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O-GlcNAc transferase acts as a critical nutritional node for the control of liver homeostasis
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Background & Aims: O-GlcNAcylation is a reversible post-translational modification controlled by the activity of two enzymes, O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA). In liver, O-GlcNAcylation has emerged as an important regulatory mechanism underlying normal liver physiology and metabolic disease.

Methods: To address whether OGT acts as a critical hepatic nutritional node, mice with a constitutive hepatocyte-specific deletion of OGT (OGT LKO ) were generated and challenged with different carbohydrate-and lipid-containing diets.

Results: Analyses of 4 week-old OGT LKO mice revealed significant oxidative and ER stress, DNA damage, together with inflammation and fibrosis in liver. Susceptibility to oxidative and ER stress-induced apoptosis was also elevated in OGT LKO hepatocytes. While OGT expression was partially recovered in liver of 8 week-old OGT LKO mice, hepatic injury and fibrosis were not rescued but rather worsened with time. Interestingly, weaning of OGT LKO mice on a ketogenic diet (low carbohydrate high fat), fully prevented the hepatic alterations induced by OGT deletion, indicating that reduced carbohydrate intake protects OGT deficient liver.

Conclusion:

These findings pinpoint OGT as a key mediator of hepatocyte homeostasis and survival upon carbohydrate intake and validate OGT LKO mice as a valuable model for assessing therapeutical approaches of advanced liver fibrosis.

Impact and implications

Our study shows that hepatocyte-specific deletion of O-GlcNAc transferase (OGT) leads to severe liver injury, reinforcing the importance of O-GlcNAcylation and OGT for hepatocyte homeostasis and survival. Our study also validates the Ogt liver deficient mouse as a valuable model for the study of advanced liver fibrosis. Importantly, since the severe hepatic fibrosis of Ogt liver deficient mice could be fully prevented upon feeding on a ketogenic diet (i.e. very low carbohydrate high fat diet) underlines the potential interest of nutritional intervention as anti-fibrogenic strategies.

Introduction

O-GlcNAcylation is a dynamic and reversible post-translational modification controlled by the activity of two enzymes, O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA). OGT and OGA mediate the dynamic cycling of O-GlcNAcylation on a wide variety of cytosolic, nuclear and mitochondrial proteins, in response to environmental changes, such as nutrients or stress challenges [START_REF] Yang | Protein O-GlcNAcylation: emerging mechanisms and functions[END_REF]. Therefore, O-GlcNAcylation has been proposed as a nutrient and stress sensor, that mediates cellular adaptations ranging from transcription and translation to signal transduction and metabolism. As a result, disruption of O-GlcNAc homeostasis has been implicated in the pathogenesis of several human diseases, including cancer, diabetes and neurodegeneration [START_REF] Nie | O-GlcNAcylation, a sweet link to the pathology of diseases[END_REF].

In the liver, O-GlcNAcylation has emerged as an important regulatory mechanism underlying normal liver physiology and metabolic disease. O-GlcNAcylation significantly contributes to liver gluco-lipotoxicity by modulating key effectors of hepatic metabolism [START_REF] Guinez | O-GlcNAcylation increases ChREBP protein content and transcriptional activity in the liver[END_REF][START_REF] Kuo | O-glycosylation of FoxO1 increases its transcriptional activity towards the glucose 6-phosphatase gene[END_REF]. Moreover, OGT acts as a suppressor of hepatocyte necroptosis (a specific form of regulated cell death) and its hepatic deletion triggers liver fibrosis in mice [START_REF] Zhang | O-GlcNAc transferase suppresses necroptosis and liver fibrosis[END_REF]. Altogether, these studies suggested that OGT may act as a critical molecular switch between hepatocyte survival and death in response to chronic liver injury [START_REF] Zhang | O-GlcNAc transferase suppresses necroptosis and liver fibrosis[END_REF].

While several cellular functions of O-GlcNAcylation are clearly emerging, we hypothesize that OGT loss of function may prevent liver cells to cope with the oxidative stress induced by dietary glucose [START_REF] Du | Oxidative stress induced by high-glucose diet in liver of C57BL/6J mice and its underlying mechanism[END_REF][START_REF] Mohanty | Glucose challenge stimulates reactive oxygen species (ROS) generation by leucocytes[END_REF][START_REF] De Carvalho Vidigal | The role of hyperglycemia in the induction of oxidative stress and inflammatory process[END_REF][START_REF] Dickinson | High-glycemic index carbohydrate increases nuclear factor-kappaB activation in mononuclear cells of young, lean healthy subjects[END_REF]. Indeed, OGT was shown to protect against oxidative stress by promoting antioxidant responses, whereas lack of OGT correlates with high oxidative stress in response to elevated glucose concentrations [START_REF] Chen | Functional crosstalk among oxidative stress and O-GlcNAc signaling pathways[END_REF]. To test this hypothesis, we first examined at different time points ranging from 2 weeks to 1 year, the phenotype of mice with a constitutive OGT deficiency in hepatocytes (OGT LKO ) and fed a 70% carbohydrates diet. We then explored whether limiting carbohydrate intake at weaning could protect the liver against lack of OGT. Interestingly, analysis of OGT LKO mice at 4 weeks revealed the onset of hepatic oxidative and ER stress, DNA damage, together with liver inflammation and moderate fibrosis.

Liver injury and fibrosis worsened with time when OGT LKO mice were maintained on a high carbohydrate diet, as characterized by advanced hepatic fibrosis and septa surrounding regenerative nodules. Interestingly, weaning OGT LKO mice on a ketogenic low carbohydrate (1%) high fat diet, to limit carbohydrate intake, fully prevented the severe hepatic alterations induced by early OGT deletion, including advanced fibrosis. These findings underline the critical role of OGT in hepatocytes homeostasis and survival upon carbohydrate intake. Our study also establishes the OGT LKO mouse model as a spontaneous model of advanced fibrosis, that may, in the future, facilitate therapeutic target identification for prevention and treatment of chronic liver disease.

Material and methods

Generation of OGT LKO mice

Conditional hepatic-specific OGT knock out mice (OGT LKO ) and control floxed littermates (OGT LWT ) were generated by crossing Albumin-Cre; Ogt F/Y with Ogt F/F mice. The Ogt locus was floxed on either side of the exons 6-7 encoding amino acids 206 and 232. Ogt mice were obtained from Jackson Laboratories (JAX stock #00486).

Animals and nutritional challenges

All animal procedures were carried out according to the French guidelines for the care and use of experimental animals (Animal authorization agreements #9723, #19226 and #33226 from University of Paris Ethical Committee). Mice (males and females) were housed in colony housing on a 12hr light/dark cycle. All mice were given free access to water and control chow diet (Standard diet (SD) in % of calories: 69% of carbohydrates, 4% of fat and 26% of proteins; SAFE #A03). Regarding nutritional challenges, OGT LWT and OGT LKO mice were weaning and fed for 5 weeks with a low carbohydrate high fat diet (LCHF in % of calories: 21% of carbohydrates, 60% of fat, 19% of proteins) (SSNIF #E15742) or a ketogenic diet (KD in % of calories: 1% of carbohydrates, 94% of fat, 5% of proteins) (SSNIF #E15149). The age and sex of the mice are specified in the results and figure legends.

