breads containing ingredients rich in natural antioxidants (polyphenols). Special attention should be given to gluten-free additives that are safe, contain large amounts of nutrients, especially pro-health constituents (polyphenols), and can be acquired in large quantities at a reasonable cost. It seems that dried apple pomace fulfills all of these requirements. Pomace is microbiologically stable in its dried form and consists of a heterogeneous mixture of various morphological elements of apples [11]. Therefore, it could be regarded as a concentrate of various pro-health constituents, mainly polyphenols, with anticancer, anti-inflammatory, antibacterial, and antiviral properties [12,13]. Apple pomace is rich in endogenous polyphenols, such as phenolic acids (especially chlorogenic acid), flavonoids (catechins, epicatechins) and dihydrochalcone (phloridzin) [14,15,16,17]. Its use in gluten-free bread production should have a significant influence on its antioxidant potential, and thus on its pro-health value, especially in celiac patients [18,19,20]. Thus, it can be suggested that gluten-free products enriched with antioxidants derived from apple pomace may become a potential product for overcoming oxidative stress, which is commonly found in people with celiac disease, especially as the numer of celiac patients is increasing each year.



Taking into account market aspects, economists expect that this sector could be one of the most profitable branches of the food industry [21]. This is why the study on the fortification of gluten-free products with natural supplements seems to be within the current trend of world research [18,19,20].



Therefore, the aim of the research was to analyze the total phenolic content and total flavonoid and antioxidant activity, as well as the quality and quantity of phenolic compounds in gluten-free breads with different contents of apple pomace (5; 10 and 15%). Additionally, the aim was to characterize apple pomace as a natural concentrate of bioactive substances belonging to the group of polyphenols.




2. Materials and Methods


2.1. Chemicals


Methanol, ascorbic acid, acetic acid, formic acid, and acetonitrile were purchased from Sigma-Aldrich (Germany). Quercetin, phloridzin, phloretin, catechin, epicatechin, procyanidin and phenolic acids were purchased from Extrasynthese (Genay, France). Folin-Ciocalteu’s phenol reagent, gallic acid, Trolox (Tx), rutin, and ABTS (2,2′-azino-bis(3-ethylobenzothiazoline-6-sulphonic acid)-diamonium salt) were purchased from Sigma-Aldrich (Hamburg, Germany).




2.2. Materials


The materials in this manuscript were gluten-free breads with different shares of apple pomace (5, 10, and 15%). The following abbreviations are used in the tables and figure—Control (control bread), GFB5AP (gluten-free bread with a share of 5% apple pomace), GFB10AP (gluten-free bread with a share of 10% apple pomace), GFB15AP (gluten-free bread with a share of 15% apple pomace). The apple pomace originated from apple concentrate made from apples of a multivarietal mixture of an autumn–winter seasonal group, from the production line at the Fruit and Vegetable Processing Plant HORTINO Leżajsk. The apple pomace, after oven-drying under industrial processing conditions, was twice milled in a laboratory grinder for 5 s at 7000 rpm (Grindomix, GM 200, Haan, Germany), and then in a laboratory hammer mill Lab Mill 3100 (16,800 rpm; Perten, Stockholm, Sweden).




2.3. Methods


2.3.1. Bread Preparation


Control bread was baked according to the following recipe: corn starch 432 g, potato starch 108 g, freeze-dried yeast 27 g, guar gum 9 g, pectin 9 g, sucrose 10.8 g, salt 9 g, canola oil 16.2 g, water 558 g. In the other samples, part of the potato and corn starch (5, 10 and 15%) was replaced with an appropriate amount of apple pomace (5% apple pomace—27 g; 10%—54 g; 15%—81 g) All ingredients were mixed for 5 min (Laboratory Spiral Mixer SP 12, Diosna, Osnabrück, Germany). The dough was fermented for 15 min at 35 °C and relative moisture level 80%. After initial proofing, the dough was divided into 250 g pieces in greased baking pans and fermented for another 20 min under the above-mentioned conditions. The bread was baked at 230 °C for 30 min in an electric oven MIWE Condo type CO 2 0608 (MIWE GmbH, Arnstein, Germany). The loaves were removed from the pans, cooled, sliced, and air dried. Ground bread (crumbs with diameter below 1 mm) was stored in polyethylene bags for further study. Each formulation was baked in two independent batches, with five loaves in each batch.




2.3.2. Antioxidant Content and Antioxidant Activity


The following analyses were performed on each sample of gluten-free bread that contained a share of apple pomace (additionally in apple pomace):



Antioxidant constituents and antioxidant activity were determined using ethanol extracts. An amount of 0.6 g of the sample was dissolved in 30 mL 80 g/100 g ethanol, shaken in darkness for 120 min (electric shaker: type WB22, Memmert, Schwabach, Germany), and centrifuged (15 min, 1050× g) in a centrifuge (type MPW-350, MPW MED. Instruments, Warsaw, Poland). The supernatant was decanted and stored at −20 °C for further analysis [22].



Determination of total polyphenol content (TPC) was performed by spectrophotometric method using Folin-Ciocalteu reagent (with F-C reagent), according to the method described by Singleton, Orthofer, and Lamuela-Raventós [23], and the content of flavonoids was evaluated using a spectrophotometrical method, according to the method described by El Hariri, Sallé, and Andary [24]. The results of TPC are expressed as mg gallic acid/100 g dry matter (d.m.) of sample. The results of flavonoid determination are expressed as mg rutin/100 g d.m. of sample.



Additionally, antioxidant activity was assessed using analytical methods with ABTS (2,2′-azino-bis(3-ethylobenzothiazoline-6-sulphonic acid)-diamonium salt) [25]. The results of antioxidant activity are expressed as TEAC (Trolox Equivalent Antioxidant Capacity—mg Trolox/g d.m. of sample).




2.3.3. Determination of Individual Polyphenols by UPLC-PDA-MS/MS


	
Extraction






Samples (1 g) were extracted using 10 mL of reagent (3 mL methanol of a purity level of HPLC, 7 mL distilled water, 0.2 g ascorbic acid, 0.1 mL acetic acid). Extraction was carried out twice by incubating for 20 min under sonication (Sonic 6D, Polsonic, Warsaw, Poland) and mixing every 5 min. The suspension was then centrifuged at 19,000× g for 10 min and the supernatant was filtered through a 0.20 μm Hydrophilic PTFE membrane (marble filter Sampility Millex, Merck, Darmstadt, Germany) and used directly for analysis.



	2.

