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Genetic deletion of hepatic NCOR1 protects from atherosclerosis by promoting alternative bile acid-metabolism and sterol excretion
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Abstract
Background
The nuclear receptor corepressor 1 (NCOR1) plays an important role in the regulation of gene expression in immunometabolic conditions by connecting chromatin-modifying enzymes, coregulators and transcription factors. NCOR1 has been shown to be involved in cardiometabolic diseases. Recently, we demonstrated that the deletion of macrophage NCOR1 aggravates atherosclerosis by promoting CD36-triggered foam cell formation via PPARG derepression.

Purpose
Since NCOR1 modulates the function of several key regulators involved in hepatic lipid and bile acid metabolism, we hypothesized that its deletion in hepatocytes alters lipid metabolism and atherogenesis.

Methods
To test this hypothesis, we generated hepatocyte-specific Ncor1 knockout mice on a Ldlr-/- background. Besides assessing the progression of the disease in thoracoabdominal aortae en face, we analyzed hepatic cholesterol and bile acid metabolism at expression and functional levels.

Results
Our data demonstrate that liver-specific Ncor1 knockout mice on an atherosclerosis-prone background develop less atherosclerotic lesions than controls. Interestingly, under chow diet, plasma cholesterol levels of liver-specific Ncor1 knockout mice were slightly higher compared to control, but strongly reduced compared to control mice after feeding them an atherogenic diet for 12 weeks. Moreover, the hepatic cholesterol content was decreased in liver-specific Ncor1 knockout compared to control mice. Our mechanistic data revealed that NCOR1 reprograms the synthesis of bile acids towards the alternative pathway, which in turn reduce bile hydrophobicity and enhances fecal cholesterol excretion.

Conclusions
Our data suggest that hepatic Ncor1 deletion in mice decreases atherosclerosis development by reprograming bile acid metabolism and enhancing fecal cholesterol excretion.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12933-023-01865-w.
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Introduction
The liver plays a crucial role in the development of atherosclerosis by regulating immunometabolic processes, such as the expression of pro-inflammatory cytokines and acute phase response proteins, the secretion of VLDL particles, the uptake of cholesterol from the circulation, and biliary cholesterol excretion [1, 2]. An immunometabolic dysregulation in the liver can thus promote the development of several chronic diseases, including Non Alcoholic Fatty Liver Disease (NAFLD) and atherosclerosis. Importantly, NAFLD leads to adverse cardiovascular functions, such as increased oxidative stress and endothelial dysfunction, hypercoagulability, and accelerated atherosclerosis development [3–5].
NCOR1 is a scaffolding protein that forms the basis of a large corepressor complex, including histone deacetylase 3 (HDAC3). NCOR1 suppresses several nuclear receptors, such as liver X receptors (LXRs), peroxisome proliferator-activated receptors (PPARs), and thyroid hormone receptors (THRs) [6, 7]. In macrophages, NCOR1 exerts pro and anti-inflammatory functions [8–11]. In a previous study, we demonstrated that myeloid cell-specific deletion of Ncor1 aggravates atherosclerotic development in atherosclerosis-prone Ldlr-deficient mice [12].
Targeted deletions of NCOR1 in the liver, adipose tissue, or muscle alter mitochondrial function, lipid metabolism, and insulin sensitivity, highlighting some of its metabolic functions [8, 13–15]. Previously, Astapova et al. showed that a mouse model with a mutated Ncor1 lacking 2 nuclear receptor interacting domains (NCoRΔID) leads to elevated expression of genes involved in bile acid metabolism as well as canalicular bile salt transport, regulated by thyroid hormone receptor (TR) and liver X receptor (LXR). These mice displayed improved cholesterol tolerance by changing the composition and hydrophobicity of the bile salt pool and diminishing intestinal cholesterol absorption [15]. The authors concluded that the truncated NCOR1 mutant does not exert pro-atherogenic functions in the liver because they did not observe an extra-hepatic accumulation of cholesterol in NCoRΔID mice. These mice were fed a high-cholesterol diet (2% cholesterol) for a relatively short time (3 weeks) and were not on an atherosclerosis-prone background [16]. Therefore, the function of hepatic NCOR1 in atherogenesis remains unexplored.
Since NCOR1 transrepresses the function of several nuclear receptors involved in hepatic lipid transport and synthesis, we hypothesized that genetic NCOR1 deletion in the liver alters lipid metabolism and atherosclerosis development. To test this hypothesis, we studied the effects of liver-deficient Ncor1 mice that were fed a high-cholesterol diet for 12 weeks on atherosclerosis. Our data demonstrated that hepatic deletion of Ncor1 decreases atherosclerosis development by improving cholesterol tolerance. Hepatic deficiency of Ncor1 induced changes in the bile acid pool composition, leading increased sterol excretion. Consistently with the findings from Astapova et al., our data suggest that these effects are mediated by increased expression of Cyp27a1 and Cyp3a11 in the bile acid (BA) synthesis pathway along with increased expression of canalicular bile salt pump Abcb11. The identification of atherogenic targets, such as NCOR1, might lead to the identification of druggable targets and hence to the development of new therapeutic strategies to diminish atherosclerosis disease in hypercholesterolemic patients.

