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Abstract

We previously suggested that the consumption of natto and viscous vegetables as part of a Japanese-style meal based on white rice (WR)

reduced postprandial glucose and insulin levels in healthy subjects. The aim of the present study was to assess whether a single breakfast

of natto and viscous vegetables or the same breakfast consumed for 2 weeks could improve glucose control, insulin sensitivity, lipid metab-

olism and oxidative stress in overweight subjects with impaired glucose tolerance (IGT). A total of eleven free-living subjects with IGT

followed a randomised, crossover breakfast intervention for 2 weeks. The test meal included boiled WR with natto (viscous fermented

soyabeans), Japanese yam and okra. The control meal included WR with non-viscous boiled soyabeans, potatoes and broccoli. Both

meals contained comparable amounts of carbohydrate, fat, protein and fibre. The test meal reduced acute glucose and insulin responses

compared to the control meal in the study participants. Insulin sensitivity was assessed using the composite insulin sensitivity index (CISI)

after both the test and control meal periods. The test meal resulted in improvements in CISI compared to the baseline, whereas no signifi-

cant changes were observed after the control meal period. Serum levels of both total and LDL-cholesterol were assessed before and after

the test meal period and found to decrease significantly. There was also a tendency towards reduced serum malondialdehyde-modified

LDL and N 1-carboxymethyllysine. No differences were observed in the measures of chronic glycaemic control. Thus, we conclude that

a breakfast of natto and viscous vegetables consumed for 2 weeks improves insulin sensitivity, serum lipid and oxidative stress.
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Glycaemic index (GI) is an approach to classify carbohydrate

foods by comparing the glycaemic effect of carbohydrate

weight in individual foods(1). In a meta-analysis of randomised

controlled trials, diets with a lower GI were associated with a

modest improvement in HbA1c in individuals with diabetes(2).

Postprandial hyperglycaemia is not only associated with

impaired glucose tolerance (IGT) but also with hyperlipidae-

mia and oxidative stress, both of which increase the risk

of CVD(3,4). There is, however, considerable debate regarding

the optimum and specific diet composition for preventing

postprandial hyperglycaemia(5).

In Japan, many naturally viscous foods such as some types

of potatoes, vegetables, mushrooms and seaweeds are cooked

and eaten. They contain viscous polysaccharides such as

mannan, pectin, alginic acid and galactan. Natto, a traditional

and popular Japanese food made by fermenting boiled

soyabeans with Bacillus natto (6), has viscous properties. We

have previously demonstrated that the consumption of natto

and viscous vegetables combined with white rice (WR) sup-

pressed postprandial hyperglycaemia and hyperinsulinaemia

in healthy young subjects(7).

It is known that guar suppresses postprandial glucose

and insulin. Ebeling et al.(8) found that this effect is amplified

with repeated dosing for 4 weeks in type 1 diabetes.

Moreover, as higher insulin secretion occurs in the morning

because of which insulin sensitivity is lower than that in

the afternoon(9,10), we decided to assess the repeated effect

of a breakfast of natto and viscous vegetables on glycaemic

control and insulin sensitivity. We chose to study a single-

meal intervention over multiple meals in order to ensure

higher compliance, and thus increase the accuracy of the

findings.

*Corresponding author: Dr H. Yamanaka-Okumura, fax þ81 88 633 7094, email yamanaka@nutr.med.tokushima-u.ac.jp

Abbreviations: AUC, area under the curve; CISI, composite insulin sensitivity index; GI, glycaemic index; IGT, impaired glucose tolerance; OGTT, oral

glucose tolerance test; WR, white rice.
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Although IGT is a major risk factor for type 2 diabetes

mellitus, adjustments in lifestyle are likely to be the most

effective way to prevent or delay the onset of type 2 diabetes

mellitus. However, to date, most studies examining the effect

of anti-hyperglycaemic diet on blood glucose, lipids and body

composition have been conducted in diabetic subjects(11,12).

