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Abstract

As obesity and metabolic diseases rise, there is need to investigate physiological and behavioural aspects associated with their development.
Circadian rhythms have a profound influence on metabolic processes, as they prepare the body to optimise energy use and storage. Moreover,
food-related signals confer temporal order to organs involved in metabolic regulation. Therefore food intake should be synchronised with the
suprachiasmatic nucleus (SCN) to elaborate efficient responses to environmental challenges. Human studies suggest that a loss of synchrony
between mealtime and the SCN promotes obesity and metabolic disturbances. Animal research using different paradigms has been performed
to characterise the effects of timing of food intake on metabolic profiles. Therefore the purpose of the present review is to critically examine
the evidence of animal studies, to provide a state of the art on metabolic findings and to assess whether the paradigms used in rodent models
give the evidence to support a ‘best time’ for food intake. First we analyse and compare the current findings of studies where mealtime has
been shifted out of phase from the light-dark cycle. Then, we analyse studies restricting meal times to different moments within the active
period. So far animal studies correlate well with human studies, demonstrating that restricting food intake to the active phase limits metabolic
disturbances produced by high-energy diets and that eating during the inactive/sleep phase leads to a worse metabolic outcome. Based on the

latter we discuss the missing elements and possible mechanisms leading to the metabolic consequences, as these are still lacking.
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Introduction

‘Breakfast like a king, lunch as a prince, dine as a pauper’; this
ancient folk wisdom recently is receiving support from scientific
research showing a strong relationship between circadian
rhythms and metabolism.

Obesity is a major health problem around the world and
most interventions are focused on dietary intake and physical
activity. However, there is a growing recognition that factors
such as circadian time and dietary behaviour contribute
importantly to the metabolic response to food intake and thus to
the development of metabolic diseases'"®. Hereby it is shown
that food intake in the rest phase may also contribute to the
development of obesity and metabolic abnormalities. Indeed
epidemiological data obtained from shift workers show that
they have an increased risk for the development of obesity, and
metabolic and gastrointestinal diseases”>. While other studies
show that a specific feeding schedule (such as the ones used in
alternate-day fasting studies) can aid weight reduction and
improvement in metabolic biomarkers®®”, certain studies show
that in the long term skipping breakfast, independently of

energy intake or physical activity, is associated with a greater
risk of developing obesity®. All together these data emphasise
the importance of food timing and support that eating at
the wrong time of the 24h cycle may lead to a disrupted
metabolism, ultimately ending in weight gain and metabolic
disturbances.

Substantial evidence indicates that rather than obesity per se,
metabolic alterations such as chronic low-grade inflammation,
ectopic fat deposition and adipocyte dysfunction are critical
mediators in obesity-induced diseases®'?. Recent findings
suggest that circadian disruption can favour such processes, thus
contributing to the development of metabolic diseases™>%.,

In spite of this general agreement, some animal studies
evaluating the effects of food timing on metabolic health report
inconclusive and contradicting results, probably due to the use
of different protocols. Therefore, the purpose of the present
review is to compile and critically discuss current experimental
evidence on metabolic outcomes in rodent models where food
availability is restricted. Two experimental regimens are con-
sidered; in the first part we discuss time-restricted feeding,
which involves confining food intake to the day or night. It is
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worth highlighting that time-restricted feeding studies using one
single event of less than 8h of food availability along the 24 h
day were excluded, since those paradigms can lead to food
entrainment, reset circadian metabolism and induce energy
restriction or resemble a fasted day™™, which is not the purpose
of the present review. The second part is focused on protocols
with feeding schedules restricted to the active phase trying to
mimic human meals.

We will also analyse possible mechanisms on how the timing
of food intake may contribute to the development of obesity
and metabolic abnormalities and discuss possible studies that
still need to be done.

Circadian rhythms and metabolism

The suprachiasmatic nucleus (SCN), situated at the base of the
anterior hypothalamus, is the main pacemaker of the circadian
system. By receiving input from the retino-hypothalamic tract,
the SCN synchronises its neural activity with the light-dark
cycle(m); therefore the latter is considered the strongest
entrainment signal or Zeitgeber DY, The SCN further
communicates the external time (day or night) to the body via
humoral and neural pathways. Moreover, peripheral signals
feed back timing signals to the SCN. This, for example, includes
hormone-sensitive brain areas that project to the SCN“®
well as sensory feedback, for example, from the autonomic
nervous system®'” A major function of the circadian
machinery is optimising metabolic processes, energy utilisation
and storage; therefore a close interaction between circadian and
metabolic centres is needed.

The circadian system is involved at many levels in the
regulation of energy metabolism. This includes synchronising
behaviour such as food intake and locomotor activity with
adjustments in physiology (body temperature, heart rate,
hormone secretion)®*?Y, as well as with cellular and molecular
fluctuations such as the uptake and production of metabolites,
gene expression and activity of metabolic enzymes(zz’y). As
a testimony, a substantial amount of hormones and genes
in adipose tissue?>2® 27=29 and liver®*3¥
circadian rhythm(34"56), depending on the rhythmicity of the
SCN. Noteworthy, these processes will influence energy
expenditure and thus energy balance, pointing out the
metabolic flexibility of different tissues along the day in order
to optimise energy use and storage.

In normal physiological conditions, the timing of feeding is
driven by the SCN. However, due to the powerful influence of
nutrients and food intake on peripheral clocks®”, when food
availability is separated from SCN rhythms, the phase of some gene
thythms in several peripheral tissues is modified and thus their
metabolic processes®>*3%3” Furthermore the interaction between
circadian and metabolic genes®”, and the fact that animals fed
a chronic high-fat (HF) diet show disturbances in circadian
thythms, supports a strong influence of nutrients on central and
peripheral clocks””4*® Indeed some authors have shown in
animal models that a high-energy diet induces alterations in
the circadian system contributing to the observed metabolic
phenotype™®. Thus it is clear that whether food is ingested during
the day or the night will lead to different metabolic consequences.
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The importance of endogenous circadian rhythms becomes
more evident when they are disrupted. Animal models with
genetic defects within the core clock genes or perturbations in
circadian oscillation components have been linked to various
pathologies including obesity, the metabolic syndrome, cancer,
CVD and gastric disorders®>?. The disadvantage of these
animal models is that in some of them, especially the whole-
body knock-outs (KO), cellular processes are affected which
can ultimately result in the observed pathologies, including
metabolic disturbance. Indeed, a recent report showed that
induction of KO after birth does not results in the pathologies
of the conventional KO, highlighting that the importance of
the developmental period to study the physiological
processes™. Moreover, the non-circadian functions of the
core clock genes are disrupted which can have negative
impacts on metabolic functions.

