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Abstract: Foxtail millet has relatively low starch digestibility and moderate glycemic index compared
to other grains. Since there are still no clinical researches regarding its long-term effect on blood
glucose, this self-controlled study was conducted to investigate the glucose-lowering effect of foxtail
millet in free-living subjects with impaired glucose tolerance (IGT). Fifty g/day of foxtail millet
was provided to enrolled subjects throughout 12 weeks and the related clinical parameters were
investigated at week 0, 6 and 12, respectively. After 12 weeks of foxtail millet intervention, the mean
fasting blood glucose of the subjects decreased from 5.7 ± 0.9 mmol/L to 5.3 ± 0.7 mmol/L (p < 0.001)
and the mean 2 h-glucose decreased from 10.2 ± 2.6 mmol/L to 9.4 ± 2.3 mmol/L (p = 0.003).
The intake of foxtail millet caused a significant increase of serum leptin (p = 0.012), decrease of
insulin resistance (p = 0.007), and marginal reduction of inflammation. Furthermore, a sex-dependent
difference in glucose-lowering effect of foxtail millet was observed in this study. Foxtail millet
could improve the glycemic control in free-living subjects with IGT, suggesting that increasing the
consumption of foxtail millet might be beneficial to individuals suffering from type 2 diabetes mellitus.
Keywords: dietary intervention; whole foxtail millet; blood glucose; impaired glucose tolerance

