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Abstract
Aims/hypothesis The aim of the study was to compare the
effect of six (A6 regimen) vs two meals a day, breakfast and
lunch (B2 regimen), on body weight, hepatic fat content
(HFC), insulin resistance and beta cell function.
Methods In a randomised, open, crossover, single-centre
study (conducted in Prague, Czech Republic), we assigned
54 patients with type 2 diabetes treated with oral
hypoglycaemic agents, both men and women, age 30–70
yea r s , BMI 27–50 kg /m2 and HbA1c 6–11 .8%
(42–105 mmol/mol), to follow two regimens of a
hypoenergetic diet, A6 and B2, each for 12 weeks.
Randomisation and allocation to trial groups (n=27 and
n=27) were carried out by a central computer system. Indi-
vidual calculations of energy requirements for both regimens
were based on the formula: (resting energy expenditure×1.5)

−2,092 kJ. The diet in both regimens had the same macronu-
trient and energy content. HFC was measured by proton
magnetic resonance spectroscopy. Insulin sensitivity was
measured by isoglycaemic–hyperinsulinaemic clamp and cal-
culated by mathematical modelling as oral glucose insulin
sensitivity (OGIS). Beta cell function was assessed during
standard meal tests by C-peptide deconvolution and was
quantified with a mathematical model. For statistical analysis,
2×2 crossover ANOVAwas used.
Results The intention-to-treat analysis included all participants
(n=54). Body weight decreased in both regimens (p<0.001),
more for B2 (−2.3 kg; 95% CI −2.7, −2.0 kg for A6 vs −3.7 kg;
95% CI −4.1, −3.4 kg for B2; p<0.001). HFC decreased in
response to both regimens (p<0.001), more for B2 (−0.03%;
95% CI −0.033%, −0.027% for A6 vs −0.04%; 95% CI
−0.041%, −0.035% for B2; p=0.009). Fasting plasma glucose
and C-peptide levels decreased in both regimens (p<0.001),
more for B2 (p=0.004 and p=0.04, respectively). Fasting plas-
ma glucagon decreased with the B2 regimen (p<0.001), where-
as it increased (p=0.04) for the A6 regimen (p<0.001). OGIS
increased in both regimens (p<0.01), more for B2 (p=0.01).
No adverse events were observed for either regimen.
Conclusions/interpretation Eating only breakfast and lunch
reduced body weight, HFC, fasting plasma glucose, C-peptide
and glucagon, and increased OGIS, more than the same caloric
restriction split into six meals. These results suggest that, for
type 2 diabetic patients on a hypoenergetic diet, eating larger
breakfasts and lunches may be more beneficial than six smaller
meals during the day.
Trial registration ClinicalTrials.gov number, NCT01277471,
completed.
Funding Grant NT/11238-4 from Ministry of Health, Prague,
Czech Republic and the Agency of Charles University –GAUK
No 702312.

H. Kahleova (*) : L. Belinova :H. Malinska :O. Oliyarnyk :
J. Trnovska :V. Skop : L. Kazdova : T. Pelikanova
Diabetes Centre, Institute for Clinical and Experimental Medicine,
Videnska 1958/9, 140 21 Prague, Czech Republic
e-mail: hana.kahleova@gmail.com

L. Belinova
First Faculty of Medicine, Charles University,
Prague, Czech Republic

M. Dezortova :M. Hajek
Department of Diagnostic and Interventional Radiology, Institute for
Clinical and Experimental Medicine, Prague, Czech Republic

A. Tura
Metabolic Unit, Institute of Biomedical Engineering, National
Research Council, Padua, Italy

M. Hill
Department of Steroid Hormones and Proteohormones, Institute of
Endocrinology, Prague, Czech Republic

Diabetologia
DOI 10.1007/s00125-014-3253-5



Keywords Hepatic fat content . Insulin sensitivity . Two
meals a day . Type 2 diabetes

Abbreviations
A6 Six meals a day regimen
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MCR Metabolic clearance rate of glucose
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Introduction

Frequency of meals is an important aspect of nutrition, with
profound effects on human health and lifespan. Excessive ener-
gy intake is associated with an increased incidence of chronic
diseases including diabetes and is a leading cause of disability
and death in Western countries [1]. A hypoenergetic diet is
crucial for both the prevention and treatment of type 2 diabetes.
It is usually consumed as five or six small meals per day. Eating
more frequently is presumed to reduce hunger and thus reduce
energy intake and body weight. However, the effects of meal
frequency on human health and longevity are unclear [2].

