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    Frontiers in Natural Product Chemistry presents recent advances in the chemistry and biochemistry of naturally occurring compounds. It covers a range of topics, including important researches on natural substances. The book is a valuable resource for pharmaceutical scientists and postgraduate students seeking updated and critically important information on bioactive natural products.




    The five chapters in this volume are written by eminent authorities in the field. Chapter 1 presents an overview of different ways of production to obtain bioactive peptides from different underutilized plant sources, including from food, brewing and bioethanol industries. Chapter 2 deals with the research on the design of new fluoroquinolones with improved features by molecular hybridization technique. Chapter 3 deals with a pathway for waxy rice starch hydrolysis by a compressed hot water process. Chapter 4 deals with the most important marketed plant alkaloidal drugs and their metabolites. Chapter 5 provides an insight into the molecular basis of preventive and therapeutic effects of natural bioactive substances against cancer diseases.




    I hope that the readers will find these reviews valuable and thought-provoking so that they may trigger further research in the quest for new and novel therapies against various diseases. I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), and Mrs. Salma Sarfaraz (Senior Manager Publications) at Bentham Science Publishers.
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      Abstract




      Today, there is a growing interest in the valorization of agricultural and agroindustrial waste/byproducts, including through obtaining bioactive compounds. Besides the use of plant proteins in animal nutrition, obtaining protein hydrolyzates could give an added value, improving digestibility and exerting functional properties by the generation of bioactive peptides. Bioactive peptides encrypted in plant proteins are latent until released and activated by proteolysis. Generally, to obtain bioactive peptides, enzymatic hydrolysis by peptidases is the most common way, with or without previous solubilization and purification steps of the intact protein. This hydrolysis step can be combined with physical and chemical treatments not only to improve the recovery but also to enhance the bioactivity. Therefore, our chapter presents an overview of different ways of production to obtain bioactive peptides from different underutilized plant sources, including from food, brewing and bioethanol industries. In order to characterize bioactive peptides, the application of conventional methods and more sophisticated methods based on mass spectrometry is also described. Moreover, recent literature on the bioactive properties of those plant peptides and current challenges associated with safety issues are discussed.
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      INTRODUCTION




      Considering the population factor and the state of natural resources, the need to look for more efficient agroindustry processes is recognized due to demographic growth and the current unsustainable practices. The global population is growing, while our standard of living is increasing; thereby, we have to face environmental challenges. In this sense, it is expected that the world’s population increases by 2 billion people in the next 30 years and could reach around 11 billion in the next century. Based on this prognosis, it is not difficult to understand why the United Nation’s second priority objective for the present century is to “End hunger, achieve food security and improve nutrition and promote sustainable agriculture” [1]. Moreover, the current agricultural and food practices also threaten the health of people and the planet: i) 70% of worldwide water use is required by agriculture; ii) it generates huge levels of pollution and waste; iii) risks associated with poor diets are one of the leading causes of death; iv) a double burden of malnutrition exists since millions of people are either eating not enough or eating the wrong types of food. In 2017, this led to one in eight adults (i.e. more than 672 million people) in the world to be obese [2] and forecasts suggest high levels of obesity on the future population [3]. In particular, increased demand for animal-based protein is expected to have a negative environmental impact, generating greenhouse gas emissions, requiring more water and more land [4]. Thereby, plant proteins could be an alternative but sustainable practices are required.




      Therefore, against this background, the goal is how to meet the growing global demand for food, including protein and healthy foods, to improve income and employment in rural areas and, at the same time, reduce the environmental impact. This puts pressure on the world’s resources to provide not only more but also different types of food, including more sustainable production of existing sources of protein as well as alternative sources for human consumption [4]. This requires us to move from an oil based economy towards a more sustainable circular bioeconomy model, producing more food and bio-based products from renewable resources, including agricultural and agroindustrial byproducts [5]. In this line, the biorefinery concept has emerged as a sustainable processing of biomass into a portfolio of marketable food and feed ingredients, bio-based products (chemicals, materials, proteins, bioactive compounds, etc.) and energy (fuels, power, heat) [6-8].




