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[bookmark: _GoBack]ABSTRACT
Foxtail millet milk is emerging as a promising plant-based alternative to conventional dairy milk, addressing multiple consumer needs in today’s evolving food landscape. With the rising prevalence of lactose intolerance, especially in Asia, Africa, and Latin America - this naturally lactose-free beverage offers a digestible, non-dairy option. Its appeal extends to vegans and individuals with dairy, soy, or nut allergies, as it is free from common allergens and gluten. Traditionally cultivated in semi-arid regions of Asia and Africa, foxtail millet (Setaria italica) has remained underutilized in developed nations. However, recent research underscores its potential to contribute to nutrition, sustainability, and food security. Foxtail millet is highly resilient, requiring minimal water and agrochemical inputs, making it well-suited for cultivation under climate-stressed conditions. Nutritionally, the seeds are rich in protein, dietary fiber, essential amino acids, and bioactive compounds. These contribute to its hypolipidemic effects, low glycemic index, antioxidant activity, and suitability for diabetic and health-conscious individuals. The unique protein profile of foxtail millet also supports its use as a functional ingredient and a plant-based protein substitute in health-promoting food products. From an environmental perspective, foxtail millet milk offers a sustainable alternative to resource-intensive plant milks like almond and soy. Its cultivation promotes biodiversity, supports local farming communities, and reduces environmental impact. As a functional food, it may aid in the management of chronic diseases and help meet the increasing demand for climate-resilient, nutritious foods. This review highlights the multifaceted benefits of foxtail millet milk as a health-promoting, allergen-free, and eco-friendly dairy alternative. Incorporating it into modern diets can address nutritional deficiencies, support chronic disease management, and foster sustainable and inclusive food systems.
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1. Introduction
The rising prevalence of lactose intolerance, veganism and health-conscious dietary patterns has driven the demand for plant-derived milk alternatives. Millet milk is becoming a more viable plant-derived choice because of its gluten-free status, sustainability, and nutritional advantages.  Millets have drawn a considerable amount of interest due to their nutritional benefits, drought resistance, and potential contribution to food security. They are packed with essential nutrients like iron, magnesium, phosphorus, and zinc. Millet milk, derived from nutritious and drought-resistant millets like pearl, finger, and foxtail, is emerging as a promising non-dairy substitute with high potential in the plant-based beverage. Millets have a relatively high protein, mineral, and fiber content and are a good source of several chemical elements, including phytochemicals, essential nutrients, and non-nutritive plant protection substances. With framework to foxtail millet, its functional aspects are crucial for knowing its prospect in the development of food products. These aspects affect the way foxtail millet will behave when it is being processed and what final effect it will have on the product's texture, flavor, nutritional content, and overall quality [26].
They are abundant in antioxidants and important minerals such as calcium, magnesium, and iron and are also considered a highly nutritious dietary option because of their elevated protein content. As a supplemental food, millets improve livelihoods and nutritional security, among other advantages.  Millets are rich in nutrients, but they also contain anti-nutritional compounds like tannins, oxalates, and phytates that can hinder nutrient absorption and cause a number of health problems.  Additionally, it has a high polyphenol content, which is beneficial to health, especially in preventing diabetes and cancer.  Foxtail millet significantly inhibits the growth of human colon cancer cells.  High levels of protein, fibre, carbs, minerals, and phytochemicals can be found in foxtail millet.  While 79% of the meal is digestible, the remaining portion is not due to its relatively high fibre content and anti-nutritional elements.  Foxtail millet has a laxative effect since it is high in crude fibre [21]. Apart from being highly nutrient-rich, foxtail millet also possesses incredible health advantages. It is a prudent addition to our diet because it possesses hypoglycaemic and hypolipidemic properties and significantly helps in anticancer prevention.
