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    In the last decade, bioactive compounds, particularly peptides from underutilized grains, have been the subject of extensive scientific and technological research worldwide. The results achieved try to respond to the interest of human beings in consuming nutritious and healthy foods that contribute to their well-being, and to biodiversity, and community development.




    The advancement of knowledge in this field has given rise to the publication of numerous articles, reviews, chapters, and books, mainly in recent years. However, challenges and questions constantly arise new and sophisticated methodologies, and innovative visions based on interdisciplinary collaboration that stimulate the writing of new books.




    One such example is “Potential Health Benefits of Biologically Active Peptides Derived from Underutilized Grains: Recent Advances in their Isolation, Identification, Bioactivity and Molecular Analysis.”




    Its contents are divided into three main axes:





    

      	Progress made in aspects related to the identification, production, bioactivity and molecular characterization of bioactive peptides.




      	Identification and description of the main biological activities exhibited by peptides encrypted in the protein sequences of the main grains, whose use is scarce in human nutrition, despite the fact that in several cases the nutritional characteristics of their proteins are better than those of cereals or other grains of massive consumption.




      	The possibilities that these peptides have of being applied in different fields such as food, cosmetics, pharmaceuticals and medicine, whether in the design and formulation of functional foods, nutraceuticals, cosmeceuticals, antimicrobials and antivirals.


    




    Mexico in particular, as well as other countries in the American continent, have strong historical ties with most of the underutilized crops included in this publication, which have a high nutritional value and great potential in the world of functional foods, a fact that is reflected in the text.




    This book has been rigorously written and combines the knowledge and insights developed to date by researchers around the world. Reading it will provide up-to-date knowledge and will surely raise questions and pose new challenges at a scientific level, as well as stimulate the development of novel products that have an impact on the benefit of society.




    The authors of the different chapters have solid knowledge about the different topics addressed, which is evident in the clarity and depth of the treatment of the topics.




    It is a compliment that they have chosen me to write this prologue.




    

      María Cristina Añón


      Centro de Investigación y Desarrollo en


      Criotecnología de Alimentos


      CONICET – UNLP. Facultad de Ciencias Exactas


      47 y 116 – La Plata, Buenos Aires, Argentina
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    “Potential Health Benefits of Biologically Active Peptides Derived from Underutilized Grains” is a complete review based on the cutting-edge scientific pieces of evidence about the isolation, identification, bioactivity and molecular analysis of the biologically active peptides (BAPs), specifically obtained from underutilized grains. The aspects related to the bioprospecting of BAPs in grains of several varieties of amaranth, quinoa, millet, buckwheat, sorghum, lupin, mung bean, chickpea, broad bean, cocoa bean and chia, are extensively described along the different chapters. Additionally, the chapters provide information about the characteristics of the crop, its main varieties, traditional uses, economic importance, structure and chemical composition of the grains, as well as the classification and distribution of the grain protein fractions. Moreover, the advances in the analytical techniques used for the concentration, purification and molecular characterization of BAPs are described. Furthermore, the impact of BAPs in the promotion of health is highlighted, as well as their potential incorporation as promising ingredients in the development of functional foods, nutraceuticals and cosmeceuticals. Finally, the main findings related to the potential antiviral and anti-COVID-19 activities of BAPs derived from underutilized grains are discussed. The present book will be of great interest to academics, professionals and researchers focused on food science, biotechnology, pharmacology and agriculture, and to professionals involved in the research and development of natural products, pharmaceuticals and cosmetics.
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      Abstract




      According to reports from the World Health Organization (WHO), non-transmissible chronic diseases, like diabetes, cardiovascular disorders, hypertension, and cancer, among others, are the main causes of death worldwide, comprising 70% of the total deaths. Therefore, there is a great interest in the search for alternative biofunctional agents that can contribute to the prevention and treatment of these types of diseases. Particularly, biologically active peptides (BAPs) represent an attractive and promising alternative due to their therapeutic potential, since they can act in similar ways to synthetic drugs. In this respect, BAPs extracted from food proteins of vegetable origin have shown antioxidant, antihypertensive, antidiabetic, anticancer, antithrombotic, anticholesterolemic, immunomodulatory, antiobesity, antiaging, and antimicrobial properties, thus showing great potential as bioactive ingredients in functional foods and pharmaceutical formulas. This chapter describes the main procedures performed for the identification and production of BAPs, as well as the health benefits of their biofunctionalities found in bioassays in vitro and in vivo, the elucidation of their mechanisms of action and the therapeutic applications of BAPs originated from underutilized vegetable sources.
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      INTRODUCTION




      Food ingredients from vegetable sources have an important role in the diet of the less favored people, in economic terms, and of those who for several reasons (philosophy, religion and health) have chosen animal-free nutritional regimens [1]. Additionally, from an ecological and agricultural approach, a great advantage of ingredients from vegetable sources is their higher sustainability [2]. Despite great diversity in available vegetable sources, only a few varieties are widely exploited. Therefore, there is a great interest in increasing the added value of underutilized vegetable sources through the obtention of compounds with techno- and bio- functionalities, so they can be considered by the food and pharmaceutical industries [2, 3].




