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Snack timing affects tissue clock
and metabolic responses in male
mice
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Metabolism, University of Libeck, Lubeck, Germany

Snacking of small quantities of palatable food items throughout the day is
common in modern societies and is promoted by 24/7 lifestyles. Long-term
mistimed high-caloric food intake disrupts endogenous circadian rhythms and
supports the development of obesity and other metabolic disorders. However,
less is known about the time-of-day dependent effects of snacking. We
hypothesized that already a single snacking episode may affect the circadian
regulation of metabolic parameters, in particular when the snack is consumed
during the daily rest phase. We performed an acute snack experiment in
mice by providing access to chow or chocolate either at day- or nighttime
and assessed snack effects on core body temperature, locomotor activity,
and gene expression in metabolic tissues. Our results show that daytime
chocolate snacking leads to a higher body temperature and locomotor activity
increase compared to chow and nighttime intake. This goes along with
altered clock and metabolic gene expression in peripheral tissues. Changes
in nutrient uptake transporter gene expression in the small intestine suggest
increased glucose resorption after daytime snacking. Our results indicate an
early mechanism for the adipogenic effect of mistimed high-calorie snacking.

caloric intake, circadian clock, body temperature, locomotor activity, snack

Introduction

Eating palatable calorie-dense snacks during various phases of the day is a common
behavior in Western societies with unlimited access to all kind of foods. A high-calorie
diet is known to disrupt endogenous circadian rhythms and to shift food intake into the
normal rest phase (1). While it is known that 1 week on a high-caloric diet is sufficient to
shift endogenous rhythms in the liver (2), the acute effects of snacking on physiological
parameters and circadian rhythms is much less understood.

Circadian clocks are internal timekeepers that synchronize physiology and behavior
to external environmental rhythms such as the light-dark cycle (3). A master circadian
pacemaker located in the suprachiasmatic nucleus (SCN) of the hypothalamus resets
subordinate cellular clocks throughout the body to coordinate rhythmic functions within
and between tissues and organs (4). At the molecular level, these clocks consist of
interlocked transcriptional-translational feedback loops of clock proteins such as brain
and muscle ARNT-like protein 1 (BMALI or ARNTL), circadian locomotor output cycles
kaput (CLOCK), Period (PER1-3) and Nuclear receptor subfamily 1 group D member
1/2 (or NR1D1/2 or REVERBa/B) (3, 4).
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While light is the main synchronizer of the SCN clock,
altered food intake patterns can uncouple peripheral clocks from
the SCN, thus leading to internal circadian desynchronization
(5). In mice, daily food intake rhythms peak in the beginning
of the active phase in line with the time of highest energy
expenditure (6, 7). If food intake is restricted to the normal
rest (i.e., light) phase energy expenditure is reduced and
mice gain weight compared to animals with ad libitum
food access (6). In contrast, appetite for highly palatable
foods peak in the early inactive phase in mice, and also
in humans, the drive to snack is higher toward the end of
the active phase (i.e, in the evening) (7, 8). Sweet craving
increases throughout the day in humans (9) and snacking
rather than consuming one hot meal is common in night-shift
workers (10). Studies on total energy intake in shift workers
are controversial (11, 12), but disturbed eating patterns and
increased snacking are consistently observed in night shift
workers (13). Food intake-dependent signals such as insulin
may provide feedback to the circadian system adjusting clock
rhythms in metabolic tissues (14-16). However, the interaction
of meal timing and type on the circadian clock system is still
poorly understood.

We the
vulnerability to snacking at this time—high-energy food

hypothesized that—in line with increased
intake would have stronger effects on circadian rhythms
in the inactive phase. For this purpose, we offered mice
chow or chocolate snacks at different times of day and
investigated the impact on physiological parameters such
as core body temperature and locomotor activity as well as
on peripheral clock and clock target gene expression. Our
data show that chocolate snacking has a stronger impact
compared to chow on physiological parameters and tissue
clock effects are largely restricted to the normal rest phase
in mice.

Materials and methods

Animals and housing conditions

adult male

background. Mice were

All  experiments were performed with
wildtype mice on C57BL/6JRj
purchased from Janvier labs (Le Genest-Saint-Isle, France).
They were housed individually under standard laboratory
conditions in a 12h: 12h light-dark cycle with ad libitum
access to normal chow and tap water unless otherwise
indicated. Experimental groups were age- and weight-
matched. Experiments were carried out in accordance
with the German Law for Animal Welfare and approved
by the Ministry of Energy, Agriculture, Environment,
Nature, and Digitalization (MELUND) of the State of
Schleswig-Holstein, Germany.
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Core body temperature/locomotor
activity recordings and acute snack
experiment