Blood glucose concentrations and glucose homeostasis

Blood glucose was measured in total blood using an Accu-Check glucometer (Roche). Glucose tolerance tests (GTT), pyruvate tolerance tests (PTT) and insulin tolerance tests (ITT) were performed in 4 week-old OGT LKO and control OGT LWT littermates. For GTT, mice were fasted 4 to 5 hours and received 2g/kg of glucose; for PTT, mice were fasted overnight and received 1g/kg of pyruvate; for ITT, mice were fasted 4 to 5 hours and received 0.75U/kg of insulin.

Blood glucose concentrations were measured over a period of 120 minutes for all tests.

-hydroxybutyrate concentrations β-Hydroxybutyrate was measured with Optium β-ketone test strips that carried Optium Xceed sensors (Abbott Diabetes Care).

Cytokines and liver enzymes concentrations

Concentrations of serum cytokines were analyzed using the V-PLEX proinflammatory panel 1 mouse kit (Mesoscale, K15048D). Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), lactate dehydrogenase (LDH), alkaline phosphatase (ALP) and total and direct bilirubin concentrations were determined using an automated Monarch device (Laboratoire de Biochimie, Faculté de Médecine Bichat, France).

RNA isolation, reverse transcription and qPCR

Snap frozen liver tissue was powdered and approximately 15mg of liver powder was used for RNA extraction using the SV Total RNA isolation system (Promega, Z3101). mRNAs were reverse transcribed and cDNA levels were measured by qPCR (LightCycler480 SYBR Green I Master, Roche) using the primers described in the Table S4. Gene expression was normalized over expression of the TATA-box binding protein (TBP) mRNA levels.

Protein extraction, western blot and wheat germ agglutinin (WGA) precipitation experiments

Whole tissue was lysed in lysis buffer (20mM Tris HCl pH 7.5, 150mM NaCl, 5mM EDTA, 50mM NaF, 30mM NaP, 1% Triton X-100, EDTA free protease inhibitor cocktail Roche, 4693132001, orthovanadate 1mM, Thiamet-G 10µM [Sigma, SML0244]). Western blot was performed using 30µg of lysate. For lectin-based precipitation assay, the lysate (1mg of proteins) was incubated overnight with 25µL of WGA agarose beads (Sigma, L1882) at 4°C. The precipitate was resolved by SDS-PAGE and immunoblotted with specific antibodies.

Antibodies used are the following: anti-OGT (Sigma, SAB4200311), anti-O-linked Nacetylglucosamine antibody (RL2, ab2739), anti-GAPDH (Santa Cruz, sc-25778), anti-β-actin (CST #4970), anti-CycA2 (Santa Cruz, sc-596), anti-CycD1 (CST #2978), anti-PCNA (CST #2586), anti-p62 (Enzo Life Sciences, BML-PW9860-0100), anti-p-p62 (CST #14354), anti-CHOP (CST #5554), anti-H2AX (CST #2577), anti-H2AX total (CST #7631), anti-Cleaved Caspase-3 (CST #9661), anti-MLKL (ab172868), anti-RIPK3 (orb74415), anti-Foxo1 (CST #2880), Anti-JNK (CST #9252), anti p-JNK (CST#9255). Semi-quantitative analysis was performed using ChemiDoc software (Bio-rad).

Histological analyses and tissue staining

Fixed livers (4% PFA, 24h at 4ºC) were embedded in paraffin and sliced at 7µm. After deparaffinization and rehydration, slides were stained with hematoxylin-eosin (HE), Sirius red and SMA for fibrosis detection. In the case of immunolabeling, antigen retrieval was performed in citrate buffer for 10 min at 95ºC and treated with peroxidase blocking reagent (Sigma, H1009). Slides were permeabilized with 0.01% Tween20 and unspecific antigenicity was blocked with 2% BSA and 2% serum, from the species in which the secondary antibody was raised. Primary antibodies used are the following: anti-OGT (Abcam, ab96718), anti-Ki67 (ThermoFisher, MA5-14520), anti-HNF4 (Santa Cruz, sc-6556), anti-SOX9 (EMD millipore, ab5535) and anti-Krt19 (Abcam, ab52625), anti-F4/80 (CST#70076), anti-MDA (Abcam, ab27642). Secondary antibodies HRP-conjugated were revealed by incubation with DAB substrate (Dako, K3468), co-stained with hematoxylin (Vector laboratories, H-3404) and mounted with VectaMount™ mounting medium (Vector laboratories, H-5000). For apoptosis, the TUNEL kit (EMD Millipore kit S71000) was used. Images analysis was processed with QuPath software.

Polyploidy assessment

To analyse polyploidy, liver sections were stained with Hoechst 33342, after which a dataset with nuclei size and circularity was extracted using QuPath. Then, by using R software, a dataset containing only hepatocyte nuclei was generated based on size (>30 µm) and circularity (>0.8). Nuclear ploidy was assessed automatically, by a specific macro developed with Image J software, as previously described [START_REF] Gentric | Oxidative stress promotes pathologic polyploidization in nonalcoholic fatty liver disease[END_REF]. Hepatocyte polyploidy is presented as the ratio between the number of polyploid cells and total hepatocytes.

Liver neutral lipid analysis

Hepatic lipids were extracted from liver samples as previously described elsewhere (Bligh EG, Dyer WJ, 1959). Briefly, 50 mg of liver were homogenized in 2:1 (v/v) methanol/EGTA (5mM) and lipids from 2mg of liver were extracted in a mix of methanol, chloroform and water (2.5:2.5:2, v/v/v) in the presence of internal standards (glyceryltrinonadecanoate, stigmasterol and cholesteryl heptadecanoate). Triglycerides, free cholesterol, and cholesterol esters were analyzed by gas chromatography on a Focus Thermo Electron system using a Zebron-1 Phenomenex fused-silica capillary column (5 m, 0.32 mm i.d., 0.50 µm film thickness). The oven temperature was programmed from 200 to 350°C at a rate of 5°C/min, and the carrier gas was hydrogen (0.5 bar). The injector and detector were at 315°C and 345°C, respectively.

Liver fatty acid analysis

Fatty acid methyl esters (FAME) molecular species were extracted from an equivalent of 1mg liver tissue in the presence of internal standards glyceryl triheptadecanoate (2 μg). The lipid extract was transmethylated with 1 ml BF3 in methanol (14% solution; Sigma) and 1 ml heptane for 60 min at 80°C and evaporated to dryness. The FAMEs were extracted with heptane/water (2:1). The organic phase was evaporated to dryness and dissolved in 50 μl ethyl acetate. A sample (1 μl) of total FAMEs was analyzed with gas-liquid chromatography (Clarus 600 Perkin Elmer system, with Famewax RESTEK fused silica capillary columns, 30-m×0.32-mm i.d., 0.25-μm film thickness). Oven temperature was programmed to increase from 110°C to 220°C at a rate of 2°C/min, and the carrier gas was hydrogen (7.25 psi). Injector and detector temperatures were 225°C and 245°C, respectively.

