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ABSTRACT 1 

Aim Chronodisruption desynchronizes peripheral clocks and leads to metabolic diseases. 2 

Feeding cues are important synchronizers of peripheral clocks and influence rhythmic 3 

oscillations in intestinal microbiota and their metabolites. We investigated whether chronic 4 

jetlag, mimicking frequent time zone traveling, affected the diurnal fluctuations in faecal short-5 

chain fatty acid (SCFA) levels, that feed back to the gut clock to regulate rhythmicity in gut 6 

function.  7 

Methods Rhythms in faecal SCFAs levels and in the expression of clock genes and epithelial 8 

markers were measured in the colonic mucosa of control and jetlagged mice. The entraining 9 

effects of SCFAs on the rhythm in clock gene mRNA expression was studied in primary colonic 10 

crypts. The role of the circadian clock in epithelial marker expression was studied in Arntl-/- 11 

mice.  12 

Results Chronic jetlag increased body weight gain and abolished the day/night food intake 13 

pattern which resulted in a phase-delay in the rhythm of faecal SCFAs, that paralleled the shift 14 

in the expression of mucosal clock genes. This effect was mimicked by stimulation of primary 15 

colonic crypts from control mice with SCFAs. Jetlag abolished the rhythm in Tnfα, proglucagon 16 

and ghrelin expression but not in the expression of tight junction markers. Only a dampening 17 

in plasma GLP-1 but not in ghrelin levels was observed. Rhythms in ghrelin but not 18 

proglucagon mRNA expression were abolished in Arntl-/- mice.  19 

Conclusion The altered food intake pattern during chronodisruption corresponds with the 20 

changes in rhythmicity of SCFA levels that entrain clock genes to affect rhythms in mRNA 21 

expression of gut epithelial markers. 22 

Key words Arntl Knock Out, Circadian Clock, Colonic Crypts, Gastrointestinal hormones, 23 

Jetlag, Short-chain fatty acids 24 
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INTRODUCTION 1 

The circadian system enables organisms to optimally adapt their physiology and behaviour to 2 

the natural light/dark rhythm.1 The circadian system is hierarchically organized with a master 3 

clock, located in the suprachiasmatic nuclei (SCN) in the hypothalamus, regulating the clocks 4 

that are present in most other central and peripheral tissues.2  5 

At the molecular level, circadian rhythms are generated through a network of positive and 6 

negative transcriptional-translational feedback loops (TTFLs) that regulate gene expression. 7 

The core clock units Circadian Locomotor Output Cycles Kaput (CLOCK) and Aryl hydrocarbon 8 

Receptor Nuclear Translocator-Like (ARNTL) form a heterodimer that controls transcription by 9 

binding to E-boxes in the promotor region of numerous downstream genes, such as Period 10 

(Per1, Per2 and Per3) and Cryptochrome (Cry1, Cry2). These can in turn repress the 11 

transactivatory function of the CLOCK:ARNTL heterodimer. Another auxiliary feedback loop 12 

consists of the CLOCK:ARNTL heterodimer inducing transcription of Rorα and Reverbα that in 13 

turn can activate or repress Arntl transcription.3 Besides regulating their own expression, the 14 

circadian clock in turn controls the expression of several other genes, the so-called clock-15 

controlled genes (CCG).4 Animals with mutations or ablations of these core clock genes show 16 

disrupted food intake patterns, body weight and metabolism.5  17 

Disruption of the circadian clock system, also called chronodisruption, occurs when there is a 18 

mismatch between the intrinsic circadian clock and behaviour (activity/rest, feeding/fasting), 19 

as, for example, in shift work, social and chronic jetlag.6 Chronodisruption has already been 20 

extensively linked to several diseases like metabolic syndrome, obesity, stroke, breast and 21 

prostate cancer. Indeed, studies in both humans and mouse models showed that 22 

chronodisruption was associated with body weight gain, altered food intake patterns, a loss in 23 

rhythmic physical activity, a dampening of the rhythmicity in the respiratory exchange ratio, 24 

glucose intolerance, dyslipidemia, gastrointestinal symptoms and diseases, but also an 25 

increased intestinal permeability that can lead to a higher susceptibility to intestinal 26 

inflammation.7-14 In addition, chronodisruption has been shown in mice and humans to affect 27 
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the peripheral clocks in the liver and peripheral blood mononuclear cells, respectively.6,15-18 1 

Timing of food intake is an important synchronization cue or zeitgeber (ZT) for peripheral clocks 2 

and restricting food intake to the inactive phase in mice, can uncouple the peripheral clocks in 3 

the liver from the master clock in SCN.19-21 4 

The intestinal microbiota show diurnal fluctuations that can be influenced by the host’s 5 

circadian clock, as these fluctuations are lost in Arntl-/- mice, and by changes in the diet or 6 

feeding pattern. 22-25 Microbial metabolites such as short-chain fatty acids (SCFA), show diurnal 7 

fluctuations that are lost in Arntl-/- mice, blunted in diet-induced obese mice and restored by 8 

night-time restricted feeding.25,26 Diurnal fluctuations in SCFA levels are crucial to orchestrate 9 

and maintain proper oscillations of clock genes in peripheral tissue.25,27 For example, oral 10 

gavage of SCFAs shifts the circadian clock in the liver and kidney of mice. 25,27  11 

Enteroendocrine cells and their endogenous clocks in the gut are among the first cells 12 

encountering shifts in the rhythmicity of SCFAs due to chronodisruption. P/D1 cells, containing 13 

the hunger hormone ghrelin, express clock genes and timed stimulation with food-related 14 

stimuli (peptone to simulate the fed state and L-epinephrine to simulate the fasted state) induce 15 

a circadian rhythm in ghrelin release in murine ghrelinoma cells.28,29 Rhythmic fluctuations in 16 

plasma ghrelin levels are blunted in obese people and in night shift workers.30-32 Furthermore, 17 

the rhythmic effects of SCFA on the release of ghrelin in the colon are abolished in Arntl-/- 18 

mice.26 The secretion of glucagon-like peptide-1 (GLP-1), a satiety hormone that stimulates 19 

insulin release, is diurnal and is blunted in Arntl-/- mice and in obese and short term sleep-20 

deprived people with nocturnal light exposure.33-36  21 

Also other cells in the gut mucosa such as immune cells, more specifically leukocytes, 22 

