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1. Introduction

Metabolic syndrome is a complex, mul-
tifactorial disease that affects a growing 
number of people worldwide. The under-
lying causes are related to modern life-
style, including lack of physical activity, 
consumption of highly caloric western 
diets, and disruption of the circadian 
system. Shift workers, who decouple 
their behavior from the external circadian 
cycles, have an increased risk for obesity, 
dyslipidemias, and impaired glucose reg-
ulation, all associated with diabetes and 
metabolic syndrome. In shift workers, at 
least two factors represent a risk for circa-
dian disruption: exposure to light at night 
and food intake during the rest phase.[1,2]

These two factors can be modeled with 
rodents in a laboratory setting.[3,4] Rats 
under constant light display increased adi-
posity and glucose intolerance after several 
weeks,[5–7] and even an acute light pulse in 

Eating during the rest phase is associated with metabolic syndrome, proposed 
to result from a conflict between food consumption and the energy-saving 
state imposed by the circadian system. However, in nocturnal rodents, eating 
during the rest phase (day-feeding, DF) also implies food intake during light 
exposure. To investigate whether light exposure contributes to DF-induced 
metabolic impairments, animals receive food during the subjective day 
without light. A skeleton photoperiod (SP) is used to entrain rats to a 12:12 
cycle with two short light pulses framing the subjective day. DF-induced 
adiposity is prevented by SP, suggesting that the conflict between light and 
feeding stimulates fat accumulation. However, all animals under SP conditions 
develop glucose intolerance regardless of their feeding schedule. Moreover, 
animals under SP with ad libitum or night-feeding have increased adiposity. SP 
animals show a delayed onset of the daily rise in body temperature and energy 
expenditure and shorter duration of nighttime activity, which may contribute 
to the metabolic disturbances. These data emphasize that metabolic homeo-
stasis can only be achieved when all daily cycling variables are synchronized. 
Even small shifts in the alignment of different metabolic rhythms, such as 
those induced by SP, may predispose individuals to metabolic disease.
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the middle of the night can change glucose tolerance.[8] Since 
light at night disturbs the normal functioning of the brain 
master clock, the suprachiasmatic nucleus (SCN), the altered 
metabolism might be caused by light-induced changes in the 
output of the SCN to peripheral organs, ultimately resulting in 
circadian desynchrony among them.[9]

Rodents that are forced to eat during their rest phase (day-
feeding, DF) also develop metabolic impairments. DF does 
not only cause a misalignment between the central brain clock 
and the peripheral clocks, but also desynchronizes clock gene 
rhythms among different organs and leads to increased adi-
posity and glucose intolerance.[10–13] It has been suggested that 
DF provokes an internal conflict between food consumption 
and the energy-saving state imposed by the SCN. However, in 
nocturnal rodents, DF also implies food intake during light 
exposure, which may exert metabolic changes per se. From 
this perspective, the metabolic impairments derived from DF 
could also arise from a conflict between light exposure and 
food intake, which normally occur separately in nocturnal 
rodents.

To test the hypothesis that metabolic disease arises from the 
conflict between light and feeding, we exposed animals to DF 
in the absence of light. To prevent animals from free-running 
under constant darkness, we used a skeleton photoperiod (SP), 
where animals are maintained in complete darkness except for 
two 30-min light pulses indicating the beginning and end of 
the subjective day.[14] The SP is supposed to mimic an animal’s 
natural behavior in the burrow, i.e., emerging from the dark-
ness of the burrow to sample the presence or absence of envi-
ronmental light. It is well documented that SP entrains loco-
motor activity rhythms in several rodent species.[15–17]

Under SP or a regular 12:12 light-dark photoperiod (LD), 
we restricted food intake to the subjective day (DF), subjective 
night (NF), or allowed animals to eat ad libitum (AL). After four 
weeks, we assessed glucose tolerance, adiposity, and tempera-
ture rhythms. Since we found unexpected effects of the SP, we 
performed a second experiment to further evaluate these effects 
on metabolic rhythms under AL feeding conditions. Finally, we 
tested the metabolic effects of the lack of light during the day by 
exposing rats to constant darkness. Taken together, the present 
data suggest that metabolic impairments are not only induced 
by a complete reversal of the timing of food intake, but minor 
shifts in metabolic rhythms induced by an SP also cause meta-
bolic disturbances.

2. Results

2.1. The Effect of Day-Feeding and Skeleton Photoperiod 
on Adiposity, Weight Gain, and Glucose Tolerance

Rats were subjected to either a SP or a standard 12:12 light-
dark cycle (LD). After one week in the photoperiod, rats were 
subdivided into ad libitum feeding (AL), day-feeding (DF), or 
night-feeding (NF) (Figure  1a). Four weeks after remaining 
in the corresponding feeding schedule, rats were subjected to 
a glucose tolerance test. Finally, the retroperitoneal (pWAT), 
epididymal (eWAT), and subcutaneous (scWAT) fat pads were 
dissected and measured.

Under AL conditions, rats exposed to the SP had higher 
scWAT compared to their LD counterparts (Figure  1c). As 
expected, LD-DF had increased scWAT compared to the LD-AL 
control (Figure  1c); but the SP-DF group, which was not 
exposed to light during the feeding period, did not increase its 
adiposity (Figure 1b–d). The SP-NF group also displayed higher 
adiposity affecting the three fat pads (Figure  1b–d), while the 
LD-NF group showed normal adiposity. The two-way ANOVA 
indicated a significant interaction of Photoperiod  × Feeding 
for pWAT (F(2,41)  = 5.862, P  = 0.0058), eWAT (F(2,41)  = 5.566, 
P = 0.0073), and scWAT (F(2,40) = 9.582, P = 0.0004).

