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Abstract

Several epidemiological studies have shown that the consumption of finger millet (FM) alleviates diabetes-related complications. In the

present study, the effect of finger millet whole grain (FM-WG) and bran (FM-BR) supplementation was evaluated in high-fat diet-fed

LACA mice for 12 weeks. Mice were divided into four groups: control group fed a normal diet (10 % fat as energy); a group fed a

high-fat diet; a group fed the same high-fat diet supplemented with FM-BR; a group fed the same high-fat diet supplemented with

FM-WG. The inclusion of FM-BR at 10 % (w/w) in a high-fat diet had more beneficial effects than that of FM-WG. FM-BR supplementation

prevented body weight gain, improved lipid profile and anti-inflammatory status, alleviated oxidative stress, regulated the expression levels

of several obesity-related genes, increased the abundance of beneficial gut bacteria (Lactobacillus, Bifidobacteria and Roseburia) and

suppressed the abundance of Enterobacter in caecal contents (P#0·05). In conclusion, FM-BR supplementation could be an effective

strategy for preventing high-fat diet-induced changes and developing FM-BR-enriched functional foods.
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Sedentary lifestyle and excess energy intake contribute to

weight gain and obesity. Obesity causes low-grade inflam-

mation, oxidative stress, altered adipose tissue secretome, and

dysbiosis of beneficial gut microflora, which, in turn, contribute

to the development of multiple chronic abnormalities such as

atherosclerosis, diabetes and certain forms of cancers(1–3).

Anti-obesity medications have been shown to cause side effects.

Therefore, exploration of alternative approaches is desirable,

and that worth exploring is consumption of whole grains

(WG), plant-derived dietary molecules including polyphenols,

NSP (dietary fibres), prebiotics and probiotics(4). Millets

belong to the WG category and are rich in dietary fibres,

proteins, energy, minerals, vitamins and antioxidants(5). The

consumption of various millets has been reported to protect

from cancer, CVD and diabetes. The consumption of millets

lowers cholesterol and fat absorption, delays gastric emptying

and bulks the gastrointestinal contents(6,7). The synergistic

effect of bioactives in the WG contributes to more beneficial

outcomes when compared with the effect of single bioactives(8).

Finger millet (FM), also known as ragi, is an important food

crop for Africans and Indians. FM has been shown to alleviate

diabetic complications(9) and its health benefits can mainly

be attributed to polyphenols(10); carbohydrates; lysine-, threo-

nine- and valine-rich proteins; crude fibres; and minerals(11).

Polyphenols in the seed coat of FM have been shown to exhibit

antioxidant activity(12) and in vitro antimicrobial activity(12);

inhibit rat intestinal and porcine pancreatic amylase(13) and

collagen glycation and crosslinking(14); lower plasma glucose

concentrations(15,16); improve dermal wound healing(17); and

exhibit hypoglycaemic, hypocholesterolaemic, nephroprotec-
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tive and anti-cataractogenic effects in streptozotocin-induced

diabetic rats(18). Due to its enormous health benefits, FM is

considered to be a ‘wonder grain’ with superior nutritional

qualities(19).

There are no reports on the effects of finger millet whole

grain (FM-WG) or bran (FM-BR) supplementation on rodent

models of high-fat diet-induced obesity and associated

changes in gut microflora. The present study was designed

to understand the role of FM supplementation in nutrigenomic

changes associated with weight gain, serum biochemistry,

oxidative stress, pro-inflammatory status and gut microbial

derangements in high-fat diet-fed LACA mice.

Materials and methods

Materials

FM was procured from the Tamil Nadu Agricultural University,

Coimbatore, Tamil Nadu. MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) was procured from HiMedia

Leading BioSciences, India. All other chemicals used were

of high quality and were purchased from local commercial

sources.

Finger millet bran and whole grain preparation

The millet was washed, dried and ground to flour, and the

bran was collected by repeatedly washing the whole flour to

remove starch.

