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Eating is fundamental to survival. Animals choose when to eat depending on food availability. The timing of eating can
synchronize different organs and tissues that are related to food digestion, absorption, or metabolism, such as the
stomach, gut, liver, pancreas, or adipose tissue. Studies performed in experimental animal models suggest that food
intake is a major external synchronizer of peripheral clocks.
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| 1. Introduction

Obesity treatment has undergone numerous changes, but problems of attrition and variability in response remain. Up to
the 1960s, hypocaloric diets were the only recommended treatment, while the 1970s saw the introduction of behavioral
therapy (BT), promoting changes in lifestyle and eating habits as an alternative therapy 2. Since then, many studies
have underlined the importance of BT together with dietetic treatment in all forms of weight control. Despite the many
widely attested benefits associated with weight loss, the usefulness of dietetic treatment has been questioned B! since
some studies have shown that as many as 80% of patients abandon treatments before achieving their goal 4.

Weight loss and attrition in response to behavioral-dietary interventions show a wide range of inter-individual variation &
6, while the type of diet 4, exercise level 8], and emotional factors [ contribute to differences in weight-loss
effectiveness, little is known about additional causal factors. We have discovered that the timing of food intake is an
emerging factor that may predict the success of weight loss therapies. Not only “what” but also “when” we eat may have a
significant role in obesity treatment (2.

We found that eating the main meal late (after 3 p.m.), was predictive of difficulty in weight loss & In addition, the
distribution of energy intake across meals may be an important factor. As Jakubowicz et al. have shown, those subjects
assigned to a small breakfast and a large dinner lost significantly less weight than those assigned to a large breakfast and
a small dinner 9. Furthermore, we have shown that food timing may affect other circadian-related variables that can
predict weight loss BILU, We have reported genetic contributions to these factors, finding that circadian-related single-
nucleotide polymorphisms (SNPs) are associated with weight loss effectiveness 12113l adherence 4, and food timing
(331 We have also observed food timing and genetic interactions of SNPs in obesity that may predict weight loss and
weight loss trajectory. Together, these observations suggest that eating at the wrong time may negatively influence the
success of obesity treatments and several mechanisms may be involved in the obesogenic effect of eating late.

| 2. Lunch Timing Affects Weight Loss Effectiveness

One of the first studies that have highlighted the potential impact of food timing on metabolism has been conducted by the
group of Turek in 2009 8. |n that study, those mice that were fed with a high-fat diet during the “right” feeding time
(during the dark period in rodents) gained less weight than those fed with a similar high fat diet but during the “wrong”
period (light period in rodents, when feeding is normally reduced). This study inspired our group together with Dr. Scheer
to develop a similar observational study in humans, in order to determine whether food timing influences body weight
during a dietary treatment to obesity 23],

For this purpose, 420 obese subjects who attended different nutritional clinics in Spain to lose weight were classified
regarding the timing of the main meal of the day (lunch in Spain). Results showed that late lunch eaters (after 3 p.m.) lost
less weight during the treatment than early lunch eaters (before 3 p.m.), in spite of having similar age, appetite hormones,
energy intake and expenditure, sleep duration or macronutrients distribution (Figure 1) 3. It was remarkable that late
eaters were more evening type, i.e., evening types stay up late at night, rise at a later time in the morning, and perform
best mentally and physically in the late afternoon or evening 12 and carried the risk variant at CLOCK rs4580704 more



frequently 12, This study encouraged us to delve into the importance of meal timing on metabolism, obesity and weight
loss, and opened a new door for further studies in this field that has been named “Chrononutrition”.
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Figure 1. The weight loss evolution of late and early lunch eaters during the 20 weeks of treatment. Adapted from
Garaulet et al., 2013 [£3],

| 3. How Does the Timing of Food Intake Affect Metabolism?