Liver sphingomyelin and ceramide analysis

Lipids were extracted from the liver (1 mg) as described by Bligh and Dyer in dichloromethane/methanol (2% acetic acid)/water (2.5:2.5:2 v/v/v). Internal standards were added (Cer d18:1/15:0, 16 ng; SM d18:1/12:0, 16 ng). The solution was centrifuged at 1500 rpm for 3 min. The organic phase was collected and dried under azote, then dissolved in 50 μl MeOH. Sample solutions were analyzed with an Agilent 1290 UPLC system coupled to a G6460 triple quadripole spectrometer (Agilent Technologies). MassHunter software was used for data acquisition and analysis. A Kinetex HILIC column was used for LC separations. The column temperature was maintained at 40°C. The mobile phase A was Acetonitrile; and B was 10 mM ammonium formate in water at pH 3.2. The gradient was as follows: from 10% to 30% B in 10 min; 100% B from 10 to 12 min; and then back to 10% B at 13 min for 1 min to reequilibrate prior to the next injection. The flow rate of the mobile phase was 0.3 ml/min, and the injection volume was 5 μl. An electrospray source was employed in positive ion mode. The collision gas was nitrogen. Needle voltage was set at +4000 V. Several scan modes were used.

First, to obtain the naturally different masses of different species, we analyzed cell lipid extracts with a precursor ion scan at 184 m/z and 264 m/z for SM and Cer, respectively. The collision energy optimums for Cer, SM were 25 eV, 45 eV respectively. Then, the corresponding SRM transitions were used to quantify different phospholipid species for each class. Two 9 MRM acquisitions were necessary, due to important differences between phospholipid classes. Data were treated with QqQ Quantitative (vB.05.00) and Qualitative analysis software (vB.04.00).

Microarray based transcriptome profiling

Liver RNA extraction was performed as mentioned previously and checked for integrity using Bioanalyzer. Microarray experiment and data normalization were performed by the transcriptomic core facility at Cochin Institute. Briefly, gene expression profiling was carried out on 5 biological replicates per condition. After RNA quality validation with Bioanalyzer 2100, RNA was reversed transcribed following the manufacturer protocol (GeneChip® WT Plus Reagent Kit, Thermofisher). After fragmentation and biotin labelling, cDNA was hybridized to GeneChip® Clariom S Mouse (Thermofischer) and scanned using the GCS3000 7G. The images were analyzed with Expression Console software (Thermofischer). Raw data were normalized using the Robust Multichip Algorithm (RMA). Statistics and RMA normalization were performed using TAC4.0 software (Thermofisher). Downstream analysis was done to identify differentially expressed (DE) genes based in comparison with control conditions. The DE genes were selected based on the corrected p-value for False Discovery Rate (FDR p-value < 0.05) and the fold change from OGT LKO compared to controls (up-regulated genes: fold change ≥ 2, down-regulated genes: fold change ≤ -2). Venn diagram was performed using the interactive tool 'Venny 2. 1.0' (Oliveros et al. 20071.0' (Oliveros et al. -2015)).

Up-regulated and down-regulated genes were annotated using Reactome gene set. Functional enrichment of specific pathways in the gene set was performed using Fisher's exact test and FDR correction. Pathways were considered significantly enriched at an FDR < 0.05. R statistical software v.3.6.2 and R packages were used for bioinformatic analysis and graph representation. Volcano plots were represented using the "Enhanced Volcano" package (Blighe et al. 2019). Heatmaps were represented using 'pheatmap' package (R. Kolde, 2019), where correlation clustering distance row was applied.

Primary hepatocyte isolation and culture

Four weeks old mice were anesthetized with a 10:1 ketamine-xylazine solution intra-peritoneal.

Liver was perfused through the portal vein with Hank's balanced salt solution followed by collagenase perfusion. Cell viability was calculated by trypan blue exclusion test using a Malassez chamber and seeded in 6-well plates at a concentration of 500 000 cells per well.

Cells were seeded in medium M199 5mM of glucose (Thermofisher, #11150059) supplemented with 100 µg/mL streptomycin, 100 units/mL of penicillin, L-glutamine (2 mM), 0.1% Bovine serum albumin, 2.5% Nu-serum (BD Bioscience, Cat#355104) and dexamethasone (100nM, Novo Nordisk). For reduced glutathione/oxidized glutathione (GSH/GSSG) assay, hepatocytes were seeded in 96-well plates at a concentration of 15 000 cells per well. Twenty-four hours after seeding, the GSH/GSSG ratio was measured using GSH/GSSG-Glo assay kit (Promega, Madison, WI) in accordance with the manufacturer's instructions. Experiments with Staurosporine were performed by seeding hepatocytes in 6 cm 2 dishes at a concentration of 1.5x10 6 cells per dish. Twenty-four hours after seeding, cells were treated with 10µM of Staurosporine (Sigma, S4400) and harvested 0, 2, 4 and 8 hours after treatment for protein extraction. For Thapsigargin experiments, 24 hours after seeding, cells were treated with 0.3µM of Thapsigargin (Sigma, T9033) for 24 hours. Total level of lipid peroxidation was analyzed by flow cytometry-based Bodipy 581/591 assays (Molecular Probes), as recommended by the manufacturer. Forty-eight hours after seeding, cells were treated with 5 M of BODIPY for 30 minutes at 37°C. Cells were then collected and washed with PBS. For each experiment, 20.000 events were acquired by flow cytometry using Novocyte Cytometer (Ozyme). Data were analysed using the Novoexpress Software. Total ROS levels were measured by using Cellrox Deep red Reagent (Thermofisher) at a final concentration of 2.5M and then incubated for 30 minutes at 37°C. Data were analysed using the Novoexpress Software. For ARE-luciferase activity, cells were transfected with a 3xARE-Luciferase reporter (Wang et al., 2006) and a β-galactosidase plasmid using Lipofectamine 2000 and OptiMEM media. After overnight incubation, medium was changed to low glucose (5mM) for 24 hours. Luciferase assay was performed after cell lysis. β-galactosidase assays were performed for normalization of 3xAREluciferase activity.

Second Harmonic Generation microscopy (SHG) for fibrosis quantification

SHG images were acquired with a multiphoton Leica DIVE microscope (Leica microsystems Gmbh, Wetzlar, Germany) coupled with a Coherent Discovery (Coherent Inc., Santa Clara, CA, USA) laser source. Five fields of view were acquired from paraffin embedded 7 µm-thick sections of liver. Two-photon-excited autofluorescence and SHG images were acquired through a Leica Microsystems HCX IRAPO 25x/0.95 water immersion objective by tuning the laser at 1040nm at constant power and photomultiplier tubes and hybrid detectors were used at constant 800V and 80% gain respectively allowing direct comparison of SHG intensity values.