Experimental animals and diets

Swiss albino mice (LACA strain) (5–6 weeks old and 25

(SEM 3) g; 5–8 per group) were housed in the animal facility

of the National Institute of Pharmaceutical Education and

Research (NIPER), SAS Nagar, Punjab, India, under standard

laboratory conditions (temperature 22 ^ 28C and humidity

55 ^ 5 %) and 12 h light–12 h dark cycles and given free

access to food and water. All experimental procedures were

approved by the Institutional Animal Ethical Committee

(IAEC), NIPER, and conducted according to the Committee

for the Purpose of Control and Supervision on Experiments

on Animals (CPCSEA) and Indian National Science Academy

(INSA) guidelines on the use and care of experimental

animals. After 1 week of acclimatisation, mice were randomly

divided into four groups: control (Ctl) group fed a normal diet

(ND; Research Diets, No. D12450B); a group fed a high-fat diet

(HFD; Research Diets, No. D12451) deriving 45 % energy

from fat; a group fed the same high-fat diet supplemented

with finger millet bran (HFD-BR; 90 % HFD þ 10 % (w/w)

FM-BR); a group fed the same high-fat diet supplemented

with finger millet whole grain (HFD-WG; 90 % HFD þ 10 %

(w/w) FM-WG). The composition of the HFD and ND is

given in online supplementary Table S1. The experiment

was conducted for 12 weeks. The food intake and body

weights of mice were determined every alternate day.

Oral glucose tolerance test

An oral glucose tolerance test was performed in mice 1 d

before killing. Mice were fasted overnight (12 h), and blood

glucose concentrations (0 min) of each mouse were measured

after oral administration of 2 g glucose/kg body weight.

Blood glucose concentrations were measured at 15, 30, 60

and 90 min after glucose administration via tail snip method

using the CareSens Blood Glucose Monitoring System

(i-SENS, Inc.). The rate of glucose clearance was determined

according to the method of Saucier et al.(20).

Tissue collection

After the oral glucose tolerance test, mice were continued to

be fed the respective diets for 24 h and then killed by cervical

dislocation. Subcutaneous white adipose tissue (sWAT), visc-

eral white adipose tissue (vWAT), brown adipose tissue,

liver, skeletal muscle and pancreas were collected, snap-

frozen and immediately stored at 2808C until analysis.

Caecal contents were collected immediately under aseptic

conditions and stored at 2808C for bacterial DNA isolation.

Analysis of blood biochemical parameters

Blood was allowed to settle and coagulate at room tempera-

ture for 20 min and then centrifuged at 4000 rpm for 15 min

to obtain serum. Serum total cholesterol (TC), free choles-

terol, cholesterol ester (CE), NEFA, HDL-cholesterol, LDL/

VLDL-cholesterol (LDL/VLDL-C), ghrelin, and glucagon-like

peptide-1 (Sigma Aldrich) and leptin, adiponectin and IL-1b

(Invitrogen) concentrations were determined using ELISA

kits according to the manufacturers’ instructions.

Biochemical estimations

Multiple biochemical parameters were studied in sWAT, vWAT,

liver, pancreas and skeletal muscle. A 10 % (w/v) homogenate

of each tissue was prepared in 0·1 M-PBS (pH 7·4) and

centrifuged at 10 000 g for 15 min, and the supernatant was

aliquoted and used for the estimation of lipid peroxide, redu-

ced glutathione, superoxide dismutase, catalase and nitrite

levels(21). Mitochondrial fraction was isolated from the skeletal

muscle and used for the spectrophotometric determination

of complex I (NADH dehydrogenase), complex II (succinate

dehydrogenase), complex III (MTT activity) and complex IV

(cytochrome oxidase) activities(21).

RNA isolation and complementary DNA synthesis

Total RNA was extracted from vWAT and brown adipose

tissue using the TRIzol-based RiboPure RNA Extraction Kit

(Invitrogen) according to the manufacturer’s instructions.

RNA was quantified using Infinitew M200 Pro NanoQuant

(Tecan). The integrity of RNA samples was checked using

1·4 % agarose gel. Intact and pure total RNA samples (2·5mg)

were reverse-transcribed to complementary DNA using the
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RT First Strand Synthesis Kit (Qiagen) according to the

manufacturer’s instructions.

Quantitative PCR

The relative expression of different obesity-related genes in

vWAT and thermogenic genes in brown adipose tissue was

determined using a SYBR Green-based custom-designed

mouse PCR array (CAPM11592C and CAPM11784) (SABio-

sciences, Qiagen) and that of NF-kB, MCP1 (monocyte

chemoattractant protein 1), ADAM8 (A disintegrin and metal-

loproteinase domain 8), MIP-1a (macrophage inflammatory

protein-1a), CD68 (cluster of differentiation 68), F4/80

(epidermal growth factor-like module-containing mucin-like

hormone receptor (EMR)1), TNFa, IL-6, iNOS (inducible

NO synthase), ADIPOQ (adiponectin), GLUT4 and ACC

(acetyl-CoA carboxylase) in vWAT (list of primers used given

in online supplementary Table S2) was determined by quan-

titative PCR (Applied Biosystems 7500 Fast Real-Time PCR

machine). RT-PCR was carried out under the following con-

ditions: 958C for 10 min, followed by forty cycles of 958C

and 608C for 1 min. Data were analysed using the DDCt

method, and values are expressed as fold change (FC) relative

to the Ctl group.