Therefore, the aim of the present study was to investigate

whether natto and viscous vegetables in addition to WR

suppress postprandial glucose and insulin responses in

overweight subjects with IGT, and whether incorporating

natto and viscous vegetables into a Japanese breakfast for

2 weeks would have a favourable effect on glucose utilisation,

insulin sensitivity, lipid metabolism and oxidative stress.

Subjects and methods

Subjects

A total of eleven free-living overweight subjects with IGT

and hyperinsulinaemia were recruited for the present study

(Table 1). Diagnosis of IGT was made on the basis of the

results of the 75 g oral glucose tolerance test (OGTT) during

screening. The WHO criteria of 2 h postprandial blood glucose

levels between 7·8 and 11·0 mmol/l was used to define IGT.

A total of fourteen volunteers were recruited. On screening

using OGTT, three were excluded because their insulin

secretion was insufficient, and thus they did not have hyper-

insulinaemia. Subjects were not treated with dietary or

exercise therapy or with any type of medication.

The present study was conducted according to the guide-

lines laid down in the Declaration of Helsinki and all

procedures involving human subjects were approved by the

Ethics Committee of the Faculty of Medicine, Tokushima

University Hospital, Tokushima, Japan. Written informed con-

sent was obtained from all subjects.

Meal

Reference food (white rice). Aseptically packed Satou WR

(200 g) was prepared as the reference food in the acute study.

A measure of 200 g was chosen as it is the mean of the rec-

ommended amount suggested for the Japanese population.

Test meal. The test meal consisted of combined WR with

viscous natto, yams and okra. The viscous substance of

natto is a polyglutamic acid associated with polysaccharide.

Japanese yams (Dioscorea japonica Thunb) and okra

(Abelmoschus esculentus (L.) moench) are popular vegetables

with a slimy consistency and also contain viscous polysacchar-

ides such as mannan, pectin and galactan. The viscosity

of natto, Japanese yams and okra increases like a slice of

gooey cheese pizza when they are grated, cut and stirred.

Control meal. The control meal included combined

WR with non-viscous boiled soyabeans, potatoes and broccoli.

We adopted these non-viscous foods because they were classed

within the same food group as the foods in the test meal.

Both the test and control meals were designed to resemble

a typical Japanese breakfast meal and contained comparable

amounts of carbohydrate, fat, protein and fibre (Table 2).

Meals were freshly prepared in a microwave oven, and the

cooking time and preparation methods were kept the same.

While the acute study was conducted in the laboratory, the

longer-term study was conducted at the subjects’ homes.

Water (200 ml) was served with each test meal. The effect of

these meals was compared in both the acute and longer-

term study, and both studies followed a crossover design.

Standardised meal. The standardised meal consumed by

all participants on the evening before each experimental day

consisted of retort-pouched curry with WR, boiled egg,

cheese and vegetable juice. The energy content of the evening

meal amounted to 38 % of the daily energy needs of each

individual.

Acute study design

The present randomised crossover study was conducted on

three different days separated by weekly intervals. On the

day before the test days, each subject consumed a standar-

dised meal for dinner and was asked to standardise their exer-

cise and to refrain from consuming alcohol. After an overnight

fast, venous blood samples were drawn before (0 min) and

after (30, 45, 60, 90, 120 and 180 min) the test meal in order

to analyse glucose, insulin and NEFA levels. Subjects were

instructed to consume the meal within 18 min and chew for

the same number of times during both meals in order to try

and standardise digestion amongst subjects. The incremental

areas under the curve (AUC) for glucose and insulin were

calculated using the trapezoidal rule(13).

Longer-term study design

In a randomised crossover study, subjects with IGT were given

either the test meal or the control meal during two consecutive

2-week periods (Fig. 1). The dietary periods were separated

by a 2-week washout interval. The subjects were free-living.

