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Abstract

:

This research focussed on the utilisation of salmon protein and lipid to manipulate pasta’s glycaemic index and protein digestibility. Salmon fish (Oncorhynchus tschawytscha) powder (SFP) supplemented pasta flour in amounts from 5% to 20% (w/w). Inclusion of SFP lead to a significant reduction in starch digestibility and hence the potential glycaemic values of pasta (experimental pasta being up to 143% lower than control values). SFP addition to pasta increased the release of phenolic compounds from pasta during both gastric digestion (179%) and pancreatic digestion (133%) in comparison to the control sample. At the same time, the antioxidant activity of the digested pasta was increased by up to 263% (gastric) and 190% (pancreatic) in comparison to durum wheat pasta alone. Interestingly, although protein levels increased with incorporation of SFP, the digestibility values of the protein decreased from 86.41% for the control pasta to 81.95% for 20% SFP pasta. This may indicate that there are interactions between phenols and protein in the pasta samples which affect overall protein digestibility levels.
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1. Introduction


Numerous researchers have studied the omega-3 polyunsaturated fatty acids (LCn-3PUFAs) namely eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) compositions of salmon (Oncorhynchus tschawytscha) in relation to their utilisation in human nutrition possibly related to the high antioxidant levels found associated with the astaxanthin and other carotenoids in the flesh [1]. Such research has indicated that diets which are rich in LCn-3PUFAs have reduced incidences of some chronic diseases including cardiovascular diseases, diabetes, cancer, and obesity [2]. In addition, fish have been shown to be rich in vitamins (A, D, B6, and B12) as well as containing high levels of micronutrients such as iron, potassium, and selenium [3]. The recommended weekly intake of fish as directed by the American heart association (AHA) is at least two servings, which relate to an estimated intake of approximately 200 mg day−1 of long chain n-3 polyunsaturated fatty acid (PUFA). Despite this suggestion many countries have dietary intakes far lower than the recommendation. It is possible that waste from the fish processing industry could be utilised to supplement existing dietary levels by fortifying food products often consumed by individuals [4]. The antioxidants found in foods has been shown to manipulate cellular oxidative stress [5], and protein fractions from fish extracts have been used by previous researchers to reduce glycaemic responses of individuals and hence regulate obesity and potentially diabetes [6,7]. Indeed, researchers have studied the fortification of cereal foods with a range of protein sources from milk, animals, and also vegetables to achieve similar regulation of disease biomarkers [8,9].



One of the most commonly used cereal food products used in the manipulation of dietary influences of food related illnesses is pasta, mainly as it is already a relatively low glycaemic index food product and hence regarded as a healthy carbohydrate-rich food product [10]. When considering the factors which effect the glycaemic response of an individual, the total starch content of the food is of great importance as this is the material converted into reducing sugar components and in turn affects blood glucose levels. Hence the consumption of starchy foods (especially those which have a high level of starch which is considered readily digestible) has been related to diseases such as obesity and diabetes [11]. Generally, the recommendation is to consume foods which exhibit low glycaemic responses in order to avoid the risks associated with diabetes and cardiovascular or even neurodegenerative diseases [12]. Two of the ways to manipulate the rate and extent of starch digestion is by altering the protein and oil content of foods as these tend to lead to a reduction in reducing sugar release post ingestion [11,12,13]. This may be linked to the possibility of forming amylose-lipid complexes when starch and lipids are combined [14]. Previously researchers have studied the effects of different food lipids, including butter, coconut oil, grapeseed oil, and olive oil of different degree of saturation and chain lengths, on the glycaemic response of bread [15]. Lipids significantly decreased the starch hydrolysis rate, and the formation of amylose–lipid complexes and protein–lipid complexes may be responsible for this observation [11]. The presence of protein in the food matrix may influence starch digestion by the encapsulation of starch granules into the protein matrix of the food [7]. The effect of meat protein interactions on the digestibility of pasta has been studied [9]. The researchers observed that starch–protein interactions increased with increasing levels of meat additions and accounted for decreasing glycemic responses. Also, interaction between starch–protein–phenolic compounds in the food product affect protein structure through precipitation and decrease the starch and protein digestibility [16]. The supplementation of pasta with other functional ingredients has received much attention. For instance, pasta has been fortified with protein-rich ingredients such as faba bean flour [17], meat [9], shrimp powder [18], green mussel powder (Perna canaliculus) [19], barely flour [20], amaranth seed flour [21], Eruca vesicaria leaves [22], artichoke canning by-products [23], almond flour [24], and Nannochloropsis sp. [25]. However, the nutritional properties of pasta enriched with partial replacement of semolina wheat flour by salmon (Oncorhynchus tschawytscha) powder (SFP) is still unknown. Therefore, the present investigation aimed to evaluate the effects of salmon powder as an ingredient for pasta production and its contribution to in vitro starch, protein digestibility, and antioxidant activity.