      When thinking about these resources, plant compounds are usually put forward as their most probable source [9]. This includes macro (cellulose, hemicelluloses, pectins, starch, lignin, proteins, minerals, etc.) and microcomponents (e.g. phytochemicals). In particular, plant byproducts are underutilized sources of proteins and, most of the time are addressed to animal nutrition, but the ruminal degradability of proteins is not high. Nonetheless, proteins can be beneficial not only in terms of nutrition but also from a functional point of view through the generation of bioactive peptides. This means that the breakdown of peptide bonds by enzymatic hydrolysis increases the solubility, digestibility, and functional properties of the precursor proteins and byproduct [6]. Bioactive peptides are known for their high tissue affinity, specificity and efficiency in promoting health [10]. Therefore, apart from the use of plant proteins in animal nutrition, obtaining protein hydrolyzates could give an added value in a biorefinery context, with improved digestibility and exerting functional properties through the generation of bioactive peptides. This could also lead to the formulation of functional ingredients that are in line with the increased consumer awareness towards functional foods, nutraceuticals and personalized diets; the driving force of the functional food and nutraceutical market [10]. Moreover, there is a growing interest in the food industry and among consumers in reducing the use of synthetic additives in food preservation and opting instead for natural ones [11]. All this together connects with the concept of bioeconomy since it can promote a new way to diversify plant byproducts.




      Generally, hydrolysis by peptidases, with or without a previous protein extraction step, is the most common way to obtain bioactive peptides with a wide range of biological properties, e.g. antidiabetic, antihypertensive, antimicrobial, antioxidant, and anticancer properties [12-15], but also autolysis and application of microbial suspensions (whole cells) have been applied [13, 16]. Enzymatic hydrolysis can be combined with physical treatments and alkaline extraction not only to improve the recovery but also to enhance the bioactivity [6, 17]. In this context, this book chapter presents an overview of the different ways of production to obtain bioactive protein hydrolyzates from different underutilized plant sources. These sources include byproducts from the cereals industry (wheat germ protein, broken rice by-product), oil industry (olive, and rapeseed/canola byproducts), fruit and vegetable industries (e.g. fruits seeds, potato byproducts, cauliflower leaves), and brewing industry (brewer’s spent grain). Some techniques applied to characterize the hydrolyzates and the peptides are also covered. Moreover, the biological properties of the hydrolyzates have been revised, and the sequence of some bioactive peptides is shown. Finally, some safety issues are also discussed.


    




    

      WAYS OF PRODUCING PLANT PROTEIN HYDROLYZATES FROM AGRICULTURAL AND AGROINDUSTRIAL SOURCES




      There are several ways to produce bioactive hydrolyzates and peptides from natural sources: gastrointestinal digestion, fermentation, enzymatic hydrolysis, and genetic recombination [18]. This can be performed through the use of endogenous and exogenous microorganisms and proteolytic enzymes [19]. In general, microbial alkaline proteases can be produced under culture conditions. Bacillus produces extracellular proteases during post-exponential and stationary phases. Their proteolytic system contributes to the liberation of bioactive peptides [13]. Examples of commercial Bacillus enzymes are Alcalase, Neutrase, Esperase, Thermolysin, etc. Another enzyme employed is Flavourzyme from Aspergillus oryzae. Among them, Alcalase is widely used, probably explained by its high hydrolytic activity [20].




      In the case of the agricultural and agroindustrial byproducts/waste the most common way to obtain bioactive peptides is through enzymatic hydrolysis using exogenous proteolytic enzymes. A wide variety of smaller peptides are generated via hydrolysis, depending on the byproduct, enzyme specificity and hydrolysis time [6, 15]. The hydrolysis conditions and enzyme type also affect the degree of hydrolysis and bioactivity due to the generation of peptides with a different amino acid sequences and length [15, 20-23]. Sometimes, gastrointestinal digestion enzymes are applied after enzymatic hydrolysis and ultrafiltration since it can enhance the bioactivity of the hydrolyzates, but it depends on the hydrolysis and ultrafiltration conditions [20, 24, 25]. Other times simulated gastrointestinal conditions are tested to assess the maintenance of the bioactivity as it was in vivo or to find the active peptides [26, 27]. Other studies have revealed that autolysis and fermentation were also plausible ways to recover bioactive peptides from potato and rice byproducts respectively [13, 16]. While the results of autolysis were improved after hydrolysis using Bacillus peptidases [16], the application of suspensions of strains of Bacillus subtilis, Bacillus pumilus and Bacillus licheniformis, which were isolated from different food sources, were successful in generating antioxidant peptides from rice compared to enzymes [13].




      Concerning enzymatic hydrolysis, which is the most common way, it can be classified secondarily according to when the hydrolysis step with peptidases is performed; i.e. obtaining proteins and hydrolysis separately (sequential extraction and hydrolysis) (SeEH) or simultaneously (simultaneous extraction and hydrolysis) (SiEH). The proteolysis step can be performed with enzymes and preparations of enzymes from different origins, i.e. microbial enzymes, plant enzymes, and animal enzymes (Table 1). Their effectiveness depends on the method and conditions applied as well as the primary sequence of the proteins. While some enzymes, such as those with subtilisin activity (e.g. preparations like Alcalase) have broad specificity, others cannot work well if they are not favored by the primary sequence of the protein [6]. Other enzyme preparations consist of a mixture of peptidases and other enzymes types: e.g. Flavourzyme from Aspergillus oryzae contains two aminopeptidases, two dipeptidyl peptidases, three endopeptidases, and one α-amylase [28]; pancreatin and Corolase PP contain mainly trypsin and chymotrypsin from animal pancreas, but also other enzymes [29, 30]. The methods applied to generate bioactive peptides from agricultural and agroindustrial byproducts are detailed in the sections below. However, this book chapter is focused on the application of these methods in agricultural and agroindustrial byproducts/waste rather than on the description of the mechanism behind solubilization or their application in other matrices, which has been described in other reviews [6, 19, 31, 32].




