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Background: Hepatic lipid metabolism regulates biliary composition and influences the
formation of cholesterol gallstones. The genes Hmgcr and Cyp7a1, which encode key
liver enzymes, are regulated by circadian rhythm-related transcription factors. We aimed
to investigate the effect of circadian rhythm disruption on hepatic cholesterol and bile acid
metabolism and the incidence of cholesterol stone formation.

Methods: Adult male C57BL/6J mice were fed either a lithogenic diet (LD) only during the
sleep phase (time-restricted lithogenic diet feeding, TRF) or an LD ad libitum (non-time-
restricted lithogenic diet feeding, nTRF) for 4 weeks. Food consumption, body mass gain,
and the incidence of gallstones were assessed. Circulating metabolic parameters, lipid
accumulation in the liver, the circadian expression of hepatic clock and metabolic genes,
and the gut microbiota were analyzed.

Results: TRF caused a dysregulation of the circadian rhythm in the mice, characterized by
significant differences in the circadian expression patterns of clock-related genes. In TRF
mice, the circadian rhythms in the expression of genes involved in bile acid and cholesterol
metabolism were disrupted, as was the circadian rhythm of the gut microbiota. These
changes were associated with high biliary cholesterol content, which promoted gallstone
formation in the TRF mice.

Conclusion: Disordered circadian rhythm is associated with abnormal hepatic bile acid
and cholesterol metabolism in mice, which promotes gallstone formation.
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INTRODUCTION

Gallstone disease is one of the most common gastrointestinal
diseases in Western countries (1), with an incidence of ~20% in
adults (2). Almost 90% of gallstones are of the cholesterol type
(2). The formation of cholesterol gallstones is a complex process
that involves interactions between genetic and environmental
factors (3). The liver is principally responsible for the regulation
of biliary lipid and cholesterol concentrations, which is a key
determinant of the formation of cholesterol gallstones (4–6).

Accumulating epidemiological evidence suggests that
circadian disruption caused by shift work, jet lag, or sleep
disorders is associated with metabolic diseases, such as obesity
and metabolic syndrome (7, 8). Irregular eating or eating at the
wrong time of day, including skipping breakfast and eating late at
night, may contribute to metabolic disorders by disrupting the
normal circadian rhythm (9). Animal studies have shown that
time-restricted feeding affects body mass, adiposity, and other
metabolic parameters (10–17). Mice fed a high-fat diet only
during the sleep (light) phase over a period of 6 weeks gained 2.5-
fold more weight than mice fed the same diet during the active
(dark) phase, despite the energy intake and physical activity of
the groups being identical (18).

The expression of genes that encode key enzymes in hepatic
bile acid and cholesterol metabolism, such as Hmgcr and Cyp7a1,
is regulated by circadian rhythm-related transcription factors (19).
An internal circadian timing system entrains various physiological
and behavioral rhythms, such as sleep-wake cycles, metabolism,
and hormone secretion (20). The mammalian master clock is
located in the suprachiasmatic nucleus (SCN) of the anterior
hypothalamus (21) and is driven by core clock genes, such as
Clock, Bmal1, Per1/2, and Cry1/2, through transcriptional
feedback loops (21). Clock and Bmal1 form heterodimers to
activate target genes, including Per and Cry, by binding to E-box
elements in their promoters (21). The heterodimerized PER and
CRY proteins translocate to the nucleus, where they inhibit
CLOCK : BMAL1 transcriptional activity (21). Circadian
oscillators that are referred to as peripheral clocks are located in
most peripheral organs, including the liver, heart, lungs, skeletal
muscle, and adipose tissue (21). These peripheral clocks are
synchronized to the SCN by systemic time cues, including
neuronal signals and circulating humoral factors such as
glucocorticoids and insulin (20). Components of the molecular
clock regulate the expression of hundreds of metabolic output
genes in peripheral tissues (20). Consequently, cholesterol and bile
acids are metabolized rhythmically. Bile acid synthesis peaks at
night in mice, during their activity period, and is low during the
day, during their rest period. In humans, who are diurnal animals,
the circadian rhythm of bile acid metabolism differs from that of
mice, with two peaks at 13:00 [Zeigeiber time (ZT)7] and 21:00
(ZT15) (22). Cholesterol absorption and synthesis also display
circadian rhythms, and the circadian variation in both cholesterol
synthesis and absorption may be, at least in part, determined by
the timing of food ingestion.