Microbial analysis of caecal contents

DNA was isolated from 100 mg of caecal contents of each

mouse using the QIAampw DNA Stool Mini Kit (Qiagen)

according to the manufacturer’s instructions. DNA was quanti-

fied using PRO NanoQuant (Tecan). Real-time quantification

of Lactobacillus, Bifidobacteria, Roseburia, Akkermansia,

Enterobacter and Bacteroides–Prevotella was performed

using genus-specific primers and that of Bacteroidetes and

Firmicutes using phylum-specific primers. Total bacterial DNA

data were normalised, and the results are expressed as relative

FC of bacterial DNA abundance compared with the Ctl group.

Statistical analysis

Values are given as means with their standard errors. Inter-

group variation was analysed using ANOVA followed by

Tukey’s post hoc test using GraphPad Prism 5 software

(GraphPad Software, Inc.). P values #0·05 were considered
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Fig. 1. Effect of finger millet bran- or finger millet whole grain-supplemented high-fat diet (HFD) on (a) body weight gain, (b) average food intake/animal and

(c) oral glucose tolerance test results and glucose clearance in HFD-induced obese mice. Values are means, with their standard errors represented by vertical

bars. * Mean value was significantly different from that of the control group (P#0·05; one-way ANOVA followed by Tukey’s post hoc test). † Mean value was

significantly different from that of the HFD group (P#0·05; one-way ANOVA followed by Tukey’s post hoc test). , Ctl (control diet, n 5); , HFD; , high-fat

diet supplemented with finger millet bran (HFD-BR) and , high-fat diet supplemented with finger millet whole grain (HFD-WG) (n 6). To convert glucose in

mg/dl to mmol/l, multiply by 0·0555.
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significant in all tests. Pearson’s correlation analysis was per-

formed between vWAT inflammatory markers (NF-kB, MCP1,

IL-6 and TNFa) and serum lipid profile (HDL-cholesterol,

LDL-C and NEFA).

Results

Finger millet bran supplementation prevents body weight
gain in high-fat diet-induced obese mice

HFD-fed mice exhibited a higher body weight gain at the end

of 12 weeks when compared with ND-fed mice (Fig. 1(a)).

HFD-BR-fed mice exhibited a decrease in body weight gain,

while HFD-WG-fed mice exhibited no decrease in body

weight gain when compared with HFD-fed mice (Fig. 1(a)).

The food intake of all the experimental groups was similar

(Fig. 1(b)).

Finger millet bran supplementation increases glucose
clearance

No difference was observed in the AUC of the experimental

groups in the oral glucose tolerance test (Fig. 1(c)). Glucose

clearance was impaired in HFD-fed mice when compared

with that in ND-fed mice (Fig. 1(c)), while it was enhanced

in HFD-BR-fed mice when compared with that in HFD-fed

or HFD-WG-fed mice. HFD-WG-fed mice exhibited no

changes in glucose clearance when compared with HFD-fed

mice (Fig. 1(c)).

Finger millet bran or whole grain supplementation alters
the serum biochemical parameters

HFD-fed mice exhibited an increase in TC (40 %), CE (35 %),

free cholesterol (74 %), NEFA (45·85 %), and LDL/VLDL-C

(12·28 %) concentrations, but a decrease in HDL-cholesterol

concentrations (22·57 %) when compared with ND-fed mice

(Fig. 2). HFD-BR-fed mice exhibited neither an increase in

TC, CE, free cholesterol, NEFA and LDL/VLDL-C concen-

trations nor a decrease in HDL-cholesterol concentrations

when compared with HFD-fed mice (Fig. 2). HFD-WG-fed

mice exhibited no increase in TC and CE concentrations or

changes in free cholesterol, HDL-cholesterol, LDL/VLDL-C

and NEFA concentrations when compared with HFD-fed

mice (Fig. 2).

HFD-fed mice exhibited an increase in serum IL-1b

(76·51 %), leptin (48·37 %) and ghrelin (76 %) concentrations

when compared with ND-fed mice (Fig. 3). HFD-BR-fed and

HFD-WG-fed mice exhibited no increase in these concen-

trations when compared with HFD-fed mice (Fig. 3).

Finger millet bran or whole grain supplementation
alleviates oxidative stress in visceral white adipose tissue,
subcutaneous white adipose tissue, liver and pancreas

HFD-fed mice exhibited an increase in lipid peroxide levels in

vWAT, sWAT, liver and pancreas when compared with ND-fed

mice (Fig. 4). The formation of lipid peroxide was prevented

in all these tissues in HFD-BR-fed and HFD-WG-fed mice

(Fig. 4).

