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Regular environmental light–dark (LD) cycle-regulated period circadian clock 2 (Per2) gene expression is essential for circadian oscillation, nutrient metabolism, and intestinal microbiota balance. Herein, we combined environmental LD cycles with Per2 gene knockout to investigate how LD cycles mediate Per2 expression to regulate colonic and cecal inflammatory and barrier functions, microbiome, and short-chain fatty acids (SCFAs) in the circulation. Mice were divided into knockout (KO) and wild type (CON) under normal light–dark cycle (NLD) and short-light (SL) cycle for 2 weeks after 4 weeks of adaptation. The concentrations of SCFAs in the serum and large intestine, the colonic and cecal epithelial circadian rhythm, SCFAs transporter, inflammatory and barrier-related genes, and Illumina 16S rRNA sequencing were measured after euthanasia during 10:00–12:00. KO decreased the feeding frequency at 0:00–2:00 but increased at 12:00–14:00 both under NLD and SL. KO upregulated the expression of Per1 and Rev-erbα in the colon and cecum, while it downregulated Clock and Bmal1. In terms of inflammatory and barrier functions, KO increased the expression of Tnf-α, Tlr2, and Nf-κb p65 in the colon and cecum, while it decreased Claudin and Occludin-1. KO decreased the concentrations of total SCFAs and acetate in the colon and cecum, but it increased butyrate, while it had no impact on SCFAs in the serum. KO increased the SCFAs transporter because of the upregulation of Nhe1, Nhe3, and Mct4. Sequencing data revealed that KO improved bacteria α-diversity and increased Lachnospiraceae and Ruminococcaceae abundance, while it downregulated Erysipelatoclostridium, Prevotellaceae UCG_001, Olsenella, and Christensenellaceae R-7 under NLD in KO mice. Most of the differential bacterial genus were enriched in amino acid and carbohydrate metabolism pathways. Overall, Per2 knockout altered circadian oscillation in the large intestine, KO improved intestinal microbiota diversity, the increase in Clostridiales abundance led to the reduction in SCFAs in the circulation, concentrations of total SCFAs and acetate decreased, while butyrate increased and SCFAs transport was enhanced. These alterations may potentially lead to inflammation of the large intestine. Short-light treatment had minor impact on intestinal microbiome and metabolism.
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Introduction

Rhythmic alterations in physiology, metabolism, behavior, and circulation of nutrients with a 24-h cycle are ubiquitous in mammals. The circadian clock is formed by the adaption of environmental light–dark (LD) cycles (1). As the core circadian clock gene, period circadian clock 2 (Per2) gene is wildly distributed in the central nervous system such as the brain and spinal cord, or surrounding organs, such as the skin and gastrointestinal tract (2). Central Per2 protein regulates the rhythmic expression of Per2 in the limbic system, which is a key factor whereby the suprachiasmatic nucleus (SCN) coordinates the operation of the peripheral circadian clock (3). Mutations in Per2 will shorten the circadian rhythm or even lead to disappearance of circadian oscillation, and inhibition of the circadian clock producer transcriptional-translational feedback loops (TTFLs) axis (4–6).

A recent report revealed that a mutation in the PER2 in reindeer caused a loss of binding ability with cryptochrome 1 (CRY1), resulting in arrhythmicity, thus adapting the reindeer to the drastic LD changes in polar regions (7). Per2 is closely related to body fat metabolism and physiological functions of the liver (8). Studies have shown that the deletion of Per2 in mice can cause glucocorticoid imbalance. The diurnal rhythm of neuroendocrine peptide αMSH is disrupted in Per2-deficient mice, which leads to circadian eating disorders such as night-eating syndrome, which gradually leads to obesity (9). Per2 knockout mice showed more severe liver fibrosis, cholestasis, or infarction under toxic conditions than wild-type mice (10). In addition, the LD cycle is an important factor that leads to the circadian rhythm oscillation. Long-time light reduces the amplitude of SCN oscillation of mice at night and enhances the feeding behavior during the day (11). In addition, sleep and wake cycle abnormalities of shift workers increase food intake at night and reduce light exposure, which in turn triggers metabolic disorders due to inadaptability to circadian rhythms, leading to a significant increase in the incidence of obesity, diabetes, and coronary heart disease (12). It is reported that the intrinsically photosensitive retinal ganglion cells (ipRGCs) can sensitively respond to the changes in the external light cycle, which adjusts the SCN to receive the signal input from the retina to synchronize the circadian rhythm with the LD cycles (13, 14).

Approximately 4,000 strains of bacteria colonize the intestine of mammals, which constitute the dominant intestinal microbiota and play an important role in regulating digestion, absorption, immunity, and growth (15). Moreover, studies have found that the number and colonization of intestinal microbiota also have circadian rhythms (16, 17). In 17% of cecum, bacterial relative abundance oscillates with the rhythm, and in 15% in feces (18, 19), the absolute abundance of Firmicutes phylum fluctuates slightly with the rhythm and the absolute abundance of Bacteroidetes phylum fluctuates greatly during the day (20). Rhythm disorders can cause intestinal microbiota imbalance, which is characterized by alterations in the composition and function of bacteria, affecting the disappearance of circadian oscillations and health. For example, fecal microbiota transplantation from rhythmically disturbed mice into germ-free mice can lead to obesity and glucose metabolism disorders (18). High-fat diet induces imbalance of the intestinal microbiota and the disappearance of the abundance of Lachnospiraceae oscillation in mice, which leads to the disturbance of the synthesis and metabolism of short-chain fatty acids (SCFAs) (21). Several studies also demonstrated that the gut microbiome can regulate the expression of Per2 by varieties of metabolites; for examples, Clostridium sporogenes is reported to be involved in modulating the circadian oscillation of Per2 in the peripheral tissues by producing 3-(4-hydroxyphenyl)propionic acid (4-OH-PPA) and 3-phenylpropionic acid (PPA) (22). Gut microbiota-derived SCFAs and lactate can also modulate the phase of Per2 (23), and the circadian pattern of Per2 expression in the hepatic organoid altered upon treatment with butyrate from gut microbiota (21). Research shows that deacetylase 3 (Hdac3) is a key protein that integrates microbiota and circadian rhythms. It can mediate the interaction of bacteria and the circadian clock to cause the circadian oscillation of histone acetylation and deacetylation, thereby affecting feeding and metabolism-related gene expression (24). In addition, intestinal epithelial toll-like receptors (Tlrs) and myeloid differentiation primary response gene 88 (Myd88) protein can also identify specific microbial groups and affect the rhythmic expression of nuclear receptor Rev-erbα, thus regulating the circadian transcription factor Nfil3 expression (25).

LD cycles are the main factors that impact biological rhythms (26). Irregular LD cycles can trigger intestinal metabolic disorders and induce obesity, diabetes, and non-alcoholic fatty liver diseases (10). Except for the extreme LD cycles of constant darkness (0 h of light and 24 h of darkness) or constant light (24 h of light and 0 h of darkness), the LD cycle of 8L:16D is used most frequently as the environmental LD cycle model, which has also been studied to simulate the trans-equatorial jet lag as short-light (SL) cycle (27). SL can also induce circadian rhythm disorder; for example, the rhythm of the brain and muscle ARNT-like 1 (Bmal1) gene is lost when the rhythm phase is advanced by 6 h in mice (28); the increased diseases such as metabolic homeostasis imbalance (obesity, diabetes, and cardiovascular), decreased immunity, and increased incidence of tumors and depression of long-term jet lag among shift workers may also result from SL cycle (29, 30). Ikegami et al. (31) found a strong period circadian clock 1 (Per1) expression late at night and strong Cry1 expression at midnight in wild-type mice under SL. In addition, there was a high Cry1 expression in Per2 mutant mice at midnight under SL, which suggested that the LD cycle of 8L:16D also causes rhythm disorders. Besides, SL cycle is more related to the reproduction of animals (32), and food restricted under SL showed significant regression of the reproductive system of California mice (33).

Herein, we hypothesized that Per2 can respond to different environmental LD cycles (NLD and SL), thus regulating circadian oscillation and impacting the gut microbiome and nutrient metabolism. Therefore, Per2 knockout (KO) and wild-type (CON) mice were managed under NLD and SL, respectively, for 2 weeks after adaption for 4 weeks, in order to investigate how Per2 regulates colonic and cecal inflammatory functions, barrier functions, gut microbiome, and SCFAs circulation in response to different LD cycles.



Materials and Methods


Ethics Statement

All animal experiments were performed according to the ethical policies and procedures approved by the Animal Care and Use Committee of Yangzhou University, Jiangsu, China (Approval no. SYXK (Su) 2017-0044).



Mouse Management and Experimental Design

The heterozygous C57BL/6N mice with systemic Per2 gene knockout (Period2+/−) based on CRISPR/Case9 technology were provided by Biocytogen Biotechnology Co., Ltd. (Beijing, China). Mice were then sent to the Institute of Neuroscience, Chinese Academy of Science, non-human primate research platform (Suzhou, China), to expand the scale of reproduction, in order to obtain a sufficient number of positive homozygous mice (Period2−/−, KO) and wild-type mice (Period2+/+, CON). Each 8-week-old mouse was in good health, similar in body size and initial body weight. KO and CON mice were then randomly divided into alternating photoperiods of normal light–dark cycle treatment (NLD, 12 h of light and 12 h of darkness) and short-light cycle treatment (SL, 8 h of light, 16 h of darkness) (31, 33, 34); each treatment contained six mice. Mice were managed in a single cage in an environmentally controlled warehouse that allowed for manipulating LD cycles according to regulations; the LD cycles were controlled with an LED light strip of 150–200 lx and temperature of 4,500–5,000 K. The adaptation period of LD cycle and diet for mice was 4 weeks. Feeding of each mouse was recorded from 0:00–2:00, 6:00–8:00, 12:00–14:00, and 18:00–20:00 during the trial period using surveillance cameras. Composition of the commercial maintenance pellet feed consisted of corn, soybean, wheat, chicken meal, fish meal, and vegetable oil. Total energy content was 3,616 kcal/kg with a protein content of 18.6% (20.6% of calorie %), carbohydrate of 61% (67.4% of calorie %), and fat of 4.8% (12.0% of calories %). The trough, drinking fountain, and litter were changed weekly; adequate drinking water and pellet feed were provided. The experiment lasted for 14 days after allowing the mice to adapt to the diet and light conditions for 4 weeks.