The increased adiposity observed in SP-AL and SP-NF groups 
was not associated with body weight gain or weekly food intake 
(Figure  1e,f) since these two groups had similar measures to 
those of the LD-AL and LD-NF controls. Conversely, LD-DF 
rats, which showed increased adiposity, exhibited lower body 
weight gain compared to the LD-AL control group (Figure 1e). 
However, SP-DF rats had similar body weight gain to those in 
the other groups. Food intake in the last week of the experiment 
was significantly lower in the LD-DF and SP-DF groups com-
pared to the LD-AL control (Figure  1f). The two-way ANOVA 
confirmed a significant effect of Feeding on weekly food intake 
(F(2,37)  = 12.09, P  < 0.0001). In agreement with this, feed effi-
ciency was lower in the LD-DF group compared to the LD-AL 
control (P = 0.0106) (Figure 1g). Of note, body weight and food 
intake at the beginning of the experiment were similar among 
groups (Figure S1, Supporting Information), indicating that the 
differences in body weight gain and food intake at the end of 
the experiment were associated with the food restriction.

To further evaluate the metabolic state of the different 
groups, we subjected animals to a glucose tolerance test (GTT) 
at ZT 0 (Figure  2). Basal glucose levels did not differ sig-
nificantly among groups (Figure  2a). All groups reached the 
highest blood glucose levels 15 min after the glucose injection 
(Figure 2d–i). The two-way ANOVA showed a significant effect 
of Feeding on circulating glucose at this timepoint (F(2,40)  = 
3.559, P = 0.0378); the change in glucose levels in LD-DF ani-
mals at this time point was significantly higher than in the 
LD-AL group (Figure 2b). In addition, the two-way ANOVA for 
the area under the curve (AUC) of the GTT (Figure  2c) con-
firmed a significant effect of Photoperiod on the AUC (F(1,40) = 
4.507, P = 0.040), indicating that the SP induces glucose intoler-
ance independently of the feeding schedule.

2.2. Both Day-Feeding and Skeleton Photoperiod Change Body 
Temperature

DF protocols are known to alter the daily temperature rhythm, 
shifting the temperature acrophase earlier into the day.[18] 
Thus, we analyzed the body temperature rhythm of all groups. 
All groups showed a rhythm in body temperature (Table  1, 
Figure 3a–f). The SP groups showed an apparent delay in the 
temperature onset (i.e., the moment when body temperature 
rises in preparation for the activity period) compared to their 
LD counterparts (Figure 3g). However, the values for the tem-
perature onset had significantly different variances among 
groups as detected with the Brown–Forsythe test (P  = 0.0057) 
(Figure  3g), so further statistical analysis to compare the 
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means was not performed. Similarly, the temperature offset 
(Figure 3h) and acrophase (Table 1) showed different variances 
among groups (offset, P = 0.0022; acrophase, P = 0.0004), indi-
cating that the treatments affect intra-group variability in the 
temperature rhythm. Therefore, the description of these three 
variables (temperature onset, offset, and acrophase) is merely 
qualitative.

In the LD-DF group, the temperature onset, offset, and 
acrophase were shifted to an earlier moment of the LD cycle 
(Figure  3b, Table  1), indicating that the overall temperature 
rhythm shifts toward the period of food intake. In contrast, the 
temperature onset and acrophase of SP-DF animals was closer 
to that of LD-AL animals (Figure  3e,g and Table  1), and only 
the temperature offset was shifted earlier like the LD-DF group 
(Figure  3h). Consequently, the duration of high temperature 
during the nighttime (alpha = offset-onset) was significantly 
shorter in SP-DF compared to LD-AL (P < 0.0001 after two-way 
ANOVA and Dunnet’s test). A significantly shorter tempera-
ture alpha was also observed in SP-AL animals (P  = 0.0265) 
(Figure 3i).

Taken together, these apparent changes in the temperature 
rhythms could mean that the SP affects metabolic rhythms per 
se, which is further described in the next section.

2.3. Skeleton Photoperiod Changes Metabolic Rhythms 
in Specific Moments of the Circadian Cycle

In the previous sections, we described that SP induces glucose 
intolerance and higher adiposity, suggesting that SP may pro-
mote an anabolic state. Since no previous study had reported 
metabolic effects of an SP, we performed a new experiment with 
LD and SP animals under ad libitum conditions to better under-
stand these effects. We measured the fat mass and whole-body 
metabolic rhythms of LD and SP animals under AL feeding 
for four weeks. Confirming our previous results, SP animals 
significantly increased their fat mass in the fourth week in SP 
(Figure 4a). Two-way ANOVA for repeated measures showed a 
significant Week × Group interaction (F(4,40) = 4.396, P = 0.0049). 
These changes were not accompanied by differences in total 

Figure 1. Skeleton photoperiod increased adiposity except during day-feeding. a) Schematic representation of the experimental design. Rats were 
assigned to a 12:12 light-dark cycle (LD) or a skeleton photoperiod (SP) with food available ad libitum (AL), restricted feeding for 11 h during the sub-
jective day (DF), or restricted feeding for 11 h during the subjective night (NF). b–d) Percentage of retroperitoneal (pWAT, b), inguinal subcutaneous 
(scWAT, c), and epididymal (eWAT, d) adipose tissue respective to body weight after four weeks of experimental treatment. d) Body weight gain after the 
four weeks of experimental treatment. e) Total food intake of the last week of the experiment (Week 4). g) Feed efficiency (weight gain × food intake−1) 
in the last week of the experiment (Week 4). n = 8 for all groups. Data are represented as mean ± S.E.M. *P < 0.05, **P < 0.01, ****P < 0.0001 with 
respect to the LD-AL control group after Dunnet’s test.
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body mass, which remained similar between both groups 
throughout the experiment (Figure 4b).