      Proteins are essential macronutrients for human nutrition since they give energy, nitrogen and essential amino acids [3]. Moreover, proteins are one of the main components in several food products due to their techno-functional attributes (production and stability of emulsions, foams and gels; capacity to form films; and viscosity promoters) [2, 4]. In this sense, vegetable proteins are mainly obtained from grains of cereals and pseudocereals, legumes, oleaginous seeds (Table. 1), and in less extent, from green leaves [1]; this group of proteins has been classified (based on their solubility) according to the Osborne fractionation technique [5] in: water-soluble albumins, globulins soluble in aqueous saline solutions, glutelins soluble in acid and alkaline diluted solutions, and in prolamins soluble in aqueous alcohol solutions. On the other hand, vegetable proteins can be classified in different groups, according to their biological functions: structural or metabolic, defense, stress resistance and storage [1].




      The potential uses of vegetable proteins depend on their resistance to processing and bioavailability, digestibility, amino acid profile and antinutritional compounds present in the vegetable source of interest [1-3]. Modifications of vegetable proteins by altering their physicochemical/structural characteristics (molecular weight, charge, hydrophobicity and hydrophilicity, among others) have opened the possibility to diversify and improve their nutritional properties (digestibility and allergenicity), as well as their technofunctional attributes and biological functionalities (biofunctionality) [2, 6]. In this respect, one of the most outstanding and promising research lines is the extraction or production of specific fragments of proteins with amino acid sequences with biofunctional effects in humans; they have been named biologically active biopeptides (BAPs). The presence of these peptides with diverse biological functions (antioxidant, anticancer, antihypertensive, hypoglycemic, hypocholesterolemic, and immunomodulatory, among others) has been described in vegetable proteins [6]. Likewise, over the last few years, there has been an increasing interest in bioprospecting and production of new BAPs from less explored sources, with potential therapeutic applications beneficial to health [4, 6]. Hence, this chapter aims to describe the state-of-the-art identification and production of BAPs; besides describing the potential biofunctionalities (beneficial to health), mechanisms of action and therapeutic applications of BAPs. Moreover, this chapter exclusively focuses on BAPs extracted from vegetable sources (underutilized grain proteins); the information regarding the BAPs of each vegetable source will be discussed in the following chapters.




      

        Table 1 Protein content of grain crops [1].




        

          

            

              	Crop



              	Total protein (%)

            


          



          

            

              	Cereals

            




            

              	Maize



              	7.2 – 9.4

            




            

              	Barley



              	8.2 – 11.6

            




            

              	Oat



              	12.1 – 14.2

            




            

              	Rice



              	7.5 – 9.0

            




            

              	Wheat



              	11.0 – 14.0

            




            

              	Sorghum



              	6.0 – 11.3

            




            

              	Pseudocereals

            




            

              	Amaranth



              	13.2 – 18.2

            




            

              	Quinoa



              	12.0 – 20.0

            




            

              	Buckwheat



              	11.0 – 16.0

            




            

              	Legumes

            




            

              	Soy bean



              	32.0 – 42.0

            




            

              	Chickpea



              	20.0 – 28.0

            




            

              	Broad bean



              	20.0 – 30.0

            




            

              	Lentil



              	23.0 – 29.0

            




            

              	Bean



              	19.0 – 21.0

            




            

              	Pea



              	21.0 – 28.0

            




            

              	Peanut



              	25.0 – 28.0

            




            

              	Oleaginous seeds

            




            

              	Sesame seed



              	17.7 – 25.0

            




            

              	Sunflower



              	20.7 – 27.0

            




            

              	Rapeseed



              	20.0 – 25.0

            


          

        




      




      

        Biologically Active Peptides (BAPs)




        Biologically active or bioactive peptides (BAPs) are defined as specific protein fragments (short sequences from 2 to 20 amino acids with a molecular weight below 3000 Da) that independently of their nutritional value, show biological functions (biofunctionalities) on the human body [4, 6]. Their biofunctionalities are mainly given by their amino acid composition and sequences; thus, a peptide is considered bioactive only when it has a proven positive effect on body functions and body conditions [7], including antihypertensive, antioxidant, antithrombotic, anticancer, antidiabetic, antiobesity, anticholesterolemic, immunomodulatory, opioid (agonist and antagonist), anti-inflammatory, antiaging or antimicrobial effects. Therefore, some BAPs have been named multifunctional peptides, since they are able to exert several biofunctionalities [4, 6, 8].




        BAPs can exert their biofunctionalities on the cardiovascular, digestive, immune and nervous systems, as a consequence of being able to pass through the intestinal epithelium and to reach peripheric tissues by blood; hence, being able to locally (gastrointestinal tract) and systemically regulate different physiological processes, acting as blood flow regulators, growth factors, hormonal inducers and neurotransmitters [4, 8].




        In consequence, BAPs have started to be used as an alternative in healthcare, due to their biocompatibility, none to low toxicity, and high specificity and effectivity (even at low concentrations). Likewise, BAPs are attractive since they are biodegradable and do not accumulate in the body [9, 10]. Additionally, protein hydrolysates containing BAPs have the denomination of Generally Recognized As Safe (GRAS) by the Federal and Drug Administration (FDA) of the United States of America [11].


      




      

        Identification and Production of BAPs




        At present, due to the high relevance BAPs have gained in the promotion and/or improvement of health, several procedures have been developed for the obtention of new peptides from food proteins. The general strategy used to identify and produce BAPs from vegetable grains is described in Fig. (1).