All animals were implanted with G2 E-mitters (Starr Life
Sciences, Oakmont, USA) into the intraperitoneal space to
measure body temperature and activity. Mice were anesthetized
with isoflurane (4% in air), injected with 4 mg/kg Carprofen
(Rimadyl, Zoetis, Parsippany, USA) and Bepanthen (Bayer,
Leverkusen, Germany) was applied on the eyes. The abdomen
was shaved, disinfected and the abdominal cavity opened by first
cutting the skin and then the muscular layer. The sterilized E-
mitter was implanted and the two layers of the abdominal wall
were closed separately. After 1 week of recovery, temperature
and activity were recorded on the experimental day in 1-min
intervals using ER4000 receivers (Starr Life Sciences) and the
Vital View software, version 5 (Starr Life Sciences). On day
four, mice were fasted for 12h and then received a snack for
20min (or nothing for the control cohort). Nighttime snack
mice were fasted from zeitgeber time (ZT; ZT0 = light onset)
2/2.5 on day four onwards, receiving a snack at ZT14/14.5
whereas daytime snack mice fasted from ZT14/14.5 onwards and
received a snack at ZT2/2.5 on the next day. Mice had access to
the snack for 20 min. Control mice were fasted but received no
snack. All animals were sacrificed after another 40 min (ZT3/3.5
or ZT15/15.5).

Tissue and serum collection

Mice were sacrificed by cervical dislocation and trunk
blood and tissues [subcutaneous white adipose tissue (scWAT),
epididymal white adipose tissue (eWAT), intrascapular brown
adipose tissue (iBAT), duodenum, jejunum, ileum, liver,
pancreas] were collected. Tissue samples were stored in
RNAlater (Invitrogen, ThermoFisher Scientific, Waltham, USA)
and kept at 4°C for 11-12 h before transfer to storage at —20°C.
Blood clotting was allowed at room temperature for 20 min
followed by 30 min centrifugation at 664 rcf and 4°C. Serum
samples were stored at —80°C until further processing.

Food intake measurements

Food intake was determined for the 20-min re-feeding
period on the experimental day. Snacks—chow [breeding
diet #1314, Altromin, Lage, Germany (14% fat, 27% protein,
59% carbohydrates, metabolized energy: ~3,339 kcal/kg)] or
chocolate (RUF milk chocolate drops, RUF, Quakenbriick,
Germany; per 100 g: 2,099 k] = 503 kcal, fat 27.1g from
which 16.7g saturated fatty acids, carbohydrates 54¢g from
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which 47.6 g sugar, protein 6.5g)—were weighed before and
after mice had access. It was confirmed for each mouse that
food was not crumbled. Nutrient composition in chow and
chocolate was calculated using the manufacturer’s indication of
food composition (Supplementary Figure 1).

Serum levels of glucose, triacylglycerides,
free fatty acids, insulin, and leptin

Serum glucose concentrations (mg/dL) were measured
with a glucometer (ACCU-CHECK, Aviva, Roche, Mannheim,
(TAG)
determined in duplicates using a triglyceride colorimetric

Germany). Triacylglyceride concentrations  were
assay kit (Cayman Chemical, Ann Arbor, USA) following
the manufacturer’s instructions. Free fatty acid (FFA) levels
were measured in duplicates according to the kits manual
(serum/plasma fatty acid kit, non-esterified fatty acids detection,
Zenbio, Durham, USA) with samples diluted 1:10 in dilution
buffer.

duplicates using a mouse insulin ELISA (Mercodia, Uppsala,

Serum insulin concentrations were measured in
Sweden) following the manufacturer’s 5 pL protocol. A
four-parameter logistic curve was fitted to calculate the
concentrations. Due to limited material three samples were
measured in singlets and the number of samples (n = 2-6)
is not matching the n = 6 of glucose, FFA, and TAG. The
blank absorbance value was subtracted from the mean of each
duplicate and the concentration calculated according to the
TAG, FFA or insulin standard curve, respectively. The insulin
concentrations were converted as follows: 1 g £ 174 pmol
and 6 pmol/L = 1 pIU/mL. Leptin levels were determined in
duplicates using a mouse leptin ELISA kit (Crystal Chem, Elk
Grove Village, USA) according to the kit's manual. Two samples
were measured in singlets due to limited material. Data were
analyzed in GraphPad Prism 8 (GraphPad, San Diego, USA).

Quantitative real-time PCR

Total RNA was isolated from tissue homogenates (Omni
Bead Ruptor 24, Omni International, Kennesaw, USA) by
Trizol (Ambion, Life Technologies, Austin, USA) chloroform
(>99.5%, Honeywell, Charlotte, USA) extraction. RNA was
reverse transcribed using the high-capacity ¢cDNA reverse
Waltham, USA)
according to the manufacturer’s protocol. Go Taq qPCR

transcription kit (Applied Biosystems,
master mix kit (Promega, Madison, USA) was used for qPCR.
Plates were run on a CFX-96 or CFX-Connect thermocycler
(Bio-Rad, Hercules, USA) and analyzed with the AAC;
method using Eefla as reference gene. Data were normalized
to the mean ratio of the “no snack” group. Primer sequences
were: Bhlhe40 forward 5-CTCCTACCCGAACATCTCAAAC-

