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Hedgehog signaling molecules, promoting liver fibrosis. Liver angiogenesis is increased in NAFLD and contributes to liver inflammation and fibrosis, but also to hepatocellular carcinoma development. Improving LSECs health thus appears as a promising approach to prevent NAFLD progression and complications. 

Lay summary

Liver sinusoidal endothelial cells are highly specialized endothelial cells integrating signals derived from the gut and the adipose tissue, and interacting with other liver cells.

In nonalcoholic liver disease, liver sinusoidal endothelial cells alterations occur early in disease progression, at the stage of simple steatosis.

In nonalcoholic liver disease, changes in liver sinusoidal endothelial cells contribute to liver angiogenesis, inflammation, fibrosis and to hepatocellular carcinoma. Nonalcoholic fatty liver disease (NAFLD) encompasses a spectrum of conditions including simple steatosis and nonalcoholic steatohepatitis (NASH), defined as the association of steatosis, hepatocellular damage, inflammation and varying degree of fibrosis [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF]. NAFLD is associated with obesity, insulin resistance and/or type 2 diabetes and other metabolic abnormalities, collectively termed the metabolic syndrome [START_REF] Younossi | Non-Alcoholic Fatty Liver Disease-A Global Public Health Perspective[END_REF][START_REF] Marra | Lipotoxicity and the gut-liver axis in NASH pathogenesis[END_REF].

NAFLD is an expanding health problem with an estimated global prevalence of 25% [START_REF] Younossi | Non-Alcoholic Fatty Liver Disease-A Global Public Health Perspective[END_REF][START_REF] Estes | Modeling the epidemic of nonalcoholic fatty liver disease demonstrates an exponential increase in burden of disease[END_REF]. A recent modeling approach estimated that NAFLD cases in the United States will expand from 83 million in 2015, corresponding to about 25% of the population, to 100 million in 2030, corresponding to more than 33% of the population [START_REF] Estes | Modeling the epidemic of nonalcoholic fatty liver disease demonstrates an exponential increase in burden of disease[END_REF]. While simple steatosis is generally benign, NASH can progress to both cirrhosis and end-stage liver disease. NASH is currently a leading cause of liver disease among adults awaiting liver transplantation in Europe and in the United States and is projected to become the most common indication for liver transplantation in the next decade [START_REF] Younossi | Non-Alcoholic Fatty Liver Disease-A Global Public Health Perspective[END_REF][START_REF] Estes | Modeling the epidemic of nonalcoholic fatty liver disease demonstrates an exponential increase in burden of disease[END_REF]. Importantly, patients with metabolic syndrome and NASH also develop hepatocellular carcinoma (HCC) in the absence of cirrhosis [START_REF] Paradis | Hepatocellular carcinomas in patients with metabolic syndrome often develop without significant liver fibrosis: a pathological analysis[END_REF][START_REF] Kanwal | Risk of Hepatocellular Cancer in Patients With Non-Alcoholic Fatty Liver Disease[END_REF]. Despite its prevalence and severity, there is no approved therapy for NASH and available treatments only aim to control associated conditions [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF]. Understanding the mechanisms of NAFLD, and in particular how simple steatosis progresses to NASH and then to cirrhosis and/or liver cancer, is of utmost importance.

Current view of the pathogenesis of NASH centers on the response of hepatocytes to insulin resistance and lipotoxicity. Immune system and hepatic stellate cell activation are regarded as secondary events [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF]. Vascular endothelium, representing the interface between blood and other tissues of the body, is not only a physical barrier but is implicated in different physiological roles, such as hemostasis, metabolites the sinusoid [START_REF] Zapotoczny | Tracking Fenestrae Dynamics in Live Murine Liver Sinusoidal Endothelial Cells[END_REF][START_REF] Poisson | Liver sinusoidal endothelial cells: Physiology and role in liver diseases[END_REF]. This review will specifically focus on the role of LSECs in the pathophysiology of NAFLD and its complications.

LSECs and simple steatosis

Role of LSECs in lipid transfer in the normal liver

Dietary lipids present in the circulation have to be transported through the vascular endothelium to be metabolized by tissues. In physiological conditions, LSECs are major regulators of the bidirectional lipid exchange between the blood and the liver parenchyma in two manners. First, LSECs fenestrae allow for efficient transfer of lipoproteins, chylomicron remnants (small lipoproteins derived from chylomicrons generated by enterocytes from dietary lipids), and other macromolecules, from the sinusoidal blood to the space of Disse, where they are taken up by hepatocytes [START_REF] Hilmer | Agerelated changes in the hepatic sinusoidal endothelium impede lipoprotein transfer in the rat. Hammoutene A & Rautou PE Liver endothelium in[END_REF][START_REF] Cogger | Hyperlipidemia and surfactants: the liver sieve is a link[END_REF][START_REF] Carpenter | VEGF is crucial for the hepatic vascular development required for lipoprotein uptake[END_REF].

LSECs fenestrae form a selective barrier for lipids. Indeed, older studies using radiolabeled lipoproteins showed that larger lipoproteins do not cross LSECs fenestrae and remain in the lumen of the sinusoid [START_REF] Fraser | Filtration of chylomicrons by the liver may influence cholesterol metabolism and atherosclerosis[END_REF]. Moreover, when LSECs loose their fenestrae following VEGF pathway disruption, [START_REF] Carpenter | VEGF is crucial for the hepatic vascular development required for lipoprotein uptake[END_REF][START_REF] Xie | Role of differentiation of liver sinusoidal endothelial cells in progression and regression of hepatic fibrosis in rats[END_REF][START_REF] May | A transgenic model for conditional induction and rescue of portal hypertension reveals a role of VEGFmediated regulation of sinusoidal fenestrations[END_REF], uptake of fluorescently labelled lipids is impaired [START_REF] Carpenter | VEGF is crucial for the hepatic vascular development required for lipoprotein uptake[END_REF][START_REF] Hagberg | Vascular endothelial growth factor B controls endothelial fatty acid uptake[END_REF]. Second, LSECs also regulate lipid transfer through their high endocytosis capacity, as attested by their high ability to rapidly take-up oxidized or acetylated-low density lipoproteins [START_REF] Poisson | Liver sinusoidal endothelial cells: Physiology and role in liver diseases[END_REF][START_REF] Van Berkel | Different fate in vivo of oxidatively modified low density lipoprotein and acetylated low density lipoprotein in rats. Recognition by various scavenger receptors on Kupffer and endothelial liver cells[END_REF][START_REF] Blomhoff | Clearance of acetyl low density lipoprotein by rat liver endothelial cells. Implications for hepatic cholesterol metabolism[END_REF].

LSECs capillarization occurs early in NAFLD and promotes steatosis

LSECs undergo morphological and functional changes during liver steatosis [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF][START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF][START_REF] Peng | Protective effects of Sapindus mukorossi Gaertn against fatty liver disease induced by high fat diet in rats[END_REF][START_REF] Zhang | oxLDL induces injury and defenestration of human liver sinusoidal endothelial cells via LOX1[END_REF].

One of the most remarkable phenotypic changes is the loss of fenestrae, also called defenestration or sinusoidal capillarization, associated with the formation of a basement membrane on the abluminal surface of LSECs. Several independent groups reported that sinusoidal capillarization appears very early in NAFLD [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF][START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF][START_REF] Peng | Protective effects of Sapindus mukorossi Gaertn against fatty liver disease induced by high fat diet in rats[END_REF]. Miyao and colleagues observed that defenestration begins after 1 week of choline-deficient, L-amino aciddefined diet in mice [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF]. Similar observations were made in rats fed a high-fat diet for 3 weeks [START_REF] Peng | Protective effects of Sapindus mukorossi Gaertn against fatty liver disease induced by high fat diet in rats[END_REF].

Triggers for sinusoidal capillarization are not fully identified, but we can speculate that excessive dietary macronutrients, including lipids, carbohydrates, and gut microbiotaderived products play a role [START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF]. Cogger and coworkers demonstrated in mice challenged with several diets varying in content of macronutrients and energy that LSECs porosity and fenestrae frequency are inversely correlated with dietary fat intake, while fenestrae diameter is inversely correlated with protein or carbohydrate intake [START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF]. In this study, authors also found a negative correlation between LSECs fenestrae (frequency, porosity and diameter) and circulating free fatty acids (FFA) levels [START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF]. In vitro studies suggested that defenestration occurs following excessive lipids exposition.