        
[image: ]


Fig. (1))


        General strategy for the identification (in silico) and production of biologically active peptides (BAPs) from plant food sources. EH: Enzymatic Hydrolysis, SGD; Simulated Gastrointestinal Digestion, MF: Microbial Fermentation. Adapted from Tovar-Pérez et al. [4].

      




      

        Identification of BAPs (in silico analysis)




        In recent years, bioinformatic tools (in silico) have been developed -such as the BIOPEP-UWM database (developed by the University of Warmia and Mazury, Poland) and the PeptideRanker software- for the identification of BAPs with human health benefits, as well as for the prediction of peptide sequences with potential biological activity in non-explored proteins. Moreover, BAPs have also been identified after enzymatic in silico treatments with several proteolytic enzymes [9, 12]. Similarly, BAPs have been classified (identified in silico) according to their biofunctionality and frequency in the sequences of precursor proteins from several natural sources [12, 13]. Hence, the use of bioinformatic tools has become an effective alternative (saving money and resources) in the selection of more promising specific proteins and proteolytic enzymes for the production of new BAPs. In fact, several bioinformatic tools (databases and software) are available for the discovery and identification of BAPs, with the proteolytic enzyme databases and in silico digestion platforms (BIOPEP, PeptideCutter, POPS, Enzyme Predictor), in silico molecular docking analytic software (DOCK Blaster, 1-CLICK DOCKING, BSP-SLIM, SwissDock, FlexPepDock), servers for the prediction of potential bioactivity (PeptideRanker, BIOPEP, AntiBP2, PeptideLocator), servers for the prediction of allergenicity/toxicity (ToxinPred, AlgPred, Allerdictor, EPIMHC, SORTALLER, ProPeppe) and of gustatory potential (BIOPEP, BitterDB, BitterPredit) standing out [13-15].




        In silico analysis using the aforementioned tools, has allowed to predict and analyze the frequency of appearance of peptide sequences with several biofunctionalities, as well as to elucidate the mechanisms of action and the chemical structure-biological function relationship of peptides found in grain proteins of cereals, pseudocereals, legumes and oilseeds [13-16]. Nevertheless, the validation of such predictions with in vitro and in vivo studies is recommended [15].


      




      

        BAPs Production




        Since BAPs are “inactive” when forming part of proteins, it is necessary to promote their liberation. There are various procedures by which peptides are freed from the native protein, such as processing with heat, acidic-basic conditions and biotechnological processes (enzymatic technology and fermentation) [4, 6, 7]. These procedures are based on the hydrolysis of peptide bonds of proteins (proteolysis), producing peptide chains of different molecular weights (Mw) [4, 15]. Currently, biotechnological processes have a bigger industrial and commercial potential for the production of BAPs from food sources of vegetable origin [15].




        

          Enzymatic Technology




          In vitro enzymatic hydrolysis of proteins is the preferred bioprocess for the production of BAPs [15], since it is a process easy to control, reliable (without the formation of subproducts) with a great variety of commercial proteolytic enzymes from animal, vegetable and microbial origin [17]. Several parameters and factors, such as the type of proteolytic enzyme used, reaction time, incubation conditions (pH and temperature), enzyme-substrate rates, pretreatments applied to the protein (ultrasonication, microwave radiation, high pressure, among others) and additional steps such as microwave-assisted hydrolysis, significantly impact the biological function of the peptides produced by enzymatic hydrolysis [6, 9, 15]. Thus, to maximize and/or standardize the biofunctionality of peptides, the enzymatic process must be adequately designed and controlled [17]. On the other hand, the gastrointestinal simulation model (in vitro) is an alternative to an enzymatic hydrolysis of proteins, consisting of using intestinal flora’ enzymes, such as pepsin, trypsin and quimotripsyn, under digestive tract pH and temperature conditions [4].




          At present, several proteolytic enzymes are commercially available (food grade), which can be classified into two big groups according to their catalytic activity: endopeptidases (catalyze bonds inside the protein chain) and exopeptidases (catalyze the terminal bonds of the amino and carboxyl ends of the protein chain) [18]. Furthermore, as previously mentioned, the origin of these enzymes can be animals, vegetables,bacteria or fungi; however, those of bacterial origin are the most abundant ones given the manageability of these microorganisms and their high outputs [17]. Some of the main commercially available proteolytic enzymes that have been used in the production of BAPs are shown in Table 2. Further, their specificity (target catalytic sites) and optimal conditions (pH and temperature) are described.


        




        

          Microbial Fermentation




          BAPs production by fermentation is achieved by the proteolytic activity of endogenous or microbial enzymes derived from starter and non-starter cultures of lactic acid bacteria -mainly Lactobacillus (Lactobacillus Plantarum, Lactobacillus casei, Lactobacillus helvetikus, among others) and Bacillus (Bacillus subtilis, Bacillus licheniformis) genres- and high proteolytic activity fungi of the Aspergillus genre (Aspergillus oryzae, Aspergillus sojae) [6, 7, 9]. It is important to mention that this bioprocess lacks any pathogenicity and toxicity to humans, besides it is considered an economical bioprocess for the production of BAPs [15].