Circularly polarized laser pulse was sent to the microscope objective to excite isotropically the slice regardless of the orientation of fibrillar collagen. To quantify SHG, the microscope was calibrated using a non-fibrotic control liver section. SHG score was proceeded using a homemade ImageJ ((http://imagej.nih.gov/ij/)) routine, as described previously [START_REF] Guilbert | A robust collagen scoring method for human liver fibrosis by second harmonic microscopy[END_REF].

Statistical analysis

All statistical analysis were performed using Prism GraphPad Software Inc. The number of independent experiments performed and the statistical test used are indicated in each figure legend.

Results

Hepatocyte-specific OGT deletion triggers liver inflammation and moderate fibrosis at 4 weeks.

Four weeks after birth, fed blood glucose, body weight, liver and spleen weights were not found different in OGT LKO compared to OGT LWT mice (Figure 1A). OGT mRNA and protein levels (assessed by Western blot and immunostaining) were significantly reduced only in the liver of OGT LKO mice, together with a parallel decrease in O-GlcNAcylated proteins (Figures 1B,1D and 1E) confirming recombination efficiency and tissue specificity. We also observed a significant decrease in OGA expression in the liver (Figure 1C). The activities of OGT and OGA are governed by multilayered feedback mechanisms that finely tune the overall levels of O-GlcNAcylation in the cell. Studies have established that alterations in OGA activity affect OGT activity and vice versa [START_REF] Park | A Conserved Splicing Silencer Dynamically Regulates O-GlcNAc Transferase Intron Retention and O-GlcNAc Homeostasis[END_REF]. While the mechanism(s) used to modulate OGA protein levels in response to O-GlcNAc remain unknown, studies have suggested that OGA transcription is sensitive to changes in O-GlcNAc homeostasis and is potentially regulated by O-GlcNAc [START_REF] Park | A Conserved Splicing Silencer Dynamically Regulates O-GlcNAc Transferase Intron Retention and O-GlcNAc Homeostasis[END_REF]. Physiological tests further analyses revealed decreased blood concentrations upon short-term fasting (5 hours) (Figure S1A), improved glucose (Figure S1B) and pyruvate tolerance (Figure S1C) in OGT LKO compared to OGT LWT mice, without, however, any modification in insulin sensitivity (Figure S1D). Decreased fasting blood glucose and increased pyruvate tolerance suggested decreased gluconeogenic capacity in OGT LKO compared to OGT LWT mice. To better understand the improvement in glucose homeostasis observed in OGT LKO mice, we measured protein and the O-GlcNAcylation levels [START_REF] Kuo | O-glycosylation of FoxO1 increases its transcriptional activity towards the glucose 6-phosphatase gene[END_REF] of the transcription factor Forkhead box protein o1 (Foxo1) (Figure S1E), that is known to stimulate the expression of gluconeogenic genes, including Glucose-6-phosphatase (G6Pase) and Phosphoenolpyruvate carboxykinase (Pepck) (Figure S1F). Of note, Foxo1 O-GlcNAcylation levels were markedly decreased in liver of OGT LKO compared to OGT LWT mice (Figure S1E), as well as mRNA levels of its target genes (G6Pase, Pepck) (Figure S1F).

Histological assessment by hematoxylin-eosin (HE), Sirius red or SMA staining evidenced hepatic parenchymal alteration in OGT LKO mice compared to OGT LWT . In fact, OGT LKO liver showed hepatocellular ballooning, and moderate fibrosis together with fibroblast activation (Figure 1E). In agreement, the expression of fibrosis markers (Tgf, Sma, Col3a1 and Col6a1) was found significantly increased in livers of OGT LKO mice compared to OGT LWT (Figure 1F). In addition, positive staining for TUNEL, Krt7 (Cytokeratin7) and SOX9 in livers of 4 week-old OGT LKO mice suggested emerging liver injury and apoptosis, ductular reaction and hepatic progenitor cell activation (Figure 1E). This observation was correlated with a significant increase in alanine aminotransferase (ALT) in OGT LKO mice, while two other markers of liver injury (aspartate aminotransferase (AST) and lactate dehydrogenase (LDH))

were not found statistically different between the two groups of mice (Figure 1G). The expression of proliferation markers was also significantly induced in liver of OGT LKO compared to OGT LWT mice (Ki67, CycA2, CycB1, CycD1) (Figure 1H). To investigate the potential development of inflammation in the context of liver injury, we examined the expression of inflammatory markers. Significant induction of Tnf, Mcp1 and Ccl5 was observed in the liver of OGT LKO compared to OGT LWT mice (Figure 1I). Analyses of serum pro-inflammatory cytokines and chemokines levels in 4 week-old mice also revealed a significant increase in C-X-C motif chemokine ligand 1 (Cxcl1) concentration (Figure 1J). Altogether, these results reveal that constitutive hepatic deletion of OGT in mice rapidly triggers early signs of liver injury, as illustrated by the onset of inflammation, apoptosis and moderate fibrosis at 4 weeks of age.

OGT LKO mice exhibit necroptosis, extensive liver fibrosis and liver injury at 8 weeks.

To determine whether the emerging phenotype of liver injury observed in 4 week old OGT LKO mice worsens with time, both male (Figures 2 and Figure S2) and female (Figure S3) OGT LKO mice were studied 8 weeks after birth. Similar blood glucose concentrations and body weights were observed in 8 week-old male OGT LWT and OGT LKO mice (Figure 2A), while both liver and spleen weights were significantly increased in OGT LKO compared to OGT LWT mice, regarless of gender (Figure 2A). Interestingly, a dysmorphic liver with hepatic nodules together with splenomegaly was observed macroscopically at sacrifice in a large proportion of OGT LKO mice (Figure 2B). Macroscopic view of histological liver section of OGT LKO mice from Sirius red staining showed a homogeneous distribution of these nodules, that were identified as regeneration nodules typical of chronically injured livers (Figures 2B and2C). Of note, clear signs of advanced hepatic fibrosis were observed in OGT LKO liver sections, regardless of the presence of macroscopic regenerative nodules (Figure S2D). In agreement, mRNA levels of fibrosis markers (Col3a1, Col6a1) were significantly increased in both male and female OGT LKO mice (Figure 2D and Figure S3F) and parallel Sirius red and SMA staining showed fibroblast activation and advanced fibrosis in OGT LKO livers (Figure 2G and Figure S3D). Surprisingly, analysis of OGT mRNA and protein levels revealed recovery of OGT expression in liver of OGT LKO mice compared to OGT LWT mice, despite a less pronounced effect in females than in males ( Figures 2E,2F and Figure S3C). However, OGT immunolabelling showed OGT positive cells in OGT LKO liver sections regardless of gender (Figure 2G and Figure S3D)