macrophages and T helper 17 cells that help mediate mucosal immunity, and tight junction 23 

proteins show a circadian rhythm in their protein expression levels.10,37-43  24 

We hypothesize that chronodisruption induced by chronic jetlag in mice might induce 25 

alterations in dietary food intake pattern that will induce shifts in the production of microbial 26 

metabolites that can entrain peripheral clocks in the gut epithelium to affect the rhythmic 27 

expression of gut epithelial cell markers that regulate gut function. To investigate the entraining 28 
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capabilities of SCFAs on circadian clock mRNA expression, SCFAs will be administered to 1 

synchronized primary colonic crypts from control mice. Using a Arntl-/- mice model we will 2 

investigate the role of the circadian clock in the mRNA expression of several gut metabolic 3 

markers.  4 
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RESULTS 1 

Jetlag promotes body weight gain and changes in food intake pattern 2 

Jetlagged mice gained more weight compared to control mice (time x condition: P < 0.01) 3 

(Figure 1a) during the 4 weeks of jetlag induction without changing their total daily caloric intake 4 

(Figure 1b). Nevertheless, the jetlagged mice had an altered day/night food intake pattern 5 

compared to the control mice (time x condition: P < 0.001) (Figure 1c). While control mice ate 6 

most of their calories during the night (P < 0.001), there was no significant difference between 7 

the amount of calories eaten during night or day in jetlagged mice.  8 

 9 

Jetlag induces shifts in faecal SCFA concentrations  10 

To investigate the possible effect of the changed food intake pattern on the production of 11 

microbial metabolites, SCFA concentrations were measured in the luminal content of the distal 12 

colon over 24 hours. Faecal concentrations of acetate showed no diurnal rhythm in both control 13 

and jetlagged mice (Figure 2a), while propionate (PCosinor < 0.05) and butyrate (PCosinor < 0.01) 14 

concentrations showed a diurnal rhythm in the control mice with peak concentrations at 15 

zeitgeber time (ZT) 4:47 and ZT 3:04, respectively (Figure 2b-c). Jetlag delayed the acrophase 16 

of the rhythmic fluctuations of propionate and butyrate by 5:19 (P < 0.01) and 2:43 (P < 0.05), 17 

respectively. Jetlag did not affect the total faecal SCFA concentration over 24h between control 18 

(23.2 mM) and jetlagged (25.5 mM) mice. The cosinor parameters for all experiments 19 

performed in control and jetlagged mice are summarized in Table 1.  20 

 21 

Shifts in circadian clock gene mRNA expression in the colon and stomach mimic 22 

the shifts in SCFA concentrations  23 

SCFAs are known to affect circadian clock expression in peripheral tissues. Therefore, clock 24 

gene expression was studied in the mucosa of the distal colon and stomach of control and 25 

jetlagged mice. 26 
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The mRNA expression of the positive regulators of the circadian clock Arntl (PCosinor < 0.001) 1 

and Clock (PCosinor < 0.001) and the negative regulator Reverbα (PCosinor < 0.001) in the mucosa 2 

of the distal colon showed diurnal rhythmicity in control mice and peaked at ZT 2:19, ZT 2:43 3 

and ZT 10:37, respectively. The acrophases of Arntl, Clock and Reverbα were delayed by 4:20 4 

(P < 0.001), 2:10 (P < 0.05) and 4:53 (P < 0.001) in jetlagged mice (Figure 3a-c). In addition, 5 

jetlag also decreased (P < 0.01) the amplitude of the rhythm of Reverbα expression by 57% in 6 

the distal colonic mucosa (Figure 3c). Furthermore, Arntl and Clock mRNA expression peaked 7 

together in control mice (P = 0.45), as they form a heterodimer to exert their function, but in 8 

jetlagged mice Arntl and Clock mRNA expression no longer peaked together (P < 0.01). 9 

Expression patterns of the negative regulator Per2 were also measured in the distal colonic 10 

mucosa and showed similar results as Reverbα expression (Figure S1). Interestingly, the 11 

respective shifts between control and jetlagged mice in neither faecal propionate nor butyrate 12 

levels differed significantly from the respective shifts observed for Arntl, Clock, Reverbα and 13 

Per2 mRNA expression. Moreover, both Arntl and Clock mRNA expression peaked together 14 

with the faecal propionate and butyrate concentration in both control and jetlagged mice which 15 

in turn probably induced the shift in the mRNA expression of the other clock genes Reverbα 16 

and Per2. (Figure 3d). 17 

Similar results were found in the mucosa of the stomach where the mRNA expression of Arntl 18 

(PCosinor < 0.001), Clock (PCosinor < 0.001) and Reverbα (PCosinor < 0.001) showed diurnal 19 

fluctuations in control mice and peaked at ZT 0:37, ZT 22:22 and ZT 9:37, respectively. The 20 

acrophases of Arntl and Reverbα were delayed by 4:44 (P < 0.001) and 4:36 (P < 0.001), while 21 

the rhythm in Clock mRNA expression was lost in jetlagged mice as shown in Table 1 and in 22 

Figure 4 which summarizes the acrophases of all measured parameters measured in control 23 

and jetlagged mice. 24 

Interestingly, the acrophase of Arntl, Clock and Reverbα mRNA expression peaked earlier in 25 

the stomach mucosa than in the distal colonic mucosa in control mice. A significant time delay 26 

in the colon was observed compared to the stomach of 1:41 (P < 0.001) for Arntl, 4:20 (P < 27 

0.001) for Clock and 1:00 (P < 0.001) for Reverbα (Figure 3e). In jetlagged mice, similar shifts 28 
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in acrophases were found for Arntl (0:58) (P < 0.05) and Reverbα (1:16) (P < 0.001). No rhythm 1 

was observed in Clock mRNA expression in the stomach of jetlagged mice.  2 

 3 

SCFAs induce a shift in clock gene expression in primary colonic crypts in vitro 4 

The changes in faecal SCFAs may be a potential timing cue that affects circadian clock gene 5 

transcription. The hypothesis that the observed phase-delay in faecal SCFAs provokes the 6 

shift in the circadian clock gene expression was investigated in synchronized primary colonic 7 

crypts that do not receive input from the master clock in the brain. To investigate this 8 

hypothesis primary colonic crypts of control mice were synchronized with dexamethasone and 9 

incubated with either Dulbecco's Modified Eagle Medium (DMEM) (Control) or a mixture of 10 

