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Abstract

:

Being a key source of animal food, millet production has been sharply increasing over the last few years in order to cope with the dietary requirements of the ever-increasing world population. It is a splendid source of essential nutrients such as protein, carbohydrates, fat, minerals, vitamins, and also some other bioactive compounds that eventually help through multiple biological activities, including antioxidant, anti-hyperglycemic, anti-cholesterol, anti-hypertensive, anthropometric effects and regulation of gut microbiota composition. These bioactive compounds, nutrients, and functions of cereal grains can be affected by processing techniques such as decortication, soaking, malting, milling, fermentation, etc. This study discusses the nutritional and functional properties of millet-incorporated foods and their impact on health, based on around 150 articles between 2015 and 2022 from the Web of Science, Google Scholar, Food and Agriculture Organization of the United Nations (FAO), Breeding Bid Survey (BBS), and FoodData Central (USDA) databases. Analyzing literature reviews, it is evident that the incorporation of millet and its constituents into foodstuffs could be useful against undernourishment and several other health diseases. Additionally, this review provides crucial information about the beneficial features of millet, which can serve as a benchmark of guidelines for industry, consumers, researchers, and nutritionists.
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1. Introduction


Millet belongs to the family Poaceae, which can grow well under dry, high-temperature conditions as grasses with small seeds, and has been used as fodder and human food for around 10,000 years [1]. According to the Food and Agriculture Organization of the United Nations (FAO), Asia and Africa are the predominant growers, while India, Niger, and China are the three most high-yield countries (Figure 1) [2]. Cultivated varieties of millet include pearl millet, finger millet, proso millet, foxtail millet (FM), etc. (Table 1). In millet, several macronutrients, minerals (iron, zinc, phosphorus, calcium, potassium), and vitamins are higher than those in rice and wheat [3]. Antinutrients such as phytates, polyphenols, and tannins reduce mineral bioavailability by chelating cations [4]. Nevertheless, phytochemicals of millets such phenolic compounds exhibit antioxidant action via scavenging reactive oxygen species (ROS), reducing power, and/or metal-chelating activity towards ferric and ferrous ions. The abundance of protease and amylase inhibitors affects the grains’ digestibility [5]. Some important characteristic features are inherent in millet, such as hypolipidemic, low-glycemic index, and antioxidative characteristics [6]. Because of its nutritional value, millet is used to make noodles, nutritious soups, hard drinks, pancakes, and cereal porridges worldwide [7]. Considering these several health benefits, this review work has been undertaken to summarize those benefits and provide a real picture of their impact on health.




2. Methodology


In order to give a whole perspective of millet’s health benefits, the present study carried out this comprehensive review based on the Web of Science, Google Scholar, Food and Agriculture Organization of the United Nations (FAO), and FoodData Central (USDA) databases from 2015 to 2022. More than 100 articles are reported in this review. The generalized data collection procedure is followed as presented in Figure 2.




3. Nutritional Quality of Millets


Millets are nutritionally equivalent to or even superior to several of the most important cereal grains. Millets are full of physiologically active substances and provide numerous health benefits, including a high antioxidant content, high fiber content, low glycemic index, and gluten-free protein. Considering the nutritional profile of these small-seeded crops, they are a great source of energy, protein, and minerals. Among its vitamins, millet grains are rich in niacin (B3), thiamine, riboflavin, and folic acid. It is estimated that nearly 70% of grains are composed of carbohydrates, with most being soluble carbohydrates and dietary fiber. A majority of millets’ polysaccharides are composed of amylopectin and amylose (70–80%). In addition to being rich in dietary fiber, they are also richer in polyphenols (0.2–0.5%). Millets’ polyphenols, tannins, and phytates provide the bulk of their antioxidant activity, and these substances have a role in regulating the aging process. In comparison to other grains, finger millet has the highest calcium level, at 344 mg/100 g [19].



A good amount of moisture (12%) is contained in sorghum millet, along with nearly 10.4% protein and 1.3% fat. The amount of fiber and minerals in grain sorghum is approximately 1.6%. Sorghum grain has a high carbohydrate content (73%), making it an excellent source of energy (349 kcal). Other carbohydrates found in sorghum include cellulose and hemicellulose. Sorghum also contains good amounts of calcium (25 mg), dietary fiber (14.3 g), iron (4.1 mg), and phosphorus (222 mg), respectively, per 100 g of edible portion [20].



Both little millet and kodo millet, which are classified as nutraceutical crops, contain between 37 and 38% dietary fiber. Millets are widely utilized as a snack, infant food, processed food, etc. due to their high nutrient content and so are considered a complete food. In developing countries, sorghum and millets contribute greatly to nutritional security. The millets are also known as miracle grains and nutria-cereals [21].



Furthermore, in comparison with wheat (1.5%) and rice (0.6%), millets contain several times more minerals (1–5 g/100 g). There is an abundance of iron in Pearl Millet and Barnyard Millet, which can fulfill the iron requirement of anemic individuals. There is a high content of zinc (4.1 mg/100 g) in foxtail millet, as well as a high content of iron [22]. The details of nutritional composition of millets have been presented in Table 2Table 3 and Table 4.




4. Beneficial Features of Millet


Millet is rich in nutrients and compounds, which offer multiple health benefits including.



4.1. Antioxidant Activity


It is evident from the literature that millet (little, pearl, proso, foxtail, finger, and kodo millets) whole grains contain antioxidants, reductants, and metal chelators in their soluble and insoluble phenolic extracts (Table 2). Nevertheless, whole millets may be beneficial as natural antioxidant sources depending on the variety.



There has been great interest in studying the nutraceutical and antioxidant properties of FM, pear millet, and finger millet varieties. According to recent studies, FM contains 3.34 mg tocopherol/100 g (wet basis) and 47 mg polyphenols/100. On the other hand, proso millet contains 2.22 mg tocopherol/100 g (wet basis) and 29 mg polyphenolics/100 g [30].