1. Introduction
Diabetes, one of the largest epidemics the world has faced, is a major risk factor for public health.
Over the past few decades, both the prevalence of diabetes and the number of diabetics has increased
dramatically, due to rapid socioeconomic development and lifestyle changes. A national study from
2007 to 2008 estimated that about 9.7% of the general adult population has been suffering from diabetes,
and 15.5% has been suffering from pre-diabetes [1].
Impaired glucose tolerance (IGT) is an intermediate condition in the transition between normality
and diabetes. People with IGT are at high risk of progressing to type 2 diabetes (T2DM). The average
annual progression rates ranged from 6.0% to 15.7% and the cumulative incidence of diabetes at 6 years
reached to 67.7% [2,3]. An unhealthy diet and lack of exercise were associated with a significantly
increased risk of diabetes [4,5]. On the contrary, the majority of cases of T2DM could be delayed
or prevented by the adoption of a healthy lifestyle, such as sufficient consumption of whole grains,
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controlled total energy intake, and increased physical activity, resulting in 31–58% of the reduction risk
of diabetes [2,3].
Among the established risk factors of T2DM, balanced diet and rational nutrition play an
important role [6]. In the past, numerous studies have enhanced our understanding of the relationship
between whole grain and glucose metabolism [7]. Prospective studies consistently showed a reduced
risk of T2DM with high intakes of whole grains [8]. Fung et al. followed the men from the Health
Professionals Follow-up Study without a history of diabetes or cardiovascular disease (n = 42898)
for ≤12 years and suggested that a diet high in whole grains was associated with a reduced risk of
T2DM [9].
Millet is one of the most important drought-resistant whole grain in arid and semiarid areas
of Asia and Africa [10]. It has been receiving specific attention because of its excellent nutritive
value and potential health benefits such as anti-tumor, anti-oxidant and anti-arteriosclerotic effects [11].
Moreover, millet-based products have markedly slower gastric emptying than rice, potato, or pasta [12].
Previous research has suggested the anti-diabetic effect of finger millet [13] and barnyard millet [14].
However, there are still no clinical researches regarding the glucose-lowering effect of foxtail millet.
Our previous study showed that the in vitro starch digestibility of foxtail millet flour was obviously
lower than that of wheat flour [15]. Foxtail millet-derived products had a median glycemic index
and a gentle stimulation to pancreatic β-cell, which could help diabetics to avoid dangerous spike in
blood glucose [15]. These characteristics above-mentioned might contribute to the improvement of
postprandial blood glucose in diabetics. In addition, animal experiment also showed that feeding of
foxtail millet improved insulin sensitivity and cholesterol metabolism in genetically type 2 diabetic
mice [16]. Human clinical trials are necessary to validate the results obtained from in-vitro studies and
animal experiments [17].
Based on this, we hypothesized that increasing the intake of foxtail millet could decrease the
blood glucose concentrations and improve the blood glucose tolerance. Considering the fact that it is
difficult to find a placebo whose color, flavor, texture and taste were almost the same with foxtail millet
diet, evaluation of foxtail millet in a randomized clinical trial was not feasible [18]. Taking this into
account, we decided to examine the issue in an open-label, self-controlled clinical trial. Thus, 12 weeks
of foxtail millet intervention (50 g/day in raw weight) was conducted in free-living subjects with IGT
and the effect of foxtail millet diet on glycemic metabolism, lipid metabolism, inflammation status,
and body composition was investigated.
2. Materials and Methods
This open-label, self-controlled clinical trial was approved by Ethics Committee of Peking
University (IRB00001052-14023). All the subjects were gave written informed consent before
participation. The study was performed at the Peking University and registered with Chinese Clinical
Trial Registry (No. ChiCTR-OON-16008603). All study performers have completed Good Clinical
Practices training and were qualified to conduct clinical research.
2.1. Subjects
The 1999 World Health Organization (WHO) diagnostic criteria were used to screen out
appropriate subjects based on the criteria of fasting blood glucose (FBG) concentrations <7.0 mmol/L
and 2 h-glucose range from 7.8 to 11.1 mmol/L in 75-g oral glucose tolerance test (OGTT) [19]. Eligible
subjects were excluded if they were allergic to plant protein or had abnormal renal/liver function or had
suffered from a self-reported chronic disease (non-alcoholic fatty liver disease, cancer, immunological
disease, etc.) for 6 years and over or were taking medicines known to alter glucose tolerance. Pregnant
and breastfeeding women also couldn’t be recruited. It needs to be noted that short-term chronic
patients were still included in the present study. After screening 295 participants, a total of 70 eligible
subjects participated in the intervention and 64 subjects (27 male subjects and 37 female subjects)
were involved in the final analysis (4 subjects failed to follow up and 2 subjects with missing data on
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3. Results
3.1. Effect of Foxtail Millet Intervention on Blood Glucose
The intake of foxtail millet induced significant decrease in FBG (p < 0.001) and 2 h-glucose
(p = 0.003) in subjects with IGT (Table 1). After 6 weeks of foxtail millet intervention, the mean FBG
decreased by 0.3 ± 0.7 mmol/L (5.7 ± 11.9%) and the mean 2 h-glucose decreased by 1.0 ± 2.7 mmol/L
(9.9 ± 25.1%) respectively. Then FBG and 2 h-glucose kept stable until the end of 12 weeks of
intervention. However, there were no significant difference of FINS, fructosamine, and 2 h-insulin
concentrations during the intervention period (all p > 0.05). It was noteworthy that the decreasing
tendency of C-peptide was obvious. The HOMA-IR was significantly decreased from 3.6 ± 2.3 at week
0 to 2.9 ± 1.7 at week 12 (decreased by 19.8 ± 46.1%, p = 0.015), and the corresponding HOMA-IS
increased from 0.4 ± 0.2 at week 0 to 0.5 ± 0.6 at week 12 (increased by 36.7 ± 159.1).
Table 1. T Metabolic characteristics of subjects during study period 1 .
Week 0

Week 6

Week 12

p-Value 2

5.7 ± 0.9 a
10.2 ± 2.6 a
94.7 ± 49.2
805.3 ± 540.0
657.4 ± 276.4
264.6 ± 25.4
3.6 ± 2.3 a
0.4 ± 0.2

5.4 ± 0.7 b
9.2 ± 2.8 b
89.3 ± 52.4
736.7 ± 581.1
626.9 ± 289.0
268.7 ± 23.4
3.1 ± 2.1 ab
0.4 ± 0.2

5.3 ± 0.7 b
9.4 ± 2.3 b
84.0 ± 47.5
759.1 ± 460.3
598.9 ± 256.9
266.4 ± 26.1
2.9 ± 1.7 b
0.5 ± 0.6