Sample Collection

Mice were fasted 1 day before sampling; then, blood was collected from the retroorbital sinus for measurements of concentrations of SCFAs. Mice were then anesthetized with ether and euthanized by spinal dislocation during 10:00–12:00 a.m. The colon and cecum tissues were harvested, rinsed in phosphate buffer solution (PBS), and rapidly frozen in liquid nitrogen for measurements of the expressions of circadian rhythm, SCFAs transporter, and inflammatory- and barrier-related genes following a previously described protocol (8). Colonic and cecal contents were stripped along the outer wall of the intestine and stored in liquid nitrogen for concentration of SCFAs and microbiome analysis.



Total RNA Extraction

Total RNA was extracted from colonic and cecal epithelial tissues using the FastPure Cell/Tissue Total RNA Isolation Kit V2 (RC112, Vazyme, Nanjing, China). Concentration and purity of total RNA were determined with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Reverse transcription referred to FastKing gDNA Dispelling RT Super Mix (Tiangen, Beijing, China). Reverse transcription reaction system was as follows: 5× FastKing-RT Super Mix, 4 µl; total RNA, 1,000 ng; and RNase-free ddH2O to make the volume of 20 µl. Reaction procedure was set as 42°C for 15 min and 95°C for 3 min following the manufacturer’s instructions.



Real-Time PCR

The reverse transcription gDNA samples were used as templates for real-time PCR (RT-PCR) using the 2× TSINGKE Master qPCR Mix (SYBR Green I) (TSE201, Tsingke, Beijing, China) in an ABI7500 (Thermo Fisher) sequence detector. The reaction system for PCR was as follows: qPCR Mix, 10 µl; forward primer, 0.8 µl (10 µM); reverse primer, 0.8 µl (10 µM); 50× ROX Reference Dye, 0.4 µl; and ddH2O to make the volume of 20 µl. PCR reaction procedure was set as 95°C for 60 s, 40 cycles of 95°C for 10 s and 60°C for 30 s, and, ultimately, the test was set as 95°C for 15 s, 60°C for 60 s, 95°C for 30 s, and 60°C for 15 s. The standard curve method and QuantStudio™ 7 Flex Real-Time PCR Software (Applied Biosystems, Foster, CA, USA) were used for data analysis. Relative expression of the target gene was calculated using 2−ΔΔCt methods (35). Specific primers used for RT-PCR are shown in Supplementary Table S1.



Protein Extraction

Total protein was extracted from colonic and cecal epithelial tissues using radioimmunoprecipitation assay (RIPA) lysis buffer (R0010, Solarbio, Beijing, China), which contained 1 mM dilution of phenylmethylsulfonyl fluoride (78830, Sigma-Aldrich, St. Louis, MO, USA). Total protein was extracted according to the manufacturer’s instructions, and the concentration of protein was determined with the Enhanced BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China). Protein was denatured at 95°C for 10 min prior to Western blotting.



Western Blot

Western blot method was used to determine the protein expression of Per2. Details of Western blot were reported previously by our laboratory (36). Briefly, primary antibodies used in this work were Per2 (GTX129688, GeneTex, Irvine, CA, USA), and Gapdh (GTX100118, GeneTex, Irvine, CA, USA). After incubating with primary antibody, the membranes were incubated with the horseradish peroxidase (HRP)-conjugated anti-rabbit IgG secondary antibody (GTX213110-0, GeneTex, Irvine, CA, USA). The polyvinylidene fluoride (PVDF) membranes were developed using SuperSignal West Femto Substrate Trial Kit (No. 34094, Thermo Fisher Scientific, Waltham, MA, USA). The visualization of PVDF membranes was performed by FulorChem HD2 (ProteinSimple, San Francisco, CA). The band intensities were measured using Image J software (v1.8.0). The target protein abundance was normalized with the intensity of Gapdh.



Determination of SCFAs

For colonic and cecal contents, 0.5 g of mixtures of each treatment was used, 1.25 ml of ultrapure water per sample was mixed with the contents, and they were vortexed for 5 min, then centrifuged at 4°C, 13,400×g for 10 min. The supernatant was collected and filtered through a 0.25-μM syringe filter. A total of 0.4 ml metaphosphoric acid (contained 20% of 60 mmol/L crotonic acid as internal standard) was added, and then, the entire contents were vortexed, centrifuged, and filtered, and the supernatant was collected for subsequent analyses. A standard mix (0.4 μl) contains 55.06 mmol/L of acetate, 15.84 mmol/L of propionate, 4.25 mmol/L of isobutyrate, 8.57 mmol/L of butyrate, 3.58 mmol/L of isovalerate, and 3.56 mmol/L of valerate, and test samples were mixed and ran through a CP-WAX capillary column (length, 30 m; inner diameter, 0.53 mm; and film thickness, 1 μm) in a gas chromatograph (GC-9A, Shimadzu, Kyoto, Japan). The SCFAs were determined according to the preliminary method of our laboratory (37). Briefly, 0.4 μl of standard product was collected, and the solution with a CP-WAX capillary column was tested (length, 30 m; inner diameter, 0.53 mm; and film thickness, 1 μm) by using the gas chromatography. Program settings and calculations of concentrations were according to a previous protocol (38). The relative correction factor of SCFAs was calculated by the peak area of the standard and the internal standard, and the concentration was calculated based on the peak area.

Blood was kept at room temperature for 30 min and centrifuged at 1,000×g for 15 min. The serum was collected for concentrations of SCFAs measurements. Then, 200 µl of serum; a 200-µl mixture of organic solvents composed of N-butanol, tetrahydrofuran, and acetonitrile in a 50:30:20 ratio; 40 µl of HCl 0.1M; 20 mg of citric acid; and 40 mg of sodium chloride were mixed. The microtubes were shook vigorously using the vortex stirrer for 1 min and centrifuged at 13,400×g at room temperature for 10 min. The supernatant was transferred, and concentrations of SCFAs were measured according to a previous protocol (39).



DNA Extraction and Illumina Sequencing

In each treatment, a 0.5-g mixture of colonic and cecal contents was taken, and the TIANamp Stool DNA Kit (DP328, Tiangen) was used to extract total microbial DNA. The concentration and purity of total DNA were determined by the NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Illumina Hiseq2500-PE250 sequencing platform was used to determine the abundance and diversity of the intestinal content microbiota. The method amplified the bacterial 16S ribosomal RNA (rRNA) region using the following primers: primer (319F: 5′-ACTCCTACGGGAGGCAGCAG-3′; 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) target V3–V4 hypervariable region was used for sequencing (40). Sequencing was conducted at Genepioneer Biotechnologies Co., Ltd., Nanjing, China. The 16S rRNA gene amplicon sequencing data generated during the current study were submitted to National Center for Biotechnology Information (NCBI) under BioProject PRJNA750583.



16S rRNA Sequencing Data Processing

Paired-end reads generated from Illumina platforms were processed and merged using FLASH software (v1.2.7) (41). Then, high-quality clean sequence tags were obtained by removing lower quality and shorter lengths. Usearch software (Uparse v6.0.307) was used to cluster all the reads of each sample into operational taxonomic units (OTUs) with a sequence similarity level of 97% (42). Representative sequences of each OTUs were screened for further annotation. Matched bacterial 16S rRNA classification information was obtained from SILVA (Release115) database (43). Relative abundances of representative bacteria were calculated at the phylum, class, order, family, and genus levels. QIIME software (V1.7.0) was used to calculate the Alpha diversity index (Chao1, ACE, and Shannon and Simpson Index) (44). Beta diversity was calculated using principal coordinate analysis (PCoA) based on Unweight Unifrac distance. Linear discriminant analysis effect size (LEfSe) was used to compare the marker species under the genus classification (LDA score >3.5) (45). Finally, the PICRUSt2 (v1.1.0) database was used to predict the function of the microbial community based on high-quality sequences and annotated via Kyoto Encyclopedia of Genes and Genomes (KEGG) database (46).



Statistical Analysis

Relative expression of genes and protein, concentrations of SCFAs, and bacterial α-diversity based on 16S rRNA sequencing were subjected to two-way ANOVA analysis using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA) software. GraphPad Prism 6.0 software was used to draw histograms. Results are presented as means ± standard error of the mean (SEM) (* denotes p < 0.05, significant difference; ** or ***denotes p < 0.01 or p < 0.001, extremely significant difference). Bacterial taxa analyses were plotted using the R package “ggplot2” based on the modified OTUs data. The Venn diagrams were analyzed using the R package “VennDiagram.” PCoA diagram was carried out by R package “vegan.” The bubble diagram of pathway enrichment analysis was made using the R package “ggplot2.” The bacterial cluster results were carried out by R package “pheatmap.” The R version was 4.0.2, and R packages were described previously (47, 48).




Results


Daily Feeding Rhythm of Mice

Data indicated that the feeding frequency of Per2 knockout mice was significantly decreased compared with CON mice at 0:00–2:00 (p < 0.05 or p < 0.01) but increased at 12:00–14:00 (p < 0.05 or p < 0.001) both under NLD and SL (Figure 1). KO did not impact the feeding frequency at 6:00–8:00 and 18:00–20:00 (p > 0.05). Short-light treatment also did not alter the daily feeding rhythm compared with NLD of KO and CON mice (p > 0.05). The feeding rhythm of CON mice showed trends that were higher at night but lower during the day, while KO mice showed the opposite.




