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ORIGINAL ARTICLE

Circadian dysregulation disrupts gut microbe-related bile acid metabolism
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Abstract

Background: Disturbance of circadian rhythm leads to abnormalities in bile acid (BA) and lipid metabolism, and it is of great significance to explore the relationship between them. This study explored the effects of circadian dysregulation on the rhythms of intestinal BA metabolism.

Method: Period circadian clock 1/period circadian clock 2 (Per1/Per2) double gene knockout (DKO) and wild-type (WT) male C57BL/6 mice were fed with a control or high-fat diet for 16 weeks. We measure plasma parameters of mice. Pathological changes including those in liver and intestine were detected by hematoxylin and eosin (H&E) and oil O staining. Western blot was used to detect the intestinal core rhythm protein clock circadian regulator (CLOCK), nuclear receptor subfamily 1, group D, member 1 (REV-ERBα), Farnesoid X receptor (FXR), Small heterodimer partner (SHP), and Fibroblast growth factor 15 (FGF15) expressions. We analyzed the bile acid and intestinal flora profile in the mice intestine tissues by BA-targeted metabolomics detection and high-throughput sequencing.

Results: Rhythmic chaos affected lipid metabolism and lipid accumulation in mice liver and intestine, and diurnal fluctuations of plasma triglycerides (TGs) were absent in normal-feeding DKO mice. The normal circadian fluctuations of the CLOCK and REV-ERBα observed in wild mice disappeared (normal diet) or were reversed (high-fat diet) in DKO mice. In WT mice intestine, total BA and conjugated BA were affected by circadian rhythm under both normal and high-fat diets, while these circadian fluctuations disappeared in DKO mice. Unconjugated BA seemed to be affected exclusively by diet (significantly increased in the high-fat group) without obvious fluctuations associated with circadian rhythm. Correlation analysis showed that the ratio of conjugated/unconjugated BA was positively correlated with the presence of Bacteroidetes and displayed a circadian rhythm. The expression levels of BA receptor pathway protein FXR, SHP, and FGF15 were affected by the ratio of conjugated/unconjugated BA.

Conclusion: Bacteroidetes-related diurnal changes to intestinal ratios of conjugated/unconjugated BA have the potential to regulate diurnal fluctuations in liver BA synthesis via FXR-FGF15. The inverted intestinal circadian rhythm observed in DKO mice fed with a high-fat diet may be an important reason for their abnormal circadian plasma TG rhythms and their susceptibility to lipid metabolism disorders.
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Popular scientific summary


	The normal circadian fluctuations of the CLOCK and REV-ERBα disappeared (normal diet) or were reversed (high-fat diet) in Per1/Per2 double gene knockout mice

	Mice intestinal total BA and conjugated BA were affected by circadian rhythm under both normal and high-fat diets, while these circadian fluctuations disappeared in Per1/Per2 double gene knockout mice.

	Mice intestinal unconjugated BA only affected by diet without obvious fluctuations associated with circadian rhythm.

	The ratio of conjugated/unconjugated BA was positively correlated with the presence of Bacteroidetes and displayed a circadian rhythm.

	Circadian changes to intestinal ratios of conjugated/unconjugated BA have the potential to regulate diurnal fluctuations in liver BA synthesis via FXR-FGF15.



Physiological and behavioral circadian rhythms are driven by internal molecular oscillators synchronized with sunrise and sunset, enabling organisms to adapt to an external environment that alternates between day and night (1). The circadian rhythm system consists of two parts: the central clock and the peripheral clock. The central clock is located in the suprachiasmatic nucleus (SCN) of the hypothalamus, is controlled by light/darkness, and synchronously affects metabolic functions. The peripheral clock receives signals from the central clock through hormones and synaptic projections and is affected by the autonomic nervous system as well as by external factors (such as light, sleep, physical activity, feeding, etc.) (2). The circadian rhythm system is closely integrated with energy metabolism through both central and peripheral clocks (3, 4). The master regulators of the circadian clock, Brain and Muscle Aryl Hydrocarbon Receptor Nuclear Translocation 1 (BMAL1 (Arntl)) and CLOCK (Clock), form heterodimers and combine with E-box elements to regulate the expression of target genes, such as Per1/Per2 and cryptochrome 1/cryptochrome 2 (Cry1/Cry2). PER1/PER2 and CRY1/CRY2 accumulate in cells and form heterodimers that inhibit Clock/Arntl transcription (5–7). This feedback system also promotes the transcription of rhythm output factors REV-ERBα (Nr1d1) and retinoic acid receptor-related orphan receptor α (RORα (Nr1f1)), which can also inhibit or activate the transcription of core rhythm genes (8).

