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Chocolate for breakfast prevents
circadian desynchrony in
experimental models of jet-lag and

shift-work
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Night-workers, transcontinental travelers and individuals that regularly shift their sleep timing, suffer
from circadian desynchrony and are at risk to develop metabolic disease, cancer, and mood disorders,
among others. Experimental and clinical studies provide evidence that food intake restricted to the
normal activity phase is a potent synchronizer for the circadian system and can prevent the detrimental
metabolic effects associated with circadian disruption. As an alternative, we hypothesized that a timed
piece of chocolate scheduled to the onset of the activity phase may be sufficient stimulus to synchronize
circadian rhythms under conditions of shift-work or jet-lag. In Wistar rats, a daily piece of chocolate
coupled to the onset of the active phase (breakfast) accelerated re-entrainment in a jet-lag model by
setting the activity of the suprachiasmatic nucleus (SCN) to the new cycle. Furthermore, in a rat model
of shift-work, a piece of chocolate for breakfast prevented circadian desynchrony, by increasing the
amplitude of the day-night c-Fos activation in the SCN. Contrasting, chocolate for dinner prevented
re-entrainment in the jet-lag condition and favored circadian desynchrony in the shift-work models.
Moreover, chocolate for breakfast resulted in low body weight gain while chocolate for dinner boosted
up body weight. Present data evidence the relevance of the timing of a highly caloric and palatable meal
for circadian synchrony and metabolic function.

Modern human society is exposed to a 7/24 activity schedule, leading individuals to low sleep quality and dis-
rupted daily sleep-activity rhythms. It is known from shift-workers and frequent travelers ailing from jet-lag, that
disturbed sleep-wake schedules create a conflict between the circadian system and the temporal signals derived
from the cyclic environment, such as the light-dark cycle'. This is further supported by clinical and experimental
findings indicating that a conflict between external time signals and the internal temporal order transmitted by
the suprachiasmatic nucleus (SCN) can lead to internal desynchrony?.

Circadian organization is necessary to prepare the organisms for the daily challenges and requires a
well-coordinated synchrony with the day-night cycle. Epidemiological and experimental studies indicate that
constant exposure to situations that induce circadian disruption, increase the risk to develop overweight, meta-
bolic diseases, cardiovascular problems and cancer®*.

Diverse strategies are used to prevent circadian disruption, including scheduled melatonin administration,
scheduled dexamethasone administration, exercise or scheduled feeding®®. Scheduled feeding has shown to be a
strong entraining signal for the body; when food intake is synchronized with the activity phase it exerts beneficial
effects on the circadian system and metabolism®'°. In experimental studies, timed food access restricted to the
active phase accelerates resynchronization in a jet-lag model, prevents circadian desynchrony in a shift-work
model'® and induces healthy effects in metabolism'"!2. Conversely, food scheduled to the sleep/rest phase, exerts
a disruptive influence on circadian synchrony, altering metabolism and behavior!*"3.
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We have previously reported that scheduled access to chocolate, entrains brain areas involved in motivation
and in the metabolic response to food'*. Scheduled chocolate also entrains the circadian system, enhancing the
amplitude of neuronal activation in the SCN'. In the present study we hypothesized that a daily piece of choco-
late scheduled in synchrony with the onset of the normal activity phase (breakfast) would be a powerful stimulus
to prevent circadian disruption in experimental models of jet-lag and shift-work. Therefore, experimental models
of jet-lag and shift-work were used to test the synchronizing effects of a piece of chocolate for breakfast or dinner
on general activity, body temperature, daily c-Fos activation and metabolic indicators.

Results

Chocolate for breakfast accelerates re-entrainment in an acute jet-lag condition. Jet-lag results
from a sudden change of the light-dark cycle due to transmeridional traveling, which leads to a misalignment
between internal circadian rhythms and the external day-night cycle. The transitory days necessary for re-en-
trainment are associated with behavioral and physiological discomfort.

To determine whether a piece of chocolate can influence re-entrainment in jet-lag conditions, adult Wistar
rats were exposed to a sudden 6 h phase advance (6PA) of their light-dark cycle and received simultaneously 5
grams of chocolate either at the beginning of the new night (CH-N; representing breakfast) or at the beginning of
the previous night (CH-P; wrong phase breakfast); they were compared with rats undergoing the jet-lag without
receiving chocolate (JL; Fig. 1A). Successful re-entrainment was defined as reaching the new acrophase, thus
reaching similar values to the 6 h projected acrophase and maintaining this phase relation of at least 3 consecutive
days.

After a sudden 6PA the JL rats required 7 days to reach the new acrophase for general activity and 9 days for
core temperature (Fig. 1B-D). Rats with access to chocolate scheduled to the previous night (CH-P) were unable
to reach the expected acrophases for activity and temperature (Fig. IE-G), while rats with access to chocolate
in the new night (CH-N) reduced to 4 days the amount of days needed to reach the new acrophase in general
activity and reduced to 6 days for core temperature (Fig. 1H-J). The one way ANOVA indicated a significant
difference between groups in the number of days required for re-entrainment for general activity (F(2,21) =
59.34; P < 0.0001) and for core temperature (F(2,15) = 38.67: P < 0.001). The posthoc test indicated significant
difference between all groups (P < 0.01).

Interestingly, the 5 grams piece of chocolate was ingested within 15 min, and this brief event had similar syn-
chronizing effects as observed in animals exposed to a 12h scheduled food access coinciding with the new activity
phase (Supplementary Fig. 1IE-G). Importantly, as observed in the CH-P rats, 12 h of food access scheduled to the
previous night prevented re-synchronization (Supplementary Fig. 1B-D).

A palatable meal accelerates re-entrainment. In order to identify which element of chocolate may
have favored re-entrainment, another series of rats exposed to the jet-lag protocol were exposed for five days to
scheduled access to one of the individual elements of chocolate. On the sixth day animals were left in constant
darkness (DD) and did not receive the corresponding element of chocolate in order to observe the endogenous
phase achieved with each component in general activity and core temperature.

On day 6, in which rats were in DD, the control group exhibited a difference of 6.1 h between the current
acrophase and the expected new acrophase (Fig. 2A), the chocolate group exhibited a difference of 2.4 h from the
new acrophase (Fig. 2B), the cocoa butter had a difference of 4.8 h (Fig. 2C), gelatin of 5h (Fig. 2D), sugar of 3.8 h
(Fig. 2E) and cocoa flavor of 4.7 h (Fig. 2F). The Dunnet’s multiple comparisons test indicated a no significant
difference between the current acrophase and the expected acrophase for the groups having access to chocolate
and to sugar (P <0.05).

Chocolate for breakfast improves day-night activity in the SCN of jet-lag rats. Inview of the fast
entrainment observed in the CH-N rats, the effect of chocolate for breakfast on day-night pattern of c-Fos was
explored in the SCN of rats exposed to experimental jet-lag (6PA).

Under baseline conditions and before the 6PA, control rats (CNT) exhibited a day-night difference of c-Fos
immunoreactivity in the SCN (P < 0.01), characterized by high c-Fos levels early in the light phase (Zeitgeber
time 1, ZT1) and low c-Fos levels in the early night (ZT13). One day after the 6PA, this day-night c-Fos difference
was lost in the dorsal region of the SCN for the JL and the CH-P groups (Fig. 3A,B). Contrasting, chocolate intake
coinciding with the onset of the new night (CH-N group) induced a day-night rhythm in c-Fos expression in
the dorsal SCN (P < 0.01) as observed in the CNT rats. The two-way ANOVA indicated significant interaction
for time of the day x chocolate treatment (F 3 35 = 7.991; P=0.0003). In all groups, the ventral SCN responded
directly to the light onset with high c-Fos levels in the early day and no differential effect was observed associated
with the chocolate timing (Fig. 3C). The two-way ANOVA indicated significant interaction for time of the day x
chocolate treatment (F; 35 = 3.701; P=0.0019).

Chocolate for breakfast prevents internal desynchronization in a shift-work model.  Shift-work
produces a chronic condition of internal desynchronization because individuals are forced to be active when
their biological clock dictates rest'*'¢. In a shift-work model, based on forced activity during the rest phase, rats
develop circadian disruption associated with metabolic dysfunction and overweight'”. Restricting food intake
to the night, prevented internal desynchronization'?. This same shift-work model, based on forced activity in
the rest-phase, was used to test whether a daily piece of chocolate for breakfast, prevented circadian disruption
(Fig. 4A).

