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Non-Alcoholic Steatohepatitis (NASH) is the progressive form of Non-Alcoholic Fatty Liver Disease (NAFLD), the main cause of chronic liver complications. The development of NASH is the consequence of aberrant activation of hepatic conventional immune, parenchymal, and endothelial cells in response to inflammatory mediators from the liver, adipose tissue, and gut. Hepatocytes, Kupffer cells and liver sinusoidal endothelial cells contribute to the significant accumulation of bone-marrow derived-macrophages and neutrophils in the liver, a hallmark of NASH. The aberrant activation of these immune cells elicits harmful inflammation and liver injury, leading to NASH progression. In this review, we highlight the processes triggering the recruitment and/or activation of hepatic innate immune cells, with a focus on macrophages, neutrophils, and innate lymphoid cells as well as the contribution of hepatocytes and endothelial cells in driving liver inflammation/fibrosis. On-going studies and preliminary results from global and specific therapeutic strategies to manage this NASH-related inflammation will also be discussed.
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Introduction

Non Alcoholic Fatty Liver Diseases (NAFLDs), recently renamed Metabolic Associated Fatty Liver Diseases (MAFLDs) to better reflect the pathogenesis (1, 2), are the most common chronic liver diseases, with a worldwide prevalence of 25% (3, 4). NAFLDs covers the full spectrum of fatty liver disease from hepatic steatosis to Non-Alcoholic Steatohepatitis (NASH), fibrosis/cirrhosis and hepatocellular cancer. The overall prevalence of NAFLD is growing in parallel with the global epidemic of obesity (5). Weight gain, insulin resistance, type 2 diabetes mellitus, and hypertension are risk factors for NAFLD progression (6, 7). Reciprocally, NAFLD is a risk factor for many metabolic diseases, including cardiovascular disease (8) and type 2 diabetes (9). NAFLD occurrence appears to be higher in men (10, 11), while postmenopausal women display an increased risk of severe ﬁbrosis compared to men, which can probably be attributed to the loss of the protective effects of estrogen against ﬁbrogenesis (11). Age also impacts the NAFLD prevalence and liver disease stage (12). NASH, which is considered to be the progressive form of the hepatic disease, is the second principal indication for hepatic transplantation and the growing etiology for hepatocellular carcinoma (HCC) in patients being listed for the liver transplantation (16.2% of all liver transplantations) in USA (13, 14). Finally, specific pharmacological therapies are not yet approved for advanced NASH (Figure 1).




Figure 1 | Hepatic complications associated with obesity. The NAFLD development and progression are influenced by environmental, genetic, and individual features. The main predictors of disease progression are the presence of type II diabetes, metabolic syndrome, hypertension, and dysbiosis. NAFLD progression is also influenced by genetic, epigenetic, gender, and age components. The dysregulation of extra-hepatic organ functions such as adipose tissue, gut, and muscle, as well as intra-hepatic events (inflammation, cell death, cellular stresses), have been reported in NAFLD. Cardiovascular disease (25–43%) is the primary cause of death in NAFLD patients, while liver-related disease (9–15%) is also substantial. NAFL, non-alcoholic fatty liver; NAFLD, non-alcoholic fatty liver diseases; NASH, non-alcoholic steatohepatitis.