Reduced meal frequency can prevent the development of
chronic diseases and extend the lifespan in laboratory animals
due to lower oxidative damage and higher stress resistance [3,
4]. Mice under time-restricted feeding have an equivalent
energy intake from a high-fat diet as those with ad libitum
access yet are protected against obesity, hyperinsulinaemia and
hepatic steatosis [5, 6]. Intermittent fasting leads to a prolonged
lifespan and positively affects glucose tolerance, insulin sensi-
tivity and incidence of type 2 diabetes in mice [3, 4]. There is
also emerging literature demonstrating a relationship between
the timing of feeding and weight regulation in animals.

Observational trials in humans indicate that eating more
often than three times a day may play a role in overweight and
obesity [7] and that frequent eating predisposes to a higher
energy intake by increasing food stimuli and difficulty con-
trolling energy balance [8]. In a randomised controlled study,
more frequent eating was not related to a greater reduction in
energy intake or body weight [9]. In type 2 diabetic patients it
has been demonstrated that it may be more beneficial for
glycaemic control to eat one larger instead of two smaller
meals, provided the diet is rich in fibre [10].

It has been demonstrated that a large isocaloric mixed meal
causes a greater postprandial thermogenic response than the
same food consumed in six smaller portions [11]. Observa-
tional data suggest that eating meals later in the day may
influence the success of weight-loss therapy, even in humans
[12]. It has also been shown that fat storage increases during
the day and is the greatest after an evening meal [13]. It has

been observed that eating breakfast regularly may protect
against weight gain, despite a higher total daily energy intake
[14].

To the best of our knowledge, no interventional trials have
investigated the relationship between eating frequency and
weight change together with hepatic fat content (HFC), glu-
cose tolerance and insulin resistance in humans, especially in
patients with type 2 diabetes. The aim of our study was to
compare the effect of six vs two meals a day (breakfast and
lunch, as this regimen allows a reasonable fasting time, yet is
sustainable in the long term) with the same caloric restriction
on body weight, HFC, insulin resistance and beta cell function
in individuals with type 2 diabetes. It was hypothesised that
eating only breakfast and lunch would reduce body weight
and HFC (and consequently, improve insulin resistance and
beta cell function) more than six meals a day would.

Methods

Participants

Out of the 219 individuals screened, 54 patients with
type 2 diabetes (with disease duration of more than
1 year) treated by oral hypoglycaemic agents (both men
and women), age 30–70 years, BMI 27–50 kg/m2 and HbA1c

6–11.8% (42–105 mmol/mol), met all the inclusion criteria,
gave their written informed consent and underwent
randomisation. Exclusion criteria comprised alcohol or drug
abuse, pregnancy or lactation, unstable medication or weight
in the last 3 months, a diagnosis of type 1 diabetes and the
presence of a cardiostimulant.

Study design

We used a randomised crossover study design. The study
protocol was approved by the Institutional Ethical Committee.
In a single-centre study, after a 1 month run-in period (when
the patients learned how to write their food diaries and use the
pedometers and glucometers), the participants began a
12 week regimen of either six (A6) or two (B2) meals a day.
The A6 regimen consisted of three main meals (breakfast,
lunch and dinner), and three smaller snacks in between. The
B2 regimen consisted of breakfast (eaten between 06:00 and
10:00 hours) and lunch (eaten between 12:00 and
16:00 hours). The regimens were switched for the subsequent
12 weeks. All measurements were performed at weeks 0
(baseline), 12 and 24 (Fig. 1 and Table 1).