They were instructed to cook their breakfasts according to

written instructions and eat the test meal or the control meal

for breakfast only and not for any other meal. They were

also instructed to maintain their normal diet except for break-

fast throughout the study and were asked to continue with

their normal daily activities without varying the amount of

exercise they normally performed.

Table 1. Characteristics of the subjects

(Mean values with their standard errors, seven males
and four females)

Mean SE

Age (years) 45·2 2·9
Body mass (kg) 76·0 2·2
BMI (kg/m2) 27·6 0·7
Plasma glucose (mmol/l) 5·9 0·2
Serum insulin (pmol/l) 91·7 9·7
75 g OGTT 2 h glucose (mmol/l) 9·7 0·6
75 g OGTT 2 h insulin (pmol/l) 876·1 101·9
HbA1c (%) 5·4 0·1
HOMA-IR 4·15 0·63
Serum cholesterol (mmol/l) 5·5 0·3
Serum TAG (mmol/l) 2·1 0·3
Serum NEFA (mmol/l) 0·74 0·07

OGTT, oral glucose tolerance test; HOMA-IR, homeostasis
model assessment of insulin resistance.
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Measurements and calculations

The 75 g OGTT were performed at baseline and during two

post-meal periods (Fig. 1). Blood samples were collected to

determine plasma glucose and serum insulin levels at time 0,

30, 45, 60, 90, 120 and 180 min after the glucose load. Chronic

glycaemic control indices (including HbA1c, fructosamine and
1,5-anhydroglucitol), fasting serum lipid (including TAG, total
cholesterol, HDL-cholesterol and LDL-cholesterol), adipocyto-
kine (leptin and adiponectin) and oxidative stress indices
(malondialdehyde-modified LDL and N 1-carboxymethylly-
sine(14)) were also measured. All participants consumed the

Table 2. Composition of the test meals

WR Test meal Control meal

WR (200 g) WR (200 g) WR (200 g)
– Natto (50 g) Boiled soyabeans (50 g)
– Japanese yam (60 g) Potatoes (60 g)
– Okra (40 g) Broccoli (40 g)
– Soya sauce (6 g) Soya sauce (6 g)

Water (200 ml) Water (200 ml) Water (200 ml)
Energy (kJ) 72 109 109
Carbohydrate (g) 69·4 87 87·5
Protein (g) 4·2 15·1 15·3
Fat (g) 0·8 6·1 5·6
Dietary fibre (g) 0·5 6·5 6·6

Insoluble (g) 0·5 4·7 5·5
Soluble (g) – 1·8 1·1

WR, white rice.

0 1 2 3 4 5 6 7 8 weeks

Test meal periodGroup A (n 5)

Group B (n 6)

Wash-out periodRun-in period

Control meal period

Control meal period

Run-in period

75 g OGTT

Fasting blood sample

Analysis of body
composition

Life style record Every day

Diet survey (3 d food diary) (3 d food diary) (3 d food diary) (3 d food diary)

[Baseline] [Pre-meal period] [Post-meal period] [Pre-meal period] [Post-meal period]

(a)

(b)

Standardised dinner

20 8 9 10 11 12 (o'clock)

Overnight fasting

Crossover
Test meal
Control meal
White rice

Rest in a sitting positionRest

0 30 45 60 90 120 180 (min)
Experimental day

Wash-out period Test meal period

Fig. 1. Protocol of the (a) acute and (b) longer-term study. 75 g oral glucose tolerance test (OGTT). O, Blood collection for plasma glucose, serum insulin and

serum NEFA.
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standardised meal on the evening before the 75 g OGTT and

the collection of the fasting blood sample.

Insulin sensitivity was evaluated using the homeostasis

model assessment of insulin resistance index(15) and

the composite insulin sensitivity index (CISI) determined

by the formula 10 000=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððfasting glucose £ fasting insulinÞ£

p

ðmean glucose £ mean insulinÞÞ during the OGTT(16); values

at six points (0, 30, 60, 90, 120 and 180 min) were computed.