Methods
Animal studies and ethics
NCoR1 floxed (NcoR1fl/fl) and (Alb)-Cre mice (Alb-cre Tg/0) were generated using the Cre-loxP system as described before. Briefly, offspring that transmitted the mutated allele, in which the selection marker was excised, and that lost the Flp transgene (NcoR1L2/WT mice) were selected, mated with mouse albumin (Alb)-Cre mice, and then further intercrossed to generate mutant (Alb)-cre Tg/0/-NcoR1L2/L2 mice, which were termed as NcoR1Δhep mice. NcoR1Δhep mice, backcrossed for over 10 generations to C57BL/6J were used in experiments with NcoR1fl/fl used as controls. All these mice lines were on a C57BL/6J background [17]. Animals were kept in small groups (not more than five animals per cage) in single individually-ventilated cages. They had free access to food and water, were maintained at 24  oC, and were kept at a 12-hour light/dark cycle. For atherosclerosis assessment, 8-week-old male mice were fed a high-cholesterol diet (1.25% Cholesterol, sniff Spezialdiäten GmbH no. E15749-34) for 12 weeks. All animal procedures were approved by the Swiss (Canton of Zurich, animal protocol ZH061/16) or by the Dutch Central Committee for Animal Experiments under permit number AVD105002015245 and adhered to guidelines set out in the 2010/63/EU directive.

Bioinformatics analyses
All raw and/or normalized transcriptomic data are publicly available on Gene Expression Omnibus (GEO) under the accession number GSE49388. Statistical information (positive and negative correlations, significance values) is indicated in the corresponding figure legends.

Statistics
Statistical analysis was performed with GraphPad Prism (version 6). Data are expressed as scatter plots of individual values with the mean or box plots with the full range of variation (from min to max), the interquartile range and the median. Analysis of en face atherosclerotic plaque content was carried out with unpaired, nonparametric Mann-Whitney U t-tests. Comparison of differences between two groups of other experiments was assessed using unpaired, parametric two-tailed (multiple) Student’s t-tests. Multiple group comparisons were assessed by two-way analysis of variance (ANOVA) and Bonferroni post hoc t-tests. Differences under to p < 0.05 were considered statistically significant.
Further methods are specified in the Additonal file 1.


Results
Hepatic deletion of Ncor1 decreases atherosclerosis development
To investigate the role of hepatic NCOR1 in atherosclerosis, we generated hepatocyte-specific Ncor1 knockout mice on an atherosclerosis-prone low-density lipoprotein receptor knockout (Ldlr−/−) background; further referred to as L-Ncor1Hep−/− and control L-Ncor1Hep+/+ (Additional file 1: Fig. S1 and S2). 8-week-old mice were then placed on a high-cholesterol diet for 12 weeks to accelerate atherogenesis. Body weight was similar to controls at the start of the dietary intervention, L-Ncor1Hep−/− mice gained less weight compared to control L-Ncor1Hep+/+ mice upon high-cholesterol feeding (Fig. 1A, B). To verify whether reduced body weight is a consequence of diminished food intake, we assessed 24 h food intake. Surprisingly, food intake was increased in Ncor1Hep−/− compared to control L-Ncor1Hep+/+ mice (Additional file 1: Fig. S3), suggesting reduced feeding efficacy. Interestingly, upon feeding the mice on a high-cholesterol diet developed less thoraco-abdominal lesions compared to L-Ncor1Hep+/+ controls (Fig. 1C, D). Our findings highlight a clear-cut phenotype: hepatic deletion of Ncor1 reduces atherosclerosis progression.
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Fig. 1 Hepatocyte-specific deletion of Ncor1 reduces atherosclerosis progression. A, B Body weight during the high-cholesterol diet (HCD) feeding period of 12 weeks of A L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. n = 13 L-Ncor1Hep+/+; n = 13 L-Ncor1Hep−/− and B L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. n = 13 L-Ncor1Hep+/+; n = 13 L-Ncor1Hep−/−. C Quantification of atherosclerotic plaques in thoracoabdominal aortae of L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. n = 16 L-Ncor1Hep+/+; n = 14 L-Ncor1Hep−/−. D Representative images of Oil-red O stained thoracoabdominal aortae of L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. Scale bar, 5 mm. Data are represented in box plots or scatter plots with means. Displayed P-value relative to L-Ncor1Hep+/+, as determined by parametric student’s t-test