For instance, exposure of human primary LSECs to oxidized-LDL (ox-LDL) reduces the diameter and the porosity of the fenestrae [START_REF] Zhang | oxLDL induces injury and defenestration of human liver sinusoidal endothelial cells via LOX1[END_REF]. The effect of FFA on fenestrae has also been tested in primary rat LSECs, but firm conclusions cannot be drawn since authors did not test several concentrations of FFA but rather presence vs. absence of FFA, which does not adequately mimic in vivo conditions [START_REF] Hang | Lipids promote survival, proliferation, and maintenance of differentiation of rat liver sinusoidal endothelial cells in vitro[END_REF]. Recent evidence point to gut microbiota in the pathogenesis of NAFLD [START_REF] Marra | Lipotoxicity and the gut-liver axis in NASH pathogenesis[END_REF][START_REF] Soderborg | The gut microbiota in infants of obese mothers increases inflammation and susceptibility to NAFLD[END_REF]. Cogger and colleagues showed that LSECs fenestrae inversely correlated with the abundance of Bacteroidetes in the gut and positively correlated with the abundance of Firmicutes [START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF]. Moreover, it has been shown that a single injection of endotoxin in rats induces a decrease in both diameter and number of fenestrae suggesting that gut microbiota-derived products may contribute to LSECs capillarization, although caution is needed since concentration of endotoxin used in that study was high [START_REF] Dobbs | Endotoxin-induced defenestration of the hepatic sinusoidal endothelium: a factor in the pathogenesis of cirrhosis?[END_REF].

In turn, capillarization favors liver steatosis (Figure 1), as observed in mice deficient in plasmalemma vesicle-associated protein (PLVAP), an endothelial-specific integral membrane glycoprotein required for the formation of endothelial fenestrae [START_REF] Herrnberger | Formation of fenestrae in murine liver sinusoids depends on plasmalemma vesicleassociated protein and is required for lipoprotein passage[END_REF]. These mice exhibit a pronounced reduction in the number of LSECs fenestrae, associated with a decrease in sinusoidal permeability [START_REF] Herrnberger | Formation of fenestrae in murine liver sinusoids depends on plasmalemma vesicleassociated protein and is required for lipoprotein passage[END_REF] and spontaneously develop extensive steatosis [START_REF] Herrnberger | Formation of fenestrae in murine liver sinusoids depends on plasmalemma vesicleassociated protein and is required for lipoprotein passage[END_REF]. These mice also have hyperlipoproteinemia and increased triglyceridemia due to chylomicron remnants retention in the blood. As mentioned above, vegfb-/-mice also exhibit reduction in the number of LSECs fenestrae and less uptake of labeled oleic acid due to capillarization, but seatosis was not evaluated [START_REF] Hagberg | Vascular endothelial growth factor B controls endothelial fatty acid uptake[END_REF].

A first hypothesis explaining this consequence of capillarization on steatosis could be that reduced LSECs permeability impairs the passage of hepatocytes-derived very lowdensity lipoprotein toward the sinusoidal lumen, thus inducing cholesterol and triglycerides retention in the liver. However, these lipoproteins may escape the liver through the lymphatic system [START_REF] Tanaka | The Hepatic Lymphatic Vascular System: Structure, Function, Markers, and Lymphangiogenesis[END_REF]. As an alternative explanation, Herrnberger and HMGCoA reductase, the rate limiting enzyme for hepatocyte cholesterol biosynthesis, consequently activating endogenous cholesterol synthesis in hepatocytes [START_REF] Fraser | The liver sieve and atherosclerosis[END_REF].

Taken together, these data suggest that features of metabolic syndrome are associated with LSECs capillarization, which promotes steatosis (Figure 1).

LSECs dysfunction occurs early in NAFLD and promotes steatosis

Liver steatosis is associated with an increased portal pressure and increased intrahepatic vascular resistance [START_REF] Francque | Noncirrhotic human nonalcoholic fatty liver disease induces portal hypertension in relation to the histological degree of steatosis[END_REF][START_REF] Francque | Increased intrahepatic resistance in severe steatosis: endothelial dysfunction, vasoconstrictor overproduction and altered microvascular architecture[END_REF][START_REF] Mendes | Prevalence and indicators of portal hypertension in patients with nonalcoholic fatty liver disease[END_REF][START_REF] Baffy | Origins of Portal Hypertension in Nonalcoholic Fatty Liver Disease[END_REF]. In patients, hepatic venous pressure gradient correlates with the degree of steatosis [START_REF] Francque | Noncirrhotic human nonalcoholic fatty liver disease induces portal hypertension in relation to the histological degree of steatosis[END_REF]. Using Doppler flowmetry, Seifalian and colleagues observed an impaired sinusoidal perfusion in human fatty liver grafts compared with normal liver grafts [START_REF] Seifalian | In vivo demonstration of impaired microcirculation in steatotic human liver grafts[END_REF]. Similar results were obtained in rabbits and rats with diet-induced steatosis, with an inverse correlation between hepatic parenchymal microcirculation and the severity of steatosis [START_REF] Seifalian | The effect of graded steatosis on Hammoutene A & Rautou PE Liver endothelium in NAFLD 31/48 flow in the hepatic parenchymal microcirculation[END_REF][START_REF] Ijaz | The role of nitric oxide in the modulation of hepatic microcirculation and tissue oxygenation in an experimental model of hepatic steatosis[END_REF].

This increased intrahepatic vascular resistance has a mechanical and a dynamic component. The mechanical part is due to the compression of the sinusoidal lumen by enlarged fat-laden hepatocytes [START_REF] Francque | Noncirrhotic human nonalcoholic fatty liver disease induces portal hypertension in relation to the histological degree of steatosis[END_REF][START_REF] Farrell | Hepatic microcirculation in fatty liver disease[END_REF][START_REF] Caldwell | Perspectives on NASH Histology: Cellular Ballooning[END_REF][START_REF] Ijaz | Impairment of hepatic microcirculation in fatty liver[END_REF]. The dynamic part is due to a liver endothelial dysfunction. Endothelial dysfunction is a pathological condition, common to all vascular beds, defined as the inability of blood vessels to dilate in response to increased blood flow. Endothelial dysfunction is generally indicated by the loss of nitric oxide bioavailability due to eNOS inhibition [START_REF] Flammer | The assessment of endothelial function: from research into clinical practice[END_REF]. Several lines of evidence show that LSECs dysfunction occurs in fatty livers and is involved in the increased intrahepatic vascular resistance associated with steatosis [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF][START_REF] Gonzalez-Paredes | Contribution of Cyclooxygenase End Products and Oxidative Stress to Intrahepatic Endothelial Dysfunction in Early Non-Alcoholic Fatty Liver Disease[END_REF][START_REF] García-Lezana | Restoration of a healthy intestinal microbiota normalizes portal hypertension in a rat model of Hammoutene A & Rautou PE Liver endothelium in NAFLD 32/48 nonalcoholic steatohepatitis[END_REF]. eNOS activation and liver nitric oxide content are reduced in mice and rats fed a high-fat diet or a rich saturated fatty acids diet for 4 weeks [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF]. Isolated-perfused liver experiments performed in these animals showed augmented portal perfusion pressure and reduced vasodilatory response to acetylcholine, attesting liver endothelial dysfunction. These changes were observed in the absence of inflammation and fibrosis, suggesting that endothelial dysfunction is an early feature associated with steatosis in NAFLD [START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF][START_REF] Gonzalez-Paredes | Contribution of Cyclooxygenase End Products and Oxidative Stress to Intrahepatic Endothelial Dysfunction in Early Non-Alcoholic Fatty Liver Disease[END_REF].

Several mechanisms could account for this liver endothelial dysfunction associated with steatosis (Figure 2). First, LSECs dysfunction can be induced by overabundance of lipids during steatosis. In vitro experiments showed that stimulation of human primary LSECs with ox-LDL downregulates eNOS expression through the ox-LDL receptor, LOX1 [START_REF] Zhang | oxLDL induces injury and defenestration of human liver sinusoidal endothelial cells via LOX1[END_REF].

