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Abstract

:

Diabetes mellitus is a non-communicable disease entity currently constituting one of the most significant health problems. The development of effective therapeutic strategies for the prevention and/or treatment of diabetes mellitus based on the selection of methods to restore and maintain blood glucose homeostasis is still in progress. Among the different courses of action, inhibition of dipeptidyl peptidase IV (DPP-IV) can improve blood glucose control in diabetic patients. Pharmacological therapy offering synthetic drugs is commonly used. In addition to medication, dietary intervention may be effective in combating metabolic disturbances caused by diabetes mellitus. Food proteins as a source of biologically active sequences are a potential source of anti-diabetic peptides (DPP-IV inhibitors and glucose uptake stimulating peptides). This study showed that in silico pork meat proteins digested with gastrointestinal enzymes are a potential source of bioactive peptides with a high potential to control blood glucose levels in patients with type 2 diabetes mellitus. Analysis revealed that the sequences released during in silico digestion were small dipeptides (with an average weight of 270.07 g mol−1), and most were poorly soluble in water. The selected electron properties of the peptides with the highest bioactivity index (i.e., GF, MW, MF, PF, PW) were described using the DFT method. The contribution of hydrophobic amino acids, in particular Phe and Trp, in forming the anti-diabetic properties of peptides released from pork meat was emphasized.
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1. Introduction


In recent years, the rate of diabetes mellitus morbidity has systematically grown, becoming one of the most common health problems among people around the world. It is estimated that in the past thirty years, the percentage of patients has increased almost four-fold, reaching approximately 422 million adults with diabetes mellitus in 2014 (for comparison, 108 million people were reported as having diabetes mellitus in 1980) [1]. Diabetes mellitus is a serious chronic disease associated with abnormal blood glucose levels in the body. It belongs to the group of non-communicable diseases (NCDs) caused by metabolic disorders [1]. Type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are the main types of diabetes, wherein T2DM is much more common and represents 90%–95% of all diabetes cases [1,2]. The causes of the epidemic of T2DM are embedded in the very complex relationship between genetic systems (e.g., ethnic origin, age) and environmental factors (e.g., unhealthy diet, sedentary lifestyle leading to the growth of obesity among the population). Some of them may be modified behaviorally, for example, by practicing a healthy lifestyle and adoption of an appropriate diet, thus prevention and treatment of diabetes mellitus can be effectively implemented. Another therapeutic strategy is the inhibition of the metabolic enzymes involved in the regulation of blood glucose levels, e.g., alpha-amylase and alpha-glucosidase (carbohydrate-cleaving binding—the inhibition of the enzyme causes a delay in the absorption of carbohydrates in the gastrointestinal tract) or dipeptidyl peptidase IV (DPP-IV) (hydrolyzing peptide bonds—the inhibition of the enzyme increases the half-life of substances affecting insulin levels) [2,3].



Incretins (intestinal insulinotropic hormones) are primarily responsible for regulating the level of glucose. Two peptide incretin hormones involved in the control of blood glucose have been identified in humans, namely, glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP-1) [4,5]. They are released from the gut in response to food intake and exert a potent insulinotropic effect helping to maintain control of postprandial glucose levels. However, the incretins are rapidly inactivated by the enzyme DPP-IV (Figure 1). Dipeptidyl peptidase IV, also known as adenosine deaminase binding protein or CD26 (EC 3.4.14.5), is a dimeric (2 × 110 kDa subunits) serine aminopeptidase. It catalyzes the release of X-Pro or X-Ala (wherein X is any amino acid) fragments from the N-terminus of peptides [6].



The medical strategy in the fight against disorders causing diabetes is to block the function of DPP-IV. Synthetic inhibitors of DPP-IV are used to increase the half-life of active GLP-1 and GIP, usually in the pharmacological approach to treatment, leading to a significant increase in their concentration in the blood. In turn, the GLP-1 and GIP contribute to lower glucose levels by stimulating insulin secretion and inhibiting the release of glucagon, enabling effective efforts against hyperglycemia [2,7].



In addition to pharmacological treatment, natural sources of bioactive compounds with anti-diabetic activity are sought [8]. One of the probable mechanisms of action of anti-diabetic agents from food sources may result their ability to inhibit the DPP-IV enzyme. Lacroix and Li-Chan [9], in their in silico study, demonstrated that raw materials of animal origin are better sources of DPP-IV inhibitors as compared to plant sources. As an example, peptides released from cow’s milk, beef, poultry, fish, eggs, and aged meat products have been proposed as a source of potential inhibitors of DPP-4 [2,9,10].



