International Journal of Epidemiology, 2023, 1-12

.{A\}‘ https://doi.org/10.1093/ije/dyad081
‘{"}' Original article

International Epidemiological Association

Original article

Associations of meal timing, number of eating
occasions and night-time fasting duration with
incidence of type 2 diabetes in the
NutriNet-Santé cohort

Anna Palomar-Cros ® ,"2 Bernard Srour ®,3>** Valentina A Andreeva,®
Léopold K Fezeu,® Alice Bellicha ® ,3>* Emmanuelle Kesse-Guyot ® ,>*4
Serge Hercberg ® ,>*® Dora Romaguera,’®” Manolis Kogevinas ® "2
and Mathilde Touvier ® 34

'Barcelona Institute for Global Health (ISGlobal), Non-Communicable Diseases Programme, Barcelona,
Spain, 2Department of Medicine and Life Sciences, Universitat Pompeu Fabra (UPF), Barcelona, Spain,
3Sorbonne Paris Nord University, Inserm U1153, Inrae U1125, Cnam, Nutritional Epidemiology Research
Team (EREN), Epidemiology and Statistics Research Center—University of Paris (CRESS), Bobigny,
France, *Nutrition And Cancer Research Network (NACRe Network), Jouy-en-Josas, France, °Public
Health Department, Avicenne Hospital, AP-HP, Bobigny, France, ®Health Research Institute of the Balearic
Islands (IdISBa), University Hospital Son Espases, Palma de Mallorca, Spain, “CIBER Fisiopatologia de
la Obesidad y Nutricion (CIBEROBN), Instituto de Salud Carlos Ill, Madrid, Spain, ®Hospital del Mar
Medical Research Institute (IMIM), Barcelona, Spain and Consortium for Biomedical Research in
Epidemiology and Public Health (CIBERESP), Institute of Health Carlos Ill, Madrid, Spain

*Corresponding author. Nutritional Epidemiology Research Team (CRESS-EREN U1153 Inserm/U1125 Inrae/Cnam/
Sorbonne Paris Nord University). E-mail: b.srour@eren.smbh.univ-paris13.fr

Received 8 August 2022; Editorial decision 16 May 2023; Accepted 31 May 2023

Abstract

Background: Food intake plays a pivotal role in regulating circadian rhythms, which
modulate glucose and lipid homeostasis. However, studies investigating the association
of meal timing and type 2 diabetes (T2D) incidence are lacking. The objective of this
study was to investigate the longitudinal associations of meal timing, number of eating
occasions and night-time fasting duration with incidence of T2D.

Methods: In total, 103312 adults [79% women, mean age at baseline =42.7 (SD = 14.6)]
from the NutriNet-Santé cohort (2009-21) were included. Participants’ meal timings and
frequency were assessed using repeated 24-h dietary records and averaged from the first
2 years of follow-up (5.7 records/participant). Associations of meal timing, number of eat-
ing occasions and night-time fasting duration with incidence of T2D were assessed by
using multivariable Cox proportional hazard models adjusted for known risk factors.
Results: During a median follow-up of 7.3 years, 963 new cases of T2D were ascertained.
Compared with participants habitually having a first meal before 8AM, those eating after
9AM had a higher incidence of T2D (HR = 1.59, 95% CI 1.30-1.94). Time of last meal was
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not associated with T2D incidence. Each additional eating episode was associated with a
lower incidence of T2D (HR =0.95, 95% CI 0.90-0.99). Night-time fasting duration was not
associated with T2D incidence, except in participants having breakfast before 8AM and
fasting for >13 h overnight (HR=0.47, 95% Cl 0.27-0.82).

Conclusions: In this large prospective study, a later first meal was associated with a
higher incidence of T2D. If confirmed in other large-scale studies, an early breakfast

should be considered in preventing T2D.
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Key Messages

prevent T2D.

¢ Although meal timing plays a key role in the regulation of circadian rhythms and glucose and lipid homeostasis, it
remains unclear which are the optimal daily timings for eating and fasting to prevent type 2 diabetes (T2D).

¢ In this large prospective study with data from 103312 participants, habitually having a first meal later in the day
(after 8AM) was associated with a higher incidence of T2D.

* These results show that beyond the nutritional quality of the diet, having an early first meal may be associated with a
lower incidence of T2D and, if confirmed, could lead to promising lifestyle interventions, using chrononutrition to

Introduction

In 2019, 463 million individuals were living worldwide
with diabetes—a number expected to double by 2045.
The development of type 2 diabetes (T2D) is mostly deter-
mined by modifiable risk factors including an unhealthy
diet, physical inactivity or smoking.” Recently, meal timing
has been added to the list.