          

            Table 2 Commercial proteolytic enzymes (food grade) used for the production of biologically active peptides (BAPs) from plant food sources.




            

              

                

                  	
Proteolytic


                  enzyme




                  	
Biological


                  source




                  	Classification



                  	Specificity



                  	Optimal conditions



                  	Reference

                


              



              

                

                  	



                  	Microbial



                  	Temperature (°C)



                  	pH



                  	

                




                

                  	Alcalase®


                  (EC 3.4.21.62)



                  	Bacillus licheniformis



                  	Serine


                  endopeptidase



                  	Broad specificity



                  	50 – 65



                  	7.5 – 8.5



                  	[19]

                




                

                  	Neutrase®


                  (EC 3.4.24.28)



                  	
Bacillus


                  amyloliquefaciens




                  	Metalloprotease



                  	Broad specificity;


                  N-terminal side of Leu, Val and Phe residues



                  	40 – 55



                  	6 – 7.5



                  	[1, 20]

                




                

                  	Protamex®


                  (EC 3.4.21.14)



                  	
Bacillus sp.



                  	Protease



                  	Broad specificity



                  	55 – 65



                  	7 – 9



                  	[20, 21]

                




                

                  	Flavourzyme®


                  (EC 3.4.11.1)



                  	
Aspergillus


                  oryzae




                  	Endopeptidase and exopeptidase



                  	Broad specificity



                  	40 – 60



                  	6 – 8



                  	[20, 21]

                




                

                  	



                  	Plant

                




                

                  	Bromelain®


                  (EC 3.4.22.32)



                  	Pineapple


                  (Ananas comosus)


                  stem or fruit



                  	Cysteine


                  endopeptidase



                  	Broad specificity



                  	35 – 55



                  	6 – 8



                  	[1, 22]

                




                

                  	Ficin®


                  (EC 3.4.22.3)



                  	Fig (Ficus carica)


                  latex tree



                  	Cysteine


                  endopeptidase



                  	C-terminal side of


                  Gly, Ser, Thr, Met, Lys, Arg, Tyr, Ala, Asn and Val residues



                  	60 – 70



                  	5 – 7



                  	[22]

                




                

                  	Papain®


                  (EC 3.4.22.2)



                  	Papaya


                  (Carica papaya) latex or fruit



                  	Cysteine protease



                  	Peptide bonds containing: Lys, Arg, Val, Leu, and Phe



                  	45 – 75



                  	5 – 8



                  	[1, 22]

                




                

                  	



                  	Animal

                




                

                  	Chymotrypsin®


                  (EC 3.4.21.1)



                  	Bovine pancreas



                  	Serine


                  endopeptidase



                  	C-terminal side of Tyr, Phe, Trp, and Leu



                  	45 – 55



                  	8 – 9



                  	[23]

                




                

                  	Trypsin®


                  (EC 3.4.21.4)



                  	Bovine and porcine pancreas



                  	Serine


                  protease



                  	C-terminal side of Arg and Lys residues



                  	35 – 55



                  	7 – 9



                  	[23]

                




                

                  	Pepsin®


                  (EC 3.4.23.1)



                  	Porcine gastric mucosa



                  	Aspartic


                  endopeptidase



                  	Broad specificity;


                  Preferential cleavage hydrophobic, preferably aromatic.



                  	35 – 45



                  	1.5 – 2.5



                  	[1, 23]

                




                

                  	Pancreatin®




                  	Porcine pancreas



                  	Enzyme preparation



                  	Broad specificity



                  	30 – 50



                  	7 – 9



                  	[23]

                


              

            




            

              EC: Enzyme Commission number


            




          




          Similarly, as it occurs in enzymatic hydrolysis, several variables and factors of the fermentation process -as the choosing of microbial species, bioprocessing time and presence of intracellular peptidases (including endopeptidases, exopeptidases, aminopeptidases, dipeptidases and tripeptidases)- significantly influence the proteolytic effectiveness, and in consequence, the biological function of the released peptides [9, 15].




          In this respect, BAPs production from vegetable-origin proteins has been achieved by bioprocesses such as enzymatic hydrolysis, in vitro gastrointestinal digestion and microbial fermentation. In addition, for the purpose of increasing peptide output, it is possible to combine some of the aforementioned processes [4, 19].


        


      


    




    

      HEALTH BENEFITS OF BAPs




      As mentioned before, BAPs from vegetable origin can exert their biological functionalities on the main human body systems (cardiovascular, digestive, immune and nervous). As part of these biofunctionalities, BAPs with antioxidant, antihypertensive, antidiabetic, anticancer, antithrombotic, anticholesterolemic, antiinflammatory, immunomodulatory, antiobesity, antiaging and antimicrobial properties have been described [6, 9, 15, 16]. The biofunctionality of peptides has been evaluated by in vitro (bioassays with chemical substances, cells, tissues, or isolated organs) and in vivo (bioassays with different experimental animal models or clinical trials with humans) studies. The mechanism of action of BAPs is described in the following paragraphs.