	
Assay







Phenolic compounds were measured using an Aquity Ultra Performance liquid chromatograph equipped with a Binary Solvent Manager (BSM), Sample Manager (SM) in combination with a PDA detector and a quadrupole time-of-flight (Q-TOF) detector (Waters, Manchester, UK). The extract samples (0.01 mL) were eluted according to a linear gradient. Analysis was performed on a 2.1 × 100 mm BEH C18 UPLC column containing particles of 1.7 μm (Waters, Manchester, UK). Isocratic elution was chosen as the gradient elution mode: 2 g formic acid/100 mL in water (A) and acetonitrile (B) as mobile phase at 0.45 mL/min. The mobile phase consisted of solvent A (2% formic acid) and solvent B (100% acetonitrile). The program began with isocratic elution with 99% solvent A (0–1 min), and then a linear gradient was used until 12 min, reducing solvent A to 0%; from 12.5 to 13.5 min, the gradient was returned to the initial composition (99% A), and then it was held constant to re-equilibrate the column. The column temperature was 30 °C, and the injection volume was 5 μL. The operating parameters of the mass detector were as follows: 2.5 kV capillary voltage and 30 V cone sample voltage. The ion source and desolvation temperatures were 130 °C and 350 °C, respectively. Nitrogen with a flow rate of 300 L/h was used as the carrier gas. Analyses were performed in full scan mode over the range 100–1500 m/z, with a tolerance of 0.001 Da and a resolution of 5000. The internal reference standard, leucine, was continuously pumped through a lockspray reference channel. Chromatograms were analyzed using a baseline peak (BPI) calibrated to 12,400 cps (100%). Data were collected and analyzed using MassLynx v. 4.1 software (Waters). Anthocyanins were analyzed in positive ion mode, and other polyphenols were analyzed in negative ion mode. Their identification was carried out by comparing maximum UV absorption spectra, molecular weight defined as mass-to-charge ratio, retention times, and fragmentation spectra with the available literature data. The degradation spectra were obtained by collision-induced dissociation (CID) in tandem mode. The collision energy was selected individually for each of the analyzed substances. Characteristic UV spectra were collected at the following wavelengths: λ = 320 nm—phenolic acids; λ = 360 nm—flavonols; λ = 280 nm—flavan-3-ols; λ = 340 nm—flavones. Retention times and spectra were compared with those obtained for pure standards. Quantification of phenolic compounds was carried out using external calibration curves, using standard compounds selected on the basis of the target analyte/structure standard (chemical structure or functional group). The calibration curve for p-coumaric acid was used for the quantification of 3-p-coumaroylquinic acid. performed in the concentration range of 0.05 to 5 mg/mL. The correlation coefficient was R2 ≤ 0.9998. Chlorogenic, cryptochlorogenic, and neochlorogenic acids were quantified according to an in-house standard was used for the quantification performed in the concentration range of 0.05 to 5 mg/mL. The correlation coefficient was R2 ≤ 0.9998. (+) catechin, (−) epicatechin, and procyanidin B2 were quantified according to an in-house standard, performed in the concentration range of 0.05 to 5 mg/mL. The correlation coefficient was R2 ≤ 0.9998. Calibration curves for 3-O-rutinoside, 3-O-glucoside and 3-O-galactoside of quercetin were used for quantification of quercetin derivatives, performed in the concentration range of 0.05 to 5 mg/mL. The correlation coefficient was R2 ≤ 0.9998. For the quantification of isorhamnetin derivatives, 3-O-rutinoside and 3-O-glucoside of isorhamnetin were used, respectively, performed in the concentration range of 0.05 to 5 mg/mL. The correlation coefficient was R2 ≤ 0.9998. All determinations were performed in duplicate (n = 2). The results are expressed as mg/100 g d.m. [26].




2.3.4. Organoleptic Analysis


The breads were evaluated in accordance with a Polish standard [27] by a 15-person panel with proven sensory sensitivity. There were eight woman and seven men in this group, aged 21–48 years. The analyses were carried out in a laboratory designed and equipped in accordance with PN-ISO 8589 (1998) (PN-ISO 8589, 1998) [27]. The following traits were evaluated: external appearance (maximum 5 points), color (maximum 3 points), thickness (maximum 4 points) and other crust characteristics (maximum 4 points), elasticity (maximum 4 points), porosity (maximum 3 points) and other crumb characteristics (maximum 3 points), and smell and taste (maximum 6 points).




2.3.5. Statistical Analysis


The experimental data were subjected to analysis of variance (Duncan’s test), at the confidence level of 0.05, by the use of software Statistica v. 8.0 (Statsoft, Inc., Tulsa, OK, USA). All measurements were performed at least in duplicate. Correlation coefficient was measured with the use of Statistica 8.0 PL.






3. Results and Discussion


3.1. Apple Pomace Characteristics


Table 1 shows the total phenolic content (TPC), total flavonoids and antioxidant activity of apple pomace. It can be observed that total polyphenol content reaches 89.4 mg gallic acid/100 g d.m. (Table 1). In the study of Candrawinata et al., [28] concerning apple pomace, the total phenolic content was 118.6 mg gallic acid/100 g d.m, while Bai et al., [29] reported a value of 62.7 mg gallic acid/100 g d.m. According to Adil et al. [30], total polyphenol content expressed in the same units was 47 mg gallic acid/100 g d.m, while Leyva-Corral et al., [17] noticed much higher levels, at 324.2 mg gallic acid /100 g d.m. Persic et al., [31] determined the total polyphenol content in apple pomace to be in the range 19–50 mg gallic acid/100 g d.m. In this context, it can be stated that the total polyphenol content in the analyzed apple pomace was within the range established by other authors, and the slight changes could be due to its origin. Ćetković et al., [14] reported that the broad range of determined polyphenols was largely a result of different apple varieties. At the same time, they observed that the amount of polyphenols could change by up to 30% within a given variety, depending on the year of harvesting. Such changes could consequently influence the level of polyphenols in apple pomace. Moreover, the values of TPC in plant materials are known to be dependent not only on the extraction conditions (type of medium, temperature, pH, time), but also on the way in which the results are expressed (e.g., different type of phenolic compound used to calculate the level of polyphenols) [28,29,30]. According to Rabetafika et al., [15], extraction using 60 or 70% acetone results in a better yield of polyphenols compared to extraction using 50% methanol. In the study of Krasnova and Seglina [32], the seasonal group of apples was also an important factor. It was observed that apple pomace derived from apples harvested in late winter contained almost twice as much TPC as that from apples produced in the autumn and winter seasons.



The total content of flavonoids in apple pomace was in the range 94.3 mg rutin/100 g d.m. (Table 1). According to Ćetković et al., [14], the content of flavonoids in apple pomace could vary between 45–119 mg rutin/100 g d.m. Krasnova and Seglina [32] also determined flavonoid content to be in the range of 240 to 685 mg catechin/100 g d.m., but they used catechin to express these compounds, and therefore we cannot compare our study to theirs.



Apart from determining total polyphenol content and flavonoids on the basis of spectrophotometric methods, UPLC-PDA-MS/MS analysis of the profile of individual phenolic compounds present in the apple pomace was performed. This made it possible to observe the presence of four groups of phenolic compounds in the analyzed samples: flavonols, flavan-3-ols, dihydrochalcons and phenolic acids (Table 2).



The total content of phenolic compounds determined using the UPLC-PDA-MS/MS methods was 118.7 mg/100 g d.m. (Table 2). Leyva-Corral et al., [17] reported the level of identified polyphenols to be 114.54 mg/100 g d.m., and Ćetković et al. [14] established a content of 69.2–147.4 mg/100 g d.m.



Among the phenolic compounds present in apple pomace, flavonols are the most abundant group, especially the derivatives of quercetin (Table 2), among which quercetin-3-O-galactoside—22.55 mg/100 g d.m., quercetin 3-O-rhamnoside—19.21 mg/100 g d.m. and quercetin-3-O-xyloside—13.91 mg/100 g d.m. predominated. Earlier reports on apple pomace showed the level of quercetin-3-O-glucoside to range between 28.6–61 mg/100 g d.m [14] or 52.1–68.1 mg/100 g d.m. [15], which is significantly higher than the value of 5.88 mg/100 g d.m observed in this study (Table 2).



Phenolic acids form another group of phenolic compounds present in substantial amounts in apple pomace, represented mainly by chlorogenic acid (20.55 mg/100 g d.m.) (Table 2). Other important phenolic acids include cryptochlorogenic acid—1.03 mg/100 g d.m. and p-coumaroylquinic acid—0.16 mg/100 g d.m. (Table 2). The content of p-coumaroylquinic acid was also reported to be 0.18 mg/100 g d.m. by Kammerer et al. [16]. The level of chlorogenic acid has previously been reported to be 1.43 mg/100g d.m. [16]; 3–17, 6 mg/100 g [14], and 41.55 mg/100 g d.m. [17].