Total food intake was not different between both groups 
(Figure 4c). However, food intake during the subjective day sig-
nificantly increased after the second week in SP, although the 

overall day-night difference in this behavior clearly remained 
(Figure  4c). Similarly, the amount of locomotor activity (as 
measured by infrared light beams) also increased during the 
subjective day in SP animals, but the total amount of locomotor 
activity did not differ from LD animals (Figure 4d).

Table 1. Cosinor values for the temperature rhythm of all groups during the fourth week of treatment.

Cosinor parameter LD-AL SP-AL LD-DF SP-DF LD-NF SP-NF

Acrophasea) 17.45 ± 0.1998 17.18 ± 0.2297 15.01± 0.7653 17.51 ± 0.5241 17.35 ± 0.2361 17.82 ± 0.2190

Amplitudeb) 0.6000 ± 0.0507 0.5050 ± 0.0299 0.4450 ± 0.0548 0.4320 ± 0.0609 0.5167 ± 0.0462 0.631 ± 0.0103

Mesorb) 37.64 ± 0.0882 37.39 ± 0.0655 37.32 ± 0.0836c) 37.48 ± 0.0673 37.50 ± 0.0593 37.56 ± 0.0678

Adjustment (r2)a) 0.7837 ± 0.0430 0.6379 ± 0.0462 0.5630 ± 0.8160 0.4362 ± 0.0611 0.7283 ± 0.0355 0.7572 ± 0.0187

a)Brown–Forsythe test indicated significantly different variances among groups in the acrophase and adjustment; b)Two-way ANOVA revealed a significant effect of feeding 
on amplitude (P = 0.0084), and an interaction on mesor (P = 0.032); c)P < 0.05 compared to the LD-AL control after Dunnet’s test. LD-AL, n = 5; SP-AL, n = 6; LD-DF, n = 
6; SP-DF, n = 5; LD-NF, n = 6; SP-NF, n = 7.

Figure 2. Day-feeding and skeleton photoperiod induce glucose intolerance. a) Circulating glucose levels at the start of the glucose tolerance test (GTT) 
performed at ZT 0 after four weeks of experimental treatment. b) Change in circulating glucose after 15 min of intraperitoneal glucose administration. 
c) Area under the curve (AUC) of the GTT for each experimental group. Two-way ANOVA (photoperiod × feeding) indicated a significant effect of the 
photoperiod on AUC. d–i) Change in circulating glucose after glucose injection in LD-AL, LD-DF, LD-NF, SP-AL, SP-DF, and SP-NF groups, respectively. 
n = 8 for all groups. Data are presented as mean ± S.E.M. **P < 0.01 compared to the LD-AL control after Dunnet’s test.
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By analyzing locomotor activity every 30  min, we observed 
that SP animals increased their activity in the early morning 
(ZT 2–ZT 3.5) and decreased it at the transition from the sub-
jective day to the subjective night (ZT 12) (Figure 5a,e). Simi-
larly, food intake showed several bouts during the day and 
decreased at the end of the night (ZT 23) (Figure 5b,f).

Indirect calorimetry analysis showed that 24-h energy 
expenditure (EE) of SP animals was not significantly different 
from the LD control (Figure  5c,g), but the amplitude of the 
rhythm was significantly lower (Table  2). Conversely, SP ani-
mals had a lower respiratory exchange ratio (RER) enduring 
the major part of the active period and the first half of the 
resting period (Figure 5d,h). The amplitude of the RER rhythm 
was also decreased in SP animals compared to LD animals 
(Table  2). Taken together, these data suggest that SP shows 
lower metabolic flexibility for switching between the use of fat 
or carbohydrates as a fuel source. In addition, the changes in 

EE and RER rhythms appeared in the second week of SP expo-
sure (Figure 5c,d, Table 2), before the significant increase in fat 
mass (Figure  4), supporting the idea that the changes in the 
daily rhythms of RER and EE are responsible for the increased 
fat accumulation.

2.4. Skeleton Photoperiod Uncouples the Different Metabolic 
Rhythms

Further analysis of the locomotor activity rhythm showed 
no significant differences in the onset, acrophase, and offset 
between the SP and LD groups (Figure 6a). However, because 
the onset was slightly shifted later into the subjective night in 
the SP group (Figure 6a), there was a significant decrease in the 
duration of nighttime activity, i.e., alpha (Figure 6b) compared 
to the LD control.

Figure 3. Day-feeding and skeleton photoperiod change the temperature rhythm. a–f) Daily temperature rhythm of LD-AL, LD-DF, LD-NF, SP-AL, 
SP-DF, and SP-NF animals, respectively, obtained as the average of 3 d of the last week of the experiment. Horizontal dotted lines indicate the overall 
daily average, and vertical lines indicate the onset and offset of the temperature rhythm. Shaded areas indicate “lights-off,” and yellow lines represent 
light pulses. g–i) Temperature onset, offset, and alpha (offset-onset), respectively, during the last week of the experiment. LD-AL, n = 5; SP-AL, n = 6; 
LD-DF, n = 6; SP-DF, n = 5; LD-NF, n = 6; SP-NF, n = 7. The data in (a)–(f) and (i) are presented as mean ± S.E.M. *P < 0.05, ****P < 0.0001 compared 
to the LD-AL control after Dunnet’s multiple comparison test. The data in (g) and (h) are presented as box plots (median with minimal and maximal 
values), since the temperature onset and offset showed significantly different variances after Brown–Forsythe test (onset, P = 0.0057; offset, P = 0.0022).
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SP animals also shifted the acrophase of food intake ear-
lier than the LD control. Furthermore, in SP animals, the EE 
onset shifted later into the subjective night (Figure 6a), similar 
to what was observed for the daily rhythm in body tempera-
ture (Figure  3), and the EE offset shifted earlier (Figure  6a). 
Together these changes resulted in a significantly shorter EE 
alpha (Figure 6b), which could explain the increased adiposity 
observed in SP animals. The onset, acrophase, and offset of the 
RER were shifted earlier (Figure  6a), but no differences were 
found in RER alpha between the SP and LD groups (Figure 6b).