, suggesting counter-selection against OGT deficient cells during liver regeneration [START_REF] Baker | Emerging mechanisms of cell competition[END_REF]. The emergence of TUNEL positive cells in OGT LKO liver sections as well as Ki67 positive cells in hepatic tissue surrounding the regenerative nodules of OGT LKO liver (Figure 2G) suggested an activation of both proliferation and apoptosis pathways. Accordingly, the expression of proliferation markers was significantly induced in liver of OGT LKO compared to OGT LWT mice at both mRNA (Ki67, CycA2, CycB1, CycD1) and protein levels (Cyclin A, Cyclin D1, Proliferating cell nuclear antigen (PCNA) (Figure S2B and2C). While the expression of RIPK3 was unchanged in OGT LKO livers, the expression of MLKL, another key protein of necroptosis, was significantly increased (Figure 2H). In agreement, OGT LKO mice exhibited a significant increase in plasma ALT and LDH concentrations (Figure 2I), while the circulating levels of AST, another marker of liver injury was unchanged (Figure S3E). The expression of inflammatory markers (Tnf, Mcp1 and Ccl5) and plasma concentrations of cytokines (TNF, IL-2, IL-6) were also increased in liver of OGT LKO mice compared to the OGT LWT control group (Figures 2J and2K). A similar phenotype comprising inflammation, fibrosis and liver injury was observed in 8 week-old OGT LKO female mice (Figure S3D and 3H). Therefore, either males and/or females were used in further experiments, as indicated in the figure legends. Finally, we next investigated whether OGT LKO liver alterations were associated with early (4 weeks) or later (8 weeks) changes in cell identity following deletion of hepatic OGT (Figure S2F). A marked increase in mRNA levels of progenitor cells and cholangiocyte markers, Krt7 and Krt19, was observed in livers of OGT LKO compared to OGT LWT mice both both ages, despite differences were more pronounced at 8 weeks (Figure S2G). Immunolabelling of HNF4, SOX9 and Krt19 on liver sections confirmed a ductular reaction, mostly localized in the fibrosis septa in older OGT LKO mice (Figure S2H). While total or direct bilirubin was not changed, a significant increase in serum alkaline phosphatase (ALP) was measured in 8 week-old OGT LKO compared to OGT LWT mice (Figure S2E). Taken together, our results suggest that OGT plays an important role in liver cell identity and that its deficiency leads to a rapid deterioration of liver homeostasis in OGT LKO mice.

Hepatocyte OGT deletion leads to specific transcriptional changes in the liver from 4 and 8 week-old OGT LKO mice.

To better characterize the early and late consequences of hepatic OGT deficiency, we performed a transcriptomic analysis on livers from 4 and 8 week old OGT LKO and OGT LWT mice. Volcano plots, that were generated by using a total of 22206 hepatic genes and by comparing OGT LKO to OGT LWT mice, demonstrated a shift in the expression levels of specific genes between the two time-points studied (4 and 8 weeks) (Figures 3A and3B). Venn diagram (fold change ≥ |2|, false discovery rate (FDR) p-value < 0.05) indicated that 557 and 493 genes genes were differentially expressed (DE) at 4 and 8 weeks respectively, with 95 DE genes common to 4 and 8 week old mice (Figure 3C, Table S3). Several genes clusters were differentially regulated in OGT LKO livers as compared to OGT LWT at 4 and 8 weeks, as illustrated by the heatmap analysis (Figure 3D). Analysis of REACTOME pathways in the liver of 4 week-old mice showed a significant down-regulation in basic metabolic pathways such as lipid, amino acid and vitamin metabolism (Figure 3E). Interestingly, the glutathione metabolism pathway, an important detoxification pathway in the liver [START_REF] Aquilano | Glutathione: new roles in redox signaling for an old antioxidant[END_REF], was also significantly down-regulated at this stage (Figure 3E). In parallel, the expression of genes involved in immune signalling pathways and UDP-glucuronate formation, the latest known to be activated during antioxidant response in the liver [START_REF] Kalthoff | Interaction between oxidative stress sensor Nrf2 and xenobiotic-activated aryl hydrocarbon receptor in the regulation of the human phase II detoxifying UDP-glucuronosyltransferase 1A10[END_REF], were upregulated at 4 weeks in OGT LKO mice (Figure 3F). Surprisingly, analysis of DE genes at 8 weeks only reported up-regulated pathways. Up-regulation of genes involved in immune system activation suggested that the inflammation response was not resolved at 8 weeks.

However, an up-regulation of pathways involved in liver injury and its resolution such as formation and degradation of extracellular matrix (ECM) was observed (Figures 3F and Figure S4D). Altogether, the results indicate specific changes in global mRNA expression occurring between 4 and 8 weeks, indicating early and major molecular adaptations in the liver to cope with the loss of hepatic OGT.

OGT deficiency in hepatocytes leads to oxidative stress, ER stress and enhanced sensitivity to cell death.

Since the transcriptomic analysis revealed that a cluster of DE genes involved in the oxidative stress response was significantly up-regulated in OGT LKO livers at 4 weeks (Figure S4A), we performed experiments in primary hepatocytes isolated from 4 week-old OGT LKO mice.

Interestingly, the GSH/GSSG ratio, a reliable indicator of oxidative stress, was significantly decreased in OGT LKO compared to OGT LWT hepatocytes, supporting enhanced hepatic oxidative stress response in 4 week-old OGT LKO mice (Figure 4A). Because oxidative stress response involves binding of NRF2 (Nuclear factor erythroid-derived 2-related factor 2) on ARE (anti-oxidant response element) located on promoters of anti-oxidant response genes, we monitored NRF2 activity in OGT LKO and OGT LWT hepatocytes, by using an ARE luciferase reporter construct (Wang et al., 2006). ARE luciferase activity was increased by 7-fold in OGT LKO hepatocytes compared to OGT LWT , suggesting that the NRF2 antioxidant response was induced in the absence of OGT (Figure 4B). In agreement, an increase in p-p62 (autophagy related oxidative stress) [START_REF] Cho | Lipotoxicity induces hepatic protein inclusions through TANK binding kinase 1-mediated p62/sequestosome 1 phosphorylation[END_REF][START_REF] Manley | Role of p62/SQSTM1 in liver physiology and pathogenesis[END_REF], H2AX (DNA damage) and CHOP (ER stress-derived apoptosis) was observed in hepatocytes from OGT deficient cells compared to OGT LWT hepatocytes (Figure 4C). To further characterize oxidative stress in OGT LKO hepatocytes, total ROS (reactive oxygen species) and total lipid peroxidation were assayed by CellROX and BODIPY assays. Both parameters were found significantly increased in OGT LKO hepatocytes compared to OGT LWT (Figures 4D and4E). Sensitivity of OGT LKO hepatocytes to oxidative stress-dependent apoptosis was next evaluated over an 8 hour timecourse in primary hepatocytes treated with staurosporine (StS) [START_REF] Belmokhtar | Staurosporine induces apoptosis through both caspase-dependent and caspase-independent mechanisms[END_REF] (Figure 4F). Higher levels of cleaved caspase-3, a marker of apoptosis, was observed in OGT deficient cells compared to OGT LWT hepatocytes upon StS treatment, indicating enhanced sensitivity to StS-induced cell death (Figure 4F). Similarly, sensitivity to ER-stress induced apoptosis was also enhanced in OGT LKO compared to OGT LWT hepatocytes, as illustrated by significant higher levels of cleaved caspase-3 observed upon thapsigargin treatment (24 hours) (Figure 4G). Altogether, these data demonstrate that OGT deficiency promotes early oxidative and ER stress, leading to DNA damage and increased hepatocyte sensitivity to cell death.