In addition, exposure of primary LSECs to palmitic acid also attenuates nitric oxide bioavailability through peroxynitrite production by NOX1, a nitric oxide consuming enzyme highly expressed in LSECs of mice fed a high-fat diet [START_REF] Matsumoto | The NOX1 isoform of NADPH oxidase is involved in dysfunction of liver sinusoids in nonalcoholic fatty liver disease[END_REF]. Second, steatosis induces insulin resistance in LSECs, leading to impairment of insulin-dependent vasodilation [START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF][START_REF] Pasarín | Insulin resistance and liver microcirculation in a rat model of early NAFLD[END_REF][START_REF] Pasarín | Intrahepatic vascular changes in non-alcoholic fatty liver disease: Potential role of insulin-resistance and endothelial dysfunction[END_REF]. This effect is due, on the one hand, to the downregulation of eNOS activity [START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF], and on the other hand to the upregulation of iNOS, the inducible form of NOS which can cause endothelial dysfunction through increased nitrooxidative stress [START_REF] Pasarín | Intrahepatic vascular changes in non-alcoholic fatty liver disease: Potential role of insulin-resistance and endothelial dysfunction[END_REF][START_REF] Gunnett | NO-dependent vasorelaxation is impaired after gene transfer of inducible NO-synthase[END_REF][START_REF] Chauhan | Protection against lipopolysaccharide-induced endothelial dysfunction in resistance and conduit vasculature of iNOS knockout mice[END_REF]. Interestingly, V-PYRRO/NO, a diazeniumdiolate ion metabolized in the liver that spontaneously decomposes to nitric oxide with a very short half-life at physiological pH and triggers cyclic guanosine 3',5'-monophosphate (cGMP) synthesis, improves hepatic microcirculation in mice with high-fat diet-induced steatosis [START_REF] Kus | Short-term treatment with hepatoselective NO donor V-PYRRO/NO improves blood flow in hepatic microcirculation in liver steatosis in mice[END_REF]. Third, gut microbiota also seems to contribute to liver endothelial dysfunction. Indeed, Garcia-Lezana and colleagues demonstrated that restoration of a healthy microbiota via fecal transplantation normalizes portal hypertension by improving intrahepatic vascular resistance and endothelial dysfunction in rats [START_REF] García-Lezana | Restoration of a healthy intestinal microbiota normalizes portal hypertension in a rat model of Hammoutene A & Rautou PE Liver endothelium in NAFLD 32/48 nonalcoholic steatohepatitis[END_REF].

In turn, LSECs dysfunction favors steatosis (Figure 2). Indeed, deficiency in nitric oxide in eNos -/-mice results in massive fat droplets deposition and increases liver triglyceride content [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Schild | Impairment of endothelial nitric oxide synthase causes abnormal fat and glycogen deposition in liver[END_REF]. Nitric oxide contributes to the regulation of hepatic lipid content by limiting citrate synthesis in mitochondria, which is involved in fatty acids production [START_REF] Schild | Impairment of endothelial nitric oxide synthase causes abnormal fat and glycogen deposition in liver[END_REF]. Nitric oxide also attenuates synthesis of fatty acids in isolated cultured rat hepatocytes by nitrosylating acetyl-CoA [START_REF] Roediger | Inhibition of hepatocyte lipogenesis Hammoutene A & Rautou PE Liver endothelium in NAFLD 33/48 by nitric oxide donor: could nitric oxide regulate lipid synthesis?[END_REF] and activating AMP-activated protein kinase [START_REF] Winder | Inactivation of acetyl-CoA carboxylase and activation of AMP-activated protein kinase in muscle during exercise[END_REF][START_REF] Fu | Dietary L-arginine supplementation reduces fat mass in Zucker diabetic fatty rats[END_REF][START_REF] Zou | Activation of 5'-AMP-activated kinase is mediated through c-Src and phosphoinositide 3-kinase activity during hypoxia-reoxygenation of bovine aortic endothelial cells. Role of peroxynitrite[END_REF], an inhibitor of glycerol-3-phosphate acyltransferase and thus of triacylglycerol synthesis [START_REF] Park | Coordinate regulation of malonyl-CoA decarboxylase, sn-glycerol-3-phosphate acyltransferase, and acetyl-CoA carboxylase by AMP-activated protein kinase in rat tissues in response to exercise[END_REF][START_REF] Muoio | AMP-activated kinase reciprocally regulates triacylglycerol synthesis and fatty acid oxidation in liver and muscle: evidence that sn-glycerol-3-phosphate acyltransferase is a novel target[END_REF]. In addition, nitric oxide also allows efficient fatty acids beta-oxidation throught s-nitrosylation of very long-chain acyl-CoA dehydrogenase in hepatocytes [START_REF] Doulias | Nitric oxide regulates mitochondrial fatty acid metabolism through reversible protein S-nitrosylation[END_REF]. Interestingly, therapies augmenting nitric oxide availability in the liver improve steatosis. The V-PYRRO/NO or the improvement of nitric oxide/cGMP signaling with the phosphodiesterase-5 inhibitor sildenafil protect against liver steatosis in highfat diet-fed mice [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Maslak | The liver-selective NO donor, V-PYRRO/NO, protects against liver steatosis and improves postprandial glucose tolerance in mice fed high fat diet[END_REF][START_REF] Kus | Hepatoselective Nitric Oxide (NO) Donors, V-PYRRO/NO and V-PROLI/NO, in Nonalcoholic Fatty Liver Disease: A Comparison of Antisteatotic Effects with the Biotransformation and Pharmacokinetics[END_REF]. Moreover, treatment with simvastatin, a drug able to increase expression and activity of eNOS expression in the liver, decreases high-fat dietinduced steatosis in rats [START_REF] Wang | Simvastatin ameliorates liver fibrosis via mediating nitric oxide synthase in rats with non-alcoholic steatohepatitis-related liver fibrosis[END_REF].

To summarize, steatosis is associated with LSECs dysfunction which in turn worsens steatosis (Figure 2). 

Angiogenesis and steatosis

Angiogenesis, defined as the formation of new vessels from preexistent vessels, is a key event in the progression of NAFLD [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF][START_REF] Coulon | Evaluation of inflammatory and angiogenic factors in patients with non-alcoholic fatty liver disease[END_REF][START_REF] Coulon | Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two rodent models[END_REF][START_REF] Iwakiri | Vascular pathobiology in chronic liver disease and cirrhosis -current status and future directions[END_REF][START_REF] Tarantino | Could inflammatory markers help diagnose nonalcoholic steatohepatitis?[END_REF]. Vascular endothelial growth factor (VEGF) is the master pro-angiogenic regulator of this process supported by activation of hypoxia inducible factors (HIF) in hypoxic areas [START_REF] Iwakiri | Vascular pathobiology in chronic liver disease and cirrhosis -current status and future directions[END_REF].

Serum VEGF levels are higher in patients with biopsy-proven steatosis than in healthy individuals [START_REF] Coulon | Evaluation of inflammatory and angiogenic factors in patients with non-alcoholic fatty liver disease[END_REF][START_REF] Coulon | Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two rodent models[END_REF][START_REF] Tarantino | Could inflammatory markers help diagnose nonalcoholic steatohepatitis?[END_REF]. In animal models, liver expression of VEGF and CD105, an endothelial cell marker, increase after 3 days of methionine and choline deficient diet in obese and diabetic db/db transgenic mice and after 1 week of this diet in C57BL6/J mice, before NASH appears [START_REF] Coulon | Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two rodent models[END_REF]. However, three studies reported that new vessels develop in the liver of patients with NASH, but not in the liver of individuals with simple steatosis or with a normal liver [START_REF] Kitade | Hammoutene A & Rautou PE Liver endothelium in NAFLD 35/48 Neovascularization and oxidative stress in the progression of non-alcoholic steatohepatitis[END_REF][START_REF] Kitade | Crosstalk between angiogenesis, cytokeratin-18, and insulin resistance in the progression of nonalcoholic steatohepatitis[END_REF][START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. This suggests that molecular events associated with upregulation of angiogenic factors start early in the course of NAFLD, while angiogenesis appears later, as detailed below.

Key points:

• LSECs capillarization and dysfunction occur very early in NAFLD progression and contribute to dietary induced steatosis.

• Intrahepatic vascular resistance is increased even when steatosis is the only histological feature of NAFLD. This is due to the combination of a compression of sinusoids by fat-laden enlarged hepatocytes and of a dysfunction of LSECs due to reduced nitric oxide bioavailability.

• Molecular events associated with angiogenesis are initiated during simple steatosis, but angiogenesis itself is only detected in NASH. 

