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Abstract

Foxtail millet (Setaria italica L.) is an important small millet grown in the arid and semi-arid regions of the world for food and
forage purposes. India is the second top-most producer of foxtail millet in Asia after China in terms of area and production.
Being a C, crop, foxtail millet has excellent photosynthetic efficiency and produces a high yield even in minimal nutrient-
containing soil and low precipitation. Foxtail millet also has high water use efficiency and exhibits remarkable tolerance
against abiotic stresses. Owing to these properties and their genetic relatedness to the C, grasses, foxtail millet serves as a
model for studying C, photosynthetic and biofuel traits. However, the nutritional potential of this crop is often overlooked.
The nutrient content of foxtail millet is far superior to major cereals as the grains are rich in protein, carbohydrates, fats,
vitamins and minerals, and diverse health-promoting bioactive compounds. This nutritional superiority has the potential to
significantly impact human health and well-being, offering a promising solution to nutritional deficiencies and related health
issues. However, a comprehensive investigation of foxtail millet for its nutraceutical properties is lacking due to the scarcity
of concrete molecular evidence. This underscores the need for further research in this area. The present review highlights the
potential of foxtail millet as a nutri-cereal and discusses various molecular studies performed on it to harness its nutraceutical
properties, emphasizing the importance of ongoing and future research in this field.

Keywords Foxtail millet - C4 crop - Nutri-cereal - Therapeutics - Bioactive compounds - Nutrition security

Introduction

Adequate nutrition is a fundamental requirement for the
healthy growth and development of any living organism. In
humans, a healthy diet plays a significant role in preparing
the body against various diseases and health conditions such
as anaemia, irregular blood pressure (BP), hypertension,
and obesity. The effects of poor nutrition can be observed
as the physical, physiological, mental, psychological, and
emotional symptoms, including the first few physiological
symptoms such as childhood stunting, anaemia, and low
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birth weight. According to a recent WHO report, the esti-
mated number of children showing stunting symptoms under
the age of 5 years was 149.2 million globally, while about
45.4 million children were underweight due to poor nutrition
(https://www.who.int/health-topics/nutrition). Considering
the importance of nutrition for human health, it is impera-
tive to precisely investigate the effect of food components
in growth and development as well as in managing sev-
eral diseases/health conditions. Nutraceuticals, substances
derived from food products, have captured the interest of
researchers for a long time. Stephen De Felice coined the
term “Nutraceutical’, which broadly involves food that pro-
vides therapeutic/medicinal effects in addition to nutrition
(Parulekar et al. 2019). Although the potential of other crops
to be developed as nutraceutical and industrial resources has
been realized through a plethora of studies, the exploration
of millets in this regard, especially foxtail millet, is still in
its infancy. One of the oldest cultivated crops, foxtail mil-
let was first domesticated about 8000 years ago in northern
China. Later, it was cultivated in India, Afghanistan, Korea,
Georgia, Central Asia, Japan, and other parts of the world.
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It is regarded as the major small millet and identified as
the sixth-highest grain-yielding crop in terms of worldwide
production (Saleh et al. 2013). The gross yield of the foxtail
millet crop contributes to human consumption and animal
and poultry feeding, in addition to hay and silage produc-
tion. Foxtail millet germinates and initiates the flowering
within a short duration of 5-8 weeks, with a single main
inflorescence producing hundreds of seeds, which mature
within 15 weeks of germination (Doust et al. 2009). Mor-
phologically, similar to the other cereal grains, foxtail millet
grain also has husk and bran, constituting about 13.5% (w/w)
and 1.5-2% (w/w) of the grain, respectively. Due to its effi-
cient water use, stability in arid and semi-arid conditions,
and short cycle, the crop is regarded as a C, model crop for
genetic and genomic studies (Lata et al. 2013).

Foxtail millet is considered nutritionally superior to major
cereal crops as their grains are naturally enriched with micro
as well as macronutrients, bioactive compounds, proteins
and dietary fiber (Muthamilarasan and Prasad 2015). Foxtail
millet grains contain high levels of linoleic and stearic acids,
which aid in maintaining a healthy lipid profile (Gowda et al.
2022). Additionally, the considerably higher resistant starch
content, which acts as dietary fiber, helps to impart its thera-
peutic effects (Ren et al. 2016; Guo et al. 2023). Considering
the nutritional and therapeutic significance of foxtail millet,
it is regarded as one of the ‘Nutri-cereals’ (Karpagapandi
et al. 2023; Kalsi and Bhasin 2023; Ingle et al. 2023). Fox-
tail millet possesses vast nutritional diversity among dif-
ferent cultivars. Seventy-five foxtail millet germplasm lines
showed large variation in their nutritional content. GS1000
was found as the highest energy-providing germplasm
(Kamatar et al. 2015). Brunda et al. (2015) investigated the
nutrition profile of 78 foxtail millet accessions highlight-
ing the vast genetic diversity in terms of nutritional aspects,
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encompassing protein, crude fiber, total minerals, total iron,
zinc, manganese, and copper contents (Brunda et al. 2015).
Given the nutritional and nutraceutical properties of foxtail
millet, it is important to comprehensively analyze these traits
to efficiently harness the therapeutic potential of millets. The
current review aims to highlight the nutraceutical benefits of
foxtail millet, by enumerating the reports depicting its thera-
peutic properties and the studied effects on the human body.