Chrononutrition is an emerging field studying the inter-
play between the timing of food intake, circadian rhythms
and health.? Circadian rhythms are involved in virtually all
functions of the body and are regulated by the circadian
clock, which is mainly synchronized by light but also by
food.* The correct functioning of this system is crucial to
ensure an optimal metabolism.® Glucose tolerance and in-
sulin sensitivity follow a circadian rhythmicity reaching its
maximum in the morning.® Circadian misalignment in-
duced by night shift work or later eating times has been as-
sociated with cancer,”>® obesity” and diabetes.'’

It has been shown that beta-cell responsiveness and in-
sulin sensitivity are better at breakfast than dinner.'' Data
from randomized—controlled trials (RCTs) suggest a link
between late dinner and nocturnal glucose intolerance'?
and insulin resistance,'® which are predictors in the devel-
opment of T2D.'* Skipping breakfast has been associated
in observational studies with worse glycaemic control,"’
increased low-density lipoprotein (LDL) cholesterol and
serum insulin levels'® in healthy individuals. Results from

a randomized study showed as well an increased daily av-
erage blood glucose.'” Skipping breakfast has been also
linked to obesity in a meta-analysis of observational stud-
ies.'® In 2018, a meta-analysis of prospective cohort stud-
ies reported an association between breakfast omission and
risk of T2D, partly mediated by body mass index (BMI)."”

Similarly, a reduced number of daily meals has been in-
consistently associated with an increased T2D risk in co-

2021 Only one study has explored the

hort studies.
association between breakfast timing and risk of T2D,
showing a lower risk of T2D for those participants having
breakfast after 9AM.** However, this study was conducted
in adults aged >65 years and assessed meal timing using a
questionnaire at baseline. Multiple RCTs have linked time-
restricted eating (TRE), implying an elongated night-time
fasting duration, with a reduction in body weight and fat,
an improved glycaemic profile and insulin sensitivity.>>

In this prospective study, we aim to evaluate the associ-
ation of meal timing, number of eating occasions and
night-time fasting duration, assessed using comprehensive
and repeated daily food records, with incidence of T2D.

Methods
Study population

The NutriNet-Santé study (https://etude-nutrinet-sante.fr/)
is an ongoing web-based cohort established in 2009 in
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France to investigate the relationship between nutrition
and health.”* Recruitment targets volunteers aged >18
years with access to the internet through vast multimedia
campaigns. The study protocol is registered at https:/clini
caltrials.gov/: NCT03335644.

Data collection

Dietary data

Dietary intakes were assessed every 6 months through online
24-h dietary records for 3 non-consecutive days (including 1
non-working day). In these records, participants were asked
to report any food or beverage taken during that day and the
times of the meals. The validity of these dietary records has
been previously tested against an interview by a dietician®®
and biomarkers.?®*” Then, we used food composition tables
to estimate daily energy intake, alcohol and macronu-
trients.”® We calculated these values as an individual daily
average. We identified energy under-reporters with the
method proposed by Black.?” Participants were not consid-
ered as under-reporters if they reported practising a weight-
loss restrictive diet, ate less than usual on the day of the die-
tary record or had a recent weight variation (Supplementary
Method S1, available as Supplementary data at IJE online).

Exposure variables

To estimate the time of the first meal, the time of the last
meal and the number of eating occasions, we computed aver-
ages across all available food records from the first 2 years of
follow-up. We considered an eating episode any food or bev-
erage intake of >1kcal (to exclude water). We calculated
night-time fasting duration as the difference between the last
and the first eating episodes, assuming that daily behaviours
remain similar. We then explored different categorizations for
the most consistently reported fasting/eating schemes,”® as a
night-time fasting duration of <12h, 12-13h and >13 h.

Covariates
At inclusion and on a yearly basis, participants filled in a
set of questionnaires on diet, socio-demographics and life-

3132 bhysical activity (validated

style,>® anthropometrics,
International Physical Activity Questionnaire question-
naire)** and health status (with information on personal
and family medical history and medication use). In 2014,

44 591 participants responded to a sleep questionnaire.**

Case ascertainment

Participants’ health status was reported at enrolment and
reassessed biannually by using a check-up questionnaire.
At any time, participants could also declare a health event,

a new treatment or a medical exam via a secured online
platform. In addition, data were linked to SNIIRAM
medico-administrative databases, providing detailed infor-
mation about medication reimbursement and medical con-
sultations (Supplementary Method S2, available as
Supplementary data at IJE online). Mortality cases were
identified using linkage to CépiDC, the French national
mortality registry.