Hepatocyte-specific
Ncor1
 knockouts display reduced plasma and liver cholesterol contents
Consistent with the athero-protective phenotype in mice, we observed that the L-Ncor1Hep−/− mice showed lower plasma cholesterol levels compared to L-Ncor1Hep+/+ controls when exposed to a high-cholesterol diet (Fig. 2A). The difference in total cholesterol and cholesterol subfractions between genotypes was insignificant before the start of the diet (Additional file 1: Fig. S4 A, B). Interestingly, prior to start the high-cholesterol diet we observed slightly increased plasma cholesterol levels in Ncor1Hep−/− compared to control L-Ncor1Hep+/+ mice. The difference in the cholesterol content, especially in VLDL and LDL subfractions, became very clear upon comparison of the lipoprotein profiles in both chow and high-cholesterol fed mice of both genotypes (Additional file 1: Fig. S4C, D). L-Ncor1Hep−/− failed to display the same striking rise in VLDL/LDL-cholesterol that is typically observed upon high-cholesterol diet feeding (Fig. 2B). Total plasma triglyceride levels were not changed, although a slight reduction in VLDL-associated triglyceride was observed in L-Ncor1Hep−/− compared to controls (Fig. 2C, D). Already after four weeks of high-cholesterol diet feeding L-Ncor1Hep−/− mice displayed lower levels of plasma cholesterol compared to control L-Ncor1Hep+/+ (Fig. 2E).
These findings in L-Ncor1Hep−/− mice were intriguing and could be a consequence of differences in dietary cholesterol availability, accumulation of cholesterol in the liver, or a change in intestinal cholesterol (re)absorption and/or excretion. As food intake was rather higher than lower in L-Ncor1Hep−/− mice compared to L-Ncor1Hep+/+ littermates, reduced dietary cholesterol intake, does not explain the plasma cholesterol phenotype. Moreover, hepatic cholesterol content was found to be reduced rather than increased in high-cholesterol fed L-Ncor1Hep−/− compared to L-Ncor1Hep+/+ mice (Fig. 2F), whereas hepatic triglyceride levels were not altered (Fig. 2G). However, L-Ncor1Hep−/− mice also showed increased fecal excretion of cholesterol (Fig. 2H).
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Fig. 2 Hepatocyte-specific Ncor1 knockouts display reduced plasma and liver cholesterol contents. A Content of total cholesterol in plasma (TC) in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 5 L-Ncor1Hep+/+; n = 5 L-Ncor1Hep−/−. B Content of lipoprotein subfractions in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. Pooled samples from 5 to 7 mice per genotype. C Content of triglycerides in plasma (TG) in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 5 L-Ncor1Hep+/+; n = 5 L-Ncor1Hep−/−. D Content of lipoprotein subfractions in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. n = 6 L-Ncor1Hep+/+; n = 8 L-Ncor1Hep−/−. E Plasma cholesterol content during HCD exposure in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice. n = 12 L-Ncor1Hep+/+; n = 11 L-Ncor1Hep−/−. F Liver cholesterol content in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice chow diet and HCD. n = 6 L-Ncor1Hep+/+ in chow diet; n = 5 L-Ncor1Hep+/+ in HCD; n = 6 L-Ncor1Hep−/− in chow diet; n = 6 L-Ncor1Hep−/− in HCD. G Liver triglycerides content in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice chow diet and HCD. n = 6 L-Ncor1Hep+/+ in chow diet; n = 5 L-Ncor1Hep+/+ in HCD; n = 6 L-Ncor1Hep−/− in chow diet; n = 5 L-Ncor1Hep−/− in HCD. H Quantification of fecal sterol excretion in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice; n = 11 L-Ncor1Hep+/+ ; n = 11 L-Ncor1Hep−/−. p relative to wild-type control. Hepatic NCor1 deficiency alters the bile acid composition and increases the fecal excretion of sterols. Data are represented in box plots with means. Displayed P-value relative to L-Ncor1Hep+/+, as determined by parametric student’s t-tests. All data are from mice fed a high-cholesterol diet. Copr: coprostanol, Chol: cholesterol, DiH-Chol: DiH-cholesterol




Hepatic NCor1 deficiency alters bile acid composition and increases fecal sterol excretion
To understand the higher fecal excretion observed in knockout mice, we performed a series of in vivo studies to assess cholesterol and bile acid metabolism. Since several nuclear receptors control bile acid metabolism, we quantified the bile flow and its constituents. No difference between.