A valuable component of a balanced diet, foxtail millet, including its milk form, has several important health benefits.  Foxtail millet is a nutrient-dense grain that is a great source of dietary fibre and complex carbohydrates, which promote satiety and guarantee a consistent release of energy.  The high fibre content lowers the risk of heart disease by supporting regular bowel movements, promoting healthy digestion, and assisting in the management of cholesterol levels.  Additionally, the plant-based proteins found in foxtail millet include vital amino acids like lysine, which are frequently lacking in many other grains [30]. This helps with muscle repair, strengthens the immune system, and promotes general growth. It has a low glycemic index, making it an ideal choice for people with diabetes or those trying to maintain stable blood sugar levels. The grain is loaded with micronutrients such as iron, magnesium, phosphorus, and zinc, which play pivotal roles in enhancing bone health, promoting oxygen transport through blood, and supporting various enzymatic functions in the body. Its rich antioxidant profile, particularly due to polyphenols, helps combat oxidative stress, potentially lowering the risks of chronic illnesses like diabetes, cardiovascular diseases, and certain types of cancer. Furthermore, foxtail millet is beneficial for aiding weight management due to its low-fat content and the ability to regulate blood sugar. In its milk form, offering similar benefits but without the concerns associated with lactose intolerance or dairy allergies. Regular consumption of foxtail millet and its milk can support weight management, improve digestive health, enhance metabolic functions, and contribute to a more sustainable and plant-based lifestyle, all while providing essential nutrients and reducing the risk of chronic diseases [31]. Foxtail millet milk is a versatile and nutritious addition to many foods and drinks. It naturally helps mix oil and water, which makes it perfect for smoothies, sauces, and plant-based dairy alternatives. It also retains moisture, which is great for baked goods and other recipes. One of its best features is that it can withstand heat, so it doesn’t lose its texture or nutrients when used in cooking or hot beverages. With its creamy texture, it adds a smooth, rich feel to things like plant-based yogurts and ice creams. Besides its great taste, it’s packed with protein, fibre, and essential nutrients like calcium and magnesium, boosting the nutritional value of whatever it’s added to [27]. 
The antioxidants it contains help keep things fresh longer, while its low glycemic index makes it a great option for keeping blood sugar stable. And since it’s free from gluten and lactose, it’s a safe, allergy-friendly choice for many [28] All of these qualities make foxtail millet milk a great addition to a variety of healthy recipes.
2. Millet Cultivation and Abiotic Stress Tolerance
Millets have been cultivated in dry or semi-arid regions of Asia and Africa since 6,000–8,000 years ago.  In economically advanced countries, it has been a staple food for long.  Beings are an excellent alternative to the world population amidst increasing worries regarding climate change due to their outstanding tolerance to a range of abiotic stresses, such as heat, light, salinity, and drought. With little irrigation requirement, they could be maintained alive under unfavourable climatic conditions and exhibit periods of brief growth. Increased tolerance to environmental stresses is provided by their morpho-physiological, molecular, and biochemical properties [2].
Millet production in India faces challenges, but adopting advanced technologies, marketing strategies, and government support can boost its growth [36].
Elevation-resistant by height, foxtail millet can withstand higher salt concentrations and is grown as high as 1500 meters above sea level. The only pests that millets have are summer annual weeds and Pyricularia leaf spot, which could endanger the grain's life. The main factor driving sales growth in developed countries is the increased consumer demand for dairy products with additional health benefits [1].
The millet are potential crops to provide health and nutrition, rural employment, household incomes, rural and national economies, and sustainable environmental management. Plant based milk alternatives are becoming popular as they are offering a substitute for cow milk. These milks lack nutritional balance of cow milk, but contain functional / or bioactive components with health promoting benefits [3].
The nutritious value of millet milk, which is produced by grinding and enzymatic or mechanical extraction, is retained. Stability and texture are improved by flour's good binding properties. The addition of millet milk and millet flour satisfies the need for environmentally friendly, health-promoting nutrients [41].