In order to understand the mechanisms that underlie the difficulties of late eaters in losing weight, we developed a
crossover randomized trial in 32 young women studied under two lunch-timing conditions: Early eating (lunch at 1 p.m.)
and late eating (lunch at 4:30 p.m.). Volunteers received standardized meals during both meal interventions. Late eating
decreased glucose tolerance, resting energy expenditure, and carbohydrate oxidation as compared to early eating.
Besides, the cortisol profile was blunted for late eating as compared to early eating, similarly to that found under acute
stress situations 111, Eating late also affected the daily rhythms of peripheral temperature, towards a similar pattern to that
found in overweight/obesity women which was related to metabolic alterations 28],

In order to assess whether microbiota composition and diversity were implicated in the metabolic effects of late eating, we
carried out a second randomized and crossover study in 10 healthy normal-weight women 12, We showed the impact of
food timing on human salivary microbiota. There was a significant diurnal rhythm in saliva diversity across both early and
late eating conditions (1 p.m. and 4 p.m., respectively) 9. Moreover, late eating inverted the daily rhythm of salivary
microbiota diversity as compared to early eating. This may have deleterious effects on the metabolism of the host 12, |t
has been demonstrated that saliva bacteria, such as oral Fusobacteria, which changed with food timing, have an impact
on the intestine and are related to Chron’s disease and intestinal inflammatory diseases [29. Nevertheless, further studies
should analyze the impact on obesity and weight loss of this inverted rhythm of saliva microbiota when eating late. Indeed,
in spite of the significant amount of scientific studies which associate dysbiosis with obesity, even the causative role of the
microbiome in obesity remains debated (21,

| 4. Timing of Food Intake Does Affect Everyone or it Depends on Genetics?

Once we knew that food timing affected BMI and weight loss efficiency, we wondered whether eating late affected
everybody or by contrast the effects of meal timing on weight loss changed depending on the individual’s genetic
background. In order to address this question, we selected PERILIPINI (PLIN1), a candidate gene for obesity that
encodes an adipocyte-associated protein (PLIN1) which influences body weight, fat accumulation, and lipolysis and which

has been shown to display circadian rhythms in murine adipose tissue, although it has not been demonstrated in humans
yet (221,



PLIN1 promotes fat storage in adipose tissue by limiting the lipolytic activity of hormone-sensitive lipase. Our results
indicated that eating late was related to less total weight loss and slower weight loss rate only in major carriers (AA) of a
particular genetic variant in PLIN1 (14995A > T) which constitute a 44% of the population who attended the nutritional
clinics. Whereas food timing did not influence weight loss among T carriers. This study demonstrates that not everybody is
affected in the same manner by eating late, and that genetics may play an important role in interindividual differences in
weight loss depending on the timing of food intake. In the following section, we will discuss another example of the
interaction between food timing, dinner timing, and genetics, which is related to one genetic variant in the melatonin
receptor 1b (MTNR1B) (23 These are two examples, but further studies should be performed in larger populations to
discover other novel genetic variants that may interact with food timing for weight loss.

| 5. Late Dinner

Spain is one of the countries in which people have dinner the latest in Europe. Spaniards usually have dinner around 10
p.m., thus eating later than Italians (9 p.m.), Frenchmen (8 p.m.), Germans (7 p.m.) and finally Swedes, who have dinner
around 6 p.m.

While our studies showed that the timing of lunch, and not the timing of breakfast or dinner, was related to weight loss
effectiveness, other studies have demonstrated that having a late dinner or eating late at night associates with increased
risks of obesity [241251261127] ' qyslipidemia (22281 hyperglycemia 22, and metabolic syndrome 281271,

Previous research has shown that eating in misalignment with the biological clock, such as eating late at night and shift
work, is associated with increased risk for diabetes B2, Glucose metabolism shows clear diurnal variation, and small
changes in meal timing, i.e., the distribution of caloric intake across the normal wake episode, appear to influence insulin
resistance UL |ndeed, a 12-week experimental study in overweight/obese women with metabolic syndrome
randomized into two iso-caloric weight loss groups showed that subjects with the highest caloric intake during dinner had
greater insulin resistance than those with the highest caloric intake during breakfast 29, This suggested that reduced
intake at dinner was beneficial and might be a useful alternative for the management of the metabolic syndrome. A large
epidemiological study performed in a Japanese adult population (n = 61,364) of late-night-dinner eaters demonstrated that
late-night-dinner eating was robustly associated with hyperglycemia independent of relevant confounders including BMI
[29] (Table 1). Studies performed in laboratory conditions have found that inversion of the sleep/wake and fasting/feeding
cycle, i.e., being awake and eating during their biological night, caused multiple metabolic changes including increased
postprandial glucose and insulin concentrations 3233, |n fact, postprandial responses of some of these healthy subjects
during their biological night were equivalent to the responses of prediabetic individuals 22!,

| 6. Breakfast

The metabolic effects of breakfast are an open question in the nutritional field depending on several aspects, such as food
composition, caloric and nutritional content, and timing of intake.