L-Ncor1
Hep−/− and L-Ncor1Hep+/+ mice was noted in bile flow as well as of total bile acid concentrations, and biliary phospholipids, and cholesterol levels (Fig. 3A–D). However, we observed a shift in the composition of specific bile acid species (Fig. 3E and Additional file 1: Fig. S5), which in turn led to a decrease of cholic acid (CA)-derived species and a corresponding increase of chenodeoxycholic acid (CDCA)-derived species in L-Ncor1Hep−/− compared to L-Ncor1Hep+/+ mice (Fig. 3F). The different composition of the bile acid species affects the hydrophobicity and related solubilisation efficacy of the bile, which in turn may impact intestinal cholesterol absorption and excretion [18–20] Indeed, we observed that the bile from the L-Ncor1Hep−/− mice was less hydrophobic compared to the bile from L-Ncor1Hep+/+ mice as determined by the Heuman index (Fig. 3G), confirming previous observations with an independent Ncor1-deficient mouse model on a non-atherosclerosis prone genetic background [15]. Interestingly, we did not see any changes in the intestinal absorption of cholesterol (Fig. 3H), and no difference in hepatic cholesterol synthesis (Fig. 3I). Fecal bile acid excretion was not altered (Fig. 3J and Additional file 1: Fig. S6).
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Fig. 3 Hepatic Ncor1 deficiency alters bile acid composition and increases fecal sterol excretion. A Bile flow during 30 min during biliary cannulation in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 11 L-Ncor1Hep+/+; n = 11 L-Ncor1Hep−/− . B–D Biliary content of bile acids in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 11 L-Ncor1Hep+/+; n = 10 L-Ncor1Hep−/− E, F Percent of CA- and CDCA-derived bile acid from the total biliary pool cannulation in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 11 L-Ncor1Hep+/+; n = 11 L-Ncor1Hep−/−. G Bile hydrophobicity as estimated by the Heuman’s method in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 11 L-Ncor1Hep+/+; n = 11 L-Ncor1Hep−/− . H Cholesterol absorption in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 9 L-Ncor1Hep+/+; n = 8 L-Ncor1Hep−/−. I Cholesterol synthesis in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 9 L-Ncor1Hep+/+; n = 8 L-Ncor1Hep−/−. J Fecal bile acid excretion in L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice n = 11 L-Ncor1Hep+/+; n = 11 L-Ncor1Hep−/−. Data are represented in box plots with means. Displayed P-value relative to L-Ncor1Hep+/+, as determined by parametric student’s t-test and ANOVA and Bonferroni’s post hoc t-tests for multiple group comparisons. All data are from mice fed a high-cholesterol diet. CA: cholic acid, CDCA: chenodeoxycholic acid, GCA: glycocholic acid, DCA: deoxycholic acid, TUDCA: tauroursodeoxycholic acid, TCA: taurocholic acid, TCDCA: taurochenodeoxycholic acid, TDCA: taurodeoxycholic acid, βMCA: β muricholic acid, T-αMCA: tauro α muricholic acid, T-βMCA: tauro β muricholic acid, THDCA: taurohyodeoxycholic acid, αMCA: α muricholic acid, βMCA: β muricholic acid, ωMCA: ω muricholic acid


Hepatic Ncor1 deficiency alters expression of genes involved in alternative bile acid synthesis
To explore the molecular mechanisms driving the changes in bile composition and cholesterol excretion and synthesis, we assessed the expression of various enzymes and transporters in the liver and intestine. Cyp8b1 and Cyp7a1, predominantly involved in the classical pathway of primary bile acid synthesis, were not altered by either genetic background of diet (Fig. 4A). The expression of Cyp27a1, a critical enzyme that catalyses the first step in the oxidation of the steroid side chain in the alternative bile acid production pathway, was upregulated in the liver of L-Ncor1Hep−/− mice. The upregulation of Cyp27a1 and Cyp3a11 genes in L-Ncor1Hep−/− mice are primarily responsible for the altered bile composition, therefore changing its hydrophobicity, and increasing the fecal excretion of cholesterol.
Moreover, we found elevated expression levels of Abcb11 in L-Ncor1Hep−/− mice under both, background and dietary conditions (Fig. 4A). The protein encoded by this gene is the central canalicular bile salt export pump. The level of Slc10a1, a gene responsible to produce Na+-taurocholate co-transporting polypeptide (NTCP), one of the critical bile acid co-transporters that mediates the hepatic uptake of bile acids, remained unaltered (Fig. 4A). The expression of several genes regulating lipid metabolism, including fatty acid and bile acid synthesis, are regulated in a circadian and/or feeding pattern. We thus analyzed several targets at three times of the day: 24 h (Zeitgeber ZT17), 8 h (ZT1) and 16 h (ZT9). Although we observed some trends for changes in PPARγ targets, such as Cd36, almost no difference was evident for LXR targets, such as Abcg5/Abcg8. Consistent with our findings, we observed the strongest impact on the expression of alternative bile acid synthesis regulators, such as Cyp27a1 and Cyp3a11 (Additional file 1: Fig. S7). Regarding the gastrointestinal tract we assessed the expression more specifically in the jejunum. No difference in expression was noted for the major cholesterol transporters in L-Ncor1Hep−/− mice (Fig. 4B).
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Fig. 4 Hepatic Ncor1 deficiency alters expression of genes involved in alternative bile acid synthesis. A The expression of genes regulating bile acid synthesis in the liver of L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice in chow and in HCD diet. n = 6 L-Ncor1Hep+/+ in chow diet; n = 5 L-Ncor1Hep+/+ in HCD; n = 6 L-Ncor1Hep−/− in chow diet; n = 6 L-Ncor1Hep−/− in HCD. B The expression of genes regulating lipid transport absorption in the jejunum of male L-Ncor1Hep+/+ and L-Ncor1Hep−/− mice in chow and in HCD diet. n = 6 L-Ncor1Hep+/+ in chow diet; n = 5 L-Ncor1Hep+/+ in HCD; n = 6 L-Ncor1Hep−/− in chow diet; n = 5 L-Ncor1Hep−/− in HCD. Data are represented in bar charts with S.E.M *p < 0.05, **p < 0.01, and ***p < 0.001 relative to L-Ncor1Hep+/+, as determined by parametric student’s t-test




