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Abstract

:

Legumes are an essential food source worldwide. Their high-quality proteins, complex carbohydrates, dietary fiber, and relatively low-fat content make these an important functional food. Known to possess a multitude of health benefits, legume consumption is associated with the prevention and treatment of cardiovascular diseases (CVD). Legume crude protein isolates and purified peptides possess many cardiopreventive properties. Here, we review selected economically valued legumes, their taxonomy and distribution, biochemical composition, and their protein components and the mechanism(s) of action associated with cardiovascular health. Most of the legume protein studies had shown upregulation of low-density lipoprotein (LDL) receptor leading to increased binding and uptake, in effect significantly reducing total lipid levels in the blood serum and liver. This is followed by decreased biosynthesis of cholesterol and fatty acids. To understand the relationship of identified genes from legume studies, we performed gene network analysis, pathway, and gene ontology (GO) enrichment. Results showed that the genes were functionally interrelated while enrichment and pathway analysis revealed involvement in lipid transport, fatty acid and triglyceride metabolic processes, and regulatory processes. This review is the first attempt to collate all known mechanisms of action of legume proteins associated with cardiovascular health. This also provides a snapshot of possible targets leading to systems-level approaches to further investigate the cardiometabolic potentials of legumes.
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1. Introduction


Food is considered as a good source of biologically active compounds that exhibit a great impact to improve the overall status of human health. Individuals worldwide gradually shift their diet to foods rich in vitamins, polyphenols, carotenoids, essential oils, proteins, and peptides [1]. Interestingly, bioactive peptides found in different food have been a subject of many studies to understand their potential effects on the prevention of CVD, hypertension, dyslipidemia, cancer, and microbial infections [2].



Cardiovascular diseases are the number one cause of death globally and accounts for 17.9 million lives lost each year [3]. An estimated 130 million people are predicted to contract this disease by 2035 in the United States alone [4,5]. In 2016, 17.6 million deaths were recorded globally. Highest mortality rates were found to be in Eastern Europe and Central Asia. Categories of CVD that affect human health are coronary artery disease, congenital heart disease, stroke, heart failure, and rheumatic heart disease [6]. Coronary artery disease and stroke account for 80% and 75% of CVD deaths in males and females, respectively [6]. Epidemiologic studies suggest that increased consumption of fruits and vegetables coupled with a healthy lifestyle may lower the risk of CVD. Because of this, the development of nutritionally enhanced and functional foods to address health concerns is rapidly increasing [7].



Functional foods are those that produce beneficial health effects to humans beyond nutrition. These foods include legumes, berries, and herbs that are rich in vitamins, minerals, antioxidants, and proteins. Their consumption appears to be associated with decreased occurrence of cardiovascular and gastrointestinal diseases [8]. As recorded in 2018, the global market of functional foods is growing very rapidly with a projected market estimates of 150 billion US dollars [9]. Although many foods exhibit therapeutic potentials, legume-based food is currently being valued worldwide due to their importance, functionality, and their availability as a meat alternative. As a functional food, legumes contain approximately 20–45% proteins, 60% complex carbohydrates, 5–37% dietary fiber and have a relatively low fat content [10]. Published reports showed that bioactive peptides isolated from various legumes demonstrate hypocholesterolemic, antihypertensive, antiatherogenic, and hypoglycemic properties among others. For instance, kidney beans (Phaseolus vulgaris L.) and peanuts (Arachis hypogaea L.) showed significant cholesterol lowering effects in vitro [11]. Peptides extracted from hyacinth bean (Lablab purpureus L.), mungbean (Vigna radiata) and cowpea seed (Vigna unguiculata) exhibit remarkable antihypertensive activity [12,13,14,15].



To date, pharmacological therapy is the first-in-line treatment for patients with CVD. Effective and new therapies such as aspirin, lipid-lowering treatments, and antihypertensive drugs are commonly used [16]. Over the years, non-pharmacologic interventions such as the Mediterranean diet and the Dietary Approaches to Stop Hypertension (DASH) also present important contributions to the management of CVD that significantly impact an individual’s stability and quality of life. These interventions include the incorporation of legumes, vegetables, fruits, and dairy foods in the diet to proffer cardiovascular protective effects [17]. However, the mechanisms on how these bioactive peptides and other functional components from legumes provide beneficial health effects are still uncertain though several clinical trials exhibited a positive correlation of such legume intake and CVD prevention. Some other bioactive peptides have the ability to inhibit the angiotensin-I converting enzyme (ACE1) which has a vital role in increasing blood pressure in the body by converting angiotensin-I to angiotensin-II [1,18]. Inhibiting ACE1 can effectively reduce the risk of hypertension and, thereby, prevent heart diseases.



Food legumes have been acknowledged as a good source of ACE-inhibitory peptides. Kinetic studies reveal that many of these peptides act as competitive inhibitors to the active site of ACE, indicating the possible peptide structural similarities to that of the endogenous substrate of the enzyme.



Legume proteins are also potential sources of hypocholesterolemic peptides. For instance, glycinin from soy is the parent protein of the LPYPR hypocholesterolemic peptide. This peptide is structurally similar to enterostatin, a hypocholesterolemic peptide intrinsically secreted in the gastric and intestinal mucosa [19,20]. Aside from being a structural homologue of enterostatin, LPYPR along with another glycinin derived peptide, IAVPGEVA, are also competitive inhibitors of 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase, the main enzyme targeted for the regulation of cholesterol biosynthesis. Structure-activity studies identified some key features in the effectivity of both peptides, namely, their hydrophobic region, having less than four amino acids in length, and the presence of a proline residue at any position except at the N-terminal [21,22].



Inhibition of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA reductase) and the ability to bind bile acids could also prevent hypercholesterolemia by inducing cholesterol conversion to additional bile salts reducing low density lipoprotein-cholesterol (LDL-C) levels. There are also other bioactive peptides that can reduce plasma triglycerides (TAGs) by lowering hepatic very low-density lipoprotein (VLDL) synthesis. Hence, the further integration of legume-based diets can provide beneficial effects against the severe effects of CVD compared to some conventional therapies supplemented with reduced health benefits and adverse side effects with long-term use.



This review explores the importance of legumes as a functional food and the effects of some of their proteins and isolated bioactive peptides to reduce and/or prevent CVDs and their associated risk factors.




2. General Characteristics of Legumes


2.1. Legumes Taxonomy and Distribution


Legumes are flowering plants under the family Leguminosae (or Fabaceae) which includes around 770 genera and over 19,500 species [23]. Legumes is a collective term for all plants under the family of Leguminosae including both agricultural crops and weeds. It is the third largest family of angiosperms next to the sunflower (Asteraceae, 23,000 species) and the orchid (Orchidaceae, 22,000 species) families [24]. It includes several horticultural varieties and many species are harvested as food, medicine, dye, oil, timber, and for soil enrichment [25].



The previous classification of the legume subfamilies was based on a few conspicuous floral characteristics; however, these characteristics are prone to evolutionary modifications. By 2017, the Legume Phylogeny Working Group published the new phylogenetic classification system for the Leguminosae based on morphological and molecular data. The family now consists of six sub-families: Cercidoideae, Detarioideae, Duparquetioideae, Caesalpinioideae, Faboideae (Papilionoideae), and Dialioideae [23]. Among the sub-families, Papilionoideae is the most widespread and includes more than 60 domesticated grain legumes that are grown and consumed all over the world [25,26]. Legumes are valued worldwide as an inexpensive meat alternative providing a rich source of protein and micronutrients that can benefit health and livelihood particularly in developing countries [24]. Table 1 lists some examples of cultivated grain legumes along with their distribution and uses that are described in this manuscript [27].




2.2. Biochemical Composition of Legumes


Generally, legume seeds contain relatively high amounts of proteins ranging as low as 16–26% (moisture free, dry mass basis) in moth bean, chickpea, common bean, and hyacinth bean [28,29] to as high as 34–47% (moisture free, dry mass basis) in soybean, lupin, jack bean, and peanut, which are comparable to meats (18–25%) but are higher than in other food types such as cereals (7–13%) (Table S1) [30,31].



Legume carbohydrate content varies widely across species, with some exceeding 60% (moisture free, dry mass basis) of the total seed components such as those in common bean, hyacinth bean, lentil, moth bean, and mungbean. The fat and oil content also varies considerably among species ranging between 1% to 49% (moisture free, dry mass basis) in lentils and peanuts, respectively. The lipid profiles of seed legumes also show substantial combinations of saturated and unsaturated fatty acids, including omega-3 and -6 fatty acids, that may ultimately affect the shelf life and health benefits of the oil products derived from these legumes. The moisture and ash contents are generally less than 15% and 10%, respectively, of the total seed components (Table S1) [28,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61].





3. Legumes as Functional Food for Cardiovascular Diseases


Over the last few years, consumption of plant proteins including those from various legumes such as pea, lupin, cowpea, jack bean, mungbean, chickpea, lentils, and soybean had increased due to their numerous associated health benefits [30,62,63,64,65]. Consumption of legumes was found to be beneficial in the prevention and treatment of various diseases including CVD [30,62]. Frequent legume ingestion was shown to reduce serum total cholesterol (TC), LDL-C, and TAG levels and increase high-density-lipoprotein-cholesterol (HDL-C) levels [62,66]. Bioactive peptides from storage proteins such as albumins and globulins are responsible for several properties relating to disease prevention including several cardiovascular related conditions [67]. For instance, protein hydrolysates from the common bean showed hypocholesterolemic activity by preventing oxidative stress and inflammation in vivo through the regulation of adipocytokines. In addition, these black bean protein hydrolysates showed hypoglycemic activity by inhibiting the GLUT2 and SGLT1 glucose transporters [68].



Other legume bioactive components that are beneficial in reducing the risk of CVD are polyphenols. These are naturally occurring substances that vary in structure and are commonly enriched in fruits, vegetables, tea, and wine. Flavonoids are made up most of different polyphenols such as flavones, flavanol, flavonols, and flavononones. Daidzein and genistein, two of the major isoflavones from soybeans, showed activity in regulating pancreatic beta cells in organisms with insulin-dependent diabetes. Moreover, ingestion of soy isoflavones resulted in increased adenosine monophosphate protein kinase (AMPK) activation which regulates lipid and glucose metabolism [69,70]. Soybean genistein was also reported to increase endothelial nitric oxide synthase (eNOS) gene transcription and protein synthesis in human vascular endothelial cells which produced protective effects and prevented the occurrence of hypertension [71]. In addition, other phenolic compounds from the common bean lowered lipid levels by inhibiting lipid accumulation in 3T3-L1 adipocytes cells [68]. Saponins from chickpeas were found to inhibit pancreatic lipase [68]. Rats fed with the common bean (P. vulgaris L.) manifested weight loss, improved plasma lipid profiles, and decreased plasma TC and LDL-C without affecting HDL-C and total TAG levels even just after several hours post-feeding [72]. Such rats also showed reduced visceral adiposity and adipocyte size while increasing hepatic carnitine palmitoyl-transferase I (CPT-1), a key enzyme regulating long chain fatty acid oxidation resulting in lowered levels of circulating TAGs [73].