OGT LKO mice display extensive and prolonged hepatic fibrosis in response to early oxidative and ER stress

Aiming at better characterizing the phenotype of oxidative and ER stress in the OGT LKO mice in vivo, we measured oxidative stress markers by qPCR in liver of 4 and 8 week-old OGT LKO mice (Figure 5). These results confirmed a set of genes significantly induced at 4 weeks (Nqo1, Gstm1, Gstm3, Gsta1) but also at 8 weeks in liver of OGT LKO mice, although to a lesser extent at 8 weeks than at 4 weeks (Figures 5A and5B). Similar changes were observed at the protein level for mediators of the oxidative/ER stress response (p-, CHOP) and of DNA damage (H2AX) (Figures 5C and5D). To better characterize the phenotype observed in OGT LKO mice, we performed kinetic experiments and included an earlier time point (2 weeks) (Figure S5). Inflammation state occurred as early as 2 weeks after birth, with evidence of increased phosphorylation of c-Jun N-terminal kinase (JNK) in liver of 2 week-old OGT LKO mice (Figure S5A). Of note, mRNA levels of oxidative stress (Nqo1, Gstm1, Gstm3) and ER stress markers (Chop) were significantly increased later on, between 4 and 8 weeks after birth (Figures S5A andS5B). However, staining with malondialdehyde (MDA), a commonly used marker for lipid peroxidation [START_REF] Paradis | In situ detection of lipid peroxidation by-products in chronic liver diseases[END_REF], revealed positive staining on liver sections from 8 week-old OGT LKO compared to OGT LWT mice, confirming sustained hepatic stress at this stage of development (Figure 5E). Finally, to better characterize the long term progression of hepatic damages in OGT LKO mice, we followed mice up to 12 months, and sacrificed them at specific time points (8, 12 weeks and 12 months). While the expression of oxidative stress and inflammation markers was found increased in livers of OGT LKO compared to OGT LWT mice at 12 weeks, no difference between the two genotypes was observed when the mice were analysed at 12 months (Figure S6B and6D). In contrast, Sirius red staining revealed marked residual hepatic fibrosis in both 12 week-old and 12 month-old OGT LKO mice (Figure 5F). In agreement, ALT serum levels were significantly increased in 12 week-old and 12 month-old OGT LKO mice compared to controls (Figure S6E). Taken together, these data suggest that inflammation and oxidative stress are early triggering events of the the OGT LKO phenotype peaking between 2 and 4 weeks, respectively. However, the rest of hepatic alterations of OGT LKO mice (namely fibrosis and liver injury) persisted over time.

Low carbohydrate high fat (LCHF) diet prevents hepatic oxidative, ER stress, and DNA damage in OGT LKO mice.

During the suckling period, pups receive a low carbohydrate high-fat diet that switches to a standard chow diet (SD) containing nearly 70% of carbohydrates at weaning. Because no oxidative stress was observed in livers of 2 week-old OGT LKO mice, i.e. during the suckling period, we hypothesized that the elevated oxidative stress observed at 4 weeks could result from elevated carbohydrate content in the diet at weaning. Therefore, OGT LWT and OGT LKO mice were weaned and maintained for 5 weeks either on a standard diet (SD: 69% of carbohydrates, 4% of fat, 26% of proteins) or on a low carbohydrate diet compensated by lipid enhancement (LCHF: 21% of carbohydrates, 60% of fat, 19% of proteins) (Figures 6 andFigure S7A).

Induction of oxidative stress markers (Gsta1, Gstm3) in liver of OGT LKO compared to OGT LWT mice on standard diet (OGT LKO SD vs OGT LWT SD) was significantly reduced when OGT LKO mice were fed with LCHF (OGT LKO LCHF) (Figure 6A). Interestingly, the expression of ER stress marker (CHOP) and DNA damage markers (H2AX) was also reduced in liver of OGT LKO LCHF mice when compared to OGT LKO SD (Figures 6B-D and Figure S7D). OGT immunostaining revealed significant staining in liver sections from OGT LKO mice regardless of the nutritional conditions (Figure 6E) in agreement with the re-expression observed on SD diet (Figures 2E and2F). Histological analysis of liver ballooning (HE), inflammation (F4/80), ductular reaction (SOX9, Krt7), and fibrosis (Sirius red) showed no evidence of improvement upon LCHF conditions (Figure 6E). Quantification of fibrosis revealed similar hepatic fibrosis in OGT LKO mice compared to OGT LWT under either SD or LCHF diet (Figure 6F). In agreement, the expression of inflammatory markers (Tnf Mcp1) and fibrosis markers (Col3a1 and Col6a1) was found similarly increased in livers of OGT LKO mice compared to OGT LWT in both nutritional challenges (Figures 6H and6G). Nevertheless, a significant reduction in liver injury marker ALT was observed when OGT LKO mice were weaned on a LCHF diet (Figure 6I) and a tendency in reduced circulating levels of inflammatory cytokine Cxcl1 (Figure S7E).

Since specific lipids could contribute to oxidative stress and/or ER stress, the hepatic lipidomic profiling (including triglycerides, cholesterol, sphingolipids and fatty acids) of LCHF vs SD fed mice was performed (Figure S9A). Lipidomic analysis revealed that the majority of lipid species changes was due to the dietary change rather than to the genotype (clusters 1, 2, 4 and 5; Figure S9A). However, clusters 3 and 7 highlighted lipid signatures were respectively more (cluster 3) and less abundant (cluster 7) in OGT LKO mice fed a LCHF diet compared to SD.

Taken together, these results suggest that while weaning OGT LKO mice on a LCHF diet improved some parameters of liver damages (oxidative stress, ER stress and DNA damage), it failed to fully prevent hepatic alterations, such as ballooning, inflammation, ductular reaction and fibrosis.

Ketogenic diet prevents the hepatic alterations of OGT LKO mice

Since the LCHF diet still contains 21% of carbohydrates, we hypothesized that further decreasing the carbohydrate content in the diet could improve the severe liver damage in OGT LKO mice. Therefore, OGT LWT and OGT LKO mice were challenged at weaning with a ketogenic diet for 5 weeks (KD: 1% of carbohydrates, 94% of fat, 5% of protein) (Figure S8A).

