[image: image1]Rheb Promotes Triglyceride Secretion and Ameliorates Diet-Induced Steatosis in the Liver

		BRIEF RESEARCH REPORT
published: 16 March 2022
doi: 10.3389/fcell.2022.808140


[image: image2]
Rheb Promotes Triglyceride Secretion and Ameliorates Diet-Induced Steatosis in the Liver
Chongyangzi Du1†, Wanchun Yang1,2†, Zongyan Yu3,4, Qiuyun Yuan1, Dejiang Pang1, Ping Tang1, Wanxiang Jiang1, Mina Chen1* and Bo Xiao3,4*
1Neuroscience and Metabolism Research, State Key Laboratory of Biotherapy, West China Hospital, Sichuan University, Chengdu, China
2Department of Neurosurgery, West China Hospital, Sichuan University, Chengdu, China
3Shenzhen Key Laboratory of Gene Regulation and Systems Biology, School of Life Sciences, Southern University of Science and Technology, Shenzhen, China
4Department of Biology, School of Life Sciences, Brain Research Center, Southern University of Science and Technology, Shenzhen, China
Edited by:
Etienne Audet-Walsh, Laval University, Canada
Reviewed by:
Chunxiao Yu, Shandong University, China
Liqing Zang, Mie University, Japan
* Correspondence: Bo Xiao, xiaob@sustech.edu.cn; Mina Chen, chenmina2010@scu.edu.cn.
†These authors have contributed equally to this work
Specialty section: This article was submitted to Signaling, a section of the journal Frontiers in Cell and Developmental Biology
Received: 03 November 2021
Accepted: 21 February 2022
Published: 16 March 2022
Citation: Du C, Yang W, Yu Z, Yuan Q, Pang D, Tang P, Jiang W, Chen M and Xiao B (2022) Rheb Promotes Triglyceride Secretion and Ameliorates Diet-Induced Steatosis in the Liver. Front. Cell Dev. Biol. 10:808140. doi: 10.3389/fcell.2022.808140

Hepatosteatosis, characterized by excessive accumulation of lipids in the liver, is a major health issue in modern society. Understanding how altered hepatic lipid metabolism/homeostasis causes hepatosteatosis helps to develop therapeutic interventions. Previous studies identify mitochondrial dysfunction as a contributor to hepatosteatosis. But, the molecular mechanisms of mitochondrial dysfunction leading to altered lipid metabolism remain incompletely understood. Our previous work shows that Rheb, a Ras-like small GTPase, not only activates mTORC1 but also promotes mitochondrial ATP production through pyruvate dehydrogenase (PDH). In this study, we further demonstrate that Rheb controls hepatic triglyceride secretion and reduces diet-induced lipid accumulation in a mouse liver. Genetic deletion of Rheb causes rapid and spontaneous steatosis in the liver, which is unexpected from the role of mTORC1 that enhances lipid synthesis, whereas Rheb transgene remarkably reduces diet-induced hepatosteatosis. Results suggest that the hepatosteatosis in Rheb KO is an outcome of impaired lipid secretion, which is linked to mitochondrial ATP production of hepatocytes. Our findings highlight an under-appreciated role of Rheb in the regulation of hepatic lipid secretion through mitochondrial energy production, with therapeutic implication.
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INTRODUCTION
The liver is a central hub for multiple metabolic events including lipid metabolism (Bechmann et al., 2012). Hepatic lipid metabolism/homeostasis is critical to maintain the whole-body lipid homeostasis in response to nutrient levels and the physiological status. Disruption of hepatic lipid homeostasis characterized by excessive triglyceride (TAG) accumulation in hepatocytes causes a clinical condition known as hepatosteatosis (Cohen et al., 2011). How hepatic lipid homeostasis is impaired in hepatosteatosis remains incompletely understood, which hinders the development of effective pharmacological therapies to manage hepatosteatosis.
The regulation of hepatic lipid metabolism is orchestrated through a complex network involving de novo lipogenesis (DNL) (Crescenzo et al., 2013), autophagy/lipophagy (Tanaka et al., 2016), and lipid secretion mediated by very-low-density lipoproteins (VLDLs) (Ye et al., 2009). Studies also suggest a delicate interplay between carbohydrate/glucose oxidation with lipid homeostasis (Morral et al., 2007). For example, progressive mitochondrial dysfunction impairs hepatic ATP production and contributes to obesity-associated hepatosteatosis (Rector et al., 2010; van Zutphen et al., 2016). How mitochondrial dysfunction is linked to dysregulated hepatic lipid metabolism is not well studied. Earlier studies show that mitochondrial pyruvate dehydrogenase (PDH) activity inhibits hepatic triglyceride and cholesterol biosynthesis (Ribes et al., 1979; Stacpoole et al., 1983) and ameliorates hepatosteatosis in animal models (Zhang et al., 2018). PDH, a metabolic gate keeper of the mitochondria, controls the production of acetyl-CoA, the flux of the TCA cycle (tricarboxylic acid cycle), and regulates cellular ATP production. Hepatic ATP production and availability could also play a role in the regulation of lipid metabolism, including lipid secretion (Musso et al., 2009). Therefore, PDH is best positioned to play a role in the crosstalk between hepatic ATP production and lipid metabolism.