A pulse-rich diet consisting of two daily servings of beans, chickpeas, lentils, or peas fed for two months to more than 100 people who are 50 years of age or above lowered their total cholesterol (TC) by 8.3% and low density lipoprotein-cholesterol (LDL-C) by 7.9% and was ascribed to decrease the risk against CVD [74]. In hypercholesterolemic adults, consumption of a single half-cup serving of Phaseolus vulgaris L. for eight weeks led to decreased serum LDL-C and TC by 5% and 6%, respectively, reducing coronary heart disease risk by 5–12% [75]. The risk of death is reduced by 8% for every 20 g intake of legumes [76]. Men and women consuming legumes four or more times per week have a lowered risk of coronary heart disease by 22% and CVD by 11% compared to people who consume legumes only once a week [77].



There is only a handful of literature describing how the recipient’s genotypic variation influences the cardiovascular benefits of these legumes. Jang et al., (2010) [78] found significant variation in TAG and HDL-C levels associated with the T->C allelic change at position 1131 of the Apolipoprotein A5 (ApoA5) gene (ApoA5-1131T->C). ApoA5-overexpressing mice showed 65% reduced plasma TAG concentrations while the ApoA5-knockout mice exhibited approximate four times higher TAG levels [78,79]. Based on human Apo5 polymorphism studies, the most frequently analyzed ApoA5 variant is 1131T->C with the C allele associated with higher TAG levels [80,81,82,83]. This SNP was observed to interact with various dietary factors especially dietary fat that affect TAG concentrations such as found in diabetic dyslipidemia [84] and is associated with increased coronary arterial disease (CAD) risk [80,81]. In the work of Jang et al., (2010) [78], modification of a third of the participants’ diets from refined rice to legumes as a carbohydrate source three times a day, supplementation of increased vegetable intake (30–70 g/unit/day) and a regular 30-min walk after dinner each day (Dietary Intervention and Regulatory Exercise, DIRE) for 12 weeks resulted in the reduced rate of decrease in TAG levels from 20% for the TT genotype to only 11.7% connected to the TC/CC genotype (p < 0.001) and for HDL-C from 9% for the TT genotype to 5% associated with the TC/CC genotype (p < 0.001) while ApoA5 plasma concentrations increased by 7.37% (p < 0.1) for the TT genotype, but was shown to be statistically insignificant to the 5.12% increase associated with the TC/CC genotype [85]. The same group later studied humans with impaired fasting glucose and those who were newly diagnosed with Type II diabetes whose diets were modified to replace refined rice intake with an equal proportion of legumes, barleys, and whole grains thrice a day and supplementation of increased vegetable intake (30–70 g/unit/day) for 12 weeks [86]. In this study, the reduction of TAG levels decreased from 11.6% for the TT genotype to only 7.2% for the TC/CC genotype (p < 0.05) while there is an increase, though not statistically significant, in HDL-C levels from 4.97% correlated with the TT genotype to only 5.35% when associated with the C allele. ApoA5 plasma concentrations were detected to be 10.5% for the TT genotype while it was found to be 13.5% when associated with the C allele [86].



Not only does consumption of legume seeds associated with cardiovascular health but also the ingestion of their specific seed proteins. Ferreira et al., (2015) [87] showed that rats fed with either the 7S globulin from cowpea or adzuki beans decreased serum TC and non-HDL-C while increasing HDL-C comparable to the simvastatin-fed group. They also found that these 7S cowpea proteins lowered hepatic cholesterol and TAG levels.



Over the last few years, consumption of plant proteins including those from various legumes such as pea, lupin, cowpea, jack bean, mungbean, chickpea, lentils, and soybean had increased due their numerous associated health benefits [30,62,63,64,65]. Legume proteins demonstrate antioxidant [63,64], blood pressure (BP) lowering [88,89,90,91,92], and anti-thrombotic properties. These proteins also reduce the risk of CVD by lowering serum TC due to decreased synthesis and secretion of hepatic TAG and of serum LDL-C, TAGs and VLDL while increasing serum HDL-C levels and hepatic uptake of VLDL [90,93,94,95,96,97,98,99]. We, herein, review various legumes that are found to be associated with cardiovascular health through the ingestion of the legumes themselves or by the introduction of certain protein groups and/or specific proteins into the diet as summarized in Table 2.



3.1. Soybean (Glycine Max L.)


3.1.1. Benefits of Soybeans Relating to Cardiovascular Health


Soybean (Glycine max L.) is one of the most abundant plant sources constituting 36–56% protein [129]. Soybean proteins are categorized as complete proteins for human health and growth since they are highly digestible, supply all of the essential amino acids, and have a Protein Digestibility Corrected Amino Acid Score (PDCAAS) score of 1.0 which is comparable to casein and egg protein. These soybean proteins, though, are low in methionine:glycine and lysine:arginine ratios compared to casein [129]. Soybean proteins are ascribed to reduce cholesterol levels, control lipid metabolism and fatty acid oxidation, improve glucose homeostasis, are anti-hypertensive and anti-oxidative, and have the ability to control hunger and obesity [112,113,129,135,146,195,196,197,198,199,200]. Alcalase-digested soy proteins yield peptides (less than 3kDa) that were found to inhibit lipid peroxidation. These antioxidative soybean peptides were high in hydrophobic amino acids such as phenylalanine which are converted into tyrosine upon hydroxyl attack that are useful to scavenge hydroxyl radicals [121,122,123,124,125].




Cardiovascular Benefits of Soybean Proteins


Consumption of soybean proteins (47 g per day) was initially found to decrease TC, LDL levels, and TAGs as first evidenced in 1967 [107,108]. A meta-analysis of 38 studies in 1995 showed that soybean protein consumption was associated with decreased plasma TC, LDL-C, and TAG concentrations by 9.3%, 12.9%, and 10.5%, respectively, after ingestion of averagely 47 g soy proteins per day [109]. Several authors found that rats fed with soybean protein isolates had significantly lower serum TC levels than those fed with casein [112,113]. Following a meta-analysis of Reynolds et al., (2006) [96], soy proteins were associated with the significant reduction of TC, LDL-C, and TAGs while increasing HDL-C levels. Jenkins (2010) [111] showed that the consumption of 25 g of soy protein in humans reduced LDL-levels by 4%.



In 1998, Nagata et al. found that there was an inverse correlation between increasing soybean protein intake and serum TC levels in the Japanese population and that this same trend was found by Ho et al., (2000) [114,115] in a Chinese population. Moreover, in women, soybean protein consumption of 3–185 mg/day were ascribed to significantly decrease serum TC by 3.8%, LDL-C by 5.3%, and TAGs by 7.3% while significantly increasing serum HDL-C by 3% in a meta-analysis of 23 randomized studies between 1995 through 2002 [201]. Soy proteins were also seen to lower cholesterol in children and in renal patients [116,117].



Feeding studies of soybean proteins in various laboratory animals showed improvement of dyslipidemia. Mice (db/db) fed with black soybean (Phaseolus vulagris L.) peptides for five weeks exhibited downregulation of the hepatic fatty acid synthase (FASN), thereby, resulting in reduced TAG and HDL levels [106]. A significant anti-atheromatous effect (67%) was evident in female mice fed with soy protein containing diets [199] as well as the reduction in blood pressure [88,89,91,202,203]. A 20% alcohol washed-soy protein diet fed to Sprague Dawley rats markedly decreased plasma TAGs levels compared to the control casein diet [126].



Singh (2014) [129] reviewed that the hypocholesterolemic activity of the soybean peptides involved the stimulation of the bile acid secretion; changing the hepatic metabolism of cholesterol due to this increased fecal bile acid secretion and the enhanced the removal of LDL in young male cynomolgus macaques. In rabbits, soybean proteins stimulated less neutral steroids and bile acid production and enhanced the excretion of cholesterol leading to their decreased levels [128]. Further, Sugano et al., (1988 and 1990) [118,127] found that enzyme-digested soybean proteins yielded an undigested, insoluble, high-molecular-weight protein fraction capable of binding bile acids and enhanced the excretion of acidic and neutral steroids leading to the significant decrease in plasma and hepatic cholesterol levels in rats. In humans, this high molecular weight fraction also increased bile acid secretion, raised plasma HDL-C, and decreased LDL-C levels compared to individuals who consumed either casein- or a soy-protein diet [118,127,131]. In both rats and humans, soybean peptides stimulated fecal steroid excretion that led to lower serum TC levels [118,119].



Soybean proteins also decreased plasma and hepatic TAGs due to the reduced transcription and translation of the hepatic sterol regulatory element binding protein (SREBP)-1 either through an insulin-dependent or -independent pathway [100,148,204,205,206,207]. These SREBPs are basic helix-loop-helix leucine zipper (bHLH-leu) and membrane-bound transcription factors that activate about 30 genes involved in fatty acid and cholesterol biosynthesis [158,159,208,209,210]. There are three SREBP isoforms, SREBP-1 (1a and 1c), which activate fatty acid synthesis and result from the altered transcription splicing of the SREBF1 gene, and SREBP-2, which activate genes in the cholesterol pathway. These SREBPs are further regulated through autophagy and by the PI3K-mTORC1-AKT pathway through an unknown mechanism [158,208]. These SREBPs undergo a two-step proteolytic cleavage in the Golgi apparatus to release their N-terminal fragment that still contains the bHLH-leu motif. This N-terminal fragment enters the nucleus and binds to steroid response elements (SREs) found in a number of genes involved in cholesterol biosynthesis such as squalene synthase and HMG-CoA reductase [158,208]. Aside from the bHLH-leu motif, these SREBPs also contain an internal intronic region that produces miR-33 that reduces translation of other fatty acid oxidation genes including ATP binding cassette subfamily A member 1 (ABCA1) and ATP-binding cassette sub-family G member 1-like (ABCG). This miR-33 activity control fatty acid oxidation genes and is complementary to the activity of the SREBP-N-terminal domain found in SREBP-1a, -1c, and -2 described herein [208].