3, Bhlhe40 reverse 5-CCAGAACCACTGCTTTTTCC-3;
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Bmall forward  5-CCTAATTCTCAGGGCAGCAGAT-3),
Bmall reverse 5-TCCAGTCTTGGCATCAATGAGT-3;
Clock forward 5-ATGGTGTTTACCGTAAGCTGTAG-
3 Clock reverse 5-CTCGCGTTACCAGGAAGCAT-3,
Cry2 forward 5-AGATGGCCTCAGGTTTTCTCAG-
3, Cry2 reverse 5-TTACGGCCCACTCTACCTTCT-3,

Eefla forward 5- TGCCCCAGGACACAGAGACTTCA-3,

Eefla  reverse 5- AATTCACCAACACCAGCAGCAA-
3, Lipe forward 5-GGCTCACAGTTACCATCTCACC-3;
Lipe reverse 5- GAGTACCTTGCTGTCCTGTCC-3;
Perl forward 5-AGTTCCTGACCAAGCCTCGTTAG-3)
Perl reverse 5-CCTGCCCTCTGCTTGTCATC-3, Per2
forward 5-GCCAAGTTTGTGGAGTTCCTG-3, Per2
reverse  5-CTTGCACCTTGACCAGGTAGG-3,  Pnpla2
forward ~ 5-CAACGCCACTCACATCTACGG-3,  Pnpla2
reverse 5-TCACCAGGTTGAAGGAGGGAT-3, Nrldl
forward  5-AGCTCAACTCCCTGGCACTTAC-3, Nrldl
reverse 5-CTTCTCGGAATGCATGTTGTTC-3], Slc2a2
forward 5-TCAGAAGACAAGATCACCGGA-3, Slc2a2
reverse 5-GCTGGTGTGACTGTAAGTGGG-3), Slc5al
forward 5-TCTGTAGTGGCAAGGGGAAG-3), Slc5al

reverse 5-ACAGGGCTTCTGTGTCTTGG-3’.

Data and statistical analysis

Data are represented as group mean + SEM. Statistical
analyses were performed in GraphPad Prism 8 (GraphPad,
San Diego, USA) whereby p-values < 0.05 were considered
significant. To compare data between groups and different time
points 2-way analysis of variance (ANOVA) was used with
Bonferroni post-hoc tests to compare data at one ZT between
groups or within one group at different ZT’s, respectively.

Temperature and activity data were recorded in 1-min
intervals. The 15 min before the snack was given to the mice were
taken as baseline measures for temperature and activity. Mean
temperature or activity were compared to the maximum change
in body temperature or activity after “snack in.” Data were
statistically analyzed by repeated measurement 2-way ANOVA
with Bonferroni post-hoc tests. To further analyze changes in
temperature and activity as well as the kinetics of these changes,
each data point was normalized by subtracting the mean of
the 15-min baseline. Such normalization allows a correction
for individual differences in baseline body temperature and
locomotor activity. For noise reduction in activity data a 10-
min moving average was applied. Analyses were performed
for each mouse individually. A non-linear fit (one site) was
laid through the data for each group to determine the logIC50
value representing the half-time (in minutes) to the maximum
change in temperature or activity. Analyses were performed with
n = 6 mice for all cohorts; however, one no snack/daytime
and one chow/nighttime animal were excluded due to technical
reasons during the recordings. To calculate the mean change
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in temperature and activity, the mean of the 15 min before the
snack was subtracted from the mean of the 1h after “snack in”
until sacrifice. To compare changes in temperature and activity
(logIC50), non-linear fits were performed for each mouse
individually. During fitting of temperature data, a constraint
was set to 0 < logIC50 < 60, but one no snack/nighttime
and one chow/daytime mouse had to be excluded in addition
to the two above mentioned mice because it was not possible
to fit a sigmoidal curve with a plausible logIC50 through the
data. For activity data the most accurate fits were obtained
with a 10-min moving average over the non-normalized total
counts. To not distort the fit due to decreasing activity in the
second half of the experiment, only data including a moving
average of 30.5min were used to determine the half-time of
activity change as a direct response to the snack. Constraints
were set for some curves to ensure that the correct part of
the curve was fitted compared to other mice in the group.

10.3389/fnut.2022.956641

In addition to the animals excluded for technical reasons, one
no snack/nighttime mouse was excluded from activity logIC50
analysis as a reasonable fit could not be obtained. logIC50 values
were statistically compared between cohorts and across time by
2-way ANOVA.

qPCRs were performed with n = 6 per cohort, but
individual values were excluded based on Grubbs outlier tests.
To analyze peripheral tissue gene expression profiles, the mean
relative mRNA expression of the respective gene in every
group was determined for each tissue, e.g., relative Bmall
mRNA expression in liver for the no snack/daytime group.
Therefore, each data point in Figure 4 represents one tissue.
Heat maps how the mean gene relative mRNA expression for
each tissue. To investigate the relationship between clock gene
mRNA levels against glucose transporter gene expression, simple
linear regressions were performed using GraphPad Prism 8
(GraphPad, San Diego, USA).
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Results

Chocolate snack effects on caloric intake
are higher during daytime

To assess the time-dependent effect of different snacks, mice
were separated into two groups of three cohorts each. After
12 h of fasting, they received either no snack (control cohorts),
a chow snack (chow cohorts) or a chocolate snack (chocolate
cohorts) with access for 20 min (Figure 1A). The first group

10.3389/fnut.2022.956641

received the snack (or no snack) in the beginning of the light
phase (ZT2-3, daytime) whereas the second group received the
snack (or no snack) in the beginning of the dark phase (ZT14-
15, nighttime). Mice consumed more energy during daytime
compared to nighttime snacking for chocolate but not for chow.
Caloric intake was always higher in mice receiving the chocolate
compared to the chow snack independent of snack timing
(Figures 1B,C). These data suggest that both, snack type and
timing, influence appetite regulation, but temporal regulation is
more pronounced for more palatable snack types.