In LD animals, the onset of activity roughly coincided with 
the onset of food intake, EE, and RER because these variables 
all increase in preparation for the activity period. However, in 
SP animals, these onsets were more dispersed; the standard 
deviation between them was higher in SP than in LD animals 
(t(10) = 2.353, P = 0.0404) (Figure 6c). Such a dispersion was not 
observed for the acrophases or the offset (Figure  6d,e), indi-
cating specificity for the anticipation of the incoming activity 
period. These changes suggest that although SP does not affect 
the overall synchronization of each of the metabolic rhythms 
to the photoperiod, it does cause a slight uncoupling of these 
rhythms, especially for the anticipation of the upcoming activity 
period, which might have an impact on energy metabolism.

2.5. The Metabolic Effects of the SP Appear Not Related 
to the Conflict between Food and Light

Finally, we investigated whether the metabolic effects of the SP 
could be due to the lack of light during the day, since previous 

studies suggest that constant darkness promotes an energy-
saving state in mice.[19] Therefore, rats were exposed to constant 
darkness for four weeks under ad libitum feeding conditions 
(DD-AL group). Their food intake, weight gain, glucose toler-
ance, and adiposity were compared to the LD group. We did not 
find any significant differences in these parameters between 
DD-AL and LD-AL animals (Figure  7a–e), indicating that the 
complete absence of light for four weeks does not seem to 
impact metabolism in rats.

3. Discussion

3.1. The Conflict between Light and Food during the Day

In nocturnal animals, feeding during the rest phase coincides 
with light exposure. In this sense, the present study aimed 
to resolve a critical issue in chronobiology: “What is the con-
tribution of light to metabolic disturbances observed under 
daytime feeding in rats?” Using an SP, we observed that the 
absence of light prevents DF-induced adiposity, but glucose 
intolerance persisted in DF. This suggests that “incorrect” 
timing of food intake is not the sole mechanism driving meta-
bolic disease, but that the conflict between light and food is 
also involved. Reinforcing the importance of the presence 
or absence of continuous daylight, SP increased adiposity 
and decreased glucose tolerance even without time-restricted 
feeding, indicating the strong effects of SP on energy 
metabolism.

Figure 4. Skeleton photoperiod increases adiposity without changing total food intake or body mass in animals fed ad libitum. a) Percentage of fat mass 
with respect to body weight and b) total body mass of LD and SP animals through the four weeks of experimental treatment. c) Average 24-h food intake and 
d) locomotor activity of LD and SP animals in weeks 0 (baseline), 2, and 4, including day (light shade) and night (dark shade) intake and activity. n = 6 in both 
groups. Data are presented as mean ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 with respect to the LD control group in the same week.
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Although SP and DF both impair glucose tolerance, the 
mechanism underlying their effect on metabolism might be 
different. This is nicely illustrated by the body temperature 
rhythm of the SP-DF group, which shows an offset around 
ZT22 (closer to the LD-DF group) but an onset around ZT12 
(closer to the SP-AL group) (Figure  3). Another indication of 
the differential effects of DF and SP is that LD-DF animals 
show a lower body weight gain than LD-AL animals, but 
SP-DF animals do not (Figure  1e). In agreement with this, 
feed efficiency was decreased in the LD-DF group but not 

in the SP-DF group (Figure  1g). The fact that the LD-DF has 
high adiposity despite lower feed efficiency is a clear indica-
tion of the profound metabolic reorganization induced by DF, 
while the normal adiposity in SP-DF could be explained by SP-
driven mechanisms that, under DF conditions, defend normal 
body weight gain at the expense of fat accumulation. In addi-
tion, the presence of light in LD-DF animals could inhibit feed 
efficiency under DF conditions; therefore, the lack of light in 
SP might have prevented the decreased feed efficiency in the 
SP-DF group.

Figure 5. Skeleton photoperiod changes metabolic rhythms at specific moments of the circadian cycle. Average heat maps of a) locomotor activity, 
b) food intake, c) energy expenditure (EE), and d) respiratory exchange ratio (RER), in LD and SP animals fed ad libitum during weeks 0 (baseline), 
2, and 4. Daily profile of e) locomotor activity, f) food intake, g) EE, and h) RER representing the mean temperature obtained from 3 days of week 4 in 
both experimental groups. Shaded areas indicate “lights-off,” and yellow lines represent light pulses for the SP group. n = 6 for all measures in both 
groups. Data are presented as mean ± S.E.M., *P < 0.05 in each timepoint after multiple t-tests.
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Many studies have reported that DF uncouples daily clock 
gene rhythms among peripheral tissues,[12,20,21] but DF also 
promotes a circadian conflict in energy-regulating centers in 
the brain.[22] It is still unclear if the peripheral disturbance 
precedes the central disturbance or if they both appear simul-
taneously. In this sense, glucose intolerance in the LD-DF 
group could appear as a consequence of internal desynchro-
nization.[23] In contrast, it is unlikely that SP acutely affects 
peripheral organs without the involvement of the brain, since 
the nervous system is responsible for light sensing. Therefore, 
the SP could change glucose tolerance via a neural pathway, as 
described below.