LSECs in NASH

LSECs contribute to oxidative stress in NASH

In response to lipotoxicity, hepatocytes generate reactive oxygen species (ROS) and initiate a robust inflammatory response that accentuates liver injury [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF][START_REF] Marra | Lipotoxicity and the gut-liver axis in NASH pathogenesis[END_REF]. In addition to hepatocytes [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF][START_REF] Marra | Lipotoxicity and the gut-liver axis in NASH pathogenesis[END_REF], lipotoxic response also occurs in LSECs contributing to ROS generation [START_REF] Matsumoto | The NOX1 isoform of NADPH oxidase is involved in dysfunction of liver sinusoids in nonalcoholic fatty liver disease[END_REF][START_REF] Peters | Non-parenchymal hepatic cell lipotoxicity and the coordinated progression of non-alcoholic fatty liver disease and atherosclerosis[END_REF]. Indeed, ROS have been detected not only in hepatocytes but also in sinusoidal cells in patients with NASH [START_REF] Seki | In situ detection of lipid peroxidation and oxidative DNA damage in non-alcoholic fatty liver diseases[END_REF]. Circulating lipids seem to account for this LSECs oxidative stress. Indeed, exposure of murine LSECs to palmitic acid upregulates NOX1 expression, an enzyme implicated in ROS production [START_REF] Matsumoto | The NOX1 isoform of NADPH oxidase is involved in dysfunction of liver sinusoids in nonalcoholic fatty liver disease[END_REF]. In addition, stimulation of human primary LSECs with ox-LDL increases ROS generation after binding to LOX1 [START_REF] Zhang | oxLDL induces injury and defenestration of human liver sinusoidal endothelial cells via LOX1[END_REF]. This LSECs oxidative stress contributes to NASH. Indeed, mice with a global deficiency in NOX1, which is highly expressed in LSECs in NAFLD, and fed a high-fat diet display attenuated liver lesions attested by lower serum ALT level and lower hepatic cleaved caspase-3 expression [START_REF] Matsumoto | The NOX1 isoform of NADPH oxidase is involved in dysfunction of liver sinusoids in nonalcoholic fatty liver disease[END_REF]. Therefore, in NASH, ROS production takes place not only in hepatocytes but also to some extent in LSECs and seems to contribute to hepatocyte injury.

Anti-inflammatory role of LSECs at initial stages of NASH

Progression of simple steatosis to steatohepatitis is accompanied with adhesion of leukocytes to the sinusoidal endothelium followed by infiltration of leukocytes within liver parenchyma to form inflammatory foci [START_REF] Rinella | Nonalcoholic fatty liver disease: a systematic review[END_REF]. Moderate and resolved inflammatory responses are beneficial to the liver as they promote the re-establishment of homeostasis, contribute to tissue repair and exert hepato-protective effects [START_REF] Brenner | Decoding cell death signals in liver inflammation[END_REF]. However, chronic inflammation, as seen in NASH, is accompanied with death of hepatocytes and causes damage to liver parenchyma [START_REF] Brenner | Decoding cell death signals in liver inflammation[END_REF]. In physiological conditions, LSECs constitute a barrier regulating the entry of circulating leukocytes within liver parenchyma and play an anti-inflammatory role [START_REF] Bissell | Cell-specific expression of transforming growth factor-beta in rat liver. Evidence for autocrine regulation of hepatocyte proliferation[END_REF][START_REF] Carambia | TGF-βdependent induction of CD4 + CD25 + Foxp3 + Tregs by liver sinusoidal endothelial cells[END_REF][START_REF] Limmer | Efficient presentation of exogenous antigen by liver endothelial cells to CD8+ T cells results in antigen-specific T-cell tolerance[END_REF][START_REF] Berg | Cross-presentation of antigens from apoptotic tumor cells by liver sinusoidal endothelial cells leads to tumor-specific CD8+ T cell tolerance[END_REF]. At early stages of NAFLD progression, some evidence indicates that LSECs also exhibit anti-inflammatory function [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Mcmahan | Free Fatty Acids Differentially Downregulate Chemokines in Liver Sinusoidal Endothelial Cells: Insights into Non-Alcoholic Fatty Liver Disease[END_REF]. Indeed, Tateya and colleagues elegantly demonstrated that nitric oxide derived from LSECs inhibits Kupffer cells activation in mice fed a high-fat diet for a short period of time (8 weeks) [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF]. In vitro, both human and murine LSECs exposed to FFA for a short period (16 hours) exhibit a downregulation of pro-inflammatory chemokines involved in monocyte and macrophage recruitment, through a MAPK dependent pathway [START_REF] Mcmahan | Free Fatty Acids Differentially Downregulate Chemokines in Liver Sinusoidal Endothelial Cells: Insights into Non-Alcoholic Fatty Liver Disease[END_REF].

LSECs promotes liver inflammation at more advanced stages of NASH

As mentioned above, LSECs alterations arise early in NAFLD progression, prior to liver inflammation [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF]. Indeed, LSECs capillarization precedes Kupffer cells activation [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF] and liver nitric oxide content falls before liver NF-kB activation and TNFα, IL6

and ICAM-1 up-regulation [START_REF] Francque | Increased intrahepatic resistance in severe steatosis: endothelial dysfunction, vasoconstrictor overproduction and altered microvascular architecture[END_REF][START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF]. LSECs capillarization and dysfunction are permissive for establishment of liver inflammation. Indeed, mice deficient in eNOS exhibit an accelerated hepatic inflammatory response, while improving nitric oxide/cGMP signaling with the phosphodiesterase-5 inhibitor sildenafil or with simvastatin prevents liver inflammation in rodents fed a high-fat diet [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Wang | Simvastatin ameliorates liver fibrosis via mediating nitric oxide synthase in rats with non-alcoholic steatohepatitis-related liver fibrosis[END_REF].

During NALFD progression, LSECs then acquire pro-inflammatory phenotype and functions (Figure 3). LSECs pro-inflammatory phenotype during NASH is characterized by progressive overexpression of adhesion molecules at LSECs surface including ICAM-1, VCAM-1 and VAP-1, as observed in mouse models of NASH [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF][START_REF] Ip | Administration of the potent PPARalpha agonist, Wy-14,643, reverses nutritional fibrosis and steatohepatitis in mice[END_REF][START_REF] Peña | NF-kappaB activation, rather than TNF, mediates hepatic inflammation in a murine dietary model of steatohepatitis[END_REF][START_REF] Weston | Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis[END_REF][START_REF] Tomita | Tumour necrosis factor alpha signalling through activation of Kupffer cells plays an essential role in liver fibrosis of non-alcoholic steatohepatitis in mice[END_REF][START_REF] Miyachi | Roles for Cell-Cell Adhesion and Contact in Obesity-Induced Hepatic Myeloid Cell Accumulation Hammoutene A & Rautou PE Liver endothelium in NAFLD 37/48 and Glucose Intolerance[END_REF]. LSECs also produce a number of pro-inflammatory mediators in NASH, including TNFα, IL-6, IL-1 and MCP1 [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF][START_REF] Miyachi | Roles for Cell-Cell Adhesion and Contact in Obesity-Induced Hepatic Myeloid Cell Accumulation Hammoutene A & Rautou PE Liver endothelium in NAFLD 37/48 and Glucose Intolerance[END_REF][START_REF] Wu | Toll-like receptorinduced innate immune responses in non-parenchymal liver cells are cell type-specific[END_REF][START_REF] Feder | Characterization of interleukin-1 and interleukin-6 production by hepatic endothelial cells and macrophages[END_REF].

This pro-inflammatory phenotype of LSECs in NASH is associated with proinflammatory functions (Figure 3). First, dysfunctional LSECs fail to maintain Kupffer cells quiescence [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF]. Second, the release of inflammatory mediators by LSECs contributes to the inflammatory response by activating neighboring Kupffer cells, and by favoring blood leukocytes recruitment, adhesion and transmigration [START_REF] Miyachi | Roles for Cell-Cell Adhesion and Contact in Obesity-Induced Hepatic Myeloid Cell Accumulation Hammoutene A & Rautou PE Liver endothelium in NAFLD 37/48 and Glucose Intolerance[END_REF][START_REF] Marra | Roles for chemokines in liver disease[END_REF][START_REF] Roh | Chemokines and Chemokine Receptors in the Development of NAFLD[END_REF].

Mechanisms of the interactions between leucocytes and LSECs in NASH have been reviewed elsewhere in detail and are summarized in Figure 3 [80, [START_REF] Shetty | Lymphocyte recruitment to the liver: molecular insights into the pathogenesis of liver injury and hepatitis[END_REF][START_REF] Lalor | Recruitment of lymphocytes to the human liver[END_REF][START_REF] Lalor | Vascular adhesion protein-1 mediates adhesion and transmigration of lymphocytes on human hepatic endothelial cells[END_REF]. LSECs expression of ICAM-1, VCAM-1 and VAP-1 is crucial for these interactions since in vivo and in vitro studies showed reduced leukocytes adhesion to hepatic sinusoids when these receptors are blocked or not functional [START_REF] Weston | Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis[END_REF][START_REF] Edwards | Lymphocyte traffic through sinusoidal endothelial cells is regulated by hepatocytes[END_REF]. Moreover, inhibition of the VCAM-1 ligand, VLA-4, on monocytes using an anti-VLA-4 antibody inhibits adhesion and transendothelial migration of monocytes across LSECs from wild-type mice fed a highfat diet fed mice and fom ob/ob obese mice, and improves liver inflammation [START_REF] Miyachi | Roles for Cell-Cell Adhesion and Contact in Obesity-Induced Hepatic Myeloid Cell Accumulation Hammoutene A & Rautou PE Liver endothelium in NAFLD 37/48 and Glucose Intolerance[END_REF].