The significant induction of oxidative stress markers (Gsta1, Gstm3) in liver of OGT LKO mice compared to OGT LWT controls on standard diet (OGT LKO SD vs OGT LWT SD) was significantly reduced when OGT LKO mice were weaned on KD (Figure 7A). Because oxidative stress has been shown to promote hyper-polyploidization of hepatocytes [START_REF] Gentric | Oxidative stress promotes pathologic polyploidization in nonalcoholic fatty liver disease[END_REF], we quantified highly polyploid (≥8n) mononuclear hepatocytes relative to total hepatocytes in each group of mice. While the number of highly polyploid hepatocytes was significantly increased in liver of OGT LKO SD mice when compared to OGT LWT SD control (Figure 7B), no difference was observed between OGT LKO and to OGT LWT when fed on KD (Figure 7B), demonstrating that KD prevents the oxidative stress response upon hepatic OGT deficiency. The expression of ER stress (CHOP) and DNA damage (H2AX) markers was also significantly reduced in the liver of OGT LKO KD mice when compared to OGT LKO SD (Figures 7C-E and Figure S8D).

OGT immunostaining revealed significant staining in liver sections from OGT LKO mice regardless of the nutritional conditions (Figure 7F). Of note, in contrast to the histological observations made on a LCHF diet, liver ballooning (HE), inflammation (F4/80), ductular reaction (SOX9, Krt7), and fibrosis (Sirius red) were markedly improved in OGT LKO mice upon KD conditions (Figure 7F). Quantification of fibrosis accordingly revealed a statistical decrease in hepatic fibrosis in OGT LKO KD mice compared to OGT LKO SD (Figure 7G). In agreement, the expression of fibrosis markers (Sma, Col3a1 and Col6a1) was found similarly decreased in livers of OGT LKO KD mice compared to OGT LKO SD (Figure 7H). F4/80 staining show a marked reduction in liver section from OGT LKO KD mice compared to OGT LKO SD (Figure 7F). Lastly, a significant difference was observed for liver injury marker ALT when OGT LKO mice were weaned on a KD diet (Figure 7J). Interestingly, we also observed that specific hepatic lipid species previously associated with liver apoptosis and fibrosis (ceramides C24:0, C24:1) [START_REF] Shmarakov | Hepatic stellate cell activation: A source for bioactive lipids[END_REF]Pewzner-Jung et al., 2010) were no longer increased when OGT LKO were weaned on KD (Figure S9B). Altogether, these results show that weaning on a KD fully prevented the phenotype of the OGT LKO mice (oxidative stress, polyploidy, ER stress, inflammation, fibrosis and liver injury).

Discussion

In liver, O-GlcNAcylation has emerged as an important regulatory mechanism underlying normal liver physiology and metabolic disease [START_REF] Yang | Protein O-GlcNAcylation: emerging mechanisms and functions[END_REF]. We previously reported that O-GlcNAcylation of two key transcription factors involved in glucose and lipid metabolism (i.e. ChREBP and Foxo1) significantly contributes to gluco-lipotoxicity in hepatocytes [START_REF] Guinez | O-GlcNAcylation increases ChREBP protein content and transcriptional activity in the liver[END_REF][START_REF] Kuo | O-glycosylation of FoxO1 increases its transcriptional activity towards the glucose 6-phosphatase gene[END_REF]. However, the function of OGT in liver sensing appears rather complex since other studies reported that OGT is rather involved in the survival and death balance in hepatocytes, and also suggested that OGT acts as a critical modulator of hepatocytes homeostasis in the context of liver injury and/or chronic liver diseases [START_REF] Zhang | O-GlcNAc transferase suppresses necroptosis and liver fibrosis[END_REF][START_REF] Robarts | Regulation of Liver Regeneration by Hepatocyte O-GlcNAcylation in Mice[END_REF].

To better understand the importance of O-GlcNAcylation signalling in hepatocytes, we generated mice with a liver-specific constitutive deletion of OGT (OGT LKO mice) and examined their phenotype over a time course ranging from 2 weeks to 1 year upon different dietary challenges. Our specific goal was to address whether the lack of OGT could lead to oxidative stress and associated-liver injuries in a diet-dependent manner. We first evaluated glucose homeostasis parameters and observed a significant decrease in fasting blood glucose levels, as well as an improvement in both glucose and pyruvate tolerances when comparing OGT LKO to OGT LWT mice at 4 weeks of age. In agreement, the expression of gluconeogenic genes was significantly decreased in OGT LKO liver. Interestingly, the O-GlcNAcylation of Foxo1, a modification previously shown to regulate its transcriptional activity towards its target gluconeogenic genes [START_REF] Kuo | O-glycosylation of FoxO1 increases its transcriptional activity towards the glucose 6-phosphatase gene[END_REF][START_REF] Housley | O-GlcNAc regulates FoxO activation in response to glucose[END_REF] was significantly decreased in liver of 4 week-old OGT LKO compared to OGT LWT mice. However, despite improvement in metabolic homeostasis, clear signs of liver injury were already detectable at 4 weeks with a significant increase in proliferation markers, elevated inflammation and moderate fibrosis, suggesting a critical role for OGT in preventing hepatocyte insult. Indeed, experiments in cultured OGT LKO hepatocytes also confirmed oxidative stress, the later evidenced by a significant decrease in the GSH/GSSG ratio, elevated total ROS production as well as lipid peroxidation. Follow-up analysis of OGT LKO mice demonstrated the development of hepatomegaly, advanced fibrosis and cholestasis, features that persisted in one year-old OGT LKO mice, and that are usually seen in bile duct ligation models [START_REF] Geerts | Comparison of three research models of portal hypertension in mice: macroscopic, histological and portal pressure evaluation[END_REF].

Importantly, this severe hepatic phenotype was observed in both male and female OGT LKO mice, underlining the importance of using both genders in experimental research to better understand how and why some diseases and conditions affect men and women differently. Interestingly, while recent studies have revealed the existence of sexual dimorphisms in liver diseases, in particular in Non-Alcoholic Fatty liver disease (NAFLD) and fibrosis onset [START_REF] Lefebvre | Hepatic sexual dimorphism -implications for non-alcoholic fatty liver disease[END_REF][START_REF] Smati | Integrative study of diet-induced mouse models of NAFLD identifies PPARα as a sexually dimorphic drug target[END_REF], we could not see any significant evidence when comparing the phenotype of OGT LKO males to OGT LKO females.

The phenotype of liver OGT deficiency in hepatocytes also led to changes in cell identity profile, probably favouring the differentiation of hepatoblasts to cholangiocytes, typical of the ductular reaction produced in the initial steps of liver regeneration [START_REF] Roskams | Nomenclature of the finer branches of the biliary tree: canals, ductules, and ductular reactions in human livers[END_REF].

Interestingly, higher number of highly polyploid hepatocytes was observed in liver of 8 weekold OGT LKO mice. While polyploidization can represent a gain of function by contributing to tissue differentiation, we believe that the hyperpolyploidization observed was caused by extensive cellular stress and can be considered here as a pathological lesion, as previously suggested in other mouse models of hepatic oxidative stress [START_REF] Gentric | Oxidative stress promotes pathologic polyploidization in nonalcoholic fatty liver disease[END_REF][START_REF] Donne | Polyploidy in liver development, homeostasis and disease[END_REF].