After 4 weeks of experimental shift-work (WRK), rats developed internal desynchrony characterized by the
loss of rhythmicity in circulating glucose and in body temperature and a shifted daily peak of triglycerides (TG,
Fig. 4B-D left column), while the daily pattern of activity and melatonin were not shifted (Fig. 4E and F left
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Figure 1. In ajet-lag condition a scheduled piece of chocolate for breakfast accelerates re-entrainment to a new
light-dark cycle. (A) Experimental design for jet-lag, due to a sudden 6 h phase advance (6PA) without receiving
chocolate (JL), or combined with chocolate access to the onset of the previous night (CH-P) or to the new night
(CH-N). Days of re-entrainment for the JL group, (B) as seen with a representative actogram, (C) the map of
acrophases for general activity and (D) the map of acrophases for body temperature. Days of re-entrainment for
the CH-P group, (E) as seen with a representative actogram, (F) the map of acrophases for general activity and
(G) the map of acrophases for body temperature. Chocolate time is indicated with a red line in the actogram.
Days of re-entrainment for the CH-N group, H) as seen with a representative actogram, (I) the map of
acrophases for general activity and (J) the map of acrophases for body temperature. Chocolate time is indicated
with a blue line in the actogram. The dotted vertical line in the maps of acrophases indicates the new projected
acrophase after the 6PA. Horizontal white and black bars over the X-axis and over the actograms indicate the
12h day and 12 h night cycle. Data are expressed as the mean & SEM (N = 8/group). The difference with the
expected new acrophase was estimated with a one-way ANOVA for repeated measures followed by a Dunnett’s
post hoc test P < 0.05.

column). A daily 5g piece of chocolate scheduled to the onset of the nocturnal activity (breakfast, WCH-B)
restored the daily peak of glucose, of TG and of core temperature, while a piece of chocolate at the beginning of
the rest phase (dinner, WCH-D) maintained the disrupted circadian pattern observed in the WRK group. The
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Figure 2. Entrainment of general activity by the different components of chocolate after a 6 h phase advance.
(A) Rats were exposed to a sudden 6 h phase advance (6PA) by switching off the lights 6 hours before expected
(control) and the acrophases for the following 5 days were estimated. On day 6 the lights were kept off in order
to observe the circadian phase. (B) Simultaneous to the new night, rats received 5 g of chocolate, or pellets
containing separate elements of a chocolate bar, (C) cocoa butter, (D) gelatin (which was used as the base to
prepare all the pellets), (E) sugar and (F) cocoa flavor with splenda. Daily acrophases were compared with the
expected new acrophase (vertical dotted line) and the difference between their current acrophase in DD and
the new acrophase is indicated in the right-low corner of each graph. Horizontal white bars over the X-axis
indicate lights on and black bars indicate lights off. Data are expressed as the mean + SEM (N = 6-8group).
The difference with the expected new acrophase was estimated with a one-way ANOVA for repeated measures
followed by a Dunnett s post hoc test P < 0.05.

two-way ANOVA for RM indicated significant effects for the interaction time x chocolate treatment for glucose
(Fia1,126) = 3.91; P <0.0001), for temperature (F;; gy = 2.72; P < 0.0001), for TG (F(y,15) = 7.63; P =0.0.0001),
for general activity (F;, 449y = 4.16; P <0.0001) and melatonin (F,4 44 = 5.375; P < 0.0001).

The shift-work protocol alone or combined with chocolate scheduled for dinner lead to an arrhythmic pat-
tern and loss of the acrophases for glucose and body temperature (Fig. 4B,D middle column). The beneficial
effect of chocolate for breakfast in the shift-work group (WCH-B) was also observed in the acrophases that were
restored to the night phase to similar values as the control rats (represented by the vertical dotted line, Fig. 4 mid-
dle column). The one way ANOVA indicated a significant difference among groups for glucose (F; ;4) = 358.3;
P <0.0001), for TG (F3 ;5 = 45.21; P < 0.0001), for body temperature (F 3 5, = 5261; P < 0.0001), for general
activity (F; 59 = 9.976; P=0.0003), but no effects on melatonin (F; ;5 = 0.42; P=0.73). Also, chocolate for
breakfast increased the amplitude to similar values as the control group for glucose and body temperature, while
activity was decreased and melatonin was not affected (Fig. 4B-F right column). Importantly, in the shift-work
model chocolate for dinner (WCH-D) affected daily rhythms in a similar way as the work schedule alone (WRK).

In non-worker rats, with no risk of circadian disruption, chocolate neither for breakfast nor for din-
ner influenced acrophases of daily rhythms. However, CH-B enhanced the nocturnal peak of glucose and
TG (Supplementary Fig. 2B,C left panel). Both chocolate schedules reduced the amplitude of general activity
(Supplementary Fig. 2).

Chocolate for breakfast improves the day-night activity in the SCN of shift-work rats. The
prevention of circadian disruption observed in WCH-B rats suggested direct effects on the SCN. Therefore, the
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Figure 3. Chocolate for breakfast in jet-lag animals restored the day-night c-Fos expression in the SCN. (A)
Representative microphotographs of c-Fos in the SCN in two time points, one hour after light onset (ZT1)

and one hour after lights off (ZT13) for control rats without experimental manipulations (CNT), for jet- lag

rats without chocolate (JL), jet-lag rats that received chocolate coupled to the previous night (CH-P) or jet-

lag rats that received chocolate coupled with the new night (CH-N). (B) Number of c-Fos positive cells in the
dorsomedial SCN and (C) in the ventrolateral SCN at ZT1 (empty bars) and at ZT13 (filled bars). Data are
expressed as the mean + SEM (N = 5-6/group). The Tuckey post hoc test indicated statistical difference * day vs
night, & difference from CNT (P < 0.05).

day-night pattern of c-Fos was evaluated in the SCN of rats exposed to the shift-work protocol without chocolate
and with access to chocolate either for breakfast or for dinner (Fig. 5).

After 4 weeks in the forced activity protocol the brains of the WRK and WCH-D rats exhibited a significant
decreased activation in the ventral and dorsal regions of the SCN during the rest phase as compared with the
CNT group (Fig. 5B,C). Chocolate for dinner induced a loss of rhythm in both SCN regions of the WCH-D rats.
Contrasting, chocolate for breakfast induced in the WCH-B group a clear day-night pattern in the number of
c-Fos positive cells in both regions of the SCN as observed in the CTL group (Fig. 5B,C). The two-way ANOVA
indicated significant interaction for time of the day X chocolate treatment for the dorsal SCN (F 3 ;) = 12.83;
P <0.0001) and for the ventral SCN (F; 54y = 73.74; P <0.0001).

In non-working rats, chocolate for dinner (CH-D) also induced a loss of day-night c-Fos rhythms in the dor-
sal SCN with low values during the rest-phase as compared to CNT rats. Rats receiving chocolate for breakfast
(CH-B) exhibited similar day-night patterns in the ventral SCN as the CNT group (Supplementary Fig. 3).
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Figure 4. Chocolate for breakfast prevents internal desynchronization. (A) Experimental design for shift-work
and chocolate access. The control group (CNT, grey), was not exposed to experimental manipulations, the
shift-worker group exposed to 8 h forced activity without receiving chocolate (WRK, black), the shift-worker
group receiving 5 g of chocolate for dinner at the onset of the rest phase (WCH-D, red) and the shift-worker
group receiving chocolate for breakfast at the onset of the active phase (WCH-B, blue). Daily circadian profiles
for (B) glucose, (C) triglycerides (TG), (D) temperature, (E) general activity and (F) melatonin were obtained
during the last week of the shift-work protocol (3" week, left panels). Acrophase maps (middle panels) represent
the peak level for each rhythm /group obtained with the Cosinor analysis. Dotted vertical lines indicate the
acrophase for the CNT group. The amplitude (right panels) indicate the robustness of the daily rhythm. Data are
represented as the mean + SEM (N =4-6/group). For the circadian profiles (right panel), the Tuckey posT hoc
test indicated statistical difference from the CNT, black asteriks WRK vs CNT, red asterisks WCH-D vs CNT
and blue asterisks WCH-B vs CNT. For the acrophases and amplitudes (middle and left panels respectively),

the Dunnet post hoc indicated statistical difference from CNT, black asteriks. *P < 0.05, **P < 0.001 and

*##%P < 0.0001.