Via the insulin-dependent pathway, soybean proteins decrease insulin, thereby, reducing SREBP-1 expression in the liver and in rat primary hepatocytes [103], and increase the removal of hepatic insulin [204]. Through the insulin-independent pathway, soy proteins reduce SREBP-1 expression through the negative regulation of liver X receptor (LXR) mRNA expression [206] In either case, the reduction of SREBP-1 by the soybean proteins reduces the mRNA of various hepatic lipogenic enzymes such as glucose-6-phosphate dehydrogenase (G6PDH), malate enzyme, FASN, acetyl-CoA carboxylase alpha, and beta (ACCα and ACCβ) and ATPase/ATP synthase reducing the biosynthesis of endogenous fatty acids [100,126,149,205,206,211,212,213,214]. Soybean proteins were found to reduce malate enzyme and fatty acid synthetase gene expression in rats [100,205,213]. ACC regulation mediated by soybean proteins is through the thyroid-receptor (TR)-dependent pathway, whereby thyroid hormones regulate the binding to the thyroid hormone receptor response elements found on the ACC promoter. Through the SREBP-dependent pathway, soybean protein isolates inhibit the binding of SREBP-1 to one of the two promoters controlling ACC-alpha gene expression [103,215,216]. Soybean proteins also decrease dephosphorylation of the mitochondrial ATPase/ATP synthase β subunit, thus, increasing the enzyme’s activity [214].



The hypocholesterolemic benefit of soybean proteins was also associated with the control of other cholesterol synthesis genes and their translated proteins. Soybean isolates significantly reduced HMG-CoA reductase in rat livers reducing cholesterol biosynthesis, thereby, decreasing TC and VLDL-C [100,101]. Consumption of soybean proteins also significantly reduced the severity of retinoic-acid induced hypertriglyceridemia in rats through the interaction with the retinoid receptors [102,217]. Xiao et al., (2008) found that soybean isolate consumption in rats elevated both hepatic c (RARβ) translation and/or through its post-translational modification(s), thus, suppressing its ability to bind to the DNA of its target genes to alleviate this retinoid-induced hypertriglyceridemia [103,104,218]. Soybean proteins also stimulated LDL receptor gene expression in cultured human hepatic cells [116,145,150] and in various animals such as rats [101,219], in moderate hypercholesterolemics [220], and in those with familial hypercholesterolemia and hypercholesterolemic type 2 diabetic patients [221].



Aside from the reduced hepatic TAG levels, ingestion of soybean proteins also decreased epididymal adipose tissue weight and increased the expression of the skeletal muscle carnithine-palmitoyl transferase 1 (CPT1), a key enzyme involved in the transfer of fatty acids into the mitochondria to promote hepatic β-oxidation [222] and of the peroxisome proliferator-activated receptor-alpha (PPARα) in male Sprague Dawley rats [223]. It is the activation PPARα gene expression that leads to the activation of CPT1 in the rat liver [206]. CPT-1 is part of the mitochondrial fatty acid β-oxidation system that permits acyl-CoA to be transferred through the mitochondrial matrix and cross into the inner mitochondrial membrane to enter this fatty acid pathway [224]. In dogs, CPT-1 inhibition regulates this β-oxidation system and slows cardiac left ventricle remodeling and the deterioration of the function in pacing-induced heart failure [225].



The peroxisome proliferator-activated receptors (PPARs) including alpha (α), beta (β), delta (δ), and gamma (γ) are transcription activators that regulate glucose and lipid metabolism [226], including those for the 3-hydroxyl-CoA-dehydrogenase (HAD) and CPT-1 [226,227,228]. Pellieux et al., (2009) found that PPARα, and β/δ inhibit the angiotensin-II mediated reduction of the fatty acid β-oxidation pathway by activating the TNF-α in adult rat cardiac (ARC) myocytes [229].



PPARα regulates lipid metabolism in various tissues such as the heart, liver and skeletal muscle to decrease circulating lipid levels and improve hyperlipidemia. Stimulation of this transcription activator suppresses post-prandial lipidemia by enhancing fatty acid β-oxidation in enterocytes, thus, reducing circulating lipid levels [230]. Much like the other PPARs, PPARα promotes the expression of key enzymes involved in fatty acid oxidative metabolism [231,232,233]. In the nucleus of various cells including the myocardium, PPARα heterodimerizes with the retinoid X-receptors (RXR), a common nuclear receptor binding partner of the PPARs. The PPARα-RXR heterodimer binds to the DNA of their specific targets such as acyl-CoA [231,234,235,236] and CPT-1 [231,237] to activate the enzymes involved in lipid metabolism including that for free fatty acids. In healthy hearts, these free fatty acids serve as the primary energy source while a failing heart reverts back to a fetal metabolic pathway with reduced enzyme activity for free fatty acid oxidation [231,238,239]. In canine failing hearts, there is a significant decrease of CPT-1 and medium chain acyl-coenzyme A dehydrogenase (MCAD) enzyme activity compared to normal hearts by 18% and 38%, respectively, as well as PPARα and RXR-alpha (RXRα) [231]. In heart tissues, PPARα also significantly increase cardiac CPT-1 levels in humans with dilated cardiomyopathy compared to the control group [240].



Soybean fed pregnant rats showed increased PPARα transcription although having the same levels of PPARα translated products while decreasing ACCα and β mRNA levels, body and liver weights, and levels of lipids and glycogen as compared to those fed with a casein-rich diet. It was opined that such reduction of the hepatic lipid concentrations in these soybean-fed rats was via the downregulation of the transcription and translation of these ACC genes rather than changes in their phosphorylation states leading to increased rates of β-oxidation and decreased lipogenesis [241].



Soy proteins also increased PPARγ, a key regulator of glucose homeostasis and adipogenesis that is required for normal adipocyte differentiation in the adipose tissue of Zucker diabetic fatty fa/fa rats [242]. PPARγ is involved in adipogenesis by regulating various genes including fatty acid-binding protein (FABP4) in adipocytes, lipoprotein lipase (LPL), and the fatty acid transporter and to maintain this adipocyte phenotype [243,244,245].



The great potential of soybean protein intake to reduce blood TC, LDL, and TAG levels [109] and coronary heart disease led the Food and Drug Administration of America (FDA) in 1999 to recommend the ingestion of 25 g per day [246] and was later adopted by other countries [218,247,248]. For example, in Asian populations, the consumption of 6g or more of soy proteins reduced TC and LDL levels as well as ischemic and cerebrovascular events [110].




Cardiovascular Benefits of Soybean 7S and 11S Globulin Proteins


Soy proteins are predominantly the 7S β-conglycinin and 11S glycinin which collectively constitute 65–85% of total soybean proteins [129,132] and were found to have hypocholesterolemic, hypolipidemic, antioxidant, and antimicrobial benefits.



These storage proteins were found to exert hypocholesterolemic effects comparable to the commercially-available fenofibrate in rats fed with a high-cholesterol diet [133] and have an atheroprotective role [249]. Ferreira et al., (2010) [133] found that diets supplemented with either 7S β-conglycinin or 11S glycinin (300 mg/kg/day) for 28 days were able to significantly reduce plasma cholesterol and TAG levels while increasing HDL-C concentrations compared to a hypercholesterolemic diet. However, these proteins vary in their contributions compared to the effect of a diet supplemented with fenofibrate (30 mg/kg/day). Both 7S and 11S globulins were able to reduce plasma cholesterol by 22.95% and 16% (p < 0.01), respectively, but not as more as when the drug was used which was able to reduce cholesterol levels by 35.8% (p < 0.001). The 7S β-conglycinin and 11S glycinin and the enriched diets were able to reduce plasma TAG levels by 34.98% (p < 0.01) and 16.3% (p < 0.05), respectively, but neither globulin was able to reduce TAG levels more than fenofibrate which could reduce plasma TAG levels by 45.7% (p < 0.001). All three treatments were able to increase plasma HDL-C levels by 55.5%, 20.0%, and 95.5% for the 7S β-conglycinin, 11S glycinin, and fenofibrate diets, respectively, compared to the rats fed with a high cholesterol diet but the effect of the 11S glycinin group was determined to be not significant (p < 0.05). The 7S β-conglycinin-fed rats showed decreased hepatic levels of TC and TAGs at 20.9% and 14.8%, respectively, while the 11S glycinin-fed rats showed decreased hepatic TAG levels (17.9%, p < 0.001) but no significant change in TC levels compared to the hypercholesterolemic fed rats. Rats fed with fenofibrate had a more significant hepatic TC reduction (32.1%, p < 0.001) but higher TAG levels (5.4%, p < 0.05) compared to the high-cholesterol fed rat group [133].




Cardiovascular Benefits of Soybean 7S β-Conglycinin


The soybean 7S β-conglycinin are ascribed in various preventive roles against oxidative stress, hypertension, hypercholesterolemia, dyslipidemia and obesity and cancer [64,116,133,134,135,136,137,138,139,140,218]. In vitro studies showed that the soy 7S protein stimulated the expression of the genes involved in fatty acid β-oxidation and LDL-receptors and the degradation of LDL, reduced cholesterol ester synthesis and suppressed apolipoprotein B-100 (APO B-100) secretion in cultured HepG2 hepatocytes [142,143,144]. These results were later confirmed where such cholesterol reduction was attributed to the stimulation of the LDL receptors and the degradation of LDL in cultured HepG2 hepatocytes [142,146].



This soybean β-conglycinin was also shown to control dyslipidemia in both animal models and humans comparable to the commonly used drugs such as statins [133,134,135,136,137]. Lovati et al., (1992) [142] showed the first in vivo evidence involving this soybean 7S globulin to reduce TAG and TC levels in rats by 35% that is comparable to clofibrate. In human clinical trials, this β-conglycinin consumption led to decreased levels in serum TAGs, fat, lipid accumulation and body:fat ratio [100,148,149].



Mochizuki et al., (2009) [144] also found that soy 7S β-conglycinin peptides also stimulated the nuclear transcription factor SREBP-2 which led to reduced levels of cholesterol. These SREBP transcription factors induce genes associated with cholesterol biosynthesis, the LDL receptor, and the regulators of the entry of cholesterol [144]. SREBP-2 is further controlled by the mTORC1 pathway through autophagy as the SREBP-2 transcription factor can bind to the promoter of several autophagy-related genes including LC3, Atg4B and Atg4d. Cells with SREBP-2 knockout led to the decreased formation of autophagosomes and the induction of the co-localization of lipid droplets with the autophagy LC3 marker [159].



Enzymatic digestion of soybean protein produced small (3–20 kDa) peptides and comparing to a small synthetic LRVPAGTTFYVVNPDNDENLRMIA peptide (MW = 2.3 kDa), corresponding to 127–150th position of the soybean 7S globulin, exhibited the same effect to modulate LDL receptor activity as that of the complete 7S globulin in cultured hepatic HepG2 cells [116]. Consumption of this 7S globulin decreased serum TAGs in both normal and genetic obese mice [108,147] and in humans [108,136]. Ferreira et al., (2010) [134] showed that supplementation of this major β-conglycinin soybean storage globulin (200 mg/day) to Wistar rats fed with a high-cholesterol diet for 28 days lowered plasma TC and TAG levels and LDL:HDL ratios and upregulated the β-VLDL receptor.