In addition to genetic and environmental factors, the interactions of the gut and adipose tissue with the liver enhance liver metabolic disorder (steatosis and insulin resistance), chronic inflammation and injury-mediated fibrosis (15). Adipose tissue plays an important role in the development of insulin resistance and NAFLDs. Trunk fat was found to be indicative of elevated ALT supporting the potential involvement of the metabolically active intra-abdominal fat in increased liver injury (16). Obesity is associated with an increase in adipose tissue lipolysis, and secretion of inflammatory and fibrotic mediators which can reach the liver. The accumulation of inflammatory/immune cells and the modification of the activities of these cells in the adipose tissue contributed to chronic low grade inflammation during obesity (17–24). This sustained inflammation mediates insulin-resistance and provides a contributing link between its development and NAFLD (25). The gut-liver axis is also a critical actor in the development of NAFLD. Gut dysbiosis is associated with the modulation of local immune systems and altered mucosal barrier integrity which, in turn, promotes the translocation of bacterial products (26). In concert with the local action, gut metabolites (decreased choline availability, increased trimethylamine, ethanol production, changes in short-chain fatty acids, secondary bile acids, and branched-chain ramified amino acids, etc.) and pathogen-associated molecular patterns (PAMPs) modulate the metabolic and immune responses within many organs including adipose tissue, muscle and liver (27, 28). In addition to endotoxemia (circulating LPS), changes in microbiota in blood are associated with hepatic fibrosis in obese patients and liver tissue contains substantial amounts of bacterial DNA correlating with the histological disease severity in NAFLD subjects (29, 30).

In liver with NAFLD, a large amount of innate and adaptive immune cells including resident and recruited monocytes, macrophages, neutrophils and ILCs but also parenchymal hepatocytes and liver sinusoidal endothelial cells (LSECs) are involved in the onset of chronic inflammation (24, 31–36). The hepatocytes, LSECs, resident macrophages (Kupffer cells) are able to sense excessive levels of metabolites, damage-associated molecular patterns (DAMPs), and PAMPs and in turn elicit inflammatory events associated with metabolic dysfunction (31, 36). Recruited monocyte-derived macrophages and neutrophils are also key players in the NAFLD onset and progression, and new roles for ILC subsets have recently been described for NAFLD/obesity (24, 31–33). The immunological functions of several conventional immune cells and liver cells (hepatocytes, LSECs) in the context of obesity and NAFLD will be described in this review, which will also provide insights into the potential approaches to target these responses as therapies against NASH.



Liver Cells That Promote the Immunological Responses Associated With NASH

The main hepatic blood supply come from the gut via the portal vein (~80%). This blood supply is rich in toxins, food antigens and bacterial products from the environment. The hepatocytes, the most abundant liver cells (~70%), achieve the detoxifying and metabolic needs of the body. The remaining liver cells comprise the non-parenchymal cells (NPC), counting liver stellate cells (HSCs), sinusoidal endothelial cells (LSECs), and a variety of immune cells. The most abundant immune cells in the liver are resident macrophages, referred to as Kupffer cells (~20% among NPC). The liver also contains mucosal-associated invariant T (MAIT) cells, T cells, dendritic cells, natural killer cells (NK), neutrophils, iNKT, and ILCs. The inter-species variations in liver-resident immune cell populations need to be noted and taken into account for translational studies. For example, MAIT cells are one of the major liver populations of T cells in human (20–50% in human liver versus 0.4–0.6% in mouse liver) (37) and mouse liver contains less NK cells than human liver (5–10 versus 25–40% of total intrahepatic lymphocytes) (34). In addition to its detoxifying and metabolic roles, the liver is also a key immunological organ in the response to exogenous antigens, metabolites and pattern molecules (31, 38, 39). In the case of obesity, the liver sentinel cells such as monocyte-derived macrophages and resident Kupffer cells rapidly sense the local and persistent increase in pattern molecules, metabolites, and exogenous antigens. The liver then “transits” from an immune-tolerant state to an immune-active phenotype, with a shift in production of anti-inflammatory cytokines such as transforming growth factor-β (TGF β) and interleukin-10 (IL10) and to pro-inflammatory cytokines such as IL1, IL6, and tumor necrosis factor (TNF-α). In turn, the interplay between innate and adaptive immune cells and hepatocytes drives the chronic low grade inflammation in NASH liver (31). Without underestimating the important role played by the adaptive immune system [reviewed in (34, 35)], the immunological functions of hepatocytes and sentinel cells including LSECs, macrophages, ILCs, and neutrophils according to liver steatosis development and its progression to fibrotic-NASH, which will be debated in the following section (Figure 2, Table 1).