Currently, over 50 phenolic compounds belonging to several classes, namely, phenolic acids and their derivatives, dehydrotriferulates and dehydrodiferulates, dimers and flavan-3-ol monomers, flavanonols, flavones, and flavonols in four phenolics fractions of several whole millet grains (pearl, little, proso, foxtail, finger, and kodo millets) were positively or tentatively identified using high-performance liquid chromatography (HPLC) and HPLC-tandem mass spectrometry. However, in vitro tests revealed that kodo millet’s insoluble bound fraction showed the highest content of phenols as well as antioxidant activity. In light of this, and based upon published literature data, millet grains can be used as functional food ingredients as well as natural antioxidants [21].



Several studies have investigated the antioxidant potential of phenolics, and other bioactive components isolated from millet grains and their fractions. It was reported that an ethanol extract of barnyard millet grains contained one serotonin derivative, two flavonoids, and three antioxidative phenolic compounds. Furthermore, Abedin et al. [31] reported that the methanolic extracts of FM also showed a higher total antioxidant capacity (170 ± 4 mg ascorbic acid equivalents (AAE)/100 g) and total phenolic content (52 ± 2 mg gallic acid equivalents (GAE)/100 g). Additionally, kodo millet flour methanol extracts quenched 1,1,diphenyl-2-picrylhydrazyl (DPPH) by 70% compared to 15% to 53% in other millet extracts. In addition, the white varieties of sorghum, finger millet, and foxtail millet showed lower quenching than their colored counterparts, indicating that phenolics in the seed coat could be responsible for the antioxidant activities. Moreover, compared to wheat, rice, and other millet species, extracts from finger millet were found to have significantly stronger radical-scavenging activity [32].




4.2. Anti-Hyperglycemic Effects


Fiber and non-starchy polysaccharides, indigestible carbs that are present in millet, help to lower sugar levels in the blood [33]. It also has a low glycemic index (GI), which helps to reduce sugar levels in the blood [34].



A 12-week study with pre-diabetes (64 people) provided similar results. After 6 weeks of FM intervention, fasting blood glucose and glucose after 120 min decreased to 0.3 ± 0.7 mmol/L and 1.0 ± 2.7 mmol/L, respectively. Then both types of glucose remained steady for up to 12 weeks. There was an insignificant difference in fast insulin, fructosamine, and insulin content (after 120 min) throughout the study period. Homeostasis model assessment of insulin resistance (HOMA-IR) significantly decreased from an initial 3.6 ± 2.3 to 2.9 ± 1.7 in the 12th week, on the other hand, HOMA-IR increased from 0.4 ± 0.2 to 0.5 ± 0.6, respectively [35]. A slight decrease in fasting and post-meal blood sugar insulin resistance was observed by Ren et al. [35] after taking 50 g of FM/per day. In another study, Shobana et al. [36] also found lower fasting blood sugar levels and a fall in triglyceride and cholesterol levels in rats with diabetes while feeding them a diet containing 20% finger millet. Moreover, Fu et al. [37] found that prolamin from cooked foxtail millet (PCFM) ameliorated islet-cell impairment i.e., stimulated insulin secretion as evident from significantly high homeostasis model assessment of β cell function (HOMA-β). HOMA-IR of the model control group (MC) was significantly higher than the normal control group (NC), which indicates insulin resistance (Table 5). Moreover, the study of Seo et al. [38] demonstrated that N-p-coumaroyl serotonin, feruloyl serotonin of barnyard millet (Echinochloa utilis) were significantly reduced glucose content (72 and 51% at 0.2 mg/wells) in Caco-2 (human intestinal epithelial) cells and inhibited intestinal sucrase (IC50 of 4.0 and 9 μM) in mammalian rat. Furthermore, it was revealed in a recent study by Krishnan et al. [39] that pearl millet phenolics inhibit carbolytic enzymes and regulate GLUT and thus have anti-diabetic properties. Similarly, a significant reduction in fasting glucose and insulin levels, as well as HOMA-IR levels, was observed after pearl millet whole grain powder or ethanolic extract administration to obese rats fed a high-fat diet, which supports the hypoglycemic effects of pearl millet [40]. Moreover, proso millet has been found to improve blood sugar levels and insulin levels in genetically obese type 2 diabetic mice under conditions of high fat intake [41].




4.3. Anti-Cholesterol Effects


Consumption of millets reduces hyperlipidemia and raises the levels of high-density lipoprotein cholesterol (HDL-C), according to a recent systematic review and meta-analysis of the impacts of millets consumption on lipid profile, including triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), HDL-C, and very-low-density lipoprotein cholesterol (VLDL-C). Consuming millets for periods ranging from 21 days to 4 months was shown to reduce levels of TC, TG, LDL-C, and VLDL-C by 8.0, 9.5, 10, and 9.0%, respectively, according to the findings of 19 research. Researchers in four separate investigations found that consuming millets resulted in normal levels of TG and TC (>150 and >200 mg/dl, respectively). Additionally, the HDL-C 4.0 increased by 6.0% after eating millet-based meals [42].



Lee et al. [43] found reduced triglyceride, compared with the control group that those fed foxtail and proso millet in rats. Additionally, millet protein may help lower cholesterol, which was claimed by Nishizawa et al. [44].



Choi et al. [45] found foxtail millet protein (FMP) diet group had a significantly higher total plasma cholesterol concentration than the casein diet group. HDL-C concentration in the FMP diet group was more than twice that of the casein diet group. The plasma insulin concentration of the FMP diet group was reduced by 57% in contrast to the casein diet, without any significant difference in plasma glucose concentration. The plasma adiponectin concentration of the FMP diet group was 64% greater than that of the casein diet group. In the liver, the concentration of cholesterol declined significantly in the case of the FMP diet when compared with that of the casein diet, but triglyceride content was greater in the FMP diet group. The plasma triglyceride content of the casein diet group was found to be significantly lower than the FMP diet group. HDL-cholesterol in the plasma of the casein diet group was significantly lower than the FMP diet group. Plasma glucose concentration was similar; however, insulin concentration in the FMP diet group was lower than in the casein diet group. The FMP diet group contained almost twice the plasma adiponectin than the casein diet group. Liver cholesterol concentrations were significantly lower for the FMP diet than the casein diet, but triglyceride content was similar.