Chocolate for breakfast or chocolate for dinner: a different outcome for body weight and dif-
ferential thermogenesis.
turbance in energy balance®. After 3 weeks in the protocol the WRK and WCH-D groups had attained similar
body weight gain, while WCH-B rats had gained less weight as compared with all groups (Fig. 6A). The two-way
ANOVA indicated significant interaction for weeks of protocol x chocolate schedule (Fg g = 2.13; P =0.032).
At the end of the protocol WRK and WCH-D groups has reached 7% and 4% more body weight gain than the
CNT group, respectively (Fig. 6B). Importantly rats that received chocolate for breakfast had gained 17% less

An important consequence of a desynchronized circadian physiology is the dis-
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Figure 5. Chocolate for breakfast imposes a day-night pattern of c-Fos activation in the SCN of rats exposed to
the experimental model of shift-work. (A) Representative SCN sections of brains obtained from control (CNT),
shift-work (WRK), shift-work + chocolate for dinner (WCH-D) and shift-work + chocolate for breakfast
(WCH-B) rats at two time-points, one hour after light onset (empty bars = ZT1) and one hour after lights off
(filled bars = ZT13). (B) Number of c-Fos positive cells in the dorsomedial SCN and (C) in the ventrolateral
SCN at ZT1 and at ZT13. Data are expressed as the mean + sem (N =4-8/group). The Tuckey post hoc test
indicated statistical difference * day vs night, and & difference from CNT, P < 0.05.

body weight than the CNT group and 24% less than the WRK group (Fig. 6B). The one-way ANOVA indicated
significant difference between groups (F; 55y = 4.961; P =0.005).

A similar effect was observed in control, non-worker rats. In non-worker rats chocolate for dinner signifi-
cantly increased body weight gain to 16% more than the CNT group, while rats eating CH for breakfast attained
alow body weight (Supplementary Fig. 4A,B).

In order to determine whether the presentation of chocolate at different phases induced a differential response
in energy expenditure, the thermogenic effect of chocolate during the last week of the protocol was evaluated. The
body temperature in the 30 min prior chocolate presentation was compared with the body temperature for the
following 5hours after chocolate intake.

The WRK and WCH-D groups exhibited a similar posprandial body temperature response, in spite that the
WCH-D group had ingested chocolate (Fig. 6C), suggesting no posprandial response to chocolate during the
rest phase. The two-way ANOVA indicated no significant effect for groups X time (F(;, 150y = 0.46; P =0.908).
Contrasting, in the active phase chocolate ingestion resulted in an increased thermogenic response of the WCH-B
group as compared with the WRK group (Fig. 6D; F(, 149, = 4.073; P < 0.001). Likewise, in non-worker rats CH-B
induced postprandial thermogenesis while CH-D did not (Supplementary Fig. 4C,D).

SCIENTIFIC REPORTS |

(2020) 10:6243 | https://doi.org/10.1038/s41598-020-63227-w


https://doi.org/10.1038/s41598-020-63227-w

www.nature.com/scientificreports/

A B
S 100 CNT
~ - WRK 140+
£ WCH-D o °°
® 75 . = . #
o -e- WCH-B =115 oo o
= < 3 H
2 50 o 904 o° ;
g S o '3
i 25 * m 65 ...
T °
2 0 * 401100% 104% | | 83%
0 1 2 3 CNT WRK  WCH-D WCH-B
Experimental weeks
c P D
1.0 1.01
Choc

5 0.84 Choc 8

2 2 dkk

2 0.6 |__° 0.5

£ £ *

% 0.4+ g’

£ c 0.0 Vl T T T T

£ 021 2

° o

0.0--¢ T T T T T -0.5+
0 60 120 180 240 300 0 60 120 180 240 300
Minutes after placement in the wheel Minutes arter lights off

Figure 6. Chocolate for breakfast reduced body weight gain and promoted thermogenesis in shift-work rats.
(A) Body weight (BW) gain for 3 weeks in control undisturbed rats (CNT, grey), in shift-worker rats exposed
to 8h of forced activity without chocolate access (WRK, black), shift-worker rats receiving 5 g of chocolate for
dinner at the onset of the rest phase (WCH-D, red) and shift-worker rats receiving chocolate for breakfast at
the onset of the active phase (WCH-B, blue). (B) Body weight gain, as compared with the CNT group (100%)
at the end of the 3" experimental weeks. Data are expressed as the mean + SEM (N = 10/group). For A, the
Tuckey post hoc test indicated statistical difference * from CTRL. For B the Bonferroni post hoc test indicated
statistical difference # from all groups (P < 0.05). Postprandial thermogenesis for the 5h following chocolate
intake (C) for dinner and (D) for breakfast as compared with the WRK group that did not receive chocolate.
Data are represented every 30 minutes as the difference (C) from the time point prior to chocolate intake. Arrow
indicates the moment when WCH-D or WCH-B received 5 g of chocolate. The Sidak post hoc test indicated
difference from WRK rats, *P < 0.05, **P < 0.01.

Discussion

The entraining effects of palatable food for circadian synchrony. The circadian system is a com-
plex network of interacting organs and brain areas that are coordinated by the SCN'8. Recent studies show that
not only the light-dark cycle, but also other external and internal cues provide temporality to the circadian sys-
tem!®2°. Specifically, feeding schedules are powerful time signals for peripheral oscillators involved in metabolic
and digestive functions like liver, kidneys, gut and adipose tissue?'. Also, brain areas involved in energy balance
and motivation for food intake are entrained by food elicited signals'**>?. Importantly, food does not drive
circadian rhythms for all systems and organs, because the signals provided by the light-dark cycle can be predom-
inant for some systems and brain regions including the SCN**?, In this study we observed a different speed of
re-entrainment between general activity and temperature daily rhythms which confirms the differential response
to chocolate elicited signals by the regulatory systems involved in activity expression and temperature balance.
Other studies have also reported similar difference in the speed of re-entrainment to feeding schedules in periph-
eral oscillators*26.

Due to this complex interaction between external time signals, the beneficial entrainment effects on circadian
function are seen when food coincides with the activity phase'”?” while adverse effects have been reported when
food is provided in the rest phase?®?. This study provides additional evidence of the relevant impact of the tim-
ing of food intake and specifically for palatable food intake as a strong entraing factor in order to keep circadian
synchrony.

Different non-photic cues have been used to accelerate re-entrainment in experimental models of jet-lag. As
early as 1987, Mrosovsky and Salmon demonstrated a fast re-entrainment to a sudden 12 h shift of the light-dark
cycle by exposing hamsters for 3h to a novel running wheel associated with the onset of the new night®’; this was
confirmed by Yamanaka et al. (2013) in mice” and by Christian and Harrington (2002) in hamsters®'. Moreover,
exposure to the wheel in the light phase or at the end of the night phase interfered with the re-entrainment effi-
ciency in behavior and in peripheral oscillators®**. All together such findings suggest that the fast re-entrainment
achieved with the daily restricted chocolate intake may be partly due to the increased arousal and excitement
induce by chocolate arrival.

Food elicited signals have also shown to be powerful entraining factor for the circadian system. In recent
years experimental and clinical studies have demonstrated that in order to maintain a coordinated circadian
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function, food intake needs to be synchronized to the light-dark cycle. And that the main effects are due to a
direct synchronizing effect on peripheral clocks and brain oscillators***4. The time of food intake is now sug-
gested as a chronotherapeutic strategy that can help to ameliorate the burden resulting from circadian disruption
due to shift-work and jet-lag'®!"*>. Contrasting, feeding schedules coupled to the rest phase, trigger an internal
desynchrony, resulting in the loss of homeostasis, and represent a risk for metabolic health?®?’. Here we show that
palatable food scheduled for breakfast is sufficient to maintain circadian synchrony.