Figure 2 | Cellular interplay during chronic liver diseases. Liver resident and recruited immune cells, stressed hepatocytes and liver sinusoidal endothelial cells contribute to development of the chronic inflammation associated with NAFLD. Inflammatory mediators reaching the liver are key contributors of disease progression as they influence hepatic cell functions. Full arrow, confirmed effect; dotted arrow, putative effect.




Table 1 | Contribution of specific liver cells in the development of inflammation associated with NASH.




Hepatocytes Have an Important Role in Local Inflammation

The mechanisms involved in the steatosis-NASH transition are multifactorial and not completely elucidated. In hepatocytes, the accumulation of triglycerides in lipid droplets is a protective mechanism and prevents lipotoxicity by buffering the toxic free fatty acids (47). However, it is always a question of equilibrium and this protective mechanism can be overwhelmed. To illustrate that, the inhibition of the triglyceride synthesis through the targeting of diacylglycerol acyltransferase 2 (DGAT2) improves liver steatosis but exacerbates the liver injury and fibrosis in obese mice with steatohepatitis (48). In contrast, appropriate regulation of DGAT2 activity has been shown to have a protective effect against NASH (49). Altered lipid droplet remodeling or lipid mobilization can enhance hepatocyte lipotoxicity and drive NAFLD progression. In line with this, genetic variants in transmembrane 6 superfamily member 2 (TM6SF2) and patatin-like phospholipase domain-containing protein 3 (PNPLA3) genes, resulting in loss-of-function and decreased VLDL secretion and lipid droplet remodeling, respectively, were robustly linked to NAFLD development and its progression (50, 51). Furthermore, proteins involved in hepatic lipid homeostasis can be differentially expressed and mediate de novo NAFLD progression. For example, members of the CIDE family, which can regulate lipid droplet synthesis, hepatic lipid homeostasis and cell death, are differentially regulated according to NAFLD development and severity in mouse and human studies. The gradual increase in FSP27β/CIDEC2 expression with hepatic steatosis and then steatohepatitis could reflect the transition from the synthesis of protective lipid droplets to detrimental hepatocyte death. Indeed, the strong increase in FSP27β expression in NASH liver is more narrowly related to liver injury and its over-expression sensitized hepatocytes to cell death induced by TNFα and palmitic acid (52). The vulnerable fatty and stressed hepatocytes then release danger signals such as DAMPs, alarmins and apoptotic bodies. This activation of “sterile” inflammation contributes to the initiation of a vicious cycle, where inflammation enhances the death of hepatocyte and vice versa.

Different types of hepatocyte death have been associated with NASH-driven hepatic inflammation and NAFLD progression such as apoptosis, necrosis, necroptosis, pyroptosis, and ferroptosis (40, 41). Apoptotic hepatocytes can directly initiate inflammation such as the activation macrophage after engulfment of apoptotic bodies. Furthermore, hepatocyte apoptosis frequency and the levels of a circulating surrogate biomarker of hepatocyte apoptosis (caspase-generated keratine-18 fragments) increased with NASH and fibrosis (53, 54). Lytic forms of hepatocellular death, including necrosis, pyroptosis, necroptosis, and ferroptosis also cause strong inflammatory responses through the cellular components release such as DAMPs. These cellular components contribute to the recruitment and activation of inflammatory cells and hepatic stellate cells (41). In addition, the release of pro-inflammatory vesicles by stressed cells may also promote angiogenesis and activation of hepatic stellate cells. The release of a C-X-C motif chemokine ligand-10 (CXCL-10) and ceramide-enriched extracellular vesicles regulate liver trafficking and infiltration of monocytes and macrophages. Moreover, mitochondrial DNA and tumor necrosis factor-like apoptosis inducing ligand (TRAIL)-enriched extracellular vesicles promote macrophage activation (41). In addition, the senescence of hepatocytes is strongly correlated with the ﬁbrosis stage, type 2 diabetes and the clinical outcome (55). While hepatocyte senescence, mainly caused by HFD and aging, has a detrimental impact on hepatic steatosis (56), the senescent HSCs produce less extracellular matrix components and more matrix metalloproteinases, thereby alleviating fibrosis advancement (57). More studies are thus required in order to clarify the role of senescence in the different liver cells impacting the NAFLD progression.