In recent years, the gut microbiota has been shown to play a
key role in metabolic disease, and interestingly, the composition
of the gut microbiota also shows circadian fluctuations. Effects of
Frontiers in Endocrinology | www.frontiersin.org 2
eating patterns on Bacteroidetes and Firmicutes may have a
substantial influence on circadian rhythms in the gut, which
would in turn regulate systemic metabolism (23). However, the
specific mechanisms of such regulation remain to be determined.
Periodic changes in bacterial metabolites may affect the host. For
example, choline in food can be converted to trimethylamine and
eventually trimethylamine N-oxide, which affects the expression
of Clock and Bmal1 in endothelial cells (24). Rhythm-induced
changes in the microbiota also play a role in the development of
tumors. Disruption in the food-intake phase reduces the
abundance of short-chain fatty acid-producing bacteria, which
affects the butyric acid metabolism pathway, and ultimately
contributes to the development of colon cancer (25).
Moreover, bacteria activate pattern recognition receptors,
including NOD-like receptors and toll-like receptors.
Activation of these receptors on intestinal epithelial cells and
immune cells alter the metabolic status of the host, which may
predispose toward metabolic disease (26).

In a preliminary study, we identified enrichment of genes
involved in circadian rhythms in the livers of mice fed an LD by
RNA-seq analysis. This suggested that disturbance of hepatic
circadian rhythms may play an important role in the promotion
of gallstone formation. In the present study, we altered the
circadian rhythm of mice through restricted feeding, and
identified effects on hepatic cholesterol and bile acid
metabolism, and the gut microbiota, which were associated
with a higher risk of gallstone formation.
MATERIALS AND METHODS

Study Design and Animal Experiment
Six-week-old, male C57BL/6J mice were purchased from Shanghai
Model Organisms (Shanghai, China). After acclimatization to
their environment, the mice were randomly allocated to groups
that were fed an LD containing 1.25% cholesterol and 0.5% cholic
acid only during the sleep phase (ZT0–12) (TRF) or ad libitum
(nTRF) for 4 weeks. Water was available ad libitum. The energy
intake of the mice was determined by providing pre-weighed food
and weighing the leftover food each week. The body mass of the
mice was measured twice a week. The mice were anesthetized with
Avertin and sacrificed at 4-hour intervals, then their tissues were
collected, weighed, rapidly frozen in liquid nitrogen, and then
stored at −80°C until analysis. The Institutional Animal Care and
Use Committee approved all the experimental protocols.

Lipid Analysis
The serum cholesterol and triglyceride concentrations were
determined using enzymatic methods (Applygen E1015, KHB
Triglyceride kit). Biliary lipids were extracted using the Folch
method and analyzed using an enzymatic methods, as previously
described (27). The presence of crystals or gallstones was scored
as previously described (28). Briefly, the presence of gallstones
was identified visually by holding the gallbladder up against a
light. A score of “++” referred to “around ten fine crystals
were found”.
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Determination of Gene Expression by
Quantitative Real-Time PCR
RNA was extracted from liver samples using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA), then single-stranded cDNA
was synthesized using PrimeScript™ RT reagent kits and gDNA
Eraser (Takara Bio). Real-time PCR was then performed using
SYBR® Premix Ex Taq™ II (Takara Bio) and an ABI
QuantStudio6 Q6 (Thermo Fisher Scientific Inc., USA), with
the sequences shown in Supplementary Table 1. The expression
of each target gene was normalized to that of GAPDH and
calculated using the delta Ct method.

Analysis of the Gut Microbiota
The cecal contents of each mouse were collected at sacrifice and
the microbial DNA was extracted, and then appropriate primers
were used to amplify unique regions of the 16S rRNA. Next
generation sequencing was performed, and the sequences
obtained were classified into operational taxonomic units when
they showed 97% similarity. The alpha- and beta-diversity of the
microbiota were calculated, and the filtered data were compared
to an existing database. The details of the sequencing have been
described previously (29).

Statistics
All data are expressed as mean ± standard error of the mean
(SEM). Body mass, tissue mass, cumulative food consumption,
and food efficiency data were compared between groups using
Student’s t-test. Analyses were performed using SPSS 20.0 and
P < 0.05 was taken to indicate a statistically significant difference.
RESULTS

Time-Restricted Lithogenic Diet-Feeding
(TRF) Promotes Gallstone Formation
A schematic diagram of animal experiment is shown in
Figure 1A. The groups of mice consumed equivalent amounts
of energy. Mice with TRF gained slightly more weight than mice
that underwent non-time-restricted lithogenic diet feeding
(nTRF) over a 4-week period (Figure 1B).

The overall incidence of gallstones was more in TRF group
comparedwithnTRFgroup (Figures1C,D).Theoverall volumeof
the gallbladder was higher in the TRF group than in the nTRF
group, especially at ZT0, 4, 8, and 12 (Figure 1E), as was the biliary
cholesterol content at ZT12, 16, and 20 (Figure 1F).