SCFAs (24 mM). Representative pictures of the primary colonic crypts at time of isolation and 11 

after synchronization are shown in Figure S3 (a-b). Arntl, Reverbα and Per2 mRNA expression 12 

showed diurnal rhythmicity in control and SCFA-treated crypts (Figure 5a-c). Stimulation of 13 

primary colonic crypts with a mixture of SCFAs that mimics the measured faecal levels in mice 14 

resulted in a phase delay of 2:38 (P < 0.05) in Arntl mRNA expression, 4:46 in Reverbα (P < 15 

0.001) mRNA expression and 4:36 (P < 0.01) in Per2 mRNA expression.  16 

 17 

Jetlag affects the rhythmicity of gastrointestinal hormones 18 

In the distal colonic mucosa, Proglucagon mRNA expression, the precursor for GLP-1, was 19 

diurnal (PCosinor < 0.001) in control mice, peaking at ZT 5:07, while rhythmicity was lost in 20 

jetlagged mice (Figure 6a). In addition, the acrophase of Proglucagon mRNA expression (ZT 21 

5:07) did not differ statistically from the acrophase of the faecal propionate and butyrate 22 

concentrations and from the acrophase of the mRNA expression of the SCFA receptor, Ffar2 23 

(ZT 4:06) in the distal colonic mucosa of control mice (Figure 4). Furthermore, the observed 24 

rhythmicity in Ffar2 mRNA expression in control mice (PCosinor < 0.05) was lost in jetlagged mice 25 

(Figure 6b). Plasma GLP-1 concentrations showed diurnal fluctuations in both control and 26 

jetlagged mice (PCosinor < 0.01) but the amplitude was dampened (P < 0.05) by 60% in the 27 
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jetlagged mice (Figure 6c). Blood glucose levels fluctuated (PCosinor < 0.01) and peaked at ZT 1 

6:16 in control mice while there was only a trend (PCosinor = 0.06) towards rhythmicity in 2 

jetlagged mice (Figure 6d).  3 

In the mucosa of the stomach, the major production site of ghrelin, Ghrelin mRNA expression 4 

fluctuated diurnally (PCosinor < 0.05) in control mice and was peaking at ZT 5:07, while this 5 

rhythm was lost in jetlagged mice (Figure 7a). The effect of jetlag on ghrelin O-acyltransferase 6 

(Goat) expression, the enzyme that catalyses the octanoylation of ghrelin necessary for its 7 

biological activity, was measured as well.44,45 Goat mRNA expression showed a diurnal rhythm 8 

(PCosinor <0.05) in control (ZT 9:29) and jetlagged (ZT10:33) mice that did not differ significantly 9 

(Figure 7b) (Figure 4). Further, octanoyl, plasma ghrelin levels also remained rhythmic (PCosinor 10 

< 0.05) and peaked at ZT 14 with the same amplitude in both groups (Figure 7c).  11 

 12 

The circadian clock regulates the mRNA expression of Ghrelin and Ffar2 in the 13 

distal colon 14 

Next, we investigated whether the effect of chronic jetlag on changes in the diurnal fluctuations 15 

of the genes of interest is regulated by the circadian clock and is not due to direct effects of for 16 

instance the shifts in faecal SCFAs via histone deacetylase inhibition. To investigate the role 17 

of the circadian clock in the rhythmic mRNA expression of Ghrelin, Proglucagon and Ffar2 in 18 

the distal colonic mucosa, mRNA expression was investigated in Arntl-/- and their wild type 19 

(WT) littermates at ZT 4 and ZT 16. Ghrelin mRNA expression was significantly higher at ZT 4 20 

than at ZT 16 in the WT littermates (P < 0.05), while no difference was observed between the 21 

two ZTs in Arntl-/- mice (Figure 8a). Similarly, Ffar2 mRNA expression was significantly lower 22 

at ZT 16 compared to ZT 4 (P < 0.05) in WT but not in Arntl-/- mice, although an upregulation 23 

(P < 0.001) of Ffar2 mRNA expression was observed over both ZT’s (Figure 8b). Proglucagon 24 

mRNA expression did not differ between ZT 4 and 16 in both genotypes (Figure 8c). 25 

 26 
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Jetlag affects the rhythmicity of Tnfα expression but not of tight junction 1 

markers 2 

The mRNA expression of inflammatory marker Tumor necrosis factor α (Tnfα) showed diurnal 3 

rhythmicity in the distal colonic mucosa in control mice (PCosinor < 0.01), peaking at ZT 8:31, 4 

while rhythmicity was lost in jetlagged mice (Figure 9a). Interleukin 1β (Il1β) was not expressed 5 

in the distal colonic mucosa of both groups. Ocln mRNA expression was diurnal in both groups 6 

(PCosinor < 0.05), peaking at ZT 4 but was not affected by jetlag. No rhythm in Cldn1 and Tjp1 7 

mRNA expression was observed in neither control nor jetlagged mice (Figure 9b-c) (Table 1).  8 
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DISCUSSION 1 

In the present study, we showed that chronic jetlag enhances body weight gain and alters the 2 

food intake pattern without an increase in consumed calories. The alteration of the day/night 3 

food intake pattern corresponds with a phase delay in the faecal SCFA levels that was 4 

paralleled by a similar phase delay in clock gene expression in the mucosa of the stomach and 5 

colon. The shift in clock gene expression was mimicked by stimulation of primary colonic crypts 6 

with SCFAs. Although jetlag abolished the rhythm in proglucagon and ghrelin mRNA 7 

expression, only a dampening in plasma GLP-1 levels was observed and no change in plasma 8 

ghrelin levels suggesting that it is unlikely that they change the food intake pattern. Studies in 9 