Hepatocytes also sense pathogens and metabolic molecules via their membrane and cytoplasmic pattern recognition receptors (PRRs) [Toll-like receptor -2, -4, -5, and -9 (TLR); nucleotide-binding oligomerization domain -1 and -2 (NOD), cGMP-AMP synthase, etc.] (31). They are strongly involved in the regulation of the cell-autonomous innate immune responses leading to increased local inflammation and the development of liver complications (steatosis, insulin resistance and injury). Deficiency of TLR-2, TLR-4, or TLR-9 in hepatocytes resolved hepatic inflammation mediated by diet associated with decreased insulin resistance, oxidative stress and hepatic steatosis (58, 59). In contrast, the deficiency of TLR5 in hepatocytes (~90% of its hepatic expression) strongly impaired bacterial clearance (bacterial flagellin) by the liver and aggravated NAFLD development (from steatosis to liver injury and fibrosis) upon HFD or MCDD challenge (60). In addition to hepatocytes, other “non-conventional immune cells” such as LSECs are key actors in NAFLD development and hepatic inflammation.



The Dysfunction of Sentinel LSECs Is Associated With NAFLD Progression From Hepatic Steatosis to Fibrosis

In physiological conditions, LSECs are gatekeepers of liver homeostasis. LSECs display anti-inﬂammatory and anti-ﬁbrogenic properties by preventing Kupffer cell and hepatic stellate cell activation and regulating hepatic lipid metabolism [reviewed in (36)]. Early in the course of NAFLD, LSEC capillarization leads to the loss of LSEC fenestrae and alters the transfer of chylomicron remnants to the hepatocytes required for the VLDL synthesis. As a compensatory mechanism, hepatocyte synthesis of cholesterol and triglycerides could be strongly increased. The synthesis and release of nitric oxide (NO) by LSECs also decreases with the dyslipidaemia and insulin resistance, altering the protective and local role of NO in the regulation of hepatocyte lipid content. Indeed, NO limits de novo lipogenesis and enhances the beta-oxidation of fatty acid in hepatocytes. During NASH, inﬂammation and gut microbiota-derived signals could increase the NF-kB pathway activation in LSECs, which coordinate the release of pro-inﬂammatory mediators including MCP1, IL1, IL6, TNFα, and the upregulation of adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and vascular adhesion protein-1 (VAP-1). This source of inflammatory mediators will amplify the local inflammation and liver injury by enhancing the hepatic recruitment and activation of leucocytes including macrophages and neutrophils. Altered LSECs also fail to maintain hepatic stellate cell quiescence and release ﬁbrogenic mediators, including Hedgehog signalling molecules, promoting liver ﬁbrosis. The decreased autophagic flux in LSECs, as evaluated by the incidence of autophagic vacuoles, has been recently associated with NASH in patients (42). In a mouse model of NAFLD (high-fat diet), the defect of autophagy in endothelial cells promotes liver inflammation (upregulation of inflammatory markers such as CCL2, CCL5, CD68, VCAM1) and injury (increased cleaved caspase-3 level) in addition to perisinusoidal fibrosis (42). As potential therapeutic approaches against NAFLD, activation of liver autophagy would thus be protective in hepatocytes, liver macrophages and sinusoidal endothelial cells, but detrimental in hepatic stellate cells (61, 62).