      Moreover, it should be considered that as a first screening, experimental assays with peptidases can be performed by changing one factor at a time and keeping others fixed, whereas response surface methodology can take several factors into account at the same time (as an example, see [14]). This includes screening tools like factorial designs with a reduced number of assays [33]. Moreover, in silico tools can be applied to choose those enzymes that are able to cut proteins theoretically on the basis of the primary sequence and the extent: e.g. the Peptide-Cutter of ExPASy (https://web.expasy.org/peptide_cutter/; accessed on 17 January 2018) and EnzymePredictor (http://bioware.ucd.ie/~compass/biowar eweb/; accessed on 17 January 2018) [6, 34]. These tools include enzymes like: Arg-C proteinase, caspases, chymotrypsin, pepsin, thermolysin, thrombin, staphylococcal peptidase I, trypsin, enterokinase, glutamyl endopeptidase, proline-endopeptidase, etc.




      

        

          Table 1 Enzymes reported for the hydrolysis of proteins from agricultural and agroindustrial byproducts/waste. The information about the enzymes was retrieved from the BRENDA database (https://www.brenda-enzymes.org/; accessed 22 January 2020).




          

            

              

                	Enzyme



                	EC Number



                	Reaction

              


            



            

              

                	Pepsin A



                	3.4.23.1



                	Preferential cleavage: hydrophobic, preferably aromatic, residues in P1 and P1' positions

              




              

                	Chymosin



                	3.4.23.4



                	Broad specificity similar to that of pepsin A

              




              

                	Chymotrypsina




                	3.4.21.1



                	Preferential cleavage: Tyr┼, Trp┼, Phe┼, Leu┼

              




              

                	Trypsina




                	3.4.21.4



                	Preferential cleavage: Arg┼, Lys┼

              




              

                	Subtilisinb




                	3.4.21.62



                	Broad specificity for peptide bonds, stereoselective hydrolysis of amino esters

              




              

                	Thermolysinc




                	3.4.24.27



                	Preferential cleavage: ┼Leu > ┼Phe

              




              

                	Bacillolysind




                	3.4.24.28



                	Similar to that of thermolysin

              




              

                	Papaine




                	3.4.22.2



                	Broad specificity for peptide bonds, preference for amino acids with a large hydrophobic side chain at the P2 position

              


            

          




          

            aPancreatin and Corolase PP enzyme preparations contain these enzyme activities, among others.


            bAlcalase 2.5L, Protex 6L, Esperase contain mainly serine endopeptidase (mainly subtilisin A).


            cProtex 14L contains thermolysin activity.


            dNeutrase contains bacillolysin activity.


            eCorolase L10 and Promod 144MG contain papain activity.

          




        




        Sequential Extraction and Hydrolysis (SeEH)




        If SeEH is selected (Table 2), the main driving force of the protein extraction process should be taken into account, i.e. chemical, biochemical, physical (including, mechanical) and physical-chemical, but a combination of them is also common [6, 31]. In any case, the steps basically consist of: conditioning, extraction/solubilization of the plant protein, concentration (purification or isolation)/drying and hydrolysis by peptidases [6, 35].




        

          Extraction by Chemical Methods and Hydrolysis




          In general, these methods normally require a previous grinding of the byproduct, the use of homogenization, shearing and/or thermal treatments to enhance the protein solubilization. Then, the use of neutral solutions, acid solutions, alkaline solutions, organic solvents, salt solutions, surfactants and reducing agents have been applied to recover proteins from plants [31, 36-39]. It also enables the fractionation of cereals proteins, recovering most proteins (98%); e.g. using consecutively, sodium chloride (albumins and globulins), ethanol (prolamins), acetic acid (acid-soluble glutelins), and sodium hydroxide (residual proteins) aqueous solutions [40]. In general, these extraction methods have been reviewed by several publications [31, 37, 38] and, in particular, by our recent review [6], which was focused on plant proteins from agri-food byproducts/residues. Concerning the obtention of protein hydrolyzates, Table 2 exemplifies methods to recover proteins from these sources and the subsequent hydrolysis conditions. In addition, Table 3 shows some of the characteristics of the protein products obtained before and after hydrolysis.