6.1. Contradictory Results in Breakfast Skipping and Weight Loss

One of the first studies on the effect of caloric distribution along the day and weight loss was the already mentioned study
(101 that showed that subjects who had high caloric breakfasts (700 kcal) and low caloric dinners (300 kcal) lost
significantly more weight than those who had low caloric breakfasts and high caloric dinners. In both cases, subjects
followed a 12-week weight loss diet of approximately 1400 kcal, maintaining the same caloric intake for lunch and during
the day. This study suggested that we should recommend a high caloric breakfast in order to lose weight 29,

In this line, it has been published that skipping breakfast is associated to unhealthy behaviors, poorer diets, and lower
physical activity B4ESIEEIS7T and also with a higher metabolic risk, i.e., higher body mass index (BMI), larger waist
circumference, higher fasting insulin and increased cholesterol and LDL levels B4BESISEIS7 Thjs situation has also been
linked to higher risk of diabetes type 2 and cardiometabolic factors independent of dietary quality [B8IE94QN[41]42] Ope
potential explanation for this deleterious effect is that skipping breakfast may be difficult to compensate later in the day,
and people who do not eat the first meal of the day are reported to have higher daily intakes of fat, energy and cholesterol
and lower intakes of vitamins, minerals and fiber than breakfast eaters ¥3l. In addition, some studies have shown a
correlation with the timing of other meals [24145]146][47]

However, in a more recent systematic review published in 2019 ®8 which revises 13 trials comparing breakfast
consumption with no breakfast consumption, it has been concluded that the addition of breakfast might not be a good
strategy for weight loss, regardless of established breakfast habit.



Although this review must be interpreted with caution due to the relatively low quality of the included studies, the apparent
contradiction among studies about the beneficial or deleterious effects of breakfast, encouraged us, together with Dr.
Saxena and Dr. Dashti, to develop a Genome-Wide Association Study (GWAS) of breakfast skipping in UK Biobank
(approx. 200,000 participants) and to replicate the results in other European populations (Twin UK and CHARGE) 42 |n
this study, we identified six genetic variants that associated with skipping breakfast and that were implicated in caffeine,
carbohydrate metabolism, and circadian clock regulation.

Using Mendelian randomization (MR), we provided evidence suggesting that genetically determined breakfast skipping
was causally associated with obesity in this large population of 200,000 participants. A limitation of observational studies
is that they only allow us to look for associations between one behavior and one disease, but we cannot assess causality
or directionality. For example, although studies have found an association between skipping breakfast and obesity, we
cannot discard the possibility that skipping breakfast is a consequence of obesity and not a cause. Randomized controlled
trials (RCT) are able to address causality, however this type of studies is difficult to perform and usually limited in
statistical power, due to the rather low number of participants. Our MR findings suggest that skipping breakfast could be
causal of obesity. However, results should be interpreted cautiously in light of various MR limitations including that DNA’
does not contain all the information needed to specify the phenotype BUELIEZ among others [B31541551(56],

The timing of breakfast is another relevant aspect of metabolism since it is directly connected to fasting duration at night,
which has been reported to be crucial for metabolism. Previously, our research group had demonstrated in a twin study
that breakfast timing has a high heritability (56%), lunch timing presents a lower heritability (38%), and that dinner timing
is not driven by genetics (0%) but determined by environmental factors 24,

Unlike lunch and dinner, which are recommended early in the day, it has been proved that to have breakfast too early may
be deleterious due to melatonin levels, which may still be high in the early morning. This could be particularly problematic
in MTNR1B subjects, carriers of the common MTNR1B T2D risk variant G, not only because melatonin signaling is higher
due to an increased receptor expression, but also because in these subjects, the duration of elevated melatonin levels
may be extended with a delayed decline in the morning B8], This effect increases the probability of concurrence with food
intake in the morning, which therefore increases also the metabolic risk, as previously discussed.
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