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Abstract

Metabolic functions are synchronized by the circadian clock setting daily pat-
terns of food intake, nutrient delivery, and behavioral activity. Here, we study
the impact of chronic jet-lag (CJL) on metabolism, and test manipulations
aimed to overcome potential alterations. We recorded weight gain in C57Bl/6
mice under chronic 6 h advances or delays of the light-dark cycle every
2 days (ChrA and ChrD, respectively). We have previously reported ChrA, but
not ChrD, to induce forced desynchronization of locomotor activity rhythms
in mice (Casiraghi et al. 2012). Body weight was rapidly increased under
ChrA, with animals tripling the mean weight gain observed in controls by day
10, and doubling it by day 30 (6% vs. 2%, and 15% vs. 7%, respectively). Sig-
nificant increases in retroperitoneal and epidydimal adipose tissue masses
(172% and 61%, respectively), adipocytes size (28%), and circulating triglyc-
erides (39%) were also detected. Daily patterns of food and water intake were
abolished under ChrA. In contrast, ChrD had no effect on body weight.
Wheel-running, housing of animals in groups, and restriction of food avail-
ability to hours of darkness prevented abnormal increase in body weight
under ChrA. Our findings suggest that the observed alterations under ChrA
may arise either from a direct effect of circadian disruption on metabolism,
from desynchronization between feeding and metabolic rhythms, or both.
Direction of shifts, timing of feeding episodes, and other reinforcing signals
deeply affect the outcome of metabolic function under CJL. Such features
should be taken into account in further studies of shift working schedules in
humans.

Introduction

Circadian rhythms are ubiquitous in nature and are pre-
sent at all levels of biological organization, regulating
from cell cycle to sleep architecture, including multiple
physiological and behavioral variables (Dibner et al. 2010;
Golombek and Rosenstein 2010). Metabolic variables, as
expected, are also controlled by the circadian system in
mammals, including humans (Bailey et al. 2014).

The array of central and peripheral circadian clocks
keeps a tight control of energy metabolism and nutrients
intake. While feeding provides the organism with energy
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sources essential to homeostasis, intake does not occur
indistinctly across the day, but periodically based on the
species natural temporal niche (diurnal or nocturnal). In
general, major intake is coincident with wakefulness, loco-
motion, and high anabolic activity. Inversely, fasting cor-
relates with rest and sleep, and mainly catabolic activity
(Challet 2013).

Homeostasis of food intake and energy metabolism in
mammals is regulated by the central nervous system
through a network of nuclei in the basal hypothalamus
and the brain stem. In turn, these structures receive signals
from peripheral tissues, as metabolites (glucose, fatty
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acids) and hormones (ghrelin from the stomach, leptin
from adipose tissues, and insulin from the pancreas) (Bai-
ley et al. 2014). Daily and circadian rhythms of food intake
depend at least in part on the master circadian clock activ-
ity in the suprachiasmatic nuclei (SCN), since it is been
long known that lesions in this region abolish feeding
rhythms (van den Pol and Powley 1979) and alter meta-
bolic variables such as the response to insulin and gluco-
neogenesis (Rudic et al. 2004). Moreover, mutations in the
so-called clock genes can also affect the patterns of food
intake (Loudon et al. 2007). Oscillations in energy expen-
diture and in the respiratory quotient have been well char-
acterized (Challet 2013), and SCN lesions abolish these
variations (Nagai et al. 1985). However, there are experi-
mental evidences that point for a hierarchical SCN control
of an integrated sleep-fasting-catabolism/wake-feeding-
anabolism rhythm, involving secondary circadian oscilla-
tors in the brain and the digestive tract (Challet 2013).

Circadian interactions between feeding and metabolism
are of importance to set energy homeostasis. When ani-
mals are fasted, rhythms in circulating metabolites are
maintained, demonstrating that these do not depend
exclusively upon patterns of intake (Escobar et al. 1998);
nevertheless, scheduled food restriction can modify these
metabolic rhythms phases (Satoh et al. 2006). Availability
of food can also have important effects on circadian func-
tion when it is restricted on a daily basis. Indeed, a vast
amount of literature indicates the presence of a food-
entrainable oscillator (FEO) regulating rhythmic anticipa-
tory behavior to the presentation of food (Mistlberger
2011), although both the circadian nature and precise
localization of such oscillator are still under study. Other
features such as body temperature and corticosterone
levels are synchronized by restricted feeding regimes
(Mistlberger 2011). Even SCN-lesioned mice can recover
certain circadian rhythmicity when fed on a periodical
schedule (Mendoza 2007).

Taking this bidirectional interaction between the circa-
dian system and metabolism into account, it should not
be surprising that disruption of biological rhythms
impose negative effects on metabolism, leading to
pathologies at various levels (Turek et al. 2005; Karat-
soreos et al. 2011; Barclay et al. 2012). In the same way,
metabolic disorders can alter circadian function with
equally damaging consequences (Challet 2013). Human
night and shift-workers are known to suffer from a
diverse array of health complications (including metabolic
syndrome), and recently the World Health Organization
has declared shift-working as “potentially carcinogenic for
human beings” (Straif et al. 2007; Golombek et al. 2013;
Wang et al. 2014).

The study of animal models of circadian disruption is a
key tool to understand the basis of circadian stress-related
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disease and develop new alternatives. In this paper, we
study the metabolic features of a model of forced desyn-
chronization of the circadian system in mice through
chronic jet-lag (a paradigm for shift working), that we
recently developed (Casiraghi et al. 2012), and test poten-
tial strategies to prevent the complications observed in
the model.

Methods

Animals

C57Bl/6 male mice aged 3—4 months from the animal
breeding facilities at the National University in La Plata
(La Plata, Argentina) were used in all experiments. Upon
arrival, animals were housed under a 12 h:12 h light:dark
schedule (LD) with water and standard rodent diet ad libi-
tum for at least 2 weeks before entering experimental
conditions.