Our recent work identifies Rheb (a Ras-like GTPase) as a general activator of mitochondrial PDH activity of multiple cell types, including neurons, neuroglia, and hepatocytes, with implications to cellular ATP production (Jia et al., 2021; Yang et al., 2021). Rheb is a small GTPase that functions as a direct and essential activator of mTORC1, a kinase complex that functions as a master regulator of cellular metabolism (Saxton and Sabatini 2017), growth, and differentiation (Delgoffe et al., 2011; Zou et al., 2011; Zou et al., 2014). mTORC1 is well known to regulate lipid metabolism/homeostasis through de novo lipid synthesis (Peterson et al., 2011). Systemic administration of the mTORC1 inhibitor rapamycin in patients causes lipidemia, suggesting that mTORC1 could also be involved in multiple aspects of lipid metabolism. However, the role of Rheb in activating PDH-mediated mitochondrial activity is independent of its role in activating mTORC1. In response to metabolic needs, Rheb is translocated into the mitochondrial matrix, where it binds PDH phosphatases (PDP1 and PDP2) and stabilizes the phosphatase activity toward PDH and thus keep PDH in the active state (Yang et al., 2021). The effect of Rheb on PDH activity is not related to its capacity of activating mTORC1, but the relative amount of Rheb protein is more relevant (Yang et al., 2021). All these findings suggest that Rheb could regulate hepatic lipid metabolism/homeostasis through mTORC1-dependenet and -independent mechanism.
To examine this hypothesis, we have assessed the lipid metabolism of the liver altered by hepatocyte-specific Rheb knockout (KO) and knock-in (KI) and revealed a critical role of Rheb in regulating hepatic lipid metabolism. The findings indicate that although Rheb may play a role in fatty acid synthesis through mTORC1, but its predominant role in lipid metabolism/homeostasis is to promote triglyceride secretion. This new role of Rheb in lipid homeostasis could involve both mTORC1-mediated and mTORC1-independent mitochondrial PDH activation.
MATERIALS AND METHODS
Reagents
Oil Red O (a lysochrome diazo dye) for staining lipid droplets, the phosphatidylcholine kit, and FGF21 ELISA Kit were obtained from Abcam (ab146295, ab83377, and ab212160). The BODIPY dye for immunostaining of lipid droplets was purchased from Invitrogen (D3922). For VLDL detection, Triton WR-1339 was obtained from Selleck (S4578). The biochemical kits, including triglycerides, cholesterol, and ATP, were purchased from BioVision. All the other reagents were of the analytical reagent grade. For Western blotting, the following antibodies were obtained from Cell Signaling Technology, including anti-pS6K (Thr389), anti-pS6 (Ser240/244), anti-p4EBP1 (Thr37/46), anti-CCTα, anti-ACL, anti-PDI, anti-pAKT (Ser473), and anti-AKT. The Beta actin, GAPDH, and ApoB antibodies were from Millipore. The pPDH-E1α (Ser293) and PDH-E1α antibodies were from Abcam. The DGAT2 antibody was from Santa Cruz Biotechnology. The method of procurement of the Rheb antibody has been described previously (Zou et al., 2011).
Animals
The mice used in this study, including Rheb floxed/floxed (Rheb f/f) and Rosa26-Rheb(S16H) K/+ mice (C57BL/6 × 129 genetic background), were described in our previous work (Zou et al., 2011). Briefly, Rheb f/f mice with the exon three of Rheb “floxed” were crossed with mice harboring the Cre recombinase under the control of the albumin-cre promoter. The myc-Rheb (S16H) cDNA was cloned into Rosa26 loci to generate Rosa26-Rheb(S16H) K/+ mice, which were also crossed with Alb-cre mice to overexpress constitutively active Rheb in the hepatocytes.