Diet

The composition of the diet in both regimens followed the
Study Group on Diabetes and Nutrition of the European
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Association for the Study of Diabetes guidelines [15] with the
same caloric restriction: a restriction of 2,092 kJ/day
(500 kcal/day) based on the measurement of each individual’s
resting energy expenditure (REE) by indirect calorimetry
(metabolic monitor VMAX; SensorMedics, Anaheim, CA,
USA) [16]. Individual calculations of energy requirements
for both regimens were based on the formula: (REE×1.5)−
2,092 kJ. The diet derived 50–55% of its total energy from
carbohydrates, 20–25% from protein and less than 30% from
fat (≤7% saturated fat, less than 200 mg/day of cholesterol),
with 30–40 g/day of fibre. Alcoholic beverages were limited
to one per day for women and two per day for men. Partici-
pants were asked not to alter their exercise habits during the
study. Each regimen started with a 4 day tutorial where they
learned in detail how to compose and prepare their diet, with
follow-up 1 h weekly meetings with lectures and cooking
classes throughout the whole study. All the meals during the
entire 24 weeks of the study were provided for one half of the
participants (randomised within each study arm with an equal
number of participants) while the other half of the participants
prepared their meals by themselves.

Compliance

At weeks 0, 12, and 24, a 3 day dietary record (2 weekdays
and 1 weekend day) was completed by each participant. A
registered dietitian analysed all these dietary records using a

country-specific food-nutrient database NutriDan 1.2 (www.
institut-danone.cz/cz/odborna-sekce/nutridan).

Physical activity

This was assessed with an Omron HJ-720IT pedometer
(Omron, Kyoto, Japan; using a 1 month average step count
for evaluation) and two questionnaires: the International
Physical Activity Questionnaire [17] and the Baecke ques-
tionnaire [18] at weeks 0, 12, and 24.

Medication

Participants were asked to continue their pre-existing medica-
tion regimens, except when hypoglycaemia occurred repeat-
edly (fasting plasma glucose determined at the laboratory
<4.4 mmol/l or a capillary glucose reading <3.4 mmol/l
accompanied by hypoglycaemic symptoms). In such cases,
medications were reduced by a study physician following the
medication protocol. All participants were given an Accu-Chek
Performa glucometer (Roche, Basel, Switzerland) and
instructed how to use it.

Procedures

All measurements were performed on an outpatient basis at
weeks 0, 12 and 24, after a 10–12 h overnight fasting with tap
water ad libitum. Height and weight were measured using a

219 persons with T2DM were
screened

54 underwent
randomisation

165 were excluded
112 did not meet inclusion criteria
53 refused to participate

27 started with
6 meals a day

27 started with
2 meals a day

2 withdrew owing to
lack of motivation

25 completed 12 weeks
of 6 meals a day and

started with
2 meals a day

23 completed 12 weeks
of 2 meals a day

2 withdrew owing to
personal and family reasons

27 were included in the
analysis

1 withdrew owing to
personal reasons

26 completed 12 weeks
of 2 meals a day and

started with
6 meals a day

24 completed 12 weeks
of 6 meals a day

2 withdrew owing to
lack of motivation

27 were included in the
analysis

December 2010–February 2011

February 2011

June–July 2011

September–
October 2011

March 2011

Fig. 1 Enrolment of the
participants and completion of the
study. T2DM, type 2 diabetes
mellitus
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periodically calibrated scale accurate to 0.1 kg. Waist circum-
ference was measured with a tape measure placed at the
midpoint between the lowest rib and the upper part of
the iliac bone. Blood pressure and heart rate were measured
after 5 min in a seated position at rest, using a digital M6
Comfort monitor (Omron, Kyoto, Japan). Three measure-
ments were taken 2 min apart. The first measurement was
discarded, and the mean of the remaining two measurements
was recorded.

Indirect calorimetry Gas exchange measurements were taken
during a 45 min basal period before the clamp. Air flow and
O2 and CO2 concentrations in expired and inspired air were
measured by a continuous open-circuit system (metabolic
monitor VMAX; SensorMedics, Anaheim, CA, USA).

Meal tests Plasma concentrations of glucose, immunoreactive
insulin and C-peptide were measured at 0, 30, 60, 120 and
180 min after a standard breakfast (1,895 kJ, 45% carbohy-
drates, 17% proteins, 38% lipids). Insulin secretion and
whole-body insulin sensitivity were calculated by mathemat-
ical modelling (described below).