HFD-fed mice exhibited an increase in nitrite levels in

vWAT, but no changes in those in sWAT, liver and pancreas

when compared with ND-fed mice and (Fig. 4). HFD-BR-fed

and HFD-WG-fed mice exhibited a decrease in nitrite levels

in vWAT and pancreas, but no changes in those in sWAT

and liver when compared with HFD-fed mice (Fig. 4).

HFD-fed mice exhibited a decrease in reduced glutathione

levels in vWAT, sWAT and liver when compared with ND-fed

mice (Fig. 4). HFD-BR-fed and HFD-WG-fed mice exhibited

an increase in reduced glutathione levels in these tissues

when compared with HFD-fed mice (Fig. 4).

HFD-fed mice exhibited an increase in superoxide dismu-

tase levels in vWAT when compared with ND-fed mice

(Fig. 4). Superoxide dismutase levels were reduced in vWAT

only in HFD-BR-fed and HFD-WG-fed mice, but remained

unaltered in other tissues among the experimental groups

(Fig. 4).

HFD-fed mice exhibited a decrease in catalase levels in

vWAT and liver, but no changes in those in sWAT and pancreas

when compared with ND-fed mice (Fig. 4). HFD-BR-fed mice

exhibited an increase in catalase levels in vWAT and liver,

but no changes in levels in sWAT and a decrease in those in
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Fig. 2. Effect of finger millet bran- or finger millet whole grain-supplemented

high-fat diet (HFD) on serum lipid profiles. Values are means, with their

standard errors represented by vertical bars. * Mean value was significantly

different from that of the control group (P#0·05; one-way ANOVA followed

by Tukey’s test). † Mean value was significantly different from that of the HFD

group (P#0·05; one-way ANOVA followed by Tukey’s test). , Ctl (control

diet); , HFD; , high-fat diet supplemented with finger millet bran (HFD-BR);

, high-fat diet supplemented with finger millet whole grain (HFD-WG). n 3 in

all the groups. HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol. To convert

cholesterol, HDL-C and LDL-C in mg/dl to mmol/l, multiply by 0·0259.
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the pancreas when compared with HFD-fed mice (Fig. 4).

HFD-WG-fed mice exhibited an increase in catalase levels in

vWAT, liver and pancreas, but a decrease in those in sWAT

when compared with HFD-fed mice (Fig. 4).

Finger millet bran or whole grain supplementation
improves mitochondrial complex activities in the skeletal
muscle

HFD-fed mice exhibited a decrease in mitochondrial complex I

activity in the skeletal muscle, but no changes in complex II,

III and IV activities when compared with ND-fed mice

(Fig. 5). HFD-BR-fed mice exhibited enhanced mitochondrial

complex I activity as well as complex II and III activities

when compared with HFD-fed mice (Fig. 5). HFD-WG-fed

mice exhibited an increase in mitochondrial complex I, II

and III activities when compared with HFD-fed mice (Fig. 5).

No changes were observed in mitochondrial complex IV

activity among the experimental groups (Fig. 5).

Finger millet bran or whole grain supplementation alters
the expression of obesity- and metabolism-related genes
in visceral white adipose tissue

HFD-fed mice exhibited a decrease in the expression of

ADIPOQ (FC ¼ 22·10), but no changes in that of DLK1

(delta-like 1 homolog), C/EBPa (CCAAT enhancer-binding

protein-a), PPARg and PLIN1 (perilipin 1) when compared

with ND-fed mice (Fig. 6(a)). HFD-BR-fed and HFD-WG-fed

mice exhibited no changes in the expression of PPARg and

C/EBPa when compared with HFD-fed and ND-fed mice

(Fig. 6(a)). HFD-BR-fed mice exhibited an increase in the

expression of DLK1, PLIN1 and ADIPOQ (FC ¼ 3·00, 2·92

and 3·36, respectively) when compared with HFD-fed mice,

while HFD-WG-fed mice exhibited an increase in the

expression of DLK1 and adiponectin (FC ¼ 2·72 and 1·17,

respectively), but no changes in that of PLIN1 when compared

with HFD-fed mice (Fig. 6(a)).