Liver Macrophages are Important Drivers of Hepatic Inflammation

The role of the adipose tissue macrophages in the onset and progression of NAFLD by regulating, for example, local and systemic inflammation, insulin resistance, increased lipolysis and secreted pro-inflammatory and pro-fibrogenic adipokines has been well reported. The liver macrophages are also key actors in NAFLD pathogenesis (32, 33, 41). Liver-resident Kupffer cells are in close contact with LSECs in sinusoids and with hepatocytes and hepatic stellate cells in the parenchymal. At the early stage of NAFLD, the increased pro-inflammatory polarization of liver-resident Kupffer cells could contribute to hepatic steatosis and initiate inflammation and the recruitment of other immune cells into the liver. Indeed, the IL1β secretion by pro-inflammatory-Kupﬀer cells promotes accumulation of triglyceride in hepatocytes through the inhibition of peroxisome proliferator-activated receptor alpha (PPARα)-mediated fat oxidation (63). The decrease in anti-inflammatory macrophages in arginase-2 deﬁcient mice is also sufficient to promote the spontaneous development of liver steatosis mainly via the increase in de novo lipogenesis and inﬂammation dependent on iNOS (64). The depletion of Kupffer cells also attenuates hepatic steatosis and liver insulin resistance in rats fed high-sucrose or high-fat diets (65). In line with this, the anti-inflammatory Kupffer cells could mediate apoptotic effects towards their pro-inflammatory counterparts have been reported via the IL10 pathway. This could regulate the equilibrium between anti- and pro-inflammatory macrophages in the liver and prevent the early liver manifestation of metabolic syndrome (66). Bacterial products, toxic lipids, and hepatocyte-derived inflammatory mediators could amplify the pro-inflammatory polarization of liver macrophages with the increased chemokines secretion. In addition to resident macrophages, stressed hepatocytes, endothelium, and/or hepatic stellate cells contribute to this upregulation of liver chemokines leading to the recruitment of inflammatory cells (monocytes, neutrophils, lymphocytes) into the liver (67). The striking accumulation of immune cells is one hallmark characteristic of NASH and has been associated with ongoing hepatic inflammation and NAFLD progression (68, 69). With the NAFLD progression, it has been recently reported that the number of resident-Kupffer cells from embryonic progenitors is decreased causing by elevated cell death and are replaced by monocyte-derived Kupffer cells (70). This new pool of kupffer cells are more inflammatory and are important contributor of the impairment of liver responses during NASH (70). Important heterogeneity in liver macrophages from different origins thus exist and could be modify according to the NAFLD progression. This underlines that the regulation of the influx of bone marrow-derived monocyte into the liver is an important event in the onset of liver inflammation and the NAFLD progression (68, 69). For instance, a pattern of upregulated chemokines/chemokine receptors has been reported in NASH patients such as CCL3-5/CCR5 and the chemokines CCL2. The hepatic expression of CD44 and CD62E (E-Selectin), which are also involved in recruitment of leukocyte into inflammation sites, were also strongly upregulated in NASH patients (71, 72). CD44, which interacts with extracellular matrix components (osteopontin, E-selectin, and hyaluronan), regulates the recruitment of macrophages into the liver but also their activation mediated by DAMPs, PAMPs, and saturated fatty acids (72). In human, liver CD44+ cells correlated with NASH, NAS, and liver injury in obese patients (72). The CCL2/CCR2 pair is also a key player in the recruitment of inflammatory monocytes into the injured liver and drives hepatic fibrosis (73, 74). Pharmacological inhibition of CCL2 in murine models of steatohepatitis (MCDD) and chronic hepatic injury (chronic CCl4 treatment) reduced monocyte/macrophage recruitment into the liver and ameliorated hepatic steatosis development (69). CCR2 inhibition by the small molecule inhibitor CCX-872 also decreased the infiltration of CD11b+CD11c+F4/80+ monocytes into the liver and improved glycemic control and liver inflammation, injury and fibrosis in murine models of NAFLD (high fat high fructose diet) (75). Therapeutic treatment with dual antagonist of chemokine receptor CCR2/CCR5, which is under clinical investigation for fibrotic NASH, will be discussed later in the review.