Hyperinsulinaemic isoglycaemic clamp The hyperinsulinaemic
(1 mU kg−1 min−1) isoglycaemic clamp, lasting 3 h, was
conducted as previously described [19]. Insulin sensitivity
was estimated as the metabolic clearance rate of glucose
(MCR) [19].

Proton magnetic resonance spectroscopy HFC was measured
by proton magnetic resonance spectroscopy on a 3 T MR
scanner (Magnetom Trio, Siemens, Erlangen, Germany) with
an eight-channel body array coil. This method has been validat-
ed at our institution [20]. The measurement protocol included
conventional MRI using a localiser and HASTE sequence with
breath-holding in the coronal and transversal planes. Spectra
were obtained from three different segments of the right lobe
of the liver—volume of interest, 30 ml each and evaluated using
the LCModel (www.s-provencher.com/pages/lcmodel.shtml)
and MestReC (Mestrelab Research, Santiago de Compostela,
Spain) programs. The signal intensities of water and hepatic
lipids were used to determine the fat to total signal peak area
ratio and then converted to absolute concentrations expressed as
a percentage of fat using equations validated by Longo et al [21].
Fourteen individuals did not undergo an HFCmeasurement due
to the patient’s refusal, claustrophobia or the patient’s weight
exceeding the limit of the equipment.

Calculations

Modelling analysis of beta cell function was performed during
standard meal tests. Insulin secretory rates were calculated
from plasma C-peptide levels by deconvolution [22] and
expressed per square meter of estimated body surface area.
The dependence of insulin secretory rates on glucose levels
was modelled separately for each patient and each study
day. The beta cell model used in the present study, describing
the relationship between insulin secretion and glucose
concentration, has previously been described in detail
[23–25].

Briefly, insulin secretion consists of two components. The
first component represents the dependence of insulin secretion
on absolute glucose concentration at any time point and is
characterised by a dose–response function. Characteristic var-
iables of the dose–response are insulin secretion at a fixed
glucose concentration and the mean slope in the observed
glucose range. The dose–response was modulated by a poten-
tiation factor that accounts for several agents (prolonged
exposure to hyperglycaemia, non-glucose substrates, gastro-
intestinal hormones and neurotransmitters). The potentiation
factor was set to be a positive function of time and to be an
average of 1 during the experiment. It thus expresses a relative
potentiation of the secretory response to glucose.

The second insulin secretion component represents a
dynamic dependence of insulin secretion on the rate of change
of glucose concentration. Termed the derivative component, it

Table 1 Baseline characteristics of the study population

Characteristic Study group (n=54)

Age (years) 59.4±7.0

Sex, n (%)

Male 29 (54)

Female 25 (46)

Duration of diabetes (years) 8.1±5.8

Smokers, n (%) 10 (19)

Weight (kg) 94.1±15.5

BMI (kg/m−2) 32.6±4.9

HbA1c (DCCT) (%) 7.2±3.3

HbA1c (IFCC) (mmol/mol) 54.9±13.0

Systolic blood pressure (mmHg) 140±14

Diastolic blood pressure (mmHg) 85±8

Resting heart rate (beats/min) 71±9

Oral hypoglycaemic agents, n (%)

Metformin 41 (76)

Sulfonylurea 16 (30)

Thiazolidinedione 3 (6)

Glinides 2 (4)

Acarbose 1 (2)

DPP-4 inhibitors 19 (35)

Lipid-lowering therapy, n (%) 31 (57)

Antihypertensive therapy, n (%) 33 (61)

Data are means ± SD

DCCT, Diabetes Control and Complications Trial; IFCC, International
Federation of Clinical Chemistry
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is described by a single variable, rate sensitivity. This secretion
component is related to early insulin release [23, 24].

The model variables (the variables of the dose–response,
the rate sensitivity and the potentiation factor) were estimated
from the glucose and C-peptide concentrations by regularised
least squares, as previously described [23, 24]. Estimation of
the individual model variables was performed blinded for the
randomisation of the patients for treatment.

Whole-body insulin sensitivity was estimated in two ways:
(1) as the MCR calculated during the last 20 min of the
isoglycaemic hyperinsulinaemic clamp after correction for
changes in glucose pool size [19], and (2) by a glucose–insulin
model to derive an oral glucose insulin sensitivity (OGIS)
index, validated against the clamp data [3].