HFD-fed mice exhibited a decrease in the expression

of metabolism-related genes such as ACC and GLUT4

(FC ¼ 23·62 and 21·70, respectively), but a slightly enhanced

expression of FASN (fatty acid synthase) when compared

with ND-fed mice (Fig. 6(a)). However, HFD-BR-fed

mice exhibited an increase in the expression of GLUT4

(FC ¼ 1·18), but a decrease in the expression of FASN

(FC ¼ 21·51) as well as no changes in that of ACC when

compared with HFD-fed mice. HFD-WG-fed mice exhibited

a decrease in the expression of ACC and FASN (FC ¼ 23·07

and 28·93, respectively), but no changes in that of GLUT4

when compared with HFD-fed mice (Fig. 6(a)). There was

no difference in the expression of GPD1 (glycerol-

3-phosphate dehydrogenase 1) in HFD-fed and HFD-BR-fed

mice, while there was a decrease in the expression in

HFD-WG-fed mice (FC ¼ 28·93). There was no difference

in the expression of ACOX1 (acyl Co-A oxidase1) among all

the experimental groups.

HFD-fed mice exhibited an increase in the expression of

NFkB, MIP-1a, ADAM8, TNFa, IL-6 and iNOS (FC ¼ 1·54,

1·45, 2·42, 6·27, 1·65 and 4·21, respectively), but no changes

in that of MCP1, F4/80 and CD68 when compared with

ND-fed mice (Fig. 6(b)). The expression of all these pro-

inflammatory genes was down-regulated in HFD-BR-fed

mice when compared with that in HFD-fed mice (Fig. 6(b)).

HFD-WG-fed mice exhibited a decrease in the expression of

NFkB, MIP-1a, F4/80, CD68, TNFa and iNOS (FC ¼ 0·77,

21·04, 24·81, 22·21, 5·65 and 3·89, respectively), but an

increase in that of IL-6 and ADAM8 (FC ¼ 2·17 and 2·91,

respectively) when compared with HFD-fed mice (Fig. 6(b)).

Pearson’s correlation analysis between vWAT inflammatory

markers (IL-6, TNFa, MCP1 and NFkB) and serum lipid

profile (HDL-cholesterol, LDL-C and NEFA) showed that

the increase in serum HDL-cholesterol concentrations was

positively correlated with the decrease in inflammatory

gene levels in vWAT (HDL-cholesterol and IL-6 (r 0·688,

P ¼ 0·00 653) and HDL-cholesterol and NFkB (r 0·693,

P ¼ 0·0063)) and the increase in serum LDL-cholesterol con-

centrations was negatively correlated with the decrease in

inflammatory gene levels in vWAT (LDL-cholesterol and IL-6

(r 20·563, P ¼ 0·022) and LDL-cholesterol and TNFa

(r 20·561, P ¼ 0·023)). However, there was no correlation

between serum NEFA concentrations and vWAT inflammatory

gene levels.
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Fig. 3. Effect of finger millet bran- or finger millet whole grain-supplemented high-fat diet (HFD) on serum IL-1b, leptin, adiponectin and ghrelin concentrations. Values

are means, with their standard errors represented by vertical bars. * Mean value was significantly different from that of the control group (P#0·05; one-way ANOVA

followed by Tukey’s test). † Mean value was significantly different from that of the HFD group (P#0·05; one-way ANOVA followed by Tukey’s test). , Ctl (control diet,

n 5); , HFD; , high-fat diet supplemented with finger millet bran (HFD-BR); , high-fat diet supplemented with finger millet whole grain (HFD-WG) (n 6).
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Finger millet bran or whole grain supplementation has no

effects on the expression of thermogenic genes in brown

adipose tissue

HFD-fed mice exhibited an increase in the expression of

thermogenic genes (PPARa, PRDM16 (PR domain con-

taining 16), FOXC2 (Forkhead box C2), BDNF (brain-derived

neurotrophic factor), ESSRA (oestrogen-related receptor-a),

CIDEA (cell death-inducing DNA fragmentation factor a-like

effector A), PGC1a (PPAR-g co-activator-1a), SIRT1 (sirtuin 1)

and UCP1 (uncoupling protein 1)) when compared with

ND-fed mice (online supplementary Fig. S1). However, the

expression of these genes was not enhanced in HFD-BR-fed

and HFD-WG-fed mice when compared with that in HFD-

fed mice (online supplementary Fig. S1), except for that of

AKT1 (v-akt murine thymoma viral oncogene homolog 1),

which was higher in HFD-BR-fed and HFD-WG-fed mice,

and that of PPARa, which was higher in HFD-WG-fed mice

than in HFD-fed mice (online supplementary Fig. S1).

