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Abstract
Misaligned feeding may lead to pancreatic insufficiency, however, whether and how it affects circadian clock in the exocrine 
pancreas is not known. We exposed rats to a reversed restricted feeding regimen (rRF) for 10 or 20 days and analyzed loco-
motor activity, daily profiles of hormone levels (insulin, glucagon, and corticosterone) in plasma, and clock gene expression 
in the liver and endocrine and exocrine pancreas. In addition, we monitored responses of the exocrine pancreatic clock 
in organotypic explants of mPer2Luc mice in real time to acetylcholine, insulin, and glucocorticoids. rRF phase-reversed 
the clock in the endocrine pancreas, similar to the clock in the liver, but completely abolished clock gene rhythmicity and 
significantly downregulated the expression of Cpb1 and Cel in the exocrine pancreas. rRF desynchronized the rhythms of 
plasma insulin and corticosterone. Daily profiles of their receptor expression differed in the two parts of the pancreas and 
responded differently to rRF. Additionally, the pancreatic exocrine clock responded differently to treatments with insulin 
and the glucocorticoid analog dexamethasone in vitro. Mathematical simulation confirmed that the long-term misalignment 
between these two hormonal signals, as occurred under rRF, may lead to dampening of the exocrine pancreatic clock. In sum-
mary, our data suggest that misaligned meals impair the clock in the exocrine part of the pancreas by uncoupling insulin and 
corticosterone rhythms. These findings suggest a new mechanism by which adverse dietary habits, often associated with shift 
work in humans, may impair the clock in the exocrine pancreas and potentially contribute to exocrine pancreatic insufficiency.
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Introduction

Food intake is controlled by both homeostatic and tempo-
ral (circadian) mechanisms to ensure that sufficient nutri-
ent acquisition is coordinated with active foraging and food 
availability. The circadian system orchestrates daily behavior 
and physiology in preparation for regular feeding times and 
nutrient uptake. Misalignment of food intake with the natu-
ral sleep/wake schedules (i.e. feeding during the sleep phase) 
is a critical factor contributing to reduced metabolic health, 
including the development of obesity [1, 2] and disturbed 
glucose homeostasis leading to type 2 diabetes mellitus [3].

The circadian mechanism is based on cellular clocks 
generating rhythmic signals via transcription-translation 

feedback loops which drive daily cycles in the expression 
of so-called clock genes, namely Clock/Npas2, Bmal1, Per1/
Per2, Cry1/Cry2, and Nr1d1 (Rev-Erbα) [4]. The mamma-
lian circadian system is hierarchical, with the master clock 
residing in the suprachiasmatic nuclei (SCN) in hypothala-
mus, which receive and internalize information about exter-
nal light/dark conditions and synchronize so-called periph-
eral clocks located in cells of neuronal and nonneuronal 
origin elsewhere in the body via multiple signaling pathways 
(reviewed in [5, 6]).

The daily regime in food intake is a potent cue that rap-
idly adjusts the phases of clocks in various tissues involved 
in food acquisition and metabolisms (liver, kidney, colon, 
etc.). When entrained appropriately, these clocks align tis-
sue function with patterns of food availability, thereby ena-
bling food anticipation [7–9] irrespective of the signals from 
the light entrained SCN clock. As a result of misaligned 
food timing, the SCN and food-sensitive peripheral clocks 
become uncoupled [7, 8]. Notably, some peripheral oscil-
lators do not synchronize with the feeding regimen [10], 
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which leads to a further compromise of synchrony among 
the individual tissue clocks and metabolic disturbances [11]. 
Additionally, the dynamics of shifting peripheral clocks 
according to misaligned food timing are slowed down by 
glucocorticoids [12]

In the pancreas, secretion of hormones (endocrine part) 
and enzymes (exocrine part) is under dual control. Circadian 
control operates via clocks in pancreatic β-cells and acinar 
cells, which secrete insulin [13, 14] and digestive enzymes 
[15–17], respectively, in anticipation of food intake, and 
homeostatic control adjusts their production according to 
actual demand. To date, studies have mostly focused on a 
circadian clock in the endocrine pancreas (reviewed in [18]) 
which drives the circadian rhythm in insulin secretion in 
both fed and fasted animals [19, 20]. Disruption of the pan-
creatic clock impairs glucose homeostasis [14] and insulin 
secretion leading to hypo-insulinemia and a reduction in 
insulin sensitivity [21, 22]. Circadian disruption is sufficient 
to accelerate the development of diabetes in diabetes-prone 
rats [23] and has been implicated in the development of type 
2 diabetes mellitus in night-shift workers [24]. Although the 
effect of a misaligned feeding regime on the pancreatic clock 
has been previously studied [22, 25], there is a significant 
gap in our knowledge of its impact on the clocks operating 
selectively in the exocrine part of the pancreas. In this study, 
we tested the hypothesis that misaligned feeding imposes 
different demands on the endo- and exocrine pancreas which 
will produce a difference in their circadian responses to the 
presentation of food. To test this hypothesis, we exposed 
animals to a protocol of reversed restricted feeding (rRF), 
in which food was presented only for a limited time interval 
during the light phase of the light/dark cycle, when they nor-
mally rest or sleep, and attempted to identify the mechanism 
underlying the resulting impact on the clock in the exocrine 
pancreas.

Materials and methods

Experimental animals and procedures

Adult male Wistar rats (Institute of Physiology, Czech Acad-
emy of Sciences) were housed individually in a tempera-
ture-controlled (21 ± 2 °C) animal facility under a light/dark 
cycle with 12 h of light and 12 h of darkness (LD12:12), 
with lights on between 06:00 and 18:00, assigned as Zeit-
geber time (ZT) 0 and ZT12, respectively. The light intensity 
was 150–300 lx, depending on the cage position. Rats were 
randomly divided into 3 groups. The control group was fed 
ad libitum throughout the experiment (designated as “ad 
libitum” or “ad lib”), and two groups had restricted access 
to food; the group designated as “rRF10” had food available 
between ZT3 and ZT9 for 10 days, and the group designated 

as “rRF20” had food available between ZT3 and ZT10 for 
20 days; food availability on rRF20 was thus longer by 1 h 
compared to rRF10 to prevent undernutrition of animals due 
to the prolonged restricted feeding schedule.