Core body temperature

Locomotor activity

0.05; (G) time, group, interaction p > 0.05.
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Daytime snacking leads to temperature and locomotor activity upregulation with a step-wise increase in chow and chocolate. Mean body
temperature during the 15 min baseline (0, left) and maximum change (o, right) in body temperature upon (A) daytime and (B) nighttime
snacking for each mouse. (C) Change in body temperature upon snacking. Data were normalized by subtracting the mean temperature during
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time p < 0.05, group p < 0.001, interaction p < 0.05; (I) time p > 0.05, group p < 0.001, interaction p < 0.05, (J) time p < 0.01, group p < 0.0001,
interaction p > 0.05. (F,G) Bonferroni post-hoc test: *p < 0.05; Repeated measurement 2-way ANOVA: (F) group p < 0.05, time, interaction p >
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Snack type dependent upregulation of
core body temperature and locomotor
activity is restricted to daytime

Food intake leads to a transient increase in body temperature
and locomotor activity, and both have been implicated in
the postprandial regulation of satiety (17, 18). We thus
examined the interaction of time and snack type on these
two physiological parameters. After daytime snacking body
temperature significantly increased compared to baseline in the
chow and chocolate cohorts (Figure 2A) whereas a temperature
increase after nighttime snacking was only observed in the
chocolate cohort (Figure 2B). We next investigated the kinetics
of the temperature increase upon snacking. While body
temperature increased comparably early upon, both, chow and
chocolate snacking during daytime, this increase was higher,
and temperature stayed elevated for longer in the chocolate
cohort (Figure 2C). In comparison, body temperature in the
chow/daytime snacking cohort dropped back to baseline levels
1h after the snack was provided (Figure 2C). In contrast to
daytime, body temperature changes in the nighttime cohorts
were smaller and largely comparable between snack types
(Figures 2C,D). We did not observe differences in temperature
increases between the control cohorts at different ZTs, but we
found much larger temperature effects in the chow/daytime and
chocolate/daytime compared to the respective nighttime cohorts
(Figure 2D). Daytime snacking led to a stronger increase in
body temperature in the chocolate cohort compared to chow
(and no snack) with mean temperature changes of 2.6°C, 1.5°C
and —0.3°C, respectively (Figure 2D). To compare the kinetics
of body temperature changes upon snacking we performed
a non-linear fit for each individual curve and determined
logIC50 values. Daytime snacking with chow and chocolate
induced a fast increase in body temperature (logIC50 < 10 min;
Figure 2E). Additionally, chow/daytime snacking induced a
faster body temperature increase than in the chow/nighttime
cohort (logIC50 of 5 and 20min, respectively; Figure 2E).
These temporal effects were much less pronounced for the
chocolate snack cohorts [logIC50 values of 7 (daytime) and
10 min (nighttime); Figure 2E]. Together, these data suggest that
daytime snacking induces larger changes in body temperature
and that these changes differ for snack type.

Similar to what we observed for body temperature,
locomotor activity was affected mostly by snacking during
daytime, while little effects were observed at nighttime
(Figures 2F-H). Significant increases in locomotor activity
the
the no

compared to baseline activity were restricted to
(Figures 2EG).  While

snack/daytime cohort became less active due to extended

chocolate/daytime  cohort
fasting, chow-fed animals showed on average stable activity and

chocolate/daytime mice a marked increase in activity peaking at
20 min after snack access (Figures 2H,I). Individual non-linear
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curve fits revealed delayed changes in activity in the chow
cohorts at both time points compared to control and chocolate
fed animals (Figure 2]). Overall, we observed a time-of-day
effect for activity kinetics with a significant post-hoc comparison
for the control cohorts (Figure 2]). In summary, the extents of
locomotor activity changes upon snacking are in line with body
temperature effects with larger changes induced by daytime
snacking and chocolate snacks. However, marked differential
effects were observed with regard to kinetics suggestive of
distinct regulatory mechanisms.