Finger millet bran or whole grain supplementation
beneficially manipulates selected gut microbial groups

HFD-fed mice exhibited a decrease in the abundance of

beneficial gut microbial groups such as Lactobacillus,

Bifidobacteria, Roseburia, Akkermansia, Bacteroidetes and

Bacteroides–Prevotella, but an increase in the abundance

of pathogenesis-related Enterobacter and Firmicutes when

compared with ND-fed mice (Fig. 7).
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Fig. 4. Effect of finger millet bran- or finger millet whole grain-supplemented high-fat diet (HFD) on oxido-nitrosative stress in various tissues. Values are means,

with their standard errors represented by vertical bars. * Mean value was significantly different from that of the control group (P#0·05; one-way ANOVA followed

by Tukey’s test). † Mean value was significantly different from that of the HFD group (P#0·05; one-way ANOVA followed by Tukey’s test). , Ctl (control diet, n 5);

, HFD; , high-fat diet supplemented with finger millet bran (HFD-BR); , high-fat diet supplemented with finger millet whole grain (HFD-WG) (n 6). vWAT,

visceral white adipose tissue; sWAT, subcutaneous white adipose tissue; LPO, lipid peroxides; MDA, malondialdehyde; GSH, reduced glutathione; SOD, superox-

ide dismutase.
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HFD-BR-fed mice exhibited an increase in the abundance

of Lactobacillus when compared with HFD-fed mice, but the

abundance was lower than that in ND-fed mice, while

HFD-WG-fed mice exhibited an increase in the abundance

of Lactobacillus when compared with HFD-fed, ND-fed and

HFD-BR-fed mice (Fig. 7). The abundance of bifidobacteria

and Roseburia was enhanced in HFD-BR-fed and HFD-WG-

fed mice when compared with that in HFD-fed and ND-fed

mice (Fig. 7). However, the magnitude of the increase in the

abundance of Roseburia in HFD-WG-fed mice was lower

than that in HFD-BR-fed mice (Fig. 7). HFD-BR-fed and

HFD-WG-fed mice exhibited no decrease in the abundance

of Akkermansia and Bacteroidetes when compared with

HFD-fed mice. However, their abundance was lower than

that in ND-fed mice (Fig. 7). The abundance of Bacteroides–

Prevotella in HFD-BR-fed mice was restored to the levels

observed in ND-fed mice when compared with that in

HFD-fed and HFD-WG-fed mice (Fig. 7). HFD-BR-fed mice

exhibited a decrease in the abundance of Enterobacter

when compared with HFD-fed and ND-fed mice. Although

HFD-WG-fed mice exhibited a decrease in the abundance of

Enterobacter when compared with HFD mice, the magnitude

of decrease was not high when compared with that in ND-fed

mice (Fig. 7). HFD-BR fed mice exhibited a slight decrease

in the abundance of Firmicutes. However, an increasing

trend was observed in the abundance of Firmicutes in

HFD-fed and HFD-WG-fed mice when compared with that

in ND-fed mice (Fig. 7).

Discussion

The consumption of FM has been shown to have several

health-beneficial effects(22). However, the association between

FM consumption and diet-induced obesity and related

changes has not been investigated. In the present study, we

showed that FM-BR and FM-WG co-administered with HFD

alleviated HFD-induced changes in mice. HFD-BR feeding

prevented body weight gain relative to HFD or HFD-WG

feeding. The absence of weight reduction in HFD-WG-fed

mice might be due to high starch content with 70–80 %

amylopectin in FM-WG(23)
. This finding emphasises that the

consumption of WG low in glycaemic index or diets enriched

with BR is more beneficial for preventing weight gain.

HFD-BR feeding counteracted the increase in serum TC,

CE, NEFA and LDL/VLDL-C concentrations caused by HFD.

Although there was no difference in weight gain between

HFD-fed and HFD-WG-fed mice, the latter group exhibited a

decrease in TC and CE concentrations. The hypocholestero-

laemic effect of FM seed-coat matter has been observed in

streptozotocin-induced diabetic rats(18) and that of FM whole

meal(24) as well as FM and kodo millet in alloxan-induced

diabetic rats(16). Chronic obesity leads to oxidative stress due

to the formation of reactive oxygen species(25). HFD-BR or

HFD-WG feeding attenuated the effects of some of the

parameters associated with oxidative stress induced by HFD

feeding in vWAT, sWAT, liver and pancreas. This effect can

be attributed to phenolic antioxidants, as has been reported

in diabetic rodent models(18,26), and dietary fibres. High

leptin concentrations in obese animals and humans have

been reported to be associated with leptin resistance(27). The

HFD-induced increase in leptin concentrations decreased

upon HFD-BR or HFD-WG feeding.