      

        Antioxidant Peptides




        Oxidative stress is a process resulting from the alteration of oxidative equilibrium, which is caused by an excessive generation of free radicals, including the reactive oxygen species (ROS) and reactive nitrogen species (RNS), in the human body during cell metabolism or due to failure in the endogenous antioxidant defense system [15]. Oxidative stress can produce damage (cellular and tissular) and trigger physiological disruptions involved in the origin and development of pathological processes such as aging, inflammation, carcinogenesis, diabetes and neurodegenerative, cardiovascular and autoimmune conditions [4, 6, 15]. All of this has generated the search for natural antioxidant compounds that could contribute to the prevention of several diseases and that could be applied as promising therapeutic agents. In this respect, it has been shown that peptides of vegetable origin have significant antioxidant functions and they can produce protective effects against processes associated with oxidative stress [16, 20].




        The antioxidant properties (A-OXs) of peptides are due to their capacity to eliminate or capture free radicals, to chelate transition metals and to reduce iron, as well as, to inhibit ROS induced oxidation of biological molecules such as lipids, proteins and DNA [21]. In this respect, peptide A-OXs are attributed to the wide availability of peptide amino acid residues that can participate in the reactions of transference of electrons and/or transference of hydrogen atoms with free radicals. Additionally, peptide A-OXs are related to their composition, structure and hydrophobicity, in a way that peptides containing the amino acids Tyr, Trp, Met, Lys, Cys, His and Phe, as well as a Mw of 500 – 1500 Da have shown a higher antioxidant capacity due to the unique physicochemical properties conferred by their sequences [4, 6].




        Peptide A-OXs have been evaluated by in vitro and in vivo methods, which can determine different mechanisms of action. Among the main in vitro methods are those that determine the elimination or trapping of free radicals such as DPPH•, ABTS•+ and peroxyl (ROO•, ORAC assay), ferric reducing antioxidant power (Fe3+, FRAP assay), transition metals chelating capacity (Cu2+ and Fe2+), inhibition of lipidic peroxidase or lipoperoxidation (TBARS assay), ROS trapping [superoxide anion (O2•-), hydroxyl (•OH), hydroperoxide (•OOH)] and RNS trapping [peroxynitrite (ONOO•-) and nitric oxide (NO•)], among others [6, 22]. Additionally, PBAs’ A-OXs can be determined according to their IC50 (also named EC50, effective concentration of peptide required for the elimination of 50% of the radical’s activity) [4].




        On the other hand, the determination of A-OXs by in vivo methods has mainly focused on the capacity of peptides to attenuate or avoid the decrease in the activity of antioxidant enzymes: catalase (CAT; EC EC 1.11.1.6), superoxide dismutase (SOD, EC 1.15.1.1), glutathione peroxidase (GSH-Px; EC 1.11.1.9) and glutathione-S-transferase (GST; EC 2.5.1.18), since the decrease in the activity of the antioxidant defense enzymes considerably affects the susceptibility of several tissues to oxidative stress, which is associated to several diseases [6, 21, 23]. Other in vivo determinations have consisted in measuring the levels of reduced glutathione (GSH) and malondialdehyde in rats [6].


      




      

        Antihypertensive Peptides




        High blood pressure or hypertension (systolic and diastolic arterial pressure 140/90 mmHg and/or higher) affects 25 – 30% of the global population [6, 24], and it is considered a medical chronic complication associated with several cardiovascular (myocardial infarction, hearth failure, stroke, coronary heart disease, atherosclerosis, among others) and renal (kidney failure) diseases [25].




        In this respect, peptides have antihypertensive properties due to their capacity to inhibit the angiotensin-I-converting enzyme (ACE), which is one of the main regulators of the arterial blood pressure. ACE is a dipeptidyl carboxypeptidase I (EC 3.4.15.1) forming part of the renin-angiotensin-aldosterone system, in which it catalyzes the formation of angiotensin II, a potent vasoconstrictor. Moreover, ACE simultaneously acts in the kinin-kallikrein system, catalyzing the degradation of bradykinins, which are potent vasodilator compounds [26-28]. Therefore, the secretion of aldosterone is also stimulated by the induction of the expression of potassium and by the retention of sodium and water, increasing the extracellular volume and neutralizing the expression of renin [25, 27]. Thus, due to the processes described before, ACE favors the increase of arterial blood pressure [25-27].




        Since the regulation of blood pressure is physiologically controlled by ACE, there is a wide availability of drugs with the capacity to inhibit ACE, among which are captopril, enalapril, lisinopril and perindopril. However, these drugs can produce adverse reactions, such as coughing, headache, rash, taste disorders, angioedema, nausea, and allergic reactions, among others [15, 16, 28].




        Several studies performed in vitro (bioassays), ex vivo (experiments with isolated papillary muscle) and in vivo (in spontaneously hypertensive rats and in patients with hypertension) have shown that ACE inhibitor peptides are a promising alternative to contribute to the prevention and treatment of hypertension [4, 15, 16, 25-28]. The mechanism of action of peptides is similar to that of drugs, since they are capable of binding to the active site of ACE (competitive inhibition). However, there can be exceptions, since some peptides can bind to ACE on different sites than the active site (no competitive inhibition) or combine with the enzyme-substrate complex (uncompetitive inhibition), avoiding the reaction to occur [26, 27]. In general, it has been found that those peptides with the best antihypertensive properties have a low Mw (< 1500 Da) and contain residues of hydrophobic amino acids in the three last positions of the C-terminus; similarly, it has been determined that the presence of proline significantly increases the inhibitory effect on ACE [6, 26, 28]. Moreover, the antihypertensive potential of BAPs can be determined according to their IC50, which is defined as the concentration of peptide required to inhibit 50% of ACE activity [4].