A number of studies using single cell technologies [reviewed in (43)] or specific markers such as C-type lectin CLEC4F, TIM4, and osteopontin (76–78) highlight the complexity of the NAFLD pathogenenis and role of the liver macrophages. Interestingly, it has been recently identified using single-cell RNA sequencing, a common “NAFLD myeloid phenotype” in mice upon Western diet challenge. The liver monocytes, macrophages, and dendritic cells, as well as bone marrow precursors displayed, for example, the downregulation of the inflammatory marker calprotectin (S100a8/S100a9). In addition, the inflammatory capacity of bone marrow monocytes is modified and this phenotype remains stable and independent of the local micro environment and in vitro stimulation with cytokine (79). Current efforts are thus focused on dissecting macrophage heterogeneity and potential NAFLD phenotype according to NAFLD severity to allow the development of more specific therapeutic tools to target “detrimental” macrophages and inflammation.



Innate Lymphoid Cells Are New Participants in NASH

The family of innate lymphoid cells (ILC) represent subsets of innate lymphocytes lacking the receptors of antigen encoded by rearranged genes and expressed on T and B cells. These cells are mainly resident cells in tissue and enriched in the epithelial barrier. ILCs are prompted to respond to various stress signals (pathogens, tumors, and inflammation) and secrete a wide range of cytokines to shape immune responses (80). The ILC family is classified into three groups and five subsets based on cell surface markers, transcriptional factors required for their development and the patterns of producing type 1, type 2, and Th17 associated cytokines: the cytotoxic NK cells and helper-like ILC-1 belonging to group 1 ILC; helper-like ILC-2, the unique group 2 ILC member; helper-like ILC-3 and Lymphocyte Tissue Inducer (LTi) cells belonging to group 3 cells (81). In addition to their role in orchestrating protective immunity, ILC subsets also regulate obesity-associated metabolic diseases and may contribute to NAFLD pathogenesis (24, 82).

Over the last few years, it has been reported that almost all subsets of ILC play an important role in metabolic homeostasis by regulating adipose tissue, liver, and gut functions. Two main studies demonstrated the importance of the IL-33/ILC2 axis in adipose tissue to regulate obesity. Enkephalin and IL13-producing ILC2 promote “beiging” of white adipocytes and increased energy expenditure by regulating eosinophil/alternatively activated macrophage differentiation (83, 84). The IL22 expression by ILC3 subsets was impaired in obese mice. Interestingly, IL22-producing ILC3 or IL22-producing CD4 T cells improved insulin sensitivity, preserved the mucosal barrier of the gut, decreased inflammatory responses, and regulated the lipid metabolism in both adipose tissue and liver (85). The contribution of group 1 ILC in the regulation of adipose tissue inflammation was also established in obese patients and murine models. The NK cells producing IFN-γ were increased in adipose tissue and the depletion of NK cells and/or helper-like ILC1 decreased the number of adipose tissue pro-inflammatory macrophages (86–89). Most recent studies deciphered the phenotypical and functional heterogeneity of adipose tissue group 1 ILC in human and mouse studies and revealed their complexity.

In response to local IL12 and/or IL15 levels, the group 1 ILC subsets produced IFN-γ and TNF-α and regulated the pool of macrophages into the adipose tissue during obesity (90, 91). Interestingly, the increased susceptibility to infection and cancer related to obesity have been associated with the decrease in anti-cytotoxic properties of NK cells. The lipid accumulation in NK cells and PPAR-mediated mTOR inhibition impaired the NK cells functions (92, 93). In NASH patients, the circulating levels of IL15 and CXCL10 increased compared to lean subjects. These inflammatory mediators are known to trigger group 1 ILC activation (71, 94, 95). While circulating NK cells frequency did not change with the grade of NAFLD (NASH versus steatosis), these cells expressed a higher level of the activating receptor NKG2D and were thus be more sensitive to cell death signals (96). Characterization of tissue group 1 ILC according to the hepatic complications still needs to be improved in patients. However, the contribution of group 1 ILC in NAFLD progression has been established. The liver IFN-γ producing NK cells enhanced macrophage polarization towards a pro-inflammatory phenotype with steatohepatitis (MCDD) (44). In addition, the depletion of group 1 ILC exacerbated the NASH-fibrosis transition confirming the anti-fibrogenic role of NK cells/ILC1 (97). Several studies also reported that elevated CXCL10 and IL15 levels in NASH liver contributed to the recruitment and activation of hepatic NK cells/ILC1 (98, 99). The frequency of NK cells in liver could also be regulated by their conversion into the less cytotoxic ILC1-like phenotype during NASH in response to elevated TGF-β (100). The mechanisms regulating the functions of the ILCs and their crosstalk with the other immune cells during NAFLD/NASH deserve more attention in the future to better understand NAFLD pathogenesis.