The experimental protocols in this study were prepared
according to the ARRIVE guidelines (Animal Research:
Reporting In Vivo Experiments), and approved by the
Universidad Nacional de Quilmes TACUC (Institutional
Animal Care and Use Committee) according to the NIH
Guidelines.

Experimental lighting schedules

Light intensity in all schedules was set to 200-300 lux at cage
level. Besides the control LD schedule already described, two
chronic experimental jet-lag (CJL) schedules were used in
the experiments (see [Casiraghi et al. 2012]). For chronic
advancing jet-lag (ChrA), mice were subjected to a 6 h
advance of the LD cycle every 2 days, accomplished through
a 6 h shortening of every second dark phase. For chronic
delaying jet-lag (ChrD), mice were subjected to a 6 h delay
in the LD cycle every 2 days, through a 6 h lengthening of
every second light phase. See Figure 1 for a schematic
description of the experimental schedules.

Weight gain under CJL conditions

All mice were 3—4 months at the start of each experiment,
and were housed in individual cages (except when noted)
with food and water ad libitum. Body weight and daily
food intake was recorded twice a week, first through a
“baseline period” under LD conditions for at least
2 weeks and then throughout the whole experimental
lighting period, which starts at “day 0”. The weight on
day 0 for each animal was used to relativize all previous
and subsequent recorded weights, by dividing them to the
weight on day 0. This was performed to discard individ-
ual differences intra groups. Weight gain in groups under
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Figure 1. Schematic design of the experimental lightning schedules: each row represents an entire day from O to 24 h. Darkness and light
periods are indicates by the gray and clear areas, respectively. (A) ChrA consists in the chronic 6 h shortening of every two dark phases. The
asterisks exemplify the times across the cycle when blood and tissue samples were obtained. (B) ChrD consists in the chronic 6 h lengthening
of every two light phases. (C) RF + ChrA involves the ChrA schedule above with food availability restricted to the first (and in half the cases,

only) 6 h of each dark phase (indicated with vertical stripes).

each of the CJL conditions tested was compared to
groups of littermate animals under control LD conditions.
Comparisons performed were: (1) ChrA versus LD
(n=17); (2) ChrA versus LD, with animals caged in
groups of 3 or 4 (n = 22; see notes below); (3) ChrA ver-
sus LD, with running wheels available (n = 10); and (4)
ChrD versus LD (n = 10).

In the experiment in (2), as animals were housed in
groups, it was not possible to measure food intake in
individual animals.

Weight and food intake recording, food and water sup-
ply, and bedding and cage changes were scheduled in
accordance with the lightning schedules to avoid intro-
ducing novel cues from the external time.

Food restriction to dark phases under ChrA

After 2 weeks in individual cages under baseline condi-
tions (LD, food and water ad-libitum), on day 0, the
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animals were divided in four groups (n =6 for each
group). Two of these were switched to ChrA, while the
remaining groups were kept under the control LD
schedule. One of the groups under each lighting condi-
tion was subjected to a feeding schedule in which food
was made available only during the first 6 h of each
dark phase of the light schedule, while water remained
freely available (see Fig. 1C). In the remaining groups,
individuals were fed ad libitum, although food was
removed and readded to the cages along with that of
the restricted groups as a sham intervention. In brief,
the experiment involved the following groups: (1) mice
under ChrA with food ad libitum (AL + ChrA); (2)
mice under ChrA with food restricted to the dark hours
(RF + ChrA); (3) mice under LD with food ad libitum
(AL + LD); and (4) mice under LD with food restricted
to the dark hours (RF + LD). Body weight (relative to
the weight on day 0) and food intake were recorded
every week.
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Locomotor activity rhythms

To measure the general locomotor activity rhythms, infra-
red motion detectors were set on top of the cages and
calibrated individually for each animal. Running wheel
locomotor activity was measured using magnetic switches
attached to the wheels. Both detectors were connected to
a computer interface that records activity counts every
five minutes for posterior time-series analysis (Archron,
Buenos Aires, Argentina).

Locomotor activity rhythms were determined for all
experimental CJL schedules tested. The effect of running
wheel activity, and of the restriction of food availability
to darkness on locomotor rhythm synchronization under
ChrA, were studied for the first time for this article.

Determination of metabolic variables

Mice were divided in two groups under normal LD
(n=16) or ChrA (n = 16) conditions; each group was
then subdivided in groups of eight. The animals were
weighted and killed by decapitation (JL30 and JL60).
Samples were taken either at mid-light or mid-dark
phases (see Fig. 1A).

From all animals, we obtained: whole blood, whole
retroperitoneal and epidydimal adipose tissues, and whole
liver samples. Blood was collected in anti-coagulated
tubes, while tissues were removed through dissection and
stored in sterile containers by separately.

Triglycerides, leptin, and glucose levels were measured
in whole blood. Circulating triglycerides were determined
using the TG Colour enzymatic assay (Wiener Lab, Bue-
nos Aires, Argentina; sensitivity = 0.008 g/L, coefficient of
variability = 1.82-2.11%) that involves a chromogen later
detected by absorbance. Leptin was measured using a vali-
dated specific RIA assay (sensitivity = 0.05 ng/mL, coeffi-
cient of variability = 5-8%; [Giovambattista et al. 2000]).
A commercial assay kit was used to measure plasma glu-
cose levels (Bio System Lab., Buenos Aires, Argentina;
sensitivity = 0.23 mg/dL).

After being weighed, retroperitoneal adipose tissue was
immediately fixed in 10% formaldehyde for 36 h. After
fixation and dehydration, tissue samples were embedded
in paraffin for histological observation, which was per-
formed on 4-5 um slices after hematoxylin—eosin stain-
ing. Morphometric and quantitative analyses were
performed through a CCD camera coupled to the Image
Pro Plus 6.0 software (Mediacy, Rockville, MD). For each
sample, seven sections and three levels were chosen (4-5
animals for each group). Fifteen random microscope
fields were analyzed for each section, giving a mean of
2500 total adipocytes for which the area was determined
in each group through software analysis.
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Additionally, around JL30, we measured mean food
and water intake during light and darkness phases across
three nonconsecutive complete cycles in both the experi-
mental ChrA and the LD control groups (n = 8 for each

group).