Molla M. M., [23] found millet protein diets such as uncooked extracted (UCE), cooked extracted (CE), uncooked extracted enriched (UCEE), and cooked extracted enriched (CEE) groups significantly reduced the plasma and liver TC, TG, and LDL-C than uncooked (UC) and cooked FM (C FM) flour diets, in casein, control, and normal diet group (Table 6 and Table 7). It also significantly increased the plasma HDL-C compared to UC and C FM flour diets, casein, control, and normal diets. These results are strongly supported by Choi et al. [45]; Park et al. [41]; Nishizawa et al. [44]. UCE and UCEE FM protein diets increased the plasma HDL-C and reduced the plasma and liver TC, TG, and plasma LDL-C in comparison with other diets. Cholesterols lowering effects might be the result of antinutritional richness in the UCE and UCEE FM protein diet than other diets [46]. Higher antinutrients might help to reduce cholesterol levels, and the risk of stroke, coronary heart disease, certain cancer, and liver disorder through their antioxidant activity [47].



Millet protein (FM) increased the plasma HDL-C level whereas, decreased the plasma TC, TG, and LDL-C and liver TC and TG, which may be a good predictor to reduce the risk of liver injury and hyperlipidemia [23]. These outcomes are parallel to the findings of Choi et al. [45] who reported that Korean foxtail millet protein has a protective action for reducing atherosclerosis by increasing the HDL-C level. Nishizawa et al. [48] reported that proso millet protein supplemented with lysine and threonine have a favorable effect on cholesterol metabolism by elevating plasma HDL-C level and lowering LDL-C, TC, and TG level for both plasma and liver which is inversely related to the risk of coronary heart disease.




4.4. Anti-Hypertensive Effects


Ren et al. [35] found that after 12 weeks millet (FM) interventions, diastolic blood pressure (DBP) declined significantly from 84.9 ± 8.5 mmHg to 81.6 ± 7.8 mmHg. Hou et al. [49] found both systolic blood pressure (SBP) and DBP decreased significantly due to 12 weeks millet (FM) diet intervention from the initial (133.61 ± 1.94 mmHg) to 12th week (129.48 ± 2.14 mmHg). On average, SBP and DBP were reduced by 4.13 mmHg and 3.49 mmHg, respectively. Dietary fiber, protein, and minerals in whole grains are inversely associated with blood pressure (BP) [50]. FMP hydrolysates may significantly decrease BP in hypertensive rats [51]. Studies have revealed that phytochemicals in millet possess serum lipid-reducing properties [52]. Chen et al. [51] observed SBP declined significantly after 4 weeks of millet intervention, compared to the control (194.9 ± 3.5 mmHg). Whereas it was found 167.4 ± 2.5, 166.3 ± 3.5, 168.4 ± 6.3, and 179.0 ± 5.0 mmHg in captopril, raw foxtail millet protein hydrolysates (RPH), extruded foxtail millet protein hydrolysates (EPH), and fermented foxtail millet protein hydrolysates with R. oryzae (FRPH), respectively. SBP persistently declined in RPH, EPH, and captopril groups, except the FRPH group. The reduction was observed to be higher in the RPH (28.3 mmHg), EPH (24.8 mmHg), and captopril (23.6 mmHg) treatment groups, but in the FRPH group, it was only 13.6 mmHg.



Chen et al. [51] found reduced serum angiotensin-converting enzyme (ACE) activity significantly after 4 weeks of intervention in the control group (141.8 ± 14.6 U/L). For other treatments the values were; RPH (104.1 ± 7.4 U/L), FRPH (85.5 ± 16 U/L), EPH (88.9 ± 15.5 U/L), and captopril (95.2 ± 13.6 U/L). Additionally, a non-significant difference was detected between the three FMP hydrolysate groups and the captopril group. Plasma angiotensin II (Ang II) levels in control were 2.85 ± 0.29 ng/mL, which declined significantly when treated with FRPH (1.75 ± 0.42 ng/mL), RPH (1.68 ± 0.48 ng/mL), captopril group (1.50 ± 0.56 ng/mL) and EPH (1.44 ± 0.31 ng/mL).



Hou et al. [53] found the levels of Ang II, aldosterone, and ACE exhibited a downward drift during the study period. The antihypertensive effects of whole grains seem to be developed from better endothelial activity, which combined actions of several intrinsic factors such as obstructing the vasoconstrictors effect, induction of vasodilation, affecting vasorelaxation pathways. Chen et al. [51] indicated millet diets have an anti-hypertensive effect, resulting from the inhibition of serum ACE activity. He also found that ACE, Ang II, and aldosterone in serum declined, demonstrating a probable antihypertensive mechanism of millet inhibition of ACE activity with slight hypertension.



UCE and UCEE FM protein diet may have antioxidant activities, that are believed to break up the free radical chain of oxidation and donate hydrogen thereby lowering the cholesterol level. Therefore, it is said that FM protein has a protective action against degenerative diseases such as heart disease, stroke, liver disorders, and cancer [54].



Reactive oxygen species (ROS) are facilitators of cellular injury and play a vital role in hepatic damage in the case of D-galactosamine-induced hepatitis. This elimination of ROS in the liver is accelerated by the non-essential amino acid proline which is higher in the UCE and UCEE FM protein diet [55]. Millet (FM) protein diet is capable to suppress the hepatotoxicity of D-galactosamine-induced acute liver injury [56].




4.5. Anthropometric Effects


Intake of millet decreased body weight, body mass index (BMI), and degree of obesity. Body fat mass of 22.1 ± 7.1 kg declined to 21.1 ± 6.2 kg, which appears to be parallel to the body weight variation of initial 69.1 ± 11.6kg to final 68.2 ± 11.2 kg [35].



Choi et al. [45] could not find any significant variation in weight gain, epididymal adipose tissue weight, or plasma triglyceride concentration between the two dietary groups, but the liver weight was higher in the FMP diet group than that of the group fed with the casein diet.



Although there was no significant difference in body weight (BW) gain or liver weight between the two dietary groups, the epididymal adipose tissue weight was significantly lower in the FMP group than in the casein group.