This autonomous cellular clock is expressed in all somatic cells and entrained by the central clock and other regulatory inputs (9). Food composition and eating time are important external influences and affect the fluctuation of rhythm in most tissues (10), in addition to affecting intestinal flora diversity. Studies have demonstrated that intestinal flora is essential for the maintenance of peripheral circadian rhythm (11). Although the underlying mechanism is not clear, short-chain fatty acids and BAs related to intestinal microbial metabolism are important signals that affect circadian rhythm and related metabolic parameters (12). Furthermore, these compounds are also strongly related to metabolic diseases, such as obesity and glucose intolerance (13).

BAs are essential cholesterol-derived nutritional signal molecules, which are synthesized in the liver and can be used as detergents to dissolve dietary lipids (14). In the gallbladder, unconjugated BA is conjugated with taurine or glycine to form conjugated BA (15). After entering the intestine, BA assists the digestion and absorption of lipids and then returns to the liver via the portal vein to complete the intestine-liver loop (16). Conjugated BA can be decomposed into unconjugated BA and further metabolized into secondary BA by intestinal flora (17). Our previous studies on mice bile metabolism showed that the circadian patterns of metabolites involved in primary BA synthesis, fatty acid synthesis, and amino acid metabolism were significantly different between normal and high-fat diets (18). These effects are related to circadian changes of intestinal flora (19), but the relationships between various types of intestinal BAs and their circadian fluctuations remain unclear.

FXR is a major BA receptor, which participates in intestinal glucose and lipid metabolism (20), in addition to inhibiting the synthesis of hepatic BA in the liver via the hormone signal FGF15 (21, 22). Previous studies have shown that circadian dysregulation can cause BA metabolism disorders through different mechanisms: disruption of the circadian rhythm of liver BA synthesis (23), obstruction of liver-intestinal BA transport by disrupting the circadian rhythm of BA transporters (24), and/or modifying the circadian rhythm of intestinal flora (25). Studies have also found that Per1/Per2-/- mice are characterized by liver BA loss of homeostasis and activation of both xenobiotic receptor constitutive androstane (CAR) and pregnane X receptors (PXRs), leading to cholestatic disease (26). These studies suggest that the circadian rhythm of BA synthesis and metabolism plays an important role in intestinal lipid absorption metabolism and is related to a variety of metabolic abnormalities. However, many details are currently clear and require further study.

In this study, we used Per1/Per2-/- mice to observe the effects of circadian clock defects on intestinal BA, intestinal flora, and BA regulatory proteins under both normal and high-fat diets, gaining insight into the relationship between circadian rhythm and intestinal BA metabolism.

Materials and methods

Animals and diets

This animal study was conducted according to the Guidelines for the Care and Use of Experimental Animals, and the protocol was approved by the Laboratory Animal Ethics Committee of Wuhan Polytechnic University (ID Number: 20160709003). Per1-/-/Per2-/- mice from Soochow University were used as a research model for the disappearance of circadian rhythm (27). The wild-type male C57BL/6 mice (7 weeks old, weighing 18–20 g) were purchased from the Center for Disease Control of Hubei Province (Wuhan, China). Mice were acclimatized to cleaning laboratory conditions for 1 week. Mice were provided free access to food and water and were housed under a 12 h day/night cycle with a room temperature of 22 ± 1°C and relative humidity of 60 ± 5%. Mice were randomly allocated to four groups (20 animals per group), and each group was fed one of two diets for 16 weeks. Wild-type control mice (WTCON group) and Per1/Per2 double knockout mice (DKOCON group) were fed with a normal chow diet with 10 kcal% fat (formulated according to NIH-41 standards developed by the National Institutes of Health). High-fat diet-fed wild-type mice (WTHFD group) and double knockout mice (DKOHFD group) were fed with a high-fat diet with 42 kcal% fat and 0.5% cholesterol (w/w) (formulated according to Hayek Western Diet Model Feed). All feed components were purchased from Trophic Animal Feed High-Tech Co., Ltd, China. Detailed information regarding these diets is presented in Supplementary Table 1.