Statistical analysis

Differences in relative weight gain curves in each experi-
ment were analyzed through two-way analysis of variance
(ANOVA), taking lighting schedules and repeated mea-
sures as factors. Differences in specific temporal points
were determined using a posteriori Bonferroni contrasts.
In the evaluation of restricted feeding schedules, time cuts
were analyzed individually using two-way ANOVA and a
posteriori Dunnett contrasts using the AL + LD group as
control.

For the comparison of metabolic variables, two-way
ANOVA was used to analyze either differences between
light and dark phases or between values at JL30 and JL60,
in mice under ChrA or controls. Bonferroni contrasts
were used to analyze intragroup differences in each case;
that is light versus darkness or JL30 versus JL60.

All the variables analyzed were studied to verify the
normal distribution (Chi square test) and homogeneity of
variances (Levene test) in data subsets. Hypothesis test
was constructed by setting a 95% confidence level for
rejecting the null hypothesis by chance (i.e., P = 0.05).

ANOVA and contrasts were performed using Graph
Pad Prism software (La Jolla, CA). Actograms and peri-
odograms for the analysis of activity rhythms were per-
formed using El Temps software (University of Barcelona,
Spain).

All plots presented show data as mean + standard
deviation.

Results

We have shown in a previous work that mice under the
ChrA protocol display forced desynchronization of gen-
eral locomotor activity rhythms (Fig. 2A; see [Casiraghi
et al. 2012]). In short, forced desynchronized mice under
this protocol display two components of locomotor activ-
ity, a short-period one (around 21.0 h) phase locked to
the ChrA schedule, and a long period one (around
24.7 h) which runs in relative coordination. We also pro-
posed a mathematical model of the dynamics of the circa-
dian system under CJL schedules that supports the
patterns of activity described (Casiraghi et al. 2012).
Under this desynchronization protocol, mice show sig-
nificantly increased body weight gain rates as compared
to those of animals under control LD conditions (Fig. 2C;
repeated measures two-way ANOVA: interaction ns., time
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Figure 2. Double-plot actograms of: (A) locomotor activity of a mouse under the ChrA protocol showing two desynchronized components of
activity rhythms; and (B) locomotor activity of a mouse under the ChrD protocol showing correct synchronization to the schedule. The intervals
of different light schedules and the days under the experimental schedule are indicated to the left. (C, D) Relative body weight curves across
over 30 days of animals: (C) under the ChrA schedule (n = 12 and 5 for the ChrA and the LD groups, respectively); and (D) under ChrD (n = 5
for each group). Day 0 indicates the day of the start of the CJL schedules, and recorded weights across the experiment are all relativized to the
weight on this day for each animal. Curves were analyzed through two-way ANOVA including repeated measures as a factor. Results: (C)
interaction ns., time P < 0,0001, jet-lag P < 0,01; (D) interaction ns., time P < 0,0001, jet-lag ns.

under ChrA P < 0.0001, jet-lag P < 0.05). Animals under
ChrA showed a mean 6% weight increase over the first
10 days and 15% by day 30 (vs. 2% and 7% in the LD
group, respectively; see absolute weight values in Table 1).
The effect remained consistent after over 60 and 80 days,
with animals under ChrA showing a mean 25% and 28%
increase in weight, respectively, versus the 15% and 16%
increases observed for the control group (mean weight in
grams £+ SD: 60 days: ChrA = 34.5 &+ 3.3, LD =313 £+
2.6; 80 days: ChrA = 35.4 4+ 3.7, LD = 31.6 &+ 3.3). This
effect was independent from total food intake, as both
groups consumed similar daily amounts of food across
the experiment (mean daily intake in grams £ SD:
ChrA = 3.3 +£ 0.3, LD = 3.5 + 0.3; repeated measures
two-way ANOVA: ns. for interaction, jet-lag and day). In
contrast, animals under the delay protocol ChrD, which
does not induce desynchronization of locomotor rhythms
(Fig. 2B; locomotor activity shows an entrained rhythm
with a period of 27 h, also characterized in [Casiraghi
et al. 2012]), did not show differences in weight gain nor
in food intake (mean daily intake in grams &+ SD:
ChrD = 3.7 £ 0.6, LD = 3.6 &+ 0.4; repeated measures
two-way ANOVA: ns. for interaction, jet-lag and day)
when compared to littermate control mice under LD
(Fig. 2D, and Table 1).

We detected several metabolic alterations at different
levels in animals under ChrA, some of which varied
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according to the time spent under the protocol (30 or
60 days after the start of ChrA; JL30 and JL60, respec-
tively). Desynchronized mice showed increases in (mean
% of increase vs. LD group): the levels of circulating
triglycerides (39%), both retroperitoneal (172%) and epi-
didymal (61%) adipose tissue masses, and in adipocytes
area (28%) at JL60 (Fig. 3A-D; see Fig. 4 for histology
images of adipose tissue). A slight increase in leptin levels
was observed at JL60 (t-test, P < 0.05; mean at JL30 and
JL6 +£SD, respectively: ChrA = 2.38 £ 1.21 ng/mL and
5.72 £ 1.52 ng/mL, LD = 2.05 £ 0.77 ng/mL and
4.17 £ 1.76 ng/mL). No differences were found in plasma
glucose levels at either time point (mean at JL30 and JL60
£SD, respectively: ChrA = 1.38 &+ 0.30 mg/mL and
1.22 + 021 mg/mL, LD = 1.50 + 0.38 mg/mL  and
1.33 £ 0.29 mg/mL; two-way ANOVA: interaction, day
under ChrA, and jet-lag all ns.). At the behavioral level,
we observed no light—dark variations in neither food nor
water intake in mice under the desynchronizing protocol,
in contrast to the robust patterns shown by control ani-
mals under LD which show maximal values during dark-
ness (Fig. 3E and F). These animals also displayed a
suppression of the light/dark patterns of circulating
triglycerides and liver weight like those displayed by con-
trol mice (Fig. 3G and H), while they maintained light/
dark variations in adipocytes area which, as stated above,
was increased under ChrA (two-way ANOVA: interaction
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Table 1. Summary of body weight evolution under different CJL protocols, indicating the n, and mean weights (£standard deviation) of each
group at days 0, 10 and 30 (+1 day). The P column indicates whether differences between groups were significant according to the statistical
analysis used (Chronic advances, Chronic delays, Advances plus wheel, and Advances in groups experiments: repeated measures two-way
ANOVA,; Restricted feeding experiment: two-way ANOVA followed by Dunnett contrasts against the AL — LD group, at day 30 [see Fig. 5]).