All the mice were kept in SPF conditions with standard housing conditions in a temperature-controlled environment with 12-h light/dark cycles and received normal diet (ND) or high-fat diet (HFD; OpenSource Diets D12492, 60% kcal from fat) and water ad libitum. Rheb KO mice (Rheb f/f; Alb-cre) with Ctrl littermates (Rheb f/f) were fed with normal diet. Rheb KI mice (S16H) (Rheb K/+; Alb-cre) with Ctrl littermates (Rheb K/+ or K/K) were fed with high-fat diet (HFD) for 8 weeks to induce hepatosteatosis. All mouse work was approved and performed in accordance with the Animal Care and Use Committee guidelines of West China Hospital, Sichuan University.
Histological Analysis
To analyze lipid accumulation in the liver, formalin-fixed paraffin-embedded liver sections were stained with H&E, and OCT-embedded frozen liver sections were stained with Oil Red O, according to standard protocols and examined by microscopy (Lee et al., 2017). Three discontinuous liver sections were examined for each mouse. Images were collected by using OLYMPUS cellSens Dimension software (OLYMPUS BX63 microscope). Cryosections of the livers were stained with Bodipy 493/503 (0.1 μM) for 15 min for quantification of lipid droplets (Baiceanu et al., 2016).
Transmission Electron Microscopy
To examine lipid droplets in the liver, 1-mm-thick liver slices from control and Rheb KO mice were fixed in 0.1 M 2.5% glutaraldehyde plus 2% paraformaldehyde solution at 4°C overnight and then post-fixed with 2% osmium tetroxide for 2 h in the dark. After dehydration in ethanol, the tissues were embedded in Epon for ultra-sectioning. Sample sections were stained with 2% uranyl acetate and 3% lead citrate and viewed on a FEI CM-12 transmission electron microscope.
Western Blotting
Liver samples were lysed in the buffer containing 50 mM NaF, 10 mM Na2P2O7, 2% SDS with protease and phosphatase inhibitors. For assessing serum proteins, serum (10 μL) was added to 50 μL of 2×Laemmli sample buffer and 40 μL of RIPA buffer (with 0.5% sodium deoxycholate and 1 M urea). Then, equivalent amounts of proteins were separated by SDS-PAGE and transferred to a PVDF membrane. After blocking with 5% skim milk, the membrane was incubated with respective primary and secondary antibodies (see the aforementioned Reagents section), according to standard procedures. The secondary antibodies, including Goat anti-Rabbit IgG-HRP (Cat#31460) and Goat anti-Mouse IgG-HRP (Cat#31430), were obtained from Pierce. The blots were visualized by using a SuperSignal West Pico Chemiluminescent Substrate, developed by Clinx and quantified by ImageJ.
RT-qPCR
For the qPCR assay, total mRNA was extracted from liver tissues using the RT-qPCR Kit (Foregene, Chengdu, China). Total mRNA obtained was reverse-transcribed into cDNA using a PrimeScript RT reagent Kit With gDNA Eraser. SYBR® Primix Ex TaqTM II was applied to quantify PCR amplification. The mRNA levels of genes were normalized to Actin.
Metabolite Measurements
Blood samples were collected, and blood serum was isolated by centrifugation and stored at-80°C for analysis. Serum triglyceride (Abcam) and cholesterol (BioVision) were measured by using commercial kits, and ALT and AST were measured by using an automatic biochemistry analyzer (BS-180, Mindray, Shenzhen, China). Serum FGF21 concentration was measured with a Mouse FGF21 ELISA Kit (Abcam).
Extracts from mouse livers were used for the assessment of triglyceride (Abcam), cholesterol (BioVision), and phosphatidylcholine (Abcam) contents using commercial kits, according to manufacturers’ instruction. For hepatocytes measurement, primary mouse hepatocytes were isolated from control and Rheb KO mice by using a collagenase perfusion method according to previous studies (Seglen 1976; Sakai et al., 2012).
VLDL secretion was determined by blocking VLDL catabolism using Triton WR-1339 (Borensztajn et al., 1976; Ye et al., 2009). Mice were injected with Triton WR-1339 (400 mg/kg in PBS) through tail veins. Serum was collected 4 h after Triton WR-1339 injection, and VLDL in mouse serum was determined using the ELISA Kit (H249, Nanjing Jiancheng Bioengineering Institute). The data were analyzed by using ELISAcalc software, and a logistic curve was used for fitting the model (four parameters).