Other very important groups of phenolic compounds present in apple pomace include flavan-3-ols and dihydrochalcons. Among flavan-3-ols, special attention should be given to catechin—1.44 mg/100 g d.m., procyanidin B2—2.61 mg/100 g d.m., and epicatechin—0.76 mg/100 g d.m. (Table 2). Previous reports have determined the catechin content to be: 0.94–1.4 mg/100 g d.m. [15]; 0.24 mg/100 g d.m. [16] and 1.7–12.7 mg/100 g d.m. [14]. The level of epicatechin in apple pomace has previously been reported to be: 2.4–17.3 mg/100 g d.m., 0.93 mg/100 g d.m., 14–19 mg/100 g d.m., and 12.23 mg/100 g d.m. [14,15,16,17]. The content of procyanidin B2, as assessed by other authors, was: 0.93 mg/100 g d.m., and 9.3–16 mg/100 g d.m. [15,16]. Among the dihydrochalcons, phloridzin was prevalent, being present in the amounts 15.52 mg/100 g d.m (Table 2). According to Leyva-Corral et al. [17], its content was equal to 17.97 mg/100 g d.m., while Ćetković et al. [14] determined it to be in the range of 0.7–8.5 mg/100 g d.m.



Our results may differ from those of other authors on the basis of many factors, such as apple variety, climatic and soil conditions, agrotechnical conditions, technology of pomace production, and the method of sample preparation for the chromatographic analysis [31,33]. All these factors may be responsible for discrepancies between the obtained results and the results obtained by the cited authors. Rana et al. [34] stated that drying apple pomace does not significantly affect the phenolic content in industrial apple pomace, and the most economically beneficial drying method is oven drying, which was used in this work. In the study of Rana et al. [34] on dried apple pomace, the polyphenols were determined in the range of 100–331 mg gallic acid/100 g, and the content of flavonoids was 15–99 mg quercetin/100 g, except that a different extraction method was used for these compounds, hence the high amount of TPC in the apple pomace compared to our study. Nevertheless, the previously cited authors [14,15,16,17,28,29,30,31,32,33,34] noted that the primary phenolic compounds in apple pomace were chlorogenic acid, catechin, epicatechin, quercetin derivatives, procyanidin B2, and phloridzin, with the latter compound being unique. It is only present in dried apple pomace and is a specific marker for this type of pomace [33]. The results of the above-mentioned authors regarding the dominant phenolic compounds in the analyzed apple pomace were confirmed in this work. The large number of the polyphenols in apple pomace makes it possible to state that it is a rich source of pro-health compounds, with anticancerogenic, hypoglycemic, hypotensive, antibacterial, antiviral and anti-inflammatory effects [12,13]. Among these bioactive compounds, special attention should be given on the one hand to catechin, procyanidin B2, epicatechin, which are characterized by a strong antioxidant effect and inhibit LDL oxidation (in vitro studies), and on the other to chlorogenic acid, which dominates as an anticancerogenic component. Quercetin, as a strong antioxidant, has a potential preventive effect on the development of many types of cancer (especially hormone-dependent cancers) and heart diseases, and is a factor inhibiting the development of colorectal cancer cells and adenocarcinomas. Phloridzin, which could be regarded as a marker of apple pomace, has an antidiabetic effect and reduces postprandial glycemia [35,36,37,38].



Taking into account celiac patients, it is important to note the high antioxidant activity of apple pomace. The high polyphenol content in apple pomace results in a significant antioxidant activity in this type of pomace (TEAC 9.30 mg Tx/g d.m., 0.036 mmol Tx/g d.m.) (Table 1). Additionally, Gorjanović et al., [39] determined the high antioxidant activity of dried apple pomace to be in the range of 0.034 to 0.1 mmol Tx/g. However, it should be emphasized that the antioxidant potential of apple pomace is not only a result of the presence of polyphenols, but is also influenced by other compounds with antioxidant properties (vitamin C, E, beta-carotene) and minerals, the contents of which were not determined in this study. The results of other authors reveal that apple pomace contains the vitamins C, E and beta-carotene [33], as well as high levels of macro- and micro-elements (K—4.49 g/kg, Ca—1.50 g/kg, P—1.49 g/kg, Mg—0.45 g/kg, Fe—91.8 mg/kg, Mn—8.75 mg/kg, Zn—6.90mg/kg, Cu—1.36 mg/kg) [40]. The latter components (Cu, Zn and Mn), especially, have the ability to stimulate antioxidant enzymes in our organism, thus guaranteeing their proper function. Apple pomace is therefore a natural and very valuable concentrate of endogenous antioxidants that is able to provide valuable antioxidant properties to the fortified gluten-free products. We suggest that gluten-free products fortified with apple pomace could eliminate the overproduction of free radicals in the organisms of celiac patients.



In the following steps of this study, we analyzed bread baked with apple pomace to verify the hypothesis that this type of addition, which could be regarded as a natural concentrate of antioxidants from the polyphenol group, will provide them with pro-health value.




3.2. Profile of Phenolic Compounds in Gluten-Free Bread Enriched with Apple Pomace


Table 3 demonstrates the quantity of total polyphenols and flavonoids in gluten-free bread enriched with apple pomace, as well as the antioxidant activity of these products.



It can be observed that total polyphenol content (TPC) significantly increased in gluten-free bread after the addition of apple pomace (2.5–20 times) in comparison to control. The change was parallel to the level of applied fruit component, with the greatest increase being provided with the 15% addition (Table 3). TPC in control gluten-free bread (1.02 mg gallic acid/100 g d.m. or, equivalently, 2 mg catechin/100 g d.m.) is probably due to the occurrence of the Maillard reaction, because its products, according to previous reports [41] could react with Folin-Ciocalteu reagent [42]. Moreover, according to Katina et al. [43], the fermentation process could increase the content of total polyphenols in bread. The results are in good agreement with previous data concerning the level of total polyphenols in GFB (control) [44], which reported a value of 5.2 mg catechin/100 g d.m. The above-mentioned research on gluten-free bread with the addition of blackcurrant and strawberry seeds showed increases in TPC in the range between 92% and 1265% compared to control [44].



No presence of flavonoids was detected in the control bread, while the application of only 5% apple pomace resulted in a significant content of 8.04 mg rutin/100 g d.m. (Table 3). In the case of the GFB15AP sample, the content of flavonoids was 21.56 mg rutin/100 g d.m. Such high amounts of flavonoids being determined in gluten-free bread is a result of their abundance in apple pomace (Table 1 and Table 3).



Apart from the application of the spectrophotometric method, the individual phenolic compounds were identified using the UPLC-PDA-MS/MS method, and the results are shown in Table 4. The high contents of phenolic acids in gluten-free bread with apple pomace were accompanied by the occurrence of only a few such compounds in the applied additive, namely chlorogenic, cryptochlorogenic and p-coumaroylquinic acids (Table 2 and Table 4). The presence of other phenolic acids in bread could be due to the interaction of many different factors. Most probably, the profile of the phenolic acids was modified in the subsequent stages of gluten-free production. In previous studies, an increase in phenolic acids was observed during yeast fermentation [43] and dough mixing [45]. Moreover, thermal disruption of quercetin derivatives, especially quercetin-rutinoside, could generate phenolic acids [46]. Taking into account the high quantity of quercetin in dried apple pomace, this process could lead to an increase in phenolic acids in gluten-free bread. This was indirectly confirmed by the increase in most of the analyzed phenolic acids (chlorogenic acid, cryptochlorogenic acid and p-coumaroylquinic acid, caffeoyl-dihydroxyphenyl-lactaoyl-tartaric acid, 1-O-p-coumaroyloglycerol) accompanying an increase in the levels of added apple pomace. Only one phenolic acid was detected in smaller quantities in comparison with control (p-coumaroyl spermidins), and this was due to a thermal decarboxylation of these compounds, e.g., to 4-vinyl guaiacol [47] (Table 4). Among the analyzed samples of gluten-free bread with added apple pomace, the greatest increase in comparison to control could be found for chlorogenic acid (7 times). In the case of p-coumaroylquinic acid and caffeoyl-dihydroxyphenyl-lactaoyl-tartaric acid, 3-fold increases in their level were observed with the introduction of apple pomace into the gluten-free bread formulation.