HFD-BR or HFD-WG feeding reduced IL-1b concentrations

to levels similar to those observed in ND-fed mice. Dietary

interventions with FM, and more particularly with FM-BR,

can be expected to not only help in the prevention of adipose

tissue inflammation but also help in the prevention of ectopic

fat deposition through reduction of IL-1b concentrations and

adipose tissue inflammation by improving ‘fat–liver cross

talk’(28). The expression of NFkB, MIP-1a, TNFa, iNOS,

ADAM8 and IL-6 in vWAT was high in HFD-fed mice as

reported in the literature(29–33). TNFa and IL-6 increase lipo-

lysis and cause an increase in the concentrations of serum

NEFA associated with obesity(34,35), whereas iNOS and TNFa

cause obesity-induced insulin resistance in mice(30,36)
. HFD-

BR feeding decreased the expression of all genes involved

in inflammation, while HFD-WG feeding decreased the

expression of NFkB, MIP-1a, F4/80, CD68 and TNFa and

slightly increased that of IL-6 when compared with HFD

feeding. IL-6 has been shown to have dual functions, i.e.

pro-inflammatory and anti-inflammatory, and to also inhibit

lipid synthesis and promote lipid hydrolysis(37). Furthermore,

mice lacking IL-6 have been shown to revert from the obese

state upon treatment with IL-6 (37). It is likely that IL-6

in the FM-WG group might have exerted an anti-obesity

effect through the suppression of lipid synthesis or enhance-

ment of lipid hydrolysis, as evidenced by a decrease in

FASN expression and a slight increase in ACOX1 expression

in these mice. The results of the present study are in

contrast to the those of the study carried out by Lee et al.(5),

where no reduction in inflammation was observed when

whole fox tail millet WG was co-administered with HFD.
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Fig. 5. Effect of finger millet bran- or finger millet whole grain-supplemented

high-fat diet (HFD) on mitochondrial complex activities in the skeletal muscle.

Values are means, with their standard errors represented by vertical bars.

* Mean value was significantly different from that of the control group

(P#0·05; one-way ANOVA followed by Tukey’s test). † Mean value was

significantly different from that of the HFD group (P#0·05; one-way ANOVA

followed by Tukey’s test). , Ctl (control diet, n 5); , HFD; , high-fat

diet supplemented with finger millet bran (HFD-BR); , high-fat diet sup-

plemented with finger millet whole grain (HFD-WG) (n 6).
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The expression of DLK1 or Pref1 (preadipocyte marker 1)

was enhanced in HFD-BR/HFD-WG-fed mice when compared

with that in HFD-fed and ND-fed mice. DLK1 is a preadipocyte

marker exhibiting a lower expression in adipocytes(38)
.

Recently, DLK1 has been shown to induce Sox9 (sex-deter-

mining region-box 9) and promote chondrogenic induction

of mesenchymal cells, but inhibit their differentiation into adi-

pocytes as well as osteoblasts and chondrocytes(38,39). Higher

levels of DLK1 expression upon HFD-BR or HFD-WG feeding

might inhibit the formation of new adipocytes from existing

preadipocytes in vWAT. HFD-BR/HFD-WG feeding enhanced

the expression of PLIN1 or PeriA, which has been shown to

be highly expressed in adipocytes and protect unilocular

lipid droplets from hydrolysis and contribute to obesity(40).

In a recent study, adipocyte-specific overexpression of

PLIN1/PeriA has been shown to decrease diet-induced obesity

by reducing lipid droplet size and fat-specific protein 27

(FSP27) expression; improving insulin sensitivity(41); increas-

ing fatty acid b-oxidation and heat production; and decreasing

the expression of lipogenic genes(41). In the present study, the

expression of FASN was reduced and that of ACOX1 was

slightly enhanced in mice that were fed HFD-BR or HFD-

WG, respectively. FM-BR might have promoted fatty acid oxi-

dation and decreased lipid synthesis in vWAT by increasing

the expression of PLIN1 and ACOX1 and decreasing that of

FASN.

The expression of GLUT4 has been shown to decrease in

rodent models of insulin deficiency(42,43) and in adipose

tissue of obese or type 2 diabetic humans, linking obesity to

insulin resistance and implicating it to be a major risk factor

for CVD and type 2 diabetes. HFD-BR feeding enhanced

the expression of GLUT4 in vWAT, indicating that FM-BR
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Fig. 6. Effect of finger millet bran- or finger millet whole grain-supplemented high-fat diet (HFD) on the expression of (a) obesity- and metabolism-related genes in

visceral white adipose tissue (vWAT) and (b) inflammatory genes in vWAT. Values are means, with their standard errors represented by vertical bars. * Mean

value was significantly different from that of the control group (P#0·05; one-way ANOVA followed by Tukey’s test). † Mean value was significantly different from

that of the HFD group (P#0·05; one-way ANOVA followed by Tukey’s test). , Ctl (control diet, n 5); , HFD; , high-fat diet supplemented with finger millet bran