Male and female  mPer2Luc mice (strain B6.129S6-
Per2tm1Jt/J, JAX, USA) aged 3 to 6 months housed in a sepa-
rate animal facility under LD12:12 and fed ad libitum were 
used to prepare organotypic explants of pancreatic tissue.

All experiments were approved by the Animal Care and 
Use Committee of the Institute of Physiology and were in 
agreement with the Animal Protection Law of the Czech 
Republic, as well as the European Community Council 
directives 86/609/EEC. All efforts were made to lessen the 
suffering of animals.

Behavioral activity monitoring

Locomotor activity of all rats was monitored throughout the 
entire experiment as previously described [26]. The resulting 
data were analyzed using the ClockLab toolbox (Actimet-
rics, Illinois, USA).

Collection of samples, RNA isolation and real‑time 
RT‑qPCR

Wistar rats were sacrificed under deep anesthesia with 
150  mg/kg ketamine (Vétoquinol, s.r.o., Czech Repub-
lic) and 15 mg/kg xylazine (Bioveta a.s., Czech Republic) 
every 4 h during a 24-h cycle, starting at ZT0 (n = 5 per 
time point). Liver and pancreatic tissues were processed as 
described elsewhere [27]. Samples of exocrine (approx. 10 
mm2) and endocrine (approx. 2 mm2) pancreas were dis-
sected from 25 µm-thick frozen slices of pancreatic tissue 
using a laser microdissector (LMD6000, Leica), collected in 
a microfuge tube, and stored in RLT buffer from the RNeasy 
Micro kit (Qiagen, Valencia, CA, USA) until RNA isolation 
was performed according to the manufacturer’s instructions.

After the reverse transcription (High-Capacity cDNA 
Reverse Transcription Kit; Applied Biosystems, Foster 
City, CA), the cDNA samples were analyzed by real-time 
qPCR using PowerUp SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA) on a ViiA7 Real-Time PCR 
System (Life Technologies, Carlsbad, USA). For specific 
primers, see Supplementary Table S1. The ΔΔCt method 
was used for the quantification of relative cDNA concen-
tration. Relative expression was achieved by normalization 
to β2-microglobulin (B2m) for the liver and TATA-binding 
protein (Tbp) and ribosomal protein S18 (Rps18) for the 
pancreas and pancreatic dissections. For each tissue, samples 
from the ad libitum, RF10 and RF20 groups were assayed in 
the same real-time RT-qPCR run.
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ELISA

Blood was collected by cardiac puncture under anesthesia 
before collection of tissue samples (n = 3–5 per time point). 
Plasma samples were assayed by ELISA to detect daily pro-
files of insulin (Mouse Insulin High Sensitivity ELISA kit; 
BioVendor, Brno, CZ), glucagon (Rat Glucagon ELISA Kit; 
Crystal Chem, Elk Grove Village, USA) and corticosterone 
(Corticosterone rat/mouse ELISA kit; LDN, Nordhorn, Ger-
many) concentrations according to respective the manufac-
turer’s instructions.

Bioluminescence monitoring of organotypic 
explants and in vitro treatment

Explants of the exocrine pancreas were prepared from mPer-
2Luc mice as previously described [27]. To abolish β-cells, 
the explants were treated overnight with 1.5 mM streptozo-
cin (STZ) in the recording medium. The efficiency of β-cell 
destruction in the explanted tissue was confirmed by detec-
tion of Pdx1, Ins1 and Ins2 mRNA by real-time RT-qPCR; 
expression was normalized to the housekeeping genes ribo-
somal protein S18 (Rps18) and hypoxanthine–guanine phos-
phoribosyltransferase (Hprt).

Bioluminescence was monitored in a LumiCycle 
apparatus (Actimetrics, Wilmette, IL, USA) and the 
raw bioluminescence traces were analyzed using Lumi-
Cycle Analysis software (Actimetrics). After 3 days of 
culturing, the explants were treated with acetylcholine 
(ACh; 10  µM, Sigma-Aldrich), bovine insulin (INS; 
500  nM, Sigma-Aldrich) and/or dexamethasone (DEX; 
100  nM, Sigma-Aldrich), and with the correspond-
ing vehicles VEHACh—ddH2O, VEHINS—7 µM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 
Sigma-Aldrich) in ddH2O, and VEHDEX—0.00001% ethanol 
in ddH2O. The phase shifts were quantified by fitting a sine 
curve to at least two full circadian cycles of a 24-h running 
average baseline-subtracted rhythm, extrapolating it beyond 
the time of treatment, and then measuring the difference 
between the time of the first peak after the treatment and the 
corresponding peak of the extrapolated rhythm. The calcu-
lated phase shift was designated as a phase advance ( +) or 
a phase delay (−). The phase response curves (PRCs) were 
constructed by plotting the calculated phase shift as a func-
tion of treatment time normalized to the endogenous period 
in vitro and expressed relative to the trough (time 0) or peak 
(time 12) of the rhythm.

Separate set of explants was monitored in a motorized 
Luminoview LV200 luminescence microscope (Olympus, 
Tokyo, Japan) with LUCPLFLN20X or UPLSAPO10X2 
objectives (Olympus) and an ImageEM X2 EMCCD cam-
era (Hamamatsu, Hamamatsu City, Japan) water cooled by 
a Minichiller 280 (Huber, Offenburg, Germany) with an 

exposure time of 10 min. Single cells were outlined and 
tracked using the Trackmate [28] plugin in ImageJ/Fiji.