Palatable food has powerful reinforcing effects on the brain and behavior. High caloric diets rich in fat, sugar
and/or salt are normally highly palatable for humans as well as for experimental animals. Palatability results from
taste and from the energy provided by the diet. Animals exposed to palatable diets develop non-homeostatic feed-
ing, driven mainly by hedonic aspects of food intake and by affecting the brain reward system?®**”. Previous studies
have reported that a daily piece of chocolate can drive circadian oscillations in brain areas involved in the reward
system®** and can have entraining effects on behavior and on the SCN in rats under constant darkness'>. Moreover,
palatable food based on a sugar-rich as well as fat-rich food have proven to exert a strong effect as synchronizing
factors on the circadian system*. In this study elements contained in chocolate, like cocoa butter and flavor were
also effective at advancing phase, although not with the efficiency as observed with chocolate. Contrasting sugar
combined with the onset of the new night turned to be an effective element for accelerating re-entrainment. This
highlights the relevance of palatability as entraining factor for the circadian system. Palatability is signaled by the
ventral tegmental area to corticolimbic regions, moreover, a recent study demonstrated that stimulation of direct
dopamine projections to the SCN accelerate re-entrainment after a 6 h phase shift*!.

In normal light dark (LD) conditions, scheduled food access does not shift the phase of the SCN*>*2. However,
the daily rhythms of vasopressin in the dorsomedial SCN are modulated by feeding schedules*®. Other studies
indicate that the SCN is inhibited during food anticipation and during fasting as observed with c-Fos'>* or elec-
trophysiological recordings**~*¢, while the ventral SCN is activated after refeeding as well as by light**.

Moreover Gallardo et al. (2012) described c-Fos activation in the SCN in anticipation to a high fat diet and to
cheese, providing further evidence of the influence of palatable food on the SCN*".

Recent findings indicate that the SCN can also respond to hedonic information via dopaminergic projections
from the ventral tegmental area (VTA)*!, which may be a pathway used by palatable food. Here we report that
a palatable food scheduled for breakfast can influence the activation in the SCN, as seen with c-Fos, by setting a
rhythmic pattern in the dorsomedial region, which is suggested to be the anatomical site for the biological clock.
This rhythmic pattern in the dorsal SCN may lead to fast re-entrainment®. Importantly, the beneficial synchro-
nizing effects of palatable food on the SCN and overt circadian rhythms was gated by a time window, where
chocolate in the active phase exerted strong entraining effects, while chocolate during the rest phase did not favor
re-entrainment.

Breakfast influences the circadian system and benefits metabolism. Chocolate for breakfast
exerted beneficial effects on circadian function and the correction of this desynchrony was associated with
improved body weight. This is in agreement with a previous study reporting in mice exposed to chronic jet-lag,
that fixed 12 h restricted food access prevented overweight and metabolic disturbance. In this study however, the
fixed 12h food access did not synchronize activity rhythms because it was mainly presented out of phase of the
LD cycle®. In control rats eating chocolate in the rest phase had an adverse effect on body weight, while chocolate
for breakfast prevented overweight. Our data agree with* who reported increased body weight in mice exposed
to restricted acces to chocolate during the day. Other studies have also reported that in rodents the main meal
scheduled during the first half of the active phase provides beneficial effects for body weight and metabolism*.
Moreover, restricted food access scheduled to the rest phase can disrupt overt circadian expression, favors obesity
and leads to metabolic disorders®.

Finally, present data indicate that the thermogenic effect to a high caloric food (chocolate) can have a differ-
ential outcome depending on the phase of ingestion. While a piece of chocolate produced a high postprandial
thermogenic response during the active phase, this was not observed in the rest phase. This is in agreement
with previous reports indicating that breakfast induces a strong postprandial thermogenesis leading to energy
expenditure®->*. Al together here we provide evidence that eating chocolate at the right phase prevents circadian
desynchrony and the correction of the desynchrony may improve metabolic health.

Conclusions

The present study explored the effects of a piece of chocolate as a synchronizing factor to prevent circadian dis-
ruption under conditions of shift-work or jet-lag. We provide evidence that a piece of chocolate, a high caloric and
palatable meal, exerts beneficial effects on circadian function and body weight, when it is timed to the beginning of
the active phase (breakfast). The circadian synchrony was associated with beneficial effects on metabolic rhythms
and body weight, thus may be an importat factor for maintaining circadian fitness in spite of the 24/7 modern
lifestyle. Further studies will need to demonstrate whether chocolate for breakfast can prevent comorbidities of
internal desynchronization such as the development of tumors, depression, metabolic syndrome, and others.

Materials and Methods

Animals and general housing. All animals were maintained in a 12:12h LD cycle [lights on at 07.00h,
Zeitgeber time (ZT0)], constant temperature (22 + 1°C) and free access to food (Rodent Laboratory Chow 5001)
and water, unless otherwise stated. Experimental procedures used in this study were in strict accordance with the
Mexican norms for animal handling, Norma Oficial Mexicana NOM-062-Z0O0-1999, which conforms to inter-
national guidelines for animal handling, and were approved by the Ethics Committee (063/2016) in the Faculty
of Medicine UNAM. Experiments conform to international guidelines on the ethical use of animals; procedures
were aimed at minimizing the number of animals used and their suffering.
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Experimental designs. Re-entrainment with chocolate after acute jet-lag. To determine whether a piece
of chocolate can aid to re-entrain in jet-lag conditions, rats were randomly assigned to one of three groups that
were exposed to a sudden 6 hour phase advance (6PA): 1. The control group (n=238), exposed to the 6PA, with
ad libitum regular food access and NO chocolate; 2. the chocolate-previous rats (CH-P; n = 8); starting with the
day of 6PA they received daily a piece (5g) of milk chocolate (Kinder chocolate Maxi, Ferrero) coinciding with
the onset of the previous night; 3. the chocolate-new rats (CH-N group n=8), starting with the day of 6PA they
received daily a piece (5g) of milk chocolate coinciding with the start of the new night. after 10 days of baseline
in an LD cycle (lights on at 1900 h, = ZTO0), rats were exposed to the 6PA by turning off the light 6h earlier, at
1300 h external time. The chocolate administration continued for the 12 days following the 6PA shift. After the
6PA, the following 12 days were monitored and the number of transitory cycles for achieving the new expected
acrophase were determined for general activity and core temperature using a cosinor analysis (see cosinor analy-
sis). The new expected acrophase for each group was estimated by subtracting 6 hours from the values obtained in
the baseline. The daily new acrophases were statistically compared with the expected acrophase using a one-way
ANOVA for repeated measures followed by a Dunnett’s post hoc test. Data that resulted statistically different
from the expected acrophase were classified as transitory cycles, whereas when data were statistically similar to
the expected acrophase for 3 consecutive days, the re-entrainment to the new phase was classified as reached. A
one-way ANOVA was used to compare the number of days required by each group to achieve re-entrainment to
the new acrophase for general activity and core temperature.

Re-entrainment with food after acute jet-lag. Rats exposed to a sudden 6 hour phase advance (6PA) were ran-
domly assigned to 1 of 2 experimental groups: Food access in previous night (Food-P) or Food access in the new
night (Food-N). After 10 days of baseline in an LD cycle with lights-on at 0700 h and lights-oft at 1900 h, all rats
were exposed to a 6 hours phase advance (6PA) as previously described. The shift was accomplished by ending the
light period 6 h earlier, resulting in lights-off at 1300 h new ZT12 and lights-on at 0100 h external time (new ZTO0).
After the 6PA both groups were exposed daily to a restricted food access of 12h food and 12 h fasting during 10
days. The Food-P group (n=12) were fasted for 12h and received food during 12 hours in the time of their previ-
ous night, while the Food-N group (n = 12) were fasted for 12h previously to 6PA, received food during 12 hours
in the new night (geographic time: 1300h to 0100 h) for 10 days after the 6PA.

The number of transitory cycles necessary for re-entrainment was determined for general activity and temper-
ature using a cosinor analysis as described before.

Re-entrainment with the chocolate components after acute jet-lag. Rats were randomly assigned to one of six
groups exposed to a 6PA: the control group receiving ad libitum food and was not exposed to other feeding con-
ditions, experimental rats after the 6PA received daily either 5g of chocolate or pellets containing the separate
elements of a chocolate bar; gelatin was used as the base to prepare all the pellets, therefore, one group received
only gelatin, other group received the smell and fat of chocolate provided by cocoa butter, the calories of chocolate
were mimicked with sugar and the chocolate flavor was accomplished by adding cocoa flavor with Splenda to gel-
atin. After 5 days in this protocol rats were left in constant darkness for 24 hours without chocolate access to deter-
mine the endogenous circadian phase. The daily phase after the 6PA was compared with the expected acrophase
by sustracting 6 h form the baseline acrophase. A one-way ANOVA for repeated measure was used followed by a
Dunnett s pos hoc test to determine significant differences, as described for experiment 1. On day 6 under DD
the achieved acrophase was compared with the expected acrphase and the difference was used as indicator of the
re-entrainment effect of the element using a cosinor analysis as previously described.