Statistical analyses

We included participants who completed at least three 24-
h dietary records during their first 2 years of follow-up; we
excluded under-reporters, those with prevalent diabetes
and those having reported a first meal after 3PM or a last
meal before 3PM (as a proxy of night shift) (Figure 1).

Time of first meal, time of last meal and number of eat-
ing occasions were modelled as continuous variables (per-
hour and per-meal increase). We explored their correlation
by using Spearman’s rank correlation (Supplementary
Figure S1, available as Supplementary data at IJE online).
We categorized these variables as an approximation of the
sample tertiles for readability purposes. To examine the as-
sociation between these behaviours and the incidence of
T2D, we built cause-specific Cox proportional hazards
models and estimated hazard ratios (HRs) and 95% Cls.
Death and incident cases of type 1 diabetes were consid-
ered as competing events. Participants contributed person-
time until date of T2D diagnosis, competing event, last
connection or 30 September 2021, whichever occurred
first.

Models were adjusted for age (timescale), sex, educa-
tional level (<high-school degree, <2years after high-
school degree, >2 years after high-school degree), baseline
BMI (continuous, kg/m?), family history of T2D (no, yes),
alcohol intake (continuous, g/day), daily energy intake ex-
cluding alcohol (continuous, kcal/day), smoking (current,
former, never), physical activity (low, moderated, elevated,
as defined by IPAQ??), number of dietary records (continu-
ous) and number of meals (continuous). We also adjusted
for healthy and Western dietary patterns (continuous)
obtained from principal component analysis based on 20
pre-defined food groups (Supplementary Method S3, avail-
able as Supplementary data at IJE online) (Model a). We
did a second model (Model b) mutually adjusting time of
first meal, time of last meal and number of eating occa-
sions. We verified the assumptions of proportional hazards
using Shoenfeld Residuals and of linearity using spline
terms.

Less than 1% of participants had missing data on the
covariates, except for physical activity (14% of missing
data). We applied mean and mode imputation for

€20z AInr 61 uo Jasn |ejdsoH suuy 1S Aq 092661 2/L80PeAP/BlI/E60 L 01 /10p/01e-80URAPE/3I/W 0o dnodlWepedE.//:SdlY WOl papeojumoq


https://clinicaltrials.gov/
https://clinicaltrials.gov/
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyad081#supplementary-data

International Journal of Epidemiology, 2023, Vol. 00, No. 00

158,082 participants from the NutriNet-Santé cohort

v

—> 41,694 energy underreporters

116,388 participants with valid dietary data

—>

A J

106,090 participants

A J

10,298 with fewer than 3 dietary records

361 participants reporting a first
meal after 3PM or a last meal
before 3PM

432 missing information on type 2 diabetes,
1,675 prevalent type 2 diabetes cases and
270 prevalent type 1 diabetes cases

103,312 participants included in the analyses

Figure 1 Flowchart of study population in the NutriNet-Santé cohort, 2009-21 (N= 103 312 participants)

continuous and categorical variables, respectively. We also
explored multiple imputation using the multivariate impu-
tation by chained equations method (Supplementary Table
S1, available as Supplementary data at IJE online).

Then, we tested whether night-time fasting duration
was associated with T2D. We built Cox models with the
continuous and categorical variable of night-time fasting
duration. Models were adjusted for the same confounders
as before.

We tested for effect modification by time of first meal
by introducing an interaction term between night-time
fasting duration and time of first meal, using a likelihood
ratio test. Finally, we calculated the specific estimates for
those breaking the night-time fasting at 8AM or before, i.e.
early time-restricted eating (€TRE), and those breaking it
after 8AM, i.e. late time-restricted eating (ITRE). This
threshold was chosen as it was the most frequently used
time in studies on eTRE.*?

Sensitivity analyses

We explored further adjustment for intake of saturated
fatty acids, sodium, sugar and fibre during the first meal.
We also explored adjusting for daily consumption of red
and processed meat, sugary drinks, fruits and vegetables,
nuts, whole grain, yoghurt, caffeine, ultra-processed food,
region of residence and profession. We also tested a model
without baseline BMI and total energy intake to explore
their confounding effect and a model with weight change
during follow-up to account for its potential mediator
role.