      




      

        Antidiabetic Peptides




        Type 2 Diabetes mellitus (T2DM) is a metabolic disorder, in which the body cannot efficiently produce insulin (sugar blood regulator hormone) or in which the body is unable to use the produced insulin [7]. It is accompanied by a progressive dysfunction of pancreatic cells and by an increase in blood glucose levels [29]. T2DM is one of the leading causes of death worldwide [24]. Therefore, it has been estimated that the implementation of interventions, such as a physical activity with a healthy diet and specific medication are feasible alternatives to control and reduce the complications of this disease [16, 29]. In this respect, peptides have anti-diabetic properties due to their inhibition of several metabolic enzymes, such as dipeptidyl-peptidase IV (DPPIV), α-amylase, and α-glucosidase [7, 15].




        DPPIV is a serine protease (EC 3.4.14.5) that modulates the activity of several peptide hormones, such as incretins: glucagon-like peptide (GLP-1) and glucose-dependent insulinotropic peptide (GIP), induce the synthesis of insulin. Incretins are responsible for the liberation of 70% of postprandial insulin; however, their half-life is around 2 and 5 min for GLP-1 y GIP, respectively, due to their rapid inactivation by DPPIV [7]. DPPIV inhibition produces the “incretin effect”, which consists of the liberation of active incretins, this also allows the increase in the secretion of insulin and the decrease of glycemic levels [29, 7]; even, some available drugs to control T2DM are DPPIV inhibitors, such as sitagliptin, vildagliptin and saxagliptin, despite having diverse adverse effects (angioedema, pancreatitis, infectious diseases, nasal secretion, sore throat, headache, among others) [4, 16]. Therefore, there is a great interest to obtain agents of natural origin (DPPIV inhibitors) that could contribute to treat T2DM.




        On the other hand, α-amylase (1,4-α-D-glucan-glucanohydrolase, EC 3.2.1.1) and α-glucosidase (α-D-glucoside glucohydrolase, EC 3.2.1.20) are the main enzymes catalyzing the degradation of complex carbohydrates (polysaccharides and oligosaccharides) into simple sugars (monosaccharides); thus, the inhibition of their activity delays the degradation of carbohydrates, decreasing in consequence the total absorption of glucose into the blood, preventing hyperglycemia [7, 15, 30].




        The antidiabetic potential of BAPs of vegetable origin has been determined in vitro and in vivo, through biochemical assays (DPPIV, α-amylase and α-glucosidase inhibition) in rats with induced diabetes and in diabetic patients (decreasing blood glucose levels or increasing insulin levels) [4, 7, 31]. In general, it has been found that peptides showing a greater DPPIV inhibition are of low Mw (< 1500 Da), and contain hydrophobic amino acids and choline in their sequences; similarly, their main mechanism of action is by binding to the active site of DPPIV (competitive inhibition), despite they can also bind to allosteric sites of this enzyme [7, 15, 29, 30]. Additionally, peptides containing hydrophobic amino acids (at the C- and N-terminus) can bind to the active sites of the enzymes α-amylase and α-glucosidase by hydrophobic and electrostatic interactions, as well as by hydrogen bonds, inhibiting their activity in a competitive way [32]. Finally, as for other biofunctionalities, the antidiabetic effect of BAPs is determined by their IC50, defined as the concentration of peptide required to inhibit 50% of the activity of a particular enzyme (DPPIV, α-amylase and/or α-glucosidase) [4].


      




      

        Anticancer Peptides




        Cancer is a complex multifactorial disease, which is characterized by an uncontrolled cellular division and by the propagation of abnormal cells into other tissues (metastasis) [15]. This disease is one of the leading causes of death worldwide [24]. Carcinogenesis occurs when DNA mutates, disrupting the processes of cell cycle regulation involving proliferation and cell death [15, 16]. In this respect, chemoprevention is a successful approach for the interruption of the carcinogenic process; however, this often produces resistance to medications and secondary adverse effects [15]. Therefore, the search for bioactive molecules of natural origin acting as anticancer agents and adjuvants in cancer therapy are needed. In particular, peptides have shown anticancer properties by modulating some processes at the initiation, promotion and progression stages of cancer cells [4, 33].




        BAPs’ anticancer potential has been evaluated in vitro and in vivo assays (by using different cancer cell lines and clinical trials), finding that peptides can have diverse mechanisms of action, among which the antiproliferative effect by the induction of apoptosis of cancer cells, the inhibition of cell adhesion (reduction of metastasis) [16, 33], the modulation of an immune response and the inhibition of the intracellular signaling in cancer cells stand out [34]. Usually, anticancer peptides contain sequences of 2-15 amino acids (Mw < 3000 Da) and mainly include hydrophobic amino acids (Ala, Leu, Pro, Phe), as well as the amino acids Arg, Tyr, Lys, Glu, Gly and Ser [34]. With respect to the anticancer effect, IC50 value can be defined as the peptide concentration required for the inhibition of 50% of cell proliferation in cancer cell lines [4].