Daytime snacking alters serum glucose
and free fatty acid levels

We next analyzed the impact of timed chow or chocolate
snacking on postprandial nutrient levels in the circulation
(Figure 3). 1 h after the snack serum FFA levels were significantly
decreased in the chow/daytime cohort and reduced with
borderline significance (p = 0.0540) after chocolate snacking
during the day compared to no snack controls (Figure 3A).
Serum FFA concentrations were not altered in the nighttime
cohorts (Figure 3A). We did not observe any snack induced
changes in serum TAG levels apart from a general time
effect with slightly higher levels at daytime compared to
nighttime (Figure 3B). Serum glucose concentrations were
increased after chow and chocolate daytime snacking compared
to controls with higher levels in the chow cohort (Figure 3C).
Nighttime serum glucose concentrations did not differ between
the cohorts. Serum insulin levels were higher at daytime
compared to nighttime, but we did not observe snack induced
differences (Figure 3D). However, the insulin concentrations
roughly followed serum glucose concentrations (Figures 3C,D).
We did neither observe a significant effect for time nor
snack group in serum leptin levels (Supplementary Figure 2).
Together, snacking decreased FFA and increased glucose serum
levels specifically during the day hinting at temporal differences
in lipid mobilization and glucose uptake.

Time and snack dependent regulation of
clock and metabolic gene expression in
peripheral tissues

Considering the observed time and snack type specific
responses in body temperature as well as in locomotor
activity against a background of circadian regulation of both
processes, we hypothesized that tissue clock gene expression
might likewise be affected by snacking with higher changes
after chocolate snacking and during daytime. We focused on
peripheral tissues important for the processing of nutrients
such as liver, pancreas, adipose tissues (eWAT, scWAT,
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FIGURE 3
Daytime snacking alters serum free fatty acid (FFA) and glucose levels. Concentrations of (A) FFAs, (B) triacylglycerides (TAGs), (C) glucose, and
(D) insulin in serum. Mice were fasted for 12 h and received no snack (control cohort), normal chow, or chocolate ad libitum for 20 min. Data are
shown as mean + SEM; (A-C) n = 6, (D) n = 2-6 per group; Bonferroni post-hoc test: *p < 0.05; **p < 0.01; ****p < 0.0001; 2-way ANOVA: (A)
time, group, interaction p > 0.05, (B) time p < 0.01, group, interaction p > 0.05, (C) time p > 0.05, group, interaction p < 0.001, (D) time p <
0.01, group, interaction p > 0.05.

and iBAT), and small intestine (duodenum, jejunum, and
ileum). Overall, results were largely comparable across all
these tissues with marked temporal differences for Bmall,
Perl, Per2, Cry2 and Nrldl in the control cohorts and
snack effects confined mostly to Bmall and Nrldl expression
during daytime and Perl, Per2 and Cry2 expression during
nighttime (Supplementary Figure 3). To provide a more general
overview, we plotted a heat map showing the mean relative
mRNA expression for the respective gene and determined
specific clock gene responses across metabolic tissues by
averaging the mean relative clock gene mRNA expression
for each group (Figure4). A detailed analysis of each single
gene in each tissue is provided in Supplementary Figure 3.
Across all tissues, Bmall expression was higher at daytime
compared to nighttime with antiphasic regulation of Perl,
Per2, and Cry2 in the periphery in all snack cohorts
(Figures 4A,C-E). Bmall expression was decreased at daytime
after chocolate but not after chow snacking while levels
were stable during nighttime (Figure 4A). In contrast, Perl
expression was decreased in the chow and chocolate cohorts
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during nighttime snacking with no effect during daytime
(Figure 4C). For Nrldl—and similar to Bmall—we observed
a snack induced decrease in expression during daytime, but
no snack effect in the night (Figure 4B). Effects on Per2 and
Cry2 expression were restricted to nighttime (Figures4D,E).
Per2 was increased in the chow/nighttime cohort compared
to the control and chocolate cohorts (Figure 4D). Cry2 was
decreased after chocolate/nighttime snacking compared to the
chow and nighttime cohort (Figure 4E). Bhlhe40 expression was
comparable between different tissues at day-/nighttime after
different snacks, however, it was increased in scWAT in the
chow cohorts as well as in iBAT after chow/daytime snacking
(Figure 4F). Clock mRNA expression did not respond to snack
intake, but slightly higher daytime mRNA levels compared
to nighttime were observed in the chow cohorts (Figure 4G).
In summary, time and snack type dependent effects on clock
gene mRNA expression were observed in metabolic tissues.
Regulation of Bmall and Nrldl was restricted to daytime,
while Perl, Per2, and Cry2 responses were seen only after
nighttime snacking.

frontiersin.org


https://doi.org/10.3389/fnut.2022.956641
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Begemann and Oster 10.3389/fnut.2022.956641