Statistical methods

All numerical values were expressed as means with their

standard errors. For the acute study, group differences were

evaluated with a repeated-measure ANOVA, followed by Fish-

er’s protected least significant difference test. For the longer-

term study, the Student’s t test was also used to compare

serum lipid and oxidative stress indices between the periods.
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Fig. 2. Acute response to the test and the control meal in subjects with impaired glucose tolerance. Values are means, with their standard errors represented

by vertical bars of (a) plasma glucose, (b) serum insulin and (c) NEFA concentrations after mixed meals, n 11. , White rice (WR); , test meal; ,

control meal. Values are means, with their standard errors represented by vertical bars of areas under the curve (AUC) for (d) glucose and (e) insulin calculated

over 60, 120 and 180 min time periods after mixed meals, n 11. , WR; , test meal; , control meal. Group differences were tested with a repeated-measures

ANOVA followed by Fisher’s protected least significant difference post hoc test. * Mean values were significantly different from the response to control meal

(P,0·05). † Mean values were significantly different from the response to WR meal (P,0·05). IAUC, incremental AUC.
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All statistical calculations were performed with StatView 5.0

(SAS Institute, Inc., Cary, NC, USA). Only P values ,0·05 were

considered as significant.

Results

Acute study

There was no significant difference in fasting values in sub-

jects taking any of the three types of test meals. However,

the plasma glucose responses at 30, 45 and 60 min and

serum insulin responses at 30, 45, 60 and 90 min after the

test meal were significantly lower than those after the control

meal (Fig. 2(a) and (b)). In addition, the glucose AUC after

the test meal were significantly lower (234 and 221 %)

than those after the control meal for the periods 0–60

and 0–120 min (Fig. 2(d)). The insulin AUC after the test

meal were also significantly lower (238, 231 and 227 %)

compared to those after the control meal for the time periods

0–60, 0–120 and 0–180 min (Fig. 2(e)). Interestingly, glucose

AUC after the WR meal was larger than that after the test

meal for the period 0–60 min, despite the WR meal having

lower carbohydrate content than the test meal. However,

the insulin AUC after the WR meal was not significantly

different to that after the test meal for the period 0–60 min

(Fig. 2(e)). The NEFA level after the test meal was

significantly higher than that after the control meal at all the

time points (Fig. 2(c)).

Longer-term study

All of the eleven subjects completed the study. Individual

compliance in the present study was evaluated using a

record of daily activities and a food diary, which revealed

that subjects compliantly adhered to the prescribed diet. On

the basis of the food diary, total dietary energy consumption

comprising all ingested food was not significantly different

between each period (data not shown). Body weight of the

subjects remained stable throughout the study (Table 3).

During the study, no adverse events were experienced and

therefore there was no reason to discontinue the intervention,

although symptoms of fatigue and a slight cold were

observed. This dietary intervention was not associated with

gastrointestinal symptoms such as diarrhoea, abdominal

pain, hypophagia, vomiting, constipation or hyperphagia.

Table 3. Body weight and blood glucose control indices in the longer-term study*

(Mean values with their standard errors, n 11)

Test meal period Control meal period

Pre Post Pre Post

Mean SE Mean SE Mean SE Mean SE

Body weight (kg) 76·5 2·3 76·1 2·3 76·3 2·3 76·0 2·3
Fasting blood glucose (mmol/l) 5·6 0·2 5·7 0·3 5·8 0·2 5·7 0·3
Fasting serum insulin (pmol/l) 81·2 10·8 87·2 12·3 96·9 14·8 90·8 12·3
HbA1c (%) 5·36 0·12 5·31 0·11 5·33 0·10 5·31 0·12
Fructosamine (mmol/l) 222·4 4·6 223·9 3·8 225·3 4·0 222·5 4·3
1,5-Anhydroglucitol (mg/ml) 21·1 3·6 21·7 3·1 21·3 3·0 21·9 3·2

* Group differences were tested with a repeated-measures ANOVA followed by Fisher’s protected least significant difference test. No significant differences were observed.