Analytical methods

Serum glucose was analysed using the Beckman Analyser
glucose-oxidase method (Beckman Instruments, Fullerton,
CA, USA). Plasma immunoreactive insulin and C-peptide
concentrations were determined using insulin and C-peptide
IRMA kits (Immunotech, Prague, Czech Republic). HbA1c

was measured by HPLC (Tosoh, Tokyo, Japan). Plasma con-
centrations of glucagon were measured using ELISA kits
(BioVendor, Brno, Czech Republic). Plasma lipids concentra-
tions were measured by enzymatic methods (Roche, Basel,
Switzerland). HDL-cholesterol was measured after double
precipitation with dextran and MgCl2. LDL-cholesterol was
estimated using the Friedewald equation if the triacylglycerol
concentration was <4.53 mmol/l.

Statistical analyses

The intention-to-treat analysis included all participants. We
tested the distributions of the data. If the distribution was
skewed, we used the Box-Cox transformation to attain data
symmetry and homoscedasticity [26]. Non-homogeneities in
the data were detected using residual analysis as described
elsewhere [27]. 2×2 crossover ANOVA was used for data
evaluation. The model consisted of the between-subject factor
‘sequence’, the factor ‘subject’ and within-subject factors of
‘period’ and ‘treatment’. In a subsequent subanalysis, the
factor for prepared meals that were collected by patients was
added. The relationships between continuous variables were
evaluated using Pearson’s correlation and BMI-adjusted
partial correlations.

Results

The results are expressed as the changes in response to the A6
and B2 regimens, presented as means with 95%CIs (Fig. 2 and
Table 2). The factors ‘period’ and ‘sequence’ (the order of the

regimens) were not significant. No substantial unfavourable
effects of the regimens were observed.

Dietary intake and physical activity

Reported dietary intake decreased (p<0.001) comparably un-
der both regimens. Physical activity increased (p<0.05)
slightly, but negligibly—by about 2,000 steps per month—in
both regimens (see Table 2).

Body weight and HFC

Body weight and HFC decreased under both regimens
(p<0.001), more with B2 (p<0.001; −2.3 kg; 95% CI −2.7,
−2.0 kg with A6 vs −3.7 kg; 95% CI −4.1, −3.4 kg with B2;
and p=0.009; −0.03%; 95% CI −0.033, −0.027% with A6 vs
−0.04%; 95% CI −0.041, −0.035% with B2, respectively;
Fig. 2a and b). Similarly, BMI and waist circumference de-
creased with both regimens (p<0.001), more with B2
(p<0.001; −0.82 kg/m2; 95% CI −0.94, −0.69 kg/m2 with
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Fig. 2 Changes in anthropometric and laboratory variables. Data are
shown as changes from baseline in response to the regimen of six (A6)
and two meals (B2) a day. Data are mean ± 95% CI. Significance of the
factor treatment (assessed by 2×2 crossover ANOVA) is indicated by:
*p<0.05; **p<0.01; ***p<0.001; NS, non-significant. (a) Δ Weight,
n=54, (b) Δ HFC, n=48, (c) Δ Fasting plasma glucose, n=54, (d) Δ
Fasting plasma C-peptide, n=54, (e) Δ Fasting plasma glucagon, n=54,
(f)Δ HbA1c, n=54, (g)ΔMCR, n=49, (h)Δ Insulin sensitivity (OGIS),
n=51, (i) Δ REE, n=52. To convert values for HbA1c in % into
mmol/mol, subtract 2.15 and multiply by 10.929
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A6 vs −1.23 kg/m2; 95% CI −1.4, −1.17 kg/m2 with B2; and
−1.37 cm; 95% CI −2.01, −0.73 cm with A6 vs −5.14 cm;
95% CI −5.78, −4.50 cm in B2, respectively; Table 2).