<0.001
0.003
0.141
0.529
0.149
0.293
0.007
0.085

5.2 ± 1.0
2.0 ± 1.2
1.2 ± 0.3 a
3.3 ± 0.9
1.6 ± 0.3 a
1.0 ± 0.3
1.6 ± 0.6

5.2 ± 1.0
2.0 ± 1.2
1.3 ± 0.3 b
3.4 ± 0.9
1.6 ± 0.3 b
1.1 ± 0.2
1.6 ± 0.4

5.2 ± 1.0
2.1 ± 1.1
1.3 ± 0.3 a
3.2 ± 0.9
1.6 ± 0.3 ab
1.0 ± 0.2
1.6 ± 0.5

0.953
0.421
0.044
0.056
0.013
0.140
0.684

125.0 ± 13.2
84.9 ± 8.5 a

126.6 ± 14.5
83.9 ± 8.4 a

128.3 ± 13.2
81.6 ± 7.8 b

0.155
0.003

Cytokine
TNF-α (pg/mL)
IL-6 (pg/mL)

2.6 ± 5.5
6.2 ± 9.4 a

1.3 ± 0.6
4.2 ± 5.3 b

1.4 ± 0.5
4.8 ± 5.5 ab

0.088
0.084

Hormones
Leptin (ng/mL)
Adiponectin (ug/mL)
GLP-1 (pg/mL)

8.3 ± 6.4 a
2.1 ± 1.6
23.6 ± 6.1

9.0 ± 6.1 ab
1.8 ± 1.6
23.9 ± 7.0

9.6 ± 7.0 b
1.8 ± 2.1
24.8 ± 9.0

0.012
0.301
0.437

Anthropometric indices
Weight (kg)
BMI
Waist circumference (cm)
Hip circumference (cm)
Waist-hip ratio

69.1 ± 11.6 a
26.0 ± 3.5 a
90.3 ± 8.7
100.3 ± 7.7
0.9 ± 0.1

69.4 ± 11.7 ab
25.8 ± 3.4 ab
90.4 ± 9.5
100.0 ± 7.1
0.9 ± 0.1

68.2 ± 11.2 b
25.5 ± 3.2 b
89.6 ± 8.5
100.0 ± 6.9
0.9 ± 0.0

0.004
<0.001
0.296
0.400
0.644

Body composition
Body fat percentage (%)
Body fat mass (kg)
Fat-free mass (kg)
Obesity degree
Muscle mass (kg)
Protein (kg)
Mineral (kg)

31.9 ± 8.1 a
22.1 ± 7.1 a
47.0 ± 9.4
110.0 ± 15.2 a
44.4 ± 9.1
10.5 ± 3.3
2.6 ± 0.4

31.4 ± 8.0 ab
21.9 ± 7.2 ab
47.4 ± 9.2
110.0 ± 15.4 a
44.8 ± 8.8
10.5 ± 3.1
2.6 ± 0.4

30.9 ± 7.7 b
21.1 ± 6.2 b
47.2 ± 9.7
108.3 ± 13.8 b
44.6 ± 9.3
10.6 ± 3.2
2.6 ± 0.4

0.132
0.086
0.670
0.005
0.677
0.585
0.587

Indices
Blood glucose
FBG (mmol/L)
2 h-Glucose (mmol/L)
FINS (pmol/L)
2 h-Insulin (pmol/L)
Fasting C-peptide (pmol/L)
Fructosamine (µmol/L)
HOMA-IR
HOMA-IS
Blood lipid
TC (mmol/L)
TAG (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
ApoA1 (mmol/L)
ApoB (mmol/L)
ApoA1/ApoB
Blood pressure
SBP (mmHg)
DBP (mmHg)