Chocolate effects in the experimental shift-work condition. Rats were randomly assigned to a
Control (CNT) or a Shift-work (WRK) condition. These groups were further subdivided in: the control group
(CNT) receiving regular chow ad libitum during the entire experiment, the control-chocolate for dinner group
(CH-D) receiving daily 5 g of chocolate immediately after lights on (ZT0) and the control-chocolate for breakfast
group (CH-B) receiving daily 5 g of chocolate immediately after lights off (ZT12). In a similar way the WRK rats
were subdivided in three groups: The WRK group received chow ad libitum during the entire experiment, the
work rats receiving chocolate for dinner (WCH-D) received daily 5g of chocolate 10 minutes before entering to
the slow rotating wheel for (ZT2); the work rats receiving chocolate for breakfast (WCH-B) received daily 5g of
chocolate at ZT 12. Rats assigned to the shift-work protocol were placed in slow rotating drums (1 revolution /
3 min) that are normally used for sleep deprivation (33 cm diameter, 633 cm wide) from Monday to Friday for 8h
(from ZT2 to ZT10) during 4 weeks, as previously reported®*. The scheduled chocolate was only provided from
Monday to Friday associated with the shift-work protocol. During weekends, all rats remained undisturbed in
their home cages. Rats were weighed before starting the baseline and once / week during the first 3 week of the
experimental manipulations. Body weight gain was calculated for this interval and for each group. At the end of
the 3rd working week rats underwent surgery to implant a jugular cannula (n =4-6 per group) in order to obtain
blood samples for a 24 h cycle.

Rats were allowed to recover during the weekend and continued their work protocol during week 4. One series
of rats was used to evaluate postprandial thermogenesis. At the end of week 4 the change in core temperature was
compared between WRK rats and WRK rats receiving chocolate either for breakfast or dinner.

Monitoring of general activity and core temperature. All rats were housed in individual cages (45
x 30 x 35cm) placed on plates with tilt sensors, in soundproof lockers with controlled lighting conditions.
General activity in the home cage was continuously monitored with the tilt sensors. Behavioral events were col-
lected with a digitized system and automatically stored every minute in a PC for further analysis SPAD9 (Data
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processing system, 1.1.1 version; Omnialva SA. De CV. Mexico City, Mexico) based on MATLAB. Double plotted
actograms were obtained for each animal by collecting the sum of activity for 15 min intervals. Daily activity
counts were fitted to a nonlinear cosinor analysis for estimating daily individual acrophases (see cosinor analysis
below). For each rat, normalized activity counts for the last day of the base line, and for the following days after
the 6PA were analyzed individually with the cosinor analysis, to obtain the daily acrophases. In order to evaluate
core body temperature, rats underwent a brief surgery to receive intra-abdominal temperature sensors (iBut-
ton Sensor- Temperature Logger; Maxim integrated products, USA) as previously described™. Briefly, one week
before starting baseline, rats were anaesthetized with an intramuscular dose of xylazine (Procin 8 mg/kg) and
ketamine (Inoketam 40 mg/kg). Under anesthesia a small incision was performed in the abdominal cavity and the
temperature sensor, previously sterilized, was introduced in the peritoneum. Abdominal muscles were sutured
with absorbable catgut (000) and skin was sutured with surgical suture (Atramat, International Farmaceutica,
SA. de CV. Mexico). Rats were left for 1 week to recover before starting the baseline. Temperature sensors were
programmed to store samples every 30 min. Data for the baseline and for the 12 following days after the 6PA
were analyzed with the cosinor test to obtain acrophases as described for general activity. The acrophase for the
last day of the base line was compared with the acrophases following the 6PA a one way ANOVA for repeated
mesurements followed by a Dunnett’s pos thoc test for general activity. For daily temperature profiles data in the
shift-work model data are presented as average per hour. Postprandial thermogenesis in response to chocolate
was evaluated at the end of week 4, in a normal work day. The postprandial response was compared between
WRK rats and rats receiving chocolate (WCH-B and WCH-D). The temperature change was determined every
30 min. by comparing temperature prior chocolate presentation with the temperature of the 5h after chocolate
intake for WCH-B and WCH-D rats.

Metabolic and hormonal rhythms. At the end of week 3 of the work protocol, animals in the shift-work
protocol and their controls were anesthetized with an intramuscular dose of xylazine (Procin 8 mg/kg) and keta-
mine (Inoketam 40 mg/kg) and cannulated in the internal jugular vein with a polyethylene silicon tube (0.025 in.
i.d. and 0.047 in. 0.d.; Silastic Laboratory tubing; Dow Corning Corp., Midland, MI, USA) filled with heparin (500
U/ml) as anti-coagulant as previously reported>*. The outer end of the cannula was fixed in the back between both
shoulder blades and clotted with a small needle. Rats were allowed to recover during the weekend and on Monday
the work protocol was reinitiated. At the end of the 4th working week blood samples were obtained distributed
in 2 days (Thursday and Friday) to cover a 24 h cycle with 3 h intervals; 4 samples were obtained one day at ZT0,
ZT6,ZT12 and ZT18 and the other 4 samples were obtained the next day (ZT3, ZT9, ZT15, AND ZT21) Blood
samples (500 ul) were collected in Eppendorf tubes (1.8 ml) containing a clot-activator gel and were centrifuged
at 2500 r.p.m. during 10 min, serum was stored in 100 pl aliquots at —45 °C until assay. Aliquots were processed
with colorimetric methods for determination of glucose, triglycerides (TG) and melatonin.

Glucose was measured using a commercial colorimetric kit (GPSL-0507, ELI Tech Clinical Systems). TG
were assessed with a commercial kit (TGML-0427, ELI Tech Clinical Systems), melatonin was determined by the
ELISA method, with a commercial kit (Enzyme immunoassay for the direct, quantitative determination of mel-
atonin; of IBL International, Germany). A cosinor analysis was used to obtain daily acrophases of the metabolic
variables/ individual (see cosinor analysis).

Immunohistochemical staining. One series of the groups employed for the jet-lag study was used to
obtain the brains in two time points. Brains were obtained 1 day after the 6PA either at their new ZT1 (one hour
after the lights onset) or new ZT13 (one hour after the light offset). ZT13 also corresponded to one hour after
chocolate intake for the CH-N group. For the CH-P group, night sampling was performed at ZT19, one hour after
chocolate intake.

One series of rats for the shift-work protocol was used for brain collection and immunohistochemistry. On
week 4 of the shift-work protocol, rats were perfused one hour after chocolate intake (ZT1) or 12h later (ZT13)
to obtain a day-night pattern.

Rats were anaesthetized with an overdose of sodium pentobarbital (Sedalphorte 65 mg/ml, Pisa, Mexico) and
were perfused transcardially with 250 ml of 0.9% saline followed by 250 ml of fixative 4% paraformaldehyde in
phosphate buffer saline (PBS, 0.1 M, pH 7.2).

For the night-time points rats were anesthetized under dim red light and their eyes covered. The time between
anesthesia and the start of fixation was of 5-6 min. Brains were removed and post fixed for 24 h in paraformal-
dehyde 4%. After post fixation they were cryoprotected in 30% sucrose for 3-4 days. Brains were frozen and cut
in sections of 40 pm at —18°C. Sections were collected in four series; one series was processed for c-Fos as pre-
viously described™. Free floating sections were incubated in c-Fos antibody raised in rabbit (1:2500; Santa Cruz
biotechnology, Santa Cruz, CA, USA) in phosphate buffer 0.1 M, pH 7.2 with 0.9% saline 1% (PBS) 0.25% gelatin
(G), and 0.3% Triton X-100 (PBSGT) for 72 h in 4 °C. This was followed by incubation in secondary antibody,
goat anti-rabbit (Vector Laboratories, California USA), 1:200 in PBSGT for 2 h at room temperature, followed
by incubation in avidin-biotin complex (0.9% avidin and 0.9% biotin solutions; Vector Laboratories, California,
USA) in PBSGT for 2h at room temperature. Between incubations sections were rinsed three times for 10 min in
PBS. Tissues were reacted with diaminobenzidine (0.01%), nickel (0.05%) and hydrogen peroxide (35ul,/ 100 mL
30% H202) to obtain a blue color. Tissues were mounted, dehydrated and cover slipped with microscopy Entellan
(Merck, Darmstadt, Germany).