3.2. Possible Mechanisms for the Metabolic Effects of SP

The effects of SP on metabolism could be mediated by the 
SCN, the central clock regulating circadian rhythms. This 
nucleus receives direct input from the retina and is responsible 
for entraining circadian rhythms to the light-dark cycle. A pre-
vious study found that the rhythmic expression of c-fos (a neu-
ronal activity marker) in the ventrolateral SCN is less robust in 
rats exposed to an SP compared to a full LD photoperiod.[24] In 
addition, animals lacking the ion channel Nav1.1, which have 
impaired intra-SCN communication, show a delayed onset of 
locomotor activity despite general maintenance of circadian 

Table 2. Cosinor values for activity, food intake, energy expenditure, and respiratory exchange ratio of LD-AL and SP-AL animals.

Variable Week 0 Week 2 Week 4

Cosinor parameter LD-AL SP-AL LD-AL SP-AL LD-AL SP-AL

Activity [counts] Amplitude 319.0 ± 13.35 318.1 ± 12.75 248.5 ± 6.395 203.4 ± 9.831** 250.5 ± 4.862 211.1 ± 14.09**

Acrophase 18.03 ± 0.2802 18.46 ± 0.3918 18.01 ± 0.2267 18.92 ± 0.3788 17.78 ± 0.3240 18.34 ± 0.2430

Mesor 386.20 ± 15.41 401.2 ± 10.6900 338.2 ± 7.613 354.7 ± 12.30 319.0 ± 4.221 333.8 ± 10.48

Adjustment 0.4084 ± 0.02669 0.3947 ± 0.03120 0.3615 ± 0.01516 0.2262 ± 0.01969*** 0.4062 ± 0.01187 0.2335 ± 0.02160****

Onset 13.03 ± 0.6379 12.78 ± 0.5270 12.28 ± 0.4014 13.61 ± 0.3073** 11.61 ± 0.2472 13.03 ± 0.6760 $

Offset 24.37 ± 0.07838 24.37 ± 0.06949 24.24 ± 0.09324 24.19 ± 0.2500 24.44 ± 0.0 24.69 ± 0.4761

Alpha 11.34 ± 0.6283 11.60 ± 0.5094 11.96 ± 0.3948 10.58 ± 0.2007* 12.83 ± 0.2472 11.66 ± 0.2487** $

Food intake [g] Amplitude 0.4630 ± 0.02773 0.4541 ± 0.03353 0.4598 ± 0.02303 0.2942 ± 
0.009949****

0.4214 ± 0.01983 0.2860 ± 0.01243***

Acrophase 16.37 ± 0.2340 16.30 ± 0.2316 16.63 ± 0.3528 15.75 ± 0.1421* 16.63 ± 0.3528 15.75 ± 0.1472*

Mesor 0.4394 ± 0.01863 0.4242 ± 0.01687 0.4300 ± 0.02038 0.4666 ± 0.008754 0.4448 ± 0.009864 0.4682 ± 0.005421

Adjustment 0.2267 ± 0.0374 0.2593 ± 0.04361 0.2778 ± 0.04513 0.1125 ± 0.008518** 0.1974 ± 0.02798 0.1006 ± 0.003832**

Onset 11.36 ± 0.2713 10.44 ± 0.5323 11.53 ± 0.3270 8.941 ± 1.457 $ 11.28 ± 0.7032 10.36 ± 0.9435

Offset 24.37 ± 0.1483 24.21 ± 0.1052 23.37 ± 0.5399 22.69 ± 1.109 24.46 ± 0.1187 23.29 ± 0.4983 $

Alpha 13.01 ± 0.3387 13.76 ± 0.5707 12.17 ± 0.4613 13.75 ± 0.8145 13.18 ± 0.6785 12.93 ± 0.8494

Energy Expendi-
ture [kcal h−1 kg−1]

Amplitude 2.412 ± 0.4231 2.212 ± 0.3892 2.160 ± 0.3497 1.340 ± 0.1142 $ 2.235 ± 0.3940 1.188 ± 0.1412* $

Acrophase 18.17 ± 0.1503 18.11 ± 0.1201 17.67 ± 0.2244 18.05 ± 0.2643 18.06 ± 0.2794 17.79 ± 0.2788

Mesor 10.38 ± 1.546 10.02 ± 1.246 10.26 ± 1.433 9.787 ± 0.7886 9.512 ± 0.9655 8.968 ± 0.8355

Adjustment 0.6169 ± 0.0268 0.6574 ± 0.0330 0.6541 ± 0.0354 0.4149 ± 0.0370*** 0.6281 ± 0.0289 0.3574 ± 0.0299****

Onset 12.44 ± 0.4282 12.94 ± 0.4082 11.94 ± 0.2582 13.28 ± 0.6009 12.03 ± 0.0833 12.78 ± 0.2789* $

Offset 24.64 ± 0.3706 24.37 ± 0.0695 24.10 ± 0.0695 24.05 ± 0.2373$ 24.49 ± 0.3034 23.46 ± 0.1401*

Alpha 12.19 ± 0.1620 11.43 ± 0.4306 12.15 ± 0.2674 10.78 ± 0.7180$ 12.46 ± 0.3380 10.68 ± 0.3603**

Respiratory 
exchange ratio 
[vCO2 · v vO2

−1]