According to Rupasinghe et al. [46], the thermal resistance of flavonols, including the above-mentioned derivatives of quercetin, is relatively higher than that of phenolic acids and anthocyanins. However, the applied baking temperature (230 °C) could cause their partial decomposition, as evidenced by the appearance of the above-mentioned phenolic acids in the gluten-free breads containing apple pomace (Table 4).



On the other hand, the content of flavan-3-ols, including catechins, as well as procyanidins in gluten-free breads containing apple pomace was relatively low, and in the case of epicatechins, the levels were below the detection limits in the above-mentioned products (Table 4). This is most probably connected with the significant decomposition of these compounds, especially catechins, resulting from a combination of several processes, including oxidation, isomerization, and epimerization occurring during baking [48] and at other stages of bread production [46]. Additionally, losses of these phenolic compounds may be caused by the formation of complexes with polysaccharides [48].



In the case of dihydrochalcons, i.e., phloretin and phloridzin, previously detected in apple pomace, a significant content of these compounds (especially the latter compound) was also found in the breads containing this addition (Table 2 and Table 4). Their amount in the gluten-free breads corresponded to the amount of the above-mentioned pomace added. The amount of phloridzin in gluten-free breads containing apple pomace increased by 21–75 times relative to the control. In the case of phloretin, the addition of apple pomace to gluten-free breads caused a 12.5-fold increase compared to the control (Table 4).



Despite the above-mentioned losses of polyphenols during baking, it should be emphasized that the addition of apple pomace (in a content range from 5 to 15%) guarantees an increase in polyphenol content in these gluten-free breads (with up to a 7-fold increase in chlorogenic acid, a 21.5–39-fold increase in quercetin derivatives, a doubling of procyanidin B2, a 4.5–12.5-fold increase in phloretin-2-O-xylosyl-glucoside, and a 21–75-fold increase in phloretin-2-O-glucoside), which translates into a high antioxidant potential of the final product (Table 3 and Table 4). Even the smallest share of apple pomace (5%) in GFB caused a 66-fold increase in antioxidant activity compared to control, and a 15% share of apple pomace resulted in a 107-fold increase in this activity (Table 3). In the study of Korus et al. [44], the increase in antioxidant activity ranged from 12 to 68% in GFB with defatted blackcurrant seeds, and from 165 to 370% in the case of the use of defatted strawberry seeds, in comparison to control. Similarly, the amount of polyphenols increased in the breads analyzed by Korus et al. that contained a share of fruit seeds [44] in comparison to the control. In the research of Zlatanović et al. [20] on cookies fortified with up to 75% apple pomace flour produced by industrial-scale dehydration, an increase in the amount of polyphenols (8–126%) and flavonoids (3–8 times) was seen in comparison to the control. Additionally, the antioxidant activity of these cookies was 3 to 5.5 times higher than that of the control cookies [20]. In the study of Mir et al., [18] regarding the influence of apple pomace on the quality of gluten-free rice crackers, an increase in polyphenol content in these crackers was also noted with increasing levels of addition (from 3% to 9%). This increase ranged from 14% to 34%, while the increase in flavonoids in the analyzed product ranged from 9% to 28%, compared to the control sample. According to Mir et al., [18], the above-mentioned changes were proportional to the addition level applied. Similarly, in this work, the increase in TPC and flavonoids was parallel to the increase in the proportion of apple pomace in GFB (Table 3). Šarić et al., [19], while studying gluten-free cookies with different proportions of blueberry and raspberry pomace, also observed a significant content of bioactive compounds following the introduction of pomace. Gluten-free cookies with a mixture of the above-mentioned pomace types in different proportions (total additive content 30%) were characterized by a 725-fold to 2500-fold higher content of total polyphenols compared to the control. Moreover, Šarić et al., [19] proved that cookies prepared with only blueberry pomace contained 6-fold more TPC than cookies with raspberry pomace. This also resulted antioxidant activity in these products many times greater than the control. The authors, similarly to Mir et al., [18], explained this huge increase in the bioactive content of cookies as being a result of the use of colored fruit pomace in the production of these products. This study also showed that using apple pomace in the production of GFB guaranteed a significant amount of polyphenols and high antioxidant activity of these breads (Table 3 and Table 4).



We suggest that, due to the high antioxidant potential of apple pomace when introduced into gluten-free bread, a high antioxidant potential of the finished product is guaranteed, which may contribute to the reduction of oxidative stress, which would affect inflammation and may protect against DNA damage, which in turn may prevent future chronic non-communicable diseases and even cancer in people with celiac disease.



It should be noted that oxidative stress is significantly higher in patients shortly after diagnosis, who have not yet started a gluten-free diet [9]. The findings suggest that it is gliadin that disrupts the pro-oxidant–antioxidant balance in the small intestinal mucosa of affected individuals through overproduction of ROS [49]. Additionally, in vitro studies have shown redox imbalance and increased free radical levels after exposure of cells to gliadin [50]. Stojiljković et al., [7] showed that oxidative stress is strongly associated with CD, and that antioxidant capacity in celiac patients is impaired by glutathione (GSH) depletion and reduced activity of glutathione peroxidase and glutathione reductase (GPx and GR), as well the activity of other enzymes, including CuZn SOD and Mn SOD. It has also been shown that the greater the oxidative stress in people with celiac disease, the more advanced the mucosal damage is. Therefore, a diet rich in natural antioxidants may be beneficial for complete mucosal healing in celiac patients [7].



We suggest that the product obtained in this work, i.e., GFB with apple pomace, seems to be an example of a product that could increase the supply of antioxidants in a gluten-free diet, in which bread, based only on starch and hydrocolloids, is a key element. Therefore, the obtained GFB with apple pomace could be recommended especially at the beginning of a gluten-free diet, because at this point, it seems reasonable to introduce products rich in antioxidants.



As has already been mentioned, among all of the analyzed samples of gluten-free breads containing apple pomace, the GFB15AP sample was characterized as having the highest antioxidant activity. The high antioxidative potential of the above-mentioned bread is reflected by its having the highest content of total polyphenols, the largest quantity of flavonoids, determined by spectrophotometric methods, as well as the amounts of individual phenolic acids, dihydrochalcones and some flavonols (especially quercetin derivatives) determined using the UPLC-PDA-MS/MS method (Table 3 and Table 4). In this study, a correlation between TPC and ABTS was observed (r = 0.84). Nevertheless, it should be remembered that individual phenolic compounds have a specific antioxidant activity. Among the above-mentioned compounds, high antioxidant activity has been demonstrated for quercetin derivatives and chlorogenic acid [51]. This is reflected by the correlation coefficients between this acid and ABTS (r = 0.95) and the sum of flavonols (as derivatives of quercetin) and ABTS (r = 0.94). High correlation coefficients between the above-mentioned compounds and antioxidant activity confirm the observations of earlier authors, who observed a strong correlation between phenolic acids, flavonols and antioxidant activity [51,52].



Gluten-free breads enriched with antioxidants from the polyphenol group derived from the apple pomace guarantee high health-promoting potential. It is known that polyphenols have anticancer, anti-inflammatory, antibacterial, and antiviral properties [12,13]. The polyphenols that were detected in this type of bread, i.e., chlorogenic acid, quercitin derivatives, catechins, procyanidin and dihydrochalcone (phloridzin), are especially valuable [35,36,37,38,53,54,55],



The high antioxidant potential of breads with apple pomace that is confirmed in this work should be verified in in the context of a diet for celiac patients in further research.