SCN c-Fos quantification in Jet-Lag and Shift-work animals. One medial section of the SCN per
animal was selected, images were digitalized with Leica camera ICC50 HD attached to a Leica DM500. Picture
were taken with an objective 20X and analyzed with Image] software by determining SCN ventral and dorsal
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regions bilaterally of the SCN. For counting c-Fos positive cells background was subtracted (50%); threshold was
determined, and particle analysis was set for particles of 1.0-2.0 circularity and 20-150 pixels. The counts of the
dorsal and the ventral regions were added to determine the total amount of c-Fos in the SCN. The results were
graphed as total, dorsal and ventral cFos expressing cells and were compared with a two-way ANOVA for the
factors groups and time (day-night).

Cosinor analysis. The cosinor analysis was used to obtain daily acrophases for each individual, mean and
standard error of the mean (SEM) were obtained / group. The cosinor analysis was performed with MATLAB
version 5.3 using the least square method to fit a sine wave to a time series (in this case to 24 h). The formula
used was: Y(t)=M + Acophase (27t/T 4 ) + e(t); Y = collected data; M = mesor; A =amplitude; p=acrophase;
T =period; e = error at each time. The obtained acrophase/day was compared with the expected acrophase using
the Student “t” test (significant values set at p < 0.05). Days when the acrophase was statistically different (indi-
cated with asterisks) from the new expected acrophase were considered transitory cycles, while re-entrainment
was achieved when no statistical difference between the mean daily acrophase and the expected new acrophase
was indicated.

Statistical analysis. Graphics and statistical analysis were elaborated using the GraphPad Prism version
6.00 for macOS, GraphPad Software, La Jolla California USA, www.graphpad.com.

Data availability
All data generated and analyzed as a part of this study are included within this article (and its supplementary
information files).

Received: 26 November 2019; Accepted: 18 March 2020;
Published online: 10 April 2020

References

1. Buijs, F. N. et al. The Circadian System: A Regulatory Feedback Network of Periphery and Brain. Physiology (Bethesda, Md.) 31,
170-181, https://doi.org/10.1152/physiol.00037.2015 (2016).

2. Bass, J. & Takahashi, J. S. Circadian integration of metabolism and energetics. Science (New York, N.Y.) 330, 1349-1354, https://doi.
org/10.1126/science.1195027 (2010).

3. Escobar, C. et al. Circadian disruption leads to loss of homeostasis and disease. Sleep disorders 2011, 964510, https://doi.
org/10.1155/2011/964510 (2011).

4. Zarrinpar, A., Chaix, A. & Panda, S. Daily Eating Patterns and Their Impact on Health and Disease. Trends in endocrinology and
metabolism: TEM 27, 69-83, https://doi.org/10.1016/j.tem.2015.11.007 (2016).

5. Kiessling, S., Eichele, G. & Oster, H. Adrenal glucocorticoids have a key role in circadian resynchronization in a mouse model of jet
lag. The Journal of clinical investigation 120, 2600-2609, https://doi.org/10.1172/jci41192 (2010).

6. Burke, T. M. et al. Combination of light and melatonin time cues for phase advancing the human circadian clock. Sleep 36,
1617-1624, https://doi.org/10.5665/sleep.3110 (2013).

7. Yamanaka, Y., Honma, S. & Honma, K. Daily exposure to a running wheel entrains circadian rhythms in mice in parallel with
development of an increase in spontaneous movement prior to running-wheel access. American journal of physiology. Regulatory,
integrative and comparative physiology 305, R1367-1375, https://doi.org/10.1152/ajpregu.00389.2013 (2013).

8. Angeles-Castellanos, M., Amaya, J. M., Salgado-Delgado, R., Buijs, R. M. & Escobar, C. Scheduled food hastens re-entrainment
more than melatonin does after a 6-h phase advance of the light-dark cycle in rats. Journal of biological rhythms 26, 324-334, https://
doi.org/10.1177/0748730411409715 (2011).

9. Garaulet, M. et al. Timing of food intake predicts weight loss effectiveness. International journal of obesity 37(2005), 604-611,
https://doi.org/10.1038/ij0.2012.229 (2013).

10. Salgado-Delgado, R., Angeles-Castellanos, M., Saderi, N., Buijs, R. M. & Escobar, C. Food intake during the normal activity phase
prevents obesity and circadian desynchrony in a rat model of night work. Endocrinology 151, 1019-1029, https://doi.org/10.1210/
n.2009-0864 (2010).

11. Guerrero-Vargas, N. N., Espitia-Bautista, E., Buijs, R. M. & Escobar, C. Shift-work: is time of eating determining metabolic health?
Evidence from animal models. The Proceedings of the Nutrition Society 77, 199-215, https://doi.org/10.1017/50029665117004128
(2018).

12. Hutchison, A. T. et al. Time-Restricted Feeding Improves Glucose Tolerance in Men at Risk for Type 2 Diabetes: A Randomized
Crossover Trial. Obesity (Silver Spring, Md.) 27, 724-732, https://doi.org/10.1002/0by.22449 (2019).

13. Chaix, A., Manoogian, E. N. C., Melkani, G. C. & Panda, S. Time-Restricted Eating to Prevent and Manage Chronic Metabolic
Diseases. Annual review of nutrition 39, 291-315, https://doi.org/10.1146/annurev-nutr-082018-124320 (2019).

14. Angeles-Castellanos, M., Salgado-Delgado, R., Rodriguez, K., Buijs, R. M. & Escobar, C. Expectancy for food or expectancy for
chocolate reveals timing systems for metabolism and reward. Neuroscience 155, 297-307, https://doi.org/10.1016/j.
neuroscience.2008.06.001 (2008).

15. Mendoza, J., Angeles-Castellanos, M. & Escobar, C. A daily palatable meal without food deprivation entrains the suprachiasmatic
nucleus of rats. The European journal of neuroscience 22, 2855-2862, https://doi.org/10.1111/j.1460-9568.2005.04461.x (2005).

16. Kecklund, G. & Axelsson, J. Health consequences of shift work and insufficient sleep. BM] (Clinical research ed.) 355, 15210, https://
doi.org/10.1136/bmj.i5210 (2016).

17. Salgado-Delgado, R. C. et al. Shift work or food intake during the rest phase promotes metabolic disruption and desynchrony of liver
genes in male rats. PloS one 8, 60052, https://doi.org/10.1371/journal.pone.0060052 (2013).

18. Kolbe, L., Brehm, N. & Oster, H. Interplay of central and peripheral circadian clocks in energy metabolism regulation. Journal of
neuroendocrinology 31, 12659, https://doi.org/10.1111/jne.12659 (2019).

19. Greco, C. M. & Sassone-Corsi, P. Circadian blueprint of metabolic pathways in the brain. Nature reviews. Neuroscience 20, 71-82,
https://doi.org/10.1038/s41583-018-0096-y (2019).

20. Karatsoreos, I. N. Circadian Regulation of the Brain and Behavior: A Neuroendocrine Perspective. Current topics in behavioral
neurosciences, https://doi.org/10.1007/7854_2019_115 (2019).

21. Kuroda, H. et al. Meal frequency patterns determine the phase of mouse peripheral circadian clocks. Scientific reports 2,711, https://
doi.org/10.1038/srep00711 (2012).

22. Feillet, C. A., Albrecht, U. & Challet, E. “Feeding time” for the brain: a matter of clocks. Journal of physiology, Paris 100, 252-260,
https://doi.org/10.1016/j.jphysparis.2007.05.002 (2006).