Lipidomics
Lipids were extracted from 20 mg of a mouse liver as previously described (Maillo et al., 2017). Briefly, samples were reconstituted in 300 μL of IPA/methanol (50:50) and were analyzed using the positive/negative ion–switching method and a Thermo Scientific Q Exactive plus mass spectrometry combined with a Dionex Ultimate 3,000 Rapid Separation LC (RSLC) system. A total of 2 μL of the sample was injected onto the C30 column held at 40°C. The binary solvent system (flow rate 0.35 ml/min) consisted of a mobile phase A containing acetonitrile-water (60:40) with 10 mM ammonium formate and a mobile phase B consisting of IPA/acetonitrile (90:10) with 10 mM ammonium formate. The gradient started from 40% B, reached 100% B in 25 min, returned back to the starting condition, and remained there for another 5 min. The data were collected on a data-dependent LC-MS/MS mode. The mass range was 150–1,800 Da. The spray voltage was 3.5kV. MS-DIAL 3.9 was used for the alignment and quantification of peaks. Peaks with total score≥80 and SN ≥ 5 were included for the following analysis. Compounds were excluded from the following analysis if their abundance data in more than 50% QC samples or all samples were missing values, or if the coefficient of variance of abundance data were over 0.2. The KNN algorithm was used to impute missing values in the remaining dataset. The abundance data of compounds were log-transformed and normalized between samples using median normalization. The Wilcoxon rank sum test was used to evaluate the significance of differences in compound abundance between samples. p-value less than 0.05 was considered as statistically significant.
Gene Knockdown
To knock down Rheb in HEK293T cells, the following oligonucleotides encoding guide RNAs were cloned into the LV5-gRNACas9 vector: gRNA1: TAG​CTA​GGA​AAT​ACG​GTG​AC; gRNA2: CCG​GGC​AAG​TAA​GTG​ACC​TC. Briefly, 2×105 cells were seeded into the wells of a six-well plate for gRNA transfections. Next, cells were selected with puromycin (2.5 μg/ml for 72 h) to eliminate untransfected cells. The cells were collected for subsequent Western blots.
Quantification and Statistical Analysis
Data represent the mean value, and the error bars represent the standard error of the mean (S.E.M.). Statistical analysis was determined by using GraphPad Prism 6.0. The two-tailed Student’s t test and one-way ANOVA (followed by the Tukey or Dunnett post hoc test) were performed for statistical analysis. A p-value of <0.05 is considered as statistically significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
RESULTS
Hepatic Deletion of Rheb Causes Spontaneous Hepatosteatosis
To determine the role of Rheb in lipid homeostasis, we genetically ablated Rheb in hepatocytes using albumin-Cre (hereafter Rheb KO) and asked how lipid homeostasis would be affected. As anticipated, albumin-cre–mediated deletion selectively reduced Rheb expression in the liver but not in the central or other peripheral organs, including the brain, small intestine, and pancreas (Figures 1A, B; Supplementary Figure S1A). Rheb KO slightly decreased the blood glucose level and increased food intake but did not alter body weight, liver/body weight compared to controls (Figures 1C,D, Supplementary Figure S1B, C).
[image: Figure 1]FIGURE 1 | Hepatic deletion of Rheb causes spontaneous hepatosteatosis. (A) Body size of control and Rheb KO mice (6-week old). (B) Western blots of Rheb protein in the liver of control (Rheb f/f) and Rheb KO mice (Rheb f/f; Alb-cre); photographs of livers from control and Rheb KO mice (6-week old, lower panel). (C) Slightly increased food consumption of Rheb KO mice (control: n = 3, Rheb KO: n = 6). (D) The ratio of liver weight to body weight of control (n = 9) and Rheb KO mice (n = 10) (6-week-old). (E) H and E (left panel, scale bar, 20 μm), bodipy (middle panel, scale bar, 50 μm), and Oil Red O (right panel, scale bar, 50 μm) staining showing hepatosteatosis in the liver of Rheb KO mice (6-week-old). (F) TEM showing lipid droplets in the liver of Rheb KO mice (6-week-old). Scale bar, 1 μm. Data represent mean ± SEM. *p < 0.05. n.s. no statistical significance.
To our surprise, the loss of Rheb resulted in a yellowish appearance of the liver (Figure 1B, lower panel). H&E staining (Figure 1E, left panel) revealed that the overall structural organization of the liver was normal, with signs of lipid accumulation in the hepatocytes. Lipid accumulation in the form of lipid droplets was revealed by BODIPY staining (Figure 1E, middle panel), indicative of hepatosteatosis. The progression of the hepatosteatosis was further monitored by performing Oil Red O staining, which showed that hepatosteatosis occurred acutely and spontaneously in Rheb KO mice fed with normal diet, and persisted throughout adulthood (Figure 1E, right panel, Supplementary Figure S1D). Finally, transmission electron microscopy (TEM) showed that lipid droplets are scattered in the hepatocytes of the Rheb KO liver (Figure 1F).