Amplitude 0.04883 ± 0.0051 0.04896 ± 0.0032 0.04793 ± 0.0053 0.03104 ± 0.0013* 0.04361 ± 0.0035 0.03549 ± 0.0006*

Acrophase 19.36 ± 0.2618 19.71 ± 0.4676 19.00 ± 0.2679 17.94 ± 0.3028* 19.20 ± 0.2795 17.51 ± 0.3808**

Mesor 0.9487 ± 0.006285 0.9367 ± 0.006725 0.9313 ± 0.003253 0.9425 ± 0.002653* 0.9547 ± 0.00363 0.9386 ± 0.00215**

Adjustment 0.8314 ± 0.0198 0.8500 ± 0.0261 0.8477 ± 0.0255 0.7715 ± 0.0233 0.8300 ± 0.0178 0.7247 ± 0.0209**

Onset 12.86 ± 0.4167 12.94 ± 0.5477 11.94 ± 0.4472 10.78 ± 0.8233 12.36 ± 0.2386 10.44 ± 0.6055*

Offset 26.52 ± 0.3956 26.10 ± 0.4925 26.02 ± 0.4339 24.45 ± 0.1253* $ 26.69 ± 0.3812 24.17 ± 0.0879** $

Alpha 13.66 ± 0.2812 13.16 ± 0.4194 14.08 ± 0.4707 13.17 ± 0.7189 14.33 ± 0.2113 13.72 ± 0.5522

Note: n = 6 for both groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 after unpaired t-test for each week. ($) unpaired t-test with Welch’s correction due to signifi-
cantly different variances.
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rhythms.[25] The metabolic state of Nav1.1 KO animals has not 
been assessed, but other studies have shown that impaired 
intra-SCN communication may induce metabolic syndrome in 
rats.[26] Thus, if SP modifies SCN activity, its output to other 
hypothalamic areas might also be changed, for instance, those 
that regulate metabolism in preparation for the activity period. 
However, the precise contribution of SP to SCN activity has yet 
to be determined.

Another interesting observation is that SP animals increase 
their daytime feeding when they are allowed to eat AL, which 
could account for their increased adiposity, but restricting food 
intake to the day (SP-DF group) does not produce greater adi-
posity. This observation indicates that the effects observed in 
SP-AL cannot be attributed to increased feeding during the sub-
jective day. In addition, coupling food intake with the period of 
high activity and temperature under SP conditions (the SP-NF 
group) does not alleviate the metabolic problems. This result 
contrasts with other studies where restricting food to the appro-
priate period in nocturnal rodents mitigates the negative effects 
of a high-fat diet,[27–29] which further supports the idea that 
SP changes metabolism through a different mechanism inde-
pendent of feeding behavior.

3.3. Anticipation of Day-Night and Night-Day Transitions 
Is Needed for Metabolic Balance

One of our most interesting findings is that SP-AL animals 
show time-specific changes in metabolic rhythms before the 
appearance of fat accumulation. SP animals fail to correctly 
anticipate the upcoming period of nocturnal activity, as dem-
onstrated by the delayed onset of increased energy expendi-
ture and the lower locomotor activity at ZT12. Delayed onset of 

activity has been observed in several other experimental setups 
that have increased adiposity and hyperglycemia, including 
clock-mutant mice.[25,30] The authors mainly attributed these 
effects to increased daytime feeding, but food restriction experi-
ments were not performed.[30] Therefore, the delayed prepara-
tion for the activity period might contribute to the metabolic 
impairments, but this possibility remains to be tested.

The night-day transition period also shows important 
changes in SP animals because the offset of both EE and 
RER occur earlier. This contrasts with other studies using 
normal LD photoperiods showing that RER is still high after 
the feeding period has finished.[20] Together with the fact that 
the onset of EE is also changed, it seems that SP affects the 
circadian system in such a way that the day-night and night-
day transition phases are not anticipated properly. Since a high 
RER is related to a higher oxidation of carbohydrates, it seems 
that SP animals do not oxidize them sufficiently at the end of 
the subjective night and beginning of the subjective day, which 
could explain their increased adiposity.

3.4. Light during the Day Is Needed to Maintain Metabolic 
Health

SPs have been amply used to study circadian physiology in the 
absence of light, based on the “natural” sampling of light that 
rodents supposedly carry out in their burrows [17,31,32] and the 
phase response curve of light, which shows only small or no 
induction of phase shifts during the light period.[33] The present 
study also confirmed the entraining effect of SP even when ani-
mals are fed during the subjective day. However, clearly, overall 
entrainment to a 12:12 cycle may not be sufficient to maintain 
metabolic homeostasis.

Figure 6. Skeleton photoperiod uncouples metabolic rhythms at the day-night and night-day transition periods. a) Onset, acrophase, and offset of 
LD-AL and SK-AL groups. Dotted vertical lines indicate the average of all onsets, acrophases, or offsets for the LD-AL group. b) Alpha of locomotor 
activity, food intake (FI), energy expenditure (EE), and respiratory exchange ratio (RER) of both groups. Standard deviation (SD) of the c) averaged 
onsets, d) acrophases, and e) offsets of all variables for each group. n = 6 for all variables of both groups. Data are presented as mean ± S.E.M. *P < 
0.05, **P < 0.01, ***P < 0.001 after unpaired t-test. ZTs above 24 h are included for observational purposes, being ZT24 = ZT0 and ZT28 = ZT4.
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The SP combines light pulses with darkness during the 
day. This raises the question: Are the metabolic changes in 
SP animals due to the light pulses or the lack of light during 
the day? One study showed that exposing mice to complete 
darkness leads to an energy-saving state.[19] Furthermore, 
impairing the SCN´s oscillatory function produced a loss of 
peripheral rhythms, fat accumulation, and glucose intoler-
ance, but only in constant darkness conditions.[34] However, 
we did not observe glucose intolerance or increased adiposity 
in intact rats after four weeks of constant darkness (Figure 7). 
Thus, the metabolic impairments observed in SP animals 
must be related to the light-dark-light combination, empha-
sizing the need for a robust light signal to maintain meta-
bolic fluctuations adequately aligned with the circadian time. 
Moreover, light pulses are known to activity and promote sleep 
acutely.[35,36] Since we found decreased activity at ZT12 in the 
SP group compared to the LD control (Figure 5a,e), it is pos-
sible that the light pulse from ZT11.5 to ZT12 inhibited activity 
at this time point. Light also increases corticosterone secre-
tion [37] and changes liver metabolism [38,39] via the autonomic 
nervous system. Therefore, the SP-associated light pulses 
could modify metabolic rhythms by changing behavior or the 
autonomic output to the organs. However, it is worth noting 
that most studies evaluating the effects of light pulses have 
been performed during the nighttime, so the contribution of 