In foxtail millet, heat-moisture treatment enhances resistant starch and reduces readily digested starch.  Hydrophobicity, water-holding capacity, and emulsifying capacity of millet protein are all improved due to fine milling.  Fat reduction occurs as a result of extrusion along with destruction of vitamins, the enhancement of unsaturated fatty acid content, the deterioration of millet protein solubility, hydrophobicity, and water-holding capacity [20].
Probiotic and fortified milk products are examples of value-added milk products that are becoming more and more popular. Because of their high concentrations of beneficial nutrients, ease of digestion, unique flavour, lack of acidity, gluten-free status, and non-allergic qualities, millets have been referred to as smart foods or super foods [4].
Foxtail millet exhibits greater drought resistance than other millets due to its ability to withstand cooler and drier climates. This adaptability facilitates it to thrive in temperate, sub-temperate, and tropical regions. It necessitates three times less water than maize for cultivation and can grow in both sandy and loamy soils [5].
  Ancient, drought-resistant cereals, millets including pearl, finger, and foxtail millet are rich in protein, dietary fibre, and important minerals.  However, not much research has been done on millet milk's nutritional profile, processing techniques, and market acceptability.  In terms of market potential and environmental impact, millet milk is still relatively untapped when compared to other non-dairy milks like almond, soy, or oat milk.  Because of its high protein content, low carbohydrate content, moderate flavour, and low-calorie profile, millet may be a equitable substitute for dairy products, bridging the gap left by other plant-based solutions [6].
According to a study on the retention of nutrients and anti-nutrients in millets, traditionally processed sorghum showed a notable reduction in phytic acid but exceptional preservation of water-soluble vitamins, such as B2, B3, and B5.[8].
A study showed that with high levels of protein, carbs, fat, crude fibre, and reducing sugars, the selected millets were identified by the study as superior nutrient sources. After soaking for 8 hours and germination for 18 hours, the maximum amount of millet milk was extracted [10].
Compared to dairy milk, millet milk had higher levels of minerals, fibre, and energy.  Compared to dairy milk, low-temperature processing preserved higher quantities of protein and fat while slightly reducing them.  Malting reduced fat and increased fibre and protein.  Texture was also affected by the procedure, which decreased viscosity and raised TSS [14].
Because of its many "rediscovered" health advantages and importance in providing food security in Asia and Africa's semi-arid areas, millet has received more interest. Starch, which may constitute up to 70% of the seed, is the primary component of millets and influences the quality of the millet product. The data regarding millet starch's isolation, chemical composition, structure, physicochemical properties, enzymatic susceptibility, modifications, and uses are collated in this paper. The future progress of millets as eco-friendly crops is gravely impaired due to the unavailability of systematic knowledge regarding millet starch. It is suggested that additional research be conducted in order to promote the intake of this starch and increase the diversification of variations in quality [32].
According to a study, finger millet milk, which is rich in calcium and minerals, may be an option for those who are lactose intolerant.  According to sensory testing, millet milk is rich in minerals, whereas coconut milk has higher protein, fat, and vitamins. For those who are lactose intolerant, these alternatives could be used in place of dairy milk [19].
A Research formulated fermented millet milk drink based on finger millet, pearl millet, and sorghum with skimmed milk. Soaking, sprouting, and milk extraction processes were employed, and the best millet-to-skim milk ratio was established using Mixture Design which had good sensory acceptability (7.1 score) [15].
This review highlights the nutritional properties of millet seeds and their derivatives, including antioxidant, antihypertensive, anti-inflammatory, antimicrobial, hypocholesterolemic, hypoglycemic, anti-carcinogenic potential, and their role in improving gut health [35].
It has been shown by a study that Bound polyphenol of foxtail millet bran inner shell prevents intestinal barrier disruption and aids gut microbiota and microbiome promoting in DSS induced colitis in mice effectively [42].
2.1. Foxtail Millet
Genetic Variety: The foxtail millet belongs to the tribe Paniceae and the subfamily Panicoidae.  It is a highly adaptive crop that, because of its C4 photosynthesis and resistance to abiotic stress, is genetically related to grasses that produce biofuel.  Its genetic and genomic resources are extensive [1].
	Kingdom
	Plantae