The 7S β-conglycinin is made up of three subunits (alpha, alpha’ and beta) that share a large degree of amino acid homology [103,108,129]. Of these three subunits, it is the alpha’ subunit that is directly involved in the hypocholesterolemic effect of soybean as evidenced by the upregulation of the LDL receptors in human HepG2 cultured cells [116,145,146,150]. Duranti et al., (2004) [135] showed that it is this alpha’-subunit of the soybean 7S globulin that was associated with the lowered plasma lipid and upregulation of β-VLDL receptors in rats fed with a high-cholesterol diet. In rat studies, this 7S globulin alpha’ subunit decreased plasma TC and TAGs. In this study, increasing concentrations of either the 7S globulin (100 or 200 mg/kg/day) or the 7S globulin alpha’-subunit (10 or 20 mg/kg/day) was observed to significantly decrease plasma TC and TAG levels. Using either the 7S globulin (100 or 200 mg/kg/day) or 7S globulin alpha’-subunit (20 mg/kg/day) exhibited statistically similar contributions (p < 0.001) in lowering plasma TC and TAG levels compared to clofibrate (200 mg/kg/day) [135]. The LLPHH pentapeptide from the soybean β-conglycinin derived from protease-hydrolysis was also found to be antioxidative as it inhibited linoleic acid auto-oxidation in an aqueous system since the imidazole ring of histidine contained therein conferred the ion chelating and lipid radical tapping abilities with tyrosine as the H-donor in these peptides [121,125].




Cardiovascular Benefits of Soybean 11S Globulin Peptides


To date, there is only a handful of reports relating the cardiovascular benefit of 11S globulin proteins and their peptide components. Pepsin hydrolysis of the soybean 11S globulin liberated the IAVPGEVA octapeptide that exerted its hypocholesterolemic effect by binding bile salts and reduced bile salt and cholesterol absorption [141]. The LPYP tetrapeptide from the soy 11S glycinin was found to have a hypocholesterolemic effect [250].




3.1.2. Soybean Peptides and Their Associated Health Benefits


Peptides are small protein molecules having between 2 to 21 amino acid residues (<10 kDa), that may exist naturally or be derived from cryptic sequences of native proteins [129,251,252] including plants. These peptides may be obtained from different plant sources including various legumes such as soybeans and peas [64,129]. Originally, these biopeptides are latent but are released through various methods to invoke their biological and/or physiological functions such as their hormone-like activity and influence over various major organ systems [129]. Such methods include hydrolysis via digestion or the proteolytic-enzyme activity of either microbial or plant-origin or from the digestive system [197,253], from microbial fermentation [105,254,255,256] or during food processing. These peptides offer different health benefits including reduction of blood pressure; anti-hypertensive, hypocholesterolemic, anti-oxidative, anti-thrombotic, anti-obesity, antiproliferation, anti-cancer, anti-diabetes, immunomodulatory, anxiolytic, and antimicrobial benefits; and the enhancement of mineral absorption and bioavailability [129,257,258].



Soybean oligopeptides derived after protease hydrolysis and lactobacilli-fermentation were found to inhibit ACE1, an important enzyme associated with hypertension and CVD [259,260,261]. Lactic acid bacteria released ACE inhibitory peptides derived from soybean, soymilk, and soy yoghurt [255]. Shimagake et al., (2012) [260], detected five novel ACE inhibitory proteins upon protease treatment of hikiwari natto and eight novel ACE inhibitory proteins from protease treated soymilk with the latter having 36-fold ACE-inhibition compared to when untreated soymilk was employed. Vallabha and Tiku (2014) [261] discovered that the LIVTQ pentapeptide that was released via the soybean fermentation with Lactobacillus casei spp. pseudoplantarum and exhibited ACE enzyme inhibition. Using different peptide analogues of this LIVTQ peptide, they found that the glutamine (Q) and threonine (T) residues have an important role towards this ACE enzyme inhibition.



ACE1 is a component of the renin-angiotensin-aldosterone system (RAAS) that regulates blood pressure, blood volume, and fluid balance and plays an important role in the physiology of CVD [129]. ACE1 is a non-specific dipeptidyl carboxypeptidase that catalyzes the catabolism of the vasodilator peptide bradykinin, a blood pressure lowering agent belonging to the kallikrenin–kinin system [262,263,264]. ACE1 is widely distributed in mammalian tissues as a membrane-bound ectoenzyme in the vascular endothelial cells among others [265]. In RAAS, cleavage of the C-terminus side of the inactive angiostensin I decapeptide results in the active angiotensin II (ACEII) octapeptide. ACEII is also involved in the release of aldosterone from the glomerulosa cells of the adrenal cortex which lowers blood pressure by increasing renal reabsorption of sodium ions and water [266]. Inhibition of ACE is a useful approach to treat hypertension and usually occurs by blocking the first step in RAAS and the negative feedback to angiotensin II [129], thereby, decreasing ACEII production with the corresponding increase of bradykinin levels and decrease in aldosterone secretion [267]. The presence of proline, threonine, glutamine, isoleucine, valine, and leucine in these ACE inhibitory peptides accounted for their ACE-inhibitory properties and most of these peptides were protease-resistant in the gastrointestinal tract [259,268].



Numerous studies have already claimed the hypocholesterolemic activity of the peptides released from the major storage proteins of soybean. Lactostatin (IIAEK) is a pentapeptide derived from bovine β-lactoglobulin. The sequence contains nearly equal amounts of hydrophobic and charged residues with no digestive cleavage sites for pepsin or trypsin [269]. There had been reports that the in vivo hypocholesterolemic activity of lactostatin was observed to be higher than that of β-sitosterol to reduce the level of serum cholesterol through a novel regulatory MAPK-dependent pathway involved in cholesterol degradation [270]. Lactostatin consumption could provide a convenient way to avoid high serum LDL cholesterol and its negative effects such as in cardiovascular diseases (CVD). This study also introduced tandem multimers of the nucleotide sequence encoding for the IIAEK peptide into the five DNA variable regions of the soybean glycinin A1aB1b subunit through protein engineering. Five mutants, each containing four IIAEK sequences in each of these five variable regions, were expressed in Escherichia coli. Mutants with four IIAEK sequences in the variable regions IV and V gave the highest expression level and were the most soluble compared to the other mutants. The introduction of the fifth IIAEK sequence to variable region IV did not change the expression level and solubility behavior but the introduction of 7 and 10 IIAEK sequences decreased its expression level and solubility to 40% and 1%, respectively. Furthermore, various combinations of such mutations were introduced into this soybean protein and the combined mutations in regions IV and V, and variable regions II and III had the best permutation for both expression and solubility. Purification and subsequent trypsin-digestion of these mutants showed that the desired IIAEK peptide yield was about 80% [269]. Recently, Medina et al., (2020) engineered this peptide into mungbean 8sα globulin using site-directed mutagenesis by substituting the IIAEK lactostatin peptide into the variable region II, expressed through a bacterial system, and validated through peptide mapping, Liquid Chromatography–Mass Spectrometry (LC-MS), and densitometric analysis. The group found that the HIC-purified, trypsin-chymotrypsin digests of this mutant 8S globulin were able to in vitro bind the taurocholate bile acid and reduce such levels significantly better (p < 0.05) than the wild-type globulin but not better than the rosuvastatin positive control [271].




3.1.3. Soybean Lunasin


Another important soybean peptide that has reported anti-inflammatory, antioxidant, anti-hypertensive, hypocholesterolemic, and anti-cancer benefits is lunasin. Lunasin is a 43-amino acid (SKWQHQQDSCRKQLQGVNLTPCEKHIMEKIQGRGDDDDDDDDD) (MW = 5.5 kDa) peptide derived from the methionine-rich Gm2S-1 gene encoding the 2S albumin found in the soybean cotyledon [259,272,273,274,275,276,277]. In soybeans, lunasin was found to constitute 4.4–70.5 mg/soybean protein [259]. Lunasin was found to be highly bioavailable and heat-resistant [275]. Though this protein was originally found in soybean, it has been later detected in cereals and pseudocereals including wheat, barley, rice, rye, triticale, and amaranth [278,279,280,281].



Lunasin’s hypocholesterolemic effect is associated with reduced HMG-CoA reductase gene levels, thus, reducing cholesterol biosynthesis. Furthermore, lunasin reduced HMG-CoA expression and induced LDLR production leading to increased LDL binding causing enhanced clearance of plasma LDL-C as shown in HepG2 liver cells. Lunasin was also found to reduce LDL-C levels in pigs [151].



Lunasin was also found to possess anti-oxidant properties by scavenging peroxyl and superoxide radicals in vitro [282] and to be able to chelate Fe2+ ions, thereby, preventing hydroxyl radical formation through a Fenton reaction [30,283]. Lunasin was also found to protect cell viability and antioxidant defenses in human Caco2 cells treated with hydrogen peroxide and tert-butylhydroperoxide after 24 h [282].



Lunasin was also found to have anti-inflammatory effects as shown by the inhibition of various pro-inflammatory biomarkers such as the IL6 and IL-1β interleukins, TNF-α, NF-κB, cyclooxygenase 2 (COX2), prostaglandin E2 (PGE2), and inducible nitric oxide synthase (iNOS) by activating various inflammatory pathways such as AKT/NF-κB in macrophages [284,285]. Aguzzi et al., (2010) found that the RGD tripeptide motif from lunasin binds to the αVβ3 integrin and is involved in macrophage aggregation during inflammation that might inhibit pro-inflammatory pathways [286].





3.2. Lupin (Lupinus spp.)


Lupin is a generic term for proteins derived from four domesticated Lupinus species-Lupinus albus (white lupin), L. luteus (yellow lupin), L. mutabilis (blue lupin) and L. angustifolius (narrow-leaf lupin) [153,287]. These are mostly produced in Australia, France, Poland, Russia, Hungary, and Italy [153]. These are excellent legumes since their protein content is comparable to soybean and is a good source of minerals, unsaturated fatty acids, vitamins, and tocopherols while having negligible amounts of phytoestrogens such as isoflavones and other antinutrients [153,288,289,290,291,292].



Lupin and its protein isolates were found to decrease cholesterol levels in various model animal systems such as rats, hamsters, pigs, and humans [152,153,157,160,290,293]. Lupin proteins are ascribed in lowering plasma TC and LDL-C in rats fed with a high-fat diet [153] and the significant improvement of LDL:HDL-C ratios in humans [160].