Influences of Circadian Rhythm on Serum
Lipid Concentrations
Changes in the circadian rhythmaffected serum lipid concentrations.
The peaks and troughs of total cholesterol and low-density
lipoprotein (LDL)-cholesterol were almost opposite in their timing
in the two groups. However, the high-density-lipoprotein (HDL)-
cholesterol rhythm did not differ. The triglyceride (TG) peak in the
TRF group was delayed by ~4 hours (Figure 2).
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TRF Disturbs the Hepatic
Circadian Rhythm
The dietary pattern affected the dynamics of the RNA expression
of circadian-associated genes in the liver. The patterns of
expression of the key circadian genes Clock and Bmal were
reversed by TRF (Figures 3A, B), and the normal circadian
rhythms of Per1/2/3 and Cry1/2 expression were lost in the TRF
group (Figures 3C–F).

TRF Induces Disturbances in the Circadian
Rhythms of Hepatic Lipid Metabolism
Hepatic cholesterol and bile acid metabolism are key determinants
of biliary cholesterol content, and therefore gallstone formation. We
found significant circadian fluctuations in genes involved in
cholesterol synthesis (Hmgcr), cholesterol esterification (Soat2),
canalicular cholesterol transport (Abcg5 and Abcg8), and bile acid
synthesis (Cyp7a1, Cyp2c70) (Figures 3G–L) in the nTRF group.
These gene expression patterns were significantly altered by TRF,
and manifested as reversals of the rhythms, decrease the expression
peak and the narrowing of the amplitudes. Notably, the peak level of
expression of Cyp7a1 was significantly lower and the expression of
Soat2 decreased progressively after ZT8 in the TRF group.

Effects of TRF on the Circadian
Rhythmicity of the Gut Microbiota
The cecal contents of the mice were collected for the analysis of
the gut microbiota by 16S rRNA gene sequencing. The microbial
composition fluctuated over time in the nTRF group. In contrast,
this fluctuation was almost lost in the TRF group (Figure 4C).
Principal co-ordinates analysis (PCoA) showed a separation of
the gut microbial distribution according to diet and time
(Figures 4A, B). Differences at the phylum level were
identified between the TRF and nTRF groups (Figures 4D–I).
Compared with the nTRF group, the gut microbiota in the TRF
group showed less fluctuation and no clear rhythm, especially
with regard to Bacteroidetes and Firmicutes, which were the two
most abundant phyla (Figures 4D, E).
DISCUSSION

In the present study, we found that TRF altered the circadian
rhythms of and promoted gallstone formation in mice. This was
associated with disruptions in hepatic cholesterol and bile acid
metabolism and the gut microbiota, which exacerbated
abnormalities in serum and biliary cholesterol concentrations.

Accumulating evidence suggests that chronic jet lag, irregular
meal times, and the consumption of high-energy food (e.g.,
sugars) cause circadian dysfunction and cause the progression
of metabolic diseases, such as obesity (30), diabetes (31),
atherosclerosis (32), and hyperlipidemia (33). Links between
disorders in circadian rhythms and gallstone disease have also
been suggested: people who have lifestyles characterized by
rhythm disorders, such as those who undertake frequent night
work, participate in night-time entertainment and food
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consumption, or undertake prolonged diurnal shifts, are at
higher risk of developing gallstone disease (34).

Mice are nocturnal animals that usually eat more during the
night, when they are active. Both the central and peripheral clocks
can be reset by environmental timing factors, also known as
“zeitgebers”. The central clock is primarily set by light, while
peripheral metabolic organs, such as the liver, are more sensitive
to factors such as meal timing and the energy obtained from food.
One study has shown that feeding a high-fat diet during the light
period exacerbates the effects of this diet on mice, compared with
those fed the same amount of food only during the dark period (18).
In the present study, we changed the eating pattern of mice by
restricting the availability of food to between ZT0 and 12 alone,
during the day (the rest period). This TRF appeared to alter the
circadian rhythms of the mice. The patterns of expression of Clock
and Bmal were temporally reversed, and the expression of the Per1
Frontiers in Endocrinology | www.frontiersin.org 4
and Cry2 genes lost its rhythmicity. In the TRF group, the pattern of
expression of BMAL1, which is an important part of peripheral
circadian rhythms (35), was reversed.

The circadian rhythm is regulated by clock genes, the
dysregulation of which affects genes that mediate hepatic
cholesterol and bile acid metabolism (36). We have shown that
such dysregulation predisposes toward cholesterol gallstone
formation in mice. To our knowledge, this was the first study
to investigate how circadian rhythm disturbances lead to
abnormal cholesterol and bile acid metabolism, and thereby
gallstone formation.