Three mice were housed in each cage. Each week, the body weight of each mouse was measured. At the 16th week of the experiment, animals were randomly divided into two time point groups: ZT0 (7:00 am, n = 10) and ZT12 (7:00 pm, n = 10). Mice were then sacrificed at these two time points (ZT0 and ZT12). Mice in each group stopped eating 12 h before execution. Orbital blood was gathered into a heparinized tube (1.5 mL) and centrifuged at 1,000× g for 15 min at 4 °C. Plasma was collected and stored at −80 °C until analysis. Concurrently, the liver and fat of each mouse were weighed and recorded. Liver weight/body weight and fat weight/body weight ratios were calculated according to liver weight, fat weight, and body weight. Liver and small intestine tissues were rinsed with 0.9% sodium chloride solution and weighed; after which they were stored at −80°C.

Measurement of plasma parameters

Bile acids are related to the absorption and metabolism of cholesterol and triglycerides. Therefore, this study observed the diurnal changes of total cholesterol (TC) and triglycerides (TG) in blood. The plasma total cholesterol and triacylglycerol were determined using kits according to the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institution, Nanjing, China).

Histological studies

The liver and intestine are the main organs of bile acid synthesis and metabolism, which regulate glucose and lipid metabolism through the intestinal-liver circulation of bile acids. The liver tissue samples were taken from the central part of the largest lobe. Intestinal tissue samples were taken from the lower segment of the small intestine. Fixed liver and intestine tissues were dehydrated, embedded in paraffin, and sectioned with 10% paraformaldehyde solution for 24 h. Sections were dewaxed using xylene, and intestinal tissues were stained with hematoxylin and eosin (H&E) or Masson’s trichrome. Liver tissues were stained with Oil red O.

Small intestine BA-targeted metabolomics detection

There are many kinds of bile acids, which are usually detected qualitatively and quantitatively by targeted metabolome. The pretreatment method for BA samples was provided by Wuhan Anachro Technologies Co., Ltd. LC–MS analysis and chromatographic separation conditions were as follows: analysis platform: ACQUITYTM UPLC QTOF; column: XBridgeTM C18 2.5 μm, 2.1 mm × 50 mm Column, Waters, USA; column temperature: 30°C; mobile phase A: 0.05% HCOOH-Water; mobile phase B: 0.05% HCOOH-CH3CN; flow rate: 0.3 ml/min. MS parameters were as follows: for the ESI+ model, capillary voltage: 1.4 kV; sampling cone: 40 V; source temperature: 120°C; desolvation temperature: 350°C; cone gas flow: 50 L/h; desolvation gas flow: 600 L/h; collision energy: 10–40 V; ion energy: 1 V; scan time: 0.03 s; inter scan time: 0.02 s; scan range: 50–1,500 m/z. For ESI-model, capillary voltage: 1.3 kV; sampling cone: 23 V; source temperature: 120°C; desolvation temperature: 350°C; cone gas flow: 50 L/h; desolvation gas flow: 600 L/h; collision energy: 10–40 V; ion energy: 1 V; scan time: 0.03 s; inter scan time: 0.02 s; scan range: 50–1,500 m/z. Data were then normalized and edited into a two-dimensional data matrix using the Excel 2010 software, including retention time (RT), mass, observations (samples), and peak intensity.

Genomic DNA extraction, sequencing, and quantitative analysis of microbiome composition

The DNA was extracted from the small intestine contents of mice using the TIANamp Stool DNA Kit (Tiangen Biochemical Technology, Beijing, China), according to the manufacturer’s recommendations. The V4 region of the 16S ribosomal RNA (rRNA) gene was analyzed by using Illumina Hiseq (Novogene Bioinformatics Technology Co., Ltd.) using the following primers: 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). Pyrosequencing reads were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) software. For taxonomic assignment, sequence reads were grouped into operational taxonomic units (OTUs) at a sequence similarity level of 97%.