Although stimuli responsible for LSECs inflammatory phenotype and functions in NASH are not firmly identified, several mediators are potential candidates. This includes products derived from the visceral adipose tissue, such as ox-LDL, FFA and adipokines.

Indeed, in vitro studies showed that stimulation of LSECs with ox-LDL and FFA (palmitate) activates NF-kB and toll-like receptor-4 (TLR-4), respectively [START_REF] Zhang | oxLDL induces injury and defenestration of human liver sinusoidal endothelial cells via LOX1[END_REF][START_REF] Matsumoto | The NOX1 isoform of NADPH oxidase is involved in dysfunction of liver sinusoids in nonalcoholic fatty liver disease[END_REF][START_REF] Sutter | Dietary Saturated Fat Promotes Development of Hepatic Inflammation Through Toll-Like Receptor 4 in Mice[END_REF].

Moreover, circulating concentrations of several adipokines, including TNFα and IL6, are increased in the portal vein in the context of metabolic syndrome, and may contribute to LSECs inflammatory phenotype [START_REF] Fontana | Visceral fat adipokine Hammoutene A & Rautou PE Liver endothelium in NAFLD 38/48 secretion is associated with systemic inflammation in obese humans[END_REF]. Gut microbiota also has an emerging role in NASH as a source for liver inflammation [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF][START_REF] Marra | Lipotoxicity and the gut-liver axis in NASH pathogenesis[END_REF]. Increased intestinal permeability and elevated plasma concentrations of lipopolysaccharide (LPS) [START_REF] Harte | Elevated endotoxin levels in non-alcoholic fatty liver disease[END_REF][START_REF] Brun | Increased intestinal permeability in obese mice: new evidence in the pathogenesis of nonalcoholic steatohepatitis[END_REF] observed in NASH may also contribute to LSECs inflammation [START_REF] Wu | Toll-like receptorinduced innate immune responses in non-parenchymal liver cells are cell type-specific[END_REF]. Besides mediators derived from the portal vein, hepatocytes and liver inflammatory cells also release inflammatory mediators in NASH that can activate LSECs [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF][START_REF] Kazankov | The role of macrophages in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis[END_REF].

To summarize, while at initial stages of NAFLD LSECs play an anti-inflammatory role, a switch towards pro-inflammatory functions occurs during the course of NAFLD development, paving the way for NASH progression.

Angiogenesis in liver inflammation in NASH

Pathologic angiogenesis increases with NASH [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF][START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF][START_REF] Tamaki | Angiotensin II type 1 receptor antagonist prevents hepatic carcinoma in rats with nonalcoholic steatohepatitis[END_REF][START_REF] Yoshiji | Angiotensin-II and vascular endothelial growth factor interaction plays an important role in rat liver fibrosis development[END_REF] (Figure 4). Indeed, several studies reported the formation of new vessels in the liver of patients with NASH.

Moreover, serum VEGF and sVEGFR1 levels are higher in patients with steatosis and biopsy-proven NASH than in healthy individuals [START_REF] Coulon | Evaluation of inflammatory and angiogenic factors in patients with non-alcoholic fatty liver disease[END_REF][START_REF] Kitade | Hammoutene A & Rautou PE Liver endothelium in NAFLD 35/48 Neovascularization and oxidative stress in the progression of non-alcoholic steatohepatitis[END_REF][START_REF] Kitade | Crosstalk between angiogenesis, cytokeratin-18, and insulin resistance in the progression of nonalcoholic steatohepatitis[END_REF][START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF][START_REF] Cayón | Gene expression in obese patients with non-alcoholic steatohepatitis[END_REF]. Similarly, in animal models of NASH, liver vasculature is disrupted and hepatic expression of VEGF and CD105 is increased [START_REF] Coulon | Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two rodent models[END_REF].

Several mechanisms trigger angiogenesis during NASH. First, chronic inflammation promotes angiogenesis. Indeed, chronic inflammation sustains tissue hypoxia and induces transcription of angiogenic genes modulated by HIF-1α [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF][START_REF] Kietzmann | Reactive oxygen species in the control of hypoxia-inducible factor-mediated gene expression[END_REF]. Proinflammatory mediators also elicit a direct angiogenic response through the induction of HIF-1α transcriptional activity and VEGF production [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF]. Moreover, cytokines and ROS released during NASH can activate the MAPK/ERK pathway, a signaling pathway involved in cell migration and angiogenesis [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF]. Second, hepatocyte-derived microvesicles link lipotoxicity with angiogenesis. Indeed, hepatocytes exposed in vitro to excessive amounts of saturated FFA, that mimics steatosis, release microvesicles with a pro-angiogenic activity [START_REF] Povero | Lipid-induced toxicity stimulates hepatocytes to release angiogenic microparticles that Hammoutene A & Rautou PE Liver endothelium in NAFLD 39/48 require Vanin-1 for uptake by endothelial cells[END_REF]. Likewise, mice fed a methionine and choline deficient diet have high circulating levels of hepatocyte-derived microvesicles able to induce angiogenesis. Third, angiopoietin-2 is another mechanism of liver angiogenesis in NASH.

Angiopoiteins are key regulators of angiogenesis. Although angiopoietins-1 and 2 contribute to vascular stability and quiescence in physiological conditions, angiopoietin-2 promotes pathological angiogenesis in inflammatory conditions [START_REF] Kim | Opposing actions of angiopoietin-2 on Tie2 signaling and FOXO1 activation[END_REF]. Lefere and coworkers recently showed that serum angiopoietin-2 levels are increased in patients with NASH and correlate with liver steatosis, inflammation and hepatocyte ballooning, but not with liver fibrosis [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. Similar findings were observed with two murine models of NASH, namely mice fed a methionine and choline deficient diet and mice with neonatal injection of streptozotocin followed by 16 weeks of western diet [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. The main source of hepatic angiopoietin-2 was LSECs [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. Inhibiting angiopoietin-2 levels using the angiopoietin-2/Tie2 receptor inhibiting peptibody L1-10 reduced hepatic angiogenesis and normalized vascular microarchitecture [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF].

In turn, angiogenesis promotes inflammation since various strategies of inhibition of angiogenesis all improve liver inflammation (Figure 4). Coulon and colleagues showed in a mouse model of NASH that treatment with anti-VEGFR2 antibody improves liver vasculature and decreases liver inflammatory gene expression, both using preventive and therapeutic approaches [START_REF] Coulon | Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two rodent models[END_REF]. Lefere and colleagues showed that blocking angiopoietin-2/Tie2 interaction with the L1-10 peptibody also alleviates liver injury and inflammation in mice fed a methionine and choline deficient diet [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. Importantly, this effect of L1-10 therapy is at least partly mediated by an effect on LSECs since L1-10 treatment downregulates VCAM-1, ICAM-1 and MCP1 expression in liver endothelial cells isolated from mice fed a methionine and choline deficient diet [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. This antiinflammatory effect of anti-angiogenic treatment is not specific for NASH, as it is observed in most models of chronic liver disease, namely carbon tetrachloride, and bile duct ligation [START_REF] Tugues | Antiangiogenic treatment with sunitinib ameliorates inflammatory infiltrate, fibrosis, and portal pressure in cirrhotic rats[END_REF][START_REF] Van Steenkiste | Inhibition of placental growth factor activity reduces the severity of fibrosis, inflammation, and portal hypertension in cirrhotic mice[END_REF][START_REF] Thabut | Complementary vascular and matrix regulatory pathways underlie the beneficial mechanism of action of sorafenib in liver fibrosis[END_REF][START_REF] Akcora | Tyrosine kinase inhibitor BIBF1120 ameliorates inflammation, angiogenesis and fibrosis in CCl4-induced liver fibrogenesis mouse model[END_REF][START_REF] Yang | Vascular endothelial growth factor promotes fibrosis resolution and repair in mice[END_REF].

To summarize, inflammation stimulates angiogenesis that in turn worsens inflammation, as attested by the anti-inflammatory effect of anti-angiogenic therapies (Figure 4).

Key points:

• Lipotoxicity and inflammation induce endothelial inflammation. Activated LSECs release cytokines and chemokines and overexpress adhesion molecules, thus sustaining liver inflammation.