Mean weight + SD (g)

Experiment Group n day 0 day ~10 day ~30 P

Chronic advances ChrA 12 27.7 £ 1.5 295+ 1.5 31.8 £ 2.6 <0.01
LD 5 272 +£1.8 27.8 £ 2.0 29.1 £ 2.6

Chronic delays ChrD 5 276 +£ 1.4 27.8 £ 0.9 29.0 +£ 1.8 ns.
LD 5 26.6 + 1.2 27.0 £ 1.0 28.6 £ 0.8

Advances plus wheel ChrA + W 5 275 +£ 1.0 278 £1.9 283 £ 2.2 ns.
LD +W 5 288 + 1.2 279 £ 1.1 293 £ 1.0

Advances in groups ChrA + G 11* 255+ 2.0 269 + 2.1 289 £ 2.2 ns.
LD+ G 11% 253+ 1.2 26.7 £ 1.6 27.8 £ 1.6

Restricted feeding AL + ChrA 6 258 £ 22 27.7 £3 285 + 2.9 <0.001
RF + ChrA 6 27.0 £ 1.1 273 £ 0.8 28.1 £ 1.2 ns.
AL + LD 6 258 + 1.6 26.1 +£ 1.6 264 + 1.0
RF + LD 6 2514+ 1.8 239+ 1.6 256 £ 1.7 ns.

“The 11 animals in each experimental group were housed in groups of 3 or 4 mice.

ns., light phase P < 0.0001, jet-lag P < 0.0001; Bonferroni
contrasts to compare light and dark phases values within
groups: LD P < 0.0001, ChrA P < 0.0001).

To test if the abnormally increased weight gain
observed under ChrA could be related to alterations in
patterns of food intake, we designed a food restriction
experiment in which animals were allowed to feed only
during the first 6 h of the dark phases of their light
schedule (see Methods). This restricted feeding schedule
was phase locked to the ChrA schedule and because of
that, to the short-period component of locomotor activity
under forced desynchronization (which is entrained to
ChrA; see [Casiraghi et al. 2012]). The experiment then
comprised four groups of animals: the ad libitum-fed
(AL) control group under LD, the restricted-feeding (RF)
group under LD, the AL group under ChrA, and the RF
group under ChrA. Figure 5 shows the relative weights
and daily food intake at 11 days (after the acute effect of
the onset of RF) and 30 days after the start of the ChrA
and feeding schedules (see Table 1 for absolute weight
changes). The RF protocol prevented the abnormal weight
gain observed under ChrA at both time points, with no
differences in food intake (mean daily intake in
grams = SD: AL+ 1D = 34 £03, RF+LD =32+
0.3, AL+ ChrA =33 £ 0.4, RF+ ChrA =3.0 + 0.3;
two-way ANOVA analysis revealed no differences in
intake at any of the time cuts). After 30 days, both
RF + LD and RF + ChrA groups displayed weights undis-
tinguishable from the control AL + LD group. The
AL + ChrA, as expected, gained significantly more
weight throughout the experiment. Interestingly, the RF

2016 | Vol. 4 | Iss. 8 | e12743
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schedule did not prevent the desynchronization of general
locomotor activity rhythms described under ChrA (not
shown).

We then studied whether reinforcing synchronization
to ChrA could influence the outcome of the described
alterations. We first tested the effect of wheel running on
circadian behavior and metabolism under ChrA desyn-
chronizing conditions. The inclusion of a running wheel
in the cage of animals under the ChrA protocol com-
pletely abolished the desynchronization of locomotor
activity rhythms. Animals displayed a single rhythmic
component of running activity with a period of 21 h,
phase locked to the light schedule (Fig. 6A and B). Access
to the running wheel also prevented the observed changes
in body weight gain when compared to animals under
normal LD conditions which were also allowed to access
running wheels, to control for the direct effects of exercise
on body weight (Fig. 6C, and Table 1). Daily food intake
did not differ between groups (mean daily intake in
grams £ SD: ChrA + W =34 4+ 0.5, LD + W =40 +
0.3; repeated measures two-way ANOVA: ns. for interac-
tion, jet-lag and day).

We then studied the effect of social interaction on
weight gain under ChrA. We observed that housing the
animals in groups of 3 or 4 also prevented the alterations
in weight gain due to ChrA described for individually
caged mice (two-way ANOVA: interaction P < 0.05; time
under ChrA P < 0.0001; jet-lag ns.; see Table 1), although
because of the experiment constraints, we could not
determine neither individual food intake nor activity
rhythms under these conditions.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



L. P. Casiraghi et al. Effect of Forced Desynchronization on Metabolism in Mice

0.0 -

A : B : @8 LD
20 ) 4000 &= ChiA
|_| * %
1.5 - LX) 3000 - f !
-
£ ~
S 1.0 - E 2000 -
€
0.5 1000 -
0.0 - 0
- & L S
c * % D k%%
1.5 - [ — 44 —
34
r 101 b
-] i)
5 2,
E E
R 0.5 R
14
04
o &

» &

Days after CJL start
E F 4
% k% 23 Light
3 l L €23 Darkness
£ g
£ 8
s (O]
Ny &
H
64
-
-
2 44
[
3
X
24
0 T T
9 « $ «