Protein preparation and western blot

The samples of small intestine tissue were washed three times with cold phosphate-buffered saline before being lysed in Radio Immunoprecipitation Assay (RIPA) lysis buffer containing phenylmethanesulfonyl fluoride (Beyotime Biotechnology Company, Jiangsu, China) on ice and centrifuged at 4°C, 6,000 g for 20 min. A bicinchoninic acid (BCA) protein assay kit (Beyotime Biotechnology Company, Jiangsu, China) was used to measure protein concentrations. Antibodies against CLOCK, REV-ERBα, FXR, SHP, FGF15, and β-actin were obtained from Santa Cruz Biotechnology, Inc. (Cambridge, MA, USA). Specific protein expression levels were normalized to β-actin for total protein analyses. Blots were detected using the ChemiDoc™ MP System detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Membranes were scanned, and the sum optical density was quantitatively analyzed using the Image Lab software (Bio-Rad Laboratories, Inc., Ltd, Japan).

Statistical analysis

Data are presented as mean ± SD. One-way ANOVA with Tukey’s post hoc analysis was conducted to determine significant differences. All analyses were performed using GraphPad Prism 8. P < 0.05 was considered statistically significant. Heatmap analysis of differential metabolites was performed using RStudio.

Results

Changes to lipid metabolism in Per1/Per2-/- mice

As shown in Fig. 1A, the body weight and fat/body weight ratio of DKO mice were significantly reduced compared with WT mice under the CON diet (P < 0.01) but without significant differences in liver/body weight ratio. Under the HFD diet, the body weight, fat/body weight ratio, and liver/body weight ratio of WT and DKO mice were all significantly increased compared with the CON diet (P < 0.01), with the liver/body weight ratio of DKO mice even higher than that of WT mice (P < 0.05), but without significant differences in body weight or fat/body weight ratio between WT and DKO mice.

Fig. 1.Dyslipidemia induced by Per1/Per2-/-and high-fat diet. At the end of the 16th week, body weight, fat weight/body weight ratio, and liver weight/body weight ratio (a), plasma TC, TG, HDL-C, and LDL-C (b), liver tissue Oil red O staining and intestinal tissue H&E staining (c) of each group. Data are expressed as mean ± SD (n = 10 per group). ‘*’ is the comparison between the WT group and the DKO group, ‘+’ is the comparison between the CON group and the HFD group, and ‘-’ is the comparison between the ZT0 group and the ZT12 group; *, +, - P < 0.05; **, ++, -- P < 0.01; ***, +++, --- P < 0.001.
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The plasma TC content of DKO mice fed with a normal diet was slightly higher than that of WT mice, and the difference was significant only at ZT12 (P < 0.05). A high-fat diet can significantly increase TC content in DKO and WT mice, but the increase in DKO mice was greater and significantly higher than that seen in WT mice (P < 0.01). There was no obvious change in TG between the HFD and CON groups, but the circadian rhythm of TG changed significantly. In WT mice, plasma TG was significantly higher at ZT0 than at ZT12 (P < 0.01). In contrast, DKO mice showed lower plasma TG at ZT0 than at ZT12, resulting in TG content of DKO mice being significantly higher than that of WT mice at ZT12 (P < 0.01). As normal, in WT mice, TG levels were increasing during activity periods and decreasing during resting periods with high fat enhancement. However, DKO mice were different in that the diurnal fluctuations of TG disappeared in mice fed with a normal diet or even became higher than that of WT mice at ZT12 in mice fed with a high-fat diet, as shown in Fig. 1B. This finding seems to suggest that DKO mice experience diurnal reversal of lipid digestion, absorption, and metabolism under high-fat conditions.

The Oil red O staining of liver tissue showed that, under normal diet conditions, lipid droplets in the hepatocytes of WT mice were evenly dispersed throughout the cytoplasm. In comparison, significantly fewer droplets were observed in DKO mice, indicating that Per1/Per2-/- mice have reduced hepatocytic lipid content. However, under a high-fat diet, both DKO and WT mice showed tremendous cytoplasmic accumulation of lipids. H&E staining showed that the small intestine cells of WT and DKO mice showed normal morphologies in mice fed with a normal diet but were marked by swelling and deformations filled with lipid droplets of various sizes scattered throughout the cytoplasm in mice fed with a high-fat diet, and the nucleus was marginal in both mice, as shown in Fig. 1C.