Hepatic Rheb KO Impairs Triglyceride Secretion in the Liver
The massive accumulation of lipid droplets in Rheb KO hepatocytes is unexpected because Rheb is an essential activator of mTORC1 signaling (Yang et al., 2017), and mTORC1 promotes lipogenesis (Kucejova et al., 2016; Yang et al., 2017); inactivating mTORC1 prevents the development of fatty liver induced by high-fat and -cholesterol diet (Peterson et al., 2011). Consistent with the reported role of mTORC1 in promoting lipid synthesis, we found that Rheb KO decreases mTORC1 activity (Figure 2A, Supplementary Figure S2A) and the expression of lipogenic genes such as Srebp1-c and Fasn (Figure 2B, Supplementary Figure S2B, C). However, genes related to fatty acid oxidation, such as Cpt1α, Acad1, and Mcad (Zou et al., 2014) were not dramatically altered (Figure 2C).
[image: Figure 2]FIGURE 2 | Hepatic Rheb KO impairs triglyceride secretion in the liver. (A) Western blots of mTORC1 activity in the liver of Rheb KO mice. (B) Quantitative RT–qPCR detection of lipogenic genes levels in the liver of Rheb KO mice (n = 4). (C) mRNA levels of fatty acid oxidation genes unchanged in the liver of Rheb KO mice (n = 4). (D) Forest plot showing the log fold changes of lipids in the liver of Rheb KO mice over controls. Red and blue points represent significantly increased and decreased lipids of each lipid class in the liver of Rheb KO mice. Diamonds indicate the average log fold change of lipids in each lipid class. Shown here are selected lipid classes. Volcano plot showing log fold changes and significant difference of identified lipids in the liver of Rheb KO mice. Total number of differential lipids is shown in the guide. Triglycerides are represented by larger points and significantly different triglycerides are annotated. (E) Scatter diagram showing an increased liver triglyceride level and decreased serum triglyceride level of Rheb KO mice (liver: n = 12, serum: n = 10). (F) Scatter diagram showing decreased liver and serum total cholesterol levels of Rheb KO mice. (G,H) Western blots (G) and quantifications (H) showing the decreased serum ApoB100 and ApoB48 levels of Rheb KO mice (n = 4, normalized against serum Albumin). (I) Diagrams showing the decreased VLDL levels in the serum of Rheb KO mice (n = 4). Data represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n.s. no statistical significance.
To further examine the accumulated lipids in hepatic Rheb KO mice, we performed lipidomic analysis on the Rheb KO liver and compared the results with that of the wild-type (WT) liver. By measuring the levels of 2,140 metabolites of the lipid metabolism pathway curated by Kyoto Encyclopedia of Genes and Genomes (KEGG) (Horton et al., 2002), we found that triglyceride (TAG), fatty acid (FA), and phosphatidate (PA) were increased in the Rheb KO liver; besides, phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and diacylglycerol (DAG) was trended lower in the Rheb KO liver (Figure 2D, left panel, Supplementary Figure S3). Particularly, multiple forms of triglycerides were selectively increased by Rheb KO (Figure 2D, right panel). Biochemical assay confirmed that the triglyceride level was significantly increased in the liver of Rheb KO mice, but decreased in the serum (Figure 2E). Moreover, total cholesterol contents were reduced in both the liver and serum of Rheb KO (Figure 2F, Supplementary Figure S4A), suggesting that Rheb KO has a profound effect on the synthesis of hepatic cholesterol. Also, the serum level of fatty acids was not dramatically altered in the steady state by Rheb KO (Supplementary Figure S4B). Therefore, the increased triglyceride accounts for the hepatosteatosis in the Rheb KO mouse.
Serum triglyceride is mainly derived from hepatocytes in the form of very-low-density lipoprotein (VLDL) particles containing a hydrophobic core of triglyceride and an apolipoprotein B (ApoB) molecule (Ye et al., 2009). Rheb KO does not alter the expression of genes related to VLDL maturation (Supplementary Figure S2D, E). The decreased serum triglyceride suggests impairment in lipid secretion. To substantiate the notion that Rheb KO impairs hepatic triglyceride secretion to the serum, we assessed ApoB protein levels in the serum of Rheb KO and found a significant reduction in the serum (Figures 2G,H), which is consistent with reduced lipid secretion. To further validate the impairment in lipid secretion, we examined the VLDL content in the serum of Rheb KO and control mice with or without the injection of Triton WR-1339. Triton WR-1339 inhibits various forms of lipase and therefore, blunts the effect of serum VLDL breakdown. We found that the VLDL content was low and comparable in normal control and Rheb KO mice under the steady state (Figure 2I). Triton WR-1339 significantly elevated the VLDL content in both control and Rheb KO mice, but the serum from control mice was paler and more turbid than that of the Rheb KO mouse (Supplementary Figure S2F), and VLDL in the serum of the Rheb KO mouse was significantly lower than that of the control (Figure 2I), suggesting that the amount of VLDL secreted from the liver was reduced. All these results indicate that Rheb controls hepatic triglyceride secretion, and the deficiency in triglyceride secretion caused by Rheb KO is a fundamental error behind hepatosteatosis in the Rheb KO mouse.