Food in the rest phase promotes adiposity, while restriction
of a high-fat diet to the active phase prevents metabolic
disturbances

As previously mentioned, epidemiological data obtained from
shift/night workers show that they have an increased risk for
the development of obesity and metabolic abnormalities”*>>,
Also other studies demonstrate that timing of food intake, such
as night snacking, is associated with higher BMI®5®
effort to fully characterise the metabolic consequences of
mistimed food intake and to propose mechanisms that associate
the disrupted circadian system with metabolic disease and
obesity, animal studies where food access is restricted only to
the day or to the night have been performed. A consistent shift
in clock genes expression in organs related to digestion and
metabolic function has been reported; however, current infor-
mation regarding metabolic outcomes after such scheduled
meals is still inconclusive. In this section we will present the
metabolic findings obtained in studies performed with restricted
feeding to day (rest phase) or night (active phase) using either
normal or HF diets. Table 1 summarises the diverse alterations
in physiology observed under such experimental paradigms.

. In an

Body weight and adiposity

The first evidence that feeding during the wrong time leads to
abnormal metabolic outcomes came from a study performed by
Arble et al.®”. They showed in a 6-week study that mice fed
a HF diet (60 % of energy from fat) restricted to the day gained
significantly more weight than their counterparts fed the HF diet
during the night (active phase). This difference was also
observed in the adiposity index, although only as a tendency.
Mice fed during the light period had 8% more fat deposition
than night-fed mice. Interestingly, in this study mice of both
groups ate the same amount of energy, and presented similar
levels of locomotor activity, indicating a different metabolic
management. In view of the communication between the
biological clock and metabolism this finding emphasised
the importance of an adequate food timing to prevent excessive
weight gain. It is important to mention that even though
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Table 1. Summary of day v. night restricted feeding protocols and their effects on health and disease in rodents*
Length of the
Reference Feeding protocol Rodent strain study Type of diett Main metabolic outcome
Salgado-Delgado et al.®® Ad libitum, RF for 12h Wistar rats 4 weeks Chow Increased abdominal fat in DF animals v. ad libitum and NF animals
DF or NF (5-6 weeks
old)
Salgado-Delgado et al."" Ad libitum RF for 12h, Wistar rats (4-5 4 weeks Chow Decreased glucose tolerance (evaluated at ZT4)
DF v. NF weeks old) Increased liver fat accumulation in DF v. ad libitum rats
Adamovich Ad libitum, RF during Micet 2 weeks Chow Decreased liver fat in NF v. ad libitum mice
et al(™ night (12 h)
Gil-Lozano et al."™® RF for 12h DF v. NF Wistar rats 3 weeks Chow Decreased oral glucose tolerance in DF v. NF at ZT22
(300-3509)
Shamsi et al.®® RF during the day or C57BL/6 mice 28d Chow Improved insulin sensitivity in DF mice under a 16 h light-8 h
night with 8 h light-=16 h (4 weeks old) dark cycle
dark or 16 h light-8 h
dark photoperiods
Arble et al.®” RF for 12h DF v. NF C57BL/6J mice 6 weeks HF diet (60 %)§ Higher weight gain and adiposity in DF rats
(9 weeks old) %2
Jang et al.®¥ RF for 12h day v. pair-fed  C57BL/6N mice 4 weeks Chow and HF diet No changes in body weight =z
in the night (4 weeks old) (60%)§ g
Hatori et al.® Ad libitum v. RF during C57BL/6J mice 3 months Chow and HF diet NF-HF mice showed improvements in adiposity, liver steatosis, $
the night (8 h) (8 weeks old) (61%)§ glucose tolerance during the inactive phase, markers of &
inflammation in WAT and increased energy expenditure v. 3
ad libitum mice 2
Chaix et al.*® Ad libitum v. RF during C57BL/6J mice 11-12 weeks Chow, HFr (88 %), HS ~ RF mice with HFr, HS or HF diet showed improvements in body fat, g
the night (9 or 12 h) (12 weeks old) (55 % sucrose, 30 % glucose tolerance, liver steatosis, serum TAG and total cholesterol R
fat) and HF diets levels v. ad libitum mice
(61%)§
Zarrinpar et al.®? Ad libitum v. RF during C57BL/6J mice 8 weeks Chow and HF diet RF mice with HF diet showed less weight gain, improved glucose
the night (8 h) (12 weeks old) (61%)8§ tolerance and partially restored bacterial diurnal fluctuations
Reznick et al.®® Ad libitum and RF for Wistar rats (200 3 weeks Chow and HF diet Reduced energy expenditure in DF v. ad libitum rats. Increased
12h DF v. NF 2509) (60 %)§ epididymal fat pads in DF v. NF animals
Tsai et al.®® Ad libitum and 12h RF FVB/N mice 12-16 weeks Control (10 % energy Improved adaptation in cardiac function in
day v. night (12 weeks old) from fat)|| and HF HF-NF v. HF ad libitum mice
diet (45 %)§
Motris et al.®" Ad libitum chow + C57BL mice 6 weeks Chow + 10% fructose  Greater adiposity and higher fasting serum insulin levels (ZT2),
fructose solution (about solution in mice with fructose during day v. fructose at night
day v. night 8 weeks old)

RF, restricted feeding; DF, day fed; NF, night fed; ZT, Zeitgeber; HF, high-fat; WAT, white adipose tissue; HFr, high-fructose; HS, high-fat-sugar.