1

Data were represented as mean ± SD. FBG, fasting blood glucose; FINS, fasting insulin; TC, total cholesterol; TAG,
total triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ApoA1,
apolipoprotein A1; ApoB, apolipoprotein B; SBP, systolic blood pressure; DBP, diastolic blood pressure; TNF-α,
tumor necrosis factor-α; GLP-1, glucagon-like peptide-1; IL-6, interleukin-6; BMI, body mass index; SD, standard
deviation; ANOVA, analysis of variance. 2 Significances of treatment effect were accessed by repeated measures
ANOVA during the intervention period (week 0–week 6–week 12). a,b Data with the different superscript letters in
the same row differ significantly (p < 0.05); Differences between two subgroups were examined using Bonferroni’s
post-hoc test.
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3.2. Effect of Foxtail Millet Intake on Blood Lipid and Blood Pressure
According to the baseline data (week 0, Table 1), both the mean blood pressure and mean blood
lipid of enrolled subjects had been out of the optimal range and almost reached the high-normal
levels, which reminded IGT subjects to pay attention to monitor blood pressure and blood lipid
when regulating blood glucose. Although there were no significant changes in TC, TAG, ApoB,
and ApoA1/ApoB, the concentrations of HDL-C and ApoA1 were significantly increased at week
6 (both p < 0.05) when compared with the baseline. After 12 weeks of foxtail millet intervention,
the average of diastolic blood pressure (DBP) was significantly decreased from 84.9 ± 8.5 mmHg to
81.6 ± 7.8 mmHg (p = 0.003).
3.3. Effect of Foxtail Millet Intake on Anthropometric Indicators
The intake of foxtail millet induced significant decrease of body weight (p = 0.004), BMI (p < 0.001)
and obesity degree (p = 0.005). The average of body fat mass decline from 22.1 ± 7.1 kg to 21.1 ± 6.2 kg,
which seems in line with the overall change in body weight from initially 69.1 ± 11.6 kg to finally
68.2 ± 11.2 kg. Interestingly, there were no significant changes in body muscle mass, contents of
proteins and minerals, waist and hip circumferences after the 12 weeks of intervention (all p > 0.05,
Table 1).
3.4. Effect of Foxtail Millet Intake on Cytokines
The concentrations of serum leptin (Table 1) increased gradually with time of intervention. At
the end of the 12 weeks of foxtail millet intervention, the average concentrations of leptin were
significantly increased from 8.3 ± 6.4 ng/mL to 9.6 ± 7.0 ng/mL (p = 0.012). When compared with the
baseline data, the concentrations of IL-6 at week 6 were significantly decreased by 1.5 ± 5.5 pg/mL
(p = 0.031). Meanwhile, the concentrations of TNF-α at week 6 were also lower than that at week 0
(by 1.4 ± 6.0 pg/mL). However, 12 weeks of foxtail millet intervention did not induce any statistically
significant difference in the concentrations of adiponectin and GLP-1.
3.5. Sex-Dependent Difference in the Glucose-Lowering Effect of Foxtail Millet
The sex-dependent difference in glucose-lowering effect of foxtail millet was analyzed based
on three representative indices of glucose metabolism: FBG, 2 h-glucose and HOMA-IR. There were
no significant difference in the above 3 indices between male and female subjects at week 0. During
the intervention, the average concentrations of FBG (Figure 2B) in female subjects were significantly
decreased at week 6 and then maintained at an almost constant low concentrations throughout
12 weeks. However, the average concentration of FBG in male subjects decreased gradually with time
of intervention. The statistically significant change of FBG did not appear until week 12. The change of
2 h-glucose (Figure 2C) was similar to that of FBG both in male and female subjects except that there
was no significant decrease in male throughout 12 weeks. As to HOMA-IR (Figure 2D), the significant
decrease occurred at first 6 weeks (from week 0 to week 6) in female subjects, while it occurred at last
6 weeks (from week 6 to week 12) in male subjects.
4. Discussion
FBG and 2 h-glucose were two of the most crucial criteria for assessing blood glucose homeostasis.
The mean FBG and 2 h-glucose of enrolled subjects fully met the diagnosis criteria of IGT (WHO,
1990). Intake of 50 g of foxtail millet per day resulted in significant reduction of blood glucose in
subjects with IGT. After 6 weeks of foxtail millet intervention, the mean FBG decreased by 5.7 ± 11.9%
and the mean 2 h-glucose decreased by 9.9 ± 25.1%, respectively. Similar glycemic response was
also found in aqueous extract of foxtail millet [24] and foxtail millet dosa (a traditional Indian foxtail
millet-based breakfast) [25]. Although the rapid decrease did not sustain in the next 6 weeks, both the
FBG and 2 h-glucose stayed at almost constant low concentrations with time of intervention. Similar
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variation trend has also been found in several lifestyle interventions [26]. Poor subject compliance