Table 4. The 75 g oral glucose tolerance test (OGTT), insulin sensitivity indices and adipocytokine in the longer-term study†

(Mean values with their standard errors, n 11)

Baseline Post-test meal period Post-control meal period

Mean SE Mean SE Mean SE

75 g OGTT
Glucose (mmol/l)

0 min 5·9 0·2 5·7 0·3 5·7 0·3
120 min 9·6 0·6 8·8 0·7 9·2 0·8
180 min 6·2 0·7 5·5 0·6 5·7 0·6

Insulin (pmol/l)
0 min 91·7 9·7 87·2 12·3 90·8 12·3
120 min 927·6 109·8 664·8 94·2 667·8 118·2
180 min 431·4 93·6 314·4* 81·6 274·8* 82·2

Insulin sensitivity indices
HOMA-IR 4·15 0·63 3·82 0·67 3·96 0·63
CISI 2·20 0·24 2·77* 0·40 2·66 0·29

Adipocytokine
Adiponectin (mg/ml) 5·06 0·64 5·27 0·64 5·26 0·51
Leptin (ng/ml) 12·0 2·1 12·4 3·0 10·6 2·2

HOMA-IR, homeostasis model assessment of insulin resistance; CISI, composite insulin sensitivity index.
* Mean values were significantly different from the baseline (P,0·05).
† Group differences were tested with a repeated-measures ANOVA followed by Fisher’s protected least significant difference test.
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Glucose metabolism. HbA1c, fructosamine and 1,5-anhy-

droglucitol, all indices of chronic glycaemic control, did not

significantly change as a result of dietary intervention (Table 3).

Serum insulin levels at 180 min obtained from 75 g OGTTafter

both the test and control meal periods decreased compared to

the baseline. CISI after the test meal period increased compared

to the baseline, whereas there was no significant change after

the control meal period. However, there was no significant

difference in homeostasis model assessment of insulin resist-

ance between baseline and post-meal periods. Similarly, leptin

and adiponectin levels also did not change (Table 4).

Lipid metabolism. Serum total cholesterol and

LDL-cholesterol after the test meal period markedly decreased

compared to the pre-test meal period, although no significant

changes were observed after the control meal period (Fig. 3).

Oxidative stresses. Malondialdehyde-modified LDL after

both the test and control meal periods significantly decreased

compared to the baseline level, and malondialdehyde-

modified LDL:LDL-cholesterol ratio significantly decreased

after the test meal period but not after control meal periods.

N 1-carboxymethyllysine level after the test meal period was

lower than that after the control meal period (Fig. 4).

Discussion

The result of the present study confirmed that the consump-

tion of natto and viscous vegetables combined with WR

improved the postprandial blood glucose and insulin profiles

in subjects with IGT. We were also able to demonstrate that

consumption of natto and viscous vegetables in a Japanese-

style breakfast for 2 weeks improved insulin sensitivity, lipid

profile and oxidative stress in subjects.

Although postprandial glucose and insulin responses to the

test meal were greater in subjects with IGT rather than in

healthy subjects(7), the responses were markedly suppressed

when compared to the control meal. Soluble viscous fibres

generally have a greater effect on carbohydrate metabolism

in the small intestine by delaying gastric emptying, although

a slower rate of absorption may also play a role. Here, natural

vegetables with viscosity might affect carbohydrate metab-

olism by a similar mechanism. For example, the prolonged

satiety after the viscous meal, as assessed by visual analog

scales, may reflect delayed gastric emptying (data not

shown). Unlike milk products that stimulate insulin secretion

and lower blood glucose(17), consumption of the viscous

meal significantly reduced insulinaemia, owing to alterations

in the dynamics of glucose absorption and insulin secretion.