Male Sprague Dawley rats fed with 50 mg/rat of the lupin total protein extract for two weeks showed significant reduction in TAGs by 16% (p < 0.01), TC by 21%, and VLDL-LDL-C by 30% (p < 0.001) while increasing HDL-C by 20% (p < 0.10) compared to the vehicle-fed rats [152]. Pregnant female rats fed with 200 g/kg lupin proteins during pregnancy until the post-lactation stage showed decreased levels of plasma TAG (by 55%), plasma TC, VLDL, LDL, and hepatic cholesterol compared to dams fed with a casein-rich diet. Such lupin protein-fed rats also exhibited higher TAG and LDL receptors levels in their liver by more than twofold and in their milk by 81% and were found to have significantly (p < 0.05) upregulated lipogenic genes in their mammary glands [290].



In human trials, lupin protein isolates (25 g per day) significantly lowered blood pressure (p ≤ 0.044), LDL-C levels (p ≤ 0.036), and LDL:HDL-C ratios (p = 0.003) after four weeks compared to individuals who consumed a milk protein isolate or a casein diet [157,160]. According to the Weiße et al., (2010), the significant reduction in plasma TC due to the ingestion of the lupin proteins was mainly due to the decrease HDL-C levels, independent of LDL-C changes, leading to lower cardiovascular risk [160].



Sirtori et al., (2004) [153] demonstrated significant reduction of VLDL and LDL in rats fed with high-cholesterol and cholic acid that were supplemented with lupin protein isolates (50 mg/day). In a leporine model, Marchesi et al., (2008) [155] detected significantly lower cholesterol levels after 60 days by 40% and after 90 days by 33% (p < 0.05) and a significant reduction in focal lesion progression by 37% (p < 0.05) after feeding such animals with lupin proteins compared to the casein-fed group.



Lupin proteins were found to downregulate the SREBP-1 transcription factor in rat livers resulting in decreased fatty acid synthesis [153,154,294] and upregulated LDL receptors in human hepatoma cells [153,290,294]. Lupin proteins also significantly reduced the inflammation-associated C-reactive protein (CPT) biomarker that is linked to the risk of cardiovascular events [157,295,296].



Lupinus albus and L. angustifolius were shown to improve the lipoprotein profile and lower blood pressure in rat models [153,156,157,290,297,298]. In in vitro studies using HepG2 cell lines, Lammi et al., (2014) [299] discovered that pepsin and trypsin-digested L. albus proteins induced the LDL receptor protein resulting in the subsequent LDL uptake and stimulated the AKT-GSK3β signaling pathway suggesting that the AKT-GSKβ is involved in the upregulation of the LDL-receptor-SREBP2 pathway. Interestingly, Jang et al., (2012) determined that black soybean (Glycine max L.) peptides also stimulated the same AKT-GSK3β signaling pathway via the phosphorylation of GSK3β and FoxO1 in HepG2 cells [106]. Fontanari et al., (2012) [152] found that there was a significant reduction of plasma TC and non-HDL while increasing HDL-C levels in a hamster model for dyslipidemia fed with either whole L. albus seed or its protein isolate compared to the high-casein fed group. They also found low levels of steatosis upon histological examination of these hamster livers. L. albus proteins were also found to slow down atheromatous plaque progression induced by a hyperlipidemic diet in rabbits [155]. L. angustifolius (blue lupin) also showed a cholesterol-controlling effect in rats through the upregulation of SREBP-2 and other genes involved in lipid homeostasis as discussed above [156] and in humans [157,158,159,208,300]



Lupin proteins are predominantly albumins and globulins with an albumin:globumin ratio of 1:9. The globulin proteins are further classically classified as those belonging to the 7S and 11S globulins termed conglutin-beta and alpha, respectively. Lupins have also other minor distinct globulin types termed gamma and delta conglutin [153,301]. Lupin conglutin gamma is an oligomeric seed protein that constitutes about 5% of total lupin proteins [302]. The hypocholesterolemic potential of lupin conglutin-γ is widely believed to induce LDL-receptor activity. In 2004, Sirtori et al. found that the purified conglutin-γ increased LDL uptake by 53% by inducing LDL receptor activity in HepG2 cells [153]. In rat studies, addition of the purified lupin conglutin-γ (25, 50, and 100 mg/kg) into diets showed an inverse correlation to control plasma glucose levels with the 100 mg/kg levels performing as statistically significant (p < 0.001) compared to the benefits obtained from metformin (50 mg/kg) supplementation [135,137]. Radtke et al., (2015) found that conglutin-γ significantly decreased serum TC by 15% (p = 0.011) and increased serum levels of the pro-Vitamin D metabolite by 50% in ApoE knockout mice [162]. The LILPKHSDAD and LTFPGSAED lupin β-conglutin oligopeptides were found to inhibit HMG-CoA reductase, thereby improving LDL-protein levels in HepG2 cells [161].



Lammi et al., (2016) [303] found that lupin peptides derived from pepsin and trypsin hydrolysis had a positive influence on the cholesterol metabolism in Caco2 cells by reducing the secretion of proprotein convertase subtilisin/kexin type 9 (PCSK9). In another publication from the same group, the lupin LILPKHSDAD oligopeptide further inhibited PCSK9-LDLR binding in a dose-dependent manner allowing for the increased extracellular entry of LDL as observed through both in silico and in vitro approaches [304] since PCSK9 regulates the degradation of the hepatic LDL receptor [156,297,305].




3.3. Pea (Pisum Sativum L.)


Peas (Pisum sativum L.) contain an average of 22% protein (ranging between 13–33% protein) and such proteins were found to improve against CVD and its risks [306,307,308,309]. Rimm et al., (1996) found that a daily serving of peas contributed to the reduced risk of heart attack in human male professionals [307]. Using rat models, Lasekan et al., (1995) found that 20% of dietary pea proteins significantly reduced plasma TC by 61%, TAGs by 47% and hepatic cholesterol levels by 94% (p < 0.05) and increased HDL-C concentrations versus the casein-fed group [164]. Rigamonti et al., (2010) [165] found that rats fed with pea proteins for 14 and 28 days had significantly lower plasma TC and TAGs, lower expression of genes involved in fatty acid synthesis including FASN and stearoyl-CoA desaturase, and increased hepatic LDL-receptor mRNA than those fed with casein (p < 0.05). Rats fed with 200 g pea protein per kg body weight for 16 days showed significantly (p < 0.05) reduced hepatic TC and VLDL proteins and increased levels of cholesterol-7-alpha-hydroxylase levels, hepatic SREBP-2 and its target genes such as HMG-CoA and LDL-receptor, and fecal bile acid excretion [166]. Employing obese Dutch people with untreated elevated BP, Teunissen-Beekman et al., (2014) found that a pea protein meal significantly sustained blood pressure levels (p ≤ 0.01) and induced the production of nitrite, nitro, and NOx compounds [310].



Hydrolysis of pea proteins may yield peptides with various bioactivities such as those for ACE1 inhibition and improvement against CVD [258,306]. For example, Alcalase-digestion of pea proteins liberated three dipeptides (IR, KF, and EF) that exerted ACE-inhibitory effects in vitro [163]. Recent publications reported that the LRW tripeptide and its similar isomer IWR exhibited their antihypertensive activity by activating angiotensin II [167,311,312,313]. Incubation of vascular smooth muscle cells (VSMCs) with this LRW pea tripeptide reduced angiotensin-triggered superoxide production, inflammation and proliferation by inducing the ACE2-Ang-(1–7)-MasR axis and modulating the nuclear factor-kappa B (NF-κB) pathway [167].




3.4. Cowpea (Vigna Unguiculata (L.) Walp.)


Cowpea (Vigna unguiculata (L.) Walp.) is a widely consumed legume in the world. It is rich in protein and carbohydrates while having a low fat content [31,314,315]. The protein content of cowpea is 2-4-fold higher than cereals and tuber crops [316,317] although the cowpea’s amino acid profile is comparable to that of cereal grains. Cowpea proteins are rich in lysine [318] but deficient in sulfur-containing amino acids such as methionine and cysteine [319]. Cowpea proteins have a low lysine:arginine ratio comparable to soybean suggesting that cowpea proteins have the potential to decrease cholesterol [320].



Some cowpea isolates and peptides were found to be hypocholesterolemic. In hamsters, Frota et al., (2008) [170] found that cowpea whole seed and protein-fed animals have significantly reduced plasma TC and non-HDL-C and promoted reductions in liver steatosis. This hypocholesteromic effect was attributed to the ability of the proteins to bind bile acids disrupting cholesterol micelles in the gastrointestinal tract as well as altering adipocytic enzyme activity and increased the transcription of lipogenic and cholesterol biosynthetic proteins which influence lipid profiles [170,321,322,323,324]. Spielmann et al., (2008) [166] further stated that these cowpea proteins interfere with hepatic cholesterol absorption through the inhibition of the intestinal cholesterol transporter Niemann–Pick C1 Like-1 (NPC1L1) gene expression, thereby, reducing cholesterol synthesis by lowering SREBP-2 gene expression and, consequently, HMG-CoA reductase and LDL receptors. NPC1L1 is involved in the cholesterol absorption at the apical membrane of enterocytes through an unknown mechanism. The cowpea KD dipeptide and three black bean pea peptides (YAAAT, ERAF, and FATGT) were found in silico to have binding affinities to the N-terminal domain of NPC1L1 and were opined to have great potential to disrupt the interaction between NPC1L1 and membrane proteins facilitating cholesterol absorption better than Ezetimibe [325].



Cowpea proteins are predominantly globulins (50–70%) followed by glutelins, albumins and prolamins [326,327,328]. The 7S globulin from cowpea (300 mg per body weight per day) was shown to significantly decrease average body weight gain, liver TC by 14%, serum non-HDL-C by 54%, hepatic TAG levels by 17% and the atherogenic index, a marker for predisposition of heart disease, while increasing serum HDL-C by 57%, lipoprotein lipase activity by 92%, and excreted total fat by 12% and total cholesterol 7% in male Wistar rats compared to the casein-fed group after feeding for 28 days. Ferreira et al., (2015) found that rats fed with cowpea 7S globulin (300 mg/kg/day) was able to decrease TC by 32.5% compared to just 20.3% by simvastatin (50 mg/kg/day) (p < 0.001) after their 28-day feeding experiment. In the same study, they found that the 7S cowpea globulin-fed mice had significantly reduced serum non-HDL-C and atherogenic index by 46% and 70.6%, respectively, while simvastatin was able to significantly decrease serum non-HDL-C and the atherogenic index by 30.7% and 0.31%, respectively, compared to the hypercholesterolemic-fed mice (p < 0.001). Supplementation of the cowpea 7S globulin also led to an significant increase of serum HDL-C by 157% when compared against a high cholesterol diet (p < 0.001) outperforming simvastatin, which only contributed a non-significant increase of 18.5% As compared to the rats fed with a high cholesterol diet, hepatic TC and TAG levels were significantly reduced by 14% (p < 0.01) and 17% (p < 0.001), respectively, compared to the effect of simvastatin which significantly reduced TC levels by 11% (p < 0.05) but not significantly reducing TAG (6%) [87].