Figure 1 | Daily feeding rhythm of KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. Recorded the times of feeding of each mouse from 0:00–2:00, 6:00–8:00,12:00:14:00, and 18:00–20:00 during the trial period using surveillance cameras. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or ***p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 4 per group).





Concentrations of SCFAs in Serum

Data indicated that Per2 knockout did not have a significant impact on the concentrations of total SCFAs, acetate, propionate, butyrate, and acetate/propionate (p > 0.05) compared with CON mice (Table 1). Short-light treatment also did not impact all SCFAs indicators compared with CON mice (p > 0.05). There was no interaction effect on the serum SCFAs indicators (p > 0.05).


Table 1 | Concentrations of SCFAs in serum.





Concentrations of SCFAs in Colonic and Cecal Contents

Compared with CON mice, Per2 knockout significantly reduced the concentrations of total SCFAs (p < 0.001), acetate (p = 0.001), propionate (p = 0.011), and increased butyrate (p = 0.021), but did not impact isobutyrate, isovalerate, valerate, and acetate/propionate (p > 0.05) in colonic contents (Table 2). Short-light treatment did not impact the concentrations of SCFAs (p > 0.05), except reducing isobutyrate (p < 0.001) and isovalerate (p = 0.031) compared with NLD. The interaction between two treatments did not impact the concentration of SCFAs (p > 0.05). In terms of the concentration of SCFAs in cecal content, KO reduced total SCFAs (p = 0.020) and acetate (p < 0.01) but increased butyrate (p = 0.001); no differences were observed in propionate, isobutyrate, isovalerate, valerate, and acetate/propionate (p > 0.05). Short light did not impact SCFAs indicators (p > 0.05) compared with NLD in cecal content. Besides, the interaction between two treatments significantly impacted the concentration of propionate (p < 0.01).


Table 2 | Concentrations of SCFAs in colonic and cecal contents.





Relative Expression of Colonic and Cecal Epithelial Circadian Rhythm Genes and Per2 Protein

Compared with CON mice, mRNA and protein expression of Per2 significantly decreased in Per2 knockout mice both under NLD and SL in colonic epithelium (Figure 2A, Supplementary Figure S1) and cecal epithelium (Figure 2B, Supplementary Figure S1) (p < 0.05 or p < 0.001). There was a high knockout efficiency of Per2 gene in colon and cecum tissues. In terms of expression of other circadian rhythm genes during 10:00 to 12:00 a.m., KO upregulated expression of Per1 and Rev-erbα gene but downregulated circadian locomotor output cycles kaput (Clock) and Bmal1 both under NLD and SL. The KO also increased the expression of period circadian clock 3 (Per3) gene under NLD in colonic epithelium (Figure 2C) (p < 0.05, p < 0.01, or p < 0.001) compared with CON mice. For cecal epithelium, KO upregulated expression of Per1, cryptochrome 2 (Cry2), and Rev-erbα but downregulated expression of Clock and Bmal1 genes both under NLD and SL. The KO also downregulated expression of Cry1 gene under SL (Figure 2D) (p < 0.05, p < 0.01, or p < 0.001) compared with CON mice. Short-light treatment did not impact expression of colonic and cecal epithelial circadian rhythm genes (p > 0.05) compared with NLD.




Figure 2 | Relative expression of colonic and cecal epithelial circadian rhythm genes and Per2 protein in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2-/-) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. Representative charts of the expression levels of Per2 gene and protein of colonic epithelium (A) and cecal epithelium (B), Per1 gene, Per3 gene, Cry1 gene, Cry2 gene, Clock gene, Bmal1 gene, and Rev-erbα gene of colonic epithelium (C) and cecal epithelium (D). Expressions of circadian genes and Per2 protein were determined in Per2 knockout and wild-type mice under NLD and SL by PCR and Western blot method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or ***p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Relative Expression of Colonic and Cecal Epithelial SCFAs Transporter Genes

Compared with CON mice, Per2 knockout significantly upregulated expression of Na+/H+ exchanger 1 (Nhe1), Na+/H+ exchanger 3 (Nhe3), monocarboxylic acid transporters 1 (Mct1), and monocarboxylic acid transporters 4 (Mct4) (p < 0.05, p < 0.01, or p < 0.001) but did not impact expression of Na+/H+ exchanger 2 (Nhe2), anion exchanger 2 (Ae2), and Na+/K+ ATPase (p > 0.05) both under NLD and SL in colonic epithelium (Figure 3A). Short-light treatment further down-regulated expression of colonic epithelial Nhe3 gene compared with NLD in KO mice (p < 0.01) (Figure 3A). For cecal epithelium, KO upregulated expression of Nhe1, Nhe3, and Mct4 genes (p < 0.05, p < 0.01, or p < 0.001) but did not impact expression of Nhe2, Mct1, Ae2, and Na+/K+ ATPase (p > 0.05) both under NLD and SL in cecal epithelium (Figure 3B). Short light did not alter expression of SCFAs transporter genes in cecal epithelium compared with NLD (Figure 3B) (p > 0.05).




Figure 3 | Relative expression of colonic and cecal epithelial SCFAs transporter genes in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. Representative charts of the expression levels of Nhe1 gene, Nhe2 gene, Nhe3 gene, Mct1 gene, Mct4 gene, Ae2 gene, and Na+/K+ ATPase gene of colonic epithelium (A) and cecal epithelium (B). Expressions of SCFAs transporter genes were determined in Per2 knockout and wild-type mice under NLD and SL by PCR method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or *** p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Relative Expression of Colonic and Cecal Epithelial Inflammatory and Barrier Genes

Compared with CON mice, Per2 knockout significantly upregulated expression of tumor necrosis factor α (Tnf-α) gene, while it downregulated expression of tight junction protein 1 (Zo-1), Claudin-1, and Occludin genes (p < 0.05 or p < 0.01) but did not impact the expression of interleukin 1β (Il-1β) and interleukin 6 (Il-6) genes (p > 0.05) both under NLD and SL in colonic epithelium (Figure 4A). In terms of cecal epithelial inflammatory and barrier genes, KO significantly upregulated expression of Il-1β and Tnf-α, while it downregulated expressions of Claudin-1 and Occludin (p < 0.05 or p < 0.001). However, it did not impact expression of Il-6 and Zo-1 genes (p > 0.05) both under NLD and SL (Figure 4B). Short light did not alter expression of colonic and cecal epithelial inflammatory and barrier genes in colonic and cecal epithelium compared with NLD (p > 0.05).




Figure 4 | Relative expression of colonic and cecal epithelial inflammatory and barrier genes in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h light and 16 h darkness. Representative charts of the expression levels of Il-1β gene, Il-6 gene, Tnf-α gene, Zo-1 gene, Claudin-1 gene, and Occludin gene of colonic epithelium (A) and cecal epithelium (B). Expressions of inflammatory and barrier genes were determined in Per2 knockout and wild-type mice under NLD and SL by PCR method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or *** p < 0.01, or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Relative Expression of Colonic and Cecal Epithelial Inflammatory Pathway-Related Genes

Compared with CON mice, Per2 knockout significantly upregulated expression of toll-like receptor 2 (Tlr2) and nuclear factor κb (Nf-κb) p65 genes (p < 0.05, p < 0.01, or p<0.001) but did not impact expression of toll-like receptor 4 (Tlr4) and Myd88 genes (P > 0.05) both under NLD and SL in colonic epithelium (Figure 5A). In terms of cecal epithelial pathway-related genes, KO significantly upregulated expression of Tlr2, Tlr4, and Nf-κb p65 genes (p < 0.05, p < 0.01, or p < 0.001) but did not impact expression of Myd88 (p > 0.05) both under NLD and SL (Figure 5B). Short light did not alter expression of colonic and cecal epithelial inflammatory pathway-related genes compared with NLD (p > 0.05), except upregulating the expression of Tlr2 gene of KO mice in cecal epithelium (p < 0.001).




Figure 5 | Relative expression of colonic and cecal epithelial inflammatory pathways-related genes in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 of h darkness; SL, short-light treatment of 8 h light and 16 h darkness. Representative charts of the expression levels of Tlr2 gene, Tlr4 gene, Myd88 gene, and Nf-κb p65 gene of colonic epithelium (A) and cecal epithelium (B). Expressions of inflammatory pathways-related were determined in Per2 knockout and wild-type mice under NLD and SL by PCR method. Statistical analyses were conducted using two-way ANOVA. *p < 0.05, significant difference; ** or *** p < 0.01 or p < 0.001, extremely significant difference. Results are presented as means ± SEM (n = 6 per group).





Bacterial Sequencing OTUs and Diversity in Intestinal Contents

Table 3 and Figure 6 underscore the alterations in the diversity of intestinal microbiota of KO and CON mice under NLD and SL. The 16S rRNA sequencing coverage exceeded 99% of each group (Table 3). The Venn diagram revealed that numbers of unique bacterial OTUs of colonic contents for NLD+KO, NLD+CON, SL+KO, and SL+CON were 29, 11, 20, and 26, respectively, and the shared OTUs numbers was 237 (Figure 6B1). Besides, the unique bacterial OTUs of cecal contents for the above groups were 24, 17, 26, and 24, respectively, and the shared OTUs number was 276 (Figure 6B2). Meanwhile, Figure 6A indicates that different treatments had different relative abundance at the level of bacterial phyla and class (partial orders) classification. The bacteria with higher abundance mainly included Bacteroidales order of Bacteroidetes phylum, Clostridiales and Erysipelotrichales order of Firmicutes phylum, etc. β-Diversity calculated by PCoA diagram based on Unweight Unifrac distance (Figure 6C) revealed that the bacteria of KO mice were completely separated from CON mice on the first axis, and the NLD and the SL were not significantly separated, which indicated that Per2 knockout significantly altered intestinal bacterial β-diversity, while short-light treatment did not have an impact. Lastly, the α-diversity (Table 3) showed that the Chao 1, ACE, Shannon, and Simpson indices of KO mice were significantly higher than those of CON mice (p<0.05) both under NLD and SL of colonic and cecal microbiome, except that KO had no impact on the Simpson index of cecal content (p > 0.05). Short light did not impact bacterial α-diversity (p > 0.05).