Arntl-/- mice showed that Ghrelin and Ffar2 but not Proglucagon mRNA expression is regulated 10 

by the circadian clock. The rhythm in Tnfα mRNA expression in the distal colonic mucosa was 11 

abolished by jetlag, but not the tight junction markers of which only Occludin was rhythmic. In 12 

conclusion, altered feeding cues affecting the rhythmicity of microbial metabolites during 13 

chronic jetlag shift the gut clock that regulates rhythmic mRNA expression of many epithelial 14 

markers that contribute to gut homeostasis.  15 

Our results show an increased body weight and an altered food intake pattern without an 16 

increase in daily calorie consumption in the jetlagged mice. Comparable findings were reported 17 

in a similar model of jetlag and in other models of chronodisruption, induced by exposing mice 18 

to dim light at night or to a high-fat diet.22,46-49 Food intake is known to be strongly regulated by 19 

the arcuate nucleus (ARC) in the hypothalamus that produces AgRP, which is also influenced 20 

by the circadian clock.50-53 Cedernaes et al. showed that both mice with a forebrain-specific 21 

ablation of Arntl (where the hypothalamus and SCN is located) and mice with an AgRP-specific 22 

ablation of Arntl exhibited a significant reduction in food intake during the dark period and an 23 

increased intake during the light period.52 The changed food intake pattern observed in the 24 

jetlagged mice can possibly be explained by a central (light/dark cycle-driven) disruption of the 25 

circadian clock in the arcuate nucleus that centrally controls feeding rhythms. However, this 26 

was not addressed in the current study. Nonetheless, altered food intake patterns will have an 27 
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important influence on the function of the gastrointestinal tract that acts as a peripheral system 1 

involved in the short-term regulation of food intake. Meal-related fluctuations in gut hormones 2 

feedback to the arcuate nucleus to regulate hunger and satiety.54-57  3 

Food is mainly digested and absorbed in the small intestine, but non-digestible dietary fibres 4 

are fermented by the microbiota to SCFAs in the colon. In agreement with previous findings 5 

from our group, we confirmed that faecal propionate and butyrate levels show diurnal 6 

fluctuations that peak in the morning in control mice.58 The altered day/night food intake pattern 7 

in jetlagged mice concurred with a phase delay in the propionate and butyrate peak. Restoring 8 

the food intake pattern to the active phase could possibly avoid the phase delay in faecal 9 

SCFAs. A previous study already confirmed that restoration of the disturbed food intake pattern 10 

by night-time restricted feeding in chronodisrupted Arntl -/- mice restored diurnal fluctuations in 11 

caecal SCFA concentrations and the rhythmic effect of SCFAs on octanoyl ghrelin release in 12 

colonic explants. In addition, the expression of other clock genes (like Clock) was enhanced in 13 

the colonic mucosa.26  14 

Our data confirm the presence of a circadian clock system in the distal colonic and gastric 15 

mucosa. The observed phase shift in clock gene expression in the distal colonic mucosa due 16 

to chronic jetlag is probably caused by the time-shift in the peak concentration of the diurnal 17 

faecal SCFA levels. This is implied by our results observed in the primary crypt model where 18 

SCFAs mimicking faecal concentrations shifted the circadian clock gene expression similarly 19 

to the phase delay observed in jetlagged mice. Indeed, SCFAs have previously been shown 20 

to be important entraining signals for peripheral clock genes. Oral gavage of SCFAs induced 21 

circadian clock phase shifts in mouse liver, kidney and submandibular gland.27 In hepatic 22 

organoids addition of butyrate shifted the rhythmicity and amplitude of the clock genes Per2 23 

and Arntl.25 Further, also other microbial metabolites like secondary bile acids have been 24 

shown both in vitro and in vivo to entrain peripheral circadian clocks.59 Similarly, 25 

chronodisruption using sleep disruption abolished diurnal fluctuations in serum bile acids in 26 

mice.60-62 Besides microbial metabolites, also metabolism can affect the circadian clock. 27 
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Hormones like insulin, leptin, ghrelin and glucagon have been demonstrated to acutely affect 1 

circadian clock expression.63-66  2 

Taken together these findings suggest that luminal SCFAs are an entraining signal for clock 3 

genes in the colon. In the stomach, it is more likely that the shift in clock gene expression is 4 

caused by plasma SCFAs. Segers et al. showed that total plasma SCFA levels peaked at ZT 5 

21 which approximates the rhythm of Arntl (ZT 0:37) and Clock (ZT 22:22) mRNA expression 6 

in the stomach of control mice. Moreover, in the same study the presence of SCFAs in the 7 

luminal content of the stomach was demonstrated, possibly originating from the chow or from 8 

coprophagic behavior.26 This might directly influence clock gene expression in the stomach.  9 

We next tried to elucidate whether chronic jetlag specifically affected clock gene expression in 10 

enteroendocrine cells of the gut mucosa by investigating the effect on the rhythm of mRNA 11 

expression of gut hormones. In control mice, Proglucagon mRNA expression showed diurnal 12 

fluctuations that peaked together with the faecal SCFA concentrations, the mRNA expression 13 

of the SCFA receptor Ffar2 regulating GLP-1 secretion and the mRNA expression of Arntl and 14 

Clock in the distal colonic mucosa (see Figure 4). However, in jetlagged mice 24h rhythmicity 15 

of Proglucagon and Ffar2 mRNA expression in the distal colonic mucosa was abolished. 16 

Similar observations were made for the effect of chronic jetlag on Ghrelin mRNA expression 17 

in the mucosa of the stomach. Several studies demonstrated the involvement of the circadian 18 

clock in the mRNA expression of both Proglucagon and Ghrelin in GLP-1 producing L-cells 19 

and in ghrelin producing X/A like cells, respectively.28,29,67 Our studies in the distal colonic 20 

mucosa of Arntl-/- mice confirm that the circadian clock regulates the rhythmicity of Ffar2 and 21 

Ghrelin mRNA expression. Since the expression of the core clock genes Arntl and Clock do 22 

not peak together anymore in the gut mucosa of jetlagged mice, it is likely that the formation 23 

of the CLOCK:ARNTL heterodimer that controls transcriptional activity of several clock 24 

controlled genes, like Proglucagon and Ghrelin, was affected. This may account for the loss in 25 

their rhythmic mRNA expression in the jetlagged mice. 26 
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In contrast, plasma GLP-1 levels were decreased in the jetlagged mice, while plasma octanoyl 1 

ghrelin levels were not affected. A similar dampening of the basal plasma GLP-1 levels and 2 

the GLP-1 response to an oral glucose tolerance test was reported in a human model and a 3 

rat model of chronodisruption induced by exposing humans or rats to constant light-exposure, 4 

respectively.33,34 Changes in plasma levels of GLP-1 and ghrelin are not only affected by 5 

changes in mRNA levels in L-cells and in X/A like cells that are controlled by clock genes.28,29,67 6 