Glycaemic control

Fasting plasma glucose decreased under both regimens
(p<0.001), more with B2 (p=0.004; −0.47 mmol/l; 95% CI
−0.57, −0.36mmol/l with A6 vs −0.78mmol/l; 95%CI −0.89,
−0.68 mmol/l with B2; Fig. 2c). Fasting C-peptide decreased
in both regimens, more with B2 (p=0.04; −0.049 nmol/l; 95%
CI −0.091, −0.006 nmol/l with A6 vs p<0.001; −0.14 nmol/l
95% CI −0.181, −0.099 nmol/l with B2; p=0.04; Fig. 2d).
Fasting immunoreactive insulin decreased (p<0.04) compa-
rably with both regimens (−0.69 pmol/l; 95% CI −1.18, −0.21
pmol/l with A6 vs −0.75 pmol/l; 95% CI −1.23, −0.27 pmol/l
with B2; p=0.9; Table 2). Fasting glucagon decreased with B2
(p<0.001; −343 pg/ml; 95% CI −375, −311 pg/ml), whereas
it increased (p=0.04; +53 pg/ml; 95% CI +22, +84 pg/ml)
with A6 (p<0.001; Fig. 2e). HbA1c decreased (p<0.001)
comparably with both regimens (−0.23%; 95% CI −0.27,
−0.19% with A6 vs −0.25%; 95% CI −0.29, −0.20% with
B2; p=0.08; Fig. 2f).

Whole-body insulin sensitivity

MCR increased (p<0.001) comparably with both regimens
(+0.45 ml kg−1 min−1; 95% CI +0.24, +0.67 ml kg−1 min−1

with A6 vs +0.52 ml kg−1 min−1; 95% CI +0.30,
+0.74 ml kg−1 min−1 with B2; p=0.8; Fig. 2g). OGIS in-
creased in both regimens (p<0.01), more with B2 (p=0.01;
+8.2 ml min−1 m−2; 95% CI +3.4, +13.1 ml min−1 m−2 with
A6 vs +21 ml min−1 m−2; 95% CI +16.1, +26.0 ml min−1 m−2

with B2; Fig. 2h).

Beta cell function

Insulin secretion at the reference level and glucose sensitivity
increased (p<0.05) comparably with both regimens. Rate
sensitivity and potentiation factor also decreased (p<0.05)
comparably (Table 2).

Plasma lipids

Triacylglycerols and LDL-cholesterol decreased comparably
under both regimens. No significant change in total or
HDL-cholesterol was observed in either regimen (Table 2).

REE

REE decreased under both regimens (p<0.001), with a trend
toward a greater decrease with A6 (−453.1 kJ/day; 95% CI
−524.3, −382.8 kJ/day with A6 vs −379.9 kJ/day; 95% CI
−449.8, −310.9 kJ/day with B2; p=0.3; Fig. 2i).

Table 2 Changes in anthropometric and laboratory variables in response to regimens of six (A6) and two (B2) meals a day

Variables Six meals a day (A6) Two meals a day (B2) p values

Dietary intake – energy (kJ/day) −1,590 (−1,970 to −1,054)*** −1,757 (−2,105 to −1,201)*** 0.731

Dietary intake – fat (g/day) −35.0 (−43.7 to −27.9)*** −38.2 (−44.4 to −32.2)*** 0.921

Dietary intake – carbohydrates (g/day) −19.7 (−32.4 to −3.1)*** −23.2 (−37.8 to −8.5)*** 0.873

Dietary intake – protein (g/day) +0.9 (−3.7 to +5.6) −4.6 (−8.7 to +1.1) 0.637

Step count (steps/month) +2,092 (+879 to +3,493)* +2,213 (+996 to +3,612)* 0.876

BMI (kg/m2) −0.82 (−0.94 to −0.69)*** −1.23 (−1.4 to −1.17)*** <0.001

Waist circumference (cm) −1.37 (−2.01 to −0.73)*** −5.14 (−5.78 to −4.50)*** <0.001

Fasting plasma glucose (mmol/l) −0.47 (−0.57 to −0.36)*** −0.78 (−0.89 to −0.68)*** 0.004

Fasting immunoreactive insulin (pmol/l) −0.69 (−1.18 to −0.21)* −0.75 (−1.23 to −0.27)* 0.910

Triacylglycerols (mmol/l) −0.28 (−0.39 to −0.17)** −0.17 (−0.28 to −0.06)* 0.300

Total cholesterol (mmol/l) −0.05 (−0.13 to +0.04) −0.07 (−0.15 to +0.01) 0.730

HDL-cholesterol (mmol/l) +0.016 (−0.006 to +0.038) +0.003 (−0.019 to +0.025) 0.570