We investigated excluding T2D cases diagnosed during
the first 2 years of follow-up (to limit reverse causality).
Among the subset who responded to the sleep question-
naire, we selected individuals who reported going to bed at
any time between 6 PM and 8AM (N =37 042) to exclude
potential night shift workers. We also explored including
bedtime and total sleep duration (min/24 h). We explored
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further categorization of our main exposure variables,
after adjustment for Model b covariates: for time of first
meal as: <7AM, between 7AM and 8AM, between 8AM
and 9AM, between 9AM and 10AM, and >10AM; for
time of last meal as: <7PM, between 7PM and 8PM, be-
tween 8PM and 9PM, between 9PM and 10PM, and
>10PM.

Finally, we tested for effect modification of the associa-
tion between meal timing and number of eating occasions
and the incidence of T2D by: obesity, sex, chronotype
(morning, intermediate, evening) and physical activity.
Analyses were conducted using the statistical package
R-4.2.1 (The R Project for Statistical Computing, Vienna,
Austria).

Results

In these analyses, we included 103312 participants
(78.9% women) with a mean age at baseline of
42.7 £ 14.6 years. Up to 30 September 2021 [703752.9
person-years; median follow-up time, 7.3 years; first quar-
tile (Q1) to third quartile (Q3), 3.2 to 10.1years], 963
cases of T2D were identified. During the first 2 years of
follow-up, participants responded to a mean of 5.7 (SD
3.0, max 18.0) dietary records.

The baseline characteristics of the study population,
according to the averaged time of first meal of the day,
are shown in Table 1. Overall, participants reporting an
habitual first meal before 8AM were older compared
with participants having the first meal between 8 AM and
9AM and those having it after 9AM. Compared with the
other two groups, participants in the group with the ear-
liest first meal were more likely to have lower physical
activity levels, lower education levels and an earlier
last meal of the day. Additionally, they were less likely
to be current smokers and to have a family history

of T2D.

Meal timing, number of eating occasions and
incidence of T2D

Compared with participants reporting a first meal before
8AM, those reporting a first meal after 9AM had a higher
incidence of T2D (HR=1.62, 95% CI 1.33-1.97, P for
trend < 0.001, Table 2). Similarly, participants reporting
a late last meal (after 9PM) had a higher incidence of
T2D compared with participants reporting a last meal be-
fore 8PM (HR=1.28, 95% CI 1.06-1.54, P for trend
0.05).

When circadian behaviours were mutually adjusted,
the association of time of first meal remained stable
(HR=1.59, 95% CI 1.30-1.94, P for trend < 0.001, for a

first meal after 9AM compared with a first meal before
8AM). However, the association between time of last meal
did not persist.

In this model, eating on more than five occasions per
day was associated with a lower incidence of T2D com-
pared with four or fewer occasions (HR =0.80, 95% CI
0.68-0.95, P for trend 0.02).

There was no clear evidence for non-linear associations
(Figure 2).

Night-time fasting duration and incidence of T2D

Extending the night-time fasting duration was not associ-
ated with T2D incidence (Table 3). We found an effect
modification of this association by time of first meal
(P-value for interaction < 0.001). Our results suggest that
a night-time fasting of >13 h would be inversely associated
with T2D incidence only when fasting is broken at 8AM or
before (HR =0.47, 95% CI 0.27-0.82, compared with a
fasting duration of <12 h, P for trend =0.3).

Sensitivity analyses

The associations between meal timing and T2D incidence
remained stable in sensitivity analyses (Supplementary
Table S1, available as Supplementary data at IJE online).
The association between daily number of eating occasions
and incidence of T2D was no longer evident after adjusting
for daily intake of caffeine, after considering sleep and ex-
cluding cases ascertained during the first 2 years of follow-
up (Supplementary Table S1, available as Supplementary
data at IJE online).