          Among these methods, alkaline solutions are widely used as a generally recognized as safe (GRAS) solvent for the extraction of proteins from cereals and seed storage proteins [39], as well as agri-food byproducts [6-8, 17, 41]. In particular, Connolly et al. (2013) [39] reported the use of aqueous-alkaline conditions to recover proteins from pale brewer’s spent grain, which was subjected to protein hydrolysis in subsequent works to generate bioactive peptides [25, 35]. The protein recovery was up to 59%, and hordeins, glutelins and low molecular weight peptides (41% < 10 kDa) were recovered. This value is lower than those reported by Qin et al. [36] (85-95%), who tested acid conditions, either in a single step or two-step treatments (after an alkaline extraction step) [36]. However, proteins were probably obtained in the form of amino acids owing to the strong conditions used. Moreover, alkaline extraction has been also applied to recover proteins from broken rice, canola, palm kernel and walnut cakes after oil extraction [15, 23, 25, 35, 39, 49, 50] with different extraction conditions: pH from 8 to 13.0, from room temperature to 50 ºC, and extraction time from 45 to 180 min, with and without NaCl. Then, hydrolysis with alkaline peptidases, mainly Alcalase, has enabled the obtention of antimicrobial, antioxidants, anticancer and ACE inhibitory (ACEi) peptides, while anticancer peptides were obtained using papain (Table 2).




          Other studies have applied buffered extraction at neutral pH, using detergents like sodium dodecyl sulfate (SDS) and reducing agents with, for example, dithiothreitol, to recover proteins from olive seeds [20, 51]. For food appli-cations, these conditions should be adapted to food grade conditions.


        




        

          Extraction by Enzymatic Methods and Hydrolysis




          Adding enzymes during protein extraction increased protein recovery and yield compared to control experiments without enzymes [17]. This included the use of carbohydrolases and peptidases to assist in protein extraction. The first type assists by degrading the cell wall components, while the second type assists through proteolysis. However, only studies focused in the use of carbohydrolases are discussed in this section, while the use of peptidases is the objective of the section below about direct SiEH methods.




          Most of studies involving carbohydrolases have been performed at neutral to acidic pH conditions and applied thermal treatments (45-55 ºC) for 2-6 h. They also applied one main enzyme activity like α-amylase and pectinase, but most of them used enzyme preparations and their mixture (Table 2). Examples of the use of carbohydrolases are found applied to brewer’s spent grain [12, 24, 35] and rice bran [48], Moreover, a treatment with carbohydrolases was performed before alkaline extraction to recover proteins from defatted wheat germ and dehulled rapeseed [42, 47]; in the first case it enabled a better recovery of oil. All these studies used consecutively the action of peptidases to promote protein extraction and hydrolysis (Table 2). This can be also considered SiEH methods if the use of carbohydrolases is more like a pretreatment of the biomass. In this sense, it seems that the use of peptidases is more effective in extracting biomass than only the use of carbohydrolases [17]. For example, impure food-grade amylase containing protease was more effective than Celluclast and Viscozyme in protein extraction from heat-stabilized defatted rice bran [43], with protein recoveries up to 58.4%. Nonetheless, some studies on brewer’s spent grain have applied a pretreatment with carbohydrolases (e.g. cellobiohydrolases, endoglucanase, xylanase and β-glucosidase or cellulase, xylanase (endo-1,4-), and β-glucanase (endo-1,3(4)-)) before the use of microbial peptidases [35, 44]. In particular, the results of Rommi and coworkers showed that the use of a steam explosion pretreatment and a carbohydrolase cocktail had no influence on the theoretical yield of protein solubilization. Interestingly, the technical protein yield was improved using one of the treatments before the use of peptidases, which was probably related to a reduced water binding capacity. In another work, the combination of the carbohydrolases cocktails (Depol 740 and Econase CE) and peptidases from Bacillus (Alcalase and Promod 439) was applied to release sugars and to recover the proteinaceous material from brewer’s spent grain [45, 46]. It enabled to extract more than 80% of the proteinaceous material and up to 39% of the total carbohydrates were solubilized; either in simultaneous or sequential treatments, while the order of the enzymes did not affect the results.




          Moreover, not only the protein recovery can vary but also the bioactivity (e.g. antioxidant, DPP-IV inhibitory, and immunomodulatory activity) if hydrolysis by carbohydrolases is applied as a pretreatment before proteolysis compared to alkaline extracted proteins [35]. These authors concluded that direct hydrolysis with carbohydrolases and peptidases, for example, using the combination Alcalase and Flavourzyme, is a less resource-intensive process to obtain bioactive peptides compared to the alkaline extraction of proteins before proteolysis. In another work, Zhang and coworkers [47] applied pectinase, cellulase, and β-glucanase followed by sequential treatments consisting of alkaline extraction and peptidase treatment (Alcalase 2.4L) to both produce a protein hydrolyzate product and demulsify the oil from rapeseed.