Bioactive peptides in cowpea are ascribed to their antihypertensive property due to ACE1 inhibition [13,168,169,329]. Hydrolysis of cowpea proteins yielded peptide fractions that inhibit ACE1-activity compared to the unhydrolyzed protein [13,168,169].




3.5. Jack Bean (Canavalia Ensiformis (L.) DC.)


Jack bean (Canavalia ensiformis (L.) DC.) is a tropical legume originally from South America but is widely planted in South Asia, Africa, and Latin America. Macarulla et al., (2001) determined that jack bean seed is rich in protein (23–28%). They further discovered that even at a 10% jack bean protein diet, albino rats had decreased weight gain by 79% and PER (weight gain per amount of protein fed) by 64%; TC levels in the plasma by 10%, liver by 16%, kidney 13%, and in the heart by 42%; and total lipids in the plasma by 33%, liver by 37%, and heart (by 25%) (p < 0.05) [171].



One of jack bean’s proteins, concanavalin A, was shown to significantly decrease serum TC by 81%, liver cholesterol and TAG levels but increased HDL-C by 87% compared to the control group. Kayashima et al., (2005) further noted that the cholesterol lowering ability of concanavalin A (conA) was directly related to its lectin activity. ConA was found to be fairly resistant to degradation in the gut and confers various changes in the gastrointestinal environment. These changes promote fecal excretion of neutral sterols and triglycerides leading to inhibition of intestinal absorption of cholesterol and lowering of serum triglyceride concentration [172].




3.6. Mungbean (Vigna Radiata L.)


Mungbean contains 21–31% protein per dry weight basis (Table 3) [54]. In high-fat diet induced male rats, mungbean protein isolate supplementation for four weeks increased secondary:primary bile acid ratio; lowered TC, TAGs, non-HDL-C, non-HDL-C:HDL-C and TC:HDL-C ratios; and increased members of the Bacteroidetes and Firmicutes phyla [176]. Further, humans with hyperlipidemia had significantly decreased TAG levels and obese subjects were seen to decrease the visceral fat accumulation [177].



Mungbean protein supplementation also decreased several lipogenic genes and some glycolytic enzymes. These mungbean proteins also decreased serum alanine amino transferase (ALT) and aspartate transferase (AST) levels. Kohno et al., (2017) further found that these mungbean protein isolates stimulated de novo lipogenesis-related genes such as SREBP-1, FASN, SCD1 in primary hepatocyte cells; alleviated hepatic TAG accumulation; and suppressed inflammation and fibrosis in the liver in a non-alcohol steatohepatitis model, thereby, reducing TAG accumulation [177]. Watanabe et al., (2017) found that mungbean protein isolates fed to male, hypercholesterolemic mice resulted in decreased FASN activity and hepatic TAG levels [330]. Consumption of mungbean proteins also reduced plasma TC, TAGs, and non-HDL-C levels in high cholesterol diet-fed hamsters. The same study showed that HMG-CoA reductase and CYP7A1 were both upregulated transcriptionally and translationally [173,174,175].



Mungbean protein hydrolyzed with Alcalase were found to have a high ACE inhibitory activity in spontaneously hypertensive rat models. These protein hydrolysates were shown to exhibit antihypertensive activity by reducing systolic blood pressure in such rats that received a single administration of this mungbean protein hydrolysate [173]. In another study, such Alcalase-hydrolyzed proteins from mungbean (Vigna radiata L.) protein hydrolysates released peptides that show ACE1 inhibition and exhibited antioxidant (including DPPH and hydroxyl radical and metal-chelating scavenging activities), hypolipidemic, and antihypertensive properties [330,331,332,333]. The KDYRL, VTPALR, and KLPAGTLF peptides from this Alcalase-hydrolyzed mungbean protein isolate were found to have novel ACE inhibitory activity [334].




3.7. Chickpea (Cicer Aretinum L.)


Chickpea (Cicer aretinum L.) is one of the oldest and widely consumed legumes [185]. The seeds are an excellent source of dietary protein, has a well-balanced amino acid composition, and has a substantial bioavailable protein [335]. Chickpea consumption is attributed to several cardiovascular benefits such as mitigation of CVD as well as the prevention of hyperlipidemia [336,337]. Boualga et al., (2009) found that male Wistar rats fed with 200 g/kg of either chickpea or lentil diets for four weeks showed significant (p < 0.05) reduction in body weight, food efficiency ratio, weight gain (g/day/rat), epididymal fat relative weight and fat lipoprotein lipase activity as well as decreased plasma TAG and VLDL; liver cholesterol and TAG; plasma VLDL mass; and APOB-100, esterified and unesterified cholesterol, and VLDL phospholipid levels. Further, ingestion of such chickpea or lentil diets led to increased hepatic phospholipid content and lipase activity in these rats [181]. The decreased plasma VLDL mass and APOB-100 levels in the chickpea-fed rats indicated a lower number of VLDL particles as evidenced by diminished VLDL-TAG and ApoB concentrations as seen in other soybean protein studies [94,338]. Chickpea consumption also decreased serum TC levels in humans [90,183,184], and chickpea proteins were shown to normalize TAG levels in hypercholesterolemic rats [180] further suggesting the beneficial effects of chickpea protein consumption towards the prevention of coronary heart disease and metabolic syndrome [66].



Shi et al., (2019) [179] found that HepG2 cells treated with chickpea proteins resulted in reduced cellular TC while increasing uptake of NBD-cholesterol. They further found that rats fed with chickpea proteins had decreased body and adipose tissue weight; serum TC, TAG, and LDL-C and atherogenic index; and hepatic TC and TAG levels while increasing the levels of serum HDL-C and hepatic and fecal bile acids. They also found that these chickpea proteins also inhibited FASN, HMG-CoA reductase, PPARγ, and SREBP-1c while activating liver X receptor (LXR) and the estrogen receptors α and β (ER-α and ER-β). They also determined that the chickpea VFVRN pentapeptide could inhibit HMG-CoA reductase expression, thus, inhibiting TC biosynthesis [179].



Mice fed with a hydrolysate rich in chickpea albumin decreased serum LDL-C in a dose-dependent manner and serum TC and TAG by 44% and 24%, respectively, while increasing HDL-C compared to the high-fat diet fed group.




3.8. Lentil (Lens Culinaris Medik.)


Bioactive peptides derived from lentils (Lens culinaris Medik.) were shown to be anti-hypertensive, ACE inhibitory and anti-oxidative [187,188]. In the study by Hanson et al., (2016), Wistar-Kyoto and spontaneously hypertensive rats showed significantly reduced levels of TC and LDL-C (p < 0.05) after whole lentils feeding for eight weeks [186].



The lentil convicillin storage protein is ascribed to inhibit ACE and dipeptidyl aminopeptidase III and IV peptidases, key enzymes involved in the complex interactions between cyclic nucleotides and the calcium-dependent secondary messenger systems [188] and stimulate vasoactive substances [187]. Three oligopeptides (LLSGTQNQPSFLSGF, NSLTLPILRYL, TLEPNSVFLPVLLH) derived from the Savinase-digestion of cultivated lentil proteins were identified to have the highest potentials against ACE activity in vitro. The peptides’ antihypertensive benefit was linked to the primary structure of the hexapeptides at the C-terminal end as these residues affect ACE inhibition [189]. Enzyme-hydrolyzed protein isolates also yielded oligopeptides of less than six amino acids that strongly inhibited ACE [190,191,192,193].




3.9. Other Legumes


A number of other legumes and their proteins have been briefly reported to improve cardiovascular health. Protein concentrates (12%) from Phaseolus angularis, Phaseolus calcaratus, and Dolichos lablab significantly decreased levels of TAGs, TC, and LDL-C and increased hepatic total lipids in male Golden Syrian hamsters after 30 days [14,339]. Trinidad et al., (2010) [11] found that kidney beans (Phaseolus vulgaris L.) showed significant reduction in TC (by 6%) and LDL-C (by 9%) while peanuts (Arachis hypogaea L.) significantly decreased TC levels by 7% in humans (p < 0.05). More recently, Distor et al., (2015) [14] found ACE inhibitory activities in vitro from the enzyme-digested 7S globulin of the hyacinth bean (Lablab purpureus L.) that is comparable to a drug widely used to treat hypertension, congestive heart failure, and increases the survival following a heart attack. In vitro ACE1 inhibition assays revealed that either pepsin- or α-chymotrypsin-digested purified hyacinth bean 7S globulins (1 mg/mL) performed statistically similarly compared to an equivalent concentration of captopril [14].



Moth bean (Phaseolus aconitifiolius Jacq.) seed proteins were found to significantly reduce plasma TAG, TC, LDL-C and total lipids as well as hepatic total TC levels while increasing HDL-C in Wistar rats fed with 10% of the bean’s protein for 45 days [194].



The faba bean (Vicia faba L.) is commonly consumed in some European countries particularly those found along the Mediterranean Sea. In male Wistar, hypercholesterolemic rat models, Macarulla et al., (2001) [171] demonstrated significant decreased body weights and plasma TAG when fed with whole faba bean seed diet. Rats fed with either the whole seed or protein isolate increased serum LDL + VLDL-C [171]. They further opined that this hypercholesterolemic effect was not due to the reduced cholesterol synthesis due to the HMG-CoA reductase activity but rather to the increased excretion of fecal steroids. Faba bean proteins demonstrated the reduction of blood cholesterol levels that is comparable to soybean protein through the use of hypercholesterolemic rats [171,340]. The amino acid profile of faba bean seeds and its protein isolates are ascribed to their hypocholesterolemic potential as the seeds have a lysine:arginine ratio and a methionine:glycine ratio 0.33 and 0.17, respectively, while its protein isolates have a lysine:arginine ratio and a methionine:glycine ratio of 0.26 and 0.29, respectively, which are lower than the corresponding levels in casein [171,341,342].



