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Introduction to this Episode

Meal timing has been a popular, and at times controversial, topic of interest in nutrition.
Despite much speculation over the years as to potential advantages to specific meal timing or
meal frequencies, for many outcomes there seems to be little pragmatically meaningful
difference. For example, when accounting for calorie and macronutrient intake, there is little
to no effect of meal timing on body composition, blood pressure, and energy expenditure.

However, just because there is little evidence for the importance of meal timing in relation to
those outcomes, this should not  be interpreted to mean there is no impact of meal timing on
all health outcomes.

One area where meal timing may be an important factor is in relation to glucose tolerance and
glycaemic control. For example, it has been consistently shown that eating at ʻbiological
nightʼ leads to worse postprandial glucose responses. And this could be particularly
important for those with insulin resistance, pre-diabetes or type 2 diabetes.

Some of the most influential work in this area has been done by Marta Garauletʼs lab at the
University of Murcia. One of the central aspects they have published on has been the
interaction between food timing and melatonin levels, and how this in turn affects glucose
tolerance and cardiometabolic markers.

In this episode, Danny and Alan discuss the topic of meal timing and glucose tolerance, using
a recent study from Garaulet et al. to highlight some important concepts.
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Connection to Previous Episodes

#469: Chrononutrition - New Findings & Updated Views
● Research in the field of ʻchrononutritionʼ has continued to grow in the past couple of

years, with some important studies being published in recent times.
● Chrononutrition is a research area that looks at the relationship between temporal

(time-related) eating patterns, circadian rhythms, and metabolic health.
● While past podcast episodes have covered various aspects of chrononutrition, the

latest research has added important pieces to the puzzle and has led to both Alan and
Danny updating their views on certain sub-topics.

● In this episode, we look at recent research and how understanding and conclusions
from the field have shi�ed over time.

● You can find that episode here.

296: Circadian Entrainment, Chronotypes & Chrononutrition
● In this episode, Danny interviewed Alan about his area of research: chrononutrition.
● This is useful to listen back to as it explains some of the core concepts related to

chronobiology and circadian rhythms.
● They discuss:

○ Chronotypes
○ How feeding can entrain circadian clocks
○ Circadian alignment vs. misalignment

● You can find that episode here.

SNP12: The Big Breakfast Study
● As mentioned in the current episode, Ruddick-Collins et al. did an RCT looking at the

impact of different calorie distributions across the day.
● In this study, 30 subjects underwent two 4-week calorie-restricted diets that were

matched for calories.
○ One diet was “morning-loaded”, meaning that daily calories were distributed

as 45% at breakfast, 35% at lunch, and 20% at dinner.
○ The other was “evening-loaded”, with an opposing calorie distribution; i.e.

20% at breakfast, 35% at lunch, and 45% at dinner.
● The trial received a lot of commentaries online a�er it was published. However, much

of it lacked sufficient context, nuance, and understanding of the implications.
● In this Premium-only episode, Dr. Alan Flanagan gives an insight into the study.
● You can find that episode here.
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Background Context: Chrononutrition & Glucose

● Many biological processes have a circadian rhythmicity (~24 hour period). Relevant to
the topic of glucose tolerance, some include melatonin, insulin sensitivity, and
beta-cell function.

● Circadian rhythms and their timing are regulated by “circadian clocks” in the body.
There are two main types of clock:

○ The “master clock” or central circadian clock - found in the brain, specifically
the suprachiasmatic nucleus (SCN).

○ Peripheral clocks - circadian clocks located in tissues all around the body.
● To maintain health, we want to have a synchronization between our: a) master clock,

b) peripheral clocks, and c) external environment that influences the biological clocks.
● Circadian misalignment can lead to glucose intolerance…

Image from: Morris et al., Proc Natl Acad Sci U S A. 2015 Apr 28;112(17):E2225-34
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● Circadian misalignment can cause significant adverse impacts on postprandial glucose
and insulin responses.