Exogeneous ATP Ameliorates Hepatosteatosis in Rheb KO Mice
Triglyceride secretion is a dynamic energy-consuming process that is linked to mitochondrial energy production (Hasuzawa et al., 2021). We have showed that Rheb regulates mitochondrial energy production through pyruvate dehydrogenase (PDH) and Rheb KO in hepatocytes reduces hepatic ATP production (Yang et al., 2021). Therefore, we reasoned that Rheb could regulate triglyceride secretion through PDH-controlled ATP production and Rheb KO–induced hepatosteatosis could be causally related to hepatic PDH inactivation and decreased energy production (Yang et al., 2021). As a first step toward examining the role of PDH in Rheb-regulated lipid secretion, we first tried to apply the only PDH activator available—dichloroacetic acid (DCA) that inhibits PDH kinases (PDKs)—to bring down the level of PDH phosphorylation in Rheb KO cells, but failed (Supplementary Figures S5A, B). Therefore, it is technically impossible to restore PDH activity in the liver of Rheb KO mice through pharmacological manipulation.
Alternatively, we injected ATP molecules in Rheb KO mice to restore hepatic ATP levels (Figure 3A). Oil red O staining showed that ATP supplement partly ameliorated the hepatosteatosis in the liver of Rheb KO mice (Figure 3B). Biochemical assays confirmed that additional ATP decreased the triglyceride level in the liver and increased the triglyceride level in the serum of Rheb KO mice (Figures 3C,D). To demonstrate that this effect on hepatic triglyceride secretion is a direct result of exogenous ATP acting on hepatocytes, we set up a hepatocyte culture of mouse livers and tested the effect of ATP treatment on triglyceride secretion. The results show that addition of ATP decreased the triglyceride (TAG) level in Rheb KO hepatocytes (Supplementary Figure S6A). In addition, we show that alpha-ketoglutarate (α-KG, the substrate of the TCA cycle) treatment also decreased triglyceride contents in the liver and increased the triglyceride level in the serum of Rheb KO (Supplementary Figure S6B, C). These findings support the notion that Rheb-regulated mitochondrial energy metabolism plays a role in regulating hepatic triglyceride secretion. In addition, we found that ATP treatment increased the expressions of genes related to lipid droplet secretion, including Rab18 and Arf1 in the liver of the Rheb KO mouse (Figure 3E). The increased expression of Rab18 and Arf1 could contribute to the hepatic triglyceride secretion.
[image: Figure 3]FIGURE 3 | ATP supplements ameliorate hepatosteatosis in Rheb KO mice. (A) A schematic illustration that contains control and Rheb KO mice injected with saline or ATP (dosage: 125 μg/g) four times. (B) Images of Oil Red O staining showing the decreasing of lipid droplets in the liver of Rheb KO mice by ATP treatment. (C-D) Biochemical assays showing the decreased triglyceride level in the liver and increased in the serum in Rheb KO mice by ATP treatment. (E) mRNA levels of genes related to lipid droplet secretion in the liver of Rheb KO mice by ATP treatment. Data represent mean ± SEM. *p < 0.05, **p < 0.01. n.s, no statistical significance.
Antagonistic Effect of the Rheb Transgene Against Diet-Induced Hepatosteatosis
Based on findings with the Rheb KO mouse, we reasoned that increased Rheb activity would have a prophylactic effect against hepatosteatosis. To test this hypothesis, we generated Rheb liver-specific transgenic mice by knocking in Rheb S16H into the Rosa26 locus in hepatocytes with albumin-cre. In this mouse model, Rheb S16H constitutively activates mTORC1 in the liver but did not affect the systematic or liver development under normal diet (Supplementary Figure S7A–D). Also, lipogenesis genes (Srebp1-c, ACC1, and Fasn) were increased in the Rheb S16H transgenic liver (Supplementary Figure S7E). Importantly, the ATP level in the Rheb transgenic liver was increased (Supplementary Figure S7F).