Hou et al. [49] found that millet significantly reduced BMI, body fat percentage (BF%), body fat mass, and waist circumference (WC) during the study period, whereas the circumferences of the hip increased. Waist-hip ratio closely stayed constant. Higher BP might decrease bone density, eventually causing osteoporosis. The primary key to measuring and monitoring any intervention treatment is weight loss. BMI reduced significantly at 12 weeks of the study, which advised that millet might lessen BP secondarily by decreasing obesity degree. Body weight is intensely linked with hypertension, any upsurge in BW rises body fluid and peripheral resistance [57].



Chen et al. [51] found body weight of spontaneously hypertensive rats usually increased with age, but among the treatment groups, the difference was insignificant. Considering heart weight (%) in the control group (0.50 ± 0.03 g/100 g BW), it was significantly lower in captopril (0.41 ± 0.02 g/100 g BW), RPH (0.43 ± 0.01 g/100 g BW), EPH (0.40 ± 0.01 g/100 g BW), and FRPH (0.41 ± 0.01 g/100 g BW).



Fu et al. [37] found a steady BW increase in the NC group, while it decreased significantly in the MC group, which is considered a classic diabetes indicator. BW of mice increased slightly after 5 weeks of treatments with millet (PCFM), which advocated that millet intervention might inhibit diabetic BW loss. The PCFM group exhibited significantly lower fasting blood glucose (FBG) than the MC group, though it was still significantly higher than the NC group.



The millet diet (UCE and UCEE FM protein) significantly reduced body weight as compared to other diets [23]. The reason may be a lower gain of final body weight by the UCE and UCEE FM protein diet over the whole study period than other diets. High protein intake can contribute to losing weight more than other diets [58]. Lower energy intake associated with IIP intake possibly contributes to weight loss more than other low-protein diets [59]. It is also well reported that millet (FM) protein contains more fiber, antioxidants, and phenolic compounds which may contribute to lower body weight [60]. Liver and relative liver weight was significantly increased by the UCE, UCEE, and CEE FM protein diet than other diets [59].




4.6. Effects on Gut Microbiota Composition


Fu et al. [37] found Firmicutes and Bacteroides two major phyla in the gut microbiota, and their ratio (Bacteroides (B)/Firmicutes (F)) is positively related to plasma glucose level. MC group demonstrated significantly lower B/F than the NC group, which caused a higher level of FBG. Millet intervention slightly amplified the B/F ratio, though the dissimilarity witnessed between MC and PCFM groups was non-significant. Overall, at the phylum level in gut microbiota, millet administration has a non-significant effect. However, the PCFM group contained higher Odoribacter than the MC group. The relative abundance of the above-mentioned bacteria was changed by PCFM, which might be associated with the anti-diabetic effect. PCFM group also contained a higher amount of Blautia, Akkermansia and Odoribacter compared to NC and MC groups.



Molla M.M., [23] found a higher abundance of Bacteroidetes in the casein diet followed by the normal and control diet and that may be due to a high number of Prevotella and Bacteroides, increasing the inflammation (Table 8 and Table 9. Inflammation involves chronic liver diseases and develops progressive hepatic damage and fibrosis. It has been reported that Lactobacellus rhamnosus, Lactobacillus salivarius or Pediococcus pantosaceus prevent D-galactosamine-induced liver injury [61]. Firmicutes are more dominant bacteria in the UC FM diet than in the C FM diet. In contrast, Bacteroidetes predominate in the C FM diet followed by Firmicutes (Table 8 and Table 9). The higher abundance of the UC FM diet was largely due to a high number of Allobaculum genus and Lactobacillus genus at the phylum level of Firmicutes than the C FM diet (Table 8 and Table 9). Butyric acids have been reported to play a crucial role in upholding gut health, the energy source to the colonic mucosa, a regulator of gene expression, regulation, differentiation, and apoptosis in host cells [62]. Providing a UC FM diet could upsurge the bacterial production of butyric acids in the large intestine. These results are supported by the findings of Louis et al. [63]. The resistant starch or high protein diet provides an energy source for gut microbiota, which has been proposed as a potential prodrug for treating inflammatory bowel disease (IBD) and decrease DNA damage [64]. On the other hand, the higher abundance of Bacteroidetes in the C FM diet may be due to the higher presence of Prevotella genus which has been reported to cause various diseases (Table 8 and Table 9) [65]. Bacteroidetes was the most abundant phylum in the CE FM protein diet followed by Firmicutes (Table 8 and Table 9). The increase in Firmicutes involves producing several butyrate microbes, which have several health-beneficial effects [63].



However, the microbiome of the UCE FM protein diet contained a high proportion of Firmicutes and a low proportion of Actinobacteria. Murphy et al. [66] reported that a relative increase in Firmicutes and a decrease in Actinobacteria levels could contribute to lower blood glucose, TNF-ɑ, and triglyceride levels. Costa et al. [67] stated Firmicutes dominated followed by Bacteroidetes. Similar findings also have been made by Middelbos et al. [68] in dogs upon supplementation with dietary fiber. On the other hand, the UCE FM protein diet had higher Proteobacteria, while the CE FM protein diet had lower. The high abundance of Proteobacteria in the UCE FM protein diet may be due to a high number of Sutterella geniuses in the phylum of Proteobacteria (Table 8 and Table 9). In the CE FM protein diet, the abundance is high due to the higher number of Bacteroides at the phylum level of Bacteroidetes. Bacteroides with high abundance has been reported to influence inflammation, liver injury, and regeneration [69].