● However, the impact has a wide inter-individual response, as shown by Scheer et al.
(2009):

© Sigma Nutrition
Based on data from: Scheer et al., Proc Natl Acad Sci USA. 2009 Mar 17;106(11):4453-8.
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Dim-light Melatonin Onset (DLMO)

● Dim-light melatonin onset (DLMO) is  an established marker of circadian phase and
onset of biological night.

● It is typically calculated as the point in time at which melatonin concentrations cross,
and maintained concentrations above, a 5-pg/mL threshold.

● Work by McHill et al. (2017) has shown that individuals consuming more of their daily
calories between 4 hours before DLMO and sleep onset had a higher percentage of
body fat:

Image from: Sigma Nutrition, 2019
Adapted from results of: McHill et al., AJCN, Vol 106, Iss 5, Nov 2017, pg 1213–1219
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Glucose Tolerance & Circadian Variation

● A “diurnal rhythm” is a biological rhythm that fluctuates across the day.
● The diurnal variation in glucose tolerance is perhaps the most well-established feature

of metabolism from a time-of-day perspective (van Cauter et al., 1989).
● The diurnal variation in glucose metabolism is a result of rhythms in:

○ Incretin hormones
■ Specifically in glucose-dependent insulinoptropic polypeptide (GIP) and

glucagon-like peptide-1 (GLP-1) (Lindgren et al., 2009)
○ Insulin responses

■ The first-phase insulin response (over 30 - 45 minutes) a�er food intake
has been shown to be significantly greater in the morning compared to
the evening

■ Insulin responses in the a�ernoon and evening show a delayed rise and
prolonged elevation  (Zimmet et al., 1974)

○ Glucose disposal
■ Glucose uptake in skeletal muscle glycogen occurred at a 50% greater

rate when a morning meal preceded lunch, which was associated with
significantly reduced glucose response a�er lunch (Jovanovic et al.,
2009).

○ Circulating non-esterified fatty acids (NEFA)
■ The diurnal variation in insulin sensitivity mirrors the diurnal variation

in circulating NEFA levels, which are elevated in the evening and
contribute to impaired insulin sensitivity and glucose disposal (Morgan
et al., 1999).

■ Eating in the morning results in a suppression of circulating NEFA levels
(Lingren et al., 2009).

● Cumulatively, the evidence shows a pronounced diurnal variability in glucose
tolerance, which is enhanced in the early phase of the day and declines over the
course of the day, resulting in impaired glycaemic responses to the timing, size, and
composition of meals later in the day.
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Previous Research From This Group

A pair of studies that came out of Garauletʼs lab were important in adding support to the
hypothesis that a “front-loaded” calorie distribution has potential benefits for metabolic
health.

Garaulet et al., 2013
● Study: Garaulet et al., Int J Obes (Lond). 2013 Apr;37(4):604-11
● This trial looked at the impact of when the largest meal of the day is consumed.

○ Note: In a Mediterranean population like the one studied, the largest meal is the
lunch meal.

● A 20-week weight loss intervention that included participants working with a dietitian,
engaging in an exercise program, and also having behavioral change addressed.

● At the end of the study, they looked back at peopleʼs logged food intake and split the
participants into those that consumed their largest meal of the day:

○ Before 3pm
○ A�er 3pm

● Roughly half of the participants were before, and half were a�er.
● Those who consumed their largest meal earlier (before 3pm) experienced greater

weight loss across the trial and had less insulin resistance.

Based on data from: Garaulet et al., Int J Obes (Lond). 2013 Apr;37(4):604-11
© Image by Sigma Nutrition, 2019
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Bandín et al., 2015
● Study: Bandín et al., Int J Obes (Lond). 2015 May;39(5):828-33.
● A�er reporting the differences in the 2013 study above, the same group did an

intervention trial to actually assign people to an earlier or later calorie distribution.
● Again, it was focused on the time of the largest meal of the day (lunch).
● Over a two-week trial, they compared the effects of:

○ An early lunch (main meal eaten at 1:30pm)
○ A late lunch (main meal eaten at 4:30pm).

● They then gave the participants a test meal, testing their blood glucose response to
the meal.

● They found that the early lunch resulted in a better postprandial glucose response.