2. Results and Discussion


2.1. In Vitro Predictive Glycaemic Response


As mentioned before, starch and protein digestion (and the regulation of these chemical compositions) are of great importance to the nutritional benefit of foods such as pasta. Many studies have illustrated that the interactions between protein and fibre, or starch and fibre, even starch–protein–fibre, on the overall food structure confer effects on the rate and extent of carbohydrate and protein digestion [26]. For this reason, the research focused on using protein and oil from SFP, and incorporating SFP into pasta, to determine effects on protein, carbohydrate, and antioxidant activities following a standardised 120 min in vitro digestion.



As can be seen from Figure 1 the level of reducing sugars released over the 120 min in vitro digestion of the pasta samples varied between samples, however incorporation of SFP significantly reduced starch digestion and sugar release during the digestion of experimental pasta samples compared to durum wheat pasta samples (the control). Similarly, SFP fortified pasta samples exhibited lower levels of rapidly digestible starch (RDS) and slowly digestible starch (SDS) compared with the control samples (Figure 2). Such results follows previous research on fortifying spaghetti with protein from bean flour [27], and may be related to the fact that lipids have been shown to form complexes with amylose and protein and in so doing they have been shown to disrupt the enzyme adsorption sites on the surface of starch granules [11], possibly due to incomplete gelatinisation of starch granules. In the present study, cooked pasta samples enriched with 5% SFP, 10% SFP, 15% SFP, and 20% SFP had 0.25%, 1.25%, 2.59%, and 3.69% lipid content, respectively. The reduction in digestibility may be attributed to the formation of amylose–lipid complexes (ALC) as has been demonstrated by other researchers investigating the effects of lipids on the enzymatic resistance of starch, and manipulation of starch granule swelling characteristics associated with starch gelatinisation [15,26]. These studies, and others, have revealed that amylose–lipid interactions result in the formation of single helical structure with a conformational hindrance that restricts enzymes to hydrolyse the starch granule [14,26,28]. Additionally, it has been illustrated that the accessibility of starch degrading enzymes to the substrate can be hampered by the incorporation of proteins [14,26,28,29]. The results of this study confirm that protein (in the form of SFP) can be utilised to affect the starch–protein network and possibly regulate starch digestion by restricting the activity of α-amylase. It is possible that the addition of SFP encapsulates starch hence reducing the accessibility of starch degrading enzymes as mentioned by previous researchers [9,18,30]. For instance, the addition of yam flour (Dioscorea schimperiana) into pasta [31] has been shown to disrupt the protein–starch matrix and restrict the access of starch degrading enzymes to starch granules. As can be observed in Figure 3 fortifying pasta with SFP reduced the standardised glycaemic AUC values when compared with the control sample. Similarly, when pasta flour was replaced with soya bean flour reductions were observed in the glycaemic values of the pasta [32]. Our work confirms that the incorporation of protein (SFP) into pasta can reduce the digestibility of starch and may be a novel option to the lowering of the glycaemic index of the carbohydrate rich food products.




2.2. Protein Content and In Vitro Protein Digestibility


Researchers have used the in vitro protein digestibility value (IVPD) to determine the rate and extent of protein digestion in food materials [10]. The protein digestibility values of SFP enriched pasta samples are shown in Table 1 and show that the addition of SFP to pasta samples increased the overall content of protein in the pasta samples. What was of interest was that the values for the uncooked and cooked pasta samples were similar and this indicated that the protein fraction in the pasta did not leach out during the cooking of pasta. However, despite the overall protein content being increased with SFP addition, the in vitro protein digestibility values of enriched pasta samples was lower when compared with the control pasta (reduced from 84.60 to 80.80%).