and persistence to a specified diet, which can be proved by the daily intake amount of foxtail millet
(Figure 2A), might be one of the main reasons for such trend [27]. The effect of foxtail millet intervention
on blood glucose might be explained by the slow digestion of carbohydrate and moderate glycemic
index [15]. In addition, the bioactivated fibers, flavonoids, polyphenols and other phytochemicals in
foxtail millet might be other contributors to its glucose lowering effect [10,28].
T2DM occurred either when the pancreas could not produce enough insulin (insulin
hyposecretion), or when the body cannot effectively use the insulin it produces (insulin resistance).
The baseline data from HOMA-IR indicated the insulin resistance was quite common in the enrolled
subjects. In accordance with the improvement of HOMA-IR and HOMA-IS, the decrease of fasting
C-peptide, one of indicators on the reduction of insulin secretion, suggested that less insulin was
needed to regulate blood glucose levels. Therefore, our results showed that there had been a substantial
improvement in insulin sensitivity and insulin resistance, resulting from foxtail millet intervention.
Interestingly, Men and women differ in the risk of diabetes mellitus, complications and
diabetes management because of their difference in body structure, physiology foundation basis
and socioeconomic status [1]. It is necessary to adopt a sex-sensitive approach to optimally prevent
and treat diabetes [29]. The response sensitivities of FBG, 2 h-glucose and HOMA-IR of female subjects
were much higher than those of male subjects in our present study. Two reasons were presented here for
discussion. Firstly, according to the average intake amount of foxtail millet (Figure 2A), men were less
compliant on intervention than women [30], which might induce insufficient statistical power. It was
difficult to maintain a high compliance rate when assigning participants to a diet that differs from their
usual diet [31]. Regardless of the dietary regimen prescribed, the compliance of the participant generally
decrease over time [32]. Maintaining subject compliance has been one of challenges when implementing
a dietary intervention [33]. In the present study, the average compliance rate was 88.5% (88.9% in men
and 88.2% in women, respectively) in the first 6 weeks and 93.0% (91.3% in men and 94.1% in women,
respectively) in the last 6 weeks. Specifically, 70.4% participants (62.5% in men and 76.7% in women)
insisted on dietary intake of 50 g of foxtail millet in the first 6 weeks, and 58.5% participants (52.4% in
men and 62.5% in women) insisted throughout the trial. Secondly, the difference of hormones between
men and women also should be considered. It has been reported that hormone replacement therapy
improved glycemic control in diabetic postmenopausal women [34] and testosterone replacement
therapy improved insulin resistance in diabetic hypogonadal men [35]. Accordingly, foxtail millet
intake might promote the secretion of estrogen in women and then improve the glucose control [36].
Of course, more research is needed to confirm this hypothesis. Furthermore, there are many different
pathophysiological and social factors involving in the sex-dependent association of millet consumption
and glucose metabolism, which could not be specifically determined in our present study.
Besides lowering blood glucose, foxtail millet intake also improved blood pressure and lipid profile.
Several researches have suggested that replacement of saturated fatty acid with unsaturated fatty acid
led to significant improvement of lipid profile in persons with or without hyperlipidemia [37,38]. Thus,
the high amount of unsaturated fatty acid in foxtail millet, especially linolenic acid (C18:2, account for
56.0%) and linoleic acid (C18:1, account for 21.0%), might be the primary contributor to increase of
HDL-C and apolipoprotein A1 in IGT subjects. Moreover, our previous study has shown that ingestion
of foxtail millet protein hydrolysates ameliorated hypertension in spontaneously hypertensive rats [39].
The significant decrease of DBP in IGT subjects suggested that increasing foxtail millet consumption
might be contributing to reducing the risk of hypertension.
It has been proved that being overweight or obese is an independent risk factor for T2DM. Several
lifestyle interventions also used body weight loss as a primary outcome measure [3,26]. The significant
decrease of body weight, BMI and obesity degree of enrolled subjects in this study indicated that there
has been a negative energy balance over the study period. Of course, we could not deny the fact that
positive changes observed and attributed to “the glucose lowering effect of foxtail millet” were one of
the results of weight loss. Interestingly, contrary to the significant decrease in body fat mass (week 0
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vs. week 12, p = 0.001), there was no significant difference in body muscle mass, which suggested that