Image from: Bandín et al., Int J Obes (Lond). 2015 May;39(5):828-33.
Copyright © 2014, Macmillan Publishers Limited
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Melatonin & The Timing Model

● Garauletʼs lab are one group that have proposed that high endogenous levels of
melatonin contribute to the impairment of glucose tolerance during the biological
night

○ There is disagreement on this currently
○ Some studies show that elevated melatonin concentrations are associated with

improved glucose control, others show associations with impaired glucose
control

● Garauletʼs lab have attempted to reconcile this via the “Timing Model” (Garaulet et
al., 2020), in which they hypothesized that the concurrence of elevated melatonin
concentrations and food intake adversely influences glucose metabolism in humans.

○ This concurrence can be due to eating at night or elevated melatonin levels
during the day.

Image from: Garaulet et al., Trends Endocrinol Metab. 2020 Mar;31(3):192-204.
© 2019 Elsevier Ltd. All rights reserved.

© Sigma Nutrition
Available to Sigma Nutrition Premium subscribers. Not for redistribution without prior written permission. 11

https://pubmed.ncbi.nlm.nih.gov/31901302/
https://pubmed.ncbi.nlm.nih.gov/31901302/
https://pubmed.ncbi.nlm.nih.gov/31901302/


Sigma Nutrition Premium

Image from: Garaulet et al., Trends Endocrinol Metab. 2020 Mar;31(3):192-204.
© 2019 Elsevier Ltd. All rights reserved.
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MTNR1B Gene

● MTNR1B is the gene encoding the high affinity melatonin receptor 1B, expressed in
many tissues, including the pancreas.

● Single nucleotide polymorphisms in MTNR1B have been revealed to be associated
with increased fasting blood glucose levels and type 2 diabetes incidence.

○ Suggests a role for melatonin in glucose metabolism
● The MTNR1B risk variant, rs10830963, has a strong association with fasting glucose

and confers increased expression of the melatonin receptor in human pancreatic islets
● The study we discuss in this episode looks at MTNR1B G (T2D risk) allele carriers versus

non-carriers
○ 30% known allele frequency of this variant in the European population

● Simplistically, G allele is “risk” &  C allele is “non-risk”
● You can be CC, CG, or GG

Image from: Lyysenko et al., Nat Genet. 2009 Jan;41(1):82-8
Copyright © 2008, Nature Publishing Group
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The Study: Design & Methods

● Study title: Interplay of dinner timing and MTNR1B type 2 diabetes risk variant on
glucose tolerance and insulin secretion: a randomized cross-over trial

● Link: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
● Marta Garaulet and Jesus Lopez-Minguez (University of Murcia) were lead authors on

this. Frank Scheer (Harvard) also an author, among others.
● ONTIME-MT is an ongoing study, with this paper just being one publication from it

○ The ONTIME-MT study: Obesity, Nutrigenetics, Timing, Mediterranean-
Melatonin

● Randomized, cross-over study design
● N = 845 adults

○ Age = 38 (± 14)
○ BMI = 25.67 (± 4.69)
○ 71% female

● Spanish participants: natural late eating population
○ In a Mediterranean population like the one studied, the largest meal is the

lunch meal.
● For the risk variant of the MTNR1B gene, recall that the G allele is risk, C allele is

non-risk. These participants:
○ 10% GG
○ 40% CG
○ 50% CC

● Each person underwent two simulated tests:
○ “Early dinner timing”
○ “Late dinner timing”

● Specifically, following an 8-h fast, each participant did two evening-time 2-h 75g oral
glucose tolerance tests (OGTT):

○ an early condition scheduled 4 hours prior to ʻhabitual bedtimeʼ
■ ranged from 18:00 to 23:00 (mean time: 19:49)

○ a late condition scheduled 1 hour prior to ʻhabitual bedtimeʼ
■ 21:00 to 02:00 (mean time: 22:48)

● OGTTs were conducted on the same day of the week with a 1-week washout period
● Habitual bedtime was determined using one week of data derived from a

study-specific smartphone application
○ Further confirmed with 7-day sleep logs reflecting the week prior to the first

OGTT
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● Habitual dinner timing was determined using time-stamped photographs in same
smartphone application

○ Dinner timing was further confirmed using complementary 7-day dietary
records.