3.3. Organoleptic Analysis of Gluten-Free Bread Enriched with Apple Pomace


The appearances of the control bread and the bread with the 5% share of apple pomace were judged to be the best. The other two breads, with higher shares of apple pomace, obtained significantly lower ratings (Figure 1). The crust color of breads is an important parameter affecting consumer acceptance [56]. The crust color of the control bread was rated significantly lower in comparison to the breads containing apple pomace. The evaluations of this parameter in the breads containing 10% and 15% apple pomace did not differ from each other, while the loaf with the lowest apple pomace content (5%) received the highest rating, which was significantly different from the other breads. This may have been due to the darker crust color, resulting from the addition of apple pomace, while at higher contents of this ingredient, the crust was rated as being too dark. A significant crust darkening was observed by Torbica et al., in wholegrain wheat bread with 10% coextrudate of apple pomace and corn grits [57]. Additionally, Rocha Parra et al., [58] found a decrease in the L* parameter value, indicating darkening of both the crust and the crumbs of gluten-free breads based on rice flour and cassava starch with increasing amounts of apple pomace.



The addition of 5 and 10% apple pomace did not significantly affect the crumb elasticity of the gluten-free breads compared to the control bread. However, the highest addition of apple pomace, 15%, significantly decreased the elasticity of the bread, as judged by the panelists (Figure 1). Bchir et al., [56] found no significant differences in instrumentally tested crumb elasticity between the control wheat bread and breads with apple fiber from cooked by-products. With respect to crumb porosity, only 5% apple pomace did not significantly affect this characteristic in comparison with control bread. On the other hand, crumb porosity was rated significantly lower for higher proportions of apple pomace (Figure 1).



The most important features in organoleptic evaluation are the taste and smell of the product, which are the factors most responsible for consumer acceptance. In the case of the tested gluten-free breads, the apple pomace significantly increased the evaluation of the taste and smell in comparison with the control bread, irrespective of the amount of this ingredient added. The breads with 5 and 10% addition of apple pomace did not differ from each other with respect to the evaluation of this parameter, while the highest addition level (15%) showed a decrease in this parameter, although it was, however, still significantly higher than the case of the control bread. These data corroborate the study of Jannati et al. [59], who studied the effect of apple pomace addition of 1–7% on wheat flour Sangak bread. They observed a significant increase in the organoleptic evaluation scores for the smell for all breads containing apple pomace. In contrast, the score for taste was not significantly different from the control bread, except for the bread with 3% apple pomace, which was scored the best.



The organoleptic evaluation showed that the share of apple pomace positively influenced the results obtained in the evaluation of breads (Figure 1). Among the samples containing apple pomace, the bread with the lowest, 5%, share of pomace received the best evaluation; it received the highest scores for external appearance, the color of the crust, and other crumb characteristics, as well as other features of crust and smell and taste.





4. Conclusions


In summary, the bread with 15% apple pomace was the best in terms of possessing the highest content of marked phenolic compounds (total phenolic content, total flavonoids, phenolic acids, dihydrochalcons, and flavonols, especially quercetin derivatives) and antioxidant potential among the gluten-free breads with apple pomace analyzed in this study. Unfortunately, this bread received the lowest organoleptic scores. The best results of organoleptic analysis were determined for the bread with a 5% share of apple pomace. Bread with this level of apple pomace still has 2.5 times more polyphenols, 8 times more flavonoids, 4 times more chlorogenic acid and 21 times more phloridzin than the control, resulting in 6.5 times higher antioxidant potential. Therefore, it can be recommended as an innovative gluten-free product for people with gluten intolerance that should be produced on an industrial scale. We then suggest that this type of bread may help in reducing oxidative stress affecting inflammation, and may protect against DNA damage. Therefore, it may reduce the occurrence of non-communicable diseases, including even cancer, in patients with celiac disease, which should be verified through further studies.







Author Contributions


Conceptualization, D.G. and M.K.; methodology, D.G., M.K., J.K. and R.Z.; software, J.K.; validation, D.G., M.K., J.K. and R.Z.; formal analysis, D.G., M.K., J.K. and R.Z.; investigation, D.G., M.K., J.K. and R.Z.; resources, D.G.; data curation, M.K. writing—original draft preparation, D.G. and M.K.; writing—review and editing, D.G. and R.Z.; visualization, M.K.; supervision, D.G. All authors have read and agreed to the published version of the manuscript.




Funding


The work was financed by a subsidy of the Ministry of Science and Higher Education for the University of Agriculture in Krakow for 2020.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data concerning the presented studies are included in the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wieser, H. Chemistry of Gluten Proteins. Food Microbiol. 2007, 24, 115–119. [Google Scholar] [CrossRef] [PubMed]

	



Świeca, M.; Reguła, J.; Suliburska, J.; Złotek, U.; Gawlik-Dziki, U. Effects of Gluten-Free Breads, with Varying Functional Supplements, on the Biochemical Parameters and Antioxidant Status of Rat Serum. Food Chem. 2015, 182, 268–274. [Google Scholar] [CrossRef]

	



Tsatsaragkou, Κ.; Protonotariou, S.; Mandala, I. Structural Role of Fibre Addition to Increase Knowledge of Non-Gluten Bread. J. Cereal Sci. 2016, 67, 58–67. [Google Scholar] [CrossRef]

	



Saturni, L.; Ferretti, G.; Bacchetti, T. The Gluten-Free Diet: Safety and Nutritional Quality. Nutrients 2010, 2, 16–34. [Google Scholar] [CrossRef]

	



Hopper, A.D.; Hadjivassiliou, M.; Butt, S.; Sanders, D.S. Adult Coeliac Disease. BMJ 2007, 335, 558–562. [Google Scholar] [CrossRef]

	



Wierdsma, N.; Bokhorst-de van der Schueren, M.; Berkenpas, M.; Mulder, C.; van Bodegraven, A. Vitamin and Mineral Deficiencies Are Highly Prevalent in Newly Diagnosed Celiac Disease Patients. Nutrients 2013, 5, 3975–3992. [Google Scholar] [CrossRef] [PubMed]

	



Stojiljković, V.; Todorović, A.; Pejić, S.; Kasapović, J.; Saičić, Z.S.; Radlović, N.; Pajović, S.B. Antioxidant Status and Lipid Peroxidation in Small Intestinal Mucosa of Children with Celiac Disease. Clin. Biochem. 2009, 42, 1431–1437. [Google Scholar] [CrossRef] [PubMed]

	



Szaflarska-Popławska, A.; Siomek, A.; Czerwionka-Szaflarska, M.; Gackowski, D.; Różalski, R.; Guz, J.; Szpila, A.; Zarakowska, E.; Oliński, R. Oxidatively Damaged DNA/Oxidative Stress in Children with Celiac Disease. Cancer Epidemiol. Biomark. Prev 2010, 19, 1960–1965. [Google Scholar] [CrossRef]

	



Maluf, S.W.; Wilhelm Filho, D.; Parisotto, E.B.; Medeiros, G.d.S.d.; Pereira, C.H.J.; Maraslis, F.T.; Dornelles Schoeller, C.C.; da Rosa, J.S.; Fröde, T.S.; Maluf, S.W.; et al. DNA Damage, Oxidative Stress, and Inflammation in Children with Celiac Disease. Genet. Mol. Biol. 2020, 43. [Google Scholar] [CrossRef]

	



Rowicka, G.; Czaja-Bulsa, G.; Chełchowska, M.; Riahi, A.; Strucińska, M.; Weker, H.; Ambroszkiewicz, J. Oxidative and Antioxidative Status of Children with Celiac Disease Treated with a Gluten Free-Diet. Available online: https://www.hindawi.com/journals/omcl/2018/1324820/ (accessed on 22 April 2021).