Nutraceutical properties of foxtail
millet bran and bran-derived bioactive
components

Bran is the outer layer of the cereal grain consisting of the
pericarp, testa, aleuronic layer, germ, and a part of starchy
endosperm. Of these, the aleuronic layer is rich in total
phosphorus, phytate phosphorus, protein, fat, and niacin.
Earlier, cereal bran was considered a waste by-product and
discarded during milling and primary processing. Later on,
the advancement in processing technologies unlocked the
nutritional potential of cereal bran (Luithui et al. 2019). In
addition to imparting sensory attributes such as texture, gel-
ling, emulsifying, thickening, and stabilizing related proper-
ties, bran is rich in macronutrients and micro-nutrients. It is
also abundant in antioxidants, essential fatty acids (palmitic,
oleic, and linoleic acids), vitamins (especially B and E), phy-
tosterols, bioactive compounds, and prebiotics (Patel 2012;
Kouhestani and Azizkhani 2024). Numerous studies have
been performed in the past to analyze the nutritional profile
of foxtail millet bran (Fig. 1; Table 1).

Foxtail millet bran consists of insoluble and soluble
dietary fiber (IDF and SDF), which have significantly dif-
ferent functional attributes. Foxtail millet SDFs are rich
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Table 1 Bioactive compounds identified from foxtail millet and their therapeutic effects

Plant part Bioactive compound Therapeutic effect References
Bran Bran derived peroxidase (FMBP) Anti-atherosclerosis activity Liu et al. (2020a, b)
Bio-active peptides Anti-atherosclerosis activity Shan et al. (2022)
Bound polyphenol from inner shell (BPIS) Anti-cancer activity Shi et al. (2015)
Ferulic acid and p-coumaric acid Anti-cancer activity Cui et al. (2022)
Bound polyphenol (BPIS), ferulic acid (FA),  Anti-cancer activity; increased chemotherapy Zhang et al. (2020)
and p-coumaric acid (p-CA) sensitivity towards oxaliplatin drug
Bioactive peptides with sequences such as Anti-hypertensive activity; Anti-inflammatory He et al. (2022)
VLER, WVGK, VVRP, VLLF, VALVR, activity
LFGK and FGPK
Protein hydrolysate Anti-NAFLD effect; Hepato-protective activ-  Shan et al. (2023)
ity; Hypolipidaemic activity
Hydroxycinnamic acid bound arabinoxylans;  Antioxidant activity Bijalwan et al. (2016)
phenolic compounds (caffeic, p-coumaric,
and ferulic acid)
Novel 35 kDa protein (FMBP) Anti-proliferative activity Shan et al. (2014)
Bound polyphenol from inner shell (BPIS) Anti-proliferative activity Shi et al. (2019)
Dietary fibre Cholesterol binding/absorption activity Zhu et al. (2019)
Bran oil Linoleic acid and oleic acid Antioxidant and hepato-protective effect Pang et al. (2014)
Bran wine Phenolic compounds (vanillic acid, syringic ~ Antioxidant activity Guo et al. (2018)

Defatted bran extract

Dry seeds

Fermented and germi-
nated whole-grain

Fermented meal

Foxtail millet flour
Grain polyphenols

Husk
Inner shell
Whole grain (Korean)

Red foxtail millet seeds
Seeds

acid, p-coumaric acid, and ferulic acid)
Phenolic content
Novel 26.9 kDa antifungal peptide

Derived peptides

Polyphenols

Phenolic acid-bound arabinoxylans
Phenolic compounds

Bound polyphenols of Inner Shell (BPIS);
ferulic acid and p-coumaric acid

Grain protein

Methanol extracts
Phytochemical rich fractions

Antioxidant activity
Antifungal activity
Diabetic kidney disease amelioration

Trypsin resistant; antimicrobial and antioxi-
dant activity

Gastroprotective effect against ulceration

Anti-inflammatory; Cytoprotective; Neuro-
protective activity

Immunostimulatory activity

Acetylcholinesterase and a-glucosidase
inhibitory activities

Anti-proliferative activity

Improved insulin sensitivity and cholesterol
metabolism

Neuroprotective activity
Anti-cancer activity

Amadou et al. (2011)
Xu et al. (2011)
Liu et al. (2022a, b)