Table 3 | Sequencing coverage and α-diversity indicators of gut microbiome.






Figure 6 | Bacterial diversities and compositions in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h of darkness. (A) Compositions of colonic and cecal microbiota at the phylum, family, and order levels in KO and CON mice under NLD and SL, the bacterial relative abundance in <0.05% were belonged to others. (B) Venn diagrams based on OTUs in colonic content (B1) and cecal content (B2), the number of unique OTUs were represented by the unoverlapped portion. (C) Principal coordinate analysis plots of unweighted UniFrac distances of microbiota in colonic and cecal contents in KO and CON mice under NLD and SL. n = 6 per group for 16S rRNA sequencing.





Taxonomic Differences in Microbial Genus Level in Intestinal Contents

Significant taxonomic differences in bacterial genus classification among four treatments were analyzed using LEfSe (Figure 7A). LEfSe results were visualized using a taxonomy bar chart, and only LDA scores over 3.5 were marked. At the bacterial genus level, Lachnospiraceae NK4A136, Eubacterium_xylanophilum, Roseburia, Lachnospiraceae UCG_006, Ruminiclostridium, Anaerotruncus, Rikenella, Candidatus Saccharimonas, and Ruminococcaceae UCG_003 genus were enriched in NLD+KO; Erysipelatoclostridium, Prevotellaceae UCG_001, Olsenella, and Christensenellaceae R_7 genus were enriched in NLD+CON; Escherichia Shigella, Lactobacillus, Eubacterium coprostanoligenes, Turicibacter, Prevotellaceae NK3B31, and Marvinbryantia genus were enriched in SL+KO; and Parasutterella, Allobaculum, Bacteroidales S24-7 unidentified, and Enterorhabdus genus were enriched in SL+CON. The cluster results (Figure 7B) revealed that the relative abundance of significant taxonomic differences in bacterial genus of each group was higher than that of other groups. Under NLD+KO, most of the differential bacterial genus belonged to Lachnospiraceae family and Ruminococcaceae family, while the other differential bacterial genus belonged to Erysipelotrichaceae family, Prevoteellaceae, Lactobacillaceae family, etc. (Figure 7C), and most of the differential bacterial genus belonged to Bacteroidetes phylum and Firmicutes phylum (Figure 7D).




Figure 7 | LEfSe analysis and cluster heatmap of in intestinal differential microbial genus classifications in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of light and 16 h darkness. (A) Linear discriminant analysis (LDA) plus effect size (LEfSe) at bacterial genus levels in KO and CON mice under NLD and SL, only LDA score in over than 3.5 was marked. (B) Cluster heatmap of differential bacterial genus levels in KO and CON mice under NLD and SL. (C) Classification the differential bacterial genus in family levels. (D)  Classification the differential bacterial genus in phylum levels. n = 6 per group for 16S rRNA sequencing.





Prediction of Bacterial Functions via PICRUSt2

The bacterial functional predictions of KEGG pathways via PICRUSt2 are shown in Figure 8 and Supplementary Figure S2. Prediction of the KEGG primary pathway showed that the identified bacterial genes were potentially related to metabolism, genetic information processing, and environmental information processing (Supplementary Figure S2). Based on the metabolism pathway, most of the predicted genes were involved in amino acid and carbohydrate metabolism pathways (Figure 8A). The amino acid metabolism pathway was further refined, and we found that functions of the intestinal microbiota were mainly related to pathways such as “alanine, aspartate, and glutamate metabolism” or “arginine and proline metabolism” (Figure 8B). The carbohydrate metabolism pathway functions of the intestinal microbiota were mainly related to “amino sugar and nucleotide sugar metabolism,” “pyruvate metabolism,” etc. (Figure 8C). Besides, SCFAs metabolism pathways such as “propanoate metabolism” and “butanoate metabolism” were also enriched (Figure 8C).




Figure 8 | Predicted of bacterial functions of KEGG pathway via PICRUSt2 in KO and CON mice under NLD and SL. KO, Per2 gene knockout (Period2−/−) mice; CON, wild-type (Period2+/+) mice; NLD, normal light–dark cycle treatment of 12 h light and 12 h darkness; SL, short-light treatment of 8 h light and 16 h darkness. (A) The bacterial functional predictions of KEGG secondary pathway via metabolism. (B) The amino acid metabolism pathways predicted via metabolism. (C) The carbohydrate metabolism pathways predicted via metabolism. n = 6 per group for 16S rRNA sequencing.






Discussion

After systemic Per2 knockout in mice, the mRNA and protein level of Per2 expression in colonic and cecal epithelium was significantly downregulated, which underscored the high efficiency of Per2 knockout and the reliability of the results of our work. Per2 knockout altered intestinal circadian oscillation, for example, KO upregulated the expression of Per1 and Rev-erbα but downregulated Clock and Bmal1 in colonic and cecal epithelium during 10:00−12:00. Our results were consistent with previous reports; Zani et al. (49) reported that lack of Per2 caused altered expressions of the liver by upregulating Clock, Cry1, and Bmal1, while Rev-erbα, Per1, and Cry2 were downregulated at ZT14 in Per2 mutant mice. This indicated that Per2 is required for normal circadian expression. However, Ikegami et al. (31) argued that Per2 is not necessary for the photoperiodic response in mice because the expression profile of arylalkylamine N-acetyltransferase, a rate-limiting melatonin synthesis enzyme, was unaffected in the pineal gland of Per2 mutant mice. They also found that the amplitude of Per1 and Cry1 expression was greatly attenuated in the SCN. Our data also indicated that short-light treatment did not impact expression of colonic and cecal epithelial circadian rhythm genes compared with NLD because wild-type mice are fast at adjusting their locomotor activity to a long photoperiod (50), and photoperiodic responses remain unaffected in Per2-deficient mice (31). In short, Per2 plays a critical role in the regulation of circadian locomotor activity rhythms, and the simulation of the jet lag by short-light for a short period may not impact circadian rhythms.

Our data indicated that Per2 knockout also significantly altered the diversity, structure, and function of large intestinal microbiota; for example, PCoA diagram revealed that Per2 knockout significantly altered intestinal bacterial β-diversity; the α-diversity indicators (Chao 1, ACE, Shannon, and Simpson indexes) of KO mice were significantly higher than those of CON mice both under NLD and SL. However, Thaiss et al. (18) has reported that the Chao 1 index of fecal microorganisms in Per1/2 genes knockout mice was significantly lower than that of wild-type mice, with the diversity of the population declining. This is because Per1/2 gene knockout inhibited the TTFLs axis of mice, which causes disappearance of the rhythm of the intestinal microbiota. As such, it inhibits the diversity of intestinal microbiota (6). In our study, intestinal microbiota was dysregulated but did not completely disappear after the single knockout of Per2, thus leading to the increase in the α-diversity. The increase in bacterial α-diversity may result from the abnormal diurnal feeding rhythm of Per2 knockout mice; the host responds to the increase in feeding frequency and nutrient metabolism disorder caused by Per2 knockout by increasing the abundance and diversity of intestinal microbiota, thus reducing inflammations in the gut and liver tissues (9, 51).

The Per2 knockout under normal LD cycle led to an increase in the abundance of the Lachnospiraceae family such as Lachnospiraceae NK4A136, Eubacterium_xylanophilum, Roseburia, Lachnospiraceae UCG_006, and Ruminococcaceae family such as Ruminiclostridium, Anaerotruncus, and Ruminococcaceae UCG_003. Thaiss et al. also indicated that the abundance of the above two bacterial families have obvious circadian rhythms (18), i.e., knockout of Per2 results in disturbance of the intestinal microbiota and increases their abundance. Moreover, Lachnospiraceae family, Ruminococcaceae family, and Rikenella genus of Rikenellaceae family are all reported to be closely related to the production of SCFAs in the intestine (52, 53). Furthermore, the abundance of Erysipelatoclostridium, Prevotellaceae UCG-001, Olsenella, and Christensenellaceae R-7 genus significantly decreased. Takayasu et al. (54) confirmed that Prevotellaceae has a strong circadian rhythm in human saliva, while it disappeared after isolation, which indicated that the circadian rhythm of the intestinal microbiota is closely related to the physiological state of host. Prevotellaceae also plays a role in butyrate production, and Per2 knockout may cause the abnormal rhythm of Prevotellaceae (55). In addition, Erysipelatoclostridium genus of Erysipelotrichaceae family is the main dominant bacteria in the gut of obese mice. Its functions were closely related to obesity, diabetes, and metabolic syndrome diseases (56), and its abundance is also affected by rhythm disorders. Lastly, Per2 knockout under SL resulted in the increased abundance of Escherichia-Shigella, Lactobacillus, Eubacterium coprostanoligenes, Turicibacter, Prevotellaceae NK3B31, and Marvinbryantia, while the abundance of Parasutterella, Allobaculum, Bacteroidales S24-7, and Enterorhabdus decreased. The differentially affected bacterial genus belongs to different families, and their functions and classifications were also inconsistent. In general, the bacterial genus mainly belonged to Erysipelotrichaceae, Lachnospiraceae, Ruminococcaceae, and Prevotellaceae families, which also have a strong rhythm and were closely related to butyrate production.