The reduction in digestibility could be due to fish protein structure, other components such as formation of a protein–starch complex, cross links between proteins [33], and the presence of phenolic compounds [34]. Oxidized phenolic compounds have been proposed to react with proteins and form insoluble complexes, inhibiting the activity of proteolytic enzymes and interfering with utilization of proteins [35]. Our results are supported by those previously reported [36], which found a reduction of protein digestibility of shrimp meat and broad bean enriched pasta. Figure 4 illustrates the pH drop curves obtained from proteolytic enzymatic hydrolysis of enriched pasta, and are a result of the release of amino acids and peptides during the digestion of protein, and the release of carboxyl (-C00-) compounds as well as amino (-NH3+) units which in turn result in a reduction in the value of the pH of the solution [37].




2.3. The Composition of Amino Acids Released into Intestine After In Vitro Digestion


The quality of proteins may also be assessed by evaluating the composition of the breakdown compounds observed in the small intestine. Hence, combining both the amino acid composition and the protein digestion levels of foods can result in a clearer idea of the nutritional quality of pasta samples. The amino acid content of the SFP enriched pasta post in vitro digestion can be seen in Table 2. Of note, the content of phenylalanine, tyrosine, isoleucine and leucine from the enriched pasta decreased significantly (p < 0.05) compared to the control, and the enrichment of SFP into pasta resulted in a decrease in non-essential amino acids in the digesta (excepting arginine, alanine, and asparagine) compared to control pasta. Such results could be due to the protein–lipid interactions, as discussed previously, resulting in in the oxidation of amino acids, as has been noted by researchers previously [38,39,40].




2.4. In vitro Bioaccessibility of Phenolic content and Antioxidant activity


Recently there has been a lot of research attention given to the fate of phenolic compounds post digestion [38,39,40]. Figure 5 and Figure 6 illustrate the effects of digestion stages on the phenolic content of digesta and illustrate that the SFP pasta samples showed significantly increased bioaccessible phenolic compounds after gastric and pancreatic digestion compared to the control pasta samples. Analysis of the antioxidant activity of the phenolic compounds was conducted using the oxygen radical absorbance capacity (ORAC) mechanism. Results illustrate an increase in antioxidant activity by approximately 20% when SFP was incorporated into pasta (from 5.20 to 13.69 µmol Trolox g of pasta-1 (as observed during the gastric digestion stage) and 40.36 to 76.75 µmol Trolox g of pasta-1 (as observed during the pancreatic digestion stage). The total phenolic content of the control sample before and after digestion (1.49 mg of gallic acid/g of pasta and 0.82 mg of gallic acid g of pasta-1) and antioxidant activity (5.20 µmol Trolox g of pasta −1 and 40.36 µmol Trolox g of pasta-1) was lower than the SFP fortified pasta. This observation may be due to possible leaching of phenolic compounds during the cooking of pasta. Indeed, previous research has shown a similar result in cooked faba bean flour fortified pasta [41,42], with the phenolic compounds leaching into the cooking medium and degrading due to thermal treatment. Other researchers have noted similar correlations between the phenolic level of food products and the antioxidant activity of fortified pasta [19,43]. For instance, incorporation of barley into pasta increased the total phenolic content by 126–167% and antiradical activity against ABTS by 161–246% [43]. Researchers have noted that protein and phenols may interact with each other through covalent or non-covalent interaction [35]. These interactions might lead to precipitation of protein from food matrix and an alteration in the secondary and tertiary structure of protein [44,45].





3. Materials and Methods


3.1. Materials


Pasta semolina flour was obtained from Sun Valley Foods (Christchurch, New Zealand) and fresh salmon was obtained locally from Akaroa Salmon Ltd. (Christchurch, New Zealand).




3.2. Fish Powder Preparation


The fish was prepared as described previously [1]. The dried powder was stored at −20 °C temperature until required.




3.3. Pasta Preparation


Pasta was prepared by blending 500 g dry ingredients and 32.5 g/100 g water (tap water, 41 °C) for 20 min in a commercial pasta machine (Model: MPF15N235M; Firmer, Ravenna, Italy). Pasta samples were divided into 20 g portions and stored in polythene bags at −18 °C until required. Prior to analysis, the pasta was defrosted for 10 min at room temperature. Five pasta formulations were prepared in the ratios (semolina/SFP) of 100:0; 95:5:90:10; 85:15; and 80:20.