      




      

        Anticholesterolemic Peptides




        Hypercholesterolemia is a cardiovascular disease characterized by the presence of high levels of cholesterol in the blood [27]. This disease reduces blood flow to the arteries in the heart, brain, kidney, bowel, legs, and arms, contributing to the development of diseases such as coronary heart disease, peripheral artery disease, chronic renal failure, heart failure (being able to produce cardiac arrest or stroke) among others [4, 35]. Since hypercholesterolemia is one of the biggest risk factors for human health, the search for natural anticholesterolemic agents as an alternative for the prevention and/or treatment of hypercholesterolemia is paramount, because conventional drugs (statins) are expensive and have adverse secondary effects (dry mouth, constipation, hypertension, among others) [16].




        Peptides have anticholesterolemic properties through several mechanisms. They have the capacity to inhibit 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCoAR, EC 1.1.1.34), which is an enzyme limiting the biosynthesis of cholesterol [4, 35]. Moreover, peptides show the capacity to decrease the expression of proteins associated with various receptors: lectin-type oxidized LDL receptor 1 (LOX-1), intercellular adhesion molecule 1 (ICAM-1) and matrix metallopeptidase 9 (MMP-9) receptors [36]. Additionally, peptides have shown the capacity to inhibit and delay the oxidation of low-density lipoproteins (LDL), as well as to regulate the increase of LDL receptors in human blood plasma [16]. Besides, peptides can also decrease the expression of pro-inflammatory cytokines [35]. With respect to their anticholesterolemic effect, IC50 values can be determined as the peptide concentration inhibiting 50% of HMGCoAR activity, receptor expression and/or pro-inflammatory cytokines [4].


      




      

        Antithrombotic Peptides




        Thrombosis is a pathological condition resulting from the formation of blood clots in arteries, veins or the heart [4, 27]. At present, the main drugs for its treatment include anticlotting agents, antiplatelet agents, and thrombolytic drugs, among which are warfarin, rivaroxaban and Pradaxa [16]. However, these drugs can increase the risks of intense bleeding. Therefore, several studies have focused on obtaining safe anticlotting agents able to effectively reduce thrombosis, without endangering hemostasis.




        Peptides have antithrombotic properties since they act as thrombin (fibrinogenase, EC 3.4.21.5) inhibitors on the degradation of fibrin monomers, the reason for which thrombin is considered a key enzyme in blood clot formation [4, 16]. In this case, the mechanism of action of peptides is due to their possible inclusion of an analogue sequence to the γ fibrinogen chain, competing in this way with the thrombocyte receptors, and in consequence, inhibiting platelet aggregation [16, 27]. Therefore, peptides can bind to the active site of thrombin and produce a competitive inhibition, or they can also bind to fibrin monomers, avoiding their polymerization [37]. BAPs antithrombotic potential has been evaluated in vitro and in vivo bioassays (in human and rat blood plasma) and their IC50 values (concentration of peptide inhibiting 50% of thrombin activity or 50% of blood clots formation) have been determined [4].


      




      

        Immunomodulating Peptides




        The immune system protects the human body against the invasion of viruses and pathogens, as well as from damaged cells and other harmful stimuli, such as inflammation [32, 34]; therefore, adequate functioning of the immune system will have repercussions on the health of the individual. In this context, inflammation (chronic) is considered an underlying cause of several diseases, such as cancer, rheumatoid arthritis, T2DM, Alzheimer´s disease, ulcerative colitis, and asthma, among others [16].




        Peptides have shownin vitro and in vivo immunomodulatory properties since they can modulate several processes that modify or increase the immune response (innate and adaptative responses) [15]. Thus, BAPs can intervene in the synthesis of antibodies and in the regulation of proinflammatory and antiinflammatory cytokines; they can also increase the proliferation of lymphocytes, stimulate the phagocytic activity, regulate the production of immunoglobulins, prevent bacterial cell attachment, decrease bowel inflammation and activate the nuclear factor kappa- light-chain-enhancer of activated B cells (NF-κB), among others activities [4, 9, 16, 35]. Nevertheless, the precise molecular mechanisms of the immunomodulatory peptides have not yet been fully elucidated [15].




        Peptide sequences that have shown a bigger immunomodulatory effect have hydrophobic amino acids with the presence of Tyr and Lys at the C- and N-terminus, respectively [15, 34]. For the diverse immunomodulatory properties of peptides, IC50 values have been established as the concentration of peptide required to inhibit 50% of the expression or production of those biomarkers of interest [4].


      




      

        Antiobesity Peptides




        Obesity is a chronic disease resulting from the disequilibrium between energy intake and expenditure, producing the pathological growth of adipocytes [6]. According to the World Health Organization (WHO) more than 25% of the population worldwide is overweight or obese [24]. In addition, obesity-associated diseases are T2DM, osteoarthritis, cardiovascular diseases and some types of cancer [15, 38].




        Studies performed in vitro and in vivo have demonstrated that peptides produced from vegetable sources have an inhibitory activity on the enzymes glycerol-3-phosphate dehydrogenase (GPDH, EC 1.1.1.8), fatty acid synthase (FAS, EC 2.3.1.85) [6], and pancreatic lipase (LP, EC 3.1.1.3) [38]. In this respect, GPDH is a key enzyme in glucose metabolism and is related to the biosynthesis of phospholipids and triglycerides [6]. Similarly, FAS is involved in the synthesis of long-chain saturated fatty acids [6]. Lastly, LP is responsible for the digestion of triacylglycerides in the gastrointestinal tract [38]. Therefore, the inhibition of these enzymes (GPDH, FAS and LP) represents a potential alternative for the treatment of obesity, since they can regulate the absorption of lipids, decreasing the accumulation of body fat [16].