Amadou et al. (2013)

Lin et al. (2020)
Li et al. (2020)

Srinivasan et al. (2020)
Wang et al. (2023)

Zhang et al. (2023)
Choi et al. (2005)

Nakajima et al. (2023)
Kuruburu et al. (2022)

— Data not available

in total phenolic and flavonoid content and possess strong
antioxidant activity. It also contains a-amylase inhibition
and sodium cholate adsorption abilities as compared to
IDFs (Dong et al. 2019). High dietary fiber content, con-
centrated especially in the bran, plays an important role in
the formation of antioxidant dietary fiber (ADF) (Shahidi
and Chandrasekara 2017). Foxtail millet dietary fiber can
be efficiently used as a food additive based on its physi-
ochemical properties (Zhu et al. 2018). Xylanase treatment
changes the composition and microstructure of dietary
fiber derived from foxtail millet bran and increases the
cholesterol binding/absorption capacity (Zhu et al. 2019).

@ Springer

Foxtail millet bran oil is polyunsaturated and monounsatu-
rated fatty acids, while stearic acid (6.3%) and palmitic
acid (6.4%) were found as the major saturated fatty acids
(Liang et al. 2010). Liang et al. (2010) showed dilinoleoyl-
monoolein and trilinoleate as the major triacylglycerols,
while Ji et al. (2019) reported trilinolein (LLL) and ole-
odilinolein (OLL) as the main triacylglycerols. Pang et al.
(2014) revealed that foxtail millet bran oil imparts antioxi-
dant and hepato-protective effects that attenuate ethanol-
induced hepatic injury via antagonizing the increase in
MDA, SOD, triglycerides, aspartate aminotransferase, and
alanine aminotransferase.
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Millet bran and bran-derived peptides are shown to have
immense therapeutic potential (Fig. 1; Table 1). A novel
26.9 kDa peptide in foxtail millet seeds was found to exhibit
high antifungal activity against different fungal species (Xu
et al. 2011). Shan et al. (2014) isolated a 35 kDa protein,
FMBP from foxtail millet bran showing high homology with
peroxidase. FMBP inhibited colon cancer cell progression
in vivo via G1 phase arrest and induced caspase-dependent
apoptosis (Shan et al. 2014). Millet bran-derived bioactive
peptides mitigated inflammation in hypertensive rats and
lipopolysaccharide-induced RAW264.7 cells, in vivo and
in vitro, respectively (He et al. 2022). Millet bran protein
hydrolysate was shown to exert an anti-NAFLD effect and
alleviate hepatic steatosis and hepatic vacuolar degenera-
tion leading to reduced accumulation of lipids via induc-
ing PPARYy (peroxisome proliferator-activated receptor 7).
Consequently, the reduced expression of fatty acid uptake-
related genes, such as FABP1, FABP2, FABP4, CPT-1a, and
CD36 was observed (Shan et al. 2023).

Bound polyphenol from the inner shell (BPIS) derived
from foxtail millet bran also holds immense therapeutic
significance. Shi et al. (2015) revealed that BIPS show anti-
colon cancer activity by inducing apoptosis and inhibiting
the growth of cancer cells. Further, BPIS was shown to act
as a glycolysis inhibitor by upregulating the expression of
miR-149 and targeting the 3’-UTR of c-myc, thereby block-
ing the aerobic glycolysis mediated by PKM2 and exhibit-
ing anti-proliferative activity (Shi et al. 2019). Zhang et al.
(2020) studied the anticancer activity of BPIS from foxtail
millet bran, rich in ferulic acid (FA) and p-coumaric acid
(p-CA), on colorectal cancer cells. Interestingly, upon sup-
plementation with foxtail millet BPIS, the colorectal cancer
cells showed increased chemotherapy sensitivity towards
oxaliplatin, a common CRC chemotherapy drug towards
which the patients easily develop resistance. Further, the
multi-omics-based analysis indicated the remodeling of
NEU3-mediated ganglioside GM3 catabolism through inhi-
bition of NEU3 expression, increased levels of GM3, and
reduced Gb3 and P-gp levels, eventually leading to impair-
ment of multidrug resistance protein 1 (MDRI) expression
(Zhang et al. 2020). Ferulic acid and p-coumaric acid in
foxtail millet bran were shown to suppress the growth of
colorectal cancer by inhibiting aerobic glycolysis via the
IncRNA 495810/PKM2 axis (Cui et al. 2022). Foxtail millet
BPIS is also reported to inhibit breast cancer by triggering
ferulic acid and p-coumaric acid-induced autophagy. The
expression of PCYTIA, a key enzyme for glycerophospho-
lipid synthesis, was increased leading to glycerophospholip-
ids accumulation in breast cancer cells, thereby triggering
autophagy (Zhang et al. 2023).