        




        

          Extraction by Physical/Physical-chemical Methods and Hydrolysis




          This includes the use of homogenization [31], high pressure-assisted extraction and new trends such as ultrasound-, microwave- and electro-assisted extraction (including pulsed electric field and high voltage electric discharge) [6]. Generally, the shearing effect provided by the homogenization step is not enough to promote effective breakdown and extraction of proteins, and it should be combined with chemical agents [25, 31, 39]. Conversely, ultrasound can favor the recovery of proteins, but also modify their properties, as Li et al. [52] reported on bell pepper seeds. Ultrasound has been applied at different operational conditions to assist buffered and alkaline extraction of proteins from fruit (olive, plum and peach) seeds and cauliflower leaves [14, 20, 21, 26, 51]. These studies found that the subsequent hydrolysis by microbial enzymes generated antioxidant and ACEi peptides (Table 2). Another study evaluated the effects of ultrasound applied before and during proteolysis of defatted wheat germ protein. Its result revealed that an ultrasonic treatment of 20 kHz (900-1800 W) during proteolysis facilitated the hydrolysis with Alcalase, whereas ultrasonic pretreatment promoted the release of ACE inhibitor peptides during enzymatic hydrolysis. Moreover, the study by Ding et al. [53] has shown that an ultrasonic pretreatment, using different frequencies and working modes, improved the degree of hydrolysis of grape seed protein and the bioactivity of the hydrolyzates.




          

            Table 2 Summary of conditions applied to obtain plant protein hydrolyzates from agricultural and agroindustrial byproducts in sequential extraction and hydrolysis (SeEH). The protein content (PC), recovery (PR) and/or protein yield (PY) of the initial and final products are indicated, as well as the bioactivity of the hydrolyzates.




            

              

                

                  	Byproduct



                  	Summary of the Conditions Applied



                  	PC/PR Initial (%)



                  	PC/PR Final (%)



                  	Bioactivitya



                  	Ref.

                


              



              

                

                  	Cereals

                




                

                  	Defatted wheat germ protein



                  	Hydrolysis with α-amylase (E/S, 1/100, w/w) (55 ºC, 2 h), alkaline extraction (pH 9.5, adding 1 M NaOH, 30 min). Acid precipitation (pH 4.0)



                  	Hydrolysis with Alcalase 2.4L FG (pH 8.0, maintained using 1 M NaOH, 50 ºC, 210 min); E/S (up to 0.4:100, w/w). This was assisted by ultrasound (40 W)



                  	



                  	



                  	ACEi activity (IC50 from around 0.5 to 2.5 mg/mL)



                  	[42]

                




                

                  	Defatted wheat germ protein



                  	Hydrolysis with α-amylase (E/S, 1/100, w/w) (55 ºC, 2 h), alkaline extraction (pH 9.5, adding 1 M NaOH, 30 min). Acid precipitation (pH 4.0)



                  	Pretreatment with ultrasound (0-1800 W) and then hydrolysis with Alcalase 2.4L FG (pH 8.0, maintained using 1 M NaOH, 50 ºC); E/S (up to 0.4:100, w/w)



                  	



                  	



                  	ACEi activity (IC50, 0.26-0.42 mg/mL)



                  	[42]

                




                

                  	Pale and black brewers’ spent grain



                  	Oven-drying, ground, and aqueous (with shearing) and alkaline extraction (110 mM NaOH, s/l 1:20) (twice) (50 ºC, 1 h). Acid precipitation (pH 3.8)



                  	Preconditioning step and hydrolysis with Alcalase 2.4L, Corolase PP, or Flavourzyme (1%, w/v; w/w) (pH 7, maintained using 2 M NaOH, 50 ºC, 240 min)



                  	PC: 18-46


                  PR: 15-59



                  	



                  	ACEi activity (IC50, 0.32-0.69 mg/mL). The best values were obtained by Alcalase



                  	[25,35,39]

                




                

                  	Brewers’ spent grain



                  	Extraction of phenolic compounds and carbohydrate hydrolysis



                  	Hydrolysis with alkaline protease + Flavourzyme (AF) and neutral protease + Flavourzyme (PF) (5:100, w/w) (pH 7-9.5, maintained with 2 M NaOH, 50-55 ºC, 2 h each enzyme). Simulated gastrointestinal digestion (AFD and PFD, respectively) and ultrafiltration (1 kDa)



                  	