A stable microbiota rhythm will drive the host’s circadian rhythm transcription, epigenetics, and metabolites to oscillate, and the destruction of homeostasis affects the host’s physiological functions and increases disease risk (57). For example, it has been previously reported that Clock/Clock mutant mice demonstrate altered circadian rhythmicity and display reduced cytokine production from macrophages and arrhythmic inflammatory responses, thus leading to intestinal ecology dysregulation (58). The gut microbiota is involved in a variety of digestive and metabolic functions in the hindgut of mammals and exhibits rhythmicity and oscillates in key metabolic mediators of intestine. These mediators also affect the circadian rhythm of the host, thereby maintaining the stability of the metabolic internal environment (21). The prediction of the bacterial KEGG pathway via PICRUSt2 in our study revealed that 50% of bacterial genes were annotated into the metabolism pathway, which mainly included amino acid and carbohydrate metabolism, such as “alanine, aspartate, and glutamate metabolism,” “arginine and proline metabolism,” “cysteine and methionine metabolism,” and “glycine, serine, and threonine metabolism” pathways. Carbohydrate metabolism pathways of “amino sugar and nucleotide sugar metabolism,” “pyruvate metabolism,” “fructose and mannose metabolism” ,and “citrate cycle (TCA)”, etc. were also enriched, which indicated that most bacteria were involved in amino acid, carbohydrate, and energy metabolism. Several previous studies showed that Per2 interacts with key nuclear receptors (Pparα, Pparγ, and Rev-erbα) (59) and plays an important role in various metabolic processes (49). Per2 mutant mice are characterized by diminished fasting glycemia, absence of rhythmic hepatic glycogen accumulation, increased plasma insulin levels, and weakened gluconeogenesis in addition to a reduction in fat pad mass and plasma lipid levels (49, 60). Per2-KO mice lack a glucocorticoid rhythm and diurnal feeding rhythm, which can lead to obesity when fed a high-fat diet (9, 51). This explained why we observed that the feeding rhythms of CON mice showed trends of increase at night but decreases during the day, while that of KO mice were the opposite, and the feeding frequency of Per2 knockout mice were significantly decreased at 0:00–2:00 but increased at 12:00–14:00. We also found that KO increased the expression of Tnf-α, Tlr2, and Nf-κb p65 but decreased Claudin and Occludin-1 in the colon and cecum, which suggested that alterations in daily feeding behavior and gut microbiome and nutrient metabolism of KO mice may lead to destruction of intestinal barrier function, which may be a potential inflammatory response via Nf-κb pathway (61, 62).

It is worth noting that butanoate and propanoate metabolism were enriched among carbohydrate metabolism pathway, which proved that Per2 knockout altered the metabolism of propionate and butyrate. For further verification, the proportion of SCFAs in the colon and cecum were measured. KO hadno impacts on SCFAs in the serum; the probable reason may be that SCFAs were more energy substance for the intestinal epithelial cells rather than transported into the blood, such as butyrate. KO decreased the concentrations of total SCFAs and acetate in the colon and cecum but increased butyrate. In other words, the increased abundance of Lachnospiraceae and Ruminococcaceae in KO was the main reason for the increased concentrations of butyrate. Previous reports also indicated that the above bacteria were closely related to the synthesis of SCFAs. For example, Lachnospiraceae NK4A136 and Rosebuira genus participated in the production and metabolism of butyrate and maintenance of intestinal barrier functions (63, 64). Eubacterium xylanophilum was reported to decompose xylan to produce butyrate (65). Besides, Ruminiclostridium, Ruminococcaceae UCG-003, and Anaeotruncus genus of Ruminococcaceae family, and Rikenella genus of Rikenellaceae family all belong to the butyrate-producing bacteria (52, 53), while Lachnospiraceae UCG-006 genus is reported to be an acetate-producing bacteria (66). Our data revealed that Per2 knockout led to rhythm disturbances and impacted feeding rhythm. Previous reports also demonstrated that Per2 knockout significantly altered the diurnal feeding rhythm (9, 51) and induced lipid metabolism disorder (8), thus altering intestinal microbiota and increasing the abundance of Lachnospiraceae and Ruminococcaceae, which in turn metabolized and enhanced synthesis of butyrate but decreased total SCFAs and acetate in the intestine.

The transport and absorption of SCFAs in the epithelium is also worthy of attention. SCFAs mainly exist in the form of anions in the intestine, and they must combine with transporters such as MCT1 to be absorbed into the blood through the basal layer of the epithelium (67). KO increased SCFAs transporter because of the upregulated expression of Nhe1, Nhe3, Mct1, and Mct4. The above results indicated that Per2 knockout can promote the absorption of SCFAs by intestinal epithelium. Previous work in our laboratory revealed that silencing PER2 in goat rumen epithelial cells (GRECs) resulted in the upregulation of MCT1 abundance, which was consistent with this study. Meanwhile, the abundance of PER2 mRNA and protein increased when 15 mM sodium butyrate was added to stimulate goat GRECs in vitro, indicating that absorption of SCFAs regulated by PER2 may be mediated by butyrate (68). Some unpublished data by our group also revealed that PER2 and MCT1/4 gene displayed the opposite daily rhythm of near cosine function, and their daily expression is negatively correlated in GRECs. Overexpression of PER2 downregulated the expression of MCT1/4 in GRECs, and perfusion with SCFAs upregulated the PER2 but downregulated MCT1/4 in goat in vivo. In addition, H+ accumulated in greater amounts after the negative ion state of SCFAs was absorbed by the epithelium, which led to the decrease in pH in intestinal epithelial cells and acidification of the intestinal environment. Nhe1 and Nhe3 can mediate the transfer of Na+ into the cell and transfer of H+ outside the cell, thus, lowering the pH and maintaining the stability of the osmotic pressure inside and outside the cell (69, 70). Consistently, expression levels of Nhe1 and Nhe3 in colonic and cecal epithelium were significantly increased in KO, which revealed that Nhe1 and Nhe3 regulated the homeostasis of the cellular environment caused by the accumulation of H+ after SCFAs absorption. Our data demonstrated that Per2 knockout enhanced SCFAs absorption in the intestine because of the upregulation expression of transporter genes. However, the production and circulation of SCFAs is a highly complex and dynamic process (71). We predicted that the lower SCFAs may be attributed to the greater absorption rather than more SCFAs production because that KO only increased the abundance of butyrate-producing bacteria, such as Lachnospiraceae and Ruminococcaceae, but had no impact on other SCFAs-producing bacteria. The Wood–Ljungdahl pathway is the most efficient for acetate production, and acetate-producing bacteria account for the majority of the Firmicutes phylum (72), and eventually decreased SCFAs concentrations in the intestine. The impacts of Per2 knockout on intestinal SCFAs production still need to be further investigated because the SCFAs produced by colonic and cecal bacterial microbiota fermentation are based on the diets (63, 70).

In short, our data are consistent with the hypothesis that Per2 regulates circadian oscillation in the intestine in response to the normal light–dark cycle. The disorder of feeding rhythm leads to upregulating the abundance of Lachnospiraceae and Ruminococcaceae, which further impacting SCFAs metabolism and transport in Per2 knockout mice. This may potentially lead to inflammation of the colon and cecum. However, Per2 had little impact on intestinal microbiome and metabolism according to our data in response to short-light cycle. Subsequent experiments needto focus on the alterations in gut microbiome and various metabolic and inflammation processes caused by five different LD cycles (normal LD cycle, consult light, consult darkness, short-light, and long light treatments) after Per1/2 gene double knockout. Not only that, we need to monitor the dynamic alterations in microbial and metabolic rhythms during a 48 h period.



Conclusion

In conclusion, based on the present work, Per2 knockout dysregulated the TTFLs axis and altered the expression of circadian genes such as upregulating Per1 and Rev-erbα and down-regulating Bmal1 and Clock in colon and cecum tissues of mice. Circadian rhythm disorder further induced the loss of feeding rhythm, which in turn led to alterations in gut microbiome. KO increased the α-diversity of gut microbiome, and the abundance of Lachnospiraceae and Ruminococcaceae were significantly upregulated, which further led to altering SCFAs metabolism and transport. Data indicated that KO also increased the concentrations of butyrate but decreased total SCFAs and acetate; the transport was enhanced because of the upregulation of Nhe1, Nhe3, Mct1, and Mct4 genes. This may potentially lead to inflammation of the large intestine. However, short-light treatment had little impact on intestinal microbiome and metabolism according to our data.



Data Availability Statement

The 16S rRNA gene amplicon sequencing data generated during the current study were submitted to NCBI under BioProject PRJNA750583.



Ethics Statement

All animal experiments were performed according to the ethical policies and procedures approved by the Animal Care and Use Committee of Yangzhou University, Jiangsu, China (Approval no. SYXK (Su) 2017-0044).



Author Contributions

MW, LH, and YZ designed research; QX, LH, WW, JH, and YZ conducted research; YZ and LG, analysed data; YZ and LG wrote paper; MW, JJL, QY, and PZ reviewed and modified paper. MW and PZ  had primary responsibility for final content. All authors read and approved the final manuscript.



Funding

This study was supported by grants from the Natural Science Foundation of China (31672446); the funds from State Key Laboratory of Sheep Genetic Improvement and Healthy Production (2021ZD07; 2021ZD01; SKLSGIHP2021A03), Shihezi, China; and the Priority Academic Program Development of Jiangsu Higher Education Institutions, China.



Acknowledgments

The authors thank all the members of Prof. Mengzhi Wang’s group for their contribution to take care of the animals and sample determinations.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.848248/full#supplementary-material

Supplementary Table 1 | Specific primers used for RT-PCR.

Supplementary Figure 1 | Representative western blots of Per2 and Gapdh protein in KO and CON mice under NLD and SL.

Supplementary Figure 2 | The prediction of the KEGG primary pathway via PICRUSt2 in KO and CON mice under NLD and SL.