	



Tarko, T.; Duda-Chodak, A.; Bebak, A. Aktywność biologiczna wybranych wytłoków owocowych oraz warzywnych. Żywność Nauka Technol. Jakość 2012, 19, 4. [Google Scholar]

	



Balasuriya, N.; Rupasinghe, H.P.V. Antihypertensive Properties of Flavonoid-Rich Apple Peel Extract. Food Chem. 2012, 135, 2320–2325. [Google Scholar] [CrossRef]

	



Makarova, E.; Górnaś, P.; Konrade, I.; Tirzite, D.; Cirule, H.; Gulbe, A.; Pugajeva, I.; Seglina, D.; Dambrova, M. Acute Anti-Hyperglycaemic Effects of an Unripe Apple Preparation Containing Phlorizin in Healthy Volunteers: A Preliminary Study. J. Sci. Food Agric. 2015, 95, 560–568. [Google Scholar] [CrossRef] [PubMed]

	



Ćetković, G.; Čanadanović-Brunet, J.; Djilas, S.; Savatović, S.; Mandić, A.; Tumbas, V. Assessment of Polyphenolic Content and in Vitro Antiradical Characteristics of Apple Pomace. Food Chem. 2008, 109, 340–347. [Google Scholar] [CrossRef]

	



Rabetafika, H.N.; Bchir, B.; Blecker, C.; Richel, A. Fractionation of Apple By-Products as Source of New Ingredients: Current Situation and Perspectives. Trends Food Sci. Technol. 2014, 40, 99–114. [Google Scholar] [CrossRef]

	



Kammerer, D.R.; Kammerer, J.; Valet, R.; Carle, R. Recovery of Polyphenols from the By-Products of Plant Food Processing and Application as Valuable Food Ingredients. Food Res. Int. 2014, 65, 2–12. [Google Scholar] [CrossRef]

	



Leyva-Corral, J.; Quintero-Ramos, A.; Camacho-Dávila, A.; de Jesús Zazueta-Morales, J.; Aguilar-Palazuelos, E.; Ruiz-Gutiérrez, M.G.; Meléndez-Pizarro, C.O.; de Jesús Ruiz-Anchondo, T. Polyphenolic Compound Stability and Antioxidant Capacity of Apple Pomace in an Extruded Cereal. LWT Food Sci. Technol. 2016, 65, 228–236. [Google Scholar] [CrossRef]

	



Mir, S.A.; Bosco, S.J.D.; Shah, M.A.; Santhalakshmy, S.; Mir, M.M. Effect of Apple Pomace on Quality Characteristics of Brown Rice Based Cracker. J. Saudi Soc. Agric. Sci. 2017, 16, 25–32. [Google Scholar] [CrossRef]

	



Šarić, B.; Mišan, A.; Mandić, A.; Nedeljković, N.; Pojić, M.; Pestorić, M.; Đilas, S. Valorisation of Raspberry and Blueberry Pomace through the Formulation of Value-Added Gluten-Free Cookies. J. Food Sci. Technol. 2016, 53, 1140–1150. [Google Scholar] [CrossRef] [PubMed]

	



Zlatanović, S.; Kalušević, A.; Micić, D.; Laličić-Petronijević, J.; Tomić, N.; Ostojić, S.; Gorjanović, S. Functionality and Storability of Cookies Fortified at the Industrial Scale with up to 75% of Apple Pomace Flour Produced by Dehydration. Foods 2019, 8, 561. [Google Scholar] [CrossRef]

	



Brouns, F.J.P.H.; van Buul, V.J.; Shewry, P.R. Does Wheat Make Us Fat and Sick? J. Cereal Sci. 2013, 58, 209–215. [Google Scholar] [CrossRef]

	



Gumul, D.; Korus, J.; Ziobro, R.; Kruczek, M. Enrichment of Wheat Bread with Apple Pomace as a Way to Increase Pro-Health Constituents. Qual. Assur. Saf. Crops Foods 2019, 11, 231–240. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. [14] Analysis of total phenols and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1999; Volume 299, pp. 152–178. ISBN 9780121822002. [Google Scholar]

	



El Hariri, B.; Sallé, G.; Andary, C. Involvement of Flavonoids in the Resistance of Two Poplar Cultivars to Mistletoe (Viscum Album L.). Protoplasma 1991, 162, 20–26. [Google Scholar] [CrossRef]

	



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]

	



Oszmiański, J.; Kolniak-Ostek, J.; Wojdyło, A. Application of Ultra Performance Liquid Chromatography-Photodiode Detector-Quadrupole/Time of Flight-Mass Spectrometry (UPLC-PDA-Q/TOF-MS) Method for the Characterization of Phenolic Compounds of Lepidium Sativum L. Sprouts. Eur. Food Res. Technol. 2013, 236, 699–706. [Google Scholar] [CrossRef]

	



PN-ISO 8589. Sensory Analysis—General Guidance for the Design of Test Rooms; PKN: Warsaw, Poland, 1998; (In Polish, English Abstract). [Google Scholar]

	



Candrawinata, V.I.; Golding, J.B.; Roach, P.D.; Stathopoulos, C.E. Optimisation of the Phenolic Content and Antioxidant Activity of Apple Pomace Aqueous Extracts. CyTA J. Food 2015, 13, 293–299. [Google Scholar] [CrossRef]

	



Bai, X.-L.; Yue, T.-L.; Yuan, Y.-H.; Zhang, H.-W. Optimization of Microwave-Assisted Extraction of Polyphenols from Apple Pomace Using Response Surface Methodology and HPLC Analysis: Sample Preparation. J. Sep. Sci. 2010, 33, 3751–3758. [Google Scholar] [CrossRef]

	



Adil, İ.H.; Çetin, H.I.; Yener, M.E.; Bayındırlı, A. Subcritical (Carbon Dioxide+ethanol) Extraction of Polyphenols from Apple and Peach Pomaces, and Determination of the Antioxidant Activities of the Extracts. J. Supercrit. Fluids 2007, 43, 55–63. [Google Scholar] [CrossRef]

	



Persic, M.; Mikulic-Petkovsek, M.; Slatnar, A.; Veberic, R. Chemical Composition of Apple Fruit, Juice and Pomace and the Correlation between Phenolic Content, Enzymatic Activity and Browning. LWT Food Sci. Technol. 2017, 82, 23–31. [Google Scholar] [CrossRef]

	



Krasnova, I.; Segliņa, D. Content of Phenolic Compounds and Antioxidant Activity in Fresh Apple, Pomace and Pomace Water Extract—Effect of Cultivar. Proc. Latv. Acad. Sci. 2019, 73, 513–518. [Google Scholar] [CrossRef]

	



Waldbauer, K.; McKinnon, R.; Kopp, B. Apple Pomace as Potential Source of Natural Active Compounds. Planta Med. 2017, 83, 994–1010. [Google Scholar] [CrossRef]

	



Rana, S.; Gupta, S.; Rana, A.; Bhushan, S. Functional Properties, Phenolic Constituents and Antioxidant Potential of Industrial Apple Pomace for Utilization as Active Food Ingredient. Food Sci. Hum. Wellness 2015, 4, 180–187. [Google Scholar] [CrossRef]

	



Molina, M.F.; Sanchez-Reus, I.; Iglesias, I.; Benedi, J. Quercetin, a Flavonoid Antioxidant, Prevents and Protects against Ethanol-Induced Oxidative Stress in Mouse Liver. Biol. Pharm. Bull. 2003, 26, 1398–1402. [Google Scholar] [CrossRef]

	



Faillie, J.-L. Pharmacological Aspects of the Safety of Gliflozins. Pharmacol. Res. 2017, 118, 71–81. [Google Scholar] [CrossRef]

	



Kasai, H.; Fukada, S.; Yamaizumi, Z.; Sugie, S.; Mori, H. Action of Chlorogenic Acid in Vegetables and Fruits as an Inhibitor of 8-Hydroxydeoxyguanosine Formation in Vitro and in a Rat Carcinogenesis Model. Food Chem. Toxicol. 2000, 38, 467–471. [Google Scholar] [CrossRef]

	



Peng, I.-W.; Kuo, S.-M. Flavonoid Structure Affects the Inhibition of Lipid Peroxidation in Caco-2 Intestinal Cells at Physiological Concentrations. J. Nutr. 2003, 133, 2184–2187. [Google Scholar] [CrossRef]

	