The data available in the literature show that pork meat can be a source of bioactive peptides which appear to have the potential to promote health benefits for consumers. When they are released from parent sequences and absorbed into the blood from the gastrointestinal lumen, they can influence the functioning of the body, i.e., cardiovascular system, digestive, hormonal, immune, and nervous systems [11]. They may also be effective in the prevention of the need for and/or assist in the treatment of T2DM, and they may become an important therapeutic strategy [12]. The bioinformatic approach to the discovery of bioactive peptides enables the characterization of peptides produced in terms of their theoretical physico-chemical, bioactive properties [13,14] and sensory properties [15]. Thus, information obtained from in silico analyses may help food technologists to take steps to remove or limit the production of allergenic, toxic or bitter peptides while maintaining the desired bioactivity. As an example, in silico and in vitro approaches were combined to determine the potency of antimicrobial peptides derived from porcine proteins (Sus scrofa) and beef proteins (Bos taurus) isolated from dry-cured meat products [16]. Also, the allergen potential of peptides isolated from beef fermented with acid whey after 31 days of ripening was determined using in silico methods [17]. In other studies, the in vitro and in silico approach were combined for determination of the potential of pork peptides and proteins as antioxidants [13] and angiotensin-converting enzyme inhibitors [14] obtained from dry-cured pork loins after in vitro digestion with gastrointestinal enzymes. Recently Sayd et al. [18] used combined in vivo and in silico approaches for predicting the bioactive peptides from meat digestion and confirmed the presence of biologically active sequences after the digestion of cooked beef in the digestive tract of mini pigs fitted with gastric cannulas received. Gallego, Aristoy, and Toldrá [10] also evaluated the potential of DPP-IV inhibitory peptides which may be present in the water-soluble extract of dry-cured Spanish ham. The bioactivity of the identified peptides by the mentioned authors has been confirmed by chemical synthesis and in vitro assays showing that KA and AAATP peptides have the strongest DPP-IV inhibitory activity (IC50 values of 6.27 mM and 6.47 mM, respectively). The AA, GP, PL, and carnosine dipeptides as well as AAAAG, ALGGA, and LVSGM peptides were also DPP-IV inhibitors, although to a lesser extent. These findings confirm the potential of meat products as a natural precursor of DPP-IV inhibitory peptides.



It is thought that the amino acids and short peptides supplied with the diet may have anti-diabetic activity in many ways. In addition to the inhibiting properties of the peptides, these activities were distinguished by direct stimulation of pancreatic cells leading to increased insulin secretion and the effect on the secretion of hormones from the incretin group [19,20]. The biological activity of the peptides may also result from their physico-chemical characteristics deriving from the amino acid composition and their arrangement in the peptide chain. Most of the studies conducted to date focused on the production and identification of DPP-IV inhibitory peptides from protein hydrolysates from the food system. To realize the potential of proteins from pork meat, more information is needed regarding the nature of the physical and chemical properties of the peptide sequences that can modulate blood glucose levels in the body. This knowledge can be used in the design of an appropriate diet therapy in order to reduce NCDs.



Significant progress has been made in the design of structure-based drugs at various stages of drug discovery. In silico methods based on molecular and quantum mechanics, such as docking, molecular dynamics, as well as ab initio and density functional theory (DFT) chemical reactivity calculations, bring us closer to understanding the metabolism of drugs and predicting the interaction among drugs [21]. Pharmacophore modeling is a widely utilized method in the computer-aided drug design process. Also, the application of computational methods in the determination of the relationship between the structure and biological activity of the molecule is widely used. The quantitative structure–activity relationship (QSAR), providing the quantitative relationship between the structure of a compound and its action, is based on the assumption that biological properties of molecules are mathematical functions of their physico-chemical parameters (descriptors). In turn, quantitative structure–property relationship methods (QSPR) allow to determine the qualitative relationship between the structure of a compound and its physical properties. In order to determine the structure–activity relationship, several groups of descriptors, such as structural and topological, electronic (including the highest occupied and lowest unoccupied molecular orbitals—HOMO and LUMO, respectively), geometric, and thermodynamic, are selected [22]. In the QSAR model, the DFT is useful in the prediction of biological activity or toxicity of molecules. Density functional theory is a quantum chemical method useful for predicting the properties of molecules with rather low computational effort on the basis of their electron density. The DFT results were used in the QSAR analysis, among others, for the evaluation of antibacterial activities against Gram-positive (Staphylococcus aureus) and Gram-negative bacteria (Klebsiella pneumonia, Proteus bacilli, and Shigella flexneri) of quinazolinone compounds [23]. In turn, Kuruvilla et al. [24] calculated, inter alia, the HOMO and LUMO energies using the DFT method, and the obtained results were used in the QSAR analysis to understand the stability, reactivity, and bioactivity of the test compound (4-[2-(Dipropylamino) ethyl]-1,3-dihydro-2H-indol-2-one).