Ethanolic extract of foxtail millet bran displayed sig-
nificant antioxidant activity, which was positively cor-
related with its phenolic content (Amadou et al. 2011).

Hydroxycinnamic acid-bound arabinoxylans from the bran
of Indian foxtail millet variety, CO-Te-7, contained three
major phenolics (caffeic, p-coumaric, and ferulic acids),
showing antioxidant potential (Bijalwan et al. 2016). HPLC
identified major phenolic compounds such as ferulic acid,
vanillic acid, p-coumaric acid, and syringic acid in foxtail
millet bran wine imparting effective antioxidant activity
(Guo et al. 2018). Foxtail millet bran-derived peroxidase
(FMBP) treatment reduced lipid phagocytosis effectively,
repressed lipid uptake by downregulating CD36 expression,
and inhibited STAT3 expression, thus preventing atheroscle-
rosis (Liu et al. 2020a, b). Interestingly, a novel Bowman-
Birk type trypsin inhibitor derived from foxtail millet bran
was found to exhibit anti-atherosclerosis activity, which
was evident by reduced atherosclerotic plaque and reduced
inflammatory cytokines. Additionally, 16S rRNA sequenc-
ing unraveled the remodeling of gut microbiota and enrich-
ment of Firmicutes and Lactobacillus (Shan et al. 2022).
Foxtail millet polyphenols were reported to exert neuropro-
tective and cytoprotective effects in SH-SY5Y cells under
oxidative stress by increasing the expression and activities
of antioxidant enzymes such as GPX, CAT, and SOD (Li
et al. 2020). In addition to alleviating neural inflammation,
these polyphenols significantly lowered the expression of
AD-related genes such as APP, TAU, PS1, BACEI, and IDE
(Li et al. 2020).

The presence of phytochemicals in bran imparts a charac-
teristic color. Purple brans are rich in anthocyanins, whereas
orange and light brown bran contain carotenoids and pheno-
lics, respectively. The presence of such compounds is signifi-
cantly associated with their potential to act as a functional
food for human health (Gongalves et al. 2021; Mozos et al.
2021; Oteiza et al. 2023; Matsumura et al. 2023; Bohn et al.
2023; Bayazid and Lim 2024; Sharma et al. 2024). The phy-
tochemical-rich fraction from foxtail millet seeds exhibited
anti-cancer activity on breast cancer cells through increased
fragmentation of DNA and cell arrest at the G2/M stage,
leading to the accumulation of cells at the sub-G1 phase
(Kuruburu et al. 2022). Considering the importance of bran
color in influencing the adaptability of a food product, these
attributes should be promoted in the future based on their
nutritional properties. Given the above, the research on bran
and bran-derived bioactive components of foxtail millet is
projected to progress significantly, driven by growing inter-
est in functional foods and sustainable agriculture. Studies
should focus on isolation and characterization of bioactive
compounds, such as phenolics, flavonoids, and dietary fibers,
found in foxtail millet bran, as these compounds have poten-
tial health benefits, including antioxidant, anti-inflammatory,
and anti-diabetic properties. Also, studies are imperative to
understand how these compounds work at molecular level,
to gain mechanistic insights in to the mode of action for the
development of nutraceuticals and functional food products.
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Nutraceuticals attributes of foxtail millet
grain phenolic compounds