Gorjanović, S.; Micić, D.; Pastor, F.; Tosti, T.; Kalušević, A.; Ristić, S.; Zlatanović, S. Evaluation of Apple Pomace Flour Obtained Industrially by Dehydration as a Source of Biomolecules with Antioxidant, Antidiabetic and Antiobesity Effects. Antioxidants 2020, 9, 413. [Google Scholar] [CrossRef] [PubMed]

	



Pieszka, M.; Szczurek, P.; Bederska-Łojewska, D.; Migdał, W.; Pieszka, M.; Gogol, P.; Jagusiak, W. The Effect of Dietary Supplementation with Dried Fruit and Vegetable Pomaces on Production Parameters and Meat Quality in Fattening Pigs. Meat Sci. 2017, 126, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Shahidi, F.; Naczk, M. Food Phenolics: Sources, Chemistry, Effects and Applications; Technomic Publishing Company: Lancaster, UK, 1995; ISBN 9781566762793. [Google Scholar]

	



Everette, J.D.; Bryant, Q.M.; Green, A.M.; Abbey, Y.A.; Wangila, G.W.; Walker, R.B. Thorough Study of Reactivity of Various Compound Classes toward the Folin−Ciocalteu Reagent. J. Agric. Food Chem. 2010, 58, 8139–8144. [Google Scholar] [CrossRef] [PubMed]

	



Katina, K.; Laitila, A.; Juvonen, R.; Liukkonen, K.-H.; Kariluoto, S.; Piironen, V.; Landberg, R.; Åman, P.; Poutanen, K. Bran Fermentation as a Means to Enhance Technological Properties and Bioactivity of Rye. Food Microbiol. 2007, 24, 175–186. [Google Scholar] [CrossRef]

	



Korus, J.; Juszczak, L.; Ziobro, R.; Witczak, M.; Grzelak, K.; Sójka, M. Defatted Strawberry and Blackcurrant Seeds as Functional Ingredients of Gluten-Free Bread. J. Text. Stud. 2012, 43, 29–39. [Google Scholar] [CrossRef]

	



Boskov Hansen, H.; Andreasen, M.; Nielsen, M.; Larsen, L.; Knudsen, B.K.; Meyer, A.; Christensen, L.; Hansen, Å. Changes in Dietary Fibre, Phenolic Acids and Activity of Endogenous Enzymes during Rye Bread-Making. Eur. Food Res. Technol. 2002, 214, 33–42. [Google Scholar] [CrossRef]

	



Rupasinghe, H.; Wang, L.; Huber, G.; Pitts, N. Effect of Baking on Dietary Fibre and Phenolics of Muffins Incorporated with Apple Skin Powder. Food Chem. 2007, S0308814607009740. [Google Scholar] [CrossRef]

	



Maillard, M.-N.; Berset, C. Evolution of Antioxidant Activity during Kilning: Role of Insoluble Bound Phenolic Acids of Barley and Malt. J. Agric. Food Chem. 1995, 43, 1789–1793. [Google Scholar] [CrossRef]

	



Sivam, A.S.; Sun-Waterhouse, D.; Quek, S.; Perera, C.O. Properties of Bread Dough with Added Fiber Polysaccharides and Phenolic Antioxidants: A Review. J. Food Sci. 2010, 75, R163–R174. [Google Scholar] [CrossRef] [PubMed]

	



Dugas, B.; Dugas, N.; Conti, M.; Calenda, A.; Pino, P.; Thomas, Y.; Mazier, D.; Vouldoukis, I. Wheat Gliadin Promotes the Interleukin-4-Induced IgE Production by Normal Human Peripheral Mononuclear Cells through a Redox-Dependent Mechanism. Cytokine 2003, 21, 270–280. [Google Scholar] [CrossRef]

	



Tučková, L.; Novotná, J.; Novák, P.; Flegelová, Z.; Květoň, T.; Jelínková, L.; Zídek, Z.; Man, P.; Tlaskalová-Hogenová, H. Activation of Macrophages by Gliadin Fragments: Isolation and Characterization of Active Peptide. J. Leukoc. Biol. 2002, 71, 625–631. [Google Scholar] [CrossRef] [PubMed]

	



Diñeiro García, Y.; Valles, B.S.; Picinelli Lobo, A. Phenolic and Antioxidant Composition of By-Products from the Cider Industry: Apple Pomace. Food Chem. 2009, 117, 731–738. [Google Scholar] [CrossRef]

	



Kim, D.-O.; Lee, K.W.; Lee, H.J.; Lee, C.Y. Vitamin C Equivalent Antioxidant Capacity (VCEAC) of Phenolic Phytochemicals. J. Agric. Food Chem. 2002, 50, 3713–3717. [Google Scholar] [CrossRef]

	



Zhang, H.; Tsao, R. Dietary Polyphenols, Oxidative Stress and Antioxidant and Anti-Inflammatory Effects. Curr. Opin. Food Sci. 2016, 8, 33–42. [Google Scholar] [CrossRef]

	



Vinaykumar, N.M.; Mahmood, R.; Krishna, V.; Ravishankara, B.; Shastri, S.L. Antioxidant and in Vivo Hepatoprotective Effects of Gardenia Gummifera L.f. Fruit Methanol Extract. Clin. Phytosci. 2020, 6, 47. [Google Scholar] [CrossRef]

	



Fernandez-Panchon, M.S.; Villano, D.; Troncoso, A.M.; Garcia-Parrilla, M.C. Antioxidant Activity of Phenolic Compounds: From In Vitro Results to In Vivo Evidence. Crit. Rev. Food Sci. Nutr. 2008, 48, 649–671. [Google Scholar] [CrossRef] [PubMed]

	



Bchir, B.; Rabetafika, H.N.; Paquot, M.; Blecker, C. Effect of Pear, Apple and Date Fibres from Cooked Fruit By-Products on Dough Performance and Bread Quality. Food Bioprocess. Technol. 2014, 7, 1114–1127. [Google Scholar] [CrossRef]

	



Torbica, A.; Škrobota, D.; Janić Hajnal, E.; Belović, M.; Zhang, N. Sensory and Physico-Chemical Properties of Wholegrain Wheat Bread Prepared with Selected Food by-Products. LWT 2019, 114, 108414. [Google Scholar] [CrossRef]

	



Rocha Parra, A.F.; Ribotta, P.D.; Ferrero, C. Apple Pomace in Gluten-Free Formulations: Effect on Rheology and Product Quality. Int. J. Food Sci. Technol. 2015, 50, 682–690. [Google Scholar] [CrossRef]

	



Jannati, N.; Hojjatoleslamy, M.; Hosseini, E.; Mozafari, H.R.; Siavoshi, M. Effect of Apple Pomace Powder on Rheological Properties of Dough and Sangak Bread Texture. Carpathian J. Food Sci. Technol. 2018, 10, 77–84. [Google Scholar]








[image: Antioxidants 10 00807 g001 550] 





Figure 1. Organoleptic evaluation of gluten-free breads with apple pomace (values signed the same letters a–d in particular colors are not significant at 0.05 level of confidence). 
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Table 1. Antioxidant compounds and antioxidant activity in apple pomace.
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	By-Product
	Total Phenolic Content

(mg Gallic Acid/100 g d.m.)
	Total Flavonoids Content

(mg Rutin/100 g d.m.)
	Trolox Equivalent Antioxidant Capacity

(mg Tx/g d.m.)





	Apple pomace (AP)
	89.4
	94.3
	9.30
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Table 2. Quality and quantity of phenolic compounds in the apple pomace.
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Compounds

	

	
Content in Apple Pomace (mg/100 g d.m.)