Cholesterol synthesis peaks during the night in normal
rodents, largely because they are nocturnal, and the peak
coincides with feeding activity. Edwards et al. (37) showed an
abnormal rhythm in the expression of Hmgcr, which encodes the
key enzyme in cholesterol synthesis, after mice were
A B

DC

E F

FIGURE 1 | Time-restricted lithogenic diet-feeding (TRF) promotes gallstone formation. (A) Schematic diagram of the animal experiment. (B) Body masses of the
mice at the beginning and the end of 4 weeks of feeding. (C) Appearance of the gallbladder in non-TRF (left) and TRF (right) mice. (D) The overall evaluation of
gallstone. (E) Gallbladder volume of mice in the TRF and non-TRF group at various Zeitgeber times (ZT). (F) Biliary cholesterol concentrations at various ZT. Data are
expressed as mean ± SEM (n = 5 mice/group at each time point). “*”means p < 0.05, “****” means p < 0.0001.
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administered acetate away from their normal feeding time. This
is consistent with the present finding that the peak Hmgcr
expression in the TRF group was during the light phase and
that in the nTRF group was during the dark phase. The
metabolism of bile acids is also rhythmic, with the peak
occurring at the same time as cholesterol metabolism. The liver
is the main site for the conversion of cholesterol to bile acids,
which is regulated by nuclear receptors such as FXR, FGF15, and
SHP, the expression of which fluctuates in a circadian rhythm
(38). Cyp7a1, which encodes a key enzyme in bile acid synthesis,
is regulated by a variety of circadian-related pathways.
Furthermore, Cyp2c70, which generates b-muricholic acid, a
hydrophilic bile acid that increases the solubility of cholesterol
in bile, is regulated in a circadian fashion (39).

In the present study, the expression of genes involved in
hepatic cholesterol and bile acid metabolism showed clear
rhythmicity in the nTRF group, but this was significantly
different in the TRF group. Specifically, the rhythms were
reversed and the expression peaks were lower and narrower.
The expression of Soat2 in the TRF group continued to decrease
after ZT8 and the peak expression of Cyp7a1 was significantly
lower than that of the nTRF group. Furthermore, the overall
expression of Cyp2c70 decreased in the TRF group within 24 h.
These differences suggest that TRF causes the livers of mice to
convert less free cholesterol to cholesteryl esters and cholesterol
to bile acids than in nTRF mice. The resulting excess cholesterol
would be secreted into bile in larger quantities, promoting
gallstone formation.
Frontiers in Endocrinology | www.frontiersin.org 5
We also found that the dietary pattern affected the gut
microbiota. For example, the fluctuation in the abundance of
Bacteroidetes was abolished by TRF. A lack of Bacteroidetes and
Firmicutes is thought to contribute to the metabolic syndrome
(40), but it is unclear whether the loss of the fluctuation in the
abundance of this phylum may have been involved in the
metabolic disorder identified. Recently, bile salt hydrolase (BSH)
activity was shown to be lower in patients who had a low
Bacteroidetes/Firmicutes ratio (41). The gut microbiota of the
TRF mice had lower BSH activity, which would have reduced the
conversion of conjugated bile acids to free bile acids, which have
lowerwater solubility, resulting in an increase in the size of the bile
acid pool and cholesterol deposition.

Recent studies have shown that rectifying the circadian
rhythm by restricting the duration of the feeding period,
without affecting the amount of food intake, ameliorates the
metabolic syndrome in mice (42). Furthermore, time-restricted
feeding improves the metabolic status of patients with obesity
and prediabetes (43). A study of mice with a genetic mutation in
their biological clock showed that the restriction of high-fat diet
consumption to the activity period restores metabolic rhythms
(42) and prevents metabolic diseases, such as fatty liver,
hyperlipidemia, and diabetes (44). This suggests that the
promotion of time-restricted eating in individuals with
impaired circadian rhythms, such as shift workers, may
improve their metabolism and prevent metabolic diseases.
However, further research is needed to determine whether
time-restricted eating can prevent gallbladder stones.
A B

DC

FIGURE 2 | Time-restricted lithogenic diet-feeding (TRF) influences serum lipid concentrations. Serum total cholesterol (A), triglyceride (B), HDL (C), and LDL
(D) concentrations at various ZT. Data are expressed as mean ± SEM (n = 5 mice/group at each time point). “*” means p < 0.05, “**” means p < 0.01.
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FIGURE 3 | Time-restricted lithogenic diet-feeding (TRF) disrupts the expression patterns of hepatic genes. (A–F) Expression of hepatic central clock genes at
various ZT. (G–L) Expression of genes involved in cholesterol and bile acid metabolism at various ZT. Data are expressed as mean ± SEM (n = 5 mice/group at each
time point). “*” means p < 0.05, “**” means p < 0.01, “***” means p < 0.001, “****” means p < 0.0001.
Frontiers in Endocrinology | www.frontiersin.org October 2021 | Volume 12 | Article 7239186

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


He et al. Circadian Rhythm Disruption Promotes Gallstone
The present study had some limitations. First, we did not
assess effect on SCN under our experimental condition. In our
study, apparent alteration of circadian rhythm in liver was
found and it suggested that such alteration was enough to
change the hepatic metabolism related with cholesterol
gallstone formation. Second, the circadian rhythm of mice is
opposite to that of humans, therefore, the applicability of the
present findings needs further confirmation on humans.
Frontiers in Endocrinology | www.frontiersin.org 7
CONCLUSION