* All the summarised studies were performed in male rodents.
1 Chow refers to the standard food given in the vivarium.

1 No information on strain or age.

§ Percentage of HF diet reflects energy from fat.
|| Control diet is a purified diet with matched amount of fibre, proteins, vitamins and minerals.
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Arble et al®” reported big differences in body weight, other
studies using similar protocols have not observed differences of
the same magnitude and some have found only tendencies.
Salgado-Delgado er al.®® performed a 4-week study in rats fed
with a chow diet during the light (inactive phase in rodents) or
during the dark (active) phase. They showed that despite the
same levels of energy intake, and locomotor activity, day-fed
rats gained more weight and accumulated bigger abdominal fat
pads than rats fed during the night or ad libitum. Recently,
Reznick et al.®® performed a 3-week protocol with HF and
chow diets, and compared day-fed v. ad libitum rats. In this
study, despite less energy intake in day-fed animals, their
weight gain and epididymal adiposity were not different from
the ad libitum rats. To support this finding they compared
day-fed rats with rats pair-fed during the night. In this experi-
ment they confirmed an increase in epididymal fat pads in
the day-fed group compared with the night-fed animals. An
interesting finding was that day-fed animals, either chow or HF,
had significantly higher levels of plasma adiponectin compared
with ad libitum rats. Since adiponectin is an anti-inflammatory
adipokine it would be worthwhile to further investigate if
indeed higher levels are maintained in the long term and if it
has any implications for the inflammatory processes on adipose
tissue or the liver.

The previous studies show the negative impact of feeding
during the inactive phase on body weight and adiposity. In
contrast, restriction of food intake to the active phase seems to
have beneficial effects. Hatori et al“® performed a time-
restricted feeding protocol providing access to food only during
the night phase. Mice were fed a normal chow or a HF diet
(61% energy from fat) either ad libitum or for 8h during the
night (ZT13-2T21) for 3 months. In spite of similar cumulative
food intake of HF night-fed and ad libitum HF mice, mice fed
during the night showed significant improvement in adiposity.
These results were replicated in two other studies by the same
group where older mice (12 weeks old) fed for 8-12 weeks on
a HF, high-fructose (HFr) or high-fat-sugar (HS) diet also
showed less weight gain and adiposity when compared with ad
libitum mice*”. As mentioned before, obesity-associated
metabolic abnormalities do not result just from higher adiposity,
but rather from the abnormal functioning of adipocytes and the
low-grade inflammation*?. In this line, Hatori et al.““” also
observed that night HF feeding led to decreased adipocyte
size and improvements in markers of white adipose tissue
inflammation, extending the benefits of eating only during the
active period. Unfortunately in this study a group of mice fed
during the day (inactive phase) was omitted; thus the effects of
day ». night eating could not be compared.

Apart from HF food, Morris et al.®" investigated the effects of
fructose intake during day or night for 6 weeks. High fructose
intake as part of the typical Western diet has been associated
in rodents with the development of fatty liver and other
cardiometabolic abnormalities®®>*”. In  this study, mice had
ad libitum access to chow and were provided with a 10%
fructose solution during the light period (12h) or during the
dark phase (12h). Although this was not a fully restricted
feeding protocol, because chow was provided ad libitum, it
was observed that after 6 weeks of fructose intake during the
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night, mice had apparently no significant metabolic effects
compared with the control group. In contrast and despite no
differences in energy intake, fructose ingestion during the day
induced increased body fat compared with fructose during the
night, albeit no changes in body-weight gain, suggesting there
was a corresponding decrease in lean body mass. Further
assessment of adipocyte profile confirmed higher serum leptin
levels and larger adipocytes in mice with fructose intake during
the day, when compared with the night group.

Jang et al. v provided mice with the same amount of food
during the day or night for 4 weeks; they pair-fed the night
group against the energy intake of day-fed mice. They did not
observe significant body-weight differences between day-fed
mice and the pair-fed night group with either chow or the HF
diet. They concluded that the observed changes in peripheral
circadian clock gene expression as well as in glucose and lipid
metabolism genes may not be a key factor influencing body
weight. Considering that similar protocols have found differ-
ences in adiposity and physiology independent of body-weight
gain®”, the limitation of this study is that adiposity was not
assessed. In addition, the lack of differences could be attributed
to other influencing factors, such as gut microbiota composition
and physiological differences between colonies, among others.

All the studies previously mentioned use the conventional
12 h light-12 h dark cycle. Recently Shamsi et al % performed
a restricted feeding protocol in mice exposed to either long or
short days (16 h light-8h dark or 8h light-16h dark, respec-
tively) trying to resemble photoperiods corresponding to either
the summer or winter. Interestingly, after 6 weeks under their
corresponding photoperiod, they did not find any difference in
body weight or food intake between the ad [libitum, the
night- or day-fed groups. In the groups on the winter schedule
(8h light-16 h dark), mice fed during the light period showed
reduced adiposity, compared with ad libitum and night-fed
mice, even though the three groups had the same average
food intake. This effect may be due to metabolic adjustments
in response to a shorter time of food availability or to
winter conditions.

Energy expenditure

In most of the aforementioned studies, the differences in body
weight between day and night feeding were associated with no
differences in food intake. In an effort to understand the nature
of these differential effects, some authors have assessed energy
expenditure, or substrates used for energy. Hatori et al.“,
using a regular or a HF diet, found that mice restricted to food
access for the first 8h of the night significantly increased their
energy expenditure compared with the ad libitum groups. This
probably explains the lower adiposity observed in night-fed
v. ad libitum mice. Surprisingly, and in contradiction to Hatori’s
finding, Tsai et al.®® observed that night-fed mice decreased
their average daily energy expenditure when compared with
ad libitum mice and this was independent of the diet consumed
(control or HF diet). On the other hand, Reznick et al.®” found
reduced energy expenditure in the day-fed rats compared with
night-fed, and ad libitum rats, with no apparent difference
between night-fed and ad libitum animals. An interesting point
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in the latter study is that the biggest decrease in energy
expenditure in day-fed observed during the
dark phase.