A B Nr1d1
< =] ek ke S 5 3- Xk
Duodenum 202 : rrrraE— Duodenum 0o SREE
» - a e,
Jejunum g — s Nosnack  Jejunum 152 —
" 15 S o *e Chow - e,
tev 3 27 -* * Chocolate fle 32 °
SCWAT < Q SCWAT < $o
£ % 102 5 .
eWAT 1.0 02 o % eWAT 4 .
£ . £ .
iBAT o 17 1BAT o 1- &
0.5 2 o ° aZ- ° o N i % °
Liver . ‘_"5' [ Liver 05® _E_
Pancreas &’ % ? f Pancreas &’ e .-
0 T T 0 T T
Daytime Nighttime Daytime Nighttime
c Per1 i D Per2
€ 34 4- e
Duodenum % J— Duodenum E Sededek
—_ i 7 kR
Jejunum g '*—‘ Jejunum 8 e ]
158 5 31 .
lleum P X 24 . lleum , 2 s
o @ L
SCWAT < . SCWAT < ‘.
F4 ot o Z 2- - :I_
eWAT 10X . _I_ eWAT 4 i
) E 14 js—; _ £
iBAT (] L[] L] \ iBAT 1 @ .
: 2 A . A > 1
Liver 05 % ?f 5. Liver % °
Pancreas ['4 Pancreas -
0 T T @ ol T
Daytime Nighttime Daytime Nighttime
E F Bhlhe40
c 3- e — =10
Duodenum o I E— Duodenum s O
[ 7] °
Jejunum 15 g Jejunum g 8-
lleum é 24 *:** lleum 6 é .
) o v g .
scWAT < o %.- ® ScWAT <
eWAT 10 E %‘ e ® eWAT 4 E 4
. € 14 ® . ;ﬁ . E 4
iBAT " - o iBAT © .
> % > -
Liver = % <? Liver 2 g 24 S
05 * < 2 <
Pancreas 4 Pancreas [ 4 °
0 T T 0 T T
Daytime Nighttime & Daytime Nighttime
IS
G Clock &
c 3- eé\ [
Duodenum _% —_— ¥
Jejunum 8 2
S
lleum % 2+
)
SCWAT < °
B 3
eWAT o
iBAT 10 € 14 ;g é é :E: .
I 3 - .o o8, %
Liver ‘!'5'
°©
Pancreas 4
c I. . ! .
3‘&0 s@“ s@“ v&s:&&:&@" Daytime Nighttime
‘Xb ,,x\b Q\b O\Q (;& Q\Q
& & @ &
& ooo\ "oo" & &
¥ o &® 0‘9
FIGURE 4
Snacking affects clock gene expression in peripheral tissues. Mice were fasted for 12 h and received no snack (control cohort), normal chow, or
chocolate ad libitum for 20 min either at daytime or nighttime. Clock gene expression was determined 1 h after the snack was provided. Heat
map of mean gene relative mRNA expression for each tissue and mean gene relative mRNA expression of (A) Bmall, (B) Nr1d1, (C) Perl, (D)
Per2, (E) Cry2, (F) Bhlhe40, (G) Clock in peripheral tissues (duodenum, jejunum, ileum, subcutaneous and epididymal white adipose tissue,
intrascalpular brown adipose tissue, liver, pancreas). Each data point represents one tissue. Data are shown as mean + SEM; n = 3-6 withinn =
8 tissues per group; Bonferroni post-hoc test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 2-way ANOVA: (A) time p < 0.0001, group p
< 0.01, interaction p > 0.05; (B) time p < 0.0001, group p < 0.01, interaction p < 0.05; (C) time p < 0.0001, group, interaction p > 0.05; (D) time
p < 0.05, group p < 0.01, interaction p < 0.05; (E) time p < 0.0001, group p < 0.01, interaction p < 0.05; (F) group p < 0.05, time, interaction p >
0.05; (G) time p < 0.01, group, interaction p > 0.05. Separate analysis of each gene in each tissue as well as statistics are provided in
Supplementary Figure 3.

Reduced FFA levels after snacking during daytime suggested expression in scWAT (Supplementary Figure 3, Figure 5).
an effect on lipolysis in adipose stores (Figure 3A). We therefore Bmall expression was higher at daytime compared to nighttime
compared responses of clock and lipolysis associated gene for all groups and was reduced after chocolate/daytime snacking
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compared to the control cohort (Supplementary Figure 3D).
We observed similar effects for Nr1dI expression, but the time-
of-day difference between the chocolate cohorts was lost due to
a strong reduction in Nr1dl expression after chocolate/daytime
Additionally, Nrldl
expression was reduced in the chocolate compared to the

snacking (Supplementary Figure 3D).

chow/daytime cohort (Supplementary Figure 3D). In contrast,
we did not find any changes in genes encoding two lipolysis
pacemaker enzymes, Pnpla2 and Lipe (Figures5A,B), nor
a correlation between clock and lipolysis associated gene
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expression (Figures 5C-F). Thus, although FFA serum levels
were reduced after daytime snacking (Figure 3A) and lipolysis
genes have been reported to be under control of the circadian
clock (19), our data would be in line with a snack-induced
downregulation of adipose lipolysis via resetting of local
tissue clocks.

Like FFAs, blood glucose levels were mainly affected by
snack intake during daytime. As the small intestine, especially
duodenum and jejunum, are important for glucose uptake
(20), we investigated relative mRNA expression of glucose
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transporter genes in comparison to clock genes in response
to snack intake (Supplementary Figure 3, Figure 6). Expression
of Bmall and Nrldl in the jejunum was reduced after
snacking during daytime with little responses during nighttime
snacking (Supplementary Figure 3B). The expression of both
glucose uptake transporter genes, Slc5al and Slc2a2, was
decreased in the chocolate/nighttime cohort compared to the
no snack/nighttime cohort leading to a loss of the time-of-day
difference in chocolate cohorts (Figures 6A,B). As both, clock
and glucose uptake transporter, transcript levels were affected
by snacking, we investigated the relationship between both by

10.3389/fnut.2022.956641

linear regression analysis. Interestingly, we found a negative
correlation between Bmall and Nrldl, respectively, with both
glucose uptake transporter genes (Figures 6C-F).