Mathematical simulation

Data on phase shifts and relative amplitude changes acquired 
during in vitro treatments of INS and DEX were interpo-
lated by linear regression with polynomial features using 
Scikit-learn [29]. The degree of polynomial function was 
determined by the evaluation of the mean squared error. For 
the circadian oscillation model, a cosine curve defined by the 
equation Y = mesor + (amplitude*cos(2*π*(X-acrophase)/
wavelength)) was used as the default function. Wavelength 
(24 h) and mesor (0) were set constant and the rise of ampli-
tude was restricted. Two model conditions were established: 
(1) simulated “control” ad libitum conditions, when induced 
changes in rhythm phase and amplitude (i.e., simulated 
“treatment”) by the combination of DEX and INS occurred 
every 24 h, and (2) simulated rRF conditions when “treat-
ment” by DEX and INS alternately occurred every 12 h. At 
each “treatment” time, the cosine curve was replotted with 
shifted phase and modified amplitude according to param-
eters obtained by polynomial regression curves. The time 
of the initial treatment was established to be 2.3 h after the 
trough, as it was at this “treatment” time when the model 
curve became stabilized. All code was written in Python 
3.8.3.

Statistical analysis

Parameters of locomotor activity were assessed by one-way 
ANOVA followed by the post hoc analysis with Sidak's mul-
tiple comparison method. The daily profiles of gene expres-
sion and insulin, glucagon and corticosterone blood plasma 
concentrations were assessed using two-way ANOVA (effect 
of the group) followed by the post hoc analyses with Sidak’s 
multiple comparison method. Changes in body weight were 
compared using paired t-tests, and differences in levels of 
hormones during light/dark period, functional and marker 
gene expression and periods of PER2-driven biolumines-
cence rhythms in pancreatic explants were compared using 
unpaired t-tests. The daily profiles of gene expression and 
hormonal levels were analyzed by cosinor analysis for detec-
tion of the presence/absence of a circadian rhythm as pre-
viously described [26]. Briefly, two alternative regression 
models to differentiate between rhythmic and non-rhythmic 
expression were used: either a horizontal straight line (null 
hypothesis) or a single cosine curve (alternative hypothesis), 
defined by the equation Y = mesor + (amplitude*cos(2*π* 
(X-acrophase)/wavelength)) with a constant wavelength of 
24 h. The extra sum-of-squares F test was used for compari-
son, and the cosine curve parameters were calculated unless 
the P value exceeded 0.05.
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All statistics were performed using Prism 7 software 
(GraphPad, CA, USA). P < 0.05 was required for signifi-
cance; in case of multiple testing P was adjusted accordingly.

Results

rRF re‑organizes daily locomotor activity patterns 
and has no major effect on body weight gain

Locomotor activity of Wistar rats was monitored through-
out the experiment (Fig. 1a, for statistical comparisons, see 
Supplementary Table S2). Total activity (Fig. 1b) initially 
increased during the first 5 days of rRF and then dropped 
back significantly to the ad libitum level. However, over time 
rats became more active during light phase, i.e., the ratios of 
dark:light activity decreased (Fig. 1c). It was mainly due to 
increased activity during food presence (Fig. 1d) as well as 
during its anticipation measured 2 h before food availability 
(Fig. 1e).

The amount of food the rats consumed per day on RF20 
(24.8 ± 0.5 g; n = 34; mean ± SEM) was only slightly lower 
than under ad  libitum feeding conditions (27.2 ± 0.3 g; 
n = 29; mean ± SEM). Importantly, the rRF20 protocol had 
no effect on body weight (Fig. 1f); it caused only a mild 
loss in body weight during the first 10 days (day0 vs. day10: 
P = 0.0728), but then, most animals gained their weight back 
or weighed even more by the end of the rRF20 protocol (day 
10 vs. day 20: P = 0.0011).

rRF produces tissue‑specific adjustment of daily 
clock gene expression profiles

We assessed the effect of rRF on the clocks in tissue 
homogenates prepared from rats fed ad libitum and those 
exposed to one of each of the restricted feeding regimens. 
The mRNA levels and cosinor fits of the profiles are shown 
in Fig. 2; for better clarity, the rRF10 and rRF20 compari-
sons with ad libitum fed groups are presented separately. The 
acrophases and amplitudes of the rhythms are provided in 
Supplementary Table S3 and Supplementary Table S4 for 
the liver and pancreas, respectively.

In agreement with previous data [8, 30], exposure of ani-
mals to the rRF10 protocol used in this study completely 
phase reversed expression profiles in the liver for Per2, 
Cry1, Nr1d1, Bmal1, Dbp (Fig. 2a), with the exception of 
Per1, which lost rhythmicity. Surprisingly, the pancreatic 
tissue from the same animals exposed to rRF10 responded 
quite differently (Fig. 2b). After 10 days on rRF, the expres-
sion rhythm was either not shifted (Per2), or the shift was 
only very small (Cry1, Bmal1, Nr1d1, Dbp). In the group 
exposed to rRF for 20 days (Fig. 2c) pancreatic rhythms 
of Per2 and Bmal1 expression phase advanced (almost to 

antiphase) compared to the ad libitum. Surprisingly, all other 
gene expression profiles in this study became completely 
arrhythmic. In contrast to the liver (Fig. 2a), the amplitudes 
of the pancreatic profiles were significantly dampened on 
both rRF10 and RF20 protocols compared with ad libitum 
feeding (Fig. 2b, c).