Discussion
Atherosclerosis is characterized by the accumulation of immune cells, cholesterol-species and other lipids in the intimal space of arteries [21]. One hallmark of the disease is the excessive accumulation of cholesterol in monocyte-derived macrophages within atherosclerotic lesions. The complex pathophysiology is triggered by genetic and environmental risk factors. Importantly, these risk factors converge on various molecular processes, including inflammatory and/or metabolic responses, in diverse organs and the cells within atherosclerotic plaques [22]. Inflammatory and metabolic mediators activate signaling pathways that converge at key transcriptional regulators. These transcriptional regulators coordinate the expression of downstream target genes, and specific transcriptional cofactors can act as central immunometabolic regulators. Some of these factors are involved in inflammation, while others are involved in metabolic functions. Nuclear receptor corepressor 1 (NCOR1) is a central transcription corepressor involved in both processes [23]. In a previous study we demonstrated that macrophage NCOR1 suppresses PPARγ-driven CD36 expression, foam cell formation and atherogenesis [12].
Bile acid synthesis predominantly occurs in hepatocytes and is a pivotal process in the cholesterol catabolism. Cholic acid (CA) and chenodeoxycholic acid (CDCA) are the major primary bile acids synthesized and the classic pathway is initiated by cholesterol 7α-hydroxylase (CYP7A1). On the other hand, the alternative pathway, initiated by sterol 27-hydroxylase (CYP27A1) takes place in the liver as well as other organs [24, 25].
It was previously shown that a truncated NCOR1 mutant (NCoRΔID) that lacks interaction with thyroid hormone receptor (TR) and liver X receptor (LXR) leads to an improvement in serum cholesterol upon high-cholesterol feeding [15]. This study did not explore the physiological relevance of the described effects on atherogenesis and therefore the current work aimed to fill this gap by investigating the role of hepatic NCoR1 in atherogenic conditions.
Our data demonstrate consistent findings as reported by Astapova et al. at the mechanistic level: the hepatic deficiency of Ncor1 led to an overexpression of the bile acid synthesis genes Cyp27a1 and Cyp3a11, and thus to an induction of alternative bile acid synthesis and less hydrophobic bile. In our atherosclerosis mouse model, deletion of hepatic Ncor1 led to reduced plasma cholesterol concentrations and diminished development of atherosclerotic lesions in the thoraco-abdominal aortae. The phenotype was associated with reduced bile hydrophobicity and enhanced fecal sterol excretion, whereas intestinal absorption was not altered.
Cyp27A1 is a member of the cytochrome P450 superfamily of enzymes and catalyzes many reactions involved in drug metabolism and synthesis of cholesterol, steroids and other lipids. Since the conversion of cholesterol to bile acids is the major route for removing cholesterol from the body, this protein is important for overall cholesterol homeostasis. Cyp27A1 mutations in humans lead to the development of cerebrotendinous xanthomatosis (CTX) [26]. Surprisingly, Cyp27a1 knockout mice (Cyp27a1-/-) do not present a CTX phenotype despite generating a similar global pattern of sterols [27]. Hepatic overexpression of Cyp27a1 in mice leads to a generally mild phenotype [15, 28], thus it likely contributed to the overall phenotype observed in our Ncor1-deficient mouse model.
Mouse Cyp3a11 is an homologous gene of human CYP3A4, and is believed to perform similar functions [29]. CYP3A shows evidence that it may participate in the regulation of lipid metabolism, even though it is not fundamental [30, 31]. Previous findings showed that reduced cholesterol intake decreased the expression of Cyp3a11 to, maintain hepatic cholesterol level, corroborating the role of this enzyme in cholesterol homeostasis [30]. These data are in accordance with the results observed in our study, where the Cyp3a11 upregulation is likely responsible for the bile acid pool composition and improved cholesterol tolerance.
One limitation of our study is that the data was obtained from a mouse model. Future studies should be carried out in human specimens and cell lines, especially considering the differences in bile acid metabolism and resulting hydrophobicity between mice and man [32].