Intestinal circadian rhythm changes in Per1/Per2-/- mice

The experiment further demonstrated the effect of Per1/Per2 gene knockout on the circadian rhythm of the intestinal biological clock. Protein expression of the intestinal core clock molecule showed that CLOCK and REV-ERBα expressions in WT mice fluctuated between day and night, with higher expression at ZT0 than ZT12 (P < 0.05) regardless of diet. However, these circadian rhythm fluctuations disappeared in DKO rats fed with a normal diet, and the circadian rhythm was reversed in mice fed with a high fat (as demonstrated by the sharp increase at ZT12), as shown in Fig. 2. The rhythmic changes in the expression of intestinal clock molecules in DKO mice are related to intestinal activities and may affect both lipid absorption and fluctuations of blood triglycerides. Especially, under high-fat feeding conditions, the diurnal expression changes of the aforementioned clock molecules are consistent with diurnal changes of blood TG. Both increase significantly at ZT12, indicating that at this time, intestinal activity was enhanced, and circadian rhythm was reversed. Abnormal circadian rhythm can perturb normal digestion and absorption rhythms and influence secretory function and immune regulation function of the intestine. These effects can cause lipid metabolism disorder and intestinal function-related diseases, including constipation and intestinal stress syndrome (28–31).

Fig. 2.Circadian changes to intestinal expression of CLOCK and REV-ERBα. Expression of CLOCK and REV-ERBα proteins in small intestine tissues of mice was measured by western blot and gray scale analyses (a and b). Data are expressed as mean ± SD (n = 3 per group). ‘*’ is the comparison between the WT group and the DKO group, and ‘+’ is the comparison between the CON group and the HFD group. *,+,-P < 0.05; **,++,--P < 0.01; ***, +++,---P < 0.001.
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Per1/Per2 DKO mice show disrupted circadian patterns of intestinal BA content

The quantitative results of intestinal BAs were listed in Attached Supplementary Table 2 and were divided into two categories: 1) conjugated BA, including ω-TMCA, β-TMCA, TCA, α-TMCA, TDCA, TCDCA, THDCA, GCA, GCDCA, GDCA, GHDCA, and GLCA; 2) unconjugated BAs, including β-MCA, CA, αMCA, MoCA, λ-MCA, CDCA, DCA, ALCA, 12-KLCA, 7-KDCA, HDCA, LCA, UDCA, DLCA, 3-DHCA, 6,7-DKLCA, and NDCA.

Figure 3 shows the ratios of total, unconjugated, and conjugated BA in mice colon samples.

Fig. 3.Per1/Per2 DKO mice show altered bile acid expression patterns. The ratio of intestinal total (a), conjugated (b), and unconjugated (c) bile acids in mice in each group. The proportion of each group in the pie chart = the content of bile acid in this group/total bile acid (conjugated bile acid/unconjugated bile acid). Data are expressed as mean ± SD (n = 6 per group). ‘*’ is the comparison between the WT group and the DKO group, ‘+’ is the comparison between the CON group and the HFD group, and ‘-’ is the comparison between the ZT0 group and the ZT12 group. *,+,-P < 0.05; **,++,--P < 0.01; ***,+++,---P < 0.001.
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Total BA content was drastically reduced in DKO mice compared to WT mice (about a twofold change). Under a normal diet, the total BA of WT mice at ZT0 was about twice that at ZT12 (ZT0:ZT12 = 2:1); the day/night ratio was about 1:1 in DKO mice (ZT0:ZT12 = 1:1). High-fat feeding caused a conspicuous increase in both DKO and WT mice, about 1.7-2 times that of a normal diet. However, WT mice still maintain a ratio nearly twice higher at ZT0 than at ZT12, while DKO mice maintained roughly the same day/night ratio (1:1). This finding demonstrates a clear circadian rhythm in total BA for WT mice (ZT0:ZT12 = 2:1), which became adapted to circadian activities and eating habits. However, upon knockout of key rhythm genes in DKO mice, the circadian fluctuation in total BAs disappeared, regardless of diet, as shown in Fig. 3A. Of note, because of the reduction of total BA seen in DKO mice, their digestion, absorption, and metabolism functions were affected, thereby affecting their growth. This may explain why DKO mice were thinner than WT mice when fed with a normal diet.