○ Ranged from 19:00 to 23:21

Image from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association
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Results: Glucose and Insulin

● Glucose AUC: 8.3% higher during the late dinner

Figures from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association
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● Fasting glucose was similar in the two conditions.
● However, post-load glucose levels were consistently higher in the late OGTT
● The higher postprandial glucose concentrations in the late dinner timing condition

was concurrent with an overall 6.7% decrease in insulin AUC:

Figure from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association
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● A dose-dependent increase in the change in glucose AUC (late minus early dinner
timing) with increasing number of G-risk alleles.

Figure from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association

Note: Red text and highlight box added for emphasis.
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In all three genotype groups (CC, CG and GG), the late dinner timing condition showed
consistently higher glucose AUC compared to the early dinner timing condition:
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However, differences in glucose AUC between the late and early dinner timing condition were
greatest in GG carriers, followed by CG carriers, and least in CC carriers:

Figure from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association
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G carriers had a significant decrease in insulin AUC in the late dinner timing condition (LE)
compared to the early dinner timing (EE):

CC Genotype

CG Genotype

GG Genotype
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However, no significant difference in insulin AUC was found between both dinner timing
conditions in CC carriers:

Figure from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association
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Corrected Insulin Response (CIR) = representing the first-phase insulin response to glucose

CIR was lower in the late than in the early dinner timing condition in the total population and
in G carriers, with the largest decrease in GG homozygotes:

Figure from: Garaulet et al., Diabetes Care. 2022 Mar 1;45(3):512-519.
© 2022 by the American Diabetes Association
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Results: Interaction With Melatonin

● Stratified the population by high and low melatonin levels
○ Based “high” and “low” on the median melatonin concentrations in the late

evening OGTT (67.61 pg/ml)
● Average melatonin values were 3.5 fold lower in the early compared to the late

dinner timing condition
● When melatonin concentration was high, G carriers, but not CC carriers, had a

decrease in insulin secretion in the late evening compared to the early evening OGTT:

A single copy of the G risk allele was sufficient to increase glucose OGTT in the late evening
compared to the early evening OGTT in the presence of high melatonin levels:
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Study Conclusions

● This study used a glucose challenge (i.e., OGTT) to simulate a dinner meal.
● This challenge took place either early or late, in order to simulate an earlier or later

dinner meal.
● The later glucose challenge impaired glucose tolerance to a greater degree than the

earlier challenge.
● This effect was significantly greater among carriers of the MTNR1B risk variant (G).
● The decrease in glucose tolerance was a result of both decreased insulin secretion and

β-cell function in the late condition.
● While the behavioral cycle (an individual's activity, light exposure, etc.) has a clear

impact, there are also two inherent biological drivers:
○ Circadian phase
○ Melatonin

● The authors propose that “any dinner that permits concurrence between glucose and
elevated physiological melatonin concentrations, may be considered as a late dinner”

Image from: Garaulet et al., Trends Endocrinol Metab. 2020 Mar; 31(3): 192–204.
© 2019 Elsevier Ltd. All rights reserved.
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Wider Conclusions & Pragmatic Takeaways

● In line with the authorsʼ proposal to view a “late” meal as one which elevates glucose
while there is an elevation in melatonin concentrations, we can come up with some
heuristics for those wishing to avoid the potential adverse effects of eating large meals
at biological night.

● Normally, melatonin levels rise about two hours before bedtime. And the increase in
postprandial glucose needs approximately 2 hours to approach baseline, in healthy
individuals (Garaulet et al., 2022).

● Based on this, we can classify a “late night meal” as one which is consumed within the
2.5 hours before bedtime.

● As it's not practical to measure melatonin (and thus DLMO), a useful heuristic may be
to use oneʼs “natural bedtime”. This can be estimated either by determining oneʼs
chronotype (e.g. via the Munich Chronotype Questionnaire) or by estimating what time
one would naturally go to sleep without external factors dictating sleep time.

● Those attempting to control the blood glucose, may benefit from avoiding meals in
this window. Particularly if the meals are high in carbohydrate and/or fat.
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