Conclusion
Our study demonstrated that hepatic deletion of Ncor1 reduces atherosclerosis development in Ldlr knockout mice. In line with the previous findings, Ncor1 deletion in hepatocytes led to reduced plasma and liver cholesterol levels. Our data indicate that these changes are secondary to the induction of alternative bile acid synthesis, leading to reduced bile hydrophobicity and improved sterol excretion.

Acknowledgements
We thank Johan Auwerx and Kristina Schoonjans from the École Polytechnique Fédérale de Lausanne for providing the floxed Ncor1 mice, Trijnie Bos from the University Medical Center Groningen for excellent technical support with lipid analyses, Wino Wijnen from WiWright (https://​wiwright.​com/​) for professional image acquisition of the stained en face aortae and Professor Giuseppe Danilo Norata from the University of Milan for the valuable comments and inputs to the final version of the manuscript.

Author contributions
SS, JAH and MHO designed the experiments and co-supervised the study. MG, SO, SNS, SAM, EG, JAH, MHO and SS performed experiments and data analyses. MG and SS wrote the manuscript. MG, SC, SAM, EG, JAH, CMM, ATG, FR, FP, MHO and SS edited the manuscript. MG, FR, FP and SS obtained funding for the study. All authors read and approved the final manuscript. 

Funding
This research was funded by the Swiss National Science Foundation (Grant number 310030_197557 to FP). This work was supported by grants from the Swiss National Science Foundation (Grant number PZOOP3_161521 to SS), the Novartis Foundation for medical-biological Research (Grant number 16B103 to SS), the Olga-Mayenfisch Foundation to SS, the OPO foundation (Grant number 2018-0054 to SS), the Swiss Heart Foundation to SNS and SS. MHO holds a Rosalind Franklin Fellowship from the University of Groningen. MG holds a Sandwich-Doctorate Grant financed by the CAPES (Coordination for the Improvement of Higher Education Personnel - Grant number 88887.694869/2022-00), in Brazil.

Data availability
All the raw data are available upon request.

Declarations

                           Ethics approval and consent to participate
                        
All animal procedures were approved by the Swiss (Canton of Zurich, animal protocol ZH061/16) or by the Dutch Central Committee for Animal Experiments under permit number AVD105002015245 and adhered to guidelines set out in the 2010/63/EU directive.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


References
	1.
Repa JJ, Mangelsdorf DJ. The role of orphan nuclear receptors in the regulation of cholesterol homeostasis. Annu Rev Cell Dev Biol. 2000;16(1):459–81.CrossrefPubMed

	2.
Rosenson RS, Brewer HB, Davidson WS, Fayad ZA, Fuster V, Goldstein J, et al. Cholesterol efflux and atheroprotection: advancing the concept of reverse cholesterol transport. Circulation. 2012;125(15):1905–19.CrossrefPubMedPubMedCentral

	3.
Anstee QM, Targher G, Day CP. Progression of NAFLD to diabetes mellitus, cardiovascular disease or cirrhosis. Nat Rev Gastroenterol Hepatol. 2013;10(6):330–44.CrossrefPubMed

	4.
Byrne CD, Targher G. NAFLD: a multisystem disease. J Hepatol. 2015;62(1):47–64.Crossref

	5.
Bhatia LS, Curzen NP, Calder PC, Byrne CD. Non-alcoholic fatty liver disease: a new and important cardiovascular risk factor? Eur Heart J. 2012;33(10):1190–200.CrossrefPubMed

	6.
Perissi V, Jepsen K, Glass CK, Rosenfeld MG. Deconstructing repression: evolving models of co-repressor action. Nat Rev Genet. 2010;11(2):109–23.CrossrefPubMed

	7.
Mottis A, Mouchiroud L, Auwerx J. Emerging roles of the corepressors NCoR1 and SMRT in homeostasis. Genes Dev. 2013;27(8):819–35.CrossrefPubMedPubMedCentral

	8.
Li P, Fan W, Xu J, Lu M, Yamamoto H, Auwerx J, et al. Adipocyte NCoR knockout decreases PPARγ phosphorylation and enhances PPARγ activity and insulin sensitivity. Cell. 2011;147(4):815–26.CrossrefPubMedPubMedCentral

	9.
Li P, Spann NJ, Kaikkonen MU, Lu M, Oh DY, Fox JN, et al. NCoR repression of LXRs restricts macrophage biosynthesis of insulin-sensitizing omega 3 fatty acids. Cell. 2013;155(1):200–14.CrossrefPubMedPubMedCentral

	10.
Ghisletti S, Huang W, Jepsen K, Benner C, Hardiman G, Rosenfeld MG, et al. Cooperative NCoR/SMRT interactions establish a corepressor-based strategy for integration of inflammatory and anti-inflammatory signaling pathways. Genes Dev. 2009;23(6):681–93.CrossrefPubMedPubMedCentral