                  	PC: 33-48



                  	All samples showed thrombin inhibitory activity. Peptides <1 kDa from hydrolyzates and digested samples also delayed thrombin and thromboplastin time respect to the control (~63%)


                  ACEi activity (IC50 values, 1.4-5.2 mg/mL of protein)



                  	[24]

                




                

                  	Brewer’s spent grain



                  	S/l 10% in water for shearing and then hydrolysis with carbohydrolases, (Shearzyme and UltraFlo) (75 μL g−1 byproduct each one) (pH 5.0, 50 °C, 4 h) to recover the solid fraction



                  	Hydrolysis with Alcalase (2%, g−1 protein) (pH 9, 50 ºC, 2 h) and then with Flavourzyme (1%/g protein) (pH 7.0, 50 ºC, 2 h)



                  	



                  	PC: 45



                  	Hypotensive effects in vivo, ACE (76.7%) and DPP-IV (83.9%) inhibitory activity, as well as antioxidant activity (ORAC, 614.1 μmol TE/g protein)



                  	[12]

                




                

                  	Steam-exploded brewer’s spent grain



                  	Hydrolysis with carbohydrolases (12 mg protein/g): 60% Cel7A (cellobiohydrolase I), 10% Cel6A (cellobiohydrolase II), 15% Cel5A (endoglucanase), 12% Xyl10 (xylanase) and 3% Cel3A (β-glucosidase). S:l 20% (6 h, 50 ºC) and filtration to recover the solid fraction



                  	Hydrolysis with an alkaline protease (Biotouch Roc 250L) (10 mg total protein/g substrate) (pH 10, 0.2 M Na-carbonate, 50 ºC, 5 h and maintenance of the pH). Acidification to pH 2.5 and centrifugation to recover the supernatant



                  	PC: 31



                  	PC: 39



                  	



                  	[44]

                




                

                  	Brewer’s spent grain



                  	S/l 10% in water for shearing and then hydrolysis with carbohydrolases, (Shearzyme and UltraFlo) (75 μL g−1 byproduct each one) (pH 5, 50 °C, 4 h) to recover the solid fraction



                  	Hydrolysis with Alcalase (2%, w/w protein) (pH 9, 50 ºC, 2 h) and then with Flavourzyme (1%, w/w protein) (pH 7.0, 50 ºC, 2 h). Other combinations tested: Corolase PP and Flavourzyme, Prolyve 1000 and Protease P and Alcalase and Protease P



                  	



                  	PC: 45


                  PR: 63



                  	Inhibition of DPP-IV: 35.7-85.1%b


                  Antioxidant activity: 238-287 (FRAP) and 1255-1128 (ORAC) μmol TE/g proteinb




                  	[35]

                




                

                  	Brewer’s spent grain



                  	Aqueous (with shearing) and alkaline extraction (110 mM NaOH, s/l 1:20) (twice) (50 ºC, 1 h). Acid precipitation



                  	Hydrolysis with Alcalase (2%, g−1 protein) (pH 9, 50 ºC, 2 h) and then with Flavourzyme (1%, g−1 protein) (pH 7.0, 50 ºC, 2 h).


                  Other combinations tested: Corolase PP and Flavourzyme, Prolyve 1000 and Protease P and Alcalase and Protease P



                  	PC: 46



                  	PR: 59



                  	Inhibition of DPP-IV: 87.0-89.6%b


                  Reduction in the release of interleukin-6 in lipopolysaccharide-stimulated RAW 264.7 cells (immunomodulatory activity): 58.3/48.0%b


                  Antioxidant activity: 266-296 (FRAP) and 1207-1384 (ORAC) μmol TE/g proteinb




                  	[35]

                




                

                  	Milled and defatted rice bran



                  	



                  	Alcalase 2.4 L or Flavourzyme (pH 8.0, 50 °C); E/S (0.5%, w/w of protein). The supernatant was obtained after centrifugation



                  	



                  	PC: 28-30


                  PR: 81-88



                  	



                  	[22]

                




                

                  	Heat-stabilized defatted rice bran



                  	Dispersion in water, acidification (pH 3.5) and hydrolysis with pectinase (45 °C, 2.5 h)



                  	Hydrolysis with Protease P (pH 7.0, 45 °C, 3.1 h); E/S (1200 units/g of byproduct)



                  	



                  	PR: 80



                  	



                  	[48]

                




                

                  	Broken rice



                  	Ground and alkaline extraction (pH 13, in NaOH solution), homogenization and maintenance at 50 °C, 3 h. Acid precipitation



                  	Enzymatic hydrolysis by alkaline protease (pH 8.0, 50 ºC, 1.5 h)-ultrafiltration (6 kDa)



                  	



                  	



                  	Antioxidant activity by the DPPH radical scavenging activity



                  	[49]

                




                

                  	Oilseed/Industrial crops

                




                

                  	Defatted canola cake



                  	Ground and alkaline extraction at pH 8 (0.05 M phosphate buffer containing 1 M NaCl, at room temperature, 60 min). Precipitation (ammonium sulfate)



                  	Hydrolysis with Alcalase 2.4L (pH 8.5, 50 ºC, 2.5-3 h); E/S (4%, w/w, on the basis of protein content)



                  	PR: 50.