• Inflammation promotes angiogenesis that in turn worsens liver inflammation as attested by the anti-inflammatory effect of anti-angiogenic therapies.

LSECs in NASH-related liver fibrosis

Liver fibrosis is defined as the excessive deposition of extracellular matrix in liver parenchyma. The main mechanism leading to liver fibrosis is a long-standing wound healing process caused by hepatocellular injury and inflammation and mediated by hepatic stellate cells activation [START_REF] Friedman | Mechanisms of NAFLD development and therapeutic strategies[END_REF][START_REF] Tsuchida | Mechanisms of hepatic stellate cell activation[END_REF]. Hepatic stellate cells are nonparenchymal cells close to LSECs, in the space of Disse, which store retinoids in physiological conditions and shift their phenotype to an activated myofibroblastic state during liver injury and inflammation to secrete large amounts of extracellular matrix compounds [START_REF] Tsuchida | Mechanisms of hepatic stellate cell activation[END_REF]. As detailed above, LSECs are major effectors of liver inflammation in NASH, and consequently also promote hepatic fibrosis. For example, LSECs overexpress VAP-1 during inflammation which, in addition to its pro-inflammatory functions in NASH, is directly involved in hepatic stellate cells activation [START_REF] Weston | Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis[END_REF]. Inhibition or deficiency in VAP-1 in mice fed a methionine and choline deficient diet or a high-fat diet attenuates liver fibrosis [START_REF] Weston | Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis[END_REF]. LSECs also contribute to liver fibrosis through capillarization and endothelial dysfunction, as detailed below.

LSECs capillarization promotes liver fibrosis

Capillarization is observed in patients and animal models of NASH and precedes fibrosis [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF][START_REF] Schaffner | Capillarization of hepatic sinusoids in man[END_REF][109][START_REF] Sørensen | Liver Sinusoidal Endothelial Cells[END_REF][START_REF] Deleve | Prevention of hepatic fibrosis in a murine model of metabolic syndrome with nonalcoholic steatohepatitis[END_REF][START_REF] Deleve | Liver sinusoidal endothelial cells in hepatic fibrosis[END_REF], but also promotes its development. Indeed, PLVAP deficient mice, displaying a pronounced reduction in the number of LSECs fenestrae, spontaneously develop perisinusoidal liver fibrosis [START_REF] Herrnberger | Formation of fenestrae in murine liver sinusoids depends on plasmalemma vesicleassociated protein and is required for lipoprotein passage[END_REF].

Experiments performed using cultured LSECs and hepatic stellate cells highlighted an important cross-talk between LSECs and hepatic stellate cells to regulate each other phenotype. While healthy LSECs maintain hepatic stellate cells quiescent, capillarized

LSECs loose this ability [START_REF] Deleve | Liver sinusoidal endothelial cells in hepatic fibrosis[END_REF][START_REF] Maslak | Liver sinusoidal endothelial cells (LSECs) function and NAFLD; NO-based therapy targeted to the liver[END_REF] (Figure 5). A vicious cycle between LSECs capillarization and hepatic stellate cells activation then occurs during the fibrotic process.

In NASH, ballooned hepatocytes produce Hedgehog molecules [START_REF] Rangwala | Increased production of sonic hedgehog by ballooned hepatocytes[END_REF]. Hedgehog pathway regulates capillarization, as inhibition of Hedgehog signaling prevents capillarization and partially reverts LSECs phenotype from dedifferentiated to their differentiated state [START_REF] Xie | Hedgehog signalling regulates liver sinusoidal endothelial cell capillarisation[END_REF]. LSECs are thus Hedgehog-sensitive cells, but they are also Hedgehog producing 

LSECs dysfunction promotes liver fibrosis

Endothelial dysfunction appears very early in the course of NAFLD and precedes fibrosis in animal models of NASH [START_REF] Francque | Increased intrahepatic resistance in severe steatosis: endothelial dysfunction, vasoconstrictor overproduction and altered microvascular architecture[END_REF][START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF]. Several lines of evidence suggest that liver endothelial dysfunction contributes to liver fibrosis. First, in rats fed a high-fat diet, simvastatin increases liver eNOS expression and ameliorates liver fibrosis [START_REF] Wang | Simvastatin ameliorates liver fibrosis via mediating nitric oxide synthase in rats with non-alcoholic steatohepatitis-related liver fibrosis[END_REF]. Second, eNOS inhibition using L-NAME blocks the ability of healthy LSECs to keep hepatic stellate cells quiescent [START_REF] Deleve | Sinusoidal endothelial cells prevent rat stellate cell activation and promote reversion to quiescence[END_REF][START_REF] Marrone | The transcription factor KLF2 mediates hepatic endothelial protection and paracrine endothelial-stellate cell deactivation induced by statins[END_REF]. Third, an activator of soluble guanylate cyclase, a receptor for nitric oxide, can recapitulate the effect of healthy LSECs and reverse hepatic stellate cells activation [START_REF] Xie | Role of differentiation of liver sinusoidal endothelial cells in progression and regression of hepatic fibrosis in rats[END_REF]. A limitation of these studies is however that most approaches might not only act on endothelial function but also on LSECs capillarization [START_REF] Deleve | Liver sinusoidal endothelial cells in hepatic fibrosis[END_REF][START_REF] Deleve | Sinusoidal endothelial cells prevent rat stellate cell activation and promote reversion to quiescence[END_REF]. Indeed, although L-NAME blocks LSECs-induced hepatic stellate cells quiescence, addition of a nitric oxide donor does not directly reverse hepatic stellate cells activation in vitro [START_REF] Xie | Role of differentiation of liver sinusoidal endothelial cells in progression and regression of hepatic fibrosis in rats[END_REF], suggesting that additional LSECs-derived factors could be responsible for the reversion of activated hepatic stellate cells to quiescence. To summarize, these data demonstrate that capillarization and LSECs dysfunction not only precedes liver fibrosis, but are also permissive for it (Figure 5). LSECs are able to maintain hepatic stellate cells quiescent as long LSECs are differentiated, so that differentiated LSECs are gatekeepers for fibrosis in NASH, like in other chronic liver diseases.

Liver endothelial-to-mesenchymal transition: a process promoting liver fibrosis?

Another important process that links endothelial cells to organ fibrosis is endothelial-tomesenchymal transition, i.e. a mechanism by which endothelial cells convert into myofibroblasts and contribute to extracellular matrix deposition [START_REF] Li | Reassessing endothelial-to-mesenchymal transition in cardiovascular diseases[END_REF][START_REF] Piera-Velazquez | Endothelial to Mesenchymal Transition (EndoMT) in the Pathogenesis of Human Fibrotic Diseases[END_REF]. Endothelialto-mesenchymal transition occurs in various fibrotic cardiovascular and pulmonary diseases [START_REF] Li | Reassessing endothelial-to-mesenchymal transition in cardiovascular diseases[END_REF][START_REF] Piera-Velazquez | Endothelial to Mesenchymal Transition (EndoMT) in the Pathogenesis of Human Fibrotic Diseases[END_REF][START_REF] Singh | The essential autophagy gene ATG7 modulates organ fibrosis via regulation of endothelial-to-mesenchymal transition[END_REF]. In vitro studies showed that healthy LSECs produce a modest amount of collagen and fibronectin [START_REF] Smedsrød | Cell biology of liver endothelial and Kupffer cells[END_REF]. Capillarized LSECs secrete fibrogenic factors, such as TGF-β1, and extracellular matrix proteins, such as fibronectin and laminin, that may be considered as an endothelial-to-mesenchymal transition, and also stimulates activation of neighboring hepatic stellate cells [START_REF] Poisson | Liver sinusoidal endothelial cells: Physiology and role in liver diseases[END_REF][START_REF] Wang | Exosome Adherence and Internalization by Hepatic Stellate Cells Triggers Sphingosine 1-Phosphate-dependent Migration[END_REF][START_REF] Wells | Cellular sources of extracellular matrix in hepatic fibrosis[END_REF]. In vivo, in the liver disease field, only one study described endothelial-to-mesenchymal transition in patients with alcohol or hepatitis C virus-related cirrhosis and in mice treated with carbon tetrachloride [START_REF] Ribera | A small Hammoutene A & Rautou PE Liver endothelium in NAFLD 42/48 population of liver endothelial cells undergoes endothelial-to-mesenchymal transition in response to chronic liver injury[END_REF]. This process might also happen during liver fibrosis in NASH, but will deserve further studies.