Overall, we observed that the association between a
later first meal of the day and a higher incidence of
T2D was similar for both women and men (P-interaction
for sex=0.2) (Supplementary Table S2, available as
Supplementary data at IJE online). A positive association
between having a later last meal of the day (after 9PM
compared with before 8PM) and higher incidence of
T2D was evident in men only (HR=1.51, 95% CI
1.13-2.00, P for trend = 0.01; P-interaction for sex = 0.2)
(Supplementary Table S2, available as Supplementary data
at IJE online). Then, as regards stratification for BMI cate-
gories, we observed overall similar results for the associa-
tion between meal timings and incidence of T2D
(Supplementary Table S3, available as Supplementary data
at IJE online) (P-interaction for time of first meal =0.9,
for time of last meal=0.7). Results remained similar
across different chronotypes (P-interaction for time of first
meal=0.7, for time of last meal =0.9) (Supplementary
Table S4, available as Supplementary data at IJE online).
The association between a later last meal of the day and
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Table 1 Baseline characteristics of study population, 103312 participants in the NutriNet-Santé cohort (2009-21)

All participants First meal First meal between First meal
before 8AM 8AM and 9AM after 9AM
No. (%) Mean (SD) No. (%) Mean (SD) No. (%) Mean (SD) No. (%) Mean (SD)

Number of participants 103312 46256 36964 20092
Age at baseline (years) 103312 42.7 (14.6) 46256 46.6 (13.1) 36964 42.5(14.8) 20092 33.9 (13.4)
Sex 103312 46256 36964 20092

Women 81529 (78.9) 35621 (77.0) 29755 (80.5) 16153 (80.4)

Men 21783 (21.1) 10635 (23.0) 7209 (19.5) 3939 (19.6)
BMI (kg/m?)* 102167 23.7(4.4) 45754 23.8(4.4) 36562 23.6 (4.3) 19851 23.4(4.7)

Normal weight 72004 (70.5) 31619 (69.1) 25868 (70.8) 14517 (73.1)

Overweight 21602 (21.1) 10274 (22.5) 7746 (21.2) 3582(18.1)

Obesity 167 (8.4) 3861 (8.4) 2948 (8.0) 1752 (8.8)
Family history of T2D 101871 45619 36536 19716

No 87576 (86.0) 38649 (84.7) 31568 (86.4) 17359 (88.0)

Yes 14295 (14.0) 6970 (15.3) 4968 (13.6) 2357 (12.0)
Smoking status 103271 46242 36951 20078

Current 17893 (17.3) 6389 (13.8) 6267 (17.0) 5237 (26.1)

Former 33573 (32.5) 16825 (36.4) 11958 (32.4) 4790 (23.9)

Never 51805 (50.2) 23028 (49.8) 18726 (50.7) 10051 (50.1)
Physical activity 89121 40059 32075 16987

Low 29235 (32.8) 14806 (37.0) 9892 (30.8) 4537 (26.7)

Moderated 21551 (24.2) 8831 (22.0) 7843 (24.5) 4877 (28.7)

Elevated 38335 (43.0) 16422 (41.0) 14 340 (44.7) 7573 (44.6)
Daily alcohol intake (g) 103312 7.86 (11.9) 46256 7.64 (11.4) 36964 8.10(11.8) 20092 7.94 (13.0)
Daily energy intake (kcal) 103312 1847 (451) 46256 1856 (448) 36964 1856 (440) 20092 1809 (473)
High-school degree 103244 46229 36944 20071

No 17812 (17.2) 9446 (20.4) 5833 (15.7) 2533 (12.6)

Yes (<2 years after 16291 (15.8) 7142 (15.4) 5453 (14.8) 3696 (18.4)

high school)

Yes (>2 years after 69141 (67) 29641 (64.1) 25658 (69.5) 13842 (69.0)

high school)
Time of first meal (AM) 103312 8.14 (1.1) 46256 7.22(0.5) 36964 8.24 (0.3) 20092 9.57 (1.0)
Time of last meal (PM) 103312 8.24(1.1) 46256 8.06 (1.0) 36964 8.24 (1.0) 20092 8.48 (1.3)
Night-time fasting 103312 11.9(1.4) 46256 11.2(1.0) 36964 12.0(1.0) 20092 13.2(1.5)

duration (h)
Number of eating 103312 4.89(1.7) 46256 5.00(1.8) 36964 4.89 (1.6) 20092 4.63 (1.7)

occasions

BMI, body mass index; T2D, type 2 diabetes.

*Normal weight: BMI <25 kg/m?%; overweight: BMI = 25-29.9 kg/m?; obesity >30 kg/m?.

a higher incidence of T2D was slightly stronger in
participants having medium levels of physical activity
(HR per-hour increase=1.10, 95% CI 1.01-1.21,
P=0.03; P-interaction = 0.06), although results for the
categorical exposure variables were similar across the
three groups (Supplementary Table S5, available as
Supplementary data at IJE online).