Their dynamics are also regulated by the rhythmicity in other hormones like leptin, insulin and 7 

glucagon that regulate energy homeostasis and that are affected during chronodisruption. For 8 

example, Kettner et al. demonstrated the presence of a circadian clock in adipose tissue, 9 

regulating leptin secretion that was disrupted by chronic jetlag in mice.13 Plasma leptin levels 10 

that stimulate GLP-1 secretion are dampened in human models of circadian misalignment and 11 

in shift workers.68-71 Further, also pancreatic islets express circadian clock genes that 12 

orchestrate temporal profiles of insulin and glucagon secretion which are reduced during 13 

chronodisruption and feedback to other hormones.72 A recent study using antibiotic-induced 14 

microbial depleted and germ-free mice indicated that diurnal GLP-1 release is dependent on 15 

the intestinal microbiome and thereby support our findings for a role of SCFAs in the regulation 16 

of the metabolic clock.73 In addition, Biancolin et al. showed that the SNARE regulatory protein 17 

secretagogin is under circadian control and is necessary for the circadian secretion of GLP-18 

1.36 The situation for ghrelin is even more complex since the mRNA expression of Goat, the 19 

enzyme that controls the posttranslational octanoylation of ghrelin was not affected by chronic 20 

jetlag. This may override the loss in rhythmicity in Ghrelin mRNA expression and may explain 21 

why plasma octanoyl ghrelin levels were not affected by chronic jetlag. 22 

We conclude that the change in food intake pattern in jetlagged mice is not induced by the 23 

changes in the rhythm of plasma levels of the satiety hormone GLP-1 nor is it triggered by 24 

alterations in the rhythm of plasma levels of the hunger hormone ghrelin.74-76 Rather, we 25 

hypothesize that the dampening in plasma GLP-1 levels is caused by the change in the food 26 

intake pattern in jetlagged mice. Gonnissen et al. investigated the effect of a phase advance 27 
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or phase delay of the 24-h cycle in humans and showed that meal-related blood variables such 1 

as GLP-1 and ghrelin followed the new meal patterns. This is in contrast to our findings in 2 

plasma ghrelin levels but is in agreement with the changes in plasma GLP-1 which followed 3 

the changes in food intake rhythmicity.77  4 

ARNTL plays an important role in the diurnal fluctuations of immune cells and cytokines in the 5 

small intestine and stomach.78,79 This is in agreement with previous findings in a genetic model 6 

of chronodisrupton which showed that diurnal fluctuations in Tnfα mRNA expression in the 7 

small intestine were abolished in Arntl-/- mice and Arntl-/- organoids. It was concluded that the 8 

rhythmic expression of Tnfα is an important driver of rhythmic epithelial proliferation in epithelial 9 

precursors to replace damaged epithelial cells during a pathological state.78  10 

Studies inducing chronodisruption by constant light exposure or by exposing mice to weekly 11 

circadian shifts showed an increase in permeability and a higher susceptibility to 12 

inflammation.43,80,81 Oh-oka et al. showed 24h rhythmicity in Ocln and Cldn1 mRNA expression 13 

in the large intestine that was under control of the clock components ARNTL and CLOCK.10 14 

This is not in accordance with our results, we observed a circadian rhythm in Ocln, but not in 15 

Cldn1 and Tjp1 mRNA expression in the distal colonic mucosa in control mice. Furthermore, 16 

there was no difference between control and jetlagged mice in the expression of these tight 17 

junction markers. In conclusion, although permeability itself nor the protein levels were 18 

measured in our study, we speculate that chronic jetlag does not affect gut permeability but 19 

can possibly affect epithelial regeneration during a pathological state.  20 

It is important to note that our model of chronic jetlag mimics frequent time zone travelling in 21 

which the subjects are exposed to three days of jetlag for four consecutive weeks. To really 22 

mimic rotating shift work, the mice should be forced to be active during the inactive phase by 23 

for example using a running wheel, because chronodisrupted mice lose the rhythm in their 24 

locomotor activity similar to the change in the food intake pattern.22,47 Another limitation of the 25 

study is that some of the findings are based on statistically proven correlations but therefore 26 

do not imply causation, this needs to be addressed in more detail in future studies. 27 
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In conclusion, we showed that the altered food intake pattern due to chronic jetlag paralleled 1 

the phase delay in the faecal SCFAs peak. This phase delay affects the acrophase of gut clock 2 

genes, as mimicked in vitro in primary colonic crypts, and may disrupt the formation of the 3 

CLOCK:ARNTL heterodimer, and thus the transactivatory function, that regulates the mRNA 4 

expression of several genes including Ghrelin and Ffar2 that regulate gut homeostasis. Future 5 

studies are warranted to show whether restoring the food intake pattern to the active phase 6 

could avoid the phase delay in faecal SCFAs, and hence the disruption of the circadian clock 7 

and the related metabolic consequences.   8 
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MATERIAL AND METHODS 1 

Mice studies 2 

Mice 3 

Wild-type C57BL/6J mice were obtained at the age of 12 weeks from Janvier Labs (Le Genest 4 

Saint Isle, France). Arntl+/- mice (gift R. Lijnen, KU Leuven, Leuven, Belgium)82 were bred to 5 

generate WT and Arntl-/- mice in the animal facility of the KU Leuven and genotyped by PCR 6 

on total genomic DNA from the ear. Mice had ad libitum access to chow and water and were 7 

housed in a temperature-controlled environment. All experiments were approved by the Ethical 8 

committee for Animal Experiments of the KU Leuven and carried out in accordance with the 9 

approved guidelines. 10 

Experimental design 11 

Chronic jetlag model 12 

Control mice were kept under a 12h/12h light/dark-cycle (Zeitgeber time (ZT) 0 = lights on (= 13 

8 a.m.)). Jetlagged mice were housed for four days a week under a 12h/12h light/dark-cycle 14 

(ZT 0 = lights on) and were shifted 8 hours forward for the remaining three days of the week 15 

(ZT 8 = lights on), after which the jetlagged mice were shifted back to the normal 12h/12h 16 

light/dark-cycle (ZT 0 = lights on), for four consecutive weeks (Figure S2). Body weight was 17 

monitored once a week at the second day of the normal light/dark cycle (ZT 0 = lights on) 18 

during the four weeks of jetlag induction and at the time of euthanasia. Food intake was 19 

measured in the fourth week of jetlag induction at the second day of the normal light/dark cycle. 20 