(HFD-BR); , high-fat diet supplemented with finger millet whole grain (HFD-WG) (n 6, except for NFkB, MCP1, MIP-1a, F4/80, ADAM8 and CD68, where n 3 in

all the groups). Description of gene symbols is given in the ‘Materials and methods’ section.
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consumption might help to alleviate obesity-induced insulin

resistance. However, adipose tissue only accounts for 10 %

of the insulin-mediated whole-body glucose uptake as

suggested by other researchers(44,45).

Gut microflora has been recognised as a ‘microbial organ’

and is known for its remarkable metabolic and gut barrier

function in humans(46). Dysbiosis of gut microflora has

been implicated in many infectious diseases, immune

disorders and recently obesity(47)
. Decreased abundance of

Lactobacillus, Bifidobacteria, Roseburia, Akkermansia, and

Bacteroidetes and increased abundance of Firmicutes and

Gram-negative pathogens, especially Enterobacteriaceae

members, in the gut of obese individuals have been

reported(48)
. Enterobacter cloaca B29 has been shown to con-

tribute to the development of obesity through altered gut

barrier function due to lipopolysaccharides(49,50), leading to

low-grade inflammation and metabolic endotoxaemia(48). In

the present study, HFD feeding was found to cause a decrease

in the abundance of Lactobacillus, Bifidobacteria, Roseburia,

Bacteroidetes, Akkermansia and Bacteroides–Prevotella and

an increase in that of Enterobacter. HFD-BR/HFD-WG feeding

reversed the microbial derangements and exerted a ‘prebiotic

effect’, i.e. increased the abundance of Lactobacillus, Bifido-

bacteria, Roseburia, Bacteroidetes and Bacteroides–Prevotella.

The bifidogenic effect exhibited by oligofructose or wheat

arabinoxylans has been reported to be accompanied by a

decrease in the gene expression and activity of fatty acid

synthase (FAS) in the adipose tissue(49,51). In the present

study, a similar bifidogenic effect and a decreased expression

of FAS gene were observed in HFD-BR/HFD-WG-fed mice.

Roseburia spp. is an important butyrate-producing

bacterium in the gut(52). HFD-BR/HFD-WG feeding

increased its abundance when compared with HFD or ND

feeding. Roseburia might have stimulated butyrate-dependent

anti-obesity effect(53) or plausible conjugated-linoleic acid

formation(54).

HFD-BR/HFD-WG feeding lowered the abundance of

Enterobacter. As a consequence, lipopolysaccharide transloca-

tion might have decreased and gut barrier function improved,

an important physiological consequence of gut microbial

alteration, in HFD-BR-fed mice. The decreased TNFa and

IL-6 expression in vWAT and circulatory IL-1b concentrations

in HFD-BR-fed mice support our hypothesis. Even though

the abundance of Enterobacter decreased in HFD-WG-fed

mice, no reduction in IL-6 expression in vWAT was observed,

despite decreased serum IL-1b concentrations.

The present study provides insights into the anti-obesity

action of FM-BR, which is mediated via reduction of oxidative

stress and inflammation, improvement in lipid profile, tran-

scriptional changes in vWAT, and beneficial manipulation of

gut microbial population (Fig. 8).

Conclusion

The results of the present study show that the inclusion of

FM-BR at 10 % (w/w) in a HFD has more beneficial effects

than that of WG. Therefore, FM-BR can be used as a nutra-
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Fig. 7. Effect of finger millet bran- or finger millet whole grain-supplemented high-fat diet (HFD) on relative bacterial abundance in caecum. Values are means,

with their standard errors represented by vertical bars. * Mean value was significantly different from that of the control group (P#0·05; one-way ANOVA

followed by Tukey’s test). † Mean value was significantly different from that of the HFD group (P#0·05; one-way ANOVA followed by Tukey’s test). , Ctl

(control diet, n 5); , HFD; , high-fat diet supplemented with finger millet bran (HFD-BR); , high-fat diet supplemented with finger millet whole grain (HFD-WG)

(n 6). LAB, Lactobacillus; BIF, Bifidobacteria; ROS, Roseburia; AKK, Akkermansia; FIRM, Firmicutes; BACT, Bacteroidetes; BP, Bacteroides–Prevotella;
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ceutical ingredient for the development of functionally

enriched food products for the management of obesity and

associated metabolic complications.
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