Finally, when exploring further categorization of the
main exposure variables, we observed that participants
having a last meal of the day after 10PM had a higher
incidence of T2D compared with participants eating
before 7PM (HR=1.44, 95% CI 1.00-2.09, P-value

for trend =0.1), which is suggestive of a threshold effect
also consistent with the shape of the association in
Figure 2.

Discussion

To our knowledge, this is the first prospective study to in-
vestigate the associations of, comprehensively assessed,
meal timings, number of eating occasions and night-time
fasting duration with incident T2D. Our results suggest
that having a late first meal could be associated with a
higher incidence of T2D.
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Table 2 Associations of meal timing and number of eating occasions with incidence of T2D in 103312 participants from the
NutriNet-Santé cohort (2009-21)

Model a Model b
No. of cases/non-cases HR (95% CI)? P HR (95% CI)® P
Time of first meal
Continuous (per hour) 963/102 349 1.16 (1.08-1.24) <0.001 1.14 (1.07-1.22) <0.001
Before 8AM¢ 462/45794 Ref. <0.001 Ref. <0.001
Between 8AM and 9AM 361/36 603 1.26 (1.09-1.45) 1.26 (1.09-1.45)
After 9AM 140/19952 1.62 (1.33-1.97) 1.59 (1.30-1.94)
Time of last meal
Continuous 963/102 349 1.08 (1.02-1.15) 0.01 1.05 (0.98-1.11) 0.2
Before SPM 373/34 365 Ref. 0.05 Ref. 0.4
Between 8PM and 9PM 378/45181 0.93 (0.80-1.08) 0.88 (0.76-1.02)
After 9PM 212/22803 1.28 (1.06-1.54) 1.11 (0.92-1.34)
Number of eating occasions
Continuous (per meal) 963/102 349 0.96 (0.92-0.99) 0.04 0.95 (0.90-0.99) 0.01
<4 397/39202 Ref. 0.03 Ref. 0.02
S 284/29 006 0.92 (0.79-1.08) 0.92 (0.79-1.08)
>S5 282/34141 0.83 (0.71-0.98) 0.80 (0.68-0.95)

T2D, type 2 diabetes; HR, hazard ratio.

2Adjusted for age (timescale), sex (women, men), educational level (less than high-school degree, <2 years after high-school degree, >2 years after high-school
degree), body mass index at baseline (continuous, kg/m?), family history of T2D (no, yes), alcohol intake (continuous, g/day), daily energy intake excluding alco-
hol (continuous, g/day), healthy dietary pattern (continuous), Western dietary pattern (continuous), smoking (current, former, never), physical activity (low, mod-

erated, elevated), number of dietary records (continuous) and number of eating occasions (continuous). The model for number of eating occasions was adjusted

for time of first meal.

bSame as * but time of first meal, time of last meal and number of eating occasions were mutually adjusted.

€P-value for continuous variables and P-trend for categorical variables.

9The exact tertiles were SAM—7.7AM, 7.7AM-8.5AM and >8.5AM for time of first meal; 3PM—-8PM, 8PM-8.7PM and >8.7PM for time of last meal; and

1.3-4, 4-5.3 and >5.3 for number of eating occasions.

In line with this, a meta-analysis of six cohort studies
showed that skipping breakfast was associated with an in-
creased risk of T2D [relative risk (RR) = 1.22, 95% CI
1.12-1.34]." In these studies, breakfast consumption was
assessed as the frequency of breakfast consumption
throughout the week (i.e. >3 days/week) and all the in-
cluded cohort studies examined breakfast skipping from a
single behavioural questionnaire without considering ac-
tual data based on the consumption. In our study, specific
timing of food consumption and number of eating occa-
sions were assessed using the same repeated and validated
dietary records. Lack of time and appetite in the morning
are the main reasons for skipping breakfast,* the latter
one potentially being a consequence of a late dinner.*® In a
cross-sectional study, late-night-eating alone, but not
breakfast skipping, was associated with hyperglycaemia.*®
However, in our analyses, time of first meal was adjusted
for time of last meal.