Millet grain phenolic components possess nutraceutical
and therapeutic effects (Fig. 1; Table 1), substantially evi-
dent by studies summarizing their bioactivities (Shahidi
and Chandrasekara 2013). Grain phenolic compounds are
broadly classified into tannins, flavonoids, and phenolic
acids, which can be further categorized into hydroxyphe-
nylpropanoic acids, hydroxycinnamic acids, hydroxyben-
zoic acids, and hydroxyphenylacetic acid. In addition to
imparting antioxidant, anti-inflammatory, and antiviral
effects, millet phenols have been demonstrated to possess
anti-mutagenic, anti-oestrogenic, and platelet aggrega-
tion inhibitory activity (Shahidi and Chandrasekar 2013).
Foxtail millet contains total phenolic content (TPC)
ranging between 0.4—1.83 mg/g, total flavonoid content
(TFC) ranging between 0.02-0.79 mg/g, proanthocyani-
din between 0.14-1.2 mg/g of millet flours. Additionally,
phytic acid (PA) was estimated to be 5.4 mg/g for the PS-4
variety, while the highest PA content (9.9 mg/g) was esti-
mated in SIA-3126 (Devisetti et al. 2014).
Chandrasekara and Shahidi (2011) reported that whole
millet phenolic extract was able to significantly inhibit
cell proliferation in vitro. Owing to the presence of
hydroxycinnamic acids (p-coumaric and ferulic acids),
the soluble and bound phenolic extracts of millets showed
effective free radicals and ROS scavenging activities
(Chandrasekara and Shahidi 2011). In a subsequent study,
dehulling and cooking of the grains led to the release of
phenolics bound to insoluble grain fiber into more bio-
accessible phenolic compounds upon colonic fermentation,
thereby imparting antioxidant activity (Chandrasekara
and Shahidi 2012a, b). Zhang and Liu (2015) reported the
antioxidant and anti-proliferative activity of Jingu28 and
Jingu34 varieties of foxtail millet, correlating with their
respective phenolic and carotenoid contents. The phenolic
acid-bound arabinoxylans from millets were examined
using gas chromatography, mass spectroscopy, and HPLC.
These compounds exhibited immunostimulatory activity
due to the release of ROS, NO, and cytokines (Srinivasan
et al. 2020). Comparative transcriptome analysis revealed
that the supplementation of fermented and germinated fox-
tail millet helped in preventing diabetic kidney disease by
inhibiting inflammation and immunity-related signaling
pathways. In addition, cecal microbiota analysis using 16s
rRNA sequencing revealed Firmicutes as the most abun-
dant taxa, followed by Bacteroidetes, while the Proteobac-
teria were found to decrease significantly (Liu et al. 2022a,
b). The phenolic compounds from foxtail millet husk were
extracted using deep eutectic solvents (DESs) coupled
with ultrasonic-assisted extraction (UAE). Further, UPLC/
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MS was used to identify 12 phenolic compounds showing
a-glucosidase and acetylcholinesterase inhibitory activi-
ties (Wang et al. 2023). In this direction, studies should
focus on identifying, quantifying, and understanding the
health benefits of phenolic compounds of foxtail millet.
Advanced analytical techniques, including mass spectrom-
etry and chromatography, should be deployed to identify,
isolate, and characterize the phenolic compounds having
health benefits. Exploring the bioavailability and metab-
olism of these phenolic compounds in the human body,
investigating their antioxidant, anti-inflammatory, and
anti-cancer properties, are imperative. At the same time,
studying the synergistic effects of phenolics with other
bioactive compounds in foxtail millet is also important to
enhance the health benefits of this millet.

Importance of foxtail millet to battle chronic
diseases

Various studies have elucidated the potential of foxtail mil-
let in managing/preventing chronic diseases, highlighting
its nutraceutical significance (Fig. 1; Table 1). The role of
nutrition and nutrients in preventing chronic diseases like
obesity, cardiovascular diseases, and cancer has been exten-
sively studied (Byers 2002; Ojo 2019). With a major part of
the adult population of India suffering from osteoporosis,
calcium and iron deficiency remains widely spread in the
country (Saini et al. 2021). Millet consumption can allevi-
ate anaemia due to its rich iron content as compared to other
cereals (Anitha et al. 2021a, b). Additionally, a foxtail millet-
based diet shows a gastroprotective effect against ulceration.
This effect was observed by an increase in non-protein sulf-
hydryl levels and a decrease in ulcer index and thiobarbituric
acid reactive substances in stressed rats (Lin et al. 2020). A
range of nutraceutical effects imparted by foxtail millet is
described in the subsequent sections.

Hypolipidemic and anti-hypertensive effect

Foxtail millet has been studied for its commendable thera-
peutic role in dyslipidemia by increasing high-density lipo-
proteins (HDL) levels, reducing low-density lipoprotein
(LDL), and providing hypolipidemic effects upon consump-
tion (Table 1). Korean foxtail millet protein supplementation
to genetically type 2 diabetic KK-AY mice led to increased
HDL-cholesterol and adiponectin, exhibiting the potential to
prevent obesity-related disorders, through improved insulin
sensitivity and cholesterol metabolism (Choi et al. 2005).
Foxtail millet diet supplementation in comparison to Atorv-
astatin showed a better hypolipidemic effect, with an evident
increase in HDL-C and total cholesterol, triglycerides, and
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LDL (Onteddu et al. 2023). Foxtail millet consumption also
helps to manage increased BP, hypertension, and chronic
artery disease. In another study, intervention with a whole
grain diet (100 g/d for 16 weeks) led to a diastolic blood
pressure decline of 5.8 mmHg (Kirwan et al. 2016). Hou
et al. (2018) reported as the first clinical confirmation that
foxtail millet consumption for 12 weeks helps to significantly
decrease systolic and diastolic BP. Additionally, an increase
in the total protein, minerals, and fiber contents > 10% was
also suggested to have a beneficial impact on maintaining
blood pressure (Hou et al. 2018). The supplementation of
other nutritional components and their interactions may
also contribute to these therapeutic benefits. A significant
reduction in BP in hypertensive rats was observed with the
help of foxtail millet protein hydrolysates (Chen et al. 2017).
Moreover, it was suggested that different varieties of mil-
let exhibited differential levels of lipid oxidation inhibition.
Millet extract (concentration 0.05 mg/ml) showed LD inhibi-
tion between 1-41% (Chandrasekara and Shahidi 2012a, b).
Godos et al. (2017) mentioned that foods rich in phenolic
acids may reduce the risk of hypertension.