These different findings may be explained by the experi-
mental conditions such as age and strain of rodents, length of
study and type of diet, among others. As observed in Table 1,
one of the studies used rats and the other two used mice but of
different strains and even different ages. It has been shown that
the genetic background or housing conditions can make an
impact on the development of a certain phenotype(m)
addition, only Tsai et al. %
diet, as regular chow supplied in the vivarium can vary in
composition, contributing to the lack of reproducibility. Given
that energy expenditure has a key role in energy balance and
obesity it is clear that more long-term studies (>10 weeks) with
similar protocols are needed to fully evaluate the impact of
day v. night feeding and to make the results comparable with
each other.

rats was

. In
used the recommended control

Core body temperature

Energy expenditure is a potential contributor to the differences
in adiposity observed between day- and night-fed animals and
is importantly influenced by core body temperature. Recent
studies demonstrate that brown adipose tissue is a main
thermogenic organ, responsible for generating heat and thus
maintaining body temperature, with an important role in the
development of obesity(GS). The latter highlights the importance
of measuring core body temperature in metabolic studies.
Some of the studies summarised in Table 1, while evaluating
metabolic outcomes, also evaluated core body temperature.
Salgado-Delgado et al.®® showed that in day-fed rats for
4 weeks, the acrophase of core body temperature was shifted to
the light/dark transition, rather than in the middle of the night,
as observed in ad libitum and night-fed rats. Consequently,
animals lost their day/night rhythmicity and the mean body
temperature was similar between day and night. Interestingly,
in a similar study by Satoh et al.“®”, restriction of food intake to
the day induced torpor-like symptoms during the late night, the
animals entering into an energy-saving mode by lowering their
body temperature during this phase. Clearly more studies are
needed to strengthen the latter results for core body tempera-
ture. However, considering that the daily variation in core
body temperature is regulated by the SCN and also by food
intake, these results show how misalignment between both
processes can make an impact on metabolism and could
result in higher adiposity.

Ectopic fat accumulation

One of the metabolic disturbances commonly observed in
obesity is the ectopic accumulation of fat in non-adipose
tissues, including the pancreas, heart, liver, kidney and blood
vessel wall. This process has deleterious consequences, termed
lipotoxicity, and it is seen as the cause for hepatic and peri-
pheral insulin resistance””. Salgado-Delgado et al.”? observed
in a 4-week study a greater fat accumulation in the liver of rats
fed a chow diet during the day, when compared with rats fed
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ad libitum or during the night. This is of special interest as there
were no previous reports of fat accumulation in the liver under
a normal-fat diet. However, with 3 weeks of day-feeding
Reznick et al.®” did not observe such differences in chow-
or in HF-fed rats, when compared with their corresponding
ad libitum groups. These contrasting results suggest that
liver fat accumulation may require more time to develop.
Reznick’s study also found that the diurnal peak in liver
TAG, which appeared between ZT6 and ZT9 in ad libitum rats,
disappeared in day-fed rats. They additionally measured muscle
TAG accumulation with no differences between the different
restricted feeding groups.

The reports with night feeding, especially under a HF diet,
are more consistent and show that when food is restricted to the
night this substantially prevents liver TAG accumulation.
Indeed, restriction of different Western-type diets (HF, HFr or
HS) to the night-phase improved significantly liver steatosis and
markers of hepatic injury compared with HF ad Libitum 104300,
In an effort to elucidate the molecular mechanism behind this
change under a HF diet, Hatori et al“"” performed gene
expression and metabolome analysis. Their main findings were
a more robust rhythm in metabolic genes and significant
changes in the liver metabolome. Specifically, they observed an
increase in ketone bodies (as a marker of fatty acid oxidation)
and hepatic bile acids in the night-fed groups. They suggest that
bile acid spillover from the liver correlates with an increased
expression of uncoupling proteins in brown adipose tissue and
therefore with the increase in energy expenditure observed in
night-fed mice.

Adamovich et a also evaluated the effect of timed feeding
on hepatic TAG in mice. In an elegant study they performed
lipidomics analysis of the liver by MS. After only 2 weeks of
restricted feeding with a chow diet, mice fed during the night, in
spite of an unchanged energy intake, had almost a 50%
decrease in total hepatic TAG, compared with ad libitum mice.
Although they quantified the different TAG forms in the liver,
this difference was not due to a specific one and rather evident
in every single TAG form.

In conclusion; restricting food to the active phase (night in
rodents) has a clear positive impact on hepatic TAG either on a
regular or on a HF diet.

1 72)

Glucose homeostasis and insulin sensitivity

There is a circadian rhythm in insulin action and glucose
homeostasis, the former mainly regulated by the SCN7?. Since
insulin sensitivity is the lowest during the inactivity phase'’®
and insulin resistance is a common metabolic disturbance
associated with obesity, restricted feeding
evaluated the impact of such experimental paradigms on
glucose tolerance. Salgado-Delgado e al. " showed that after
4 weeks of food during the day, and an overnight fast, rats
showed higher glucose peaks during an intraperitoneal glucose
tolerance test (IPGTT) evaluated at ZT4, when compared with
night-fed and ad libitum rats. One of the disadvantages of the
IPGTT is that this administration route does not stimulate the
intestinal secretion of incretins (glucagon-like peptide-1 (GLP-1)
and glucagon-dependent insulinotropic peptide (GIP)), which

studies have


https://doi.org/10.1017/S095442241600010X

Nutrition Research Reviews

o

https://doi

Metabolic consequences of time of food intake 185

are responsible for about 50% of the insulin secretion
after a meal. Therefore, even though this procedure gives
information about insulin sensitivity it is impossible to see
disturbances in gut-related hormones and does not necessary
resemble a meal response. To dissect the role of incretins,
Gil-Lozano et al”’> in a 3-week study with day or night
feeding evaluated changes in GLP-1 secretion. They performed
an oral glucose tolerance test (OGTT) at two moments of the
day (ZT10 and ZT22) and with 4 h of prior fasting. They found
higher glucose peaks during the OGTT in day-fed rats when
compared with night-fed rats, but only at ZT22. An important
finding was that day-fed rats showed higher glucose peaks in
spite of higher GLP-1 and no changes in insulin secretion,
compared with night-fed rats at the same time point. This
may imply that after a 3-week period, the differences in
glucose peaks between day- and night-fed animals arise from
changes in insulin sensitivity, rather than from impaired
hormone secretion. Interestingly, the pancreas of day-fed
rats seemed to develop some resistance to the incretin effect
of GLP-1.