Clocks in the exocrine and endocrine pancreas 
respond differently to rRF

The findings described above prompted us to investigate 
the effect of rRF on clocks located separately in the exo-
crine and endocrine parts of the pancreas. Each part was 
precisely dissected from frozen pancreatic tissue sections 
using a laser-dissection technique (shown in Fig. 3; upper 
part). The samples from the ad libitum-fed group and the 
rRF20 group (which showed the most significant impact on 
the profiles detected at the whole-tissue level, as shown in 
Fig. 2c) were assessed within the same RT-qPCR assay for 
each of the two parts of the pancreas (Fig. 3; for the results 
of cosinor analysis, see Supplementary Table S5). Whereas 
in the ad libitum group, the clocks in both pancreatic parts 
exhibited robust and synchronized circadian rhythms, their 
responses to rRF20 differed. In the islets (Fig. 3a), the 
expression profiles of all studied genes remained rhythmic 
and shifted to antiphase compared to those in the ad libitum 
group similar to the clock in the liver. In contrast, in the 
exocrine part (Fig. 3b), the profiles of all studied genes lost 
rhythmicity, and, additionally, the expression of Nr1d1 and 
Dbp was significantly downregulated.

To assess the impact of rRF20 on the function of the exo-
crine pancreas, we compared the expression of several genes 
coding important digestive enzymes produced in the acinar 
cells, namely carboxyl ester lipase (Cel), carboxypeptidase 
(Cpb1), chymotrypsinogen B1 (Ctrb1), pancreatic triacylg-
lycerol lipase (Pnlip), protein phosphatase 1 regulatory sub-
unit 3C (Ppp1r3c), and pancreatic alpha-amylase (Amy2), in 
animals fed ad libitum (n = 35) and those exposed to rRF20 
(n = 35) (Fig. 4). rRF20 significantly downregulated two 
of the genes (Cpb1: P = 0.0005 and Cel: P = 0.0305), there 
was only a non-significant trend for lower expression for 
Ctrb1 (P = 0.0757) and expressions of Ppp1r3c, Pnlip and 
Amy2 were not affected (P = 0.2473, 0.3377 and 0.5211, 
respectively). The data suggest that the production of some 
enzymes in the acinar pancreatic cells may be impaired due 
to exposure to the long-term rRF.

Daily profiles of insulin and corticosterone levels 
in plasma are uncoupled due to the rRF schedules

To understand the implication of the rRF regimen for pan-
creatic function, we measured plasma levels of insulin 
(Fig. 5a) and corticosterone (Fig. 5b), which are reflecting 
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feeding and activity patterns, respectively, in animals fed 
ad libitum and those exposed to rRF10 and rRF20. Plasma 
levels of glucagon are shown in Supplementary Fig. S1.

Insulin levels (Fig.  5a) in the ad  libitum fed group 
exhibited circadian variation (cosinor: P = 0.0033) with 
elevated levels during the activity (dark) phase (acrophase 

Fig. 1   Analysis of locomotor 
activity of animals main-
tained under two experimental 
protocols of reversed restricted 
feeding (rRF). Rats main-
tained in 12 h light:12 h dark 
cycle were fed ad libitum and, 
thereafter, they were exposed 
to reversed restricted feed-
ing protocol lasting for either 
10 days (rRF10; n = 35) or 
20 days (rRF20; n = 35). For 
more details, see  “Materi-
als and methods” section a 
Representative activity records 
(double-plotted actograms) of 
one rat from each experimental 
group are depicted. The dark 
phase of the LD cycle is shaded 
and the interval when food was 
provided under each of the rRF 
regimes is depicted by colored 
dashed rectangles. The activity 
records were analyzed under 
ad libitum conditions and in 
5-day intervals throughout rRF 
protocols. b Total activity. c 
Dark/light activity ratio (ratio 
between activity during the 
dark and light phases of the 
LD cycle). d Activity during 
presence of food. e Anticipatory 
activity measured during 2 h 
before the food presence. Data 
are expressed as mean ± SEM. 
*P < 0.05, **P < 0.01; 
***P < 0.001; ****P < 0.0001 
vs. ad libitum; #P < 0.05; 
##P < 0.01; ####P < 0.0001 
vs. RF1-5. f Changes in body 
weight throughout rRF20 
protocol. Data are expressed 
as mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001
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Fig. 2   Clock gene expression in the liver and pancreas homogen-
ates. Comparison of daily profiles of relative expression of Per1, 
Per2, Cry1, Nr1d1, Bmal1 and Dbp detected by RT-qPCR in ani-
mals fed ad  libitum (ad lib) and exposed to reversed restricted feed-
ing protocols (rRF10 and rRF20). Data were fit with cosine curves 
(for details, see “Materials and methods” section). a Liver; ad libitum 
circles and full line, rRF10 circles and dashed line, significant differ-
ences between groups at individual time points are depicted as indi-
cated by two-way ANOVA post hoc analysis *P < 0.05, **P < 0.01; 
***P < 0.001; ****P < 0.0001. b Pancreas; ad  libitum circles and 

full line, rRF10 squares and dashed line. c Pancreas; ad  libitum cir-
cles and full line, rRF20 triangles and dashed line. Data are expressed 
as mean ± SEM. Data were fitted with a horizontal straight line 
(null hypothesis) or a cosine curve (alternative hypothesis), com-
pared by the extra sum-of-squares F test and plotted accordingly. 
Significant differences between groups at individual time points are 
depicted as indicated by two-way ANOVA post hoc analysis, due to 
multiple comparisons, alpha was adjusted *P < 0.025, **P < 0.005; 
***P < 0.0005; ****P < 0.00005
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Fig. 3   Gene expression in the separated endocrine and exocrine pan-
creatic tissue. Representative sections of the pancreas to demonstrate 
separation of the endocrine pancreas (islets of Langerhans) and the 
exocrine pancreas (acinar cells) using laser microdissection (upper 
part). Daily profiles of relative expression of Per2, Cry1, Nr1d1, 
Bmal1 and Dbp in animals fed ad  libitum compared to animals on 