The RAAS (renin—angiotensin—aldosterone system), a key
physiological regulator of BP, exhibited a downward trend
following a 12-week foxtail millet diet (Hou et al. 2018).
Chen et al. (2017) suggested that the possible mechanism
underlying the antihypertensive effect of whole foxtail millet
is via inhibiting the activity of serum ACE and decreasing
the Ang II levels in mild hypertensive subjects. A meta-anal-
ysis study conducted by Anitha et al. (2021a, b) showed that
the 21 days to 4-month millet-based diet leads to a reduction
in TC, triacylglycerol, VLDL-C, and LDL-C levels, along
with a decrease in diastolic/systolic BP, and body mass index
(BMI), with a significant increase in HDL-C. Altogether,
this evidence highlights that the consumption of millet might
alleviate hyperlipidemia and hypertension. Also, improved
HDL-C, known as good cholesterol, may help reduce the
risk of atherosclerotic cardiovascular diseases.

Anti-hyperglycaemic effect

Foxtail millet is a low glycaemic index (GI) food as com-
pared to other major cereals, suitable food for patients with
type 2 diabetes. Millets are rich in slowly digestible starch
(SDS) and resistant starch (RS) (Liu et al. 2020b). These
types of starch play a significant role in managing diabetes,
particularly type 2 diabetes, by controlling meal-associated
hyperglycemia (Lehmann and Robin 2007). Regular con-
sumption of foxtail millet can be beneficial for diabetic
patients due to the abundance of several minerals and spe-
cific amino acids such as leucine that are shown to be an
important factor in muscle loss prevention and improved
glycaemic index (Manders et al. 2006; Norton et al. 2012).

Moreover, resistant starch improves insulin sensitivity, with-
out significantly affecting the body weight, muscle or liver
fat storage, or visceral depots (Johnston et al. 2010). Type
2 diabetic subjects fed with foxtail millet biscuits showed a
significant reduction in serum glucose, cholesterol, LDL, and
GHb, while increased serum HDL was observed (Thathola
etal. 2011). Sireesha et al. (2011) demonstrated the effect of
foxtail millet seed aqueous extract on streptozotocin-induced
diabetic rats. The study revealed a significant decrease of
70% in blood glucose levels, evidencing the anti-hypergly-
caemic and anti-lipidemic properties of millets. Millet phe-
nolics might play a role in partially terminating the activity
of a-glucosidase and amylase during the enzymatic hydroly-
sis of complex carbohydrates. Delayed glucose absorption
further helps in controlling the levels of postprandial blood
glucose (Sireesha et al. 2011). Incorporation of a foxtail
millet-based diet in type 2 diabetic patients prevented hyper-
insulinemia and showed reduced levels of HbAlc, fasting
glucose, insulin concentrations, and improved lipid profile
(Jali et al. 2012). Ren et al. (2018) reported that the foxtail
millet consumption for 12 weeks shows an anti-hyperglycae-
mic effect by reducing the fasting blood glucose levels and
increasing the serum leptin (Ren et al. 2018). Type 2 diabetic
mice when fed with prolamin from cooked foxtail millet
showed improved diabetes-related gut-microbiota dysbio-
sis and modulated serum metabolomics profile as increased
serotonin levels may stimulate insulin secretion, leading to
a hypoglycaemic effect (Fu et al. 2020).

Singh et al. (2020) studied the coronary risk fac-
tors among diabetes mellitus patients and suggested that
12 weeks of a foxtail millet-based diet showed a decrease in
the fasting blood glucose, along with VLDL, triglycerides,
and total cholesterol (Singh et al. 2020). Foxtail millet whole
grain supplementation to high-fat diet/streptozotocin (HFD/
STZ)-induced diabetic rats resulted in decreased fasting
blood glucose level and improved insulin resistance, in addi-
tion to an improved Bifidobacterium abundance and butyrate
concentration (Ren et al. 2022). In a previous study, oral
administration of foxtail millet seed aqueous extract (SAE)
was shown to reduce the HbAlc levels, thereby imparting
antihyperglycemic and hypolipidemic effects in STZ diabetic
rats (Sireesha et al. 2011). These results were consistent with
the study performed by Singh et al. (2022) using seed aque-
ous extracts of six foxtail millet genotypes.