The aim of this study was to determine the in silico potential of sixteen selected pork muscle proteins (Sus scrofa) to generate bioactive peptides with anti-diabetic properties. At first, evaluation of the potency of the intact porcine proteins as sources of bioactive peptides was carried out, and, next, the prediction of the bioactive potential of peptide sequences released after the simulated digestion was made. Finally, the five peptides with the highest bioactivity potential were selected and their electronic properties (orbital energy values: HOMO and LUMO) were calculated by density functional theory.




2. Materials and Methods


Sixteen protein sequences from porcine (Sus scrofa) skeletal muscle were analyzed (Table 1). All sequences were derived from UniProtKB database [25]. The profiles of the potential biological activity of proteins for generating bioactive peptides by using “Profiles of potential biological activity” tools available in the BIOPEP-UWM database were determined [26]. The value of selected proteins as precursors of anti-diabetic bioactive peptides, based on the frequency of bioactive fragments of the tested activity in the protein chain (parameter A) and peptide affinity for the specific receptor characterizing the potential activity (parameter B) (mM−1) was evaluated [27].



The calculations were made using the “Calculation” tools available in the BIOPEP-UWM database. The analyzed proteins were also subjected to in silico proteolytic digestion by the digestive enzymes pepsin (EC 3.4.23.1); trypsin (EC 3.4.21.4); and chymotrypsin (EC 3.4.21.1) (“Enzymes action” tools available in the BIOPEP-UWM database). The frequency of the release of fragments with a given activity by selected enzymes (parameter AE) and the relative frequency of release of fragments with given activity by selected enzymes (parameter W) was determined [11,27,28]. The peptide fragments obtained from the in silico digestion were analyzed for their physico-chemical properties using bioinformatics tools. The molecular weight, isoelectric point, charge, and solubility of potential anti-diabetic peptides was estimated using the PepStat tools [29]. The potential general bioactivity of the peptides obtained in this study were confirmed by PeptideRanker [30].



The quantum chemical calculations were carried out in the following way. Equilibrium geometries and harmonic vibrational frequencies of the selected peptides GF, MW, MF, PF, and PW were determined at the B3LYP [31] level with the 6-311++G** basis set [32,33]. All optimized structures were confirmed to be local minima (all harmonic frequencies turned out to be real). Calculations were performed using the PQS quantum chemistry package [34,35]. It was decided to do all calculations with tightened integral prescreening thresholds (by two orders of magnitude), and a high-quality integration grid was used in the self-consistent field (SCF) procedure.



The Pearson correlation coefficient was computed by means statistics program (Excel; Microsoft) for determining the relationship between the physico-chemical parameters and general bioactivity score.




3. Results and Discussion


The analysis of the potential biological activity profile showed that the proteins of Sus scrofa contained in their sequence’s numerous bioactive peptides effective against diabetes mellitus. All the selected proteins—eight myofibrillar and eight sarcoplasmic, presented in Table 1—proved to be a potential source of DPP-IV inhibitors which represented more than half of all of bioactive fragments. Research conducted by Kęska and Stadnik [36] indicated that myofibrillar proteins are a more abundant source of biologically active fragments (6330 sequences) compared to the sarcoplasmic proteins (3534 sequences). As shown in this study, the percentage of DPP-IV inhibitors in the total volume of biologically active fragments was similar among groups of proteins selected for analysis, i.e., 50.51% for the sarcoplasmic proteins and 52.91% for the myofibrillar proteins. Also, the assessment of pork meat proteins as precursors of peptides with angiotensin I-converting enzyme inhibitory properties showed that the percentage of the bioactive peptides in general does not depend on the protein fractions and reaches about 31.64% in each of them [36]. As observed in this study, porcine muscle proteins are also a source of regulating glucose level peptides (glucose uptake stimulating peptide, GUSP), which showed a different tendency. Almost two-fold more of these peptides were obtained from sarcoplasmic proteins (2.94%) than from myofibrillar proteins (1.89%).



The parameter A (Table 2) was used as the quantitative measure of porcine meat proteins as precursors of biologically active peptides having an activity of DPP-IV and GUSP. Guided by the principle, the higher the index value, the richer the source of a sequence with a given activity, TTN (out of myofibrillar proteins; 0.6713) and GAPDH (of the sarcoplasmic proteins; 0.6697) were distinguished as the best precursors of peptides inhibiting DPP-IV. The latter of the abovementioned proteins are also characterized by a high (but not the highest) value of the parameter B, determining the affinity of the peptide to a specific receptor characterizing its potential biological activity. Moreover, TNNT1, TNNT3, and MB proved to be good sources of GUSP (parameter A was 0.1489, 0.1218, and 0.0714, respectively, Table 2).