subjective-daytime light pulses to nocturnal rodent physiology 
needs to be studied further.

4. Conclusions

The present study supports the idea that developing a metabolic 
syndrome-like phenotype may already be caused by only minor 
changes in rhythmicity. Delays in the day-night and night-day 
transitions—such as those promoted by SP—may promote 
metabolic disease. This may be relevant for some night workers 
exposed to an SP-like schedule (two pulses of higher-intensity 
light at the beginning and end of the day) that have a shifted 
melatonin rhythm.[40] In addition, people that sleep less during 
weekdays typically delay their activity on the weekend to recover 
from sleep loss, which has been associated with metabolic dis-
ease.[41] Moreover, the preference to carry out one’s activities 
later in the day (evening chronotype) is also associated with 
metabolic diseases,[42,43] which further supports the hypothesis 
that delaying locomotor activity from the expected period of the 
day may contribute to metabolic impairments.

Overall, our study indicates that a robust light-dark cycle is 
crucial to maintain metabolic homeostasis, in addition to the 
appropriate timing of food intake. Optimal energy homeostasis 
involves not only day-night differences in locomotor activity, 

Figure 7. Exposure to four weeks of constant darkness does not change adiposity and glucose tolerance. a) Percentage of retroperitoneal (pWAT), 
epididymal (eWAT), and inguinal subcutaneous (scWAT) adipose tissue respective to body weight after four weeks of constant darkness (DD) or a 12:12 
light-dark cycle (LD) under ad libitum feeding (AL). b) Intraperitoneal glucose tolerance test, and c) total weight gain after four weeks in the respective 
photoperiod. d) Food intake during the fourth week of the experiment for each group. e) Area under the curve of the GTT for both experimental groups. 
LD-AL, n = 8; DD-AL, n = 4. Data are represented as mean ± S.E.M. No significant differences were found after unpaired t-tests.
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but also proper coordination of all cycling physiological vari-
ables at every moment of the circadian cycle, especially during 
day-night and night-day transition phases. Failure to maintain 
this synchronization, either by a light disturbance such as a 
skeleton photoperiod or by food intake during the rest phase, 
will result in metabolic changes that predispose individuals to 
disease.

5. Experimental Section
Animals: This study was conducted in accordance with the guidelines 

and requirements of the World Medical Association Declaration 
of Helsinki (1964), approved by the local ethics committee, and 
performed following the guidelines on animal experimentation of the 
Mexican Official Norm NOM-062-ZOO-1999 and the Netherlands 
Institute for Neuroscience (NIN) to minimize animal suffering. Male 
Wistar rats of 270–300  g and approximately nine weeks of age from 
the Unidad Academica Bioterio, Faculty of Medicine (Universidad 
Nacional Autonoma de Mexico, Mexico City) (Experiment 1 and 3), and 
from Charles River (Sulzfeld, Germany) (Experiment 2) were housed 
individually at room temperature (20–23  °C) under a standard 12:12 
light-dark cycle (lights on at 7:00 a.m.) with water and food ad libitum, 
unless stated otherwise.

Experiment 1. Day-Feeding in the Absence of Light and the Use of 
the Skeleton Photoperiod: To evaluate the contribution of light to the 
metabolic impairments in DF, we subjected rats to a standard 12:12 
photoperiod (LD), or a SP, which consisted in exposing animals to 
complete darkness except for two 30-min light pulses at the beginning 
and end of the subjective day. Standard laboratory fluorescent lighting[44] 
of ≈380 lux was used for both LD and SP groups. After one week in the 
respective photoperiod (baseline, week 0), both groups were subjected 
to food restriction during the day (DF) for 11 hours (from ZT 0.5 to ZT 
11.5). In addition, we used four other control groups with ad libitum 
feeding (AL) or night-restricted feeding (NF) under LD or SP conditions. 
NF animals were also subjected to food restriction for 11 h in the 
subjective night (from ZT 12.5 to ZT 23.5). This experimental design 
gave a total of six experimental groups: LD-AL, SP-AL, LD-DF, SP-DF, 
LD-NF, and SP-NF (Figure 1a). Each group included eight animals (n = 
8). Rats were subjected to the respective photoperiod for one week 
(baseline, week 0) and then placed under AL, DF, or NF for 11 h (ZT 12.5 
to ZT 23.5) for four weeks. Food intake and body weight were measured 
weekly on the same day, during the evening light pulse. Four weeks after 
food restriction or ad libitum feeding, animals underwent a glucose 
tolerance test. One week later, animals were euthanized to collect their 
retroperitoneal (pWAT), epididymal (eWAT), and inguinal subcutaneous 
(scWAT) fat.