rRF20 protocol were detected using real-time RT-qPCR. Data were 
fitted with a horizontal straight line (null hypothesis) or a cosine 
curve (alternative hypothesis), compared by the extra sum-of-squares 
F test and plotted accordingly. a Endocrine pancreas (islets of Langer-
hans). b Exocrine (acinar cells) pancreatic tissue. Individual values at 
each time point are shown
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mean ± SEM: ZT14.9 ± 1.1), when rats consume most of 
the food. After 10 days of exposure to rRF, the plasma 
insulin levels remained rhythmic (cosinor: P = 0.0066) 
but the peak of the rhythm shifted according to meal-
time into the inactive part of the light/dark cycle (acro-
phase mean ± SEM: ZT7.6 ± 1.0). After 20  days, the 

phase-reversed insulin profile was still rhythmic (cosinor: 
P = 0.0002) with approximately the same phase (acrophase 
mean ± SEM: ZT8.4 ± 0.7) as on rRF10. The significant 
effect of rRF on the insulin profiles was also confirmed 
by 2-way ANOVA (group: P = 0.0001; time: P < 0.0001; 
interaction: P = 0.0001).

Fig. 4   Gene expression of exocrine pancreas-specific genes. Expres-
sion of exocrine pancreas-specific genes (Cel, Cpb1, Ctrb1, Pnlip, 
Ppp1r3c and Amy2) in pancreatic homogenates from animals fed 
ad  libitum (ad lib; n = 35) and exposed to rRF20 (n = 35). The data 
from samples collected around the clock (data shown in Fig. 3c) were 

pooled to compare the expression levels between both groups because 
none of the gene expression profile exhibited circadian variation (data 
not shown). Data are expressed as individual values and mean ± SEM, 
*P < 0.05; ***P < 0.001

Fig. 5   Levels of insulin and corticosterone in blood plasma and their 
receptors in the endocrine and exocrine pancreas. Daily profiles of a 
insulin and b corticosterone levels in the plasma of animals which 
were fed ad libitum (circles, full line), or exposed to 10 days (squares, 
dotted line) and 20 days (triangles, dashed line) of restricted feeding 
protocols (rRF10 and rRF20). Daily profiles of c Insr and d Nr3c1 
mRNA in laser-dissected endocrine (islets of Langerhans; full circles) 

and exocrine pancreas (open circles) of animals fed ad  libitum and 
exposed to rRF20. Data are depicted as mean ± SEM and fitted cosine 
curves. Significant differences between groups at individual time 
points identified by two-way ANOVA post hoc analysis are shown. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 ad  libitum vs. 
RF20; ##P < 0.01, ###P < 0.001 ad libitum vs. RF10
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For corticosterone levels (Fig.  5b), cosinor analy-
sis detected significant circadian rhythmicity in all three 
groups (ad libitum: P = 0.0006, rRF10: P = 0.0019, rRF20: 
P = 0.0009). In animals fed ad libitum, corticosterone lev-
els peaked around the beginning of the nocturnal activity 
(acrophase mean ± SEM: ZT13.3 ± 0.9), however, exposure 
to rRF shifted the peak to later nighttime hours (acrophases 
mean ± SEM: rRF: ZT18.7 ± 0.8 and rRF20: ZT18.7 ± 0.7). 
Therefore, misaligned feeding affected the daily profile of 
corticosterone plasma levels in an opposite way compared to 
insulin. As a result, synchronously elevated insulin and cor-
ticosterone levels in ad libitum fed animals attained opposite 
phase-relationship after exposure to rRF.

Expression levels of insulin and corticosterone 
receptors differ in endocrine and exocrine pancreas 
and in their responses to the rRF20

We detected daily expression profiles of genes for the insu-
lin receptor Insr (Fig. 5c) and the corticosterone receptor 
Nr3c1 (Fig. 5d) in the endocrine (islets of Langerhans) and 
exocrine pancreas under ad libitum feeding and rRF20 con-
ditions. We compared the profiles between both parts of 
the pancreas for each feeding condition by 2-way ANOVA 
(significant differences at individual time points are shown 
in the graphs). Results of cosinor analysis are shown in Sup-
plementary Table S6.

Expression of Insr in the endocrine pancreas was very 
low throughout the 24 h and significantly downregulated 
compared with the exocrine part under both ad  libitum 
and rRF20 conditions (Fig. 5c). In the exocrine pancreas, 
Insr expression was higher than in the endocrine part and 
exhibited a circadian rhythm under ad libitum feeding that 
was completely abolished under rRF20. The rhythm of Insr 
expression in the exocrine pancreas detected under ad libi-
tum feeding was roughly in the opposite phase to the rhythm 
of plasma insulin levels (Fig. 5a), probably to compensate 
for the hormone daily variations. The results suggest that 
cells in the exocrine pancreas are more sensitive to insulin 
signaling than cells in the endocrine part.