Figure 3. Metabolic variables after 30 and/or 60 days under the ChrA protocol. (A) Triglycerides levels in whole blood at JL30 and JL60 (n = 8
for each bar). (B) Mean retroperitoneal adipocytes area (n = 4 for each bar). (C) Retroperitoneal and (D) epidydimal adipose tissues masses (as
% of body weight) (n = 8 for each bar in C-D). (E, F) Total amounts of (E) water and (F) food consumed in average during light and dark
phases at JL30 in control and ChrA groups (n = 8 for both groups). (G) Triglycerides levels in whole blood at light and dark phases at JL30. (H)
Liver weight (as % of body weight) at light and dark phases at JL30 (n = 4 for each bar in g and h). Two-way ANOVA analysis was performed
in each case, with a posteriori Bonferroni contrasts within levels: 30 and 60 days in A-D; and LD and ChrA in E-H (asterisks indicate significant
P values). Two-way ANOVA results: (A) interaction ns., day P < 0.05, jet-lag P < 0.001; (B) interaction P < 0.001, day P < 0.0001, jet-lag

P < 0.05; (C) interaction P < 0.05, day P < 0.01, jet-lag P < 0.05; (D) interaction P < 0.05, day P < 0.001, jet-lag P < 0.01; (E) interaction

P < 0.001, jet-lag ns., phase P < 0.01; (F)interaction P < 0.0001, jet-lag ns., phase P < 0.0001; (G) interaction P < 0.05, jet-lag P < 0.05, phase
P < 0.05; (H) interaction ns., jet-lag P < 0.05, phase P < 0.01.

Discussion

In this paper, we have described the metabolic alterations
generated by chronic advancing jet-lag in mice. The main
finding is that animals under this protocol gain (quite
early after the start of the protocol) significantly more
weight than control animals independently of the amount
of food intake. We showed that circulating triglycerides

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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are augmented in desynchronized mice, a factor that has
long been described as a marker for further alterations
and potentially, metabolic syndrome, among other dis-
eases (Grundy 1998). Moreover, day—night changes of
triglycerides in blood were suppressed, similar to what is
found in mutants of the clock gene bmal-1 (Rudic et al.
2004). We have also detected increased retroperitoneal
and epididymal adipose tissue mass, and increased adipo-
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Figure 4. Histological analysis of retroperitoneal adipose tissue indicated an increase in adipocytes size in animals under ChrA (right) as
compared to control animals under LD (left). See Figure 3B for quantification and analysis.
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Figure 5. Relative body weight of animals in the restricted feeding experiment, at days 11 and 30 after the start of the protocols (n = 6 for all
groups). Weights were relativized to those of day O when protocols, lighting and/or dark phase-restricted feeding (RF), started. Data was
analyzed through two-way ANOVA at specific time cuts across the experiment. Dunnett contrasts a posteriori against the control group

(ad libitum fed LD group) were also performed (asterisks indicate significant P values). Two-way ANOVA results: Day 11) Weights: interaction
ns., feeding P < 0,0001, jet-lag P < 0,0001; Day 30) Weights: interaction P < 0.05, feeding P < 0,01, jet-lag P < 0,001.

cyte size, evident only during the second month under
the desynchronization protocol, although fat could have
been accumulated before that in other adipose tissues not
analyzed in this work. There are evidences that the hyper-
plasia of adipose tissue per se in “healthy” obese people
does not necessarily lead to disease (Ruderman et al.
1998). But, on the other side, reduced adipogenic poten-
tial, which drives the increase in adipose mass through
the hypertrophy of adipose cells, as we observed in ChrA
forced desynchronized mice, is indeed associated with cell
dysfunction and metabolic disease (O’Connell et al.
2011). Also, the slight increase in leptin levels detected at
JL60 correlates as expected with the increase in adipose
tissue mass (Couillard et al. 2000). It is interesting that
increased brown adipose tissue, and decreased blood
levels of insulin and glucose were observed in rats under
a similar advancing CJL schedule, although they did not
show abnormal weight gain nor lipid metabolite changes
(Herrero et al. 2015).

The observation that abnormal weight gain under ChrA
does not correlate with an increase in absolute food

2016 | Vol. 4 | Iss. 8 | 12743
Page 8

intake opens the question about how is this increase
mediated. Desynchronized animals could be less active,
decreasing basal metabolic rate displaying lower tempera-
tures than controls, so as to explain a higher gain of mass
from equal sources of energy. Alterations may in fact be
generated by growing fat tissues, although this would be
less probable as we found these to increase more acutely
during the second month of ChrA. A less probable but
still possible alternative could include alterations in the
absorption and trafficking of nutrients, which is regulated
by circadian elements (Douris et al. 2011). Further exper-
iments should be performed to track down the underlying
energetic features of body weight increase under ChrA.
Food intake is controlled in a circadian fashion, and
displays a consistent rhythm with the main episodes of
feeding during the wake phase. In coincidence, metabolic
functions are temporally organized to optimize the use of
energy sources. Changing these normal daily phase rela-
tionships by restricting food availability to certain phases
across the LD cycle, or altering behavioral synchroniza-
tion to light—dark cycles, has effects on the circadian

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 6. (A) Double-plot actogram and (B) corresponding Sokolove-Bushell periodogram of wheel running activity of a representative mouse
under ChrA with access to a running wheel (ChrA + W) showing correct synchronization to the schedule (grayed areas indicate missing days of
recording). The SB periodogram indicates a locomotor activity rhythm with a period of 21 h, consistent with the average period of the schedule
(see [Casiraghi et al. 2012]). (C) Relative body weight curves of ChrA + W and control animals (LD + W; n = 5 for each group). Day O indicates
the day of the start of the ChrA schedule, and recorded weights across the experiment are all relativized to the weight on day O for each
animal. No differences between groups were found after analyzing curves through repeated measures two-way ANOVA: interaction ns., time

P < 0.0001, jet-lag ns.

system and on metabolism. Feeding during the rest phase
deeply affects circadian function (Damiola et al. 2000;
Salgado-Delgado et al. 2013), and also induces abnormal
weight gain (Arble et al. 2009; Bray et al. 2013). Rest-
phase feeding can alter body weight after only 9 days
under this protocol (Bray et al. 2013). Forced desynchro-
nization induced by ChrA appears to be a condition for
increased weight gain at least in mice, since animals
under this schedule with access to a running wheel, or
those under ChrD, protocols that do not induce desyn-
chronization, show no abnormalities. For instance, daily
neuroendocrine synchrony of wake state and glucose
energy supply has been shown to be of importance, since
corticosterone signaling in the liver is impaired at the
receptor level by ChrA (Iwamoto et al. 2014). Competing
metabolic and circadian interactions can generate such
alterations, by transient modulation of retinal input to
the SCN, disorganization of SCN neurohumoral outputs,
and/or reducing SCN communication with hypothalamic
sites responsible for integrating energy homeostasis and
circadian signals [reviewed in: (Blum et al. 2012)].