Duodenal clock gene expression was reduced after
chocolate/daytime snacking compared to the chow cohort
(Bmall) or the control and chow cohorts (Nrl1dI), respectively
(Supplementary Figure 3A). All cohorts had a higher expression
at daytime compared to nighttime except of the chocolate
cohort for Nrldl (Supplementary Figure 3A). Interestingly,
relative mRNA expression of glucose uptake transporters
was decreased in the chocolate cohorts at both time points
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compared to the control and chow cohorts except of control
vs. chocolate/daytime for Slc5al (Supplementary Figures 4A,B).
However, unlike for jejunum, we did not find significant
correlations between clock and glucose transporter gene
expression in the duodenum (Supplementary Figures 4C-F).

The observed relationship of clock and glucose uptake
transporter gene expression in the jejunum, but not in the
duodenum, support the idea of a potential role of the jejunal
circadian clock in mediating changes in intestinal glucose uptake
upon snacking.

Discussion

In our study we investigated time-of-day dependent effects
of snacking on tissue circadian clock function and physiological
parameters. Our results indicate that a high-calorie snack such
as chocolate at daytime has a stronger effect on physiological
parameters as well as on peripheral clock gene expression than
less energy-dense snack types or the same snack consumed
during nighttime. This temporal regulation associates with
similar effects on glucose regulation in line with clock and
glucose uptake transporter gene regulation in the jejunum.

Snack type and time influence appetite
and temperature/activity responses

In our snack experiment we observed an effect of
snack type and snack time on behavioral and physiological
responses. Chocolate consumption was always higher than chow
consumption and chocolate/daytime mice consumed more than
the respective nighttime cohort (Figure 1). These results go in
line with data showing that overconsumption of chocolate peak
in the early inactive phase in mice and time-of-day differences
in the drive to eat in humans (7, 8). Likewise, we found a
snack type dependent upregulation of core body temperature
and locomotor activity mostly restricted to daytime (Figure 2).
As body temperature shows a circadian rhythm with higher
temperature throughout the active phase (21) and even on heat
stress mice show little increase in body temperature throughout
their active phase (22), a large body temperature increase
upon snacking was not expected at nighttime. We observed
a higher upregulation in body temperature after chocolate
compared to chow/daytime snacking. As mice consumed
more calories after a chocolate snack, these findings are in
line with previous studies showing that body temperature is
higher after high caloric meals (23). It has previously been
shown that diet composition impacts body temperature (24).
Considering the different nutrient composition of the snacks
in this study (Supplementary Figure 1), an effect of snack type
on body temperature change remains possible. However, we
did not closer investigate the specific effects of individual
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macronutrients and therefore cannot distinguish which factor—
snack type (i.e. snack composition) or calories—is mediating
the observed effects. In line with the changes in core body
temperature we found similar changes in locomotor activity
after daytime snacking. Larger changes throughout nighttime
snacking were not expected as the capacity for changes is
higher throughout the usual inactive phase (i.e., daytime).
Overall, we did not observe a mean change in activity in
chow snacking mice. These animals first reduced their activity
as they were eating the snack and then became more active
afterwards. Our observation of upregulated locomotor activity
after chocolate/daytime snacking is in line with human data
showing that a daily chocolate snack for dinner leads to
increased activity (25). However, one has to consider that
subjects were monitored after a chronic chocolate snack showing
overall activity (25). Additionally, our data of the chow/daytime
cohort show that temperature increases do not merely follow
upregulated locomotor activity.

Clock gene responses are influenced by
snack time and type

Because of our findings of upregulated core body
temperature and locomotor activity restricted to daytime
snacking, we assumed a snack effect on peripheral clock
gene expression. We found slightly more reduced relative
mRNA expression of clock genes in the periphery after
chocolate/daytime snacking hinting at a potential influence
of snack type on clock gene expression (Figure4). After
nighttime snacking, we observed changes in the chow as
well as in the chocolate cohorts (Figure4). Clock gene
expression is shifting and uncoupling from the SCN upon
light-phase restricted feeding (5). But also fasting and re-
feeding is changing peripheral tissue clock gene expression
(26). Although our data do not determine full circadian
profiles, they are in line with others showing downregulation
of Nridl and Per] mRNA expression upon re-feeding (26).
Bmall mRNA expression was rather seen to be upregulated
(26). The differences of those results and ours could be
explained by different re-feeding times, durations and snack
types. As we investigated only two time points, we cannot
comment on circadian rhythm parameters such as period, phase
or amplitude.