Then, we tested the efficacy of the Rheb transgene against high-fat diet (HFD)–induced steatosis. Remarkably, we found that Rheb transgene dramatically decreased the ballooning-like degeneration and lipid accumulation in the liver, which is normally associated with HFD-induced hepatosteatosis (Figures 4A,B, Supplementary Figures S8A–E). Biochemical measurements showed that the liver triglyceride level of the Rheb transgenic mouse was lower than that of the controls. Conversely, the serum triglyceride level of the Rheb transgenic mouse was higher than that of the controls (Figure 4C). Also, the ApoB level was increased in the serum of the Rheb transgenic mouse (Figure 4D, Supplementary Figure S8F). The total cholesterol contents in the Rheb transgene liver does not decrease or increase in the serum (Figure 4E), suggesting that the Rheb’s effect of anti-hepatosteatosis was selectively on triglyceride. Consistent with a protective effect of the Rheb transgene on HFD-induced liver damage, in the Rheb transgenic mice, the liver damage, as indicated by inflammatory cytokines (Tnfα) and the release of hepatic enzymes (ALT and AST), was reduced (Figures 4F,G). All these results indicate that the Rheb transgene was effective in antagonizing diet-induced hepatosteatosis and preserving hepatic function.
[image: Figure 4]FIGURE 4 | Overexpression of Rheb ameliorates hepatosteatosis and rescues liver function. (A) H and E (upper panel) and Oil Red O (lower panel) staining showing the Rheb S16H transgene reducing lipid levels in the liver of mice on HFD. Ctrl mice, Rheb K/+, or Rheb K/K. Rheb transgene mice, Rheb S16H K/+; alb-Cre. Scale bar, 50 and 10 μm (zoom in). (B) Quantification of Oil Red O staining in Figure 4A. (C) Diagram showing decreased liver triglyceride and increased serum triglyceride levels in Rheb S16H mice on HFD (n = 7). (D) Increased ApoB proteins in the serum of Rheb S16H transgenic mice on HFD. (E) Diagram showing the total cholesterol contents in the liver and serum of Rheb S16H mice on HFD (n = 7). (F) Decreased mRNA levels of inflammatory cytokines in Rheb S16H transgenic mice (HFD, n = 3). (G) Decreased ALT and AST levels in the serum of Rheb S16H transgenic mice on HFD (n = 7). (H) A model summarizing that Rheb controls hepatic triglyceride secretion by regulating energy production. Elevation of Rheb expression resists HFD-induced fatty livers. Data represent mean ± SEM. *p < 0.05 and ***p < 0.001. n.s, no statistical significance.
DISCUSSION
Our study identifies a novel function of Rheb in the regulation of hepatic lipid homeostasis, which is to regulate triglyceride secretion. We showed that genetic deletion of Rheb causes robust, spontaneous development of hepatosteatosis and expression of the Rheb transgene ameliorates lipid accumulation induced by HFD (Figure 4H). The development of hepatosteatosis in the Rheb KO mouse is unpredicted from the role of mTORC1 in activating de novo lipid synthesis and inhibiting autophagy (Peterson et al., 2011; He et al., 2020). Previous studies emphasize the role of Rheb in activating mTORC1 in mammalian cells. Activated mTORC1 promotes de novo lipid synthesis through transcriptional and post-transcriptional mechanisms (Lee et al., 2017). Therefore, it is anticipated that reducing mTORC1 activity would alleviate hepatosteatosis and be therapeutically beneficial to a fatty liver (Peterson et al., 2011). Our study adds support to the notion that simply suppressing hepatic mTORC1 activity does not offer a therapeutic value in managing hepatosteatosis; inhibiting mTORC1 by administering the mTORC1 inhibitor rapamycin does not reduce HFD-induced lipid accumulation in the liver (Kenerson et al., 2011). On the contrary, we found that the Rheb transgene that activates mTORC1 prevented diet-induced chronic ailments and preserved liver functions, without significant effects on de novo lipid synthesis. This finding suggests that targeted enhancement of Rheb expression in hepatocytes could be of a therapeutic value for managing steatosis.