In nocturnal rodents under laboratory conditions, liver
weight has been shown to display a rhythmic pattern with
maximum values during the day, 12 h after the main noc-
turnal feeding episodes, and forcing animals to feed at dif-
ferent times has a direct effect on the pattern of liver
weight (Sitren and Stevenson 1978; Stokkan et al. 2001).
We have shown that there are no light-dark differences in
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the amount of food intake under ChrA, and moreover, that
normal daily variations in liver weight are abolished. Nev-
ertheless, our experiments cannot rule out defined rhythms
of feeding behavior in desynchronized animals. An experi-
ment measuring feeding and/or drinking in animals with
precision across several complete ChrA cycles (and taking
both desynchronized components of locomotor activity
into account) should be carried out to completely charac-
terize such behaviors in desynchronized animals.

The schedule to force mice under ChrA to feed exclu-
sively at the dark phases was designed so to phase lock the
availability of food to the light—dark schedule, and hence to
the synchronized locomotor activity component (Casiraghi
et al. 2012). Restricting food availability to the first 6 h of
each dark phase managed to rescue the abnormal increase
of body weight under ChrA across 30 days of the protocol,
without modifying the levels of intake. However, it did not
abolish desynchronization of locomotor activity rhythms,
indicating that the rapid initial weight gain under ChrA
may be due to a desynchronization between locomotor
rhythms, the pattern of food intake (or the lack of such
pattern), and rhythms in metabolic function. Restricting
food to the night was shown to help overcome metabolic
(Salgado-Delgado et al. 2010) and even immune alterations
(Guerrero-Vargas et al. 2015) in other models of internal
desynchronization, such as that of rest-phase forced activity
in rats (in which patterns of feeding are also disrupted).
The restricted feeding experiment was designed taking into
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account two possible effects of the intervention. Food avail-
ability (1) could work as reinforcement for the light-dark
schedule, allowing animals to cope with the desynchroniz-
ing protocol; and/or (2) that it would be coincident with
optimal metabolic rhythms under ChrA (that may be in
turn induced by the feeding schedule per se). Regarding
the first possibility, while food availability has neither effect
on activity rhythms driven by the SCN (Hara et al. 2001),
nor on its entrainment to desynchronizing 22-h light-dark
cycles in rats (Angles-Pujolras et al. 2006), it can entrain
several peripheral clocks related to feeding and nutrient
processing (Schibler et al. 2003). In our model, restricted
feeding could induce changes in peripheral clocks and
metabolic function so that the second possibility could be
met to overcome the alterations in body weight.

Wheel running has been shown to function as a feed-
back signal for the circadian clock, helping animals syn-
chronize to shortened light-dark cycles (Chiesa et al.
2005). We found that volitional access to running wheel
under ChrA, both prevented the forced desynchronization
of locomotor activity rhythms and was accompanied by
normal body weight gain, as compared to control animals
under LD also allowed to access a running wheel. No
alterations of body weight were either detected under the
ChrD protocol, a CJL schedule symmetrical to ChrA con-
sisting in chronic delays of the light-dark cycle which
does not produce desynchronization of locomotor
rhythms (Casiraghi et al. 2012).

We found that housing mice in groups was able to pre-
vent the alterations in weight gain under ChrA, a fact that
suggests a role for social contact in adaptation to circa-
dian disrupting conditions. Social interaction is an excel-
lent example of a well-characterized nonphotic class of
stimulus, as well as an important feedback element within
the circadian system (Mistlberger and Skene 2004). Group
contact can modulate biological rhythms in hamsters
(Mrosovsky 1988), degus (Goel and Lee 1995), squirrels
(Rajaratnam and Redman 1999), rats (Cambras et al.
2011), and mice (Crowley and Bovet 1980; Viswanathan
1999). There is a chance, then, that social interaction
might reinforce synchronization to the ChrA schedule
through nonphotic feedback, helping overcome metabolic
disturbances.

Animal models of circadian disruption also display a
vast array of metabolic alterations. Either genetic disrup-
tion of the circadian clock (Turek et al. 2005), forcing
nocturnal animals to be active during the day (Salgado-
Delgado et al. 2008) or the manipulation of the light—
dark cycle period (Karatsoreos et al. 2011; Herrero et al.
2015) can alter metabolic function in diverse ways.
Among the most commonly reported health complica-
tions suffered by shift- and night-workers are those
related to metabolism, mainly obesity but also others con-
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tributing to metabolic syndrome (Golombek et al. 2013).
These disorders are not only deleterious per se, but also
because of the potential deregulation of other systems
and the higher risk for other diseases, such as cancer
(Sahar and Sassone-Corsi 2009). In addition, three factors
arise from our results that should be analyzed in the eval-
uation of therapeutic strategies to improve health and
quality of life in human shift-workers: stimuli that can
reinforce synchronization (exercise and social contact),
adequate temporization of feeding regimes, and optimiza-
tion of the design of working shifts (delaying schedules
vs. advancing schedules).