In the CEE and UCEE FM protein diet, Bacteroidetes was the most abundant phylum with high abundance in CEE FM protein diet (Table 8 and Table 9) followed by Firmicutes, Verrucomicrobia, Proteobacteria, and Actinobacteria. In contrast, the presence of Verrucomicrobia and Firmicutes was greater followed by Bacteroidetes, Actinobacteria, and Proteobacteria in the UCEE FM protein diet (Table 8 and Table 9). The high abundance of Bacteroidetes in the CEE FM protein diet may be due to a high number of Prevotella genus. An increase in the Prevotella genus at the phylum of Bacteroidetes might result in periodontal disease, human alcoholic liver disease, and IBD in patients [70]. Prevotellaceae might produce sulfatases that disrupt the mucosal barrier function; these enzymes are elevated in intestinal biopsies from IBD patients [71]. Higher Verrucomicrobia might be due to a high number of Akkermansia genus in the UCEE FM protein diet. It has been reported that Akkermansia is a much degrading bacterium in the mucus layer [56]. The presence of this bacterium is contrariwise related to body weight and type-2 diabetes. Data shows that the UCE FM protein diet led to the relative increase in Firmicutes and Proteobacteria compared with another phylum of Bacteria, in control and other diets. In the UCEE FM protein diet, there was a good combination of Verrucomicrobia and Firmicutes, which have several favorable effects on gut microbiota. Therefore, it is evident that increased Akkermansia and Setterella genus under the phylum of Verrucomicrobia and Proteobacteria and another Lactobacillus bacterium in UCE and UCEE FM protein diets were found beneficial for preventing acute liver injury after administration of D-galactosamine [72].





5. Conclusions


Millet enables better glycemic control both fasting and postprandial. Glucose-reducing virtue could be a combined outcome of greater leptin concentrations, lesser insulin resistance, and fewer inflammations. Only the Millet diet is discussed here, nonetheless, other whole grains might have a similar glucose-reducing effect.



It seems millet protein advances the sensitivity of insulin and metabolism of cholesterol by increasing adiponectin concentration; therefore, it might serve as beneficial for preventing obesity, type-2 diabetes, and cardiac diseases.



Daily consumption of the millet diet significantly reduced BP, BMI, BF(%), and fat mass without affecting usual dietary habits. FM might enable the collective effects of dietary fiber, protein, minerals, and micronutrients, reducing fat and cholesterol intake, which eventually reduces BP. This finding might be a methodical benchmark for directing daily consumption of it to reduce BP.



The incorporation of myofibrillar proteins hydrolysates was highly effective in reducing BP. It can also obstruct the serum ACE activity and drop the levels of Ang II. Antioxidant activity exploitation might be an alternate way to prevent hypertension and it might be enhanced by extrusion processing. Moreover, RPH, EPH, and FRPH reduced the heart weight (%) decreased in spontaneously hypertensive rats. It also reduces left ventricular pressure and cardiac damage. Based on the results, it might be proposed that FMP hydrolysates intake (RPH and EPH) ameliorates hypertension. More conclusive studies incorporating animals as a subject are essential to elucidate their precise mode of action regarding the quantitative structure–activity relationship of ACE inhibitory peptides.



Glucose homeostasis disorders triggered by diabetes can be ameliorated by millet. This study provides pragmatic evidence for introducing millet and derivatives as a prospective food constituent directing diabetes attenuation.



Intake of millet protein especially UCE and UCEE FM protein helps to reduce body weight and increase the liver’s relative weight. It also directed that higher serum AST, ALT, and LDH activities by D-galactosamine were attenuated by the incorporation of millet especially UCE and UCEE millet protein. Plasma TC, TG, and LDL-C, liver, TC, and TG were reduced, whereas HDL-C was increased by the ingestion of UCE and UCEE millet protein. The lipid depressing capability of MDA was also attributed to the ingestion of UCE and UCEE millet protein. Liver histopathological studies exhibited that UCE and UCEE millet protein have a significant effect to lighten D-galactosamine-induced hepatocellular injury. CEE and CEE millet protein contributed more to decreasing serum AST, ALT, and LDH activities, plasma, and liver cholesterol than casein and normal diet. Therefore, this study suggests that millet protein might be considered to avert hepatic disease, acute liver injury, and hyperlipidemia.
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Figure 1. World production of millet (million tonnes) [2]. 
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Figure 2. Data collection procedure. 
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Table 1. Different types of millet and their potential features.
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	Millet Type
	Features
	References





	Foxtail millet
	Reduces risk of colon cancer.

Lessen cholesterol and possesses anti-diabetic capability.

Attenuates ethanol-induced hepatic damage.
	[8,9]



	Pearl millet
	Gluten-free property averts celiac disease.

The immune system improves by inhibiting pathogenicity induced by Shigella.
	[10,11]



	Finger millet
	Reduces damage to soft tissue and facilitates the healing process.

Reduces plasma triglycerides, thus reducing the risk of cardiovascular disease.
	[12]



	Kodo millet
	Minimize glycemic index and diabetes occurrence, and have antioxidant actions as well.
	[13]



	Proso millet
	Celiac disease can be prevented due to gluten-free properties.

Being a low-glycemic index (GI) food reduces type 2 diabetes risks.
	[14,15]



	Little millet
	Polyphenol content helps to prevent various metabolic disorders.
	[13,16]



	Barnyard millet
	Damaging apoptotic cells reduces colorectal cancer risk.

Inhibits protein glycation and glycoxidation, which improves the state of diabetes.
	[17,18]
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Table 2. Comparison of amino acid content between millets and other major cereals (mg/g of N) 1.
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	Food Grain
	Arg
	His
	Lys
	Trp
	Phe
	Tyr
	Met
	Cys
	Thr
	Leu
	Ile
	Val





	Rice
	480
	130
	230
	80
	280
	290
	150
	90
	230
	500
	300
	280



	Wheat
	290
	130
	170
	70
	280
	180
	90
	140
	180
	410
	220
	280



	Bajra
	300
	140
	190
	110
	290
	200
	150
	110
	140
	750
	260
	330



	Sorghum
	240
	160
	150
	70
	300
	180
	100
	90
	210
	880
	270
	340



	Finger millet
	300
	130
	220
	100
	310
	220
	210
	140
	240
	690
	400
	480



	Kodo millet
	270
	130
	150
	50
	430
	-
	180
	110
	197
	648
	360
	410



	Proso millet
	290
	110
	190
	50
	310
	-
	160
	-
	150
	760
	410
	410



	Foxtail millet
	220
	130
	140
	60
	420
	-
	180
	100
	190
	1040
	480
	430



	Little millet
	250
	120
	110
	60
	330
	-
	180
	90
	190
	760
	370
	350



	Barnyard millet
	270
	120
	150
	50
	430
	-
	180
	110
	200
	650
	360
	410







1 Data adapted from [1,23].
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Table 3. Phenolic content (mg/100 g) and reducing capacity (%) of millets and rice.
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Food Grain