LDL-cholesterol (mmol/l) −0.08 (−0.15 to −0.01)* −0.06 (−0.13 to −0.01) 0.823

Insulin secretion at reference level (pmol min−1 m−2) +22.9 (+11.7 to +34.0)* +20.0 (+8.7 to +31.2)* 0.795

Glucose sensitivity (pmol min−1 m−2 mmol−1 l−1) +5.8 (+2.3 to +9.5)* +5.9 (+2.3 to +9.5)* 0.991

Rate sensitivity (pmol m−2 mmol−1 l−1) −141.9 (−248.2 to −36.8)* −251.5 (−358.9 to −145.3)* 0.303

Potentiation factor (dimensionless) −0.034 (−0.059 to −0.009)* −0.038 (−0.062 to −0.013)* 0.890

Data are mean ± 95% CI

Listed p values are from 2×2 crossover ANOVA for the factor ‘treatment’

Significant changes during the regimens are indicated by: *p<0.05; **p<0.01; ***p<0.001
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Correlations

The decrease in HFC showed a strong positive correlation
with the decrease in fasting plasma glucose (r=+0.56;
p<0.001). This association remained significant even after
adjustment for changes in BMI (r=+0.28; p=0.05).

Changes in glucose sensitivity and OGIS correlated nega-
tively with changes in HFC (r=−0.28; p=0.02 and r=−0.47;
p<0.001, respectively). After adjustment for changes in BMI,
the correlations were no longer significant.

Discussion

Principal findings

This randomised crossover 24 week study examined the effect
of frequency of meals on bodyweight, HFC, insulin resistance
and beta cell function in type 2 diabetic patients. A compar-
ison of the effect of six vs two meals (breakfast and lunch)
with the same daily energy restriction (−2,092 kJ/day) and
macronutrient content, each regimen lasting 12 weeks, dem-
onstrated a superior effect of B2 on body weight, HFC, fasting
plasma glucose, C-peptide, glucagon and OGIS. The effect of
meal frequency on MCR and beta cell function was not
significant.

Findings in relation to other research

The superior effect of B2 on most of the variables studied
supports our hypothesis and previous lines of evidence from
animal models, observational studies and randomised trials
[5, 7, 8, 12, 14].

Our results are in strong agreement with animal studies,
which have demonstrated the glucose-lowering effects of
intermittent fasting regimens (such as every other day fasting
or fasting for 2 days a week). These regimens reduce blood
glucose and insulin concentrations, improve glucose tolerance
[4, 28], mainly due to increased insulin sensitivity [29], and
extend the lifespan of laboratory animals [30].

Our data contradict the widely held opinion that eating
more frequently is healthier than eating less frequent larger
meals. Some studies have suggested that people who consume
more snacks are less likely to be obese [31], but other large
prospective studies have demonstrated that frequent snacking
may lead to weight gain [32] and an increased risk of type 2
diabetes [33, 34] because of the higher energy intake, mainly
from added sugars [35]. Furthermore, the reported benefits of
more frequent meals are usually associated with meal frequen-
cies exceeding those which might be translated into practical
recommendations [36]. In fact, some of the early experiments
with frequency of eating [37, 38] only underline the impor-
tance of fibre and low glycaemic index foods in the diet.

Studies involving individuals with type 2 diabetes are
rather limited in both length and sample size. A longer term
study, comparing the effect of three and nine meals daily (each
period lasting 4 weeks), in 13 patients with type 2 diabetes, did
not confirm the beneficial effects of increased meal frequency
[39]. It has recently been demonstrated that, for glycaemic
control, eating fewer larger meals rich in fibre instead of more
smaller ones may be more beneficial for type 2 diabetic
patients [10].