The in silico hydrolysis of the selected protein sequences by enzymes of the gastrointestinal tract (pepsin, trypsin, and chymotrypsin) was performed, and the results of the in silico proteolysis are shown in Table 3. The resulting peptide fragments showed resistance to digestion in the gastrointestinal tract, confirming the high potential of pork meat proteins to generate the bioactive peptides after intake of a meal. The digestive enzymes were most effective in the release of DPP-IV inhibitory sequence from MYH2 and PYGME, reflected by the high value of AE and W. On the other hand, TNNT1 and ALDOA were the most effective in the release of GUSP under the action of digestive enzymes (Table 3).



Fifty-four different peptide sequences released by in silico hydrolysis were listed and analyzed by bioinformatics tools (Table 4). Undertaken analyses showed the multifunctionality of individual peptides—the sequences having glucose uptake (GUSP) properties were also inhibitors of DPP-IV. The obtained sequences were mostly dipeptides (98%) with an average weight of 270.07 g mol−1 (±36.71 g mol−1). The literature data suggest a role of short sequences derived from food proteins in prevention of diabetes mellitus, which indicated a greater role of dipeptides compared to the three amino acid sequences or of free amino acids in the inhibition of DPP-IV [37,38]. Short peptide fragments are also able to be absorbed easier from the gastrointestinal tract into the blood [39] and then may cause a physiological effect on the human body. As a result of in silico digestion, only one triple amino acid sequence, VPL, was released by digestive enzymes from NEB (Table 4). This tripeptide is used as a synthetic DPP-IV inhibitor effective in inhibiting the degradation of GLP-1, known under the name Diprotin B [4,40]. Food-derived proteins are also the source of other peptide fractions, which were used in pharmacology as a synthetic equivalent. Another tripeptide, IPI (also known as Diprotin A), which is encrypted in the κ-casein sequence, is the most potent (IC50 = ~4 µM) of the presently known peptides inhibiting DPP-IV [41].



Over half of the analyzed sequences had an isoelectric point (pI) of approximately 3.5. The pI is defined as the pH at which the protein load is 0. This is a property that influences the maintenance of the biological activity of the peptides in specific pH conditions. Sequences with pI = 3.5 simultaneously have a net charge value equal to 0 and exhibit poor solubility in water. Eight sequences were characterized by different properties (pI of about 10.45; net charge equal to 1, good solubility in water) (Table 5).



Nongonierma et al. [42] analyzed the relationship between physico-chemical properties of peptides (including length, isoelectric point, hydrophobicity, and net charge value) with the biological activity of peptides. This approach was also presented in this study. An analysis of the Pearson’s correlations among the selected physico-chemical properties of peptides and their bioactivity was performed based on the data presented in Table 5. The majority of parameters obtained a weak or moderate correlation coefficient (r = in the range from 0.010 to 0.573), except for the isoelectric point and net charge for which a strongly positive correlation was observed (r = 0.907).



There are many examples of biologically active food proteins, exhibiting the physiological role in addition to the dietary requirements. Underlying these activities, apart from the physico-chemical properties, is the relationship between structures and their function. In the case of peptides derived from food proteins involved in the regulation of blood glucose levels, there is not enough yet understood. Considering the above, the analyzed sequences were subjected to further parametric evaluation assessing the overall bioactive potential of received sequences using PeptideRanker software. Of the 54 peptide fragments, 13 were characterized by high bioactivity (a value above 0.93); they were: AF; AW; GF; HF; IW; MF; MW; NF; PF; PW; SF; SW; and QF (Table 5). Glucose regulation by specific amino acids could prove to be an important non-insulin dependent mechanism for glucose control in insulin-resistant individuals, such as those with T2DM. In the present study, it was observed that two hydrophobic aromatic amino acids (i.e., Phe or Trp) exist in each of the specified sequences. The results suggest the contribution of hydrophobic amino acids to the specific properties of bioactive sequences involved in the management of anti-diabetic proteins, which corresponds to other research [9,20,38,43]. Research carried out by Nongonierma and Fitzgerald [20] showed that the hydrophobic amino acids located at the N-terminus of the peptides have a tendency to decrease the IC50 value of DPP-IV inhibitor (the lower IC50 value means the higher activity of the peptide). Analysis of peptides conducted by Lan et al. [38] and Tulipano et al. [43] revealed the influence of the presence of Trp at the N-terminus of the peptide on their DPP-IV inhibitory properties. Therefore, the specific properties of the peptide may be a consequence of their amino acid composition. For this reason, an analysis of the percentage of individual amino acids forming peptides (54 sequences) was made, and the results are shown in Figure 2.