We have provided evidence that TRF causes alterations in the
circadian rhythms of mice, which lead to disorders in hepatic
cholesterol and bile acid metabolism and the gut microbiota,
which would promote the formation of cholesterol gallstones.
These data suggest the importance of regular behavioral and
eating habits in the prevention of cholelithiasis.
A B

D E

F G

IH

C

FIGURE 4 | Effects of time-restricted lithogenic diet-feeding (TRF) on the gut microbiota. PCoA (weighted unifrac) analysis of the gut microbiota of mice in the non-
TRF (A) and TRF (B) groups. (C) Differences in PC1 (45.4%) of the PCoA in mice from non-TRF and TRF groups. The line represents the mean value for each group.
(D–I) Relative abundances of the six most common bacterial taxa in the non-TRF and TRF groups at various ZT. Data are expressed as mean ± SEM (n = 5 mice/
group at each time point). “*” means p < 0.05, “**” means p < 0.01, “***” means p < 0.001.
October 2021 | Volume 12 | Article 723918

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


He et al. Circadian Rhythm Disruption Promotes Gallstone
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI SRA
BioProject, accession no: PRJNA765885.
ETHICS STATEMENT

The animal study was reviewed and approved by Tongji
University Institutional Animal Care and Use Committee.
AUTHOR CONTRIBUTIONS

CH and WYS are responsible for manuscript writing. CC, QW,
QL, and WTS are responsible for experiments. ZJ and HH are
responsible for the experiment design. All authors contributed to
the article and approved the submitted version.
Frontiers in Endocrinology | www.frontiersin.org 8
FUNDING

This study was supported by grants from the National Natural
Science Foundation of China (nos. 81770625 and 81770626) and
the Key Specialty Construction Project of the Pudong Health and
Family Planning Commission of Shanghai (no. PWZzk2017-10).
ACKNOWLEDGMENTS

We thank Mark Cleasby, PhD from Liwen Bianji (Edanz) (www.
liwenbianji.cn) for editing the language of a draft of
this manuscript.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fendo.2021.723918/
full#supplementary-material
REFERENCES
1. Shabanzadeh DM. Incidence of Gallstone Disease and Complications. Curr

Opin Gastroenterol (2018) 34(2):81–9. doi: 10.1097/MOG.0000000000000418
2. Lammert F, Gurusamy K, Ko CW, Miquel JF, Mendez-Sanchez N, Portincasa

P, et al. Gallstones. Nat Rev Dis Primers (2016) 2:16024. doi: 10.1038/
nrdp.2016.24

3. Portincasa P, Moschetta A, Palasciano G. Cholesterol Gallstone Disease.
Lancet (2006) 368(9531):230–9. doi: 10.1016/S0140-6736(06)69044-2

4. Jiang ZY, Parini P, Eggertsen G, Davis MA, Hu H, Suo GJ, et al. Increased
Expression of LXR Alpha, ABCG5, ABCG8, and SR-BI in the Liver From
Normolipidemic, Nonobese Chinese Gallstone Patients. J Lipid Res (2008) 49
(2):464–72. doi: 10.1194/jlr.M700295-JLR200

5. Wang HH, Portincasa P, Mendez-Sanchez N, Uribe M, Wang DQ. Effect of
Ezetimibe on the Prevention and Dissolution of Cholesterol Gallstones.
Gastroenterology (2008) 134(7):2101–10. doi: 10.1053/j.gastro.2008.03.011

6. Wang DQ, Cohen DE, Carey MC. Biliary Lipids and Cholesterol Gallstone
Disease. J Lipid Res (2009) 50 Suppl:S406–11. doi: 10.1194/jlr.R800075-
JLR200

7. Parsons MJ, Moffitt TE, Gregory AM, Goldman-Mellor S, Nolan PM, Poulton
R, et al. Social Jetlag, Obesity and Metabolic Disorder: Investigation in a
Cohort Study. Int J Obes (Lond) (2015) 39(5):842–8. doi: 10.1038/ijo.2014.201

8. Roenneberg T, Allebrandt KV, MerrowM, Vetter C. Social Jetlag and Obesity.
Curr Biol (2012) 22(10):939–43. doi: 10.1016/j.cub.2012.03.038

9. Gallant AR, Lundgren J, Drapeau V. The Night-Eating Syndrome and
Obesity. Obes Rev (2012) 13(6):528–36. doi: 10.1111/j.1467-789X.2011.
00975.x