A surprising observation was the partial recovery of OGT expression at 8 weeks of age in livers of OGT LKO mice. A similar phenomenon, which could be linked to counter-selection [START_REF] Baker | Emerging mechanisms of cell competition[END_REF] of OGT-expressing cells, has already been described for other liver specific gene knock-out models [START_REF] Yamaji | Hepatocyte-specific deletion of DDB1 induces liver regeneration and tumorigenesis[END_REF][START_REF] Zhang | GlcNAc transferase acts as a critical nutritional node for the control of liver homeostasis Paula Ortega-Prieto 1* , Lucia Parlati 1* , Fadila Benhamed 1 , Marion Regnier 1 , Isadora Cavalcante 2 , Mélanie Montabord 1 , Rachel Onifarasoaniaina 3 , Maryline Favier 3 , Natasa Pavlovic[END_REF][START_REF] Grindheim | Polycomb Repressive Complex 2 Proteins EZH1 and EZH2 Regulate Timing of Postnatal Hepatocyte Maturation and Fibrosis by Repressing Genes With Euchromatic Promoters in Mice[END_REF]. Indeed, hepatocytes deficient in OGT may encounter difficulties to survive in an oxidative and inflammatory environment and enter a process of cell death, while hepatocytes escaping to the recombination process will repopulate the liver with cells expressing OGT protein. In agreement with this hypothesis, higher sensitivity to cell death-inducers was observed in OGT LKO compared to OGT LWT hepatocytes. This increased susceptibility to cell death upon defective O-GlcNAcylation is consistent with the significant necroptosis observed following liver OGT deletion (Zang et al., 2019), and with enhanced necroptosis and apoptosis in liver of OGT deficient mice after partial hepatectomy [START_REF] Robarts | Regulation of Liver Regeneration by Hepatocyte O-GlcNAcylation in Mice[END_REF]. Several other mouse models with liver-specific deficiency in proteins involved in DNA damage, such as Damage specific DNA binding protein 1 (DDB1) [START_REF] Yamaji | Hepatocyte-specific deletion of DDB1 induces liver regeneration and tumorigenesis[END_REF], liver regeneration, such as Yesassociated protein (YAP) [START_REF] Zhang | GlcNAc transferase acts as a critical nutritional node for the control of liver homeostasis Paula Ortega-Prieto 1* , Lucia Parlati 1* , Fadila Benhamed 1 , Marion Regnier 1 , Isadora Cavalcante 2 , Mélanie Montabord 1 , Rachel Onifarasoaniaina 3 , Maryline Favier 3 , Natasa Pavlovic[END_REF], or epigenetic modulation, such as Enhancer of zeste homolog (EZH) 1/EZH2 [START_REF] Grindheim | Polycomb Repressive Complex 2 Proteins EZH1 and EZH2 Regulate Timing of Postnatal Hepatocyte Maturation and Fibrosis by Repressing Genes With Euchromatic Promoters in Mice[END_REF], exhibited a phenomenon of cell competition and recovery of expression of the targeted protein. However, the exact number of cells that escapes recombination and the mechanisms involved in OGT recovery were not clearly identified in the current study, and further analysis, including single cell RNAseq analysis of OGT LKO hepatocytes will be necessary to investigate these important questions. It should be also mentioned that hepatic recovery of OGT was only partial in some of the groups studied, as observed in livers of female OGT LKO mice. The OGT recovery was not previously described in the published model of OGT liver knock-out mice [START_REF] Zhang | O-GlcNAc transferase suppresses necroptosis and liver fibrosis[END_REF], but OGT expression in OGT LKO mice was only documented at the age of 4 weeks in this study.

We believe that our study describes here a valuable and timely mouse model of spontaneous fibrosis that may facilitate therapeutic target identification for prevention and treatment of chronic liver disease. Indeed, induction of hepatic fibrosis in rodents requires the use of chemicals or specific diets, that while commonly used, often lack ease of use and appropriate relevance to human liver fibrosis [START_REF] Yanguas | Experimental models of liver fibrosis[END_REF]. While efforts towards providing a better understanding of the mechanisms associated with fibrosis progression and/or regression are being made, no approved drugs are currently available for liver fibrosis per se.

Interestingly, recent studies have highlighted that intrinsic metabolism of parenchymal cells, immune cells and/or hepatic stellate cells is important to sustain energetic needs of phenotypic changes in the context of fibrosis [START_REF] Gilgenkrantz | Targeting cell-intrinsic metabolism for antifibrotic therapy[END_REF]. In an attempt to decrease carbohydrate intake in OGT LKO mice and to reduce oxidative stress associated with lack of OGT in liver, we first took the strategy to wean OGT LKO mice on a LCHF diet in which the carbohydrate percentage is reduced by over 3-fold when compared to SD diet (69% of carbohydrates in SD vs. 21% in LCHF). This dietary switch while improving several parameters including oxidative stress and ER stress, did not correct the other liver alterations such as ballooning, macrophage infiltration, ductular reaction and fibrosis. However, when carbohydrate concentrations in the diet were further reduced and restricted to 1% in KD, full prevention of oxidative stress, hyperpolyploidy, inflammation and more importantly fibrosis and liver injury was observed. Of course, in the context of this nutritional switch, a protective role for lipids cannot be excluded, and in fact the combination of lowering carbohydrate intake and modulating specific lipid species could have been instrumental in the beneficial effects observed. Indeed, lipidomics analysis from LCHF and KD experiments revealed that OGT LKO 
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mice exhibited high abundance of specific bioactive species including ceramides C24:0 and C24:1 under SD conditions, species which remain low upon KD conditions, suggesting that reduction in these ceramide moieties could contribute, at least in part, to the protective effect of KD on OGT LKO mice. In addition, LCHF and KD also differ in their capacity to produce ketone bodies, especially -hydroxybutyrate (Figure S7C and Figure S8C) a signalling metabolite with protective properties against oxidative stress [START_REF] Rojas-Morales | Ketone bodies, stress response, and redox homeostasis[END_REF].

While ketone body metabolism can induce oxidative stress, it was reported beneficial in the long term because it initiates an adaptive response characterized by the activation of the master regulators of cell-protective mechanism, including NRF2 [START_REF] Kolb | Ketone bodies: from enemy to friend and guardian angel[END_REF]. This results in resolving oxidative stress, by the upregulation of anti-oxidative and anti-inflammatory activities, improved mitochondrial function, DNA repair and autophagy. In agreement, studies have hypothesized that activation of ketogenesis in the liver could potentially attenuate ROSmediated NASH progression [START_REF] Rojas-Morales | Ketone bodies, stress response, and redox homeostasis[END_REF].

Altogether, our study shows that hepatocyte-specific deletion of OGT leads to severe liver injury, confirming that O-GlcNAcylation and OGT are essential for hepatocytes homeostasis and survival. Our study also validates the OGT LKO mouse model as a valuable model for the study of advanced liver fibrosis. Given that the severe fibrosis of OGT LKO mice was fully prevented when mice were weaned on a very low carbohydrate high fat diet (i.e; ketogenic diet), our study underlines the potential interest of nutritional intervention as an antifibrogenic strategy. 
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