Expression of Nr3c1 in the endocrine pancreas exhibited 
rhythms under both ad libitum and rRF20 (Fig. 5d). Under 
ad libitum feeding, Nr3c1 expression in the endocrine part 
peaked at the end of the subjective night, which was approxi-
mately the opposite phase to the plasma corticosterone 
rhythm (Fig. 5b), probably to compensate for the hormone 
daily variations. However, under rRF20, Nr3c1 rhythm in the 
endocrine part shifted to earlier nighttime hours. In the exo-
crine pancreas, similar to Insr expression (Fig. 5c), Nr3c1 
expression was also rhythmic under ad libitum feeding, but 
rhythmicity was lost under rRF20 (Fig. 5d). Intriguingly, in 
control conditions Nr3c1 expression rhythms were not syn-
chronous in the exocrine and endocrine parts, suggesting a 

different sensitivity of these pancreatic tissues to glucocorti-
coids. Most importantly, Nr3c1 expression under rRF20 was 
significantly lower in the exocrine part than in the endocrine 
part (Fig. 5d), which was quite opposite to Insr expression 
(Fig. 5c). Differences in the receptor mRNA expression lev-
els and patterns between the two tissues suggest that the 
responses of the endocrine and exocrine pancreas to each of 
the hormones under ad libitum feeding and rRF20 conditions 
may differ. The abolition of the Insr and Nr3c1 expression 
rhythms in the exocrine pancreas under rRF20 correlated 
with the impact of rRF20 on the circadian clock in the exo-
crine pancreas (Fig. 3b). The data suggest that the clock 
in the exocrine pancreas is dependent on the synchrony of 
insulin and corticosterone rhythms.

Clock in the exocrine pancreas dampens 
under rRF due to conflicting signaling from insulin 
and glucocorticoids

To study mechanisms potentially involved in entrainment 
of the exocrine pancreatic clock, we prepared organotypic 
explants from mPer2Luc mice which were devoid of viable 
β-cells as confirmed by a significant reduction in Pdx1 
(P = 0.0194), Ins1 (P = 0.0175) and Ins2 (P = 0.0136) 
mRNA levels (Fig. 6a). The explanted tissue maintained 
viability, period of the circadian bioluminescence rhythms 
at the tissue level (Fig. 6b, c) and the synchrony among 
cellular oscillators (Fig. 6d). The explants were treated 
with either acetylcholine (ACh), dexamethasone (DEX) or 
insulin (INS) and corresponding vehicles (VEHACh/DEX/INS) 
at various times relative to the peak (time 12) in PER2-
driven bioluminescence rhythms and the resulting phase 
shifts of the rhythms were plotted as PRCs (for more 
details, see “Materials and methods” section). Treatments 
with ACh (Fig. 6e) did not induce phase shifts that were 
significantly different from those induced by VEHACh treat-
ments at any time of the cycle. In contrast, treatments with 
INS (Fig. 6f) and DEX (Fig. 6g) (but not with VEHINS and 
VEHDEX) produced phase advances or phase delays, the 
magnitudes of which were highly dependent on the timing 
of their application. The DEX-induced shifts were larger 
than the ones caused by INS. The same pattern of phase 
shift magnitudes and directions was obtained when DEX 
was cotreated with INS, as clearly visible from double-
plotted PRCs for the effects of INS, DEX and INS + DEX 
(Fig. 6h). Accordingly, whereas INS alone had no effect on 
the amplitude of the bioluminescence rhythms, both DEX 
and INS + DEX increased the ratio of amplitudes before 
and after treatment significantly above the ratios for corre-
sponding vehicles (for statistical significance, see Fig. 6i). 
To determine sensitivity windows for DEX, INS and their 
combination in external (Zeitgeber) time, we transposed 
the in vitro time into the in vivo time based on the daily 
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Per2 expression profile in the exocrine pancreas we had 
detected in ad libitum fed animals (Fig. 3b). The peak in 
Per2 mRNA levels was identified at ZT15.22 ± 0.76 (see 
Supplementary Table S5), and assuming the PER2 protein 
levels likely lag the transcription by approximately 4 h 
[31], we can expect that PER2 protein levels peak in vivo 
at approximately ZT20. Therefore, we assigned the in vitro 
time 12, which determines the PER2::LUC peak, as ZT20 
(see estimated Zeitgeber time in Fig. 6h). This extrapola-
tion revealed that the DEX-induced shifts were the small-
est during the transition from the day to the night and the 
INS-induced shifts were the smallest during the first part 
of the night (Fig. 6h).

Finally, we used our biological data for an in silico 
approach to model how misaligned insulin and glucocor-
ticoid signals during the long-term rRF impact the clock 
in the exocrine pancreas (Fig. 7). We obtained phase and 
amplitude responses to INS and DEX across the whole 
PER2-bioluminescence cycle in vitro (Fig. 6h, see “Mate-
rials and methods” section) and used them to infer the 
long-term response of an undamped sine curve represent-
ing the rhythmic PER2 expression in vivo. We simulated 
either ad libitum feeding conditions as concurrent daily 
stimulation with INS + DEX or rRF conditions as mis-
aligned stimulation with INS and DEX separately. While 
concurrent stimulation produced a stable high amplitude 
rhythm (Fig. 7a), misaligned stimulation resulted in a 
rapid decrease in amplitude leading to a loss of oscilla-
tion within several circadian cycles (Fig. 7b), accurately 
reflecting the observed in vivo data (Fig. 3).