The content of conjugated BA in WT mice was significantly higher than in DKO mice at both day and night, irrespective of diet. Notably, the content of conjugated BA in WT mice was five times that of DKO mice at ZT0,but was lowered to about two times that of DKO mice at ZT12. In terms of circadian rhythm, the content of conjugated BA in WT mice was remarkably increased at ZT0 compared to ZT12, with a four- to five-fold difference consistent with a ‘night-high, day-low’ pattern. The content of conjugated BA in DKO mice was almost the same at ZT0 and ZT12, as shown in Fig. 3B. These results showed that the circadian rhythm of conjugated BA in WT mice was obvious and was related to mice more eating during their nocturnal period and less during their rest period. However, this rhythm (proportion of day and night) had nothing to do with diet. The disappearance of this circadian rhythm in DKO mice indicated that there were no differences between the mice’s eating activities between day and night. Conjugated BA was the main type of BA synthesized and secreted by the liver, and it plays a major role in the digestion and absorption of lipid food. The significant decrease in conjugated BAs observed in DKO mice indicates that Per1/Per2-/- leads to a conspicuous decrease in liver BAs synthesis as well as in intestinal lipid digestion and absorption.

Unconjugated BA content in WT mice was still significantly higher than in DKO mice. However, the diurnal changes of WT or DKO mice were not obvious under normal or high-fat diets (only the high-fat feeding WT mice showed a slight decrease at ZT12). The high-fat diet could significantly increase unconjugated BA content in both DKO and WT mice to about twice that of the normal diet, as shown in Fig. 3C. This experiment also demonstrated that the total amount of unconjugated BA remained relatively stable between day and night, with an inconspicuous circadian rhythm but can be significantly increased by a high-fat diet. Since unconjugated BA in the colon was mainly produced by the metabolism of conjugated BA via intestinal microorganisms, and conjugated BA showed obvious circadian rhythms, the unsynchronized circadian relationship between unconjugated and conjugated BAs suggests that the intestinal bacterial involved in BA metabolism might be relatively stable between day and night.

Circadian relationship between small intestinal BA metabolism and flora abundance

Within the mouse small intestine, conjugated BA is broken down into unconjugated BA through the action of intestinal flora. Therefore, we correlated intestinal BA metabolism with the abundance of small intestinal flora, as detected by 16srRNA gene sequencing (Attached Supplementary Table 3). These results showed that the abundance of most intestinal flora was positively correlated with levels of conjugated BA, including Deferribacteres, Fusobacteria, Tenericutes, Actinobacteria, Candidatus, Saccharibacteria, Proteobacteria, and Bacteroidetes. In particular, Fusobacteria and Bacteroidetes were significantly positively correlated with the content of conjugated BA ω-TMCA (P < 0.05), indicating that these phyla have become adapted to the high conjugated bile acid content of the lipid digestion environment. In contrast, Firmicutes seemed to be significantly negatively correlated with the conjugated BA TCDCA (P < 0.05) and positively correlated to unconjugated BAs such as 12-KLCA, DCA, DLCA, and NDCA. These findings suggest that Firmicutes and Bacteroidetes might participate in the process by which conjugated BA is metabolized into unconjugated BAs, as shown in Fig. 4. Although Proteobateria and NDCA are also significantly negatively correlated, NDCA content is too low, and the analysis is of little significance.

Fig. 4.Correlation analysis of BA content and phylum. Heatmap of intestinal BAs and flora phylum. RStudio was used to draw the heatmap, Data are expressed as mean ± SD (n = 6 per group). ‘*’ is the comparison between BA and phylum. * P < 0.05; **P < 0.01.
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According to the correlation analysis shown in Fig. 4, Bacteroides was positively correlated with conjugated bile acids and negatively correlated with unconjugated bile acids. Further analysis of the role that Bacteroides plays in bile acid metabolism, as well as into its own diurnal changes, showed that the abundance of Bacteroidetes in WT mice fluctuated considerably (levels at ZT0 were much higher than at ZT12). This result was consistent with the ratio of conjugated bile acid/total bile acid and opposite to the ratios of unconjugated bile acid/total bile acid and unconjugated bile acid/conjugated bile acid (ZT0 was much lower than ZT12). Nevertheless, for WT mice, the abundance of Firmicutes fluctuated in opposition to abundance of Bacteroides, such that it was consistent with the ratio of unconjugated BA/conjugated BA and was opposite to the ratio of conjugated BA/total BA. In the small intestines of DKO mice, diurnal fluctuations in the abundance of Bacteroidetes, Firmicutes, intestinal unconjugated bile acid/total bile acid, conjugated bile acid/total bile acid, and unconjugated bile acid/conjugated bile acid ratio were abolished (Fig. 5A).