10. Sherman H, Genzer Y, Cohen R, Chapnik N, Madar Z, Froy O. Timed High-
Fat Diet Resets Circadian Metabolism and Prevents Obesity. FASEB J (2012)
26(8):3493–502. doi: 10.1096/fj.12-208868

11. Bray MS, Ratcliffe WF, Grenett MH, Brewer RA, Gamble KL, Young ME.
Quantitative Analysis of Light-Phase Restricted Feeding Reveals Metabolic
Dyssynchrony in Mice. Int J Obes (Lond) (2013) 37(6):843–52. doi: 10.1038/
ijo.2012.137

12. Bray MS, Tsai JY, Villegas-Montoya C, Boland BB, Blasier Z, Egbejimi O, et al.
Time-Of-Day-Dependent Dietary Fat Consumption Influences Multiple
Cardiometabolic Syndrome Parameters in Mice. Int J Obes (Lond) (2010)
34(11):1589–98. doi: 10.1038/ijo.2010.63

13. Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA, Gill S, et al.
Time-Restricted Feeding Without Reducing Caloric Intake Prevents
Metabolic Diseases in Mice Fed a High-Fat Diet. Cell Metab (2012) 15
(6):848–60. doi: 10.1016/j.cmet.2012.04.019
14. Arble DM, Vitaterna MH, Turek FW. Rhythmic Leptin Is Required for
Weight Gain From Circadian Desynchronized Feeding in the Mouse. PloS
One (2011) 6(9):e25079. doi: 10.1371/journal.pone.0025079

15. Reznick J, Preston E, Wilks DL, Beale SM, Turner N, Cooney GJ. Altered
Feeding Differentially Regulates Circadian Rhythms and Energy Metabolism
in Liver and Muscle of Rats. Biochim Biophys Acta (2013) 1832(1):228–38.
doi: 10.1016/j.bbadis.2012.08.010

16. Oike H, Sakurai M, Ippoushi K, Kobori M. Time-Fixed Feeding Prevents
Obesity Induced by Chronic Advances of Light/Dark Cycles in Mouse Models
of Jet-Lag/Shift Work. Biochem Biophys Res Commun (2015) 465(3):556–61.
doi: 10.1016/j.bbrc.2015.08.059

17. Mukherji A, Kobiita A, Damara M, Misra N, Meziane H, Champy MF, et al.
Shifting Eating to the Circadian Rest Phase Misaligns the Peripheral Clocks
With the Master SCN Clock and Leads to a Metabolic Syndrome. Proc Natl
Acad Sci USA (2015) 112(48):E6691–8. doi: 10.1073/pnas.1519807112

18. Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. Circadian Timing
of Food Intake Contributes to Weight Gain. Obes (Silver Spring) (2009) 17
(11):2100–2. doi: 10.1038/oby.2009.264

19. Kudo T, Kawashima M, Tamagawa T, Shibata S. Clock Mutation Facilitates
Accumulation of Cholesterol in the Liver of Mice Fed a Cholesterol and/or
Cholic Acid Diet. Am J Physiol Endocrinol Metab (2008) 294(1):E120–30.
doi: 10.1152/ajpendo.00061.2007

20. Dibner C, Schibler U, Albrecht U. The Mammalian Circadian Timing System:
Organization and Coordination of Central and Peripheral Clocks. Annu Rev
Physiol (2010) 72:517–49. doi: 10.1146/annurev-physiol-021909-135821

21. Buhr ED, Takahashi JS. Molecular Components of the Mammalian Circadian
Clock. Handb Exp Pharmacol (2013) 217):3–27. doi: 10.1007/978-3-642-
25950-0_1

22. Fiorucci S, Distrutti E, Carino A, Zampella A, Biagioli M. Bile Acids and Their
Receptors in Metabolic Disorders. Prog Lipid Res (2021) 82:101094.
doi: 10.1016/j.plipres.2021.101094

23. Ye Y, Xu H, Xie Z, Wang L, Sun Y, Yang H, et al. Time-Restricted Feeding
Reduces the Detrimental Effects of a High-Fat Diet, Possibly by Modulating
the Circadian Rhythm of Hepatic Lipid Metabolism and Gut Microbiota.
Front Nutr (2020) 7:596285. doi: 10.3389/fnut.2020.596285

24. Bishehsari F, Voigt RM, Keshavarzian A. Circadian Rhythms and the Gut
Microbiota: From the Metabolic Syndrome to Cancer. Nat Rev Endocrinol
(2020) 16(12):731–9. doi: 10.1038/s41574-020-00427-4