3.4. In Vitro Starch Digestibility and Glycaemic Response


An in vitro digestion system as described previously [46] was used to evaluate the starch digestion properties of the pasta samples. The process used stomach digestion procedures utilising 0.8 mL 1 M HCL and 1 mL of 10% pepsin solution (Sigma Aldrich, Sydney, Australia) incubated at 37 °C for 30 min under constant stirring. The process also mimicked the digestion of the small intestine by the addition of 5 mL of 2.5% Pancreatin solution (Sigma Aldrich, Sydney, Australia) in 0.1 M sodium maleate buffer pH 6 at 37 °C for 120 min. Samples were analysed for reducing sugar content using the 3.5-dinitrosalicylic acid (DNS). Glucose release was calculated in mg glucose g/sample and plotted against time and area under the curve (AUC) was calculated by dividing the graph into trapezoids.




3.5. In Vitro Protein Digestibility of pasta


The multi-enzyme technique was used for the determination of in vitro protein digestibility of cooked pasta samples [47]. An amount of 50 mL of protein suspension was prepared in distilled water (6.25 mg of protein/mL), adjusted to pH 8 with a solution of 0.1 N HCL and/or 0.1 N NaOH, and placed on magnetic heating stirring block at 37 °C. The multi-enzyme solution (1.6 mg/mL Trypsin, 3.1 mg/mL chymotrypsin, and 1.3 mg/mL peptidase) was maintained in an ice bath and adjusted to pH 8.0 with 0.1 N HCL and/or 0.1 N NaOH. An amount of 5 mL of the multi-enzyme solution was then added to the protein suspension, which was maintained at 37 °C. The decrease in pH was measured after the addition of an enzymatic solution at every minute for period of 10 min using a digital pH meter (S20 Seven EasyTM, Mettler Toledo, USA). The percent protein digestibility (Y) was calculated by using Equation (1):


Y = 210.46 − 18.10x



(1)




where x is the change in pH after 10 min.



Protein availability refers to the quantity of protein digested in the pasta. It was calculated over the protein content in cooked pasta and the protein digestibity as:



Protein availability (PA) = (Protein digestibility X Protein content in cooked pasta)/100




3.6. Amino Acid Profile


The amino acid profile of the digested pasta material was evaluated using an Agilent 1100 series (Agilent Technologies, Walbronn, Germany) high-performance liquid chromatography machine as described previously [48]. The machine used a 150 × 4.6 mm, C18, 3u ACE-111-1546, column and the amino acids were applied at a flow rate of 0.7 mL/min. Detection was at an excitation of 335 nm and emission of 440 nm for primary amino acids. At 22 min, the detector was switched to an excitation of 260 nm, emission 315 nm to detect secondary amino acid such as proline. The amino acid results are expressed in milligram amino acids/g protein of the pasta sample [48].




3.7. In Vitro Gastro-Intestinal Digestion


During pepsin and pancreatic digestion, aliquots (1 mL) withdrawn after 30 and 120 min to which 1 mL ethanol was added (1:1) to arrest any further enzymatic reaction. Thereafter, samples were centrifuged at 1000 rpm for 5 min. Supernatants (gastrointestinal digested extracts) and pellets were separated and kept at −20 °C for further analysis.




3.8. Total Phenolic Content and Antioxidant Activity of pasta


The total phenolic content of supernatant obtained from the in vitro gastro-intestinal digestion was measured using the Folin–Ciocalteu method as described by [49]. Freshly prepared 2.5 mL of 0.2 N Folin–Ciocalteu reagent and 7.5% Na2CO3 was added to the digesta aliquots (0.5 mL) and incubated for 2 h in the dark. The absorbance of the reaction mixture was measured at 760 nm using the V-1200 model (Schimadzu, MD, USA). Gallic acid was used as a standard to determine total phenolic content of the samples as mg of Gallic acid equivalents (GAE)/g sample




3.9. Oxygen Radical Absorbance Capacity (ORAC) Assay


3.9.1. Chemical Reagents and Standard Solutions


AAPH (2, 2′ azobist (2-amidino-propane) dihydrochloride) (0.645 g) was completely dissolved in 10 mL of 75 mM phosphate buffer (pH 7.4) and was kept in ice bath. Fluorescein stock solution (1 mM) was prepared with 0.016 g dissolved in 50 mL of 75 mM phosphate buffer (pH 7.4) was kept at 4 °C in dark condition. Trolox (6-hydroxy-2,5,7,8-tetra methylchroman-2-carboxylic acid) standard was prepared and the stock solution of Trolox was diluted with phosphate buffer to 100 µM, 50 µM, 25 µM, 12.5 µM, 6.25 µM, 3.125 µM, 1.5625 µM, and 0 µM working solution.