Angiogenesis in NASH-related liver fibrosis

Liver angiogenesis correlates with liver fibrosis in patients with NASH [START_REF] Kitade | Hammoutene A & Rautou PE Liver endothelium in NAFLD 35/48 Neovascularization and oxidative stress in the progression of non-alcoholic steatohepatitis[END_REF][START_REF] Kitade | Crosstalk between angiogenesis, cytokeratin-18, and insulin resistance in the progression of nonalcoholic steatohepatitis[END_REF]. The mechanisms leading to liver angiogenesis in NASH-related fibrosis include those mentioned above, namely tissue hypoxia [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF], hepatocytes-derived microvesicles [START_REF] Povero | Lipid-induced toxicity stimulates hepatocytes to release angiogenic microparticles that Hammoutene A & Rautou PE Liver endothelium in NAFLD 39/48 require Vanin-1 for uptake by endothelial cells[END_REF][START_REF] Lemoinne | The emerging roles of microvesicles in liver diseases[END_REF] and angiopoietin-2 [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF], but also leptin. Leptin concentrations are increased in the serum of patients with NAFLD [START_REF] Huang | Serum leptin and soluble leptin receptor in non-alcoholic fatty liver disease[END_REF]. This adipocytokine has both pro-angiogenic effects [START_REF] Kitade | Leptin-mediated neovascularization is a prerequisite for progression of nonalcoholic steatohepatitis in rats[END_REF], and direct pro-fibrogenic effects, through the upregulation of TGF-β in LSECs and Kupffer cells [START_REF] Marra | Adipokines in liver diseases[END_REF].

In turn, angiogenesis promotes liver fibrosis since several approaches inhibiting liver angiogenesis prevents NASH-related fibrosis (Figure 4). First, in the study by Kitade and colleagues, neither angiogenesis nor fibrosis was observed in the absence of leptin signaling in a rat model of NASH [START_REF] Kitade | Leptin-mediated neovascularization is a prerequisite for progression of nonalcoholic steatohepatitis in rats[END_REF]. Second, blocking the release of pro-angiogenic microvesicles from fat laden-hepatocytes or inhibiting their binding to their target cells protects mice from steatohepatitis-induced pathologic angiogenesis and results in a reduction in liver fibrosis [START_REF] Povero | Lipid-induced toxicity stimulates hepatocytes to release angiogenic microparticles that Hammoutene A & Rautou PE Liver endothelium in NAFLD 39/48 require Vanin-1 for uptake by endothelial cells[END_REF]. Third, Zhou and coworkers recently showed that a specific deletion of the physiological inhibitor of angiogenesis, prolyl-hydroxylase-2, in endothelial cells results in an overexpression of angiopoietin-2 and TGF-β1 in the liver and promotes dietary-induced liver fibrosis in mice [START_REF] Zhou | Regulatory Role of Endothelial PHD2 in the Hepatic Steatosis[END_REF][START_REF] Ozer | Regulation of HIF by prolyl hydroxylases: recruitment of the candidate tumor suppressor protein ING4[END_REF]. Whether this pro-fibrotic effect of endothelial prolyl-hydroxylase-2 deficiency is directly induced by promoting angiogenesis remains to be demonstrated. Fourth, two studies reported that inhibiting angiotensin-II receptor using telmisartan or candesartan inhibits liver angiogenesis and fibrosis in rats fed a choline-deficient, L-amino acid-defined diet [START_REF] Tamaki | Angiotensin II type 1 receptor antagonist prevents hepatic carcinoma in rats with nonalcoholic steatohepatitis[END_REF][START_REF] Yoshiji | Angiotensin-II and vascular endothelial growth factor interaction plays an important role in rat liver fibrosis development[END_REF]. Finally, Lefere and colleague demonstrated that blocking angiogenesis by inhibiting angiopoietin-2/Tie2 interaction using the L1-10 peptibody improves liver fibrosis in preventive and therapeutic strategies in mice fed a methionine and choline deficient diet. Therapeutic application of L1-10 peptibody also prevents liver fibrosis in diabetic mice with NASH (streptozotocin and western diet model) [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF]. It should be noted that an anti-fibrotic effect of anti-angiogenic treatments has also been observed in models of chronic liver disease without NASH [START_REF] Tugues | Antiangiogenic treatment with sunitinib ameliorates inflammatory infiltrate, fibrosis, and portal pressure in cirrhotic rats[END_REF][START_REF] Van Steenkiste | Inhibition of placental growth factor activity reduces the severity of fibrosis, inflammation, and portal hypertension in cirrhotic mice[END_REF][START_REF] Thabut | Complementary vascular and matrix regulatory pathways underlie the beneficial mechanism of action of sorafenib in liver fibrosis[END_REF][START_REF] Akcora | Tyrosine kinase inhibitor BIBF1120 ameliorates inflammation, angiogenesis and fibrosis in CCl4-induced liver fibrogenesis mouse model[END_REF][START_REF] Yang | Vascular endothelial growth factor promotes fibrosis resolution and repair in mice[END_REF][START_REF] Kantari-Mimoun | Resolution of liver fibrosis requires myeloid cell-driven sinusoidal angiogenesis[END_REF][START_REF] Taura | Hepatic stellate cells secrete angiopoietin 1 that induces angiogenesis in liver fibrosis[END_REF][START_REF] Yoshiji | Vascular endothelial growth factor and receptor interaction is a prerequisite for murine hepatic fibrogenesis[END_REF][START_REF] Zhao | Tetramethylpyrazine attenuates sinusoidal angiogenesis via inhibition of hedgehog signaling in liver fibrosis[END_REF][START_REF] Hennenberg | Hepatic and HSC-specific sorafenib effects in rats with established secondary biliary cirrhosis[END_REF][START_REF] Coch | Disruption of negative feedback loop between vasohibin-1 and vascular endothelial growth factor decreases portal pressure, angiogenesis, and fibrosis in cirrhotic rats[END_REF][START_REF] Chatterjee | Reversal of vasohibin-driven negative feedback loop of vascular endothelial growth factor/angiogenesis axis promises a novel antifibrotic therapeutic strategy for liver diseases[END_REF].

Key points:

• LSECs capillarization and dysfunction precede liver fibrosis and are permissive for it, through the loss of the ability of LSECs to maintain quiescence of hepatic stellate cells.

• Liver angiogenesis correlates with the severity of liver fibrosis and promotes its development. Once established, fibrosis stimulates angiogenesis by increasing tissue hypoxia. Blocking pathologic angiogenesis prevents liver fibrosis.

LSECs in NASH-induced hepatocellular carcinoma

In most cases, hepatocellular carcinoma (HCC) develops within a background of chronic liver disease (70-90% of all patients). The role of liver endothelial cells in HCC development, outside the NAFLD setting, has been reviewed elsewhere and is summarized in Figure 6 [START_REF] Poisson | Liver sinusoidal endothelial cells: Physiology and role in liver diseases[END_REF][START_REF] Berg | Cross-presentation of antigens from apoptotic tumor cells by liver sinusoidal endothelial cells leads to tumor-specific CD8+ T cell tolerance[END_REF][START_REF] Yang | Vascular changes in hepatocellular carcinoma[END_REF][START_REF] Géraud | Endothelial transdifferentiation in hepatocellular carcinoma: loss of Stabilin-2 expression in peri-tumourous liver correlates with increased survival[END_REF][START_REF] Wu | Phenotypic and functional differences between human liver cancer endothelial cells and liver sinusoidal endothelial cells[END_REF][143].

Patients with metabolic syndrome and NAFLD also develop HCC in the absence of underlying cirrhosis, suggesting oncogenic pathways specific for NAFLD [START_REF] Paradis | Hepatocellular carcinomas in patients with metabolic syndrome often develop without significant liver fibrosis: a pathological analysis[END_REF][START_REF] Kanwal | Risk of Hepatocellular Cancer in Patients With Non-Alcoholic Fatty Liver Disease[END_REF].

Adipokines and angiogenesis associated with NAFLD seem to account -at least partlyfor this specific link between NAFLD and HCC.

Circulating concentrations of the adipokine FABP4 are increased in patients with NAFLD without HCC and correlate with liver inflammation and fibrosis [START_REF] Milner | Adipocyte fatty acid binding protein levels relate to inflammation and fibrosis in nonalcoholic fatty liver disease[END_REF]. Interestingly, Laouirem and colleagues recently demonstrated that LSECs exposed to conditions mimicking NAFLD -namely high concentrations of glucose, insulin, or VEGFA-release FABP4. They also observed that FABP4 released by LSECs exerts pro-oncogenic effects, since it induces hepatocyte proliferation. In mice fed a high-fat diet, specific inhibition of FABP4 reduces HCC growth [START_REF] Laouirem | Endothelial fatty liver binding protein 4: a new targetable mediator in hepatocellular carcinoma related to metabolic syndrome[END_REF]. We can speculate that FABP4 from LSECs not only contributes to HCC progression but also to HCC development in a NAFLD setting.