Discussion

Both rRF schedules used in this study represent a signifi-
cant metabolic challenge forcing the animals to reorganize 
their activity, in spite of their SCN clock still remaining 
entrained with the light/dark cycle (as evidenced by pre-
viously published daily clock gene expression profiles in 
the SCN of the same rat strain exposed to an identical rRF 
procedure [8]). Notably, the clock gene expression profiles 
in homogenates of the hepatic and pancreatic tissues of the 
same animals responded differently to exposure of rRF10. 
Whereas in the liver, the clock gene Per2, Cry1, Nr1d1, 
and Bmal1 (but not Per1), and a clock-controlled gene, 
Dbp, rhythms persisted and were completely reversed 
compared to controls, in the pancreas, they became either 
severely dampened and/or only negligibly shifted. The 
response in the liver was in accordance with our previ-
ous data [8, 30] as well as data from others [7, 32, 33] 
and served us here as proof of concept confirming that 
10 days of the misaligned feeding schedule was sufficient 
to affect metabolic functions and peripheral clocks. After 
20 days of rRF, the expression of only two of the studied 
clock genes (Per2 and Bmal1) remained rhythmic in the 
pancreas. The downregulation of Dbp due to rRF is in 
discordance with a previous study [7], in which rhyth-
mic Dbp expression profile shifted after 12-h reversal of 
the feeding schedule for 6 days. The discrepancy is likely 
due to the different experimental protocols of these two 
studies, which differed in animal strain (rats versus mice), 
interval of food availability during the day, as well as in 
the duration of the rRF exposure. The slower adjustment 
of the clock in pancreatic homogenates compared to liver 
was previously noticed [7, 25]; however, its mechanism 
had not been elucidated [22]. Analyzes of separate clock 
gene expression profiles in the islets and in the exocrine 
pancreatic tissue revealed that exposure to rRF induced 
dyssynchrony among clocks in these functionally distinct 
cellular subpopulations; it reversed rhythmic clock gene 
expression profiles in the islets (in accordance with insulin 
levels), but completely abolished the rhythmicity in the 
exocrine part. Importantly, the expression of Nr1d1 and 
Dbp, which are genes involved in the metabolic input to 
and output from the clock, was not only arrhythmic but 
also severely downregulated. Therefore, the clock in the 
islets was able to adjust to changes in the feeding regime 
similarly to the clock in the liver, but the most abundant 
exocrine pancreatic tissue lost rhythmicity, which may 
explain the dampened expression profiles in the whole 
pancreas homogenates.

We hypothesized that the loss of rhythmicity in the exo-
crine pancreas was caused by rRF-induced impairment of 
clock-entraining signals. We tested entraining capability 

Fig. 6   Bioluminescence recording in exocrine pancreatic explants 
from mPer2Luc mice. a Relative expression of Pdx1, Ins1 and Ins2 
(β-cell markers) in STZ treated organotypic explants. b Representa-
tive examples of bioluminescence recording of the pancreatic organo-
typic explants. c STZ treatment did not affect the period of the clock 
in the pancreatic explant. d Bioluminescence recording of cellular 
oscillators in the pancreatic explants without (left side) and with STZ 
(right side) treatments. Normalized heatmaps, in which each line rep-
resents the bioluminescence of a tracked single cell. Snapshots of the 
same exocrine pancreatic explant depict the maximum and minimum 
of PER2-driven bioluminescence in the whole sample. e–g Phase 
response curves (PRC) constructed for the treatments of the exocrine 
pancreatic explants with e acetylcholine (ACh), f insulin (INS) and g 
dexamethasone (DEX) and corresponding vehicles (VEHACh/INS/DEX). 
h PRCs for treatment with DEX and INS were double plotted for bet-
ter comparison with PRC for treatment with a combination of insulin 
and dexamethasone (INS + DEX). The external time (Zeitgeber time; 
ZT) is depicted in the upper scale (shaded area denotes dark period 
of the light/dark cycle). ZT was extrapolated by correlating the peaks 
of PER2-driven bioluminescence in  vitro and Per2 mRNA levels 
detected in the exocrine pancreatic tissue in  vivo (for more details, 
see “Materials and methods” section). i Relative amplitude changes 
of bioluminescence rhythms after the treatments of exocrine pancre-
atic explants with DEX, INS, DEX + INS and corresponding vehi-
cles (VEHDEX and VEHINS). Data are expressed as mean ± SEM. 
*P < 0.05; ****P < 0.0001 vs. INS + DEX; ####P < 0.0001 vs. DEX

◂
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of two hormones, insulin as a hormone tracking the feed-
ing regime [34] and corticosterone as a hormone tracking 
the activity state [35]. We demonstrate that under ad libi-
tum feeding, daily rhythms of insulin and corticosterone 
are synchronous and their levels peak approximately at 
the beginning of the nocturnal activity. However, under 
rRF conditions these two rhythms rapidly uncouple as the 
insulin peak levels shift to the daytime and the corticos-
terone peak levels shift later into the nighttime. The shift 
in insulin peak tracked the meal timing and corresponded 
with the shift in the circadian clock in the islets. The 
shift in corticosterone peak tracked the delay in noctur-
nal activity onset into later hours (Supplementary Figure 
S2). It has been shown previously that the corticosterone 
peak responds to rRF with different patterns that depend 
strongly on species, biological sex, and timing and dura-
tion of food availability [10, 36–40]. In our experimental 
design, the corticosterone peak shifted to late subjec-
tive night. This was likely due to the fact that the rela-
tively long food availability (8 h) in the rRF resulted in a 

bimodal activity state, i.e., relatively long food-driven day-
time activity bout and delayed nighttime activity-related 
bout. The resulting corticosterone peak could represent a 
consolidated state between these two conflicting activity 
states. The clock in beta cells reportedly responds to both 
DEX [41] and insulin [42], although PRCs for their effects 
have not been shown. Interestingly, we found that pancre-
atic islets exhibit very low Insr mRNA levels (significantly 
downregulated compared to the exocrine pancreas). In 
the exocrine pancreas, we found that both Insr and Nr3c1 
were highly expressed and their expression profiles were 
synchronously rhythmic under ad libitum feeding. Intrigu-
ingly, their rhythmicity was completely abolished under 
rRF20, similar to the rhythmicity of clock gene expression. 
Therefore, we speculate that, compared to the clock in the 
endocrine part, the clock in the exocrine pancreas is more 
sensitive to both hormones and is, therefore, more depend-
ent on their synchrony.