	11.
Wiesner P, Choi SH, Almazan F, Benner C, Huang W, Diehl CJ, et al. Low doses of Lipopolysaccharide and minimally oxidized low-density lipoprotein cooperatively activate macrophages via nuclear factor κB and activator protein-1: possible mechanism for acceleration of atherosclerosis by subclinical endotoxemia. Circ Res. 2010;107(1):56–65.CrossrefPubMedPubMedCentral

	12.
Oppi S, Nusser-Stein S, Blyszczuk P, Wang X, Jomard A, Marzolla V, et al. Macrophage NCOR1 protects from atherosclerosis by repressing a pro-atherogenic PPARγ signature. Eur Heart J. 2020;41(9):995–1005.CrossrefPubMed

	13.
Yamamoto H, Williams EG, Mouchiroud L, Cantó C, Fan W, Downes M, et al. NCoR1 is a conserved physiological modulator of muscle mass and oxidative function. Cell. 2011;147(4):827–39.CrossrefPubMedPubMedCentral

	14.
Jo YS, Ryu D, Maida A, Wang X, Evans RM, Schoonjans K, et al. Phosphorylation of the nuclear receptor corepressor 1 by protein kinase B switches its corepressor targets in the liver in mice. Hepatology. 2005;62(5):1606–18.Crossref

	15.
Astapova I, Ramadoss P, Costa-e-Sousa RH, Ye F, Holtz KA, Li Y, et al. Hepatic nuclear corepressor 1 regulates cholesterol absorption through a TRβ1-governed pathway. J Clin Invest. 2014;124(5):1976–86.CrossrefPubMedPubMedCentral

	16.
Oppi S, Lüscher TF, Stein S. Mouse models for atherosclerosis research—which is my line? Front Cardiovasc Med. 2019;6:46.CrossrefPubMedPubMedCentral

	17.
Ishibashi S, Brown MS, Goldstein JL, Gerard RD, Hammer RE, Herz J. Hypercholesterolemia in low density lipoprotein receptor knockout mice and its reversal by adenovirus-mediated gene delivery. J Clin Invest. 1993;92(2):883–93.CrossrefPubMedPubMedCentral

	18.
Chávez-Talavera O, Tailleux A, Lefebvre P, Staels B. Bile acid control of metabolism and inflammation in obesity, type 2 diabetes, dyslipidemia, and nonalcoholic fatty liver disease. Gastroenterology. 2017;152(7):1679-1694e3.CrossrefPubMed

	19.
Shapiro H, Kolodziejczyk AA, Halstuch D, Elinav E. Bile acids in glucose metabolism in health and disease. J Exp Med. 2018;215(2):383–96.CrossrefPubMedPubMedCentral

	20.
Heuman DM. Quantitative estimation of the hydrophilic–hydrophobic balance of mixed bile salt solutions. J Lipid Res. 1989;30(5):719–30.CrossrefPubMed

	21.
Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, et al. Atherosclerosis. Nat Rev Dis Primer. 2019;5(1):56.Crossref

	22.
Weber C, Noels H. Atherosclerosis: current pathogenesis and therapeutic options. Nat Med. 2011;17(11):1410–22.CrossrefPubMed

	23.
Geiger MA, Guillaumon AT, Paneni F, Matter CM, Stein S. Role of the nuclear receptor corepressor 1 (NCOR1) in atherosclerosis and associated immunometabolic diseases. Front Immunol. 2020;11:569358.CrossrefPubMedPubMedCentral

	24.
Šarenac TM, Mikov M. Bile acid synthesis: from nature to the chemical modification and synthesis and their applications as drugs and nutrients. Front Pharmacol. 2018;9:939.CrossrefPubMedPubMedCentral

	25.
Funabashi M, Grove TL, Wang M, Varma Y, McFadden ME, Brown LC, et al. A metabolic pathway for bile acid dehydroxylation by the gut microbiome. Nature. 2020;582(7813):566–70.CrossrefPubMedPubMedCentral

	26.
Björkhem I. Cerebrotendinous xanthomatosis. Curr Opin Lipidol. 2013;24(4):283–7.CrossrefPubMed

	27.
Griffiths WJ, Crick PJ, Meljon A, Theofilopoulos S, Abdel-Khalik J, Yutuc E, et al. Additional pathways of sterol metabolism: evidence from analysis of Cyp27a1–/– mouse brain and plasma. Biochim Biophys Acta BBA Mol Cell Biol Lipids. 2019;1864(2):191–211.