In the study by Hatori et a , an IPGTT was performed
during the inactive phase (no specific information on ZT). In
contrast to ad libitum HF mice, night-HF restricted mice did not
display glucose intolerance and instead showed similar glucose
and insulin levels to chow-fed mice. The beneficial effect of

l 40)

time-restricted feeding during the active phase when compared
with ad libitum on glucose tolerance was also observed in
a replicate study™®. This time the IPGTT was evaluated during
the active phase (ZT14), and the effect was observed for the
three experimental diets (HF, HFr and HS).

In the study by Morris et al.‘®”, fructose ingestion during the
day showed no impact on glucose levels during an IPGTT (no
information on the test timing); however, it did induced higher
fasting serum insulin levels (evaluated at ZT2) when compared
with the night fructose ingestion. The latter further supports the
hypothesis of impaired insulin sensitivity under rest-phase
feeding. Finally, Shamsi et al®® found, in a long-day protocol
(summer), that after an overnight fast, day-fed mice had better
insulin sensitivity than ad libitum and night-fed mice. However,
it must be noted that both the IPGTT and insulin sensitivity test
were performed 2h after the lights were turned on. Since day-
fed animals were in their feeding phase, these results may
indicate that after 6 weeks there is some adaptation, while in
night-fed animals the optimal response to glucose is shifted to
the opposite part of the day.

Existing findings indicate that there is still no consistent effect
of timed feeding on glucose tolerance, largely because the
glucose tolerance evaluation method and timing should
be standardised in order to have comparable results. Glucose
tolerance and insulin sensitivity change across the day and
night(74); therefore, as Gil-Lozano et al. 7> did, it is convenient
to perform the glucose tolerance tests at specific ZT during the
light and during the dark phase and to evaluate whether both
conditions follow the same tendency or if the observed differ-
ences are only a result of adaptation. In addition in order to not
neglect the effect of incretins and make the results more com-
parable with humans, we suggest the use of OGTT instead
of IPGTT.
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Other cardiometabolic disturbances

Disturbed circadian rhythms have been associated with CVD;
thus some protocols have evaluated parameters associated with
cardiovascular function. In line with the previous benefits
observed by night restricted feeding in rodents, Tsai et al.‘*®
observed that mice with a nocturnal feeding schedule achieved
an adequate myocardial adaptation under a HF diet preserving
contractile function. Specifically, they observed that with this
type of diet, ad libitum HF mice showed an approximately
33% decrease in cardiac power, when assessed ex vivo”®.
In contrast, HF night-fed mice had comparable cardiac power as
night-fed mice on a regular diet. An interesting point is that this
finding was in spite of similar accumulation of TAG in the heart
compared with HF ad libitum mice. Surprisingly, under high
workload conditions, hearts of HF night-fed mice exhibited
even greater ex vivo cardiac power, relative to control mice.
Cardiac function shows circadian behaviour™”’”; thus the
limitation of the latter findings is that since the authors do not
report the time at which the cardiac function was evaluated it is
hard to conclude whether this phenomenon is related to any
food-derived adaptation. Night-fed mice on a HF diet displayed

lower serum cholesterol levels“®.

Conclusion

Consumption of a HF diet has been associated with dis-
turbances in circadian thythms“**. Indeed it has been suggested
that the metabolic abnormalities observed under such diets
result not only from the type of diet, but also from disturbances
in components of circadian rhythms“®.

Studies here described show that eating only during the night
(active phase for rodents) limits the adiposity and metabolic
disturbances such as hepatic steatosis produced by high-energy
diets. The different magnitude of the effects, as we will revise in
the next section, could be due to the timing of food intake
within the active phase.

Most studies show that eating during the inactive phase
(light) leads to greater adiposity, which could be related to
decreased energy expenditure. The development of fatty liver
with day feeding seems to be clear in long-term studies
(>4 weeks duration), whereas the development of metabolic
abnormalities such as glucose intolerance or hyperinsulinaemia,
either on normal-fat or HF diets, is still inconclusive. The lack of
consistency in these findings may be attributed to the different
protocols used, hours of feeding, length of the study, and
rodent strain used, among others. Some studies use chow (the
food provided in the vivarium) as the control diet, while others
use purified diets. Chow is not necessarily a good control
since its composition is variable and the metabolic outcome of
purified diets v. chow is different”®. Most of the protocols have
a relative short duration (3-6 weeks); therefore more long-term
studies (>12 weeks) are needed to evaluate whether the
metabolic abnormalities result from a lack of adaptation. It is
worth highlighting that studies with short duration of food
access (4-5h) either during the day or night resemble a fasted
day, which in the long term does not necessarily reflect normal
feeding behaviour in humans (where food is available
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Table 2. Summary of restricted feeding protocols within the active period and their effects on health and disease in rodents

Length of
Reference Feeding protocol Rodent strain study Type of diet Main metabolic outcome
Bray et al.® Morning (early night) v. evening Mice, FVB/N 12 weeks HF diet (45 %) Higher adiposity, hyperinsulinaemia and
(late night) HF meal background insulin resistance (evaluated at ZT12) in
(no age evening v. morning eaters
information)
Wu et al.™ Breakfast or dinner skippingona  Wistar rats 4 weeks NS Despite same food intake, rats with no
three meal/d protocol dinner had lower body weight and
epididymal fat
Fuse et al.®®  Ad libitum v. one meal/d or two ICR mice 8 weeks HF diet (40%)  Higher body-weight gain,
meals/d (6 weeks old) hyperinsulinaemia, hyperleptinaemia with
one meal/d v. two meals/d
Sasaki Early night v. evening late night ICR mice 4 weeks HF diet (45 %) Lower body weight and preferential use of
et al® HF meal fat in morning v. evening eaters and ad

libitum

HF, high-fat; ZT, Zeitgeber; NS, not stated.

throughout the day or night). Therefore such restricted feeding
models are not adequate to study the contribution of food
timing to obesity in humans. Finally, since glucose tolerance
fluctuates along the 24h period, its evaluation needs to be
standardised to certain time points during the day and night to
discriminate adaptation from real abnormalities.