After four weeks of jetlag induction, the mice (male, age 16-17 weeks) were euthanized over 21 

the course of 24 hours at 4‐hour intervals. Jetlagged mice were euthanized one to three days 22 

after these mice were in the same light/dark cycle as control mice, and ZTs were synchronized 23 

(i.e., ZT 0 of jetlag mice corresponded to ZT 0 of control mice), to avoid the possible acute 24 

effects of the last time shift. The luminal content of the distal colon was collected for 25 

measurement of SCFA concentrations and stored at -80°C. Blood was collected via cardiac 26 



18 

 

 

 

puncture and processed for plasma ghrelin and plasma GLP-1 measurements. Blood glucose 1 

concentrations were measured using a glucometer. The mucosa was dissected from the 2 

stomach and distal colon, stored in RNAlater (Qiagen, Hilden, Germany) and processed for 3 

quantitative real‐time PCR (qRT‐PCR).  4 

Arntl-/- model 5 

Arntl-/- and their WT littermates (male, age 12-15 weeks) were euthanized at ZT 4 and 16. The 6 

mucosa was dissected from the distal colon, stored in RNAlater (Qiagen, Hilden, Germany) 7 

and processed for quantitative real‐time PCR (qRT‐PCR). 8 

Primary culture study 9 

Wild-type C57BL/6J mice (male, age 14 weeks) were euthanized and the colon was removed. 10 

The colonic mucosa was dissected free of smooth muscle layer, minced, rinsed, and digested 11 

several times with collagenase XI (0.35 mg ml-1) in DMEM at 37°C. Resulting cell suspensions 12 

were centrifuged and resuspended in DMEM supplemented with 10% fetal bovine serum, 1% 13 

penicillin and streptomycin, 1% L‐glutamine, and 10 µM Y‐27632. Cell aliquots were seeded 14 

on Matrigel (1.4% v v-1) coated 24‐well plates. Following 20h incubation at 37°C., the cells 15 

were incubated for 2h at 37°C in DMEM supplemented with 200 nM dexamethasone to 16 

synchronize the cells. After synchronization, the cells were immediately incubated with either 17 

DMEM (Control) or DMEM containing SCFAs mimicking the faecal concentration measured in 18 

the control mice of the jetlag experiment (24 mM; ratio: 17.4 mM Acetate, 3 mM Propionate, 19 

3.6 mM Butyrate). Samples for qPCR analysis were taken every 4 hours for 36 hours. 20 

Circadian rhythmicity in mRNA expression of the clock genes was determined between ZT 16 21 

and 36 to avoid the acute effect of dexamethasone. 22 

Analysis of faecal SCFA concentrations 23 

Faecal samples (100 mg) were suspended in 1 mL of saturated NaCl (36%) solution. An 24 

internal standard (50 μL 2‐ethylbutyric acid) was added and the samples were homogenized 25 

using glass beads. SCFAs were extracted with ether (3 mL) in the presence of H2SO4 (150 μL). 26 
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The ether layer was collected and dried by Na2SO4 (50 mg). Analysis was done by gas 1 

chromatography‐flame ionization detector (Agilent, Santa Clara, CA), with an injection volume 2 

of 0.5 μL. The resulting chromatograms were processed using the Xcalibur software (Thermo 3 

Fischer Scientific, Waltham, MA). 4 

Quantitative real‐time PCR 5 

Total RNA was isolated from the mucosa using the RNeasy Mini Kit (Qiagen, Hilden, 6 

Germany). Total RNA from the colonic cultures was isolated using the Relia Prep Kit (Promega, 7 

Madison, WI, USA), Both total RNA preparations were treated with the Turbo DNA-freeTM kit 8 

(Thermo Fisher Scientific, Waltham, MA) and reverse transcribed to cDNA using qScript cDNA 9 

SuperMix (Quanta BioSciences, Gaithersburg, MD) according to the manufacturer’s 10 

instructions. qRT‐PCR was performed using the Lightcycler 480 (Roche Diagnostics, Basel, 11 

Switzerland) with the Lightcycler 480 Sybr Green I Master mix (Roche Diagnostics, Basel, 12 

Switzerland). A calibrator was used to correct for inter-run variability between plates. Results 13 

from the mucosa were expressed relative to the geometric mean of the normalized expression 14 

of three stable housekeeping genes determined according to the method of Vandesompele (2-15 

∆∆Ct) (Mucosa stomach: cyclophilin (Cycloph), TATA box binding protein (Tbp), 16 

hydroxymethylbilane synthase (Hmbs); Distal colonic mucosa (chronic jetlag model): Tbp, 17 

Cycloph, -actin; Distal colonic mucosa (Arntl-/- model): glyceraldehyde-3-phosphate 18 

dehydrogenase (Gapdh), Hmbs, Tbp) and that did not show diurnal rhythms in expression 19 

levels.83 Results from the colonic cultures were expressed relative to both Tbp expression 20 

levels that did not show diurnal rhythms in expression levels and to ZT 0 (the first moment after 21 

synchronization) that is the same in both control and SCFA treated primary colonic crypts. 22 

Primer sequences are shown in Table 2. 23 

Plasma hormone measurements 24 

Plasma samples were obtained from free-feeding animals. Plasma samples for ghrelin were 25 

acidified (0.1 N HCl) and supplemented with AEBSF to a final concentration of 80 mM (Sigma-26 



20 

 

 

 

Aldrich, Saint Louis, Missouri), extracted on a Sep-Pak C18 column (Waters Corporation, 1 

Milford, MA) and vacuum-dried. The radioimmunoassay for octanoyl ghrelin was performed as 2 

previously described.84 Plasma samples for GLP-1 were supplemented with dipeptidyl 3 

peptidase 4 inhibitor (10 µL mL-1) and GLP-1 was measured using a Mesoscale assay 4 