This work has provided evidence on the conse-
quences of circadian misalignment between metabolic
and behavioral rhythms, which promote increments in
adipose tissue mass, changes in adipocyte size, alter-
ations in rhythms of blood triglycerides, and even
globally affecting body weight of the animals. Forcing
the desynchronized animals to feed on restricted sched-
ules normalizes body weight gain. This was observed
also when promoting circadian synchronization either
by delaying CJL schedule, or by volitional exercise on
running wheels under advancing CJL. Both manipula-
tions suggest that either central and/or peripheral syn-
chronization, are key components for metabolic and
behavioral interactions sustaining weight homeostasis.
Further studies must be pursued to determine the
specific mechanisms by which circadian desynchroniza-
tion leads to metabolic alterations, and potentially
metabolic syndrome and obesity.

Conflicts of Interest

None declared.

References

Angles-Pujolras, M., J. J. Chiesa, A. Diez-Noguera, and T.
Cambras. 2006. Motor activity rhythms of forced
desynchronized rats subjected to restricted feeding. Physiol.
Behav. 88:30-38.

Arble, D. M., J. Bass, A. D. Laposky, M. H. Vitaterna, and F.
W. Turek. 2009. Circadian timing of food intake contributes
to weight gain. Obesity (Silver Spring) 17:2100-2102.

Bailey, S. M., U. S. Udoh, and M. E. Young. 2014. Circadian
regulation of metabolism. J. Endocrinol. 222:R75-R96.

Barclay, J. L., J. Husse, B. Bode, N. Naujokat, J. Meyer-Kovac,
S. M. Schmid, et al. 2012. Circadian desynchrony promotes
metabolic disruption in a mouse model of shiftwork. PLoS
ONE 7:€37150.

Blum, I. D., E. W. Lamont, T. Rodrigues, and A. Abizaid.
2012. Isolating neural correlates of the pacemaker for food
anticipation. PLoS ONE 7:e36117.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



L. P. Casiraghi et al.

Bray, M. S., W. F. Ratcliffe, M. H. Grenett, R. A. Brewer, K. L.
Gamble, and M. E. Young. 2013. Quantitative analysis of
light-phase restricted feeding reveals metabolic dyssynchrony
in mice. Int. J. Obes. (Lond) 37:843-852.

Cambras, T., L. Castejon, and A. Diez-Noguera. 2011. Social
interaction and sex differences influence rat temperature
circadian rhythm under LD cycles and constant light.
Physiol. Behav. 103:365-371.

Casiraghi, L. P., G. A. Oda, J. J. Chiesa, W. O. Friesen, and D.
A. Golombek. 2012. Forced desynchronization of activity
rhythms in a model of chronic jet lag in mice. J. Biol.
Rhythms 27:59-69.

Challet, E. 2013. Circadian clocks, food intake, and
metabolism. Prog. Mol. Biol. Transl. Sci. 119:105-135.

Chiesa, J. J., M. Angles-Pujolras, A. Diez-Noguera, and T.
Cambras. 2005. Activity rhythm of golden hamster
(Mesocricetus auratus) can be entrained to a 19-h light-dark
cycle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 289:
R998-R1005.

Couillard, C., P. Mauriege, P. Imbeault, D. Prud’homme, A.
Nadeau, A. Tremblay, et al. 2000. Hyperleptinemia is more
closely associated with adipose cell hypertrophy than with
adipose tissue hyperplasia. Int. J. Obes. Relat. Metab.
Disord. 24:782-788.

Crowley, M., and J. Bovet. 1980. Social synchronization of
circadian rhythms in deer mice (Peromyscus maniculatus).
Behav. Ecol. Sociobiol. 7:99-105.

Damiola, F., N. le Minh, N. Preitner, B. Kornmann, F. Fleury-
Olela, and U. Schibler. 2000. Restricted feeding uncouples
circadian oscillators in peripheral tissues from the central
pacemaker in the suprachiasmatic nucleus. Genes Dev.
14:2950-2961.

Dibner, C., U. Schibler, and U. Albrecht. 2010. The
mammalian circadian timing system: organization and
coordination of central and peripheral clocks. Annu. Rev.
Physiol. 72:517-549.

Douris, N., S. Kojima, X. Pan, A. F. Lerch-Gaggl, S. Q. Duong,
M. M. Hussain, et al. 2011. Nocturnin regulates circadian
trafficking of dietary lipid in intestinal enterocytes. Curr.
Biol. 21:1347-1355.

Escobar, C., M. Diaz-Munoz, F. Encinas, and R. Aguilar-
Roblero. 1998. Persistence of metabolic rhythmicity during
fasting and its entrainment by restricted feeding schedules in
rats. Am. J. Physiol. 274:R1309-R1316.

Giovambattista, A., A. N. Chisari, R. C. Gaillard, and E.
Spinedi. 2000. Food intake-induced leptin secretion
modulates hypothalamo-pituitary-adrenal axis response and
hypothalamic Ob-Rb expression to insulin administration.
Neuroendocrinology 72:341-349.

Goel, N., and T. M. Lee. 1995. Sex differences and effects of
social cues on daily rhythms following phase advances in
Octodon degus. Physiol. Behav. 58:205-213.

Golombek, D. A., and R. E. Rosenstein. 2010. Physiology of
circadian entrainment. Physiol. Rev. 90:1063—-1102.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

Effect of Forced Desynchronization on Metabolism in Mice

Golombek, D. A., L. P. Casiraghi, P. V. Agostino, N.
Paladino, J. M. Duhart, S. A. Plano, et al. 2013. The
times they’re a-changing: effects of circadian
desynchronization on physiology and disease. J. Physiol.
Paris 107:310-322.

Grundy, S. M. 1998. Hypertriglyceridemia, atherogenic
dyslipidemia, and the metabolic syndrome. Am. J. Cardiol.
81:18B-25B.

Guerrero-Vargas, N. N., M. Guzman-Ruiz, R. Fuentes, J.
Garcia, R. Salgado-Delgado, M. D. Basualdo, et al. 2015.
Shift work in rats results in increased inflammatory
response after lipopolysaccharide administration: a role for
food consumption. J. Biol. Rhythms 30:318-330.

Hara, R., K. Wan, H. Wakamatsu, R. Aida, T. Moriya, M.
Akiyama, et al. 2001. Restricted feeding entrains liver clock
without participation of the suprachiasmatic nucleus. Genes
Cells 6:269-278.