In NAFLD, angiogenesis is highly stimulated and promotes NAFLD-associated HCC, since various inhibitions of angiogenesis all prevent HCC development. First, leptin-mediated angiogenesis has been demonstrated to be involved in HCC development as neither angiogenesis nor HCC develop in the absence of leptin signaling in Zucker rats fed a choline-deficient, L-amino acid-defined diet [START_REF] Kitade | Leptin-mediated neovascularization is a prerequisite for progression of nonalcoholic steatohepatitis in rats[END_REF]. Second, Yoshiji and colleagues showed that a conventional anti-angiogenic treatment with sorafenib inhibits preneoplastic lesions appearance in rats fed a choline-deficient, L-amino acid-defined diet [START_REF] Yoshiji | Combination of sorafenib and angiotensin-II receptor blocker attenuates preneoplastic lesion development in a non-diabetic rat model of steatohepatitis[END_REF]. In this study, authors also demonstrated that a treatment combining low doses of sorafenib with the angiotensin-II receptor inhibitor losartan also successfully inhibits preneoplastic lesions [START_REF] Yoshiji | Combination of sorafenib and angiotensin-II receptor blocker attenuates preneoplastic lesion development in a non-diabetic rat model of steatohepatitis[END_REF]. Third, Tamaki and colleagues demonstrated that inhibition of angiotensin-II receptor with telmisartan inhibits HIF-1α activity and VEGF expression and prevent HCC development in the liver of rats fed a choline-deficient, Lamino acid-defined diet for 48 weeks [START_REF] Tamaki | Angiotensin II type 1 receptor antagonist prevents hepatic carcinoma in rats with nonalcoholic steatohepatitis[END_REF]. Finally, Lefere and coworkers recently showed that therapeutic inhibition of angiopoietin-2 alleviates steatohepatitis and prevents NASH-associated HCC progression in mice [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF].

Key point:

• Adipokines contribute to HCC development in NAFLD. Adipokines, such as leptin, also exhibits pro-angiogenic activity contributing to pathologic angiogenesis in NASH. In turn, angiogenesis promotes liver inflammation and fibrosis as attested by anti-angiogenic therapies which prevent liver inflammation and fibrosis in experimental models of NASH. VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor2. apparent specificity. Indeed, LSECs capillarization is observed in animals fed a cholinedeficient, l-amino acid-defined diet or a high-fat diet [START_REF] Miyao | Pivotal role of liver sinusoidal endothelial cells in NAFLD/NASH progression[END_REF][START_REF] Cogger | Dietary macronutrients and the aging liver sinusoidal endothelial cell[END_REF][START_REF] Peng | Protective effects of Sapindus mukorossi Gaertn against fatty liver disease induced by high fat diet in rats[END_REF]. LSECs dysfunction can be induced by a high-fat diet, or a rich saturated fatty acids diet, or a high-fat high-glucose and high-fructose diet [START_REF] Tateya | Endothelial NO/cGMP/VASP signaling attenuates Kupffer cell activation and hepatic insulin resistance induced by high-fat feeding[END_REF][START_REF] Pasarín | Sinusoidal endothelial dysfunction precedes inflammation and fibrosis in a model of NAFLD[END_REF][START_REF] García-Lezana | Restoration of a healthy intestinal microbiota normalizes portal hypertension in a rat model of Hammoutene A & Rautou PE Liver endothelium in NAFLD 32/48 nonalcoholic steatohepatitis[END_REF]. Markers of LSECs inflammatory phenotype are observed in animals fed a high-fat diet or a methionine and choline deficient diet [START_REF] Lefere | Angiopoietin-2 promotes pathological angiogenesis and is a novel therapeutic target in murine non-alcoholic fatty liver disease[END_REF][START_REF] Miyachi | Roles for Cell-Cell Adhesion and Contact in Obesity-Induced Hepatic Myeloid Cell Accumulation Hammoutene A & Rautou PE Liver endothelium in NAFLD 37/48 and Glucose Intolerance[END_REF]. Markers of angiogenesis appear after methionine and choline deficient diet in db/db obese mice and in C57BL/6 mice and in rats fed a choline-deficient, l-amino aciddefined diet [START_REF] Coulon | Role of vascular endothelial growth factor in the pathophysiology of nonalcoholic steatohepatitis in two rodent models[END_REF][START_REF] Kitade | Leptin-mediated neovascularization is a prerequisite for progression of nonalcoholic steatohepatitis in rats[END_REF]. 
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  disease (NAFLD) and its complication is an expanding health problem associated with the metabolic syndrome. Liver sinusoidal endothelial cells (LSECs) are highly specialized endothelial cells localized at the interface between the blood derived from the gut and the adipose tissue on the one side, and other liver cells on the other side. In physiological conditions, LSECs are gatekeepers of liver homeostasis. LSECs display anti-inflammatory and anti-fibrogenic properties by preventing Kupffer cells and hepatic stellate cells activation and regulate intrahepatic vascular resistance and portal pressure. This review focuses on changes occurring in LSECs in NAFLD and on their consequences on NAFLD progression and complications. Capillarization, i.e. loss of LSECs fenestrae, and LSECs dysfunction, i.e. the loss of the ability of LSECs to generate vasodilator agents in response to increased shear stress, are two events occurring early in NAFLD. These LSECs changes favor steatosis development and set the stage for NAFLD progression. At the stage of non-alcoholic steatohepatitis, altered LSECs release inflammatory mediators and contribute to the recruitment of inflammatory cells, thus promoting liver injury and inflammation. Altered LSECs also fail to maintain hepatic stellate cells quiescence and release fibrogenic mediators, including
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  Figure 1

  , inflammation, thrombosis, angiogenesis and vascular tone. Liver endothelium is mainly formed of liver sinusoidal endothelial cells (LSECs) which are highly specialized endothelial cells at the interface between blood derived from the visceral adipose tissue and the gut, on the one side, and hepatic stellate cells and hepatocytes, on the other side. LSECs have a unique phenotype in the human body as they lack a basement membrane and have a multitude of fenestrae organized in sieves, that regulate the transport of macromolecules, including lipids and lipoproteins, across
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transportation

  Even if our understanding of the role of LSECs in NAFLD has progressed over the last years, several aspects remain elusive. First, triggers responsible for LSECs alterations in NAFLD are mostly unkown. Mediators derived from the visceral adipose tissue and the gut have been speculated, but not convincingly established. Indeed, available in vitro studies considered each meaditor individually and not in combination as in vivo in the portal venous blood[START_REF] Zhang | oxLDL induces injury and defenestration of human liver sinusoidal endothelial cells via LOX1[END_REF][START_REF] Matsumoto | The NOX1 isoform of NADPH oxidase is involved in dysfunction of liver sinusoids in nonalcoholic fatty liver disease[END_REF][START_REF] Mcmahan | Free Fatty Acids Differentially Downregulate Chemokines in Liver Sinusoidal Endothelial Cells: Insights into Non-Alcoholic Fatty Liver Disease[END_REF]. Second, mechanisms underlying endothelial changes in NAFLD, including capilarization, need to be defined which might provide new therapeutic targets for NAFLD. Third, the role of LSECs in NASH-related cirrhosis has not been specifically investigated. Whether LSEC function and phenotype differ in cirrhosis related to NASH from cirrhosis related to other causes remains to be assessed[START_REF] Gracia-Sancho | Hepatic microcirculation and mechanisms of portal hypertension[END_REF].Fourth, although NAFLD is well recognized as favoring HCC development, we are still at a very early stage of understanding how LSECs changes might favor HCC development. are associated with a loss of the ability of LSECs to prevent liver inflammation and fibrosis associated with NASH. Indeed, altered LSECs fail to maintain Kupffer cells and hepatic stellate cells quiescence. At the stage of NASH, altered LSECs contribute to liver angiogenesis, inflammation, fibrosis and HCC. Improving LSECs health has high therapeutic potential for NAFLD. Current challenge is the identification of strategies to target specifically LSECs to modulate their activity.
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	• NALFD associated angiogenesis promotes HCC. Blocking pathologic angiogenesis
	prevents HCC development and progression.	
	Gaps in knowledge and future directions	
	Conclusion		
	LSECs are gatekeepers of liver homeostasis in physiological conditions. In NAFLD,
	sinusoidal endothelial alterations, including capillarization and LSECs dysfunction, occur
	early in disease progression, at the stage of simple steatosis. These initial changes,
	triggered by lipotoxicity, adipokines, and inflammation and gut microbiota-derived

products
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