The analyzed sequences consisted of 19 amino acids, of which Leu (11.93%), Phe (9.17%), Tyr (9.17%), and Trp (7.34%) accounted for the largest share. According to other authors [38,44,45], some peptides (i.e., Trp-Val, Phe-Leu, His-Leu; Leu-Leu, Val-Val, and Trp-Arg) are potent inhibitors of DPP-IV. Recent evidence suggests that the amino acid Leu may also influence glucose sensing pathways in the hypothalamus thereby regulating whole-body glucose and energy metabolism in ways that are not currently well understood [46]. Amino acid composition may also affect the mode of action of the biologically active peptide to specific receptors on target cells. Other studies reported that the peptide inhibitors of DPP-IV containing Pro have a high activity [47]. The inhibitory effects of the peptides may result from different modes of action and inhibition of the enzyme. Peptides derived from food sources containing Pro at the P1 position can act as a substrate for the enzyme (competitive mode of action). On the other hand, most of the peptides containing Trp at the N-terminus of the peptide display uncompetitive or non-competitive inhibition against DPP-IV [41]. Peptides can stimulate glucose uptake in skeletal muscles through other molecular pathways independently of insulin or by increasing insulin sensitivity in target cells, resulting in increased glycogen contents in skeletal muscle. Dipeptides containing branched-chain amino acids, such as Ile-Leu and Val-Leu, have been reported to stimulate glucose uptake in skeletal muscles possibly via kinase signaling pathways, which are different from the mechanism of the insulin-stimulated glucose transporters [48]. Furthermore, dipeptides Ile-Leu and Val-Leu could exert positive effects on glucose regulation by both DPP IV inhibition and stimulating glucose uptake activity (Table 4).



In further analysis, the five peptides with the highest bioactivity index, from 0.99 to 1.00 (GF, MW, MF, PF, PW, Table 5) were selected and their selected electron properties using the DFT method were described. This approach may be helpful in developing drugs based on peptides, and the values determined in this study may serve as descriptors to determine the relationship between structure and activity of a biological compound/drug. The DFT method is applied to study the structural, electronic, and dynamic properties of a molecule and plays a vital role in the drug discovery process.



Density functional theory was used to find the values of orbital energy from which we can predict how well a group can pass or accept electrons. This study is possible by calculating the HOMO and LUMO energies. This approach was used, inter alia, for identification of important chemical features of 11β-Hydroxysteroid dehydrogenase type1 inhibitors which are involved in the metabolism of glucose [49]. An important parameter of the molecular electron structure is the frontier orbital, HOMO. A higher HOMO value implies that the molecule has good electron donating ability. The structure and calculated HOMO and LUMO values are summarized in Table 6.



The biological activity of a compound is closely related to its electronic structure. The importance of HOMO and LUMO with regard to that issue has been emphasized many times by several authors [24,49,50]. In particular, the HOMO orbital energy, EHOMO, can be correlated with the electron-donating character, in that the higher (less negative) the energy, the more electron donating ability of the molecule. Similarly, the lowering of the HOMO–LUMO energy gap, ΔEHL, indicates the increasing role of the charge transfer interactions within the molecule [51]. Therefore, we carried out the DFT calculations to visualize more clearly the correlation between the biological activity and the electronic structure of the five considered dipeptides: GF, MW, MF, PF, and PW. The contours of the HOMO and LUMO orbitals are reported in Table 6. In addition, their orbital energies and ΔEHL energy gaps are also given. A clear trend of a decreasing ΔEHL value along with an EHOMO increase was observed, see Figure 3. Obviously, dipeptides located at the bottom-right corner of the figure are predicted to exhibit the highest biological activity. Indeed, the bioactivity score of MW and MF, being equal to 1, turned out to be the highest among all investigated dipeptides. On the other hand, PF and GF, exhibiting lower HOMO orbital energy, showed slightly worse bioactivity.



Establishing the health effects of bioactive peptides from meat is an active area of clinical research. Recently Montoro-García et al. [52] showed that the consumption of 80 g/day dry-cured ham did not affect sodium excretion nor blood pressure. Consuming dry-cured ham with bioactive peptides, among other bioactive compounds, has been proven to improve lipid and glucose metabolism in humans. However, additional studies are needed to confirm the effects of meat bioactive peptides on diverse risk factors in pathological conditions, which is also the case with the results of the present study.