A potential role of jejunal circadian clocks
in regulation of glucose metabolism and
effects of snack type and timing

Our results revealed decreased FFA and increased glucose
serum levels specifically in response to daytime snacking
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(Figure 3) suggesting alterations in lipolysis and glucose uptake.
Upon fasting, lipolysis is enhanced increasing FFA levels
in the blood (27). After daytime re-feeding in rats, FFA
concentrations in serum decreases again in line with our data
(27). Another study found a fast reduction of FFA upon
food intake in humans after breakfast and dinner (28). We
did not observe decreased serum FFA levels after nighttime
snacking in mice. However, these animals were only fasted for
12h, so basically throughout daytime, the usual phase where
they normally do not consume many calories. Potentially, the
difference in FFA levels upon snacking was therefore more
visible after daytime snacking because these cohorts were
likely fasted even longer than 12h due to the normal daily
food intake pattern with low intake during the light phase.
Our observation of unchanged TAG levels after daytime or
nighttime snacking are in line with other data showing that
plasma TAG levels in humans are unaltered after breakfast
and dinner at least 1h after the meal (28). The apparent
absence of changes in leptin levels (Supplementary Figure 2)
could be explained by different kinetics of leptin responses after
snacking. We found altered serum glucose levels after daytime
snacking and a time-of-day difference after chow snacking.
These results are consistent with data showing that glucose
tolerance varies throughout the day peaking in the morning
(active phase) and that the postprandial glucose response is
higher in the evening in humans (29). A higher increase
in glucose concentration is also consistent with human data
showing a higher glucose increase after dinner vs. breakfast
(28). Unexpectedly, glucose levels after chocolate/daytime were
lower compared to chow/daytime snacking. Mice consumed
the chocolate within the very first min after the snack was
provided which could indicate that the glucose levels were
already dropping again, but we also cannot exclude an influence
of snack type/food composition on serum parameters. Glucose
uptake by peripheral tissues could be differently affected in
the two daytime snacking cohorts. More glucose could be
taken up by adipose tissue, by the liver for glycogen storage,
or by the muscle and thereby reduce serum glucose levels
in the chocolate/daytime cohort. As mice consume most of
their food during the active phase, equal experimental fasting
will likely be longer for the daytime than for the nighttime
cohorts and, consequently, daytime cohorts might have been
at a different fasting/metabolic state in the beginning of
the snack time. Differences in insulin release upon chow
or chocolate consumption could also explain the observed
changes in the chow/daytime and chocolate/daytime cohorts. In
our study insulin concentrations followed changes in glucose,
however, they did not reach significance due to high variations
within the cohorts. Lower insulin levels in the nighttime
cohorts could indicate a higher insulin sensitivity at nighttime
compared to daytime. A higher insulin sensitivity in the
beginning of the active phase was also reported in humans (30).
Additionally, changes in lipolysis are a possible explanation for
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the differences we observed in FFA serum concentrations after
daytime snacking.

Due to the downregulation of Bmall expression after
chocolate, but not after chow/daytime snacking, we analyzed
lipolysis related gene expression and the relationship of
lipolysis and clock gene transcript levels. Pnpla2 and Lipe are
downregulated in Bmall knockout mice (19). However, our data
did not support a downregulation of lipolysis in scWAT upon
daytime snacking (Figure 5). FFA are increased in the blood
upon fasting and decrease after re-feeding (27). We already
saw decreased FFA levels upon daytime snacking (Figure 3).
However, the analyzed time point might be too early to observe
changes upon lipolysis related genes or the effect of fasting might
be stronger on mRNA expression. We also did not observe a
relationship between clock and lipolysis related gene expression.

Our results indicate changes in clock and glucose uptake
transporter gene expression upon snacking in the small intestine
(Figure 6, Supplementary Figures 3, 4). Studies in cells revealed
a regulation of BMALI on glucose uptake and Slc5a] mRNA
expression (31). Additionally, BMALL can directly bind to
the promotor region of glucose uptake transporter genes (32).
In line with these data, we found an association between
clock and glucose uptake transporter gene expression in
the jejunum. Importantly, we mainly observed changes in
glucose uptake transporter gene expression upon chocolate
snacking. Even though the chocolate contains less carbohydrates
compared to chow (Supplementary Figure 1), it contains more
disaccharides (carbohydrates 54 g from which 47.6 g sugar vs. 5%
dissaccharides but 35% polysaccharides in normal chow). Our
data, thus, are in agreement with a potential role of the jejunal
circadian clock on glucose uptake upon snacking.

In conclusion, we here show that distinct snack types have
different effects on tissue circadian clocks whereby the effect is
strongest after snacking during daytime. Our data suggest that
an acute snack could influence the circadian clock and modulate
glucose uptake in the small intestine. With our experimental
setup we analyzed acute snack effects on gene expression, but
we cannot make conclusions about how these effects would alter
circadian rhythm parameters. As our study is limited to male
mice it would be interesting to investigate whether the same
effect is observed in females. These observations in mice could
be interesting for shift workers with an irregular eating pattern.
Although our data suggest a potential role of the jejunal clock
in snack associated glucose uptake, further confirmatory work
is needed to, e.g., investigate whether an acute snack at the
“wrong” time of the day could lead to a larger shift in the internal
clock network.
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