This is potentially beneficial, as even short durations of

hyperinsulinaemia induce insulin resistance in healthy sub-

jects(18). Furthermore, the fact that postprandial NEFA levels

after ingestion of the test meal were higher than the control

meal might lead to lower NEFA levels at a subsequent fasting

state, which is a favourable effect on glucose utilisation and

insulin profile(19).
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Improvement of insulin sensitivity after intake of natto and

viscous vegetables for 2 weeks was demonstrated by CISI,

which is a more sensitive marker than homeostasis model

assessment of insulin resistance. Homeostasis model assess-

ment of insulin resistance is computed by fasting values

of plasma glucose and serum insulin only, whereas CISI is

calculated using fasting values and the mean of the plasma

glucose and serum insulin readings taken during the OGTT.

Decreased plasma glucose and serum insulin during OGTT

after the test meal period derived lower CISI than after the

control meal periods. Improvement of insulin sensitivity

may be due to the repeated suppression of postprandial

hyperglycaemia and hyperlipidaemia as a result of consuming

viscous vegetables(20), and the decreased insulin secretion

result in reduced synthesis of cholesterol in the liver(21). Sev-

eral studies have shown that postprandial hyperglycaemia

causes oxidative stress, inflammation and endothelial dysfunc-

tion(22). Controlling postprandial hyperglycaemia by viscous

vegetable consumption may serve to prevent or improve a

number of symptoms that are associated with insulin resist-

ance syndrome and CVD(23). Overall, low-GI foods have a

high fibre content, making it difficult to independently

define the effect of GI and fibre(24). The test meal and control

meal within the present study, however, have a comparable

amount of fibre; hence, the favourable results observed are

likely to be a consequence of suppression of postprandial

hyperglycaemia and hyperinsulinaemia.

Several types of low-GI foods served as breakfast meals

have the ability to lower glucose tolerance during the subse-

quent meal, i.e. lunch(25–27). The mechanism for the ‘second-

meal effect’ is that a prolonged absorptive phase following

breakfast will favour more efficient suppression of NEFA,

thus improving insulin sensitivity at the time of the next

meal(28). The effect of viscous vegetables as the only meal

intervention of the day in the present study can be explained

by the second-meal effect. As total dietary GI modification

of all meals is difficult, positive effects from a single-meal

replacement with a low-GI diet is of particular interest, and

suggests that such a diet should be strongly recommended

to promote good health and disease prevention. However,

total dietary intervention, not only at breakfast but also at

lunch, dinner and in-between meal snacks, although difficult

to implement and continue, is likely to have greater potential

benefits than single-meal intervention.

The effect of diet is very complex and multiphasic. This is

evident when looking at GI. It has been demonstrated that

the GI of foods can be reduced by adding fat(29). However,

a high-fat diet induces hypertriacylglycerolaemia, resulting in

insulin resistance(30) and has damaging effects on endothelial

function, producing oxidative stress and inflammation(31).

The test meal in the present study has low fat because

WR contains little fat and goes well with low-fat side dishes.

Actually, the addition of a low-fat viscous side dish to WR

resulted in no increase in plasma glucose, serum insulin or

postprandial serum TAG (data not shown); this combination

may be effective for glycaemic control, insulin resistance

and CVD.

Limitations of the present study include its small sample size

and short duration. Studying more subjects for a longer period

of time is clearly needed to determine the sustainability and

long-term health effects of natto and viscous vegetables. The

strengths of the present study include good subject compli-

ance and effective preparation of subjects for both OGTT

and blood sample collection. This was done by standardising

the final meal before the beginning and ending of the test

periods, ensuring that accurate evaluation was possible on

dietary intervention.

In summary, the breakfast of natto and viscous vegetables

combined with WR consumed for 2 weeks improved insulin

sensitivity, serum lipid concentration and oxidative stress

by decreasing postprandial glucose and insulin responses in

overweight subjects with IGT, suggesting metabolic benefits

in relation to the insulin resistance syndrome.
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