	
Flavonols

	
luteolin 6-C-hexoside O-hexoside

	
n.d.




	
luteolin O-hexoside C-hexoside

	
n.d.




	
quercetin-O-rutinoside

	
2.82 ± 0.02




	
quercetin-3-O-galactoside

	
22.55 ± 0.34




	
quercetin-3-O-glucoside

	
5.88 ± 0.10




	
quercetin-3-O-arabinoside

	
8.77 ± 0.27




	
quercetin-3-O-xyloside

	
13.91 ± 0.03




	
quercetin-3-O-rhamnoside

	
19.21 ± 0.00




	
isorhamnetin-3-O-galactoside

	
0.74 ± 0.00




	
isorhamnetin-3-O-glucoside

	
0.57 ± 0.00




	
Phenolic acids

	
chlorogenic acid

	
20.55 ± 0.12




	
cryptochlorogenic acid

	
1.03 ± 0.00




	
caffeoylquinic acid

	
n.d.




	
p-coumaroylquinic acid

	
0.16 ± 0.03




	
caffeoyl-dihydroxyphenyl-lactaoyl-tartaric acid

	
n.d.




	
2-O-p-coumaroylglicerol

	
n.d.




	
1-O-p-coumaroylglicerol

	
n.d.




	
p-coumaroylspermidin

	
n.d.




	
di-p-coumaroylspermidin

	
n.d.




	
ferullyquinic acid

	
n.d.




	
Flavon-3-ols

	
(+) catechin

	
1.44 ± 0.02




	
procyanidin B2

	
2.61 ± 0.00




	
(−) epicatechin

	
0.76 ± 0.00




	
Dihydrochalcones

	
phloretin-2-O-xylosyl-glucoside

	
1.48 ± 0.14




	
phloretin 2-O-glucoside (phloridzin)

	
15.52 ± 0.00








n.d.—not detected; ±—standard deviation.
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Table 3. Antioxidant compounds and antioxidant activity in gluten-free breads with apple pomace.






Table 3. Antioxidant compounds and antioxidant activity in gluten-free breads with apple pomace.





	Sample
	Total Phenolic Content

(mg Gallic Acid/100 g d.m.)
	Change to Control
	Total Flavonoids Content

(mg Rutin/100 g d.m.)
	TEAC

(mg Tx/g d.m.)
	Change to Control





	Control
	1.02 ± 0.00 a *
	-
	n.d.
	0.03 ± 0.00 a *
	-



	GFB5AP
	3.58 ± 0.00 b
	250%
	8.04 ± 0.10 b
	1.97 ± 0.19 b
	6467%



	GFB10AP
	7.15 ± 1.57 c
	600%
	15.87 ± 0.27 c
	2.26 ± 0.05 c
	7433%



	GFB15AP
	21.96 ± 2.00 d
	2050%
	21.56 ± 0.31 d
	3.21 ± 0.10 d
	10600%







* Presented data are mean values ± standard deviation (values signed the same letters (a–d) in particular columns are not significant at 0.05 level of confidence). TEAC—Trolox Equivalent Antioxidant Capacity; n.d.—not detected.
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Table 4. Quality and quantity of phenolic compounds (mg/100 g d.m.) in gluten-free breads with apple pomace.






Table 4. Quality and quantity of phenolic compounds (mg/100 g d.m.) in gluten-free breads with apple pomace.





	
Compounds

	

	
Control

	
GFB5AP

	
GFB10AP

	
GFB15AP






	
Flavonols

	
luteolin 6-C-hexoside O-hexoside

	
0.84 ± 0.20 a *

	
0.99 ± 0.07 a

	
0.97 ± 0.00 a

	
1.07 ± 0.03 b




	
luteolin O-hexoside C-hexoside

	
0.96 ± 0.00 c

	
1.00 ± 0.08 c

	
0.88 ± 0.00 b

	
0.82 ± 0.02 a




	
quercetin-O-rutinoside

	
n.d.

	
0.22 ± 0.03 a

	
0.44 ± 0.01 b

	
0.52 ± 0.05 c




	
quercetin-3-O-galactoside

	
0.11 ± 0.02 a

	
1.21 ± 0.17 b

	
2.60 ± 0.09 c

	
4.37 ± 0.00 d




	
quercetin-3-O-glucoside

	
0.01 ± 0.00 a

	
0.25 ± 0.00 b

	
0.63 ± 0.00 c

	
1.02 ± 0.07 d




	
quercetin-3-O-arabinoside

	
0.08 ± 0.00 a

	
0.47 ± 0.03 b

	
0.93 ± 0.02 c

	
1.72 ± 0.05 d




	
quercetin-3-O-xyloside

	
0.10 ± 0.01 a

	
0.83 ± 0.03 b

	
1.49 ± 0.00 c

	
2.89 ± 0.07 d




	
quercetin-3-O-rhamnoside

	
0.13 ± 0.02 a

	
1.06 ± 0.07 b

	
2.00 ± 0.00 c

	
3.71 ± 0.00 d




	
isorhamnetin-3-O-galactoside

	
n.d.

	
n.d.

	
0.10 ± 0.03 a

	
0.21 ± 0.00 b




	
isorhamnetin-3-O-glucoside

	
n.d.

	
n.d.

	
0.14 ± 0.01 a

	
0.15 ± 0.00 a




	
Phenolic acids

	
chlorogenic acid

	
0.35 ± 0.00 a

	
1.33 ± 0.09 b

	
2.36 ± 0.00 c

	
3.74 ± 0.12 d




	
cryptochlorogenic acid

	
n.d.

	
0.06 ± 0.00 a

	
0.12 ± 0.00 b

	
0.19 ± 0.04 c




	
caffeoylquinic acid

	
0.42 ± 0.00 a

	
0.49 ± 0.03 b

	
0.37 ± 0.06 a

	
0.57 ± 0.00 c




	
p-coumaroylquinic acid

	
0.07 ± 0.00 a

	
0.13 ± 0.00 b

	
0.21 ± 0.02 c

	
0.32 ± 0.01 d




	
caffeoyl-dihydroxyphenyl-lactaoyl-tartaric acid

	
0.15 ± 0.00 a

	
0.28 ± 0.00 b

	
0.41 ± 0.00 c

	
0.61 ± 0.00 d




	
2-O-p-coumaroylglicerol

	
0.28 ± 0.00 ab

	
0.26 ± 0.02 ab

	
0.25 ± 0.00 ab

	
0.23 ± 0.01 a




	
1-O-p-coumaroylglicerol

	
1.39 ± 0.00 a

	
1.74 ± 0.06 c

	
1.58 ± 0.00 b

	
1.54 ± 0.01 b




	
p-coumaroylspermidin

	
0.27 ± 0.05 d

	
0.16 ± 0.01 c

	
0.11 ± 0.00 b

	
0.05 ± 0.00 b




	
di-p-coumaroylspermidin

	
0.98 ± 0.03 a

	
1.21 ± 0.12 b

	
1.10 ± 0.01 b

	
1.12 ± 0.03 b




	
ferullyquinic acid

	
0.16 ± 0.00 a

	
0.31 ± 0.01 b

	
0.35 ± 0.01 b

	
0.34 ± 0.02 b




	
Flavon-3-ols

	
(+) catechin

	
0.09 ± 0.00 a

	
n.d.

	
0.15 ± 0.01 b

	
n.d.




	
procyanidin B2

	
0.20 ± 0.00 a

	
0.32 ± 0.00 c

	
0.28 ± 0.00 b

	
0.46 ± 0.00 d




	
(−) epicatechin

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Dihydrochalcones

	
phloretin-2-O-xylosyl-glucoside

	
0.02 ± 0.00 a

	
0.09 ± 0.00 b

	
0.16 ± 0.00 c

	
0.25 ± 0.01 d




	
phloretin 2-O-glucoside (phloridzin)

	
0.04 ± 0.00 a

	
0.84 ± 0.00 b

	
1.78 ± 0.03 c

	
2.99 ± 0.02 d








* Presented data are mean values ± standard deviation (values signed the same letters a–d in particular lines are not significant at 0.05 level of confidence). n.d.—not detected.
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