References

1. Pelham, JF, Dunlap, JC, and Hurley, JM. Intrinsic Disorder Is an Essential Characteristic of Components in the Conserved Circadian Circuit. Cell Commun Signaling (2020) 18(1):181. doi: 10.1186/s12964-020-00658-y

2. Ptitsyn, AA, Zvonic, S, and Gimble, JM. Digital Signal Processing Reveals Circadian Baseline Oscillation in Majority of Mammalian Genes. PloS Comput Biol (2007) 3(6):1108–14. doi: 10.1371/journal.pcbi.0030120

3. Lamont, EW, Robinson, B, Stewart, J, and Amir, S. The Central and Basolateral Nuclei of the Amygdala Exhibit Opposite Diurnal Rhythms of Expression of the Clock Protein Period2. Proc Natl Acad Sci United States America (2005) 102(11):4180–4. doi: 10.1073/pnas.0500901102

4. Ray, S, Valekunja, UK, Stangherlin, A, Howell, SA, Snijders, AP, Damodaran, G, et al. Circadian Rhythms in the Absence of the Clock Gene Bmal1. Science (2020) 367(6479):800–+. doi: 10.1126/science.aaw7365

5. Partch, CL, Green, CB, and Takahashi, JS. Molecular Architecture of the Mammalian Circadian Clock. Trends Cell Biol (2014) 24(2):90–9. doi: 10.1016/j.tcb.2013.07.002

6. Zheng, BH, Larkin, DW, Albrecht, U, Sun, ZS, Sage, M, Eichele, G, et al. The Mper2 Gene Encodes a Functional Component of the Mammalian Circadian Clock. Nature (1999) 400(6740):169–73. doi: 10.1038/22118

7. Lin, Z, Chen, L, Chen, X, Zhong, Y, Yang, Y, Xia, W, et al. Biological Adaptations in the Arctic Cervid, the Reindeer (Rangifer Tarandus). Science (2019) 364(6446):eaav6312. doi: 10.1126/science.aav6312

8. Adamovich, Y, Rousso-Noori, L, Zwighaft, Z, Neufeld-Cohen, A, Golik, M, Kraut-Cohen, J, et al. Circadian Clocks and Feeding Time Regulate the Oscillations and Levels of Hepatic Triglycerides. Cell Metab (2014) 19(2):319–30. doi: 10.1016/j.cmet.2013.12.016

9. Yang, S, Liu, A, Weidenhammer, A, Cooksey, RC, McClain, D, Kim, MK, et al. The Role of Mper2 Clock Gene in Glucocorticoid and Feeding Rhythms. Endocrinology (2009) 150(5):2153–60. doi: 10.1210/en.2008-0705

10. Tahara, Y, and Shibata, S. Circadian Rhythms of Liver Physiology and Disease: Experimental and Clinical Evidence. Nat Rev Gastroenterol Hepatol (2016) 13(4):217–26. doi: 10.1038/nrgastro.2016.8

11. Power, SC, and Mistlberger, RE. Food Anticipatory Circadian Rhythms in Mice Entrained to Long or Short Day Photoperiods. Physiol Behav (2020) 222:112939. doi: 10.1016/j.physbeh.2020.112939

12. Zelinski, EL, Deibel, SH, and McDonald, RJ. The Trouble With Circadian Clock Dysfunction: Multiple Deleterious Effects on the Brain and Body. Neurosci Biobehav Rev (2014) 40:80–101. doi: 10.1016/j.neubiorev.2014.01.007

13. Leclercq, B, Hicks, D, and Laurent, V. Photoperiod Integration in C3h rd1 Mice. J Pineal Res (2021) 71:e12711. doi: 10.1111/jpi.12711

14. Mure, LS, Vinberg, F, Hanneken, A, and Panda, S. Functional Diversity of Human Intrinsically Photosensitive Retinal Ganglion Cells. Science (2019) 366(6470):1251–+. doi: 10.1126/science.aaz0898

15. Lin, L, and Zhang, JQ. Role of Intestinal Microbiota and Metabolites on Gut Homeostasis and Human Diseases. BMC Immunol (2017) 18:2. doi: 10.1186/s12865-016-0187-3

16. Liang, X, Bushman, FD, and FitzGerald, GA. Time in Motion: The Molecular Clock Meets the Microbiome. Cell (2014) 159(3):469–70. doi: 10.1016/j.cell.2014.10.020

17. Liang, X, and FitzGerald, GA. Timing the Microbes: The Circadian Rhythm of the Gut Microbiome. J Biol Rhythms (2017) 32(6):505–15. doi: 10.1177/0748730417729066

18. Thaiss, CA, Zeevi, D, Levy, M, Zilberman-Schapira, G, Suez, J, Tengeler, AC, et al. Transkingdom Control of Microbiota Diurnal Oscillations Promotes Metabolic Homeostasis. Cell (2014) 159(3):514–29. doi: 10.1016/j.cell.2014.09.048

19. Zarrinpar, A, Chaix, A, Yooseph, S, and Panda, S. Diet and Feeding Pattern Affect the Diurnal Dynamics of the Gut Microbiome. Cell Metab (2014) 20(6):1006–17. doi: 10.1016/j.cmet.2014.11.008

20. Liang, X, Bushman, FD, and FitzGerald, GA. Rhythmicity of the Intestinal Microbiota Is Regulated by Gender and the Host Circadian Clock. Proc Natl Acad Sci United States America (2015) 112(33):10479–84. doi: 10.1073/pnas.1501305112

21. Leone, V, Gibbons, SM, Martinez, K, Hutchison, AL, Huang, EY, Cham, CM, et al. Effects of Diurnal Variation of Gut Microbes and High-Fat Feeding on Host Circadian Clock Function and Metabolism. Cell Host Microbe (2015) 17(5):681–9. doi: 10.1016/j.chom.2015.03.006

22. Ku, K, Park, I, Kim, D, Kim, J, Jang, S, Choi, M, et al. Gut Microbial Metabolites Induce Changes in Circadian Oscillation of Clock Gene Expression in the Mouse Embryonic Fibroblasts. Mol Cells (2020) 43(3):276–85. doi: 10.14348/molcells.2020.2309

23. Tahara, Y, Yamazaki, M, Sukigara, H, Motohashi, H, Sasaki, H, Miyakawa, H, et al. Gut Microbiota-Derived Short Chain Fatty Acids Induce Circadian Clock Entrainment in Mouse Peripheral Tissue. Sci Rep (2018) 8(1):1395. doi: 10.1038/s41598-018-19836-7

24. Kuang, Z, Wang, YH, Li, Y, Ye, CQ, Ruhn, KA, Behrendt, CL, et al. The Intestinal Microbiota Programs Diurnal Rhythms in Host Metabolism Through Histone Deacetylase 3. Science (2019) 365(6460):1428–+. doi: 10.1126/science.aaw3134

25. Wang, YH, Kuang, Z, Yu, XF, Ruhn, KA, Kubo, M, and Hooper, LV. The Intestinal Microbiota Regulates Body Composition Through Nfil3 and the Circadian Clock. Science (2017) 357(6354):913–+. doi: 10.1126/science.aan0677

26. Refinetti, R. Integration of Biological Clocks and Rhythms. Compr Physiol (2012) 2(2):1213–39. doi: 10.1002/cphy.c100088

27. Hubbard, J, Kobayashi Frisk, M, Ruppert, E, Tsai, JW, Fuchs, F, Robin-Choteau, L, et al. Dissecting and Modeling Photic and Melanopsin Effects to Predict Sleep Disturbances Induced by Irregular Light Exposure in Mice. Proc Natl Acad Sci U.S.A. (2021) 118(25):e2017364118. doi: 10.1073/pnas.2017364118

28. Castanon-Cervantes, O, Wu, M, Ehlen, JC, Paul, K, Gamble, KL, Johnson, RL, et al. Dysregulation of Inflammatory Responses by Chronic Circadian Disruption. J Immunol (2010) 185(10):5796–805. doi: 10.4049/jimmunol.1001026

29. Lunn, RM, Blask, DE, Coogan, AN, Figueiro, MG, Gorman, MR, Hall, JE, et al. Health Consequences of Electric Lighting Practices in the Modern World: A Report on the National Toxicology Program's Workshop on Shift Work at Night, Artificial Light at Night, and Circadian Disruption. Sci Total Environ (2017) 607-608:1073–84. doi: 10.1016/j.scitotenv.2017.07.056

30. Lee, A, Myung, SK, Cho, JJ, Jung, YJ, Yoon, JL, and Kim, MY. Night Shift Work and Risk of Depression: Meta-Analysis of Observational Studies. J Korean Med Sci (2017) 32(7):1091–6. doi: 10.3346/jkms.2017.32.7.1091

31. Ikegami, K, Iigo, M, and Yoshimura, T. Circadian Clock Gene Per2 Is Not Necessary for the Photoperiodic Response in Mice. PloS One (2013) 8(3):e58482. doi: 10.1371/journal.pone.0058482

32. Glass, JD. Short Photoperiod-Induced Gonadal Regression: Effects on the Gonadotropin-Releasing Hormone (Gnrh) Neuronal System of the White-Footed Mouse, Peromyscus Leucopus. Biol Reprod (1986) 35(3):733–43. doi: 10.1095/biolreprod35.3.733

33. Steinman, MQ, Knight, JA, and Trainor, BC. Effects of Photoperiod and Food Restriction on the Reproductive Physiology of Female California Mice. Gen Comp Endocrinol (2012) 176(3):391–9. doi: 10.1016/j.ygcen.2011.12.035

34. Bhat, GK, Hamm, ML, Igietseme, JU, and Mann, DR. Does Leptin Mediate the Effect of Photoperiod on Immune Function in Mice? Biol Reprod (2003) 69(1):30–6. doi: 10.1095/biolreprod.103.015347

35. Livak, KJ, and Schmittgen, TD. Analysis of Relative Gene Expression Data Using Real-Time Quantitative Pcr and the 2(-Delta Delta C(T)) Method. Methods (2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

36. Hu, LY, Chen, YF, Cortes, IM, Coleman, DN, Dai, HY, Liang, YS, et al. Supply of Methionine and Arginine Alters Phosphorylation of Mechanistic Target of Rapamycin (Mtor), Circadian Clock Proteins, and Alpha-S1-Casein Abundance in Bovine Mammary Epithelial Cells. Food Funct (2020) 11(1):883–94. doi: 10.1039/C9FO02379H

37. Zhang, H, Yan, A, Liu, XY, Ma, Y, Zhao, FF, Wang, MZ, et al. Melatonin Ameliorates Ochratoxin a Induced Liver Inflammation, Oxidative Stress and Mitophagy in Mice Involving in Intestinal Microbiota and Restoring the Intestinal Barrier Function. J Hazardous Mater (2021) 407:124489. doi: 10.1016/j.jhazmat.2020.124489