        There are drugs such as Xenical (orlistat) and Reductil (sibutramine) that are used to decrease the absorption of fat in the intestine (by the inhibition of LP) and hunger, respectively [38]. However, they produce adverse secondary effects such asheadaches, hypertension, constipation, insomnia, stomach ache, shortness of breath, diarrhea, nausea, vomiting, face and throat edema, among others [39]. Therefore, the production of peptides that can act as antiobesity agents has become a topic of great interest.




        The effectiveness of antiobesity peptides (generally of Mw < 3500 Da) can be established by determining their IC50 values, which is the concentration of peptide inhibiting 50% of the activity of the enzyme of interest (GDPH, FAS o LP) [38].


      




      

        Antiaging Peptides




        Aging is a natural and complex physiological phenomenon, which arises from the metabolic disequilibrium and the functional changes that occur in the life of an individual [40]. Likewise, skin aging is an unavoidable process caused by intrinsic (chronological aging) and extrinsic factors such as exposure to chemical products, solar radiation and environmental pollution, stress, and abrasion, among others (premature aging or photoaging) [9]. In addition, aging (chronological and photoaging) causes oxidative stress, inflammation, as well as DNA and RNA damage [9, 40]. These processes promote the overexpression of proteases, such as collagenase (EC 3.4.24.7), elastase (EC 3.4.21.36) and hyaluronidase (EC 3.2.1.35), generating a decrease in collagen, elastic fibers and hyaluronic acid, producing the degradation of the extracellular matrix [41]. Additionally, it causes the overactivation of tyrosinase (EC 1.14.18.1), a key enzyme in the biosynthesis of melanin, having in consequence the emergence of melanocytic lesions [42]. Therefore, aging is characterized by the presentation of skin lesions, such as wrinkles (fine and deep), loss of firmness and elasticity, peeling, hyperpigmentation, dryness, laxity, precancerous lesions and even skin cancer [9, 41, 42].




        Peptides obtained from vegetable proteins have exhibited (in vitro and in vivo) antiaging properties, including antioxidant (free radical trapping, chelating capacity, inhibition of lipoperoxidation and protection of antioxidant enzymes), and anti-inflammatory (regulation of antiinflammatory and proinflammatory cytokines) properties, as well as inhibitory properties (competitive and non-competitive) of skin aging-related enzymes (collagenase, elastase, hyaluronidase, and tyrosinase), which has revealed that they have great potential as antiaging agents [9, 42-44]. IC50 values for the antiaging effects have been determined as the required peptide concentration to inhibit 50% of the activities of collagenase, elastase, hyaluronidase and/or tyrosinase [40, 44].


      




      

        Antimicrobial Peptides




        The systems implicated in the defense of the body against pathogenic agents are complex, and at present, it is accepted that diet can influence these systems. Moreover, a significant increase in the resistance of pathogenic microorganisms to conventional antibiotics has been found [15, 16]. Therefore, several studies have focused on the discovery of compounds for the defense against pathogenic microorganisms.




        In this respect, BAPs of vegetable origin have shown antimicrobial properties before several bacteria, fungi and yeasts. These peptides act on the phospholipidic bilayer of the microbial cellular membrane, interfering with the metabolism and/or orientation of the cytoplasmatic components [27]. This effect has been related to the net positive charge of peptides, which promotes the formation of ionic channels in the microbial membrane, disturbing its permeability; thus, producing its destabilization and cellular death [15, 27]. It is considered that peptides containing hydrophobic amino acids and Arg, His and Lys, show this type of mechanism of action [45].




        On the other hand, it has been shown that peptides can also interact with intracellular anionic components, inhibiting the microorganisms´ protein synthesis and cell division [27]. Moreover, some peptides can be involved in the autolytic activation of the microorganisms they target [27, 45]. The antimicrobial potential (in vitro and in vivo) of peptides can be established by determining their IC50 values (required concentration of peptide to inhibit 50% of the microbial growth) [16].


      


    




    

      CONCLUSIONS AND PERSPECTIVES




      There is vast scientific evidence (theoretical and experimental) showing BAPs' significant biofunctionalities, which has highlighted them as promising therapeutic agents for the prevention and treatment of several medical conditions. Therefore, BAPs have an enormous potential to be used as ingredients in functional foods and in pharmaceutical formulas. However, more studies about the bioavailability and stability of their biological functions are required to guarantee their effectiveness, to clarify their mechanisms of action and prove their putative health benefits.




      On the other hand, the present BAPs research trends require the implementation of strategies that consider standardized processes and adequate technologies (lab-scale) for the development of BAPs-based biofunctional ingredients (being these peptide extracts, peptide fractions or purified peptides). Similarly, these technological implications should allow to establish optimal and economically viable procedures on a pilot plant and on an industrial scale.




      Finally, the production of BAPs will give an added value to the underutilized vegetable sources, which will potentialize their industrial use and will promote their cultivation.
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