4. Conclusions


Bioactive peptides derived from food proteins may cause certain physiological reactions in the body, which has a beneficial effect on health. These peptides are attractive to researchers and consumers because of their potential for use in functional foods and other interventions or control of lifestyle-related diseases. However, the cost-effectiveness of the peptides used in the design of health-promoting agents is substantially limited, inter alia, by balancing the high efficiency of obtention while retaining the biological activity of the active ingredients of the food. To address these challenges, we proposed the use of an in silico approach as useful tool. Complementary empirical methods are useful to assess the potential of proteins as precursors of bioactive peptides. Therefore, the objective of this study was to consolidate all findings to date on the peptide sequences, which are presented as biologically active using an in silico approach. The study showed that pork meat proteins are a potential source of bioactive peptides. Digested in silico by gastrointestinal enzymes, they have a high potential for the management of blood glucose levels in patients with T2DM. The inhibitory activity of the peptides against DPP-V accounted for about 50% of the total active peptides recorded in the protein sequences. The database of proteins and bioactive peptides—BIOPEP-UWM—is a useful tool for the analysis of anti-diabetic peptides derived from the precursor proteins in the in silico model studies. It enables quick and easy assessment of the potential of pork meat proteins as major functional components of meat products important in the prevention and assistance of treatment for T2DM. In the future, the accumulated knowledge will also the analysis of large datasets on proteins and peptides and the understanding of interactions with biological targets (specific receptors) and structure–activity relationships.







Author Contributions


P.K. and J.S. conceived and designed the experiments. P.K. and O.B. performed the experiments. P.K., J.S. and P.B. analyzed the data. P.K. and J.S. wrote the paper.




Funding


The research was funded by the National Science Centre, Poland (Research Grant No.2018/29/N/NZ9/01965).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization (WHO). Available online: http://www.who.int/diabetes/publications/grd-2016/en/ (accessed on 2 September 2018).

	



Patil, P.; Mandal, S.; Tomar, S.K.; Anand, S. Food protein-derived bioactive peptides in management of type 2 diabetes. Eur. J. Nutr. 2015, 54, 863–880. [Google Scholar] [CrossRef] [PubMed]

	



Lacroix, I.M.; Li-Chan, E.C. Overview of food products and dietary constituents with antidiabetic properties and their putative mechanisms of action: A natural approach to complement pharmacotherapy in the management of diabetes. Mol. Nutr. Food Res. 2014, 58, 61–78. [Google Scholar] [CrossRef] [PubMed]

	



Deacon, C.F.; Hughes, T.E.; Holst, J.J. Dipeptidyl peptidase IV inhibition potentiates the insulinotropic effect of glucagon-like peptide 1 in the anesthetized pig. Diabetes 1998, 47, 764–769. [Google Scholar] [CrossRef] [PubMed]

	



Drucker, D.J. Enhancing the action of incretin hormones: A new whey forward. Endocrinology 2006, 147, 3171–3172. [Google Scholar] [CrossRef]

	



Power, O.; Nongonierma, A.B.; Jakeman, P.; FitzGerald, R.J. Food protein hydrolysates as a source of dipeptidyl peptidase IV inhibitory peptides for the management of type 2 diabetes. Proc. Nutr. Soc. 2014, 73, 34–46. [Google Scholar] [CrossRef]

	



Demuth, H.U.; McIntosh, C.H.; Pederson, R.A. Type 2 diabetes-therapy with dipeptidyl peptidase IV inhibitors. BBA Proteins Proteom. 2005, 1751, 33–44. [Google Scholar] [CrossRef]

	



Jakubowicz, D.; Froy, O.; Ahren, B.; Boaz, M.; Landau, Z.; Bar-Dayan, Y.; Ganz, T.; Barnea, M.; Wainstein, J. Incretin, insulinotropic and glucose-lowering effects of whey protein pre-load in type 2 diabetes: A randomised clinical trial. Diabetologia 2014, 57, 1807–1811. [Google Scholar] [CrossRef]

	



Lacroix, I.M.; Li-Chan, E.C. Evaluation of the potential of dietary proteins as precursors of dipeptidyl peptidase (DPP)-IV inhibitors by an in silico approach. J. Funct. Foods 2012, 4, 403–422. [Google Scholar] [CrossRef]

	



Gallego, M.; Aristoy, M.C.; Toldra, F. Dipeptidyl peptidase IV inhibitory peptides generated in Spanish dry-cured ham. Meat Sci. 2014, 96, 757–761. [Google Scholar] [CrossRef]

	



Stadnik, J.; Kęska, P. Meat and fermented meat products as a source of bioactive peptides. Acta Sci. Pol. Technol. Aliment. 2015, 14, 181–190. [Google Scholar] [CrossRef]

	



Kęska, P.; Stadnik, J. Porcine myofibrillar proteins as potential precursors of bioactive peptides-an in silico study. Food Funct. 2016, 7, 2878–2885. [Google Scholar] [CrossRef] [PubMed]

	



Kęska, P.; Stadnik, J. Stability of Antiradical Activity of Protein Extracts and Hydrolysates from Dry-Cured Pork Loins with Probiotic Strains of LAB. Nutrients 2018, 10, 521. [Google Scholar] [CrossRef] [PubMed]

	