SCIENTIFIC REPORTS |

(2020) 10:6243 | https://doi.org/10.1038/s41598-020-63227-w


https://doi.org/10.1038/s41598-020-63227-w
http://www.graphpad.com
https://doi.org/10.1152/physiol.00037.2015
https://doi.org/10.1126/science.1195027
https://doi.org/10.1126/science.1195027
https://doi.org/10.1155/2011/964510
https://doi.org/10.1155/2011/964510
https://doi.org/10.1016/j.tem.2015.11.007
https://doi.org/10.1172/jci41192
https://doi.org/10.5665/sleep.3110
https://doi.org/10.1152/ajpregu.00389.2013
https://doi.org/10.1177/0748730411409715
https://doi.org/10.1177/0748730411409715
https://doi.org/10.1038/ijo.2012.229
https://doi.org/10.1210/en.2009-0864
https://doi.org/10.1210/en.2009-0864
https://doi.org/10.1017/s0029665117004128
https://doi.org/10.1002/oby.22449
https://doi.org/10.1146/annurev-nutr-082018-124320
https://doi.org/10.1016/j.neuroscience.2008.06.001
https://doi.org/10.1016/j.neuroscience.2008.06.001
https://doi.org/10.1111/j.1460-9568.2005.04461.x
https://doi.org/10.1136/bmj.i5210
https://doi.org/10.1136/bmj.i5210
https://doi.org/10.1371/journal.pone.0060052
https://doi.org/10.1111/jne.12659
https://doi.org/10.1038/s41583-018-0096-y
https://doi.org/10.1007/7854_2019_115
https://doi.org/10.1038/srep00711
https://doi.org/10.1038/srep00711
https://doi.org/10.1016/j.jphysparis.2007.05.002

www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

—

42.

43.

44.

45.

46.

47.

48.

49.

50.

5

—

52.

53.

54.

55.

Verwey, M. & Amir, S. Food-entrainable circadian oscillators in the brain. The European journal of neuroscience 30, 1650-1657,
https://doi.org/10.1111/j.1460-9568.2009.06960.x (2009).

Wu, T. et al. Effects of light cues on re-entrainment of the food-dominated peripheral clocks in mammals. Gene 419, 27-34, https://
doi.org/10.1016/j.gene.2008.04.010 (2008).

Hara, R. et al. Restricted feeding entrains liver clock without participation of the suprachiasmatic nucleus. Genes to cells: devoted to
molecular & cellular mechanisms 6, 269-278 (2001).

Yamazaki, S. et al. Resetting central and peripheral circadian oscillators in transgenic rats. Science (New York, N.Y.) 288, 682-685,
https://doi.org/10.1126/science.288.5466.682 (2000).

Schilperoort, M. et al. Time-restricted feeding improves adaptation to chronically alternating light-dark cycles. Scientific reports 9,
7874-7874, https://doi.org/10.1038/s41598-019-44398-7 (2019).

Mukherji, A. et al. Shifting eating to the circadian rest phase misaligns the peripheral clocks with the master SCN clock and leads to
a metabolic syndrome. Proceedings of the National Academy of Sciences of the United States of America 112, E6691-6698, https://doi.
0rg/10.1073/pnas.1519807112 (2015).

Yasumoto, Y. et al. Short-term feeding at the wrong time is sufficient to desynchronize peripheral clocks and induce obesity with
hyperphagia, physical inactivity and metabolic disorders in mice. Metabolism: clinical and experimental 65, 714-727, https://doi.
org/10.1016/j.metabol.2016.02.003 (2016).

Mrosovsky, N. & Salmon, P. A. A behavioural method for accelerating re-entrainment of rhythms to new light-dark cycles. Nature
330, 372-373, https://doi.org/10.1038/330372a0 (1987).

. Christian, C. A. & Harrington, M. E. Three days of novel wheel access diminishes light-induced phase delays in vivo with no effect

on perl induction by light. Chronobiol Int 19, 671-682, https://doi.org/10.1081/cbi-120006079 (2002).

Yamanaka, Y., Honma, S. & Honma, K.-I. Mistimed wheel running interferes with re-entrainment of circadian Per1 rhythms in the
mouse skeletal muscle and lung. Genes to cells: devoted to molecular & cellular mechanisms 21, 264-274, https://doi.org/10.1111/
gtc.12336 (2016).

Dallmann, R. & Mrosovsky, N. Scheduled wheel access during daytime: A method for studying conflicting zeitgebers. Physiol Behav
88, 459-465, https://doi.org/10.1016/j.physbeh.2006.04.022 (2006).

Ekmekcioglu, C. & Touitou, Y. Chronobiological aspects of food intake and metabolism and their relevance on energy balance and
weight regulation. Obesity reviews: an official journal of the International Association for the Study of Obesity 12, 14-25, https://doi.
org/10.1111/j.1467-789X.2010.00716.x (2011).

Ubaldo-Reyes, L. M., Buijs, R. M., Escobar, C. & Angeles-Castellanos, M. Scheduled meal accelerates entrainment to a 6-h phase
advance by shifting central and peripheral oscillations in rats. The European journal of neuroscience 46, 1875-1886, https://doi.
org/10.1111/ejn.13633 (2017).

Blancas, A., Gonzalez-Garcia, S. D., Rodriguez, K. & Escobar, C. Progressive anticipation in behavior and brain activation of rats
exposed to scheduled daily palatable food. Neuroscience 281, 44-53, https://doi.org/10.1016/j.neuroscience.2014.09.036 (2014).
Alonso-Alonso, M. et al. Food reward system: current perspectives and future research needs. Nutrition reviews 73, 296-307, https://
doi.org/10.1093/nutrit/nuv002 (2015).

Webb, I. C,, Baltazar, R. M., Lehman, M. N. & Coolen, L. M. Bidirectional interactions between the circadian and reward systems: is
restricted food access a unique zeitgeber? The European journal of neuroscience 30, 1739-1748, https://doi.
org/10.1111/j.1460-9568.2009.06966.x (2009).

Angeles-Castellanos, M., Mendoza, J. & Escobar, C. Restricted feeding schedules phase shift daily rhythms of c-Fos and protein Perl
immunoreactivity in corticolimbic regions in rats. Neuroscience 144, 344-355, https://doi.org/10.1016/j.neuroscience.2006.08.064
(2007).

Oosterman, J. E., Kalsbeek, A., la Fleur, S. E. & Belsham, D. D. Impact of nutrients on circadian rhythmicity. American journal of
physiology. Regulatory, integrative and comparative physiology 308, R337-350, https://doi.org/10.1152/ajpregu.00322.2014 (2015).

. Grippo, R. M, Purohit, A. M., Zhang, Q., Zweifel, L. S. & Guler, A. D. Direct Midbrain Dopamine Input to the Suprachiasmatic

Nucleus Accelerates Circadian Entrainment. Current biology: CB 27, 2465-2475.e2463, https://doi.org/10.1016/j.cub.2017.06.084
(2017).

Wakamatsu, H. et al. Restricted-feeding-induced anticipatory activity rhythm is associated with a phase-shift of the expression of
mPerl and mPer2 mRNA in the cerebral cortex and hippocampus but not in the suprachiasmatic nucleus of mice. The European
journal of neuroscience 13, 1190-1196, https://doi.org/10.1046/j.0953-816x.2001.01483.x (2001).

Kalsbeek, A., van Heerikhuize, J. J., Wortel, J. & Buijs, R. M. Restricted daytime feeding modifies suprachiasmatic nucleus
vasopressin release in rats. Journal of biological rhythms 13, 18-29, https://doi.org/10.1177/074873098128999880 (1998).
Acosta-Galvan, G. et al. Interaction between hypothalamic dorsomedial nucleus and the suprachiasmatic nucleus determines
intensity of food anticipatory behavior. Proceedings of the National Academy of Sciences of the United States of America 108,
5813-5818, https://doi.org/10.1073/pnas.1015551108 (2011).

Saderi, N. et al. The NPY intergeniculate leaflet projections to the suprachiasmatic nucleus transmit metabolic conditions.
Neuroscience 246, 291-300, https://doi.org/10.1016/j.neuroscience.2013.05.004 (2013).

Dattolo, T. et al. Neural activity in the suprachiasmatic circadian clock of nocturnal mice anticipating a daytime meal. Neuroscience
315, 91-103, https://doi.org/10.1016/j.neuroscience.2015.12.014 (2016).

Gallardo, C. M., Gunapala, K. M., King, O. D. & Steele, A. D. Daily scheduled high fat meals moderately entrain behavioral
anticipatory activity, body temperature, and hypothalamic c-Fos activation. PloS one 7, e41161-e41161, https://doi.org/10.1371/
journal.pone.0041161 (2012).

Oike, H., Sakurai, M., Ippoushi, K. & Kobori, M. Time-fixed feeding prevents obesity induced by chronic advances of light/dark
cycles in mouse models of jet-lag/shift work. Biochem Biophys Res Commun 465, 556-561, https://doi.org/10.1016/j.bbrc.2015.08.059
(2015).