Ferreira et al., (2015) [87] showed that male Winstar rats fed with 300 mg of the purified adzuki bean or red mungbean (Vicia angularis (Willd.) Ohwi and Ohashi) 7S globulins (protein per kg body weight) for 28 days exhibited significant decrease in mean body weight gain (23%), which is comparable to the casein-simvastatin fed group and decreased hepatic tissue weight (10%); serum cholesterol, non-HDL-C, and TAGs; lipoprotein lipase activity (62%); and atherogenic index while increased serum HDL-C (52%) and excreted total fat (17%) and cholesterol (13%) levels compared to the casein-fed group. Supplementation of the adzuki 7S globulin (300 mg/kg/day) was able to significantly reduce serum TC and TAG levels by 33% (p < 0.001) and 17.8% (p < 0.05) compared to the rats fed with simvastatin (50 mg/kg/day). Simvastatin was still able to significantly reduce such TC levels by 20.3% (p < 0.001) but could not significantly decrease serum TAG levels. With reference to the rats fed with a high cholesterol diet for 28 days, addition of the adzuki 7S globulin also decreased serum non-HDL-C concentrations and the atherogenic index by 46% and 67%, respectively, when compared to only a reduction of 30.7% and 0.31%, respectively, due to simvastatin supplementation (p < 0.001). Serum HDL-C levels significantly increased by 153% (p < 0.001) but the simvastatin fed group did not statistically increase (18.5%) when compared to the rats fed with a hypercholesterolemic diet. Contrary, hepatic TC levels were not significantly decreased (9%) with the addition of the adzuki 7S globulin while simvastatin was able significantly decrease such hepatic TC levels by 11% (p < 0.05) [87].





4. Peptide Structure, Length, and Hydrophobicity Analysis of Legume Peptides with Associated Cardiovascular Benefits


This manuscript discussed the reported information on how legume diets, legume proteins, and/or specific legume peptides play a positive role towards cardiovascular health. The chemical structures of these 22 legume peptides [19,20,21,22,116,121,125,161,163,167,179,189,250,259,261,269,272,273,274,275,276,277,286,304,334] developed using ChemDraw Ultra 12.0 (PerkinElmer, Cambridge, MA, USA) are depicted in Figure 1.



Several physico-chemical properties including the length of the peptide and their hydrophobicity properties influence their associated functional roles and biological activities [343]. Peptides with relatively smaller molecular weights are less prone to proteolytic digestion and could easily be absorbed through the intestine as such peptides can readily transverse the intestinal barrier [344]. These 22 peptides are relatively short (Figure 2 and Table S2) (mean of 8.8 residues; range = 2 to 43 amino acids) with 21 (91%) of the discussed peptides having a peptide length of 15 amino acids or shorter. These relatively short sizes enable these peptides to transverse readily through the digestive system. Wang et al., (2019) [345] stated that di- and tri-peptides are recognized and actively transported intactly through the PepT1 transporter via the intestinal epithelium. Relating to cardiovascular health, several short-chained peptides (2–12 amino acids) are ACE-inhibitory [266,346,347,348,349,350]. Even longer peptides (10–27 residues) can readily transverse through the cell in a receptor-independent mechanism [351], allowing these peptides to be readily bioavailable intracellularly, and may also be used deliver various important cargoes such as clinically-important drugs and proteins.



The hydrophobic nature of peptides can influence cardiovascular health. Guha and Mahumder et al., (2019) [352] reviewed that it is this hydrophobic property of peptides, even in very small di-, tri-, or oligopeptides, which is one of the major factors associated with their anti-inflammatory benefit. Nan et al., (2009) [353] revealed that the high hydrophobicity promote the binding of peptides to membranes leading to the latter’s depolarization as such as exemplified in microbial cells. The hydrophobicity values of the 22 peptides discussed in this manuscript were obtained by calculating their individual Grand average of hydropathicity index (GRAVY) values [354] through the Protein GRAVY website (https://www.bioinformatics.org/sms2/protein_gravy.html accessed on 11 February 2021) [355] (Table S2). A peptide’s GRAVY score represents its hydrophobicity with positive GRAVY values indicating hydrophobic peptides while negative values are for hydrophilic peptides [354,356]. The GRAVY scores of these 22 peptides were then visualized through RStudio version 1.1.456 (Rstudio, Boston, MA, USA) (Figure 3a). The GRAVY scores of these peptides reveal that they are slightly hydrophilic (mean GRAVY score = −0.21, ranging from −2.8 for RGD through 1.66 for LIVTQ).



Twelve of these 22 peptides (57%) were found to be hydrophilic (Figure 3b). There is a dearth in the available literature associating the hydrophobicity of plant proteins on their cardiovascular benefit. Yea et al., (2014) found that some acidic and basic peptides with partially higher hydrophobicity values from winged bean (Psophocarpus tetragonolobus (L.) DC) seed proteins were ascribed to convey high ACE-inhibition and anti-oxidative properties [357]. Further identification of other peptides and the association of their hydrophobicity value will further associate peptide hydrophobicity with their ascribed cardiovascular potentials.




5. Gene Network Analyses


Based on this review, we performed a gene-to-gene network analysis using the GeneMANIA plugin of the Cytoscape software platform [358,359] and showed that 18 of the genes from all of these legume studies are functionally interrelated (Figure 4). Meanwhile, pathway and gene ontology (GO) terms enrichment using the Reactome functional interaction program [360] revealed that most of these genes are involved in lipid transport, fatty acid, and TAG metabolic processes and in the regulation of these processes (Table 3), suggesting that these pathways may be key and/or target processes to understand the mechanism of action of these legume proteins. Notably, genes such as CPT1A, SREBF2, PPARG, and LDLR are shown to be commonly involved in pathways related to lipid and fatty acid metabolism. These may serve as target genes and proteins for further studies to elucidate how legume and their proteins affect these pathways as well as how these genes regulate other genes and proteins such as those involved in cardiovascular health.




6. The Mechanism of Action (MOA) of Legumes Proteins and Peptides Associated with Cardiovascular Health


Based on the comprehensive literature search [361,362,363], the known genes, proteins, enzymes and corresponding cellular localization have been integrated to depict the highly possible mechanisms of action of isolated legume proteins and/or peptides in relation to their cardiovascular benefits (Figure 5). This figure illustrates how the induction of these protein and peptide isolates affects the cellular physiology and metabolism in the hepatic and blood serum systems that can lead to improved cardiovascular health. Two major pathways are emphasized in these mechanisms of action: (a) cholesterol and fatty acid degradation and (b) the inhibition of angiotensin converting enzyme (ACE).



The first pathway showed a series of mechanisms with the ultimate goal of lowering lipid accumulation in the system. In order to decrease the lipid levels, legume protein isolates target cholesterol and fatty acid metabolism. LDL receptor genes are observed to be upregulated in order to produce more LDR receptor proteins that can receive and engulf LDL and VLDL for subsequent lysosomal degradation. Essential nuclear transcription regulators like SREBP1c and SREBP-2 play critical roles in lowering cholesterol and fatty acid synthesis. Aside from lowering lipid and cholesterol levels, such processes subsequently lower fat accumulation and an increased fat excretion.



The second major effect of legume isolates is their ability to regulate hypertension. From the available literature, results suggest that Angiotensin I and II are regulated by blocking the functions of ACE through an unknown mechanism. This observation leads to more relaxed blood vessels, lesser vasoconstriction, lowered blood pressure, and ultimately contributing to improved cardiovascular health.




7. Conclusions and Perspectives


Cardiovascular diseases are the leading cause of mortality in the world. Incorporation of functional foods to improve the human diet in order to lower CVD risk is a growing trend. Among these functional foods are the various legumes described herein which have been a popular part of the normal diet. However, other legumes that show promising bioactivities are yet to be explored or are still underutilized. More in-depth research should be performed to determine the latent benefits, up-to-date information on their effective concentrations, salient structures, and accompanying modes of action of legume bioactive peptides, which could enhance their potential towards improved cardiovascular health and for future alternative drug development. In addition, omics-based studies on these legumes could also be done to map out salient genomic sites corresponding to high bioactive peptide activities such as for cardiovascular health. These associated mapped genomic sites can be the bases for breeding platforms for targeted improvement of crops relating to cardiovascular health. Allergenicity studies of these endemic legume varieties should also be done to ensure their safety since some legumes such as peanuts have known allergens. Genome-wide association studies on diverse cardiovascular responses due to the recipient’s genotypic variation may also be embarked.



Several factors such as palatability, smell, and texture that affect the consumers’ preference in eating these legumes despite the fact that they have health benefits could be explored. Formulation of new food products such as milk and flour from these legumes could show great potential to increase its economic value. Additional studies should also be done to assess if the processing of these legumes will affect their innate and latent bioactive peptide activities.



Since bioactive peptides show great potential in preventing or lowering CVD risks, these can also be synthesized or produced in large scale quantities to be used as supplements and possibly, as alternative medicine. This poses an advantage since there are no reported side effects of bioactive peptides compared to the synthetic drugs when used long-term.



Considering the public health sector, health professionals such as nutritionists and doctors can help elevate the value of these crops by promoting the incorporation of these legumes into the diet such as for improved cardiovascular health. Various government agencies and the private sector could be tapped to promote these products through enhanced information dissemination and increased research funding.
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Figure 1. Chemical structures of the 22 peptides associated with cardiovascular health discussed in this manuscript. These chemical structures were developed using ChemDraw Ultra 12.0 (PerkinElmer, Cambridge, MA, USA). 
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Figure 2. Histogram of the frequency of the lengths of various peptides (n = 22) discussed in this manuscript. The mean number of amino acid residues is indicated as a brown-colored line on the x-axis. 
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Figure 3. Hydrophobicity analysis of the 22 peptides discussed in this manuscript. (a). Boxplot of the Grand average of hydropathicity index (GRAVY) values of these peptides calculated through the Protein GRAVY website (https://www.bioinformatics.org/sms2/protein_gravy.html accessed on 11 February 2021) [355] and visualized using RStudio version 1.1.456 (Rstudio, Boston, MA, USA). GRAVY scores greater than 0 are considered hydrophobic while scores less than 0 are considered hydrophilic [354,356] as demarcated by the brown, dashed, horizontal line. (b) Proportion of the 22 peptides classified based on their hydrophobicity GRAVY scores. 
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Figure 4. Functional network of genes associated with cardiovascular disease and legumes proteins. Black nodes denote query genes; gray nodes denote attribute genes. 
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Figure 5. Proposed mechanism of action of legume proteins and/or peptides towards cardiovascular health. This figure was created using BioRender.com (accessed on 25 February 2021). 
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Table 1. Some examples of members of the Leguminosae family, their distribution, and their uses described in this manuscript [27].
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	Common Name
	Scientific Name
	Distribution
	Uses





	Adzuki bean or red mungbean
	Vigna angularis (Willd.) Ohwi and Ohashi
	Asia, USA, South America, New Zealand, Africa
	For human consumption



	Chickpea
	Cicer arietinum L.
	Mediterranean countries, South Asia, Eastern and Southern Africa
	For human consumption and as animal feed



	Common bean
	Phaseolus vulgaris L.
	India, Brazil, France, Russia, German, UK, Ukraine
	For human consumption



	Cowpea
	Vigna unguiculata L.
	Mediterranean area, Africa, Asia
	For human consumption



	Faba bean
	Vicia faba L.
	Central Asia, Mediterranean countries, South America, Near East, Europe
	For human consumption and as animal feed



	Jack bean
	Canavalia ensiformis (L.) DC.
	India, Far East, North and East Africa
	For human consumption



	Lentil
	Lens culinaris Medik.
	Turkey, Europe (France, Spain), Asia, Canada, USA
	For human consumption



	Lupin
	Lupinus spp.
	Europe, America
	For animal feed



	Moth bean
	Vigna aconitifolia Jacq.
	India, USA, Australia, Thailand, other parts of Asia
	For human consumption and animal feed



	Mungbean
	Vigna radiata L.
	South Asia, China, India
	For human consumption



	Pea
	Pisum sativum L.
	Europe, North America
	For human consumption and animal feed



	Soybean
	Glycine max L.
	USA, Brazil, China, Argentina, Japan
	For human consumption and for animal feed
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Table 2. Functional protein components of selected legumes associated with cardiovascular-related conditions discussed in this manuscript.
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Legume

(Scientific Name)

	
Component/

Protein

	
Cardiovascular Association

	
Experimental Model

(If Applicable)

	
Reference






	
Soybean (Glycine max L.)