25. Bishehsari F, Engen PA, Voigt RM, Swanson G, Shaikh M, Wilber S, et al.
Abnormal Eating Patterns Cause Circadian Disruption and Promote Alcohol-
Associated Colon Carcinogenesis. Cell Mol Gastroenterol Hepatol (2020) 9
(2):219–37. doi: 10.1016/j.jcmgh.2019.10.011
October 2021 | Volume 12 | Article 723918

http://www.liwenbianji.cn
http://www.liwenbianji.cn
https://www.frontiersin.org/articles/10.3389/fendo.2021.723918/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.723918/full#supplementary-material
https://doi.org/10.1097/MOG.0000000000000418
https://doi.org/10.1038/nrdp.2016.24
https://doi.org/10.1038/nrdp.2016.24
https://doi.org/10.1016/S0140-6736(06)69044-2
https://doi.org/10.1194/jlr.M700295-JLR200
https://doi.org/10.1053/j.gastro.2008.03.011
https://doi.org/10.1194/jlr.R800075-JLR200
https://doi.org/10.1194/jlr.R800075-JLR200
https://doi.org/10.1038/ijo.2014.201
https://doi.org/10.1016/j.cub.2012.03.038
https://doi.org/10.1111/j.1467-789X.2011.00975.x
https://doi.org/10.1111/j.1467-789X.2011.00975.x
https://doi.org/10.1096/fj.12-208868
https://doi.org/10.1038/ijo.2012.137
https://doi.org/10.1038/ijo.2012.137
https://doi.org/10.1038/ijo.2010.63
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1371/journal.pone.0025079
https://doi.org/10.1016/j.bbadis.2012.08.010
https://doi.org/10.1016/j.bbrc.2015.08.059
https://doi.org/10.1073/pnas.1519807112
https://doi.org/10.1038/oby.2009.264
https://doi.org/10.1152/ajpendo.00061.2007
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1007/978-3-642-25950-0_1
https://doi.org/10.1007/978-3-642-25950-0_1
https://doi.org/10.1016/j.plipres.2021.101094
https://doi.org/10.3389/fnut.2020.596285
https://doi.org/10.1038/s41574-020-00427-4
https://doi.org/10.1016/j.jcmgh.2019.10.011
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


He et al. Circadian Rhythm Disruption Promotes Gallstone
26. Thaiss CA, Levy M, Korem T, Dohnalova L, Shapiro H, Jaitin DA, et al.
Microbiota Diurnal Rhythmicity Programs Host Transcriptome Oscillations.
Cell (2016) 167(6):1495–510 e12. doi: 10.1016/j.cell.2016.11.003

27. Folch J, Lees M, Sloane Stanley GH. A Simple Method for the Isolation and
Purification of Total Lipides From Animal Tissues. J Biol Chem (1957) 226
(1):497–509. doi: 10.1016/S0021-9258(18)64849-5

28. Akiyoshi T, Uchida K, Takase H, Nomura Y, Takeuchi N. Cholesterol
Gallstones in Alloxan-Diabetic Mice. J Lipid Res (1986) 27(9):915–24. doi:
10.1016/S0022-2275(20)38774-5

29. Wang Q, Jiao L, He C, Sun H, Cai Q, Han T, et al. Alteration of Gut
Microbiota in Association With Cholesterol Gallstone Formation in Mice.
BMC Gastroenterol (2017) 17(1):74. doi: 10.1186/s12876-017-0629-2

30. Paschos GK, Ibrahim S, Song WL, Kunieda T, Grant G, Reyes TM, et al.
Obesity in Mice With Adipocyte-Specific Deletion of Clock Component
Arntl. Nat Med (2012) 18(12):1768–77. doi: 10.1038/nm.2979

31. Wefers J, van Moorsel D, Hansen J, Connell NJ, Havekes B, Hoeks J, et al.
Circadian Misalignment Induces Fatty Acid Metabolism Gene Profiles and
Compromises Insulin Sensitivity in Human Skeletal Muscle. Proc Natl Acad
Sci USA (2018) 115(30):7789–94. doi: 10.1073/pnas.1722295115

32. Winter C, Silvestre-Roig C, Ortega-Gomez A, Lemnitzer P, Poelman H,
Schumski A, et al. Chrono-Pharmacological Targeting of the CCL2-CCR2
Axis Ameliorates Atherosclerosis. Cell Metab (2018) 28(1):175–82.e5.
doi: 10.1016/j.cmet.2018.05.002

33. Pan X, Bradfield CA, Hussain MM. Global and Hepatocyte-Specific Ablation
of Bmal1 Induces Hyperlipidaemia and Enhances Atherosclerosis. Nat
Commun (2016) 7:13011. doi: 10.1038/ncomms13011

34. Basnet S, Merikanto I, Lahti T, Mannisto S, Laatikainen T, Vartiainen E, et al.
Associations of Common Noncommunicable Medical Conditions and Chronic
Diseases With Chronotype in a Population-Based Health Examination Study.
Chronobiol Int (2017) 34(4):462–70. doi: 10.1080/07420528.2017.1295050

35. Kaneko H, Kaitsuka T, Tomizawa K. Response to Stimulations Inducing
Circadian Rhythm in Human Induced Pluripotent Stem Cells. Cells (2020) 9
(3):620. doi: 10.3390/cells9030620