Ours is the first study into the effect of meal frequency on
insulin resistance and HFC. MCR increased in response to
both regimens, with a trend toward a greater increase with B2.
The difference between the two regimens was not significant,
probably due to a limited number of participants. OGIS in-
creased in response to both regimens, more for B2. The
increased insulin sensitivity positively influenced the decrease
in fasting plasma glucose and HFC (although the HbA1c level
decreased comparably in both regimens) or, conversely,
decreased HFC may have led to increased insulin sensitivity,
because HFC is typically associated with insulin resistance
(independent of BMI) [40], metabolic syndrome, type 2 dia-
betes and subclinical atherosclerosis [41]. In this context, the
greater reduction in HFC in the B2 regimen is one of the most
important results of our study.

We are also the first to observe an effect on fasting plasma
concentrations of glucagon with a B2 regimen. Inappropriate-
ly elevated plasma glucagon concentrations play a role in
dysregulated hepatic glucose production and abnormal glu-
cose homeostasis in type 2 diabetes [42]. There is no treatment
that specifically decreases glucagon levels. However, incretin-
based agents reduce plasma glucagon, which contributes to
their action to lower blood glucose [43]. In this regard, a
decrease of glucagon with B2 in our study is a very positive
finding.

Possible mechanisms

The mechanisms responsible for a greater weight loss with the
B2 regimen may be the trend toward a smaller decrease in
REE with B2 that we measured (although the difference
between regimens did not reach the threshold for statistical
significance), together with a greater thermogenic response of
larger meals, as documented by others [11].

Furthermore, some of the positive effects of intermittent
fasting on glucose homeostasis may be mediated by the ner-
vous system, mainly by the increased production of brain-
derived neurotrophic factor, which increases the resistance of
neurones to dysfunction and degeneration in animal models
[3]. It is possible that overnight fasting between lunch and
breakfast the next day elicited some of these effects.

Periods of fasting between meals may be even more im-
portant than the composition of the diet. In one experimental
study, the timing of meals led to increased insulin sensitivity
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and decreased body weight in spite of the high fat content of
the consumed diet [6]. The distribution of the meals is another
important factor. Eating meals later in the day may also
adversely influence the success of a weight loss therapy. This
difference in weight loss success was not explained by differ-
ences in caloric intake, macronutrient distribution or energy
expenditure [12]. A potential mechanism explaining this dif-
ference is that the timing of food intake can influence the
circadian system [44]. The circadian system must continuous-
ly adapt to and synchronise our physiology with the environ-
ment [45]. A genetic variance in clock genes may be important
in meal timing, possibly in part by changes in the recently
demonstrated circadian control of hunger and appetite [46].

Another recent study demonstrated that a high carbohy-
drate and protein breakfast may prevent weight regain by
reducing diet-induced compensatory changes in hunger, crav-
ings and ghrelin suppression [47]. Although the mechanisms
linking the timing of meals and the regulation of body weight
are unknown, satiety hormones, such as leptin or ghrelin, may
be involved [48]. Changes in the levels of these hormones by
circadian misalignment could influence energy intake and
expenditure [49].

Weaknesses

The short duration of our study and provision of food pre-
cludes a generalisation of our study to free-living conditions.
We provided all the meals during the whole study for one half
of the participants in order to ensure the best possible compli-
ance, yet we have to admit the possibility of a reduced energy
intake with the B2 regimen, even though the energy intake
reported by our participants was similar in both regimens. The
dropout rates were also comparable for both regimens.

The sample of diabetic patients in our study was not rep-
resentative: the duration of diabetes in our patients was quite
short; all the participants were being treated by oral
hypoglycaemic agents, with motivation not to initiate insulin
therapy, and they were willing to make substantial changes in
their lifestyle.

Conclusions and research needs

In conclusion, a hypoenergetic diet (a restriction of 2,092 kJ/
day) consumed as breakfast and lunch reduced body weight,
HFC, fasting plasma glucose, C-peptide and glucagon, and
increased calculated insulin sensitivity (OGIS), more than the
same hypoenergetic diet (a similar restriction of 2,092 kJ/day)
divided into six, more frequent, meals. MCR and beta cell
function improved comparably in both regimens. These re-
sults suggest that eating two larger meals a day (breakfast and
lunch) may be more beneficial for patients with type 2 diabe-
tes than six smaller meals during the day. Novel therapeutic
strategies should incorporate not only the energy and

macronutrient content but also the frequency and timing of
food. Further larger scale, long-term studies are essential
before offering recommendations in terms of meal frequency.
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