	
Phenolic Acid (mg/100 g)

	
Reducing Capacity (%)

	
Reference




	
Vanillic

	
Proto

Catechuic

	
P-Hydroxy Benzoic

	
Syringic

	
Gentisic

	
Gallic

	
Coumaric

	
Caffeic

	
Ferulic

	
Sinapinic

	
Cinnamic






	
Rice

	
0.54

	
0.90

	
0.49

	
0.55

	
NA

	
1.38

	
1.62

	
0.61

	
11.48

	
2.08

	
0.30

	
-

	
[24]




	
Finger millet

	
1.52

	
2.31

	
0.89

	
0.77

	
6.15

	
NA

	
5.69

	
1.66

	
67.97

	
NA

	
3.50

	
5.7 ± 1.05

	
[25]




	
Pearl millet

	
1.63

	
1.18

	
2.20

	
1.73

	
9.63

	
NA

	
26.82

	
2.13

	
38.70

	
NA

	
34.53

	
-

	
[26]




	
Proso millet

	
NA

	
NA

	
NA

	
3.05

	
NA

	
NA

	
8.35

	
7.55

	
23.56

	
NA

	
NA

	
2.6 ± 0.20

	
[27]




	
Foxtail millet

	
8.71

	
NA

	
1.46

	
9.36

	
2.15

	
NA

	
213.37

	
1.06

	
75.58

	
NA

	
78.17

	
4.8 ± 1.15

	
[28]
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Table 4. Proximate composition comparison between millets and other major cereals(/100 g) 1.
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	Food Grain
	CHO (g)
	Protein (g)
	Fat (g)
	Crude Fiber (g)
	Dietary Fiber (g)
	Energy (Kcal)
	Mineral (g)
	Calcium (mg)
	Potassium (mg)
	Iron (mg)
	Phosphorus (mg)
	Magnesium

(mg)
	Sodium

(mg)
	Zinc

(mg)
	Thiamin

(mg)
	Niacin

(mg)
	Riboflavin

(mg)
	Carotene

(mg)
	VB6

(mg)
	Folic Acid
	VE

(mg)





	Rice
	78.2
	6.8
	0.5
	0.2
	5.2
	345
	0.6
	10
	160
	0.7
	160
	90
	-
	1.4
	0.41
	4.3
	0.04
	0
	-
	8.0
	-



	Wheat
	71.2
	11.8
	1.5
	1.2
	12.9
	346
	1.5
	41
	306
	5.3
	306
	138
	17.1
	2.7
	0.41
	5.1
	0.1
	64
	0.57
	36.6
	-



	Bajra
	67.5
	11.6
	5.0
	1.2
	-
	361
	2.3
	42
	296
	8.0
	307
	137
	10.9
	3.1
	0.38
	2.8
	0.21
	132
	-
	45.5
	19.0



	Sorghum
	72.6
	10.4
	1.3
	1.6
	14.3
	349
	1.6
	25
	222
	4.1
	266
	171
	7.3
	1.6
	0.38
	4.3
	0.15
	47
	0.21
	20.0
	12.0



	Finger millet
	72.0
	7.3
	1.3
	3.6
	18.8
	328
	2.7
	344
	283
	3.9
	283
	137
	11.0
	2.3
	0.42
	1.1
	0.19
	42
	-
	18.3
	22.0



	Kodo millet
	65.9
	8.3
	1.4
	9.0
	15
	309
	2.6
	27
	188
	0.5
	188
	147
	4.6
	0.7
	0.15
	2.0
	0.09
	0
	-
	23.1
	-



	Proso millet
	70.4
	12.5
	1.1
	2.2
	14.2
	341
	1.9
	14
	206
	0.8
	206
	153
	8.2
	1.4
	0.41
	4.5
	0.28
	0
	-
	-
	-



	Foxtail millet
	60.9
	12.3
	4.3
	8.0
	14
	331
	3.3
	31
	290
	2.8
	290
	81
	4.6
	2.4
	0.59
	3.2
	0.11
	32
	-
	15.0
	31.0



	Little millet
	67.0
	7.7
	4.7
	7.6
	12.2
	341
	1.5
	17
	220
	9.3
	220
	133
	8.1
	3.7
	0.30
	3.2
	0.09
	0
	-
	9.0
	-



	Barnyard millet
	65.5
	6.2
	2.2
	9.8
	13.7
	307
	4.4
	20
	280
	5.0
	280
	82
	-
	3.0
	0.33
	4.2
	0.1
	0
	-
	-
	-







1 Data adapted from [1,23,29].
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Table 5. Anti-hyperglycemic effects of prolamin from cooked foxtail millet (PCFM) on type 2 diabetic mice.






Table 5. Anti-hyperglycemic effects of prolamin from cooked foxtail millet (PCFM) on type 2 diabetic mice.





	Diet Group
	Fasting Blood Glucose (mmol/L)
	Insulin (mu/L)
	Islet β Cell Function (HOMA-β)
	Blood Glucose

0, 30, 60 and 120 min (mmol/L)
	Area under Curve (AUC)
	Serum Triglyceride (mmol/L)
	Liver Triglyceride (TG) (mmol/L)
	Aspartate Amino-Transferase (U/L)
	Alanine Amino-Transferase (U/L)





	NC
	7.20
	16.20
	135.45
	5, 10, 8, 7
	18.00
	0.70
	1.20
	56.00
	30.00



	MC
	27.30
	16.35
	15.24
	27, 32, 31, 30
	60.00
	1.60
	3.00
	80.00
	77.00



	PCFM
	23.40
	18.25
	20.23
	21, 29, 25, 23
	56.00
	1.00
	2.00
	54.00
	56.00
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Table 6. Effect of different dietary FM protein formulations on activities of serum enzymes, the concentration of cholesterols and triglyceride in plasma and liver injected with D-Galactosamine in mice 1.