Only one study has investigated the link between break-
fast timing and risk of T2D, and showed, inconsistently
with our results, an inverse association between a later tim-
ing of breakfast (after 9AM) and T2D risk.”* However, the
study population was older (aged >65years) and

nutritional behaviours were assessed using one single ques-
tionnaire at baseline. Another study showed that the asso-
ciation between irregular breakfast and T2D was only
observed among participants <65 years of age.?” Taken to-
gether, these findings may suggest age-related heterogene-
ities in these associations.**

This association is biologically plausible considering the
circadian rhythmicity in insulin sensitivity and glucose tol-
erance.® The optimal metabolic time is early in the morn-
ing. The omission of breakfast, and therefore the delay of
this first meal, has been associated with worse glycaemic
control.® It has also been associated with risk factors for
T2D such as increased LDL cholesterol, decreased high-
density lipoprotein cholesterol and elevated serum insu-
lin.'® Additionally, results from a randomized—controlled
crossover trial suggest that skipping breakfast can increase
the postprandial insulin concentrations and fat oxidation,
potentially leading to low-grade inflammation and im-
paired glucose homeostasis.>® Finally from a circadian per-
spective, the pivotal influence of the first meal of the day
on circadian control, glucose and lipid homeostasis is now

39,40

starting to be unravelled from evidence in mice and

humans.*!
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Figure 2 Examining the linearity of the association between circadian nutritional behaviours and risk of type 2 diabetes in the NutriNet-Santé cohort,

2009-21 (N=103312). HR, hazard ratio; T2D, type 2 diabetes

Breakfast omission has been associated with lower
physical activity levels,** a higher consumption of alcohol
and tobacco,” a worst diet quality** and a lower socio-
economic status.* However, we considered all these fac-
tors in our analyses. It could also be that skipping break-
fast is linked to a caloric compensation later in the day,*®
but we adjusted for daily energy intake. Although obesity
could mediate this association,'® we examined adjustment
for weight change during follow-up, and also interaction
with baseline BMI.

On the other hand, the association between time of last
meal and incidence of T2D included the null after adjust-
ing for time of first meal, indicating that this third variable
was confounding the association. However, we observed
that participants having a very late last meal of the day (af-
ter 10PM compared with before 7PM) had a higher risk of
developing T2D. This could indicate that very late eating
patterns could also have an impact of the development of

T2D, regardless of the time of first meal. A few clinical tri-
als have reported similar results.'>'® In a randomized
crossover trial, a late dinner (10PM) induced nocturnal
glucose intolerance compared with an earlier dinner
(6PM)."? In another study, compared with a late evening
meal (10:30-11PM), an early evening meal (eating at
7-7:30PM) resulted in a reduction in a homeostasis model
assessment of insulin resistance.'> On the other hand, a
cross-sectional observational study showed that night eat-
ing behaviour was not a predictor of T2D.*” Overall, epi-
demiological data on this association are scarce and more
studies are needed to explore this question, especially in
participants or populations with very late behaviours.
Night shift work and sleep disruption have been also as-
sociated with a higher risk of T2D.***’ However, in our
analyses, we excluded participants reporting very late nu-
tritional behaviours as a proxy of night shift work.
Moreover, when excluding participants reporting extreme
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Table 3. Association between night-time fasting duration and incidence of T2D in 103312 participants from the NutriNet-Santé

cohort (2009-21)

Night-time fasting No. of cases/non-cases HR 95% CI* P
Continuous (h) 963/102 349 0.96 (0.90-1.02) 0.2
<12h 537/57 403 Ref.

12-13h 289/28 652 1.08 (0.92-1.27) 0.4
>13h 137/16 294 1.03 (0.80-1.33)

In combination with an early breakfast (eTREP)

Continuous (h) 462/45 794 0.93 (0.85-1.01) 0.07
<12h 362/36 991 Ref 0.3
12-13h 85/7002 1.21 (0.95-1.54)

>13h 15/1801 0.47 (0.27-0.82)

In combination with a late breakfast (ITREP)

Continuous (h) 501/56 555 1.03 (0.95-1.11) 0.4
<12h 175/20412 Ref 0.08
12-13h 204/21650 1.08 (0.88-1.33)

>13h 122/14493 1.24 (0.98-1.58)

T2D, type 2 diabetes; HR, hazard ratio; eTRE, early time-restricted eating; ITRE, late time-restricted eating.

?Adjusted for age (timescale), sex (women, men), educational level (less than high-school degree, <2 years after high-school degree, >2 years after high-school

degree), body mass index at baseline (continuous, kg/m?), family history of T2D (no, yes), alcohol intake (continuous, g/day), daily energy intake excluding alco-

hol (continuous, kcal/day), healthy dietary pattern (continuous), Western dietary pattern (continuous), smoking (current, former, never), physical activity (low,

moderated, elevated), number of dietary records (continuous), number of eating occasions (continuous) and time of first meal (continuous).
¢TRE was defined as a first meal at or before 8AM. ITRE was defined as a first meal after SAM. Effect modification of the association between night-time fast-
ing and incidence of T2D by early (<8AM) vs late time of first meal (P for interaction <0.001).

sleep times (also as a proxy of night shift), the estimates
were weakened but remained evident, suggesting that night
shift only partly explained the observed associations.