                  	



                  	ACEi activity (IC50 0.015 mg/mL)



                  	[50]

                




                

                  	Dehulled rapeseed seeds



                  	Boiling, wet milling and hydrolysis with pectinase, cellulase, and β-glucanase (4:1:1, v/v/v) (pH 5, 48°C, 3 h)



                  	Akaline extraction (pH 10) and hydrolysis with Alcalase 2.4L (pH 9.0, 60°C, 150 min); E/S (1.5%, v/w)



                  	



                  	PR: 80–83



                  	



                  	[47]

                




                

                  	Palm kernel cake



                  	Palm kernel expeller proteins were extracted using strong alkaline solution



                  	Hydrolysis with Alcalase (pH 9.59, 50 ºC); E/S (1%, w/w)



                  	



                  	



                  	Antibacterial effect against most of the Gram-positive and spore-forming bacteria was at 70% DH



                  	[23]

                




                

                  	Oil-bearing fruits

                




                

                  	Olive stones



                  	Ground and buffered extraction (denaturing and reducing conditions) of the seeds. Precipitation (cold acetone)



                  	Hydrolysis with thermolysin (pH 8.0, 55ºC, 2 h); E/S (0.05 g enzyme/g protein). Other enzymes tested: Alcalase 2.4 L FG, Neutrase 0.8 L, Flavourzyme 1000 L, and PTN 6.0 Saltfree*N



                  	



                  	



                  	The highest ACEi activity was obtained by thermolysin (IC50 0.029 mg/mL)



                  	[20,51]

                




                

                  	Olive stones



                  	Ground and buffered extraction (denaturing and reducing conditions) of the seeds. Precipitation (cold acetone)



                  	Hydrolysis with Alcalase 2.4L FG (pH 8.0, 55ºC, 2 h); E/S (0.15 AU/g of protein). Other enzymes tested: Neutrase 0.8 L, Flavourzyme 1000 L, PTN 6.0 Saltfree*N and thermolysin



                  	



                  	



                  	DPPH (68.6%) and ABTS radical scavenging capacity (72.0%), TEAC (363 μmol Trolox equivalents/g), hydroxyl radical scavenging activity (54.5%), and lipid peroxidation inhibition (91.2%)b




                  	[20,51]

                




                

                  	Walnut oil extraction residue



                  	Alkaline extraction (pH 9.0, 45 ºC for 1 h) with NaOH solution and acid precipitation



                  	Hydrolysis with papain (pH 7.0, 60 °C, 3 h). Other enzymes used: alkaline protease, pepsin, trypsin and neutral protease



                  	



                  	



                  	Best results with papain: inhibition towards cancer cells growth



                  	[15]

                




                

                  	Fruits

                




                

                  	Plum seeds



                  	Ground, defatting, and buffered extraction (s:l 1:167) (denaturing and reducing conditions) with ultrasound (1 min, 30% amplitude). Precipitation (cold acetone)



                  	Hydrolysis with Alcalase 2.4L (pH 8.5, 50 ºC, 3 h); E/S (0.30 AU/g protein).


                  Other enzymes tested: Thermolysin, Flavourzyme, and Protease P



                  	PY: 39



                  	



                  	• The highest antioxidant activity (TEAC) was found using Alcalase (460 μmol TE/g)


                  • ACEi activity (IC50 < 0.5 mg/mL) (similar to that for Thermolysin)



                  	[21]

                




                

                  	Peach seeds



                  	Ground, defatted, and buffered extraction (denaturing and reducing conditions) with ultrasound (5 min, 30% amplitude). Precipitation (cold acetone)



                  	Hydrolysis with thermolisin (pH 8, 50 ºC) and ultrafiltration (fraction <3 kDa).


                  Other enzymes tested: Alcalase, Flavourzyme, and Protease P.