Table 6. Effect of different dietary FM protein formulations on activities of serum enzymes, the concentration of cholesterols and triglyceride in plasma and liver injected with D-Galactosamine in mice 1.





	
Parameter

	
Dietary Group




	
G0T0

	
GNT0

	
GNT1

	
G1T1

	
G2T2

	
G3T3

	
G4T4

	
G5T5

	
G6T6






	
Activities of serum enzyme (U/L)

	
AST

	
340.83 ± 34.94 d

	
113.33 ± 25.21 ab

	
261.25 ± 21.13 c

	
241.10 ± 7.30 b

	
243.16 ± 211.32 b

	
81.33 ± 5.24 a

	
94.66 ± 3.14 a

	
67.66 ± 14.27 a

	
85.50 ± 11.39 a




	
ALT

	
55.0 ± 18.56 d

	
48.33 ± 23.44 cd

	
50.33 ± 10.59 c

	
50.33 ± 21.36 c

	
51.66 ± 3.14 c

	
18.16 ± 7.38 ab

	
22.16 ± 2.40 b

	
13.0 ± 4.0 a

	
21.66 ± 1.50 b




	
LDH

	
2832.16 ± 347.53 d

	
1531.83 ± 307.60 bc

	
2585.16 ± 1020.30 c

	
2232.5 ± 461.59 cd

	
2298.66 ± 259.77 cd

	
1114.33 ± 314.91 ab

	
1283.83 ± 87.44 b

	
1047.0 ± 95.33 a

	
1107.66 ± 193.95 ab




	
Plasma components (mmol/L)

	
TC

	
4.34 ± 0.19 d

	
3.45 ± 021 bc

	
4.12 ± 1.39 c

	
3.98 ± 0.42 bc

	
3.47 ± 0.28 bc

	
2.62 ± 0.16 ab

	
3.06 ± 0.07 b

	
2.05 ± 0.32 a

	
2.85 ± 0.10 ab




	
TG

	
1.25 ± 0.20 d

	
1.13 ± 0.23 cd

	
1.20 ± 0.15 c

	
0.84 ± 0.14 b

	
0.85 ± 0.08 b

	
0.82 ± 0.08 ab

	
0.83 ± 0.15 b

	
0.81 ± 0.16 a

	
0.83 ± 0.07 b




	
HDL-C

	
0.72 ± 0.54

	
1.34 ± 1.19

	
0.75 ± 0.35

	
1.55 ± 1.63

	
1.67 ± 1.80

	
2.11 ± 1.58

	
2.07 ± 1.46

	
3.17 ± 1.48

	
2.96 ± 1.83




	
LDL-C

	
2.81 ± 1.28 d

	
1.81 ± 1.28 bc

	
2.33 ± 1.13 c

	
1.94 ± 1.03 b

	
2.01 ± 1.03 bcd

	
0.48 ± 0.39 a

	
0.68 ± 0.60 a

	
0.47 ± 0.22 a

	
0.68 ± 0.23 a




	
Liver lipids (mmol/L)

	
TC

	
0.92 ± 0.56

	
0.44 ± 0.14

	
0.51 ± 0.36

	
0.42 ± 0.15

	
0.38 ± 0.23

	
0.36 ± 0.14

	
0.36 ± 0.22

	
0.16 ± 0.15

	
0.26 ± 0.16




	
TG

	
1.50 ± 0.98

	
1.08 ± 0.60

	
1.67 ± 1.15

	
0.92 ± 0.56

	
1.27 ± 1.48

	
0.74 ± 0.34

	
0.85 ± 0.30

	
0.38 ± 0.26

	
0.76 ± 0.55




	
Liver MDA (nmol/mg protein)

	
5.21 ± 0.65 d

	
4.35 ± 1.46 cd

	
4.56 ± 0.67 c

	
4.68 ± 1.13 c

	
4.58 ± 1.37 c

	
2.55 ± 1.65 b

	
2.89 ± 0.32 b

	
0.68 ± 0.21 a

	
2.79 ± 0.08 b








1 Data adapted from [23]. AST: aspartate transaminase, ALT: alanine transaminase, LDH: lactate dehydrogenase, MDA: Malondialdehyde, G0T0 = Casein, GNT0 = Normal feed (without inject), GNT1 = Normal feed, G1T1 = Uncooked FM flour, G2T2 = Cooked FM flour, G3T3 = Uncooked extracted FM protein, G4T4 = Cooked extracted FM protein, G5T5 = Uncooked extracted enriched FM protein, G6T6 = Cooked extracted enriched FM protein. Values are means ± SD. Different letters (a, b, c, d) indicates significant results (p < 0.05); no letter implies non-significant results (p < 0.05).
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Table 7. Effect of different dietary FM protein formulations on activities of serum enzymes, the concentration of cholesterols and triglyceride in plasma and liver without injecting D-galactosamine in mice 1.






Table 7. Effect of different dietary FM protein formulations on activities of serum enzymes, the concentration of cholesterols and triglyceride in plasma and liver without injecting D-galactosamine in mice 1.





	
Parameter

	
Dietary Group




	
G0T0

	
GNT0

	
GNT1

	
G1T1

	
G2T2

	
G3T3

	
G4T4

	
G5T5

	
G6T6






	
Activities of serum enzyme (U/L)

	
AST

	
133.16 ± 56.33

	
126.00 ± 23.09

	
128.66 ± 34.56

	
125.66 ± 38.68

	
111.83 ± 36.21

	
121.16 ± 22.56

	
120.33 ± 24.32

	
106.33 ± 27.50

	
102.66 ± 21.78




	
ALT

	
62.16 ± 12.44

	
43.00 ± 52.50

	
48.50 ± 17.62

	
40.83 ± 11.97

	
42.83 ± 40.57

	
34.50 ± 12.58

	
29.16 ± 15.31

	
25.50 ± 12.37

	
32.66 ± 10.30




	
LDH

	
1338.66 ± 323.80

	
1210.16 ± 286.14

	
1334.50 ± 328.57

	
1104.66 ± 277.13

	
1117.66 ± 226.02

	
904.33 ± 425.28

	
960.83 ± 151.03

	
903.16 ± 95.10

	
1019.50 ± 244.42




	
Plasma components (mmol/L)