Best timing for food intake: an early meal has a better
metabolic outcome than a late meal - breakfast v. dinner

The last section shows that in animal studies there is a clear
metabolic advantage of confining food intake to the active
period. On the other hand, human studies demonstrate that
timing of food intake within the active phase can differentially
influence the rate of weight-loss regimens®’®, and that skip-
ping breakfast is associated with higher BMI®*®. In order to
characterise the metabolic effects of food intake within the
active phase and beyond, circadian rodent studies were done
with different meal times circumscribed to the active phase.
Table 2 summarises the diverse physiological effects observed
under such experimental paradigms. As previously mentioned,
rodents are nocturnal animals and their night corresponds to
our day. For comparative purposes with human meals, a meal
during the first hours of the active phase in rodents will be
called breakfast, while the last meal in this phase will be
called supper.

Body weight and adiposity

Bray et al.®” performed an experiment where they provided
mice a HF diet for 4 h during the early (ZT12-ZT16) ‘breakfast’
or late night (ZT20-ZT24) ‘dinner’, and gave a control diet
(normal fat content) for the alternate 4 h. Consequently, animals
were food deprived from ZT16 to ZT20, having a total feeding
duration of 8 h. Despite identical daily total energy intake, mice
with a HF breakfast exhibited significantly lower body weight
and lower adiposity, relative to mice with a HF supper.
Unfortunately, they did not compare their groups with an ad
libitum control or ad libitum HF diet and therefore it is difficult
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to evaluate the magnitude of the metabolic changes induced by
the different protocols. Supporting these results, Sasaki et al.®V
performed a similar protocol with a HF diet. They provided
mice with 4h of feeding during the early (ZT12-ZT16) or late
active phase (ZT20-ZT24), to resemble human meals (eating
breakfast or supper). Despite lower food intake, supper eaters
had a similar weight gain compared with ad libitum groups.
Breakfast eaters had comparable food intake to supper eaters
but displayed significantly lower body weight. Interestingly, the
difference in body fat did not follow the same pattern; only
breakfast eaters had lower adiposity than ad libitum mice,
probably because of their lower food intake. While the soleus
muscle weight in breakfast eaters was significantly higher
relative to ad libitum and supper eaters, no difference between
groups was observed in the gastrocnemius weight. Since soleus
is composed mainly of oxidative fibres, this result may suggest
that under a HF diet, breakfast eating has more impact either in
the muscle lipid accumulation or muscle growth.

In the same line, another study evaluated the metabolic
effects of meal timing within the active period in young Wistar
rats””. In this study, a three-meal protocol was used as the
control to mimic human habits. In the experimental groups
either the first meal (breakfast) or the last meal (supper) was
suppressed. The main finding was that the group that skipped
the supper gained significantly less body weight and less
epididymal fat, in spite of lower mean daily locomotor activity.
An interesting finding is that in contrast to skipping breakfast,
missing supper had almost no impact on the peripheral
circadian rhythms. Based on these findings, the authors suggest
that the time of the first meal rather than the last probably exerts
the major effect on the phase of clock and metabolic genes.

Fuse et al.®® compared in mice the effect of one meal (big
breakfast) v. two meals per d (breakfast and small supper) or free
feeding on metabolic health. They fed the three groups
a HF diet (40 % energy from fat). Groups for one and two meals
received 80 % of the food of the free-feeding group. Restriction of
the HF diet resulted in significantly lower weight gain and lower
total adiposity compared with ad libitum mice. Interestingly, in
spite of the same energy intake between one and two meals
groups, mice on the two-meal protocol had significantly lower
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body weight and visceral fat compared with the one-meal group.
This result stresses that short intervals of food intake or long
intervals of fasting do not necessarily improve metabolic outcomes
and highlights the importance of also assessing meal frequency.

Energy expenditure

Timing of food intake within the active period seems not to be
crucial for energy expenditure, but has an important effect on
the preference of the substrate used. In the study by Bray
et al.®” energy expenditure was unchanged between breakfast
(early active phase) or supper (late active phase) eaters.
However, the capacity to switch fuel consumption (carbo-
hydrates v. fat) according to availability, also termed metabolic
plasticity® | appears to be lost in the evening HF-fed mice. RER
in the latter group remained close to a value of 1 throughout the
entire awake/dark phase, despite a period of fasting, and during
the HF diet consumption (which in other studies there was
a decrease in RER). The latter may imply that there is no
metabolic plasticity in mice with a HF diet supper, and therefore
the main substrates used are carbohydrates. Sasaki et al.®V
obtained similar results, i.e. no change in overall energy
expenditure; however, the mean RER, during the inactive
phase, was significantly lower in breakfast ». supper eaters,
while no difference was observed during the active phase.
These experiments consistently indicate that eating early in the
active phase (breakfast) allows adaptation to a HF diet, thus
using fat for energy production. In contrast, mice eating a HF
diet during the late active phase (supper) fail to adapt and
mainly use carbohydrates as fuel. The latter can make a deep
impact on fat accumulation in the adipose or non-adipose
tissues, leading to lipotoxicity and metabolic alterations.
Furthermore, it supports that breakfast, as a meal early in the
active phase, sets the rhythm of metabolic functions and that it
needs to be aligned with SCN signals.