Herrero, L., L. Valcarcel, C. A. da Silva, N. Albert, A. Diez-
Noguera, T. Cambras, et al. 2015. Altered circadian rhythm
and metabolic gene profile in rats subjected to advanced
light phase shifts. PLoS ONE 10:0122570.

Iwamoto, A., M. Kawai, M. Furuse, and S. Yasuo. 2014. Effects
of chronic jet lag on the central and peripheral circadian
clocks in CBA/N mice. Chronobiol. Int. 31:189-198.

Karatsoreos, I. N., S. Bhagat, E. B. Bloss, J. H. Morrison, and
B. S. McEwen. 2011. Disruption of circadian clocks has
ramifications for metabolism, brain, and behavior. Proc.
Natl. Acad. Sci. U. S. A. 108:1657-1662.

Loudon, A. S., Q. J. Meng, E. S. Maywood, D. A. Bechtold, R.
P. Boot-Handford, and M. H. Hastings. 2007. The biology
of the circadian Cklepsilon tau mutation in mice and
Syrian hamsters: a tale of two species. Cold Spring Harb.
Symp. Quant. Biol. 72:261-271.

Mendoza, J. 2007. Circadian clocks: setting time by food. J.
Neuroendocrinol. 19:127-137.

Mistlberger, R. E. 2011. Neurobiology of food anticipatory
circadian rhythms. Physiol. Behav. 104:535-545.

Mistlberger, R. E., and D. J. Skene. 2004. Social influences on
mammalian circadian rhythms: animal and human studies.
Biol. Rev. Camb. Philos. Soc. 79:533-556.

Mrosovsky, N. 1988. Phase response curves for social
entrainment. J. Comp. Physiol. A. 162:35-46.

Nagai, K., T. Nishio, and H. Nakagawa. 1985. Bilateral lesions
of suprachiasmatic nucleus eliminate circadian rhythms of
oxygen consumption and the respiratory quotient in rats.
Experientia 41:1136-1138.

O’Connell, J., L. Lynch, A. Hogan, T. J. Cawood, and D.
O’Shea. 2011. Preadipocyte factor-1 is associated with
metabolic profile in severe obesity. J. Clin. Endocrinol.
Metab. 96:E680—E684.

van den Pol, A. N., and T. Powley. 1979. A fine-grained
anatomical analysis of the role of the rat suprachiasmatic
nucleus in circadian rhythms of feeding and drinking. Brain
Res. 160:307-326.

2016 | Vol. 4 | Iss. 8 | e12743
Page 11



Effect of Forced Desynchronization on Metabolism in Mice

Rajaratnam, S. M., and J. R. Redman. 1999. Social contact
synchronizes free-running activity rhythms of diurnal palm
squirrels. Physiol. Behav. 66:21-26.

Ruderman, N., D. Chisholm, X. Pi-Sunyer, and S. Schneider.
1998. The metabolically obese, normal-weight individual
revisited. Diabetes 47:699-713.

Rudic, R. D., P. McNamara, A. M. Curtis, R. C. Boston, S.
Panda, J. B. Hogenesch, et al. 2004. BMALI and CLOCK,
two essential components of the circadian clock, are
involved in glucose homeostasis. PLoS Biol. 2:e377.

Sahar, S., and P. Sassone-Corsi. 2009. Metabolism and
cancer: the circadian clock connection. Nat. Rev. Cancer
9:886—896.

Salgado-Delgado, R., M. Angeles-Castellanos, M. R. Buijs, and
C. Escobar. 2008. Internal desynchronization in a model of
night-work by forced activity in rats. Neuroscience 154:922—
931.

Salgado-Delgado, R., M. Angeles-Castellanos, N. Saderi, R. M.
Buijs, and C. Escobar. 2010. Food intake during the normal
activity phase prevents obesity and circadian desynchrony in
a rat model of night work. Endocrinology 151:1019-1029.

Salgado-Delgado, R. C., N. Saderi, C. Basualdo Mdel, N. N.
Guerrero-Vargas, C. Escobar, and R. M. Buijs. 2013. Shift
work or food intake during the rest phase promotes
metabolic disruption and desynchrony of liver genes in male
rats. PLoS ONE 8: 60052.

2016 | Vol. 4 | Iss. 8 | e12743
Page 12

L. P. Casiraghi et al.

Satoh, Y., H. Kawai, N. Kudo, Y. Kawashima, and A.
Mitsumoto. 2006. Time-restricted feeding entrains daily
rhythms of energy metabolism in mice. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 290:R1276-R1283.

Schibler, U., J. Ripperger, and S. A. Brown. 2003. Peripheral
circadian oscillators in mammals: time and food. J. Biol.
Rhythms 18:250-260.

Sitren, H. S., and N. R. Stevenson. 1978. The effects of meal-
feeding at different times of the day on daily changes in
serum insulin, gastrin and liver enzymes in the rat. J. Nutr.
108:1393-1401.

Stokkan, K. A., S. Yamazaki, H. Tei, Y. Sakaki, and M.
Menaker. 2001. Entrainment of the circadian clock in the
liver by feeding. Science 291:490-493.

Straif, K., R. Baan, Y. Grosse, B. Secretan, F. el Ghissassi, V.
Bouvard, et al. 2007. Carcinogenicity of shift-work, painting,
and fire-fighting. Lancet Oncol. 8:1065-1066.

Turek, F. W., C. Joshu, A. Kohsaka, E. Lin, G. Ivanova, E.
McDearmon, et al. 2005. Obesity and metabolic syndrome
in circadian Clock mutant mice. Science 308:1043-1045.

Viswanathan, N. 1999. Maternal entrainment in the circadian
activity rhythm of laboratory mouse (C57BL/6]). Physiol.
Behav. 68:157-162.

Wang, F., L. Zhang, Y. Zhang, B. Zhang, Y. He, S. Xie, et al.
2014. Meta-analysis on night shift work and risk of
metabolic syndrome. Obes. Rev. 15:709-720.

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.