	
Total crude

	
decreased TC, VLDL-C and TAGs

	
rat

	
[100,101,102,103,104]




	
ACE inhibition

	
rat

	
[105]




	
decreased TAGs and LDL

	
mouse

	
[106]




	
decreased TC, LDL, TAGs

	
human

	
[107,108,109,110,111]




	
decreased serum TC

	
human, rat

	
[112,113,114,115,116,117,118,119]




	
decreased TC, LDL-C, TAGs; increased HDL-C

	
human

	
[96,120]




	

	
decreased LDL

	
human

	
[111]




	
Enzyme digested soy proteins

	
inhibited lipid peroxidation

	

	
[121,122,123,124,125]




	
Alcohol-extracted crude

	
decreased plasma TAGs

	
rat

	
[126]




	
decreased in plasma and hepatic TC

	
rat

	
[118,127]




	
enhanced cholesterol excretion; decreased TC levels

	
rabbit

	
[128]




	
decreased LDL

	
macaque

	
[129,130]




	
decreased serum TC and plasma LDL-C; increased plasma HDL-C

	
human

	
[118,119,127,131]




	
Globulins

	
hypocholesterolemic, hypolipidemic

	

	
[129,132]




	
hypocholesterolemic

	
rat

	
[133]




	
hypolipidemic

	

	
[103,116,133,134],




	
Conglycinin

	
anti-hypertension, anti-hypercholesterolemia, anti-dyslipidemia; reduced cholesterol absorption

	

	
[64,133,134,135,136,137,138,139,140,141]




	
decreased LDL and TC

	
cultured hepatocytes

	
[116,142,143,144,145]




	
decreased TC and TAGs

	
cultured hepatocytes

	
[142,146]




	
rat

	
[142]




	
decreased plasma TC and TAGs; improved LDL:HDL ratios

	
rat

	
[134]




	
decreased serum TAGs

	
mouse, human

	
[108,136,147]




	
decreased serum TAGs, fat, lipid accumulation and body:fat ratio

	
human

	
[100,148,149]




	
Conglycinin α’

	
hypocholesterolemic

	
cultured hepatocytes

	
[116,145,146,150]




	
decreased plasma TC and TAGs

	
rat

	
[135]




	
Lunasin

	
increased clearance of cholesterol

	
cultured hepatocytes

	
[151]




	
increased clearance of hepatic and plasma LDL-C

	
pig

	
[151]




	
Lupinus spp.

	
Lupin

	
decreased plasma TC and non-HDL; increased HDL-C

	
hamster

	
[152]




	
decreased TAGs, TC, VLDL-C, LDL-C, VLDL-LDL ratio; increased HDL-C

	
rat

	
[153]




	
decreased plasma TAGs, TC, VLDL, LDL and liver cholesterol

	
rat

	
[154]




	
lowered cholesterol

	
rabbit, rat and human

	
[155,156,157,158,159]




	
improved LDL-HDL-C ratios

	
human

	
[160]




	
decreased blood pressure, LDL-C, LDL-HDL-C ratios

	
human

	
[157,160]




	
β-conglycinin

	
improved LDL-HDL-C ratios

	
cultured hepatocytes

	
[161]




	
Conglutin-γ

	
hypocholesterolemic

	

	
[153]




	
decreased serum TC

	
mouse

	
[162]




	
Pea (Pisum sativum L.)

	
Crude

	
ACE inhibition

	
in vitro

	
[163]




	
decreased plasma TC and TAGs, hepatic TC; increased LDL-C

	
rat

	
[164,165]




	
decreased hepatic cholesterol and VLDL-C

	
rat

	
[166]




	

	
LRW peptide

	
Antioxidant; anti-inflammatory

	
in vitro and in muscle cells

	
[167]




	
Cowpea (Vigna unguiculata L. Walp.)

	
Crude

	
ACE inhibition

	
in vitro

	
[13,168,169]




	
decreased plasma TC and non-HDL-C

	
hamster

	
[170]




	
7S globulin

	
decreased liver TC and TAGs, serum non-HDL-C; atherogenic index; increased serum HDL-C

	
rat

	
[87]




	
Jack bean (Canavalia ensiformis L.)

	
Crude

	
decreased TC and total lipids

	
rat

	
[171]




	
Concanavalin A

	
decreased serum TC, liver TC and TAGs; increased HDL-C

	

	
[172]




	
Mungbean (Vigna radiata L.)

	
Crude

	
decreased plasma TC, TAGs and non-HDL-C (non-HDL-cholesterol)

	
hamster

	
[173,174,175]




	
decreased TC, TAGs, non-HDL-C and TC:HDL-C ratio

	
rat

	
[176]




	
decreased systolic blood pressure and heart rate

	
rat

	
[173]




	
decreased TAGs visceral fat accumulation

	
human

	
[177,178]




	
Alcalase-hydrolyzed proteins

	
ACE inhibition, hypolipidemic, antihypertensive

	
rat

	
[173]




	
Chickpea (Cicer aretinum L.)

	
Crude

	
decreased TC

	
cultured hepatocytes

	
[179]




	
decreased plasma TAGs, TC, LDL-C and VLDL, decreased liver TC and TAGs; plasma VLDL APOB-100, cholesterol and VLDL phospholipid levels; increased serum HDL-C and hepatic and fecal bile acids, TC and TAG

	
rat

	
[179,180,181,182]




	
decreased serum TC

	
human

	
[90,183,184]




	
Albumin

	
decreased serum TAGs, TC, LDL-C; increased

HDL-C

	
mouse

	
[185]




	
Lentil (Lens culinaris Medik.)

	
Crude

	
Decreased TC and LDL-C

	
rat

	
[186]




	
Convicillin

	
ACE inhibition

	

	
[187,188,189,190,191,192,193]




	
hyacinth bean (Lablab purpureus L.)

	
7S globulin

	
ACE inhibition

	
in vitro

	
[14]




	
Moth bean (Phaseolus aconitifiolius Jacq.)

	
Crude

	
decreased plasma lipids, TC TAGs, LDL-C; decreased hepatic TC levels; increased HDL-C

	
rat

	
[194]




	
Faba bean (Vicia faba L.)

	
Crude

	
decrease of serum TC; LDL+HDL-C and atherogenic index; liver total and free cholesterols, TAGs and fat mass; increased excreted cholesterol

	
rat

	
[171]




	
Adzuki bean or red mungbean (Vicia angularis (Willd.) Ohwi and Ohashi)

	
7S globulin

	
decreased serum TAGs, TC, non-HDL-C and atherogenic index; increased serum HDL-C; excreted total fat and TC levels

	
rat

	
[87]




	
Kidney beans (Phaseolus vulgaris L.)

	
Crude

	
decreased TC and LDL-C

	
human

	
[11]




	
Peanut (Arachis

hypogaea L.)

	
Whole bean

	
decreased TC

	
human

	
[11]








Abbreviations used in this table: ACE = angiotensin-I converting enzyme, APOB-100 = apolipoprotein B-100, HDL = high-density lipoprotein, HDL-C = high-density lipoprotein-cholesterol, LDL = low-density lipoprotein, LDL-C = low-density lipoprotein-cholesterol, LDL-HDL-C = low-density lipoprotein-high-density lipoprotein-cholesterol, LDL:HDL = low-density lipoprotein: high-density lipoprotein ratio, LDL + HDL-C low-density lipoprotein and high-density lipoprotein-cholesterol, TAG = triglycerides, TC = total cholesterol, TC:HDL-C = total cholesterol:high-density lipoprotein-cholesterol, VLDL = very low-density lipoprotein, VLDL-C = very low-density lipoprotein-cholesterol, VLDL-LDL = very low-density lipoprotein-low-density lipoprotein.
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Table 3. Pathway/GO term enrichment analysis of the different genes using Reactome as discussed in this manuscript.
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	GeneSet
	p-Value
	FDR
	Inclusive Nodes





	Fatty acid metabolic process
	1.69 × 10−11
	4.21 × 10−9
	CPT1A,CPT1C,CPT1B,FASN,PPARG,PPARA



	Regulation of cholesterol biosynthetic process
	3.35 × 10−10
	4.16 × 10−8
	SREBF1,HMGCR,SREBF2,SCD,FASN



	Regulation of lipid metabolic process
	6.96 × 10−10
	5.77 × 10−8
	CPT1A,HMGCR,CYP7A1,RXRA,PPARG,PPARA



	Response to retinoic acid
	1.59 × 10−9
	9.83 × 10−8
	SREBF1,RXRB,RXRA,PPARG,RXRG



	Steroid hormone mediated signaling pathway
	3.47 × 10−9
	1.70 × 10−7
	RXRB,RXRA,PPARG,PPARA,RXRG



	Response to lipid
	3.80 × 10−8
	1.56 × 10−6
	SREBF1,SREBF2,PPARG,

PPARA



	Carnitine metabolic process
	6.02 × 10−8
	2.11 × 10−6
	CPT1A,CPT1C,CPT1B



	Lipid metabolic process
	1.67 × 10−7
	5.16 × 10−6
	SREBF1,SREBF2,PPARG,

PPARA,LDLR



	Negative regulation of macrophage derived foam cell differentiation
	4.80 × 10−7
	1.29 × 10−5
	CRP,PPARG,PPARA



	Cellular response to low-density lipoprotein particle stimulus
	1.13 × 10−6
	2.49 × 10−5
	SREBF2,PPARG,LDLR



	Retinoic acid receptor signaling pathway
	1.13 × 10−6
	2.49 × 10−5
	RXRB,RXRA,RXRG



	Transcription initiation from RNA polymerase II promoter
	1.35 × 10−6
	2.71 × 10−5
	RXRB,RXRA,PPARG,PPARA,RXRG
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