foxtail millet may specifically act on the body fat, rather than body protein and minerals. Foxtail millet
might be serviced as a kind of healthy food for overweight people.
We also tried to analysis the mechanism of glucose-lowering effect of foxtail millet by investigating
cytokines and inflammatory factors. Leptin is an important adipokine, which plays an important
role in blood glucose metabolism by suppression of hunger and inhibition of energy intake [40].
The results from our study suggested that increased leptin concentrations, which could reduce
appetite, might be a way to improve blood glucose metabolism. Low-grade inflammation is a
common feature in subjects with T2DM [41]. The decrease of plasma concentration of IL-6 and TNF-α
during intervention might be resulted from bioactivated fibers, flavonoids, polyphenols and other
phytochemicals in foxtail millet [28]. Recent data have revealed that the increased concentrations of IL-6
and TNF-α might suppress insulin signal transduction and then interfere with insulin action [42]. Thus,
the reducing inflammation, which could enhance insulin action, might be another way to improve
blood glucose metabolism.
According to the published information, this was the first time that the effect of foxtail millet,
a kind of whole grain, on glycemic control in subjects with IGT was investigated. Parameters directly
(blood glucose, insulin, HOMA-IS, etc.) and indirectly (inflammatory markers, blood pressure, blood
lipid, body composition, etc.) related to glycemia were fully investigated at week 0, 6, and 12
respectively. Our positive results might provide an additional dietary option for diabetics and
promote the palpability of millet products at both personal and manufacturing levels. However,
several limitations should be considered when interpreting the results of this study. Firstly, a main
methodological limitation was the self-controlled design, in which part of observed treatment effect
may be due to the phenomenon of “regression toward the mean” and also there is some degree of
“Hawthorne effect” [43]. Also as mentioned earlier, the methodological difficulties to find a suitable
placebo make it unfeasible to conducting a randomized clinical trial. Given this, the self-controlled
clinical trail was also used to investigate low-level laser for treatment of tinnitus [43] and aloe
vera for prevention of radiation-induced dermatitis [18]. Another limitation of the study was the
self-reported amount of foxtail millet consumption, which can increase the level of measurement error
and substantially attenuate the strength of the associations [31]. Furthermore, whole foxtail millet was
investigated in this study, thus it was difficult to distinguish the specific components of foxtail millet
that could account for the glucose-lowering effect. There was strong evidence suggesting that increased
consumption of whole grains, as opposed to individually isolated nutrients or supplementations, are
associated with reduced risk of developing T2DM [6]. The synergistic actions of bioactive dietary
components, including micronutrients and phytochemicals was considered the major contributor to the
health benefits of whole grains [7]. Thus, the whole foxtail millet, rather than individual component,
was investigated in this study. Additionally, this study was focus on the analysis of physiological
outcomes. The possible mechanisms by which foxtail millet improve blood glucose metabolism were
not fully investigated. Thereafter, the effects and mechanisms of individual components of foxtail
millet on blood glucose metabolism will be further investigated. Considering the fact that HbA1c
has strong predictive value for diabetes complications and higher HbA1c indicates worse glycemic
control [44]. We will evaluate this variable in the future study as well.
5. Conclusions
In 2016, the WHO published the first “Global report on diabetes”, highlighting the serious
situation of diabetes around the world and the necessity of developing effective way to reduce the
risk of T2DM. The intake of 50 g of foxtail millet per day significantly improved the glycemic control,
especially the postprandial glucose, in free-living subjects with IGT. The glucose-lowering effect of
foxtail millet might be a result of the interaction of increased leptin concentrations, decreased insulin
resistance and reduced inflammation. Although foxtail millet was investigated in this study, it should
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not be excluded that other whole grain foods also have similar blood glucose-lowering effect. Thus, it is
suggested that modern people should appropriately increase and insist on the intake of whole grains.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/1509/
s1, Table S1: The overall nutrient supply and level of physical activity of subjects.
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