3.9.2. Oxygen Radical Absorbance Capacity (ORAC) Assay


ORAC (oxygen radical absorbance capacity) was used according to the method described previously [49]. A 96 well microplate reader (FLUOstar Omega, BMG LABTECH, Germany) was used for all measurements. Trolox was used as a standard and the antioxidant capacity of the samples was expressed as mmol Trolox equivalent (TE)/g sample.





3.10. Statistical Analysis


All experiments were performed in triplicate. Data was subjected to a one-way analysis of variance (ANOVA) and significance differences were evaluated by Tukey’s comparison test (p < 0.05). Statistical software version 16 (Minitab, Australia) was used to perform the statistical analysis of the data.





4. Conclusions


This study illustrates that the fortification of durum wheat pasta with SFP can improve the nutritional quality of pasta. For instance, SFP addition led to an increase in the antioxidant levels and protein content of pasta whilst reducing the predicted glycaemic index of the food product. The study also illustrated that the antioxidant activity from supplemented pasta was bioaccessible in vitro and significantly increased with the supplementation of SFP.
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Figure 1. Amount of reducing sugar released during in vitro digestion for control (C), and pasta containing 5 % salmon fish powder (SFP), 10% SFP, 15 % SFP, and 20% SFP respectively. 
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Figure 2. Starch content hydrolysed within 20 min readily digestible starch (RDS) left and within 120 min slowly digestible starch (SDS) right of pasta enriched with 5%, 10%, 15%, and 20% SFP. The values are expressed as mean ± SD (n = 3). Different letters show the significant difference (p < 0.05). 
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Figure 3. Values for area under the curve (AUC) comparing control and enriched salmon fish powder (SFP) pasta samples. Different letters show the significant difference (p < 0.05). 






Figure 3. Values for area under the curve (AUC) comparing control and enriched salmon fish powder (SFP) pasta samples. Different letters show the significant difference (p < 0.05).



[image: Molecules 24 00839 g003]







[image: Molecules 24 00839 g004 550]





Figure 4. The pH Vs time curves obtained by pasta made with different concentration of salmon fish powder (SFP) incubated with multi-enzymes (Trypsin, Chymotrypsin and protease). 
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Figure 5. Total phenolic content of pasta enriched with different concentration of (SFP), before digestion and at gastric and pancreatic digestion. Bar represent mean ±SD (n = 3), followed by different small (before digestion), capital (gastric), and small underlined (pancreatic digestion) letters indicate significant difference among the values at p < 0.05. 
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Figure 6. Antioxidant activity of pasta enriched with SFP, determined with ORAC assay during in vitro gastric and pancreatic phase of digestion and before digestion. Results are expressed as Trolox (µmol g−1). Data are mean ± SD (n = 3), followed by small (before digestion), capital (gastric), and small underlined (pancreatic digestion) letters indicate significant difference among the values at p < 0.05. 
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Table 1. Protein content, in vitro protein digestibility, and protein availability of pasta fortified with salmon fish powder (SFP).
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	Samples
	PC in Raw Pasta (g/100 g Dry Pasta)
	PC in Cooked Pasta (g/100 g Dry Pasta)
	PD (%)
	PA (g/100 g Dry Pasta)





	CP
	12.60 ± 0.05 a
	12.88 ± 0.06 a
	86.41 ± 0.37 a
	11.13± 0.07 a



	SFP 5
	14.34 ± 0.03 b
	15.41 ± 0.17 b
	84.60 ± 0.20 b
	13.03 ± 0.14 b



	SFP 10
	17.67 ± 0.04 c
	18.10 ± 0.11 c
	82.97 ± 0.10 c
	15.02 ± 0.09 c



	SFP 15
	20.73 ± 0.10 d
	20.77 ± 0.09 d
	81.16 ± 0.27 d
	16.85 ± 0.12 d



	SFP 20
	22.7 ± 0.30 e
	23.40 ± 0.13 e
	81.95 ± 0.18 e
	19.18 ± 0.07 e







PC-protein content, PD-In vitro protein digestibility, PA-protein availability. SFP5, SFP10, SFP15, and SFP20: pasta prepared with 5, 10, 15 and 20 g of salmon fish powder/100 g of semolina flour. CP: control pasta. Results are presented as the mean value ± standard deviation, n = 3; Values within a column followed by different small letters are significantly different (p < 0.05).
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