(K150JWC-2, Mesoscale Discovery, Rockville, Maryland) according to the manufacturer’s 5 

protocol. 6 

Statistical analysis 7 

Results are presented as mean ± SEM if not stated otherwise. Comparison of body weight and 8 

food intake between control and jetlagged mice was performed using a linear mixed model 9 

followed by planned comparison and post-hoc testing. All statistical analyses were performed 10 

in SAS Studio University Edition 9.4. Since the qPCR data was distributed in a non-normal 11 

and/or non-homogeneous manner, log-transformed data was used for all further analyses of 12 

the qPCR data. Diurnal rhythm analysis in the jetlag model was calculated using the cosinor 13 

procedure, in which the best-fitting cosine curve for a data set was calculated.85 Probability 14 

values for the best fitting cosine curve are indicated as Pcosinor. Differences in acrophase (the 15 

time point where the fitted cosine curve reaches its maximum), mesor and amplitude between 16 

control and jetlagged mice within one measured parameter were compared using non-linear 17 

model analysis. Differences in acrophase, mesor and amplitude between 2 different measured 18 

parameters and comparison of the shifts in acrophases between 2 measured parameters was 19 

performed using non-linear mixed model (Proc NLMixed). Two-way analysis of variance was 20 

used to compare the effect of genotype and ZT in the Arntl-/- model (Proc GLM). In the colonic 21 

crypt model diurnal rhythmicity was analysed using the cosinor procedure. To compare the 22 

acrophases between control and SCFA-treated crypts a non-linear mixed model was used 23 

using mouse as subject (Proc NLMixed). Significance was accepted at the 5% level.  24 

  25 
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TABLES 1 

Table 1. Cosinor values of all measured parameters. 2 

 3 

 4 

 Condition P-value 

Cosinor 

Acrophase (h) 

(±SD) 

Acrophase 

Difference (h) 

P-value Acrophase 

Difference 

F
a
e
c
a
l 
S

C
F

A
 

Acetate 
Control ns NA 

NA NA 

Jetlag ns NA 

Propionate 
Control <0.05 4:47 (±1:21) 

5:19 <0.01 

Jetlag <0.05 10:05 (±1:26) 

Butyrate 
Control <0.01 3:04 (±0:58) 

2:43 <0.05 

Jetlag <0.01 5:47 (±1:01) 

D
is

ta
l 
C

o
lo

n
ic

 m
R

N
A

 E
x
p
re

s
s
io

n
 

Circadian Clock 

Arntl 
Control <0.001 2:19 (±0:10) 

4:20 <0.001 

Jetlag <0.001 6:39 (±0:19) 

Clock 
Control <0.001 2:43 (±0:37) 

2:10 <0.05 

Jetlag <0.001 4:52 (±0:37) 

Rev-erbα 
Control <0.001 10:37 (±0:12) 

4:53 <0.01 

Jetlag <0.001 15:31 (±0:26) 

Per2 
Control <0.001 17:43 (±0:20) 

4:49 <0.001 

Jetlag <0.001 22:32 (±0:32) 

GLP-1 Proglucagon 
Control <0.001 5:07 (±0:49) 

NA NA 

Jetlag ns NA 

cytokines Tnfα 
Control <0.01 8:31 (±1:11) 

NA NA 

Jetlag ns NA 

Receptors Ffar2 
Control <0.05 4:06 (±1:34) 

NA NA 

Jetlag ns NA 

tight junction 

markers 

Occludin 
Control <0.01 3:36 (±:h04) 

NA NA 

Jetlag <0.05 3:29 (±1:19) 

Claudin-1 
Control ns NA 

NA NA 

Jetlag ns NA 

Tjp1 
Control ns NA 

NA NA 

Jetlag ns NA 

S
to

m
a
c
h
 M

u
c
o
s
a

 m
R

N
A

 E
x
p
re

s
s
io

n
 

Circadian Clock 

Arntl 
Control <0.001 0:37 (±0:15) 

4:44 <0.001 

Jetlag <0.001 5:20 (±0:28) 

Clock 
Control <0.001 22:22 (±0:40) 

NA NA 

Jetlag ns NA 

Rev-erbα 
Control <0.001 9:37 (±0:10) 

4:34 <0.001 

Jetlag <0.001 14:11 (±0:22) 

Ghrelin 

Ghrelin 
Control <0.01 5:07 (±1:00) 

NA NA 

Jetlag ns NA 

Goat 
Control <0.05 9:29 (±1:32) 

NA NA 

Jetlag <0.05 10:33 (±1:20) 

P
la

s
m

a
 

H
o
rm

o
n
e
s
 Ghrelin 

Control <0.05 14:33 (±1:17) 
NA NA 

Jetlag <0.05 14:44 (±1:20) 

GLP-1 
Control <0.01 16:41 (±0:59) 

NA NA 

Jetlag <0.05 13:30 (±1:18) 
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Table 2. Primers used in qRT-PCR 1 

Gene Forward primer Reverse primer 

TBP 5’ AGGATGCTCTAGGGAAGAT 3’ 5’ TGAATAGGCTGTGGAGTAAGT 3’ 

Hmbs 5’ CTGAAGGATGTGCCTACCATAC 3’ 5’ AAGGTTTCCAGGGTCTTTCC 3’ 

Cycloph 5’ GGAGATGGCACAGGAGGAAA 3’ 5’ CCCGTAGTGCTTCAGCTTGAA 3’ 

GAPDH 5’ GTGTCCGTCGTGGATCTGA 3’ 5’ CCTGCTTCACCACCTTCTTG 3’ 

β-Actin 5’ GATCTGGCACCACACCTTCTAC 3’ 5’ TGGATGGCTACGTACATGGCTG 3’ 

Arntl 5’ CGTTTCTCGACACGCAATAGAT 3’ 5’ TCCTGTGGTAGATACGCCAAAA 3’ 

Reverbα 5’ CCCTGGACTCCAATAACAACACA 3’ 5’ GCCATTGGAGCTGTCACTGTAG 3’ 

Clock 5’ TCTACAGAAGAGCATTGATTTTTTGC 3’ 5’ TCATTACTAAGGAATGTGGGTTTCC 3’ 

Per2 5’ GATGACAGAGGCAGAGCACAAC 3’ 5’ TTTGTGTGCGTCAGCTTTGG 3’ 

Proglucagon 5’ GAGGAGAACCCCAGATCATTCC 3’ 5’ GTGGCGTTTGTCTTCATTCATC 3’ 

Ffar2 5’ CCCTGTGCACATCCTCCTGC 3’ 5’ GCGTTCCATGCTGATGCCCG 3’ 