	Super division
	Spermatophyta

	Division
	Streptophyta

	Class
	Liliopsida

	Order
	Poales

	Family
	Poaceae

	Genus
	Setaria

	Species
	S. italica






Table No.1: Taxonomical classification of Foxtail Millet (Setaria italica)45
Cultivation: A resilient crop, foxtail millet can be cultivated in semi-dry regions with arid and other climatic conditions. This millet takes 75–90 days to mature and performs well in areas with 500–700 mm summer rainfall. It performs optimally in temperatures of 16–26°C but can withstand temperatures up to 35°C. The crop is tolerant to different soils, such as sandy, loamy, and black cotton soils, but not saline soils, with fertile soils increasing yield [33].
Cultural Significance: In many of the areas where it is grown, it has a significant historical and cultural background. For many ancient civilizations, including those in China, India, and Africa, it was a staple diet employed for hay also. It was also employed in customary celebrations and ceremonies in several cultures [31].
Morphology: Among the 18 qualitative characteristics analysed in accordance with DUS criteria, the expression of inflorescence bristles was unimorphic.: auricle colouration, leaf attitude, leaf sheath and blade pubescence, flag leaf blade width, inflorescence morphology, apical sterility, lobe presence, and seed shape.  The following trimorphic traits were observed: ear head length, seed colour, inflorescence bristle length, peduncle length, inflorescence compactness, leaf colour, and flag leaf blade length [42].
Nutritional Significance: It is packed with essential micronutrients such as calcium, iron, magnesium, and phosphorus, which play crucial roles in bone health, red blood cell formation, and overall metabolic functions.
	Carbohydrate(g)
	60.9

	Protein(g)
	12.3

	Fat(g)
	4.3

	Energy(KCal)
	331

	Crude fibre(g)
	8

	Mineral matter (g)
	3.3

	Amylose (%)
	17.5

	Amylopectin (%)
	82.5

	Calcium (mg)
	31

	Phosphorus
	290

	Zinc
	2.4

	Magnesium
	81

	Sodium
	4.6

	Potassium
	250

	Copper
	1.4

	Iron
	2.8


Table No.2: Nutritive value of Foxtail millet48
Gut microbiome and microbiota: It has been shown by a study that Bound polyphenol of foxtail millet bran inner shell prevents intestinal barrier disruption and aids gut microbiota and microbiome promoting in DSS induced colitis in mice effectively [43].
2.2. Technological Aspects of Foxtail Millet Milk
A study examined the extraction parameters for the manufacture of millet milk.  Response surface approach was used by the researchers to optimise soaking and germination durations for five minor millets, including foxtail millet.  The largest amount of milk, between 75 and 85 ml, was obtained after 8 hours of soaking and 18 hours of germination.  Additionally, by lowering antinutritional elements like phytic acid, this treatment improved the milk's nutritional value [39]. 
Focussing on the nutritional enhancement another study concentrated on blending foxtail millet and soy milk to create a plant-based milk.  The proportions of soy milk to foxtail millet extract in the formulations differed.  By adding more foxtail millet extract, the study discovered that the milk's fat and carbohydrate content increased, providing a healthy substitute for conventional dairy milk [13].
A study focussing on the aspects of value addition and investigated the creation of millet beverages with added value by utilising bajra and foxtail millet.  The goal of the project was to develop an affordable, high-quality, nutritionally advantageous, and culturally acceptable milk substitute.  For consumers who are health-conscious, the resultant beverage may be a dairy substitute with good sensory qualities [39]. 
The research examined the physical properties and flow behaviour of milk-based barnyard and foxtail millet powders with moisture content ranging from 3% to 9%. As moisture levels increased, the particle size distribution became more consistent, with the median particle size (d₀.₅) rising from 24.769 to 38.642 μm for barnyard millet powder and from 27.942 to 41.063 μm for foxtail millet powder. Flow and shear testing indicated that greater moisture content improved flow characteristics due to the agglomeration of particles [49].
2.3. Functional Properties of Foxtail Millet Milk
Foxtail millet and milk exhibits antioxidant properties due to its polyphenol content, which helps counteract oxidative stress and minimize the risk of chronic diseases like diabetes, cardiovascular disorders, and cancer.
Millet milk being a prospective drink is a feasible non-dairy substitute which can be formulated from several millet grains. Presence of different bioactive phytochemicals, absence of cholesterol, high energy input given for the production, limited availability of milk in some region, emergence of vegan diet and limited resources like landmass, feed, etc. are acting as the driving force of non-dairy industry with an enormous expansion prospective making them more intriguing in present market [7].
A variety of secondary metabolites, which are bioactive compounds with an impact on biological systems, are abundant in plants.  Significant health advantages and nutritional value are added when the chemicals are consumed in their whole grain state [12].
Anti-nutritional factors in food commodities hinder commercialization. The processes of simple processing such as soaking, roasting, and fermentation reduce such factors. Additives, stabilizers, and UHT treatment enhance sensory acceptability, shelf-life, and microbial stability [9].
Probiotics, vitamins, and minerals found in fermented millet drinks makes them valuable as functional beverages, especially for blood sugar regulation, intestinal health, and digestion. By hydrolysing complex macronutrients and enhancing bioactive substances, fermentation stimulates the growth of beneficial gut flora [11].
A study analysed the consequences of soaking and germination on the physicochemical, proximate, antioxidant, antinutrient, and sensory characteristics of millet milk were investigated.  Following germination, the antioxidant activity increased by 33.42 ± 0.55% and the phenolic content increased by 92 ± 1.99%.  Together with sonication, germination brought the antinutrient level down to 23.31 ± 0.36% [16].
Therapeutic properties of millets can be viewed as an additional source of nourishment due to their phytochemicals and unique compounds, which include flavonoids, phenolics, anthocyanidins, and other substances with antioxidant activity [18].
Prolamin is acclaimed for its high concentration of hydrophobic amino acids, particularly proline, glutamic acid, valine, and phenylalanine, and is also highly soluble in alcohol.  The distinct subunits α, β, and γ that make up millet prolamin have varying molecular weights and solubility properties [34].
2.4. Health Benefits of Foxtail Millet
Foxtail millet, known for its low glycaemic index and antioxidant properties, is a suitable ingredient in fermented drinks, supporting blood sugar control while enhancing taste and health benefits [11].
As a gluten free grain, it is a great source of resistant starch with favourable outcomes on blood sugar, regulation and intestinal health [22].
	HEALTH BENEFITS
	TEST MODEL/DOSE/CONCENTRATION