Fig. 5.Per1/Per2-/- mice show changes in diurnal expression patterns of bile acids in the small intestine. Abundance of Bacteroidetes, Firmicutes, conjugated bile acid, and unconjugated bile acid (a) and DCA, ALCA, 12-KLCA, and LCA (b) in each group of mice. Data are expressed as mean ± SD (n = 12 per group). ‘*’ is the comparison between the WT group and the DKO group, ‘+’ is the comparison between the CON group and the HFD group, and ‘-’ is the comparison between the ZT0 group and the ZT12 group. *,+,- P < 0.05; **, ++,-- P < 0.01; ***,+++,---P < 0.001.
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Fig. 6.Diurnal expression of intestinal BA regulatory proteins. Protein expression levels of FXR, SHP, and FGF15 in the small intestine tissue of mice were measured by western blot and gray scale analysis (a and b). Data are expressed as mean ± SD (n = 3 per group). ‘*’ is the comparison between the WT group and the DKO group, ‘+’ is the comparison between the CON group and the HFD group. *,+,- P < 0.05; **,++,-- P < 0.01; ***,+++,---P < 0.001.
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Two representative conjugated bile acids and unconjugated bile acids were selected for analysis, and their changes in each group are shown in Fig. 5B. The TCA content of WT mice was significantly higher than that of DKO mice regardless of daytime and nighttime diets (P < 0.01). High-fat diet significantly increased TCA content in WT mice at ZT0 (P < 0.01), while TCA content at ZT12 was not affected by high-fat diet. Similarly, βTMCA was higher in WT mice than in DKO mice regardless of diet at day or night, but with obvious diurnal differences (higher ZT12 than ZT0) seen for HFD mice. DCA content of WT mice was significantly higher than that of DKO mice regardless of diet during both day and night (P < 0.05). High-fat diet significantly increased DCA content in DKO mice (P < 0.01) without day- or night-related changes. With regard to LCA, levels were significantly higher in WT mice than in DKO mice fed with a normal diet. The high-fat diet significantly increased their contents in DKO mice. Comprehensively, the varieties of these four bile acids observed in each group were basically similar to those seen for conjugated and unconjugated bile acids, indicating that bile acids are generally stable in the small intestine.

In Per1/Per2-/- mice, the circadian rhythm of hepatic bile acid synthesis is regulated through intestinal bile acid receptor FXR signal

FXR, SHP, and the hormone signal FGF15 are key proteins involved in intestinal bile acid metabolism. Their expression trends were essentially the same in both WT and DKO mice. SHP, for example, was expressed at significantly lower levels in DKO mice than in WT mice, which has been linked to the lower BA levels of DKO mice compared to WT mice. With regard to circadian rhythm, the expression of WT mice at ZT12 was substantially higher than at ZT0 (about two- to three-fold), while differences between day and night were abolished in DKO mice. High-fat diet significantly increased the expression of SHP (1.6-3 times higher than normal diet). In short, in DKO mice, BA receptor FXR pathway signal was weakened without circadian rhythm, and a high-fat diet can sharply increase intestinal expression of SHP and FGF15.

The experimental results showed that FGF15 expression was higher at ZT12 (reflecting the resting period of mice), thus inhibiting liver BA synthesis. This finding was in agreement with that of lower conjugated BA content at ZT12 compared to ZT0. Under a high-fat diet, although the BA synthesis promoted by dietary factors was significantly enhanced, the expression of FGF15 still followed a circadian rhythm and was higher at ZT12 than that at ZT0.

Discussion

In WT mice, intestinal total BA and conjugated BA displayed circadian rhythm changes that were adapted to mice circadian activities and eating habits, which disappeared in DKO mice. The content of unconjugated BAs did not change significantly between day and night in either WT or DKO mice under both normal and high-fat diets. Since unconjugated BA is produced by intestinal flora through metabolism of conjugated BA, the loss of circadian rhythm in unconjugated BA levels indicates that the circadian abundance of flora involved in intestinal BA metabolism is relatively stable. Our results with respect to the relative abundance of mouse intestinal flora confirmed this pattern.