36. Maury E. Off the Clock: From Circadian Disruption to Metabolic Disease. Int J
Mol Sci (2019) 20(7):1597. doi: 10.3390/ijms20071597

37. Edwards PA, Muroya H, Gould RG. In Vivo Demonstration of the Circadian
Thythm of Cholesterol Biosynthesis in the Liver and Intestine of the Rat.
J Lipid Res (1972) 13(3):396–401. doi: 10.1016/S0022-2275(20)39403-7

38. Yang Y, Zhang J. Bile Acid Metabolism and Circadian Rhythms. Am J Physiol
Gastrointest Liver Physiol (2020) 319(5):G549–63. doi: 10.1152/ajpgi.00152.2020
Frontiers in Endocrinology | www.frontiersin.org 9
39. Takahashi S, Fukami T, Masuo Y, Brocker CN, Xie C, Krausz KW, et al.
Cyp2c70 is Responsible for the Species Difference in Bile Acid Metabolism
Between Mice and Humans. J Lipid Res (2016) 57(12):2130–7. doi: 10.1194/
jlr.M071183

40. Machate DJ, Figueiredo PS, Marcelino G, Guimaraes RCA, Hiane PA, Bogo D,
et al. Fatty Acid Diets: Regulation of Gut Microbiota Composition and
Obesity and Its Related Metabolic Dysbiosis. Int J Mol Sci (2020) 21
(11):4093. doi: 10.3390/ijms21114093

41. Ovadia C, Perdones-Montero A, Fan HM, Mullish BH, McDonald JAK,
Papacleovoulou G, et al. Ursodeoxycholic Acid Enriches Intestinal Bile Salt
Hydrolase-Expressing Bacteroidetes in Cholestatic Pregnancy. Sci Rep (2020)
10(1):3895. doi: 10.1038/s41598-020-60821-w

42. Chaix A, Zarrinpar A, Miu P, Panda S. Time-Restricted Feeding Is a Preventative
and Therapeutic Intervention Against Diverse Nutritional Challenges. Cell Metab
(2014) 20(6):991–1005. doi: 10.1016/j.cmet.2014.11.001

43. Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. Early
Time-Restricted Feeding Improves Insulin Sensitivity, Blood Pressure, and
Oxidative Stress Even Without Weight Loss in Men With Prediabetes. Cell
Metab (2018) 27(6):1212–21.e3. doi: 10.1016/j.cmet.2018.04.010

44. Chaix A, Lin T, Le HD, Chang MW, Panda S. Time-Restricted Feeding
Prevents Obesity andMetabolic Syndrome in Mice Lacking a Circadian Clock.
Cell Metab (2019) 29(2):303–19.e4. doi: 10.1016/j.cmet.2018.08.004

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 He, Shen, Chen, Wang, Lu, Shao, Jiang and Hu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
October 2021 | Volume 12 | Article 723918

https://doi.org/10.1016/j.cell.2016.11.003
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1016/S0022-2275(20)38774-5
https://doi.org/10.1186/s12876-017-0629-2
https://doi.org/10.1038/nm.2979
https://doi.org/10.1073/pnas.1722295115
https://doi.org/10.1016/j.cmet.2018.05.002
https://doi.org/10.1038/ncomms13011
https://doi.org/10.1080/07420528.2017.1295050
https://doi.org/10.3390/cells9030620
https://doi.org/10.3390/ijms20071597
https://doi.org/10.1016/S0022-2275(20)39403-7
https://doi.org/10.1152/ajpgi.00152.2020
https://doi.org/10.1194/jlr.M071183
https://doi.org/10.1194/jlr.M071183
https://doi.org/10.3390/ijms21114093
https://doi.org/10.1038/s41598-020-60821-w
https://doi.org/10.1016/j.cmet.2014.11.001
https://doi.org/10.1016/j.cmet.2018.04.010
https://doi.org/10.1016/j.cmet.2018.08.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Circadian Rhythm Disruption Influenced Hepatic Lipid Metabolism, Gut Microbiota and Promoted Cholesterol Gallstone Formation in Mice
	Introduction
	Materials and Methods
	Study Design and Animal Experiment
	Lipid Analysis
	Determination of Gene Expression by Quantitative Real-Time PCR
	Analysis of the Gut Microbiota
	Statistics

	Results
	Time-Restricted Lithogenic Diet-Feeding (TRF) Promotes Gallstone Formation
	Influences of Circadian Rhythm on Serum Lipid Concentrations
	TRF Disturbs the Hepatic Circadian Rhythm
	TRF Induces Disturbances in the Circadian Rhythms of Hepatic Lipid Metabolism
	Effects of TRF on the Circadian Rhythmicity of the Gut Microbiota

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