Anti-proliferative activity

Birt et al. (2013) showed that SCFAs, generated after the fer-
mentation of foxtail millet-derived resistant starch, stabilize
colonic cell proliferation. Shan et al. (2014) observed that
FMBP, with peroxidase activity, exhibits anti-colon-cancer
effects by inhibiting cell proliferation. Zhang and Liu (2015)
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suggested that foxtail millet possesses significant anti-prolif-
erative activity due to the presence of phytochemicals which
might aid in preventing cancer (Zhang and Liu 2015). BPIS
from foxtail millet was shown to reverse the multidrug resist-
ance of colorectal cancer cells in human HCT-8/Fu cell lines
in clinical trials (Lu et al. 2018). The anticancer potential of
BPIS in cancer was further confirmed by Yang et al. (2020).
The suppression of colorectal cancer in mice has also been
demonstrated by supplementation of a foxtail millet-rich
diet (Zhang et al. 2020). A foxtail millet-based diet may
lead to reduced levels of interleukin-6, tumor necrosis factor
(TNF)-alpha, and C-reactive proteins (Singh et al. 2020).
Zhang et al. (2022) identified 22 potential bio-peptides from
foxtail millet protein hydrolysates (FMPH) using UPLC MS/
MS. The bio-peptides play a critical role in reducing disease
activity index (DAI) by inhibiting Th17 cell differentiation
and activating inflammasome, thereby improving colitis in
mice (Zhang et al. 2022).

In addition to imparting neuroprotective effects, foxtail
millet consumption has also been linked with enhanced cog-
nitive abilities and synaptic plasticity. BDNF (Brain-derived
neurotrophic factor) is a neurotrophin that ensures normal
brain development, function, and maintenance. BDNF
is secreted and expressed by physical exercise (Colucci-
D’Amato et al. 2020). Foxtail millet methanol extracts led
to increased secretion of BDNF in ACHN human kidney
adenocarcinoma cells (Nakajima et al. 2020). Interestingly, a
recent study highlighted that methanol extracts of red foxtail
millet increased BDNF levels significantly as compared to
white foxtail millet (Nakajima et al. 2023).

Antioxidant activity

The capability of donating electrons is also referred to as
the reduction power. These electrons convert free radicals
into stable products and attenuate the radical chain reaction.
Antioxidants, termed by Gutteridge and Halliwell (1989),
are substances that prevent the oxidation of oxidizable sub-
strates. The generation of free radicals, reactive nitrogen
and oxygen nitrogen species (RNS and ROS) in vivo causes
significant damage to the cells and biomolecules. Various
endogenous antioxidant-based defense systems are induced
such as H,O,-removing enzymes, superoxide dismutases,
and metal-binding proteins. The mode of action of antioxi-
dants includes the scavenging of ROS and RNS, removal of
O,, and inhibiting ROS-RNS formation by binding to the
metal ions, which are needed for the catalysis of ROS (Hal-
liwell 1996). These ROS play a role in the progression of
inflammatory diseases and cancer through damaging DNA
(Wiseman and Halliwell 1996). These endogenous anti-
oxidant defenses seem to be inadequate to prevent damage
completely, which underlines the importance of diet-derived
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antioxidants. Many dietary components have been found to
act as potential antioxidants, including millet bran.

A considerable amount of reduction power was observed
in the ethanolic extract of defatted foxtail millet bran
(DFMB). The scavenging property of DFMB was consid-
ered to play an important role in preventing oxidative stress
and inducing hydroxyl radical scavenging activity (Halliwell
and Gutteridge 1999; Fardet et al. 2008). The IC50 value of
DFMB aqueous extract indicated the highest proton donat-
ing ability. Antioxidants were reported to be highest in the
methanolic extracts of whole flour and bran-rich fraction of
foxtail millet exhibiting significantly higher radical scaveng-
ing activity and reducing power (Suma and Urooj 2012).
Several pieces of evidence suggest that millets are rich in
endogenous antioxidants like total carotenoids, vitamin E,
and y- and a-tocopherols, which might help in lowering
oxidative stress. These beneficial effects of millets are asso-
ciated with the enzyme-inhibitory properties of seed coat
phenolics which may cause the inhibition of a-Glucosidase
and pancreatic amylase indicating a hepato-protective role.
Peptides derived from Lactobacillus paracasei Fn032 fer-
mented foxtail millet meal were purified using RP-HPLC
followed by LC-MS. These peptides were reported to be
trypsin-resistant and exhibited antimicrobial and antioxidant
activities (Amadou et al. 2013). In a clinical trial, millet-
based functional food imparted a significant decline in oxi-
dative stress along with an increase in antioxidant vitamins
A, E, and C as well as B-carotene (Singh et al. 2020).