Keska, P.; Stadnik, J. Ageing-Time Dependent Changes of Angiotensin I-Converting Enzyme-Inhibiting Activity of Protein Hydrolysates Obtained from Dry-Cured Pork Loins Inoculated with Probiotic Lactic Acid Bacteria. Int. J. Pept. Res. Ther. 2018, 25, 1173–1185. [Google Scholar] [CrossRef]

	



Kęska, P.; Stadnik, J. Taste-active peptides and amino acids of pork meat as components of dry-cured meat products: An in-silico study. J. Sens. Stud. 2017, 32, e12301. [Google Scholar] [CrossRef]

	



Keska, P.; Stadnik, J. Antimicrobial peptides of meat origin-an in silico and in vitro analysis. Protein Pept. Lett. 2017, 24, 165–173. [Google Scholar] [CrossRef]

	



Keska, P.; Wojciak, K.M.; Stadnik, J. Bioactive peptides from beef products fermented by acid whey—In vitro and in silico study. Sci. Agric. 2019, 76, 311–320. [Google Scholar] [CrossRef]

	



Sayd, T.; Dufour, C.; Chambon, C.; Buffiere, C.; Remond, D.; Sante-Lhoutellier, V. Combined in vivo and in silico approaches for predicting the release of bioactive peptides from meat digestion. Food Chem. 2018, 249, 111–118. [Google Scholar] [CrossRef]

	



Nongonierma, A.B.; FitzGerald, R.J. Prospects for the management of type 2 diabetes using food protein-derived peptides with dipeptidyl peptidase IV (DPP-IV) inhibitory activity. Curr. Opin. Food Sci. 2016, 8, 19–24. [Google Scholar] [CrossRef]

	



Nongonierma, A.B.; FitzGerald, R.J. Structure activity relationship modelling of milk protein-derived peptides with dipeptidyl peptidase IV (DPP-IV) inhibitory activity. Peptides 2016, 79, 1–7. [Google Scholar] [CrossRef]

	



Sun, H.; Scott, D.O. Structure-based drug metabolism predictions for drug design. Chem. Biol. Drug Des. 2010, 75, 3–17. [Google Scholar] [CrossRef]

	



Bielenica, A.; Kossakowski, J. Zastosowanie metod obliczeniowych do wyznaczania budowy modeli farmakoforowych receptorów 5-HT1A, 5-HT2A oraz 5-HT7. Biul. Wydz. Farm. WUM 2010, 2, 13–21. [Google Scholar]

	



Al-Sehemi, A.G.; Irfan, A.; Alrumman, S.A.; Hesham, A.E. Antibacterial activities, DFT and QSAR studies of quinazolinone compounds. Bull. Chem. Soc. Ethiop. 2016, 30, 307–316. [Google Scholar] [CrossRef]

	



Kuruvilla, T.K.; Muthu, S.; Prasana, J.C.; George, J.; SaraSaji, R.; Geoffrey, B.; David, R.H.A. Molecular docking, spectroscopic studies on 4-[2-(Dipropylamino) ethyl]-1, 3-dihydro-2H-indol-2-one and QSAR study of a group of dopamine agonists by density functional method. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2019, 222, 117185. [Google Scholar] [CrossRef] [PubMed]

	



Swiss-Prot. Available online: http://www.uniprot.org (accessed on 10 October 2018).

	



BIOPEP. Available online: http://www.uwm.edu.pl/biochemia/index.php/pl/biopep (accessed on 10 October 2018).

	



Dziuba, J.; Iwaniak, A.; Minkiewicz, P. Computer-aided characteristics of proteins as potential precursors of bioactive peptides. Polimery 2003, 48, 50–53. [Google Scholar] [CrossRef]

	



Minkiewicz, P.; Dziuba, J.; Iwaniak, A.; Dziuba, M.; Darewicz, M. BIOPEP database and other programs for processing bioactive peptide sequences. J. AOAC Int. 2008, 91, 965–980. [Google Scholar]

	



PepStat Tools. Available online: http://www.innovagen.com/proteomics-tools (accessed on 10 October 2018).

	



PeptideRanker. Available online: http://bioware.ucd.ie/~compass/biowareweb (accessed on 10 October 2018).

	



Becke, A.D. Becke’s three parameter hybrid method using the LYP correlation functional. J. Chem. Phys. 1993, 98, 5648–5652. [Google Scholar] [CrossRef]

	



Krishnan, R.; Binkley, J.S.; Seeger, R.; Pople, J.A. Self-consistent molecular orbital methods. XX. A basis set for correlated wave functions. J. Chem. Phys. 1980, 72, 650–654. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Pople, J.A.; Binkley, J.S. Self-consistent molecular orbital methods 25. Supplementary functions for Gaussian basis sets. J. Chem. Phys. 1984, 80, 3265–3269. [Google Scholar] [CrossRef]

	



PQS Version 4.0, Parallel Quantum Solutions; Green Acres Road: Fayetteville, AR, USA, 2013.