In this study, eating more frequently was inversely asso-
ciated with T2D incidence. This could be explained by a
reduction in serum insulin and lipids concentration be-
tween meals via a reduction in the hepatic synthesis of cho-
lesterol.’®" In this line, a cross-sectional study within the
EPIC-Norfolk cohort suggested that eating more fre-
quently was associated with lower concentrations of total
and LDL cholesterol.’> Conversely, a clinical trial showed
that having six meals a day resulted in higher glucose levels
throughout the day compared with having three meals,
with no changes in insulin.>® Similarly, an observational
study showed that additional snacks to the three main
meals were associated with an increased risk of T2D.*° On
the other hand, a prospective cohort study suggested that a
higher number of large and medium meals was linked to
weight change, whereas having more small meals was in-
versely associated with weight gain.’* In our study, this as-
sociation included the null after excluding participants
diagnosed during the first 2 years of follow-up, probably
linked to modified behaviours in participants with early
metabolic symptoms. In addition, this association was at-
tenuated after adjustment for caffeine intake, which could
be explained by the suggested inverse association with
T2D.%° Our findings on meal frequency and T2D highlight
the need for further research.

Multiple RCTs have reported a link between TRE and a
reduction in several risk factors for T2D including fasting
glucose levels, insulin sensitivity, body weight and f-cell
function.”? In our secondary analyses, extending the dura-
tion of the night-time fasting appeared to be inversely asso-
ciated with T2D incidence only if this window finished
early in the morning (8AM) and after 13h of fasting.
These results were based on few participants and should be
interpreted cautiously.

The main strengths of the study were the large sample
size, its prospective design and the repeated dietary records
including detailed assessments for nutritional intakes, meal
timings and number of eating occasions. In addition, meal
timing was assessed directly using comprehensive 24-h die-
tary records that could be less misleading and subject to
misclassification bias than using ad-hoc questionnaires. As
a first limitation, this is an observational study and residual
confounding cannot be entirely ruled out, despite account-
ing for a large panel of confounders. Second, the partici-
pants are volunteers with a higher proportion of women
from higher socio-economic status and with greater health
conscious behaviours.”® This limits the results extrapola-
tion to the general population. Third, we had a limited
number of T2D cases in stratified analyses, or in extreme
circadian behaviour situations. Although we have consid-
ered sleep timing and duration, this was measured later
during the follow-up, available for a part of the sample
and could be affected by recall bias. Moreover, night shift
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work was extrapolated from sleep variables; even though
sleep duration could be a proxy for shift work, we had no
information about the exposure to light-at-night, which
could be another circadian disruptor.

Although dietary records in the NutriNet-Santé cohort
have been previously validated, the assessment of meal
timings and number of eating occasions have not been
specifically validated. Yet, the large majority of our study
sample (93 %) reported last meal intakes (collected during
the first 2 years of follow-up) that were anterior to their
bedtime (assessed using an ad-hoc questionnaire adminis-
tered in 2014), which served as a preliminary validation.
However, further studies should address the validation of
meal timings measured using questionnaires. Then, we
used a multisource case ascertainment method to ap-
proach exhaustiveness. Nevertheless, cases might have
been missed due to undiagnosed cases. About 20% of dia-
betes cases in France are estimated to be undiagnosed.’”
As NutriNet-Santé participants are younger than the gen-
eral population and have better dietary behaviours and
less prevalence of excess weight,”® we could expect that
the prevalence of undiagnosed diabetes would also be
lower than in the general population. In any case, undiag-
nosed diabetes cases would have probably led to an un-
derestimation of the associations. A final limitation,
opening a research perspective, is that we did not examine
the potential differences in meal timings between week-
days and weekends—something previously referred to as
eating jet lag.”’

To conclude, in this large prospective study, a late first
meal was associated with a higher incidence of T2D. A cir-
cadian nutritional behaviour defined by an early first meal
(before 8AM) and early last meal (before 7PM) might be
beneficial to lower T2D incidence. If confirmed in other
prospective studies and possibly clinical trials, these behav-
iours could be recommended as a preventive strategy for
T2D.
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