Glucose homeostasis and insulin sensitivity

The impact of timing of food intake within the active period on
glucose homeostasis is still scarce. In the study by Bray et al.®®
an IPGTT was performed at ZT12, the beginning of the active
phase, to enforce the 12h fasting period and to resemble
human studies. The HF diet as breakfast resulted in increased
glucose tolerance compared with HF feeding in the evening
where animals displayed insulin resistance and hyper-
insulinaemia. Fuse er al.®® showed that the two-meal and
one-meal protocol on a HF diet abolished 24 h fasting insulin
rhythms when compared with the ad libitum group; unfortu-
nately, glucose levels were not measured. Although not
significant, the two-meal ». one-meal group showed lower
mean fasting serum insulin levels. From the studies above it
seems inappropriate to draw any conclusions; clearly more
studies are still warranted.

Conclusion

The metabolic effects of the timing of food intake within the
active phase seem to agree in their main results. It appears that
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a ‘better’ timing for food intake is early in the active phase, in
order to limit the impact of HF diets, such as the typical Western
diet. While there is no apparent change in energy expenditure,
a specific temporal order in the daily meal pattern appears to
influence metabolic plasticity and therefore important to either
accumulate or mobilise fat from adipose tissue. Food received
during the first hours of the active phase in rodents programmes
the body for a specific use of fuel. In contrast, food intake and
particularly high-energy meals during the last part of the active
phase seem to have a deleterious impact on the development of
adiposity and on weight gain. While Bray et al.®”
a worse metabolic outcome by eating a HF supper (late active-
phase meal) v. a HF breakfast (early active-phase meal), more
evidence on the impact on metabolic disturbances beyond
adiposity is still lacking.

observed

Metabolic effects of food timing: possible mechanisms

Based on the current findings, in the following paragraphs we
discuss possible mechanisms contributing to the observed
phenotypes under restricted feeding regimens.

Suppressed thermogenesis, a thrifty phenotype

In the context of obesity, thermogenesis produced by brown
adipose tissue has drawn significant attention, due to its influ-
ence on insulin sensitivity®" and energy expenditure®. It was
suggested that a suppressed thermogenesis induces a thrifty
phenotype, predisposing to insulin resistance and obesity(%).
In contrast, increasing the thermogenic activity of brown
adipose tissue could represent a novel method to combat
obesity®”. In rodents, food during the rest phase modifies the
daily rhythm in body temperature and induces a significant
decrease in body temperature during the active phase(69’88).
Our own unpublished observations support this, as rats fed for
12 h during the rest phase for 9 weeks show a decrease in the
amplitude of daily body temperature rhythms, characterised by
a decreased body temperature during their active phase when
compared with controls. In parallel Reznick et al.®® found that
food during the rest phase, either chow or a HF diet, induced
a decrease in energy expenditure when compared with
ad libitum and rats fed in the active phase; unfortunately they
did not evaluate body temperature®®. More systematic studies
evaluating core body temperature, energy expenditure and
insulin sensitivity at the same time are needed to strengthen the
latter results. Nonetheless, we can propose that the difference in
body temperature between rats fed in the rest phase and
ad libitum rats results from alterations in brown adipose tissue
activation and could partly account for the observed changes in
energy expenditure, and consequently in adiposity. An inter-
esting point is that in models of catch-up growth, a key hallmark
is the suppressed thermogenesis, accompanied by hyper-
insulinaemia, insulin resistance in skeletal muscle and insulin
hyper-responsiveness in adipose tissue™. While in rest-phase
feeding studies there is some evidence of insulin resistance for
glucose uptake, it will be interesting to also evaluate if
the adipose tissue presents such hyper-responsiveness, and
whether this contributes to the increased adiposity.
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Uncoordinated metabolic responses to autonomic input

It is widely accepted that the central nervous system via the
autonomic projections regulates peripheral metabolism®®™?.
Such is the case of the SCN that coordinates peripheral circadian
processes via humoral and autonomic output®*”. Never-
theless, if the autonomic pathway is in misbalance, negative
consequences are observed?*?*1%V For example, selective
parasympathetic denervation to the adipose tissue decreases
significantly the NEFA uptake*'%  while liver para-
sympathectomy inhibits VLDL secretion**?. In general, obesity
and type 2 diabetes have been associated with increased sym-
pathetic activity to heart, blood vessels, liver and adrenal
glands®®19919% 1t is suggested that this increased activity
decreases the sensitivity of peripheral p-adrenergic receptors to
autonomic input. This autonomic response seems to be
impaired in peripheral tissues, since blood pressure remains
high in type 2 diabetes and obesity conditions. So far there are
no reports about how the autonomic system works in animals
fed during their rest phase; however, we propose that one of
the possible mechanisms that underlies the negative cost of
food intake during the rest phase is by interfering with the
neural communication pathway with the SCN. For example,
in rodents, stimulating SCN with intense light to the eye during
the rest-phase period induces hyperglycaemia via adrenergic
pathways(l%) light night augments
the expression of gluconeogenic genes via the autonomic
system”. These parameters are coordinated by the SCNZ®;
hence, when animals ingest their meal during the rest phase,
the SCN has set the autonomic nervous system output to the
‘rest period mode’ and may promote increased lipid storage in
the adipose tissue, and liver*®”
sensitivity and reduced energy expenditure.

and a stimulus  at

as well as a decreased insulin

Melatonin

Melatonin is a hormone synthesised and secreted during the
night mainly by the pineal gland and it is associated with central
processes associated with the dark period and enforcement of
circadian rhythms by acting on the SCN as an internal
synchroniser %" It influences insulin secretion and glucose
uptake in rodents and melatonin supplemented in the drinking
water is reported to reduce obesity and restore adipokine
balance in ob/ob mice™*'"® In mice the production of
melatonin has been under debate; however, there is evidence
that the pineal gland of different strains of mice (Balb7c, NOD)
exhibits a nocturnal peak of melatonin'®
subjected to pinealectomy present glucose intolerance and
basal hyperglycaemia™®. Based on this knowledge, we
propose that in rodents consuming their meal during the day,
melatonin signalling is lacking and this may contribute to
reduced insulin sensitivity, glucose is converted to fatty acids
and latter to TAG; this may stimulate adipogenesis, as well as
fatty liver if this condition persists. In spite of that in humans
melatonin is released during the rest phase and thus out of
phase with the eating cycle, there are numerous reports
indicating that melatonin plays an important role in metabolic
homeostasis by tuning insulin concentration in plasma™'® and

. Moreover, rats
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preventing obesity!”1'®_ Another possible role is its

chronobiotic effect on the circadian system by keeping
circadian synchrony™'?.