Ghrelin 5’ CCAGAGGACAGAGGACAAGC 3’ 5’ ACATCGAAGGGAGCATTGAA 3’ 

Goat 5’ ATTTGTGAAGGGAAGGTGGAG 3’ 5’ CAGGAGAGCAGGGAAAAAGAG 3’ 

Tnfα 5’ TCTTCTCATTCCTGCTTGTGG 3’ 5’ CACTTGGTGGTTTGCTACGA 3’ 

Ocln 5’ GACTGGGTCAGGGAATATCCACC 3’ 5’ AGCAGCAGCCATGTACTCTTCAC 3’ 

Cldn1 5’ AGACCTGGATTTGCATCTTGGTG 3’ 5’ TGCAACATAGGCAGGACAAGAGTTA 3’ 

Tjp1 5’ TCACGATCTCCTGACCAACG 3’ 5’ GGCTGACGGGTAAATCCACA 3’ 

 2 

  3 
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 1 

FIGURE LEGENDS 2 

Figure 1. Jetlag promotes body weight gain and shifts the day/night food intake pattern 3 

without affecting total daily caloric intake. (a) Percentage body weight gain, (b) total 24h 4 

caloric intake and (c) day/night food intake of control (n = 48) and jetlagged (n = 48) mice. Data 5 

are presented as mean ± SEM. †: P < 0.01; ‡: P < 0.001. 6 

Figure 2. Jetlag shifts faecal propionate and butyrate concentrations. (a, b, c) Faecal 7 

acetate, propionate and butyrate concentrations in the distal colon of control and jetlagged 8 

mice (n = 8 mice per condition and time point). The fitted cosine curve determined by cosinor 9 

analysis (period = 24 hours) is shown for propionate and butyrate in both control (grey line) 10 

and jetlagged (dashed black line) mice. The dark phase is shaded grey. The direction of the 11 

shift due to the jetlag is indicated by a black arrow. ns: not significant.  12 

Figure 3. The shift in circadian clock gene expression in the mucosa of the colon and 13 

stomach parallels the shift in faecal SCFAs. (a, b, c) Arntl, Clock and Reverbα mRNA 14 

expression in the distal colonic mucosa of control and jetlagged mice (n = 8 mice per condition 15 

and time point). (d) Acrophase plot of faecal SCFA concentrations and circadian clock gene 16 

expression in the distal colonic mucosa in control and jetlagged mice. (e) Acrophase plot of 17 

circadian clock gene expression in the mucosa of the stomach and the colon in control and 18 

jetlagged mice. The dark phase is shaded grey. The direction of the shift of the fitted cosine 19 

curve due to jetlag is indicated by a black arrow.  20 

Figure 4. Graphical representation of the acrophases of all measured parameters in both 21 

control and jetlagged mice. Upper figure: Control mice; Lower figure: Jetlagged mice. The 22 

dark phase (=active phase) is shaded blue. * in the lower figure indicates a significant shift/loss 23 

in acrophase between control and jetlagged mice. 24 
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Figure 5. Faecal concentrations of SCFAs shift the circadian clock mRNA expression in 1 

primary colonic crypts. (a) Arntl, (b) Reverbα and (c) Per2 mRNA expression in synchronized 2 

(200 nM dexamethasone, 2h) primary colonic crypts (n = 4 mice per time point) stimulated with 3 

DMEM (grey line) or a mixture of SCFAs (24 mM) (dashed black line). The direction of the shift 4 

of the fitted cosine curve due to SCFA treatment is indicated by a black arrow.  5 

Figure 6. Jetlag abolishes the rhythmicity in Proglucagon and Ffar2 mRNA expression 6 

in the distal colonic mucosa and dampens plasma GLP-1 concentrations. (a, b) 7 

Proglucagon and Ffar2 mRNA expression in the distal colonic mucosa and (c) plasma GLP-1 8 

levels of control and jetlagged mice (n = 8 mice per condition and time point). (d) Blood glucose 9 

levels in control and jetlagged mice (n = 3-8 per condition and time point). The fitted cosine 10 

curve determined by cosinor analysis (period = 24 hours) is shown in both control (grey line) 11 

and jetlagged (dashed black line) mice. The dark phase is shaded grey. 12 

Figure 7. Jetlag abrogates Ghrelin mRNA expression, but not Goat mRNA expression 13 

and plasma ghrelin levels. (a, b) Ghrelin and Goat mRNA expression in the gastric mucosa 14 

and (c) Plasma ghrelin concentrations in control and jetlagged mice (n = 8 mice per condition 15 

and time point). The fitted cosine curve determined by cosinor analysis (period = 24 hours) is 16 

shown in both control (grey line) and jetlagged (dashed black line) mice. The dark phase is 17 

shaded grey. ns = not significant.  18 

Figure 8. Ghrelin and Ffar2 mRNA expression, but not Proglucagon mRNA expression, 19 

in the distal colonic mucosa is regulated by the circadian clock. (a, b, c) Ghrelin, Ffar2 20 

and Proglucagon mRNA expression in the distal colonic mucosa of WT and Arntl-/- mice at ZT4 21 

and ZT16. n = 8 per genotype and time point *: P < 0.05 ZT4 vs ZT16; †: P < 0.01 Interaction 22 

effect (Genotype x ZT).  23 

Figure 9. Jetlag affects the rhythmicity of Tnfα expression but not of tight junction 24 

proteins. (a, b, c) Tnfα, Ocln and Cldn1 mRNA expression in the distal colonic mucosa of 25 

control and jetlagged mice (n = 8 mice per condition and time point). The fitted cosine curve 26 
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determined by cosinor analysis (period = 24 hours) is shown in both control (grey line) and 1 

jetlagged (dashed black line) mice. The dark phase is shaded grey. ns = not significant. 2 

Figure S1. Jetlag shifts Per2 mRNA expression in distal colonic mucosa. Per2 mRNA 3 

expression in distal colonic mucosa of control and jetlagged mice (n = 8 mice per condition and 4 

time point). The dark phase is shaded grey. The direction of the shift of the fitted cosine curve 5 

due to the jetlag is indicated by a black arrow.  6 

Figure S2. Schematic representation of the jetlag model. The light phase is represented in 7 

white, the dark phase is represented in black. 8 

Figure S3. Representative pictures of the primary colonic crypts. (a) at the time of isolation 9 

and (b) after synchronization 20h after isolation. 10 
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