	
TC

	
3.79 ± 0.62 d

	
3.11 ± 0.33 bc

	
3.44 ± 0.53 c

	
3.03 ± 0.50 bc

	
3.04 ± 1.04 bc

	
2.46 ± 0.69 ab

	
2.68 ± 0.36 b

	
2.11 ± 0.17 a

	
2.61 ± 0.92 b




	
TG

	
1.50 ± 0.74

	
1.27 ± 0.80

	
1.28 ± 0.45

	
1.21 ± 0.42

	
1.20 ± 0.12

	
0.95 ± 0.22

	
1.00 ± 0.14

	
0.87 ± 0.22

	
0.93 ± 0.27




	
HDL-C

	
2.75 ± 0.64 a

	
3.10 ± 0.45 ab

	
3.05 ± 1.01 ab

	
3.17 ± 0.45 ab

	
3.12 ± 2.48 ab

	
4.11 ± 0.81 b

	
4.08 ± 1.05 b

	
8.06 ± 6.97 c

	
7.65 ± 2.34 bc




	
LDL-C

	
10.63 ± 7.61 c

	
10.41 ± 4.05c

	
10.51 ± 3.26 c

	
5.59 ± 1.85 b

	
4.90 ± 3.05 b

	
0.20 ± 0.04 a

	
0.26 ± 0.09 a

	
0.10 ± 0.0 a

	
0.14 ± 0.05 a




	
Liver lipids(mmol/L)

	
TC

	
0.91 ± 0.28

	
0.77 ± 0.15

	
0.83 ± 0.16

	
0.81 ± 0.20

	
0.76 ± 0.21

	
0.62 ± 0.06

	
0.72 ± 0.16

	
0.54 ± 0.28

	
0.72 ± 0.16




	
TG

	
6.74 ± 0.50 d

	
3.51 ± 1.03 b

	
4.61 ± 2.66 bc

	
3.74 ± 2.26 b

	
5.26 ± 6.04 c

	
1.30 ± 1.03 ab

	
1.68 ± 0.61 ab

	
0.52 ± 0.60 a

	
0.96 ± 0.80 ab




	
Liver MDA (nmol/mg protein)

	
5.31 ± 1.22 d

	
3.03 ± 1.16 cd

	
3.13 ± 1.58 cd

	
3.43 ± 1.46 c

	
3.47 ± 1.43 c

	
1.38 ± 0.87 ab

	
1.81 ± 0.77 b

	
0.58 ± 0.14 a

	
1.27 ± 0.84 ab








1 Data adapted from [23]. AST: aspartate transaminase, ALT: alanine transaminase, LDH: lactate dehydrogenase, MDA: Malondialdehyde, G0T0 = Casein, GNT0 = Normal feed, GNT1 = Normal feed, G1T1 = Uncooked FM flour, G2T2 = Cooked FM flour, G3T3 = Uncooked extracted FM protein, G4T4 = Cooked extracted FM protein, G5T5 = Uncooked extracted enriched FM protein, G6T6 = Cooked extracted enriched FM protein. Values are means ± SD. Different letters (a, b, c, d) indicates significant results (p < 0.05); no letter denotes non-significant results (p < 0.05).
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Table 8. Relative abundance of fecal bacteria at the phylum level 1.
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	Diet
	Bacteroidetes

%
	Firmicutes

%
	Verrucomicrobia

%
	Proteobacteria

%
	Actinobacteria

%
	Cyanobacteria

%
	Tenericutes

%
	Other

%





	Normal
	54.82
	31.23
	9.24
	2.9
	1.05
	0.11
	0
	0.65



	Casein
	85.94
	12.61
	0.01
	0.39
	0.09
	0.01
	0.01
	0.94



	Control
	57.89
	16.80
	24.44
	0.30
	0.33
	0.01
	0.03
	0.20



	UC FM flour
	46.10
	49.88
	-
	0.87
	0.84
	0.01
	-
	2.30



	C FM flour
	80.81
	5.63
	-
	3.65
	8.30
	-
	-
	1.61



	UCE FM protein
	68.07
	12.87
	0.04
	18.18
	0.67
	0.01
	-
	0.16



	CE FM protein
	79.35
	14.26
	-
	5.62
	0.14
	0.01
	-
	0.62



	CEE FM protein
	69.46
	22.48
	4.53
	1.79
	0.58
	-
	-
	1.16



	UCEE FM protein
	0.96
	34.55
	63.40
	0.50
	0.57
	-
	-
	0.02







1 Data adapted from [23].
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Table 9. Relative abundance of fecal bacteria at genus level.






Table 9. Relative abundance of fecal bacteria at genus level.





	Diet
	Akkermansia (%)
	Allobaculum (%)
	Prevotella (%)
	Bacteroides (%)
	Lactobacillus (%)
	Oscilliospria (%)
	Anaerotruncus (%)
	Sutterella (%)





	Normal
	9.24
	24.14
	0.85
	2.99
	1.84%
	0.34
	0.29
	-



	Casein
	0.01
	0.01
	10.96
	5.53
	0.19
	0.65
	0.01
	-



	Control
	24.45
	-
	1.68
	1.21
	10.93
	0.38
	0.04
	0.12



	UC FM flour
	-
	38.39
	0.84
	0.13
	4.96
	0.17
	0.04
	0.26



	C FM flour
	-
	0.91
	12.05
	0.81
	0.70
	0.14
	0.01
	3.52



	UCE FM protein
	0.04
	-
	6.33
	4.82
	0.01
	4.84
	2.13
	14.02



	CE FM protein
	-
	-
	0.51
	29.87
	-
	1.94
	0.43
	0.18



	CEEFM protein
	4.53
	-
	54.92
	3.64
	-
	0.54
	1.12
	1.56



	UCEE FM protein
	63.40
	-
	-
	0.25
	0.01
	1.50
	0.38
	0.01







1 Data adapted from [23].
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