We found that the hepatosteatosis in the Rheb KO mouse is attributable to selective triglyceride accumulation in the liver. Results further suggest that triglyceride accumulation is due to impairment in VLDL-mediated triglyceride secretion because the accumulation of triglyceride in the liver is accompanied by the reduced serum triglyceride level and VLDL. How does Rheb regulate hepatic triglyceride secretion? Previous studies of TSC1 and Raptor KO mouse models suggest that mTORC1 promotes hepatic lipid secretion through phosphatidylcholine (PC) synthesis (Quinn et al., 2017). In a Raptor KO liver, the amount of PC produced by hepatocytes is reduced by about 70% and the rate-limiting enzyme for PC synthesis phosphocholine cytidylyltransferase α (CCTα) is also significantly reduced (Quinn et al., 2017). We found that a hepatic Rheb KO mouse shows a tendency of a lower PC level (Supplementary Figure S9A) but does not reach the level of statistical significance. Also, CCTα was not altered by Rheb KO (Supplementary Figure S9B, C). Both PC and CCTα does not change in the Rheb transgene mice liver with normal and high-fat diet (Supplementary Figures S9D–I). All these results suggest that triglyceride accumulation caused by Rheb KO may not be mediated by the mTORC1-PC axis. In the hepatic TSC1 deletion model, the effect of TSC1 on hepatic mTORC1 and the triglyceride content is mainly manifested under fasted condition (Cornu et al., 2014) and appears to be mediated by activated expression of the transcriptional activator PGC1a that promotes lipid oxidation and the stress hormone FGF21 (Bookout et al., 2013). We found that serum FGF21 was lower in the Rheb KO mouse (Supplementary Figure S10A). These results suggest that the mTORC1-FGF21 axis could be involved in Rheb-regulated hepatic triglyceride secretion. On the other hand, we found that the serum FGF21 level of the Rheb transgene mice does not change (Supplementary Figure S10B-C).
Our studies of Rheb KO and KI models suggest that Rheb-regulated mitochondrial energy metabolism and ATP production could play a role in Rheb-regulated lipid secretion. The secretion of lipid is an energy-consuming process (Rector et al., 2010; van Zutphen et al., 2016). Rheb KO impairs mitochondrial PDH activity of hepatocytes and their ATP production, whereas the Rheb transgene activates PDH activity and enhances ATP production of hepatocytes (Yang et al., 2021). We also found that exogenous ATP supplement could partly ameliorate the steatosis in the liver of the Rheb KO mouse, which links hepatic energy-deficit to impaired lipid secretion. Of note, our finding that Rheb plays a role in haptic triglyceride secretion is contradictory to the result obtained by injecting the adenovirus expressing the Rheb transgene to mice fed with normal diet (Uno et al., 2015). The Rheb transgene activates mTORC1 in the liver, and serum triglyceride content is increased, but hepatic triglyceride secretion does not seem to be altered in the mice fed with normal chow diet. Instead, the increase in serum triglyceride is shown to be a result of decreased expression of the adipose lipoprotein lipase (that inhibits triglyceride breakdown) in white adipose tissue. A notable difference is that our study is based on the Cre-dependent expression of the constitutively active Rheb (S16H) that is resistant to TSC inhibition (Yan et al., 2006), and this active Rheb transgene counteracts hepatosteatosis induced by a high-fat diet.
In conclusion, we demonstrate that genetic deletion of Rheb causes rapid and spontaneous steatosis in the liver. Reciprocally, the Rheb transgene remarkably reduces diet-induced hepatosteatosis. The altered lipid homeostasis in Rheb KO and KI mouse models could be attributable to both mTORC1-independent, PDH-regulated ATP production and mTORC1-depdenent lipid secretion involving FGF21. Our findings highlight an underappreciated role of Rheb-regulated energy production in hepatic lipid secretion, with potential therapeutic implication.
TABLE 1 | qPCR primers in this study.
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Primers

Genes

Srebp1-c
Fasn
Acl
Ppara
Acsl1
Cotla
Mcad
Acad1
Miycd
Tt
CideB
Rab18
Arf1
Dynein

Forward (5'-3')

GGAGCCATGGATTGCACATT
GGAGGTGGTGATAGCCGGTAT
GAAGCTGACCTTGCTGAACC
TGTTTGTGGCTGCTATAATTTGC
TGCCAGAGCTGATTGACATTC
GGAGAGAATTTCATCCACTTCCA
TTTCGAAGACGTCAGAGTGC
TCTTTTCCTCGGAGCATGACA
GCACGTCCGGGAAATGAAC
CCCTCACACTCAGATCATCTTCT
CAATGGCCTGCTAAGGTCAGT
TTTGCACGCAAGCATTCTATGT
TGGGCGAAATTGTGACCACC
AAGCACCTGCGTAAGCTGG

Reverse (5'-3')

GCTTCCAGAGAGGAGGCCAG
TGGGTAATCCATAGAGCCCAG
CTGCCTCCAATGATGAGGAT
GCAACTTCTCAATGTAGCCTATGTTT
GGCATACCAGAAGGTGGTGAG
CTTCCCAAAGCGGTGTGAGT
TGCGACTGTAGGTCTGGTTC
GACCTCTCTACTCACTTCTCCAG
GCCTCACACTCGCTGATCTT
GCTACGACGTGGGCTACAG
GATCACAGACACGGAAGGGTC
TTGTTCTGGTTCTCACTTTCCC
TCCACTACGAAGATCAAGCCT
GCGGGTCTGACAGGAACTTG
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