Hsu, C. T., Patton, D. E, Mistlberger, R. E. & Steele, A. D. Palatable meal anticipation in mice. PloS one 5, €12903, https://doi.
org/10.1371/journal.pone.0012903 (2010).

Jakubowicz, D., Barnea, M., Wainstein, J. & Froy, O. High caloric intake at breakfast vs. dinner differentially influences weight loss
of overweight and obese women. Obesity (Silver Spring, Md.) 21, 2504-2512, https://doi.org/10.1002/0by.20460 (2013).

. Jakubowicz, D. et al. High-energy breakfast based on whey protein reduces body weight, postprandial glycemia and HbA1C in Type

2 diabetes. The Journal of nutritional biochemistry 49, 1-7, https://doi.org/10.1016/j.jnutbio.2017.07.005 (2017).

Betts, J. A. et al. The causal role of breakfast in energy balance and health: a randomized controlled trial in lean adults. The American
journal of clinical nutrition 100, 539-547, https://doi.org/10.3945/ajcn.114.083402 (2014).

Romon, M., Edme, J. L., Boulenguez, C., Lescroart, J. L. & Frimat, P. Circadian variation of diet-induced thermogenesis. The
American journal of clinical nutrition 57, 476-480, https://doi.org/10.1093/ajcn/57.4.476 (1993).

Salgado-Delgado, R., Angeles-Castellanos, M., Buijs, M. R. & Escobar, C. Internal desynchronization in a model of night-work by
forced activity in rats. Neuroscience 154, 922-931, https://doi.org/10.1016/j.neuroscience.2008.03.066 (2008).

Guerrero-Vargas, N. N. et al. Reciprocal interaction between the suprachiasmatic nucleus and the immune system tunes down the
inflammatory response to lipopolysaccharide. Journal of neuroimmunology 273, 22-30, https://doi.org/10.1016/j.
jneuroim.2014.05.012 (2014).

SCIENTIFIC REPORTS |

(2020) 10:6243 | https://doi.org/10.1038/s41598-020-63227-w


https://doi.org/10.1038/s41598-020-63227-w
https://doi.org/10.1111/j.1460-9568.2009.06960.x
https://doi.org/10.1016/j.gene.2008.04.010
https://doi.org/10.1016/j.gene.2008.04.010
https://doi.org/10.1126/science.288.5466.682
https://doi.org/10.1038/s41598-019-44398-7
https://doi.org/10.1073/pnas.1519807112
https://doi.org/10.1073/pnas.1519807112
https://doi.org/10.1016/j.metabol.2016.02.003
https://doi.org/10.1016/j.metabol.2016.02.003
https://doi.org/10.1038/330372a0
https://doi.org/10.1081/cbi-120006079
https://doi.org/10.1111/gtc.12336
https://doi.org/10.1111/gtc.12336
https://doi.org/10.1016/j.physbeh.2006.04.022
https://doi.org/10.1111/j.1467-789X.2010.00716.x
https://doi.org/10.1111/j.1467-789X.2010.00716.x
https://doi.org/10.1111/ejn.13633
https://doi.org/10.1111/ejn.13633
https://doi.org/10.1016/j.neuroscience.2014.09.036
https://doi.org/10.1093/nutrit/nuv002
https://doi.org/10.1093/nutrit/nuv002
https://doi.org/10.1111/j.1460-9568.2009.06966.x
https://doi.org/10.1111/j.1460-9568.2009.06966.x
https://doi.org/10.1016/j.neuroscience.2006.08.064
https://doi.org/10.1152/ajpregu.00322.2014
https://doi.org/10.1016/j.cub.2017.06.084
https://doi.org/10.1046/j.0953-816x.2001.01483.x
https://doi.org/10.1177/074873098128999880
https://doi.org/10.1073/pnas.1015551108
https://doi.org/10.1016/j.neuroscience.2013.05.004
https://doi.org/10.1016/j.neuroscience.2015.12.014
https://doi.org/10.1371/journal.pone.0041161
https://doi.org/10.1371/journal.pone.0041161
https://doi.org/10.1016/j.bbrc.2015.08.059
https://doi.org/10.1371/journal.pone.0012903
https://doi.org/10.1371/journal.pone.0012903
https://doi.org/10.1002/oby.20460
https://doi.org/10.1016/j.jnutbio.2017.07.005
https://doi.org/10.3945/ajcn.114.083402
https://doi.org/10.1093/ajcn/57.4.476
https://doi.org/10.1016/j.neuroscience.2008.03.066
https://doi.org/10.1016/j.jneuroim.2014.05.012
https://doi.org/10.1016/j.jneuroim.2014.05.012

www.nature.com/scientificreports/

Acknowledgements

This study was supported by grants CONACyT 239403, DGAPA-PAPIIT 1G-200417 to Carolina Escobar and
Ruud M Buijs, DGAPA-PAPIIT IN-127315 to Manuel Angeles-Castellanos and DGAPA-PAPIIT IA208818 to
Natali N Guerrero-Vargas. Dr. Mara A. Guzman-Ruiz received a postdoctoral scholarship by CONACyT Grant
No: 239403-13605-5226. Estefania Noemi Espitia Bautista is a PhD student from Programa de Doctorado en
Ciencias Biomédicas, Universidad Nacional Auténoma de México (UNAM) supported by CONACyT. Authors
thank QFB Cinthya Cordoba for her technical support for supervising shift-work protocol.

Author contributions

Carolina Escobar obtained funds for the study, designed the study, performed experiments, analyzed the data
and wrote the manuscript, Estefania Espitia-Bautista and Natali N Guerrero-Vargas performed experiments,
processed biological samples, performed statistical analysis, participated in the preparation of the manuscript,
Miguel Angel Herndndez-Navarrete, performed shift-work experiments, processed biological samples, Manuel
Angeles-Castellanos designed and performed the jet lag study, helped preparing the manuscript, Mara A.
Guzman-Ruiz, analyzed the data, wrote part of the manuscript, Brenda Morales Pérez, performed experiments
regarding the effect of components of chocolate during jet lag, Ruud M Buijs, helped in the experimental design,
interpretation of the data and writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63227-w.

Correspondence and requests for materials should be addressed to C.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

THE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:6243 | https://doi.org/10.1038/s41598-020-63227-w


https://doi.org/10.1038/s41598-020-63227-w
https://doi.org/10.1038/s41598-020-63227-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Chocolate for breakfast prevents circadian desynchrony in experimental models of jet-lag and shift-work

	Results

	Chocolate for breakfast accelerates re-entrainment in an acute jet-lag condition. 
	A palatable meal accelerates re-entrainment. 
	Chocolate for breakfast improves day-night activity in the SCN of jet-lag rats. 
	Chocolate for breakfast prevents internal desynchronization in a shift-work model. 
	Chocolate for breakfast improves the day-night activity in the SCN of shift-work rats. 
	Chocolate for breakfast or chocolate for dinner: a different outcome for body weight and differential thermogenesis. 

	Discussion

	The entraining effects of palatable food for circadian synchrony. 
	Breakfast influences the circadian system and benefits metabolism. 

	Conclusions

	Materials and Methods

	Animals and general housing. 
	Experimental designs. 
	Re-entrainment with chocolate after acute jet-lag. 
	Re-entrainment with food after acute jet-lag. 
	Re-entrainment with the chocolate components after acute jet-lag. 

	Chocolate effects in the experimental shift-work condition. 
	Monitoring of general activity and core temperature. 
	Metabolic and hormonal rhythms. 
	Immunohistochemical staining. 
	SCN c-Fos quantification in Jet-Lag and Shift-work animals. 
	Cosinor analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 In a jet-lag condition a scheduled piece of chocolate for breakfast accelerates re-entrainment to a new light-dark cycle.
	Figure 2 Entrainment of general activity by the different components of chocolate after a 6 h phase advance.
	Figure 3 Chocolate for breakfast in jet-lag animals restored the day-night c-Fos expression in the SCN.
	Figure 4 Chocolate for breakfast prevents internal desynchronization.
	Figure 5 Chocolate for breakfast imposes a day-night pattern of c-Fos activation in the SCN of rats exposed to the experimental model of shift-work.
	Figure 6 Chocolate for breakfast reduced body weight gain and promoted thermogenesis in shift-work rats.