These reports warrant a comprehensive study on the role
of foxtail millet in combating chronic diseases, emphasizing
nutrient profile and bioactive components, such as pheno-
lics, fibers, and antioxidants. Studies focusing on gaining
molecular insights by exploring the mode of action of these
compounds to prevent or manage conditions like diabetes,
cardiovascular diseases, and obesity are important. Follow-
ing this, clinical trials will investigate the impact of foxtail
millet-derived molecules on human health, providing evi-
dence for its use in dietary interventions.

Resistant starch as a functional food
component

Resistant starch (RS) is a complex molecule, which is
known to resist enzymatic digestion in the small intestine
and escapes to the colon where it undergoes fermentation by
the gut microbiota to yield short-chain fatty acids (SCFAs).
These SCFAs, particularly, butyrate, propionate, and ace-
tate are well reported for their role in imparting therapeutic
effects. The slow digestion rate and fermentation of RS due
to its high fiber content explain the anti-hyperglycaemic
effect of RS, which in turn has been linked to the prevention
of type 2 diabetes (Li et al. 2020). Hu et al. (2020) suggested
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that these SCFAs also improve pancreatic [3-cell metabolism
under oxidative stress. RS is well-studied for its role in pre-
venting inflammation and aging and poses anti-cancer effects
(Grubben et al. 2001; Le Leu et al. 2010; Vahdat et al. 2020;
Warman et al. 2022; Wei et al. 2022; Mathers et al. 2022).
Haghikia et al. (2022) associated the therapeutic effects of
RS on lipid profile and liver health with the generation of
SCFAs. Owing to these properties, RS acts as dietary fiber
and helps in imparting various therapeutic effects. RS incor-
poration into diet leads to reduced glycaemic levels, heart
rate, and inflammatory biomarkers (Maiya et al. 2023). The
SCFAs generated post-fermentation also aid in maintaining
healthy gut microbiota (Liu et al. 2022a, b; Li et al. 2024).
RS has been well explored in cereals like rice and maize
and vegetables like potato, etc. concerning its genetic and
genomic aspects. However, the research progress focusing
millet-resistant starch remains in its infancy. Further stud-
ies dedicated to millet RS shall be conducted to explore and
accelerate the understanding of the mechanisms underlying
the therapeutic effects of foxtail millet-derived RS.

Conclusions and future prospects

Owing to its small genome size, rich nutritional profile,
and considerable tolerance to biotic and abiotic stressors,
foxtail millet has gained worldwide attention. It is being
considered as “Nutri-cereal’ due to its excellent nutritional
and nutraceutical properties. To date, the majority of the
studies evidencing the nutraceutical properties of foxtail
millet are focused on a few components of the grain, such
as bran extracts, bran-derived bio-peptides, protein hydro-
lysates, phenolics, and inner shell-bound polyphenols. While
these components are shown to be considerably associated
with the nutraceutical potential of foxtail millet, other
important components, similar to those studied in cereals
like rice, need to be explored such as bran lipids, bran oil,
bran wax, bran-related flavones, ferulate compounds, ter-
penoids, anthocyanidins, cyanidins, peonidins, tricins and
its derivatives, transferulic acid, and tocopherols (Jia et al.
2013; Burlando and Cornara 2014). Further, advanced omics
technologies shall be employed to characterize the thera-
peutic biomolecules and identify their genetic determinants.
With the expansion of whole genome sequencing technolo-
gies, in addition to the release of pangenome, the reference
genome of foxtail millet is expected to be refined to the ‘gold
standard’ for a better understanding of the specific genes
regulating the pathways that are of importance in regard
to the crop’s nutraceutical properties. The combination of
these approaches would be imperative to determine the key
compounds that may serve as nutraceutical biomarkers that
would help to harness the nutraceutical potential of foxtail
millet efficiently. Additionally, breeding programs should

aim to develop foxtail millet varieties with enhanced bioac-
tive profiles, catering to the increasing demand for health-
promoting foods. Processing technologies must be refined to
ensure the retention and stability of these bioactive compo-
nents in various food products, making foxtail millet more
accessible and appealing to consumers. Altogether, foxtail
millet holds great promise in the realm of nutraceuticals, and
continued research and innovation will be key to realizing its
potential to enhance human health and well-being.
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