	INFERENCE
	REFERENCES

	Anti-Inflammatory 
	In vivo Swiss albino mice carrageenan induced test model (400mg/kg) body weight [C4SI]
	Research depicted that following the administration of carrageenan injection at 1, 2, 3, and 4 hours, a notable anti-inflammatory effect was noted, with respective inhibitions of paw edema at 16%, 65.44%, 65.5%, and 71.19%. The anti-inflammatory effect demonstrated an increase with each passing hour, reaching its peak at the fourth hour, especially when compared to the anti-inflammatory medication Diclofenac.
	Dasgupta et al. (2016) John Calvien Hutabarat and Aditya Bowie (2022)45

	Anti-cancer
	HepG2 liver cancer and MDA breast mutant epithelial cells (HT-29 cells model)
	Foxtail millet extract has been shown to inhibit the growth of cancer cells, particularly colorectal adenocarcinoma. It exhibits an anti-proliferative effect related to its ability to inhibit DNA strand formation, which is crucial for managing early and advanced stages of carcinogenesis.
	Chandrasekara and Shahidi (2011)46

	Anti-hyperglycemic
	Diebetic rats (300 mg/kg)
	Foxtail millet showed a notable decrease in fasting blood glucose in a dose-dependent manner; however, beyond a certain dosage, the levels of fasting blood glucose remained relatively stable at 41%.
	Chandrasekara and Shahidi (2011) 46

	Anti-hypertension
	In vivo hypertensive rats (SRHs) model
	The protein hydrolysate derived from foxtail millet inhibits the functioning of angiotensin-converting enzyme (ACE), which in turn diminishes angiotensin II levels, aiding in blood pressure reduction. Furthermore, studies have shown that the hydrolysates from foxtail millet protein can significantly mitigate cardiac damage and left ventricular hypertrophy. Individuals with mild hypertension (130 mmHg SBP, 139 mmHg SHP, and 80 mmHg DBP) demonstrated a decrease in SBP (by up to 4.13 mmHg) and DBP (by up to 3.49 mmHg) after a 12-week period.
	Ou et al. (2001)47