Studies have shown that intestinal flora, such as Clostridium, Lactobacillus, Clostridiales, Enterococcus, Eubacterium, Bifidobacterium, and Bacteroides, can deconjugate conjugated BAs and oxidize or isomerize to produce both unconjugated BAs and secondary BAs (14, 32–33). As for Bacteroidetes, some literature has suggested that the increased abundance of Bacteroidetes reduces the content of intestinal conjugated bile acids and raises the content of unconjugated bile acids (34). However, other reports have shown that Bacteroidetes is negatively correlated with the content of unconjugated bile acid (35). Our correlation analysis showed that diurnal fluctuations in Bacteroidetes, which have already been shown to be involved in the metabolic transformation of conjugated BAs (36), appeared to be related to circadian changes in conjugated BA/unconjugated BA. These levels showed obvious diurnal fluctuations in WT mice, which were consistent with circadian fluctuations of conjugated BA and contrary to those of unconjugated BAs. However, these diurnal fluctuations of Bacteroidetes and conjugated BA/unconjugated BA disappeared in DKO mice. Our results demonstrate the important rhythmic characteristics of intestinal BA metabolism and suggest that conjugated and unconjugated BAs might play different roles in lipid absorption and metabolism. Conjugated BA, secreting from the liver into the intestine, acts as an emulsifier to promote digestion and lipid absorption. Unconjugated BAs are primarily involved in the regulation of intestinal metabolism, including stimulating expression of BA receptor proteins FXR and TGR5 (37, 38) and participating in intestinal lipid metabolism (39), glucose metabolism (40), and the regulation of liver BA synthesis (41).

In the FXR pathway, SHP activates the expressed endocrine factor FGF15 (42), which is secreted from the intestine into the blood and taken up by the liver receptor Fibroblast growth factor receptor 4 (FGFR4). FGFR4 can inhibit the expression of the key BA synthesis enzyme cholesterol 7a-hydroxylase (CYP7A1), thereby reducing BA synthesis in the liver. Intestinal expression of FXR signal in WT mice (including SHP and FGF15 proteins) was significantly reduced in the active phase (ZT0), related to the high ratio of conjugated BA/unconjugated BA observed at the same time. In contrast, the diurnal fluctuations of this signal pathway disappeared in DKO mice, mirroring changes in the ratio of conjugated/unconjugated BA. On the other hand, the expression of FXR signal was significantly higher in mice fed with a high-fat diet than those fed with a normal diet (P < 0.05) for both WT and DKO mice, suggesting that a high-fat diet can upregulate the expression of FXR signal. Intestinal FXR signal can regulate lipid metabolism by reducing plasma TG, fatty acids, and cholesterol (40), affect glucose metabolism by improving insulin sensitivity and inhibiting hepatic gluconeogenesis (41) via FGF15 release and uptake by the liver to inhibit BA synthesis, and protect the liver from cholestasis (43). Our study found that diurnal fluctuations in the FXR signaling pathway are related to the ratio of conjugated/unconjugated BA. In Per1/Per2 knockout mice, diurnal fluctuations of the FXR signaling pathway disappeared, disrupting intestinal glucose and lipid metabolism and liver BA anabolism. Otherwise, factors such as diet seem to have a greater role than previously appreciated in the regulation of total BA.

Intestinal circadian rhythm is affected by factors such as the central nervous system, diet, and intestinal flora (44). Our results showed that in WT mice, intestinal expression of CLOCK and REV-ERBα shows an obvious circadian rhythm (ZT0 higher than ZT12) under normal or high-fat diets. However, DKO mice show completely different patterns; circadian rhythm disappears under a normal diet, and circadian rhythm is reversed under a high-fat diet. These results suggest that the circadian clock plays a key role in maintaining intestinal circadian rhythm. Knockout of Per1/Per2 genes can cause disappearance of circadian fluctuations and disorder of circadian rhythm, and inevitably affecting intestinal lipid metabolism (45), hormone secretion (30), and immune regulation (46).

In short, the circadian rhythms of different types of BAs in the intestine are significantly different, and their levels are both controlled by the circadian clock and affected by a high-fat diet. Under both normal and high-fat diets, WT mice exhibit obvious circadian rhythms in levels of conjugated BAs, while levels of unconjugated BAs remain relatively stable between day and night. The low BA content and disappearing circadian rhythm in DKO mice are important reasons for their low body weights. This study shows that diurnal changes in intestinal ratios of conjugated BA/unconjugated BA, which are related to diurnal fluctuations in Bacteroidetes abundance, can regulate diurnal fluctuations of liver BA synthesis through the BA receptor pathway FXR-SHP-FGF15. The inverted circadian rhythm observed in the intestinal circadian clocks of DKO mice under a high-fat diet may be an important reason for their sensitivity to lipid metabolism disorders.
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