38. Zhang, CZ, Liu, A, Zhang, TS, Li, Y, and Zhao, H. Gas Chromatography Detection Protocol of Short-Chain Fatty Acids in Mice Feces. Bio-protocol (2020) 10(13):e3672. doi: 10.21769/BioProtoc.3672

39. Ribeiro, WR, Vinolo, MAR, Calixto, LA, and Ferreira, CM. Use of Gas Chromatography to Quantify Short Chain Fatty Acids in the Serum, Colonic Luminal Content and Feces of Mice. Bio Protoc (2018) 8(22):e3089. doi: 10.21769/BioProtoc.3089

40. Yang, YZ, Misra, BB, Liang, L, Bi, DX, Weng, WH, Wu, W, et al. Integrated Microbiome and Metabolome Analysis Reveals a Novel Interplay Between Commensal Bacteria and Metabolites in Colorectal Cancer. Theranostics (2019) 9(14):4101–14. doi: 10.7150/thno.35186

41. Magoc, T, and Salzberg, SL. Flash: Fast Length Adjustment of Short Reads to Improve Genome Assemblies. Bioinformatics (2011) 27(21):2957–63. doi: 10.1093/bioinformatics/btr507

42. Edgar, RC. Search and Clustering Orders of Magnitude Faster Than Blast. Bioinformatics (2010) 26(19):2460–1. doi: 10.1093/bioinformatics/btq461

43. Quast, C, Pruesse, E, Yilmaz, P, Gerken, J, Schweer, T, Yarza, P, et al. The Silva Ribosomal Rna Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res (2013) 41(D1):D590–D6. doi: 10.1093/nar/gks1219

44. Caporaso, JG, Bittinger, K, Bushman, FD, DeSantis, TZ, Andersen, GL, and Knight, R. Pynast: A Flexible Tool for Aligning Sequences to a Template Alignment. Bioinformatics (2010) 26(2):266–7. doi: 10.1093/bioinformatics/btp636

45. Segata, N, Izard, J, Waldron, L, Gevers, D, Miropolsky, L, Garrett, WS, et al. Metagenomic Biomarker Discovery and Explanation. Genome Biol (2011) 12(6):R60. doi: 10.1186/gb-2011-12-6-r60

46. Langille, MGI, Zaneveld, J, Caporaso, JG, McDonald, D, Knights, D, Reyes, JA, et al. Predictive Functional Profiling of Microbial Communities Using 16s Rrna Marker Gene Sequences. Nat Biotechnol (2013) 31(9):814–+. doi: 10.1038/nbt.2676

47. Chen, H, and Boutros, PC. Venndiagram: A Package for the Generation of Highly-Customizable Venn and Euler Diagrams in R. BMC Bioinf (2011) 12:35. doi: 10.1186/1471-2105-12-35

48. Li, JL, Li, CC, Wang, M, Wang, LX, Liu, XB, Gao, CL, et al. Gut Structure and Microbial Communities in Sirex Noctilio (Hymenoptera: Siricidae) and Their Predicted Contribution to Larval Nutrition. Front Microbiol (2021) 12. doi: 10.3389/fmicb.2021.641141

49. Zani, F, Breasson, L, Becattini, B, Vukolic, A, Montani, JP, Albrecht, U, et al. Per2 Promotes Glucose Storage to Liver Glycogen During Feeding and Acute Fasting by Inducing Gys2 Ptg and G L Expression. Mol Metab (2013) 2(3):292–305. doi: 10.1016/j.molmet.2013.06.006

50. Inagaki, N, Honma, S, Ono, D, Tanahashi, Y, and Honma, K. Separate Oscillating Cell Groups in Mouse Suprachiasmatic Nucleus Couple Photoperiodically to the Onset and End of Daily Activity. Proc Natl Acad Sci U.S.A. (2007) 104(18):7664–9. doi: 10.1073/pnas.0607713104

51. So, AY, Bernal, TU, Pillsbury, ML, Yamamoto, KR, and Feldman, BJ. Glucocorticoid Regulation of the Circadian Clock Modulates Glucose Homeostasis. Proc Natl Acad Sci U.S.A. (2009) 106(41):17582–7. doi: 10.1073/pnas.0909733106

52. D'Amato, A, Mannelli, LD, Lucarini, E, Man, AL, Le Gall, G, Branca, JJV, et al. Faecal Microbiota Transplant From Aged Donor Mice Affects Spatial Learning and Memory Via Modulating Hippocampal Synaptic Plasticity- and Neurotransmission-Related Proteins in Young Recipients. Microbiome (2020) 8(1):140. doi: 10.1186/s40168-020-00914-w

53. Shi, HJ, Chang, YG, Gao, Y, Wang, X, Chen, X, Wang, YM, et al. Dietary Fucoidan of Acaudina Molpadioides Alters Gut Microbiota and Mitigates Intestinal Mucosal Injury Induced by Cyclophosphamide. Food Funct (2017) 8(9):3383–93. doi: 10.1039/C7FO00932A

54. Takayasu, L, Suda, W, Takanashi, K, Iioka, E, Kurokawa, R, Shindo, C, et al. Circadian Oscillations of Microbial and Functional Composition in the Human Salivary Microbiome. DNA Res (2017) 24(3):261–70. doi: 10.1093/dnares/dsx001

55. Cignarella, F, Cantoni, C, Ghezzi, L, Salter, A, Dorsett, Y, Chen, L, et al. Intermittent Fasting Confers Protection in Cns Autoimmunity by Altering the Gut Microbiota. Cell Metab (2018) 27(6):1222–+. doi: 10.1016/j.cmet.2018.05.006

56. Woting, A, Pfeiffer, N, Loh, G, Klaus, S, and Blaut, M. Clostridium Ramosum Promotes High-Fat Diet-Induced Obesity in Gnotobiotic Mouse Models. Mbio (2014) 5(5):e01530–14. doi: 10.1128/mBio.01530-14

57. Nobs, SP, Tuganbaev, T, and Elinav, E. Microbiome Diurnal Rhythmicity and Its Impact on Host Physiology and Disease Risk. EMBO Rep (2019) 20(4):e47129. doi: 10.15252/embr.201847129

58. Rosselot, AE, Hong, CI, and Moore, SR. Rhythm and Bugs: Circadian Clocks, Gut Microbiota, and Enteric Infections. Curr Opin Gastroenterol (2016) 32(1):7–11. doi: 10.1097/MOG.0000000000000227

59. Schmutz, I, Ripperger, JA, Baeriswyl-Aebischer, S, and Albrecht, U. The Mammalian Clock Component Period2 Coordinates Circadian Output by Interaction With Nuclear Receptors. Genes Dev (2010) 24(4):345–57. doi: 10.1101/gad.564110

60. Zhao, Y, Zhang, Y, Zhou, M, Wang, S, Hua, Z, and Zhang, J. Loss of Mper2 Increases Plasma Insulin Levels by Enhanced Glucose-Stimulated Insulin Secretion and Impaired Insulin Clearance in Mice. FEBS Lett (2012) 586(9):1306–11. doi: 10.1016/j.febslet.2012.03.034

61. Chen, L, Deng, H, Cui, H, Fang, J, Zuo, Z, Deng, J, et al. Inflammatory Responses and Inflammation-Associated Diseases in Organs. Oncotarget (2018) 9(6):7204–18. doi: 10.18632/oncotarget.23208

62. Lim, KH, and Staudt, LM. Toll-Like Receptor Signaling. Cold Spring Harb Perspect Biol (2013) 5(1):a011247. doi: 10.1101/cshperspect.a011247

63. Ma, LY, Ni, YH, Wang, Z, Tu, WQ, Ni, LY, Zhuge, F, et al. Spermidine Improves Gut Barrier Integrity and Gut Microbiota Function in Diet-Induced Obese Mice. Gut Microbes (2020) 12(1):1–19. doi: 10.1080/19490976.2020.1832857

64. Seo, B, Jeon, K, Moon, S, Lee, K, Kim, WK, Jeong, H, et al. Roseburia Spp. Abundance Associates With Alcohol Consumption in Humans and Its Administration Ameliorates Alcoholic Fatty Liver in Mice. Cell Host Microbe (2020) 27(1):25–+. doi: 10.1016/j.chom.2019.11.001

65. Duncan, SH, Russell, WR, Quartieri, A, Rossi, M, Parkhill, J, Walker, AW, et al. Wheat Bran Promotes Enrichment Within the Human Colonic Microbiota of Butyrate-Producing Bacteria That Release Ferulic Acid. Environ Microbiol (2016) 18(7):2214–25. doi: 10.1111/1462-2920.13158

66. Guo, M, and Li, ZY. Polysaccharides Isolated From Nostoc Commune Vaucher Inhibit Colitis-Associated Colon Tumorigenesis in Mice and Modulate Gut Microbiota. Food Funct (2019) 10(10):6873–81. doi: 10.1039/C9FO00296K

67. Kirat, D, Masuoka, J, Hayashi, H, Iwano, H, Yokota, H, Taniyama, H, et al. Monocarboxylate Transporter 1 (Mct1) Plays a Direct Role in Short-Chain Fatty Acids Absorption in Caprine Rumen. J Physiol London (2006) 576(2):635–47. doi: 10.1113/jphysiol.2006.115931

68. Gao, J, Xu, QY, Wang, MZ, Ouyang, JL, Tian, W, Feng, D, et al. Ruminal Epithelial Cell Proliferation and Short-Chain Fatty Acid Transporters in Vitro Are Associated With Abundance of Period Circadian Regulator 2 (Per2). J Dairy Sci (2020) 103(12):12091–103. doi: 10.3168/jds.2020-18767

69. Sanderson, IR. Short Chain Fatty Acid Regulation of Signaling Genes Expressed by the Intestinal Epithelium. J Nutr (2004) 134(9):2450s–4s. doi: 10.1093/jn/134.9.2450S

70. Musch, MW, Bookstein, C, Xie, Y, Sellin, JH, and Chang, EB. Scfa Increase Intestinal Na Absorption by Induction of Nhe3 in Rat Colon and Human Intestinal C2/Bbe Cells. Am J Physiol Gastrointest Liver Physiol (2001) 280(4):G687–93. doi: 10.1152/ajpgi.2001.280.4.G687

71. Tan, J, McKenzie, C, Potamitis, M, Thorburn, AN, Mackay, CR, and Macia, L. The Role of Short-Chain Fatty Acids in Health and Disease. Adv Immunol (2014) 121:91–119. doi: 10.1016/B978-0-12-800100-4.00003-9

72. Ragsdale, SW, and Pierce, E. Acetogenesis and the Wood-Ljungdahl Pathway of Co(2) Fixation. Biochim Biophys Acta (2008) 1784(12):1873–98. doi: 10.1016/j.bbapap.2008.08.012




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 © 2022 Zhen, Ge, Xu, Hu, Wei, Huang, Loor, Yang, Wang and Zhou. 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.