To test the entrainment of the exocrine clock formally, 
we compared the potency of three plausible signals, namely, 

Fig. 7   Mathematical simulation of the effect of misaligned insulin 
and glucocorticoid signaling on the clock in the exocrine pancreas. 
The effect of a concurrent (# *; ad libitum conditions) or b alternat-
ing (rRF conditions) timing of insulin (*) and corticosterone (#) sig-
nals (as observed in daily profiles of hormone levels) on phase and 

amplitude of sine curve representing responses of PER2-driven bio-
luminescence rhythm in the exocrine pancreas. Resulting curves are 
accompanied by the baseline curve for reference (dashed line). For 
more details, see “Materials and methods” section



Misaligned feeding schedule elicits divergent circadian reorganizations in endo‑ and exocrine…

1 3

Page 13 of 16  318

(1) acetylcholine, representing the tonus of the parasympa-
thetic nervous system connecting the pancreas with the SCN 
[43], (2) DEX, representing the SCN-driven elevation of 
glucocorticoid levels during the activity state and (3) INS, 
representing a food-responsive signal, which was adminis-
tered either without or with DEX. For these tests, we used 
organotypic explants of mPer2Luc mice treated with β-cell-
specific toxin STZ in which persistence of cellular oscilla-
tors in the exocrine part was confirmed. The explants still 
contained α-cells, which, however, represent only a mere 
minor cell type (approximately 20%) of the sparsely dis-
tributed islets in the tissue, and thus they could not interfere 
with the rhythmicity of most abundant acinar cells in the 
explanted tissue. Although both β-cells [44] and acinar cells 
[45] respond to cholinergic signaling, our data excluded this 
pathway from participation in the entrainment of the clock 
in the exocrine pancreas. In contrast, INS and DEX both 
shifted the clock with magnitudes and directions which were 
distinct and highly dependent on the time of their appli-
cation. The transition of the INS and DEX treatment time 
into the external time for the clock in the exocrine pancreas 
revealed that the clock does not respond to the treatments at 
the times that closely correspond to each of the hormone’s 
respective peak under ad libitum feeding conditions. How-
ever, responses to INS and DEX are maximal and opposite 
after treatments are performed at the times corresponding to 
the rRF-shifted peaks for each of the hormone. This time-
dependent sensitivity of the clock to these two hormones 
reflects the fact that the clock does not change its phase 
much when their levels peak approximately at expected time 
during the day, as occurs under ad libitum conditions in the 

laboratory. However, the clock does respond with the largest 
shifts when the hormonal levels are unexpectedly elevated 
at an incorrect time of day in order to achieve the fastest 
synchronization with new conditions. Based on the data, 
we suggest that the rRF-induced discordance between the 
insulin and glucocorticoid peak levels provides the clock in 
the exocrine pancreas with contradictory signaling forcing 
the clock to opposite phase shifts, which consequently may 
lead to impairment of rhythmicity. Mathematical modeling 
used to simulate such a situation that occurs under the long-
term exposure to rRF regime fully confirmed the hypothesis.

The importance of our study is strengthened by the fact 
that impairment of the exocrine pancreatic clock induced by 
misaligned mealtime correlated with significant downregula-
tion of two enzyme-coding genes, Cel and Cpb1, involved 
in the acinar cells’ function. Importantly, the implication of 
Cel in various pancreatic diseases has been well recognized 
(summarized in [46]) and Cpb1 has recently been associated 
with pancreatic cancer susceptibility [47]. Therefore, aber-
rant regulation of those genes due to a misaligned feeding 
schedule may implicate serious health consequences.

Conclusions

Misaligned meals become a frequent lifestyle transgres-
sion related to current societal pressure imposed on human 
behavior. Here we provide the first evidence that whereas 
the clock in the endocrine pancreas shifts according to meal-
time, the clock in the exocrine pancreas is severely impaired, 
causing discordance among these normally synchronous 

Fig. 8   Schematic summary of the results. Feeding aligned with activ-
ity status (as occurs in rats under ad libitum conditions) is associated 
with a coupling between the peaks in insulin and corticosterone lev-
els and the phases of the clocks in the endocrine and exocrine parts 

of the pancreas. Misaligned feeding uncouples the hormone peaks, 
causing a discordance between these normally synchronous clocks 
of these two functionally distinct parts of the pancreas and severely 
compromising the clock and function of the exocrine pancreas
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clocks of the two functionally distinct parts of the pancreas. 
Our data suggest that this effect might be mediated via food 
presence-induced divergent timing in hormonal signaling 
(Fig. 8). From a general perspective, these results represent 
the discovery of an additional level of internal dyssynchrony 
in the body caused by a misaligned feeding schedule; it 
uncouples not only (1) central and peripheral clocks [7] and 
(2) clocks of individual peripheral organs [7, 10] but also 
(3) clocks in functionally distinct cellular subpopulations 
within the same organ (this study). We speculate that the 
distinct responses of the endocrine and exocrine pancreas 
have a physiologically relevant basis. When food resources 
are available at an inconvenient (sleep) time, the clock in the 
endocrine pancreas responds with a phase shift to match the 
anticipated time of food availability in synchrony with the 
clock in the liver. In contrast, the exocrine part of the pan-
creas responds by deactivating the clock regulation, allowing 
it to respond on demand basis so that the digestive system 
can continue to function at any time when food is available. 
Such an effect may help to survive a short interval before 
food resources and activity/rest cycles resynchronize, but 
their long-term misalignment can have negative effects. In 
our study, the long-term misaligned feeding-induced clock 
impairment was accompanied by a decrease in the capability 
of acinar cells to express selective functional genes previ-
ously associated with human disorders. In humans, mis-
aligned meal schedules resembling long-term rRF (which 
disrupted the exocrine pancreatic clock) occur in shift work-
ers who frequently develop type 2 diabetes mellitus [48]. In 
diabetic patients, exocrine pancreas insufficiency has been 
reported [49]. Therefore, the mechanism underlying the 
clinical symptoms associated with the exocrine pancreatic 
insufficiency may relate to the disruption of the clock in the 
exocrine part. Our findings pave a new avenue for future 
investigation of the relationship between long-term circadian 
misalignment and a higher risk of development of metabolic 
disorders.
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