	28.
Meir K, Kitsberg D, Alkalay I, Szafer F, Rosen H, Shpitzen S, et al. Human sterol 27-hydroxylase (CYP27) overexpressor transgenic mouse model. J Biol Chem. 2002;277(37):34036–41.CrossrefPubMed

	29.
Yanagimoto T, Itoh S, Sawada M, Kamataki T. Mouse cytochrome P450 (Cyp3a11): predominant expression in liver and capacity to activate aflatoxin B1. Arch Biochem Biophys. 1997;340(2):215–8.CrossrefPubMed

	30.
Honda A, Miyazaki T, Ikegami T, Iwamoto J, Maeda T, Hirayama T, et al. Cholesterol 25-hydroxylation activity of CYP3A. J Lipid Res. 2011;52(8):1509–16.CrossrefPubMedPubMedCentral

	31.
Wahlström A, Al-Dury S, Ståhlman M, Bäckhed F, Marschall HU. Cyp3a11 is not essential for the formation of murine bile acids. Biochem Biophys Rep. 2017;10:70–5.PubMedPubMedCentral

	32.
de Boer JF, Bloks VW, Verkade E, Heiner-Fokkema MR, Kuipers F. New insights in the multiple roles of bile acids and their signaling pathways in metabolic control. Curr Opin Lipidol. 2018;29(3):194–202.CrossrefPubMed



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Genetic deletion of hepatic NCOR1 protects from atherosclerosis by promoting alternative bile acid-metabolism and sterol excretion


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12933_2023_1865_Fig1_HTML.png
3 6 9
Weeks on HCD

12

p=0.046
4
ol =
2|

Aortic lesions
(% of total aorta)

-

[ L-Ncor1Her+*
W L-Ncor1Hep





OEBPS/css/envelope.png





OEBPS/images/12933_2023_1865_Fig4_HTML.png
Relative expression >

Relative expression

w

Relative expression

Ncort Cd36 Scarb1 Abcat Hmgcr Slc10at Cyp7at
6 1.5 25 15 2.5 4
P = 2.0 2.0 3
4 1.0 15 1.0 15
1.0 e
2 05 e 05 q
0.5 0.5
0 0 0.0 0.0 0.0 0.0 0
Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD
Cyp8b1 Cyp27at Cyp3at1 Abcgs Abcg8 Abcb11 Abcb4
200 — 37 = 3 20 257 o 2.0
1. 15 20 1.5
2 15
1.0 1.0 1.0
1 1.0
0. 0.5 05 0.5
0 0.0 0 0.0 0.0 0.0
Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD
Abcat Npe1it Slc10a2 Abcgs Abcg8
3 1 1.5 2.5 4
2.0 N Hep+/+
2 10 10 3 oL Ncor1H .
1.5 2 W L-Ncor1Her+
1 0 05 1.0 .
0.5
0

0.0 0.0 0.0
Chow HCD Chow HCD Chow HCD Chow HCD Chow HCD





OEBPS/images/12933_2023_1865_Fig3_HTML.png
>
w

p=0.354

-
@

p=0.043

p=0.043 % ﬁ
ce

CA CDCA
(-derived) (-derived)

s 100 p=0.607 5 2 p=0.065
IS PN S~

< 3
H = 75 3E1
< = =
oo 50 oo
>£ >E4
S E 25 s<
0 @
“ 9

Heuman index
R =0.038 =0.831

> 0.3 P -§ 8 p=0.83

£ -04 g- % 6

o 3F o2

5§32 05 235 4

o £ o E

3 -06 o =22

I
T
0.7 © 0

CHOL synthesis

Biliary CHOL output

{umol/day)
N B

HH

(nmol/min)

1

N

HIH
| 3

p=0.161

p=0.079

w0 L -Ncor1Her*+ mm i -Ncor1Her--

m

% of total biliary

50 p<0.0001
60 p=0.001 éi
8 40 &
g 20 8
2 8 g
o
4 L]
LW L
Y F v F X F Fr
F K FF K FFFF S
FF CFTFELES
5% 75 =0.008
3% =0.003
§§ 5.0
<< >
a8 25 i L %@ ll
EE—OC %ﬁ =
=TTy F ¥ ¥ ¥ ¢
$0 00 @) QO Q§§O §O





OEBPS/css/sidebar.gif





OEBPS/images/12933_2023_1865_Fig2_HTML.png
[ L-Ncor1Hee/+
B [ -Ncor1Hee+

A B C
" L-NcortHer+/+
60, P=0.015 151 | NeorfHe+ g P09
2 ) 2q
o 20 =] 505 =4
e [ Q2
0 0.0 L — 0
VLDL LDL HDL
E F G
p=0.907  p=0.109
S 2000 p=0.0016 607 p=0099  p=0.001 1507 — =
3 B = == 8%
£ 51500 8= 40 22 100
£21000 232 g2
© £ o Q 20
£ < £ 20 S g 50
& 500 O3 == = =
* e ol—=——= : 0 . :
chow 4w 8w 12w HCD Chow HCD Chow HCD

120
o
g 80
2
¢ 40
,—
(e —————
VLDL LDL HDL
S .
s % 600 p=0.0055
5 o 450 éi
3 8 300
g5 158
#3 10
TE 5 -
g5 oa__ <
K & Q(\°
Q’\