	



Baker, J.; Wolinski, K.; Malagoli, M.; Kinghorn, D.; Wolinski, P.; Magyarfalvi, G.; Saebo, S.; Janowski, T.; Pulay, P. Quantum chemistry in parallel with PQS. J. Comput. Chem. 2009, 30, 317–335. [Google Scholar] [CrossRef]

	



Keska, P.; Stadnik, J. Angiotensin I-converting enzyme inhibitory peptides generated from in vitro gastrointestinal digestion of pork proteins—In silico study. In Badania i Rozwój Młodych Naukowców w Polsce-Nauki Przyrodnicze Część I. Monografie; Panfil, M., Ed.; Młodzi Naukowcy: Poznań, Poland, 2016; pp. 58–64. ISBN 978-83-942083-6-3. [Google Scholar]

	



Lan, V.T.T.; Ito, K.; Ito, S.; Kawarasaki, Y. Trp-Arg-Xaa tripeptides act as uncompetitive-type inhibitors of human dipeptidyl peptidase IV. Peptides 2014, 54, 166–170. [Google Scholar] [CrossRef]

	



Lan, V.T.T.; Ito, K.; Ohno, M.; Motoyama, T.; Ito, S.; Kawarasaki, Y. Analyzing a dipeptide library to identify human dipeptidyl peptidase IV inhibitor. Food Chem. 2015, 175, 66–73. [Google Scholar] [CrossRef] [PubMed]

	



Iwai, K.; Hasegawa, T.; Taguchi, Y.; Morimatsu, F.; Sato, K.; Nakamura, Y.; Higashi, A.; Kido, Y.; Nakobo, Y.; Ohtsuki, K. Identification of food-derived collagen peptides in human blood after oral ingestion of gelatin hydrolysates. J. Agric. Food Chem. 2005, 53, 6531–6536. [Google Scholar] [CrossRef] [PubMed]

	



Rahfeld, J.; Schierborn, M.; Hartrodt, B.; Neubert, K.; Heins, J. Are diprotin A (Ile-Pro-Ile) and diprotin B (Val-Pro-Leu) inhibitors or substrates of dipeptidyl peptidase IV? Biochim. Biophys. Acta Protein Struct. Mol. Enzymol. 1991, 1076, 314–316. [Google Scholar] [CrossRef]

	



Lacroix, I.M.; Li-Chan, E.C. Food-derived dipeptidyl-peptidase IV inhibitors as a potential approach for glycemic regulation–Current knowledge and future research considerations. Trends Food Sci. Technol. 2016, 54, 1–16. [Google Scholar] [CrossRef]

	



Nongonierma, A.B.; Mooney, C.; Shields, D.C.; FitzGerald, R.J. In silico approaches to predict the potential of milk protein-derived peptides as dipeptidyl peptidase IV (DPP-IV) inhibitors. Peptides 2014, 57, 43–51. [Google Scholar] [CrossRef]

	



Tulipano, G.; Faggi, L.; Nardone, A.; Cocchi, D.; Caroli, A.M. Characterisation of the potential of β-lactoglobulin and α-lactalbumin as sources of bioactive peptides affecting incretin function: In silico and in vitro comparative studies. Int. Dairy J. 2015, 48, 66–72. [Google Scholar] [CrossRef]

	



Nongonierma, A.B.; Mooney, C.; Shields, D.C.; FitzGerald, R.J. Inhibition of dipeptidyl peptidase IV and xanthine oxidase by amino acids and dipeptides. Food Chem. 2013, 141, 644–653. [Google Scholar] [CrossRef]

	



Tulipano, G.; Sibilia, V.; Caroli, A.M.; Cocchi, D. Whey proteins as source of dipeptidyl dipeptidase IV (dipeptidyl peptidase-4) inhibitors. Peptides 2011, 32, 835–838. [Google Scholar] [CrossRef]

	



Schwartz, G.J. Central leucine sensing in the control of energy homeostasis. Endocrinol. Metab. Clin. N. Am. 2013, 42, 81–87. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chen, R.; Chen, X.; Zeng, Z.; Ma, H.; Chen, S. Dipeptidyl peptidase IV-inhibitory peptides derived from silver carp (Hypophthalmichthys molitrix Val.) proteins. J. Agric. Food Chem. 2016, 64, 831–839. [Google Scholar] [CrossRef]

	



Morifuji, M.; Koga, J.; Kawanaka, K.; Higuchi, M. Branched-chain amino acid-containing dipeptides, identified from whey protein hydrolysates, stimulate glucose uptake rate i