OEBPS/Images/fimmu-13-848248-g008.jpg
=
ettt Gt .

u

nt
frri o NLD#KO






OEBPS/Images/fimmu-13-848248-g001.jpg
Times of Feeding

S

1

Dally Feeding Rhythm

—

CON+SL
CON+NLD
KO+SL
KO+NLD





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Normal Light-Dark and Short-Light Cycles Regulate Intestinal Inflammation, Circulating Short-chain Fatty Acids and Gut Microbiota in Period2 Gene Knockout Mice

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Mouse Management and Experimental Design

          



          		

            Sample Collection

          



          		

            Total RNA Extraction

          



          		

            Real-Time PCR

          



          		

            Protein Extraction

          



          		

            Western Blot

          



          		

            Determination of SCFAs

          



          		

            DNA Extraction and Illumina Sequencing

          



          		

            16S rRNA Sequencing Data Processing

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Daily Feeding Rhythm of Mice

          



          		

            Concentrations of SCFAs in Serum

          



          		

            Concentrations of SCFAs in Colonic and Cecal Contents

          



          		

            Relative Expression of Colonic and Cecal Epithelial Circadian Rhythm Genes and Per2 Protein

          



          		

            Relative Expression of Colonic and Cecal Epithelial SCFAs Transporter Genes

          



          		

            Relative Expression of Colonic and Cecal Epithelial Inflammatory and Barrier Genes

          



          		

            Relative Expression of Colonic and Cecal Epithelial Inflammatory Pathway-Related Genes

          



          		

            Bacterial Sequencing OTUs and Diversity in Intestinal Contents

          



          		

            Taxonomic Differences in Microbial Genus Level in Intestinal Contents

          



          		

            Prediction of Bacterial Functions via PICRUSt2

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-848248-g004.jpg
A Colonic epithelium
MO no
P ol

H
<
H
H
H]

CON Ko covko ““conko conko

Relative mRNA

CON Ko

Relative mRNA.

ot as: TN RS e SRR e 2 CON KO





OEBPS/Images/table2.jpg
Intestinal SCFAs LD cycles KO CON p-value

Pxo PLo Pint

Colonic content

Total SCFAs, mmol/L NLD 7.40 +0.35 14.62 +1.32 <0.001 0.607 0.362
SL 6.72 £ 1.27 15,17 £ 1.48

Acetate, mmol/L NLD 4.87 +0.36 10.34 + 1.28 0.001 0.709 0.550
SL 4.57 £1.51 11.63 + 1.41

Propionate, mmol/L NLD 118+ 0.11 3.22 £ 0.45 0.011 0.892 0.761
SL 1.23 +0.54 2.96 + 0.69

Isobutyrate, mmol/L NLD 0.41 £ 0.06 0.44 + 0.02 0.489 <0.001 0913
SL 0.13+0.01 0.17 £ 0.01

Butyrate, mmol/L. NLD 0.75 +0.14 0.37 £ 0.05 0.021 0.314 0.930
SL 0.64 +0.13 0.24 +0.05

Isovalerate, mmol/L NLD 0.20 £ 0.01 0.16 £ 0.01 0.446 0.031 0.244
SL 0.11 £ 0.04 0.12 £0.01

Valerate, mmol/L NLD 0.04 +0.01 0.09 + 0.02 0.130 0.263 0.439
SL 0.04 £ 0.01 0.05 + 0.02

Acetate/Propionate NLD 4.44 +0.16 3.68 +0.23 0.175 0.332 0.330
SL 3.81 +0.30 3.68 + 0.47

Cecal content

Total SCFAs, mmol/L NLD 20.76 + 0.23 24.37 £ 0.48 0.020 0.757 0.861
SL 21.46 + 0.41 23.33 + 3.62

Acetate, mmol/L NLD 13.86 + 0.37 17.65 + 0.59 <0.01 0.620 0.641
SL 13.90 + 0.63 18.95 + 2.14

Propionate, mmol/L NLD 3.77 £ 017 4,66 +0.19 0.163 0.147 <0.001
SL 4.48 £ 0.1 3.08 £ 0.33

Isobutyrate, mmol/L NLD 0.43 +0.04 0.45 £ 0.02 0.779 0.908 0.932
SL 0.40 £ 0.11 0.41£0.08

Butyrate, mmol/L NLD 2.19+0.26 1.07 £ 0.13 0.001 0.197 0.749
SL 221+028 0.50 + 0.08

Isovalerate, mmol/L. NLD 0.26 +0.02 0.24 +0.02 0.161 0.058 0.399
SL 0.24 +0.01 0.18 + 0.01

Valerate, mmol/L NLD 0.25 +0.02 0.30 £ 0.01 0.590 0.649 0.220
SL 0.23 +£0.05 0.21 £0.05

Acetate/Propionate NLD 3.91+0.29 4.06 + 0.25 0.606 0.984 0.665
SL 3.22 +0.30 4.43 £1.33

KO, Per2 gene knockout (Period2™~) mice; CON, wild-type (Period2**) mice; NLD, normal light-dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of
light and 16 h of darkness. Statistical analyses were conducted using two-way ANOVA. p < 0.05, significant difference; p < 0.07 or p < 0.001, extremely significant diifference; p > 0.05,
without a difference. INT, the interaction between two factors. Results are presented as means + SEM (n = 4-6 per group).
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o-diversity LD cycles KO CON p-value

Pko Pio Pint

Colonic content

Coverage, % NLD 99.89 + 0.01 99.88 + 0.01 0.912 0.740 0.328
SL 99.88 + 0.01 99.90 + 0.01

Chao 1 NLD 459.43 + 3.92 370.93 + 14.64 0.003 0.250 0.738
SL 437.40 + 13.85 331.69 + 10.43

ACE NLD 458.33 + 7.75 330.68 + 15.39 0.002 0.683 0.226
SL 423.86 + 15.46 348.52 + 14.09

Shannon NLD 5.86 +£0.28 5.04 £0.03 0.007 0.589 0.857
SL 577 £0.22 4.85 +0.38

Simpson NLD 0.96 +0.01 0.90 +0.01 0.006 0.220 0.428
SL 0.95 +0.01 0.86 + 0.04

Cecal content

Coverage, % NLD 99.89 + 0.01 99.88 + 0.01 0.109 0.683 0.878
SL 99.89 + 0.02 99.87 + 0.01

Chao 1 NLD 450.15 + 13.68 395.16 + 5.08 <0.001 0.720 0.326
SL 466.46 + 15.19 387.41 + 3.58

ACE NLD 458.04 + 7.58 387.71 + 4.85 <0.001 0.393 0.707
SL 454.87 + 8.11 379.76 + 2.10

Shannon NLD 5.79 £ 0.09 5.87 + 0.03 0.039 0.433 0.006
SL 5.98 +£0.11 5.58 + 0.02

Simpson NLD 0.95 +0.01 0.95 £ 0.02 0.997 0516 0.750
SL 0.96 +0.01 0.95 +0.01

KO, Per2 gene knockout (Period2™~) mice; CON, wild-type (Period2**) mice; NLD, normal light-dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of
light and 16 h of darkness. ACE, abundance-based coverage estimator. Statistical analyses were conducted using two-way ANOVA. p < 0.05, significant difference; p < 0.01 or p < 0.001,
extremely significant difference; p > 0.05, without a difference. INT, the interaction between two factors. Results are presented as means + SEM (n = 6 per group).
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Serum SCFAs LD Cycles KO CON p-value

Pxo PLo Pint

Total SCFAs, mmol/L NLD 220+ 1.11 1.68 + 0.51 0.339 0.177 0.987
SL 1.45 + 0.06 0.95 + 0.35

Acetate, mmol/L NLD 1.72 +0.71 1.62 +0.48 0.446 0.173 0.768
SL 1.26 +0.10 0.82 + 0.29

Propionate, mmol/L NLD 0.31 +£0.26 0.13 + 0.05 0.226 0.434 0.560
SL 0.17 £ 0.05 0.11 £ 0.04

Butyrate, mmol/L NLD 0.17 £0.14 0.03 + 0.01 0.311 0.287 0.188
SL 0.02 £0.01 0.04 £ 0.02

Acetate/Propionate NLD 4.87 +0.65 12.06 + 2.21 0.135 0.961 0.104
SL 8.74 +2.84 8.39+1.17

KO, Per2 gene knockout (Period2™~) mice; CON, wild-type (Period2*"*) mice; NLD, normal light-dark cycle treatment of 12 h of light and 12 h of darkness; SL, short-light treatment of 8 h of
light and 16 h of darkness. Statistical analyses were conducted using two-way ANOVA. p<0.05, significant difference; p<0.01 or p<0.001, extremely significant difference; p>0.05, without
a difference. INT, the interaction between two factors. Results are presented as means + SEM (n = 2-4 per group).
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