Missing answers: is gut microbiota responsible for the
metabolic changes between day and night feeding?

In the context of obesity, metabolic alterations commonly
develop in a state of low-grade chronic inflammation that arises
from impaired adipocyte function and contribute to ectopic fat
accumulation and insulin resistance. While increased adiposity
is consistent in resting-phase feeding studies, so far in those
studies there is little or no evidence of changes in adipocyte
function and/or inflammatory biomarkers, either systemic or in
the adipose tissue. In addition, although glucose tolerance
curves have been performed, it will be desirable to also
assess hepatic insulin resistance to have more insight into the
plausible mechanism.

One of the most common complaints of shift workers are
gastrointestinal problems; indeed, there is evidence of a higher
risk of colon cancer™?® . In addition, intestinal permeability
and inflammation are associated with the development of
hepatic steatosis™" 2%, To the best of our knowledge, none of
the reports mentioned above has addressed the impact of food
timing on intestinal physiology. Considering that various
intestinal activities — such as gastrointestinal motility, gastric
emptying, DNA synthesis, epithelial cell renewal, and nutrient
and electrolyte absorption — occur in a circadian pattern”??, it
is possible that time of feeding could alter some of these
processes and thus disturb intestinal physiology. It is worth
noting that with a HF diet, gastrointestinal alterations may
precede the onset of obesity and metabolic disturbances??. If
we consider that the gastrointestinal tract is the largest endo-
crine organ, and has the second highest amount of immune
cells in the body, we can speculate that a disruption in its
rhythmic coordination might well influence the metabolic
effects of the timing of food intake.

In the past 10 years the role of the gut microbiota in host
metabolism and in the development of metabolic abnormalities
has been demonstrated'?>?® In the absence of gut micro-
biota, the circadian clock in intestinal epithelial cells was
disrupted and mice developed metabolic disturbances™?”.
recently that
composition and functionality also show a diurnal rhythmicity
in rodents and in human subjects®®*'*® and that disruption of
the host circadian clock by deletion of the core molecular clock
gene, Bmall, abolished this rhythmicity™'*”. Feeding time
also dictates daily oscillations in microbiota composition and
circadian disruption, induced by jet lag, caused significant
dysbiosis (microbiota imbalance), thus contributing to the
development of metabolic disturbances. Voigt et al**”
also addressed the impact of circadian disruption (through
continuing phase shifting) on the profile of gut microbiota,
when animals were fed a HF diet (a ‘challenging environment’)
and found a significant change in bacterial populations,
supporting Thaiss’s results'*®. Moreover, it was also shown
that a HF diet partially abolished circadian fluctuations in gut
microbiota composition((’m . These findings indicate that there is

It was demonstrated intestinal microbiota
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Fig. 1. Metabolic effects of eating during the active v. inactive phase. Eating during the inactive phase leads to greater adiposity, accumulation of fat in the liver,
possibly related to lower energy expenditure and changes in gut microbiota and intestinal physiology. Eating at the correct time (active phase) prevents the adiposity
and accumulation of fat in the liver, driven by high-fat diets. This effect is probably related to restoration of circadian fluctuations in gut microbiota composition and to an

increase in energy expenditure. For a colour figure, see the online version.

a bidirectional communication between the circadian clock and
microbiota, and therefore key to understand the influence of
food timing on metabolic outcome. Indeed germ-free mice fed
a low-fat or HF diet show altered circadian clock gene
expression despite persistence of light—dark signals*?.

There is a wide range of microbiota-derived metabolites that
have been linked to the low-grade inflammation phenotype, fatty
liver and CVD"®”. Indeed, it was recently shown that diurnal
oscillations of microbial metabolites are altered with HF diets
directly making an impact on circadian clock gene expression in
the liver, leading to a lower metabolic state"*", meaning that there
is a lower use of substrates for energy production and more used
for accumulation. So the research mentioned above might well be
the tip of the iceberg, and further investigations of the type of
microbiota, their metabolites, its interaction with the
clock system could possibly contribute to explain the metabolic
alterations observed under different food timings. In time-restricted
feeding studies only Zarrinpar et al®” have evaluated the
composition of the gut microbiota. Since the gut microbiota is

and

deeply affected by environmental factors, some of the inconsistent
findings among the studies here reviewed could also be due to
differences in the gut microbiota functionality, that can largely vary
due to different chow diets (non-purified diets) or even housing
conditions in the vivarium.

Conclusion and final perspectives

Restricting food intake to the active phase (night in rodents)
limits adiposity and metabolic disturbances such as hepatic
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steatosis and insulin resistance produced by high-energy diets.
In contrast, eating during the inactive phase leads to greater
adiposity, and in the long term to fat accumulation in the liver.
The mechanisms are still not clear; while they could be related
to decreased thermogenesis, the gut microbiota could provide
possible mechanisms (Fig. 1.

Animal studies agree that within the active phase, breakfast is
a ‘better’ time for food intake. This will limit the impact of HF
diets, such as the typical Western diet. Breakfast eating is
accompanied by an improved metabolic plasticity, to use fat as
the energy substrate, which may contribute to the observed
effect. So after all the ancient wisdom of ‘Breakfast like a king,
lunch as a prince, dine as a pauper’ could hold also in animal
studies some truth. This correlates with human studies,
supporting the potential of animal studies to explore the
mechanisms of human ﬁndings(8’56’79’152’155) . Nonetheless, well-
controlled long-term experimental studies in animal models are
needed to strengthen the animal experimental data and to
further investigate metabolic variables such as adipocyte
dysfunction and gut microbiota—host interactions that contribute
to the development of obesity and metabolic disturbances.
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