                  	PY: 43



                  	



                  	The highest activity was found using thermolysin (IC50, 0.016 mg/mL)



                  	[26]

                




                

                  	Vegetables and tubers

                




                

                  	Cauliflower leaves



                  	Homogenization and alkaline extraction (s:l 1:4, pH 11, 15 min) with ultrasound (175 W). Acid precipitation (pH 4)



                  	Hydrolysis with Alcalase (pH 8, 55 ºC, 4 h); E/S (5000 U/g)



                  	PR: 53



                  	



                  	• ACEi activity (IC50, 0.14 mg/mL)


                  • Promotion of the glucose consumption and enhanced the glycogen content in HepG2 cells



                  	[14]

                


              

            




            

              aIn vitro angiotensin converting enzyme-inhibitory (ACEi) activity. In vitro antioxidant activity determined by TEAC (trolox equivalent antioxidant capacity), ORAC (oxygen radical absorbance capacity), FRAP (ferric reducing antioxidant power) assays, ABTS and DPPH radicals scavenging assays, hydroxyl radical scavenging activity, and lipid peroxidation inhibition. IC50, concentration of inhibitor required to inhibit 50% of the ACE activity.


              bValues for the enzyme providing the highest activity, whose hydrolysis conditions are described.


              AAE, ascorbic acid equivalents; E/S, enzyme/substrate ratio; KA, kojic acid; S:l, solid-to-liquid ratio; Ref., reference; TE; Trolox equivalents.

            




          




          Concerning the other extraction methods, further work is required since strong alkaline, acid and subcritical water extraction conditions can promote the hydrolysis of proteins [6, 7, 54], but probably not in a specific way as with using enzymes. In the case of microwave, it can favor the denaturation of proteins, but making them more accessible to peptidases [55], and thereby its combination can be interesting to favor the extraction of peptides [7]. For example, the use of microwave-assisted enzymatic hydrolysis (power of 300 W and treatment time of 2.5 min) improved the protein extraction from defatted corn gluten meal and shortened the hydrolysis time compared to a traditional water-bath enzymatic hydrolysis [56]. Alternatively, Ketnawa and Liceaga [57] have shown that the use of a microwave pretreatment followed by conventional enzymatic hydrolysis with Alcalase was the best treatment to produce antioxidant peptides and the lowest immunoreactivity from fish by-product.


        




        

          Table 3 Some qualitative characteristics of plant protein products derived from agri-food byproducts and their hydrolyzates using sequential extraction and hydrolysis (SeEH) and simultaneous extraction and hydrolysis (SiEH). The extraction and hydrolysis methods are described in Tables 2 and 4.




          

            

              

                	Byproduct



                	Protein Product a




                	Hydrolyzate Product a




                	Analysis Method a




                	Ref.

              


            



            

              

                	SeEH – cereals

              




              

                	Defatted wheat germ protein



                	



                	All EAA, with or without ultrasound pretreatment



                	Amino acid analysis



                	[42]

              




              

                	Brewer´s spent grain



                	Hordeins, glutelins and low MW peptides. 45.5% of this fraction > 15 kDa. All EAA, except Trp



                	26.6-33.3% fraction >15 kDab; high proportion of <2-5 kDa peptidesc




                	SDS-PAGE; SE-LC; RP-LC; amino acid analysis



                	[25,39,


                35]

              




              

                	Brewer´s spent grain



                	



                	High proportion of <2 kDa and hydrophilic peptidesd




                	SE-LC, RP-LC



                	[35]

              




              

                	Brewer´s spent grain



                	



                	All EEA. Four main peaks with MW >7000, 2100, ~500, and 120 Da. Fraction of 500 Da increased after digestion



                	SE-LC; amino acid analysis



                	[24]

              




              

                	Brewer´s spent grain



                	MW > 10 kDa



                	High content of peptides with MW < 10 kDa, especially, < 1 kDa. More hydrophilic and hydrophobic peaks than unhydrolyzed proteins



                	SE-LC and RP



                	[12]

              




              

                	Broken rice



                	



                	<200 Da-10 kDa before ultrafiltration; <200 Da-3 kDa after ultrafiltration



                	SE-LC



                	[49]

              




              

                	SeEH - oil-bearing fruits and oilseeds

              




              

                	Defatted canola cake



                	Cruciferin, napin and other minor proteins



                	Peptides < 1.3 kDa (58.7%)



                	SDS-PAGE; SE-LC; DSC



                	[50]

              




              

                	Palm kernel cake



                	Some bands at 15 and 2.4 kDa. All EAA, except Trp and Met



                	Some bands at 15 and 2.4 kDa. All EAA, except Trp and Met



                	SDS-PAGE; SE-LC; amino acid analysis



                	[23]

              




              

                	Olive stones



                	Oleosin (50 kDa), storage proteins from the Solea II precursor (27 and 30 kDa), oleosin/storage proteins from the Solea I precursor (22 kDa). Hydrophobic and hydrophilic peaks



                	Peptides < 1kDa were identified after ultrafiltration (3 kDa)



                	SDS-PAGE; RP-LC; RP-LC-MS



                	[20,51]

              




              

                	SeEH - fruits and vegetables
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