Experiment 2. Skeleton Photoperiod and Metabolic Rhythms: To further 
evaluate how SP modifies metabolic rhythms, indirect calorimetry 
analysis was performed on two groups of animals subjected to either 
LD (n = 6) or SP (n = 6) and ad libitum feeding. These animals were 
first subjected to one week of LD (week 0) to determine their baseline 
measures of food intake, locomotor activity, energy expenditure (EE), 
and respiratory exchange ratio (RER). Then, they were maintained in LD 
or transferred to SP, and the same measures were obtained for weeks 
2 and 4 after placement in the respective photoperiod. Total body mass 
and fat mass were measured using EchoMRI. These measurements 
were performed weekly (on the same day of the week) during the 
daytime.

Experiment 3. Metabolic Parameters after Four Weeks of Constant 
Darkness: To determine if the metabolic issues in SP animals were due 
to the absence of light, we exposed animals to constant darkness for 
four weeks (DD-AL group). Food intake and body weight were measured 
weekly under dim red lighting (2 lux); the red incandescent lamp was 
only turned on briefly during the measurement, which was performed at 
the end of the subjective day (ZT11). Four weeks later, animals underwent 
a glucose tolerance test. One week later, animals were euthanized to 

measure their retroperitoneal (pWAT), epididymal (eWAT), and inguinal 
subcutaneous (scWAT) fat mass.

Temperature Measurements: To monitor core body temperature 
in Experiment 1, rats were implanted with sterilized intraperitoneal 
temperature sensors (iButton Sensor – Temperature Logger; Maxim 
Integrated Products), which collected temperature data every 30  min. 
Animals were allowed to recover for a week before starting experimental 
procedures. Incomplete or failed temperature recordings were not 
considered for the analysis. Therefore, the sample sizes for the 
temperature data are the following: LD-AL, n = 5; SP-AL, n = 6; LD-DF, 
n = 6; SP-DF, n = 5; LD-NF, n = 6; SP-NF, n = 7.

Glucose Tolerance Test: Glucose tolerance tests were performed after 
four weeks of the experiment. Animals were transferred to a separate 
experimental room to avoid stressful conditions and fasted for 12 h 
overnight. At ZT 0, they were administered intraperitoneally with 1  mg 
kg−1 of glucose (1 mL), and blood was sampled via tail puncture at 0, 15, 
30, 60, and 120 min after the injection. Glucose was measured with the 
commercial glucometer Accucheck.

Euthanasia and Tissue Collection: Rats were sacrificed using an 
overdose of sodium pentobarbital (215  mg kg−1). Retroperitoneal, 
epididymal, and subcutaneous inguinal fat pads were dissected and 
weighed. Fat mass was calculated as the percentage with respect to total 
body weight.

Indirect Calorimetry: Animals were placed in metabolic cages (TSE 
systems) that allowed the continuous monitoring of food intake, 
locomotor activity, oxygen consumption, and carbon dioxide production. 
Energy expenditure and RER measurements were obtained from the TSE 
system.

Cosinor Analysis: Cosinor analysis was performed with Python, using 
the code available at https://github.com/rodrigo-moreno/Cosinor_
Analysis. For each variable (Experiment 1, temperature; Experiment 2, 
activity, food intake, energy expenditure and RER), the 3-d average of 
each time point was calculated for each animal, considering 3 d where 
the animals were left undisturbed. The data were adjusted to a cosine 
curve; adjustment to the curve (r2), amplitude, mesor, and acrophase 
were calculated for each variable. In addition, we performed a serial 
analysis using the Heaviside function as described in Díez-Noguera, 
2013[45] to calculate the onset and offset of all variables. Briefly, this 
procedure estimates the timepoint at which the values of the measured 
variable surpass the daily mean (onset) or decrease below the daily 
mean (offset). Then, the alpha was calculated by subtracting offset-onset 
values.

Statistical Analysis: All statistical analyses were performed with 
GraphPad Prism 5 software. Results are expressed as the mean ± the 
standard error of the mean (S.E.M.) unless stated otherwise. For all 
statistical analyses, significance was set at an alpha of 0.05 or lower.

For experiment 1, the data were tested for normality using the 
Kolmogorov-Smirnov test and for homogeneity of variances using 
the Brown–Forsythe test. If the data had a normal distribution 
and homogeneity of variances, two-way ANOVAs were performed 
(Feeding × Photoperiod). When significant effects were found, Dunnet’s 
test was used to compare each group against the LD-AL control. The 
data regarding initial weight and food intake (Figure S1, Supporting 
Information) were analyzed with a one-way ANOVA, considering 
that the food restriction had not been implemented yet. For the GTT 
(Figures  2d–I and  7b), the difference between each timepoint and the 
basal glucose level was plotted, and the area under the curve (AUC) 
was calculated for each animal considering all peaks above the baseline. 
Since the values for the temperature onset, offset, acrophase, and 
adjustment to the cosine curve did not show homogeneity of variances 
(Figure  3g,h, Table  1), two-way ANOVAs were not performed in these 
data sets.

For experiments 2 and 3, the data were tested for normality using 
the Kolmogorov–Smirnov test and for homogeneity of variances using 
the Brown–Forsythe test. Then, unpaired t-tests were performed. When 
the data showed significantly different variances, an unpaired t-test with 
Welch’s correction was performed. For fat mass, body mass, daily food 
intake, and daily activity (Figure  4a,b), a two-way ANOVA for repeated 
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measures (Group  × Time) was performed, followed by Sidak’s test 
comparing both groups in each time point.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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