	Antioxidant activity
	In vivo atudy assay of foxtail millet (cooked dehulled)
	When comparing methanolic extract to ethanol and aqueous extracts, the methanolic extract demonstrated a greater ability to scavenge radicals. Comparable findings were observed for the bran-rich part of foxtail millet, as the methanolic extract exhibited the highest radical scavenging activity at 51.8%, followed by ethanol at 42.90% and water at 33.00%.
	Chandrasekara and Shahidi (2011) 46


Table No.3: Potential health benefits of Foxtail millet

2.5. Sustainability and Environmental Aspects
Foxtail millet being an annual grass, presents a sustainable alternative to conventional protein sources due to its rich content of essential amino acids and its diverse uses in agriculture, food production, pharmaceuticals, and bio-based materials. Its seeds, abundant in protein and mainly composed of proline-rich prolamins (setarins), provide considerable nutritional and functional advantages, influenced by the methods used for protein fractionation. From an environmental perspective, foxtail millet acts as a cost-effective and resource-efficient replacement for animal-derived proteins, helping to lessen reliance on livestock farming - a significant factor in greenhouse gas emissions and resource depletion. Furthermore, its ability to be transformed into protein-rich, functional foods contributes to sustainable food systems and supports the prevention and management of chronic diseases related to lifestyle, making it a valuable option for promoting both health and environmental sustainability [23].
2.6. Applications of Foxtail Millet Milk
A study employed foxtail millet, small millet and proso millet milk in curd fermentation and found that in conclusion, soaking and germination improve the yield and nutrition of millet milk, with fermentation enhancing the final product. This process reduces antinutritional factors and provides a nutritious, innovative alternative to dairy products [39].
A study shows that the nutritional profile and antioxidant qualities of millet-based beverages are much improved by fermenting them with kefir.  In comparison to commercially available alternatives, the resulting kefir millet fermented milk demonstrated higher levels of protein, polyphenols, viable bacterial counts, and acidity after millet flour was combined with whey protein isolate and soybean protein isolate to create a millet compound powder and then fermented.  Furthermore, at different stages of digestion, the kefir millet fermented milk's antioxidant capacity was noticeably higher when assessed using the DPPH and hydroxyl radical scavenging methods.  These results demonstrate the potential of kefir-fermented millet milk as a nutrient-dense beverage with increased health benefits, especially with regard to microbial content and antioxidant activity [50].
Beverages derived from foxtail millet, including those containing probiotics, exhibit favorable sensory characteristics such as a high whiteness index, attractive color, total soluble solids (TSS), and viscosity, resembling other plant-based beverages. With the increasing demand for non-dairy options, foxtail millet can be converted into plant-based and probiotic drinks using cultures like Lactobacillus, Bifidobacterium, and Streptococcus, which are popular among consumers due to their nutritional advantages. These beverages provide essential micronutrients such as iron, zinc, copper, and calcium, along with energy, antioxidants, and phenolic compounds, making them a healthy choice for people of all ages, whether enjoyed as a snack or a refreshing drink. A probiotic foxtail millet beverage (FCM3) was developed by adding a probiotic starter culture and fermenting at 37°C for different durations. Sensory assessments indicated that the beverage fermented for 8 hours (FBP1) received the highest acceptability scores, while longer fermentation periods led to a decline in sensory attributes. These findings highlight the potential for producing foxtail millet beverages on a large scale as functional and nutrient-rich alternatives to conventional dairy beverages [10].
Conclusion
A variety of food products, including beverages, dairy substitutes, and functional foods, may contain foxtail millet milk due to its functional qualities, which include emulsifying, foaming, and gelling. Presence of beneficial phytochemicals, absence of cholesterol, high energy demands of dairy farming, local shortages of milk, the increasing trend toward veganism, and resource limitations such as feed and land contribute to its attractiveness. Also, it has a low glycemic index, which is advantageous for managing diabetes. These factors are fuelling the expansion of the non-dairy market and positioning millet milk as a practical and appealing choice for consumers seeking dairy alternatives.  Additionally, foxtail millet milk is naturally gluten-free, it can be consumed by people who have celiac disease or gluten intolerance.  To increase its market potential, more research is necessary to address additional issues such as enhancing its sensory qualities, shelf life, and customer acceptability.
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