Involvement of Neutrophils in NAFLD Pathogenesis

Neutrophils have a well-established role in alcoholic liver diseases (101), and could also be actors contributing in the onset and progression of NASH. Indeed, it has been reported that the targeting of neutrophils (depletion, inhibition of activity, or recruitment) reduced liver inflammation in obesity and steatohepatitis contexts. The depletion of neutrophils via a specific antibody (1A8 targeting Ly6G molecule) improves metabolic parameters and hepatic steatosis and inflammation associated with a reduction of the body weight in HFD mice (102). Neutrophil elastase deficiency decreases the liver steatosis and inflammation in Western diet fed mice (103), while the myeloperoxidase (MPO) deletion ameliorates hepatic inflammation and fibrosis in HFD mice (104). The increased MPO secretion by leukocytes could directly promote hepatocyte injury and hepatic stellate cell activation (45). Neutrophil derived peptides may also contribute to the NAFLD progression. Transgenic mice expressing human neutrophil peptide 1 displayed an exacerbation of hepatic stellate proliferation and fibrosis when fed a choline-deficient, L-amino acid-defined diet (105). Furthermore, neutrophil extracellular traps (NETs), which limit infection by entrapping pathogens, have been linked to chronic sterile inflammation. Van der Windt et al. have recently reported that the circulating levels of markers of NETs increase in NASH patients and the liver NET formation occurs at the early stage of the NAFLD (before the influx of monocyte-derived macrophages) in mice. Finally, the inhibition of the NET formation protects mice from hepatic inflammation and NASH-driven HCC (46).

The development and progression of NAFLD are thus multi-factorial and multi-organ. The chronic inflammation is a key player and its indirect or direct targeting as therapeutic approaches will be successively discussed.




Global Approaches Against NAFLD/NASH

Lifestyle changes are a promising therapeutic approach against NAFLD and would optimize the action of the future pharmacological treatments when they are combined. Indeed, recent reviews summarize the benefits of nutritional management and physical activity on NAFLDs (106, 107). Weight reductions of ≥10% has been associated with the resolution of NASH, in many cases, and the improvement of fibrosis by at least one stage. The modest weight loss (>5%) is also associated with benefits on some items encompassed in the NAFLD activity score (NAS). For example, a 5% reduction in BMI has been associated with 25% reduction in fat in liver according to a Magnetic Resonance Imaging (MRI) measurement (108), with up to complete correction after few weeks under a strictly hypocaloric diet. These global approaches are associated with the improvement of systemic inflammation, adipose tissue inflammation, insulin-sensitivity, and gut functions (eubiosis, integrity, metabolites, and hormones) contributing to the normalization of the insulin-sensitivity and lipid profile. However, the ideal diet (the Mediterranean diet has been proposed as one such diet) and the most effective regular physical activity are yet to be defined by long-term studies. These adapted lifestyle modifications towards a healthy diet and habitual physical activity would also be a therapeutic approach to reduce NAFLD and its cardiovascular and renal complications.

Regarding the impact of the bariatric surgery on NAFLD (109, 110), a recent meta-analysis including 32 cohort studies with 3093 paired liver biopsies reported a resolution of steatosis, inﬂammation, ballooning degeneration and fibrosis in 66, 50, 76, and in 40% of patients, respectively. In line with this, mean NAFLD activity score was also reduced after bariatric surgery. The included studies in this analysis were conducted between 1995 and 2018 with 5 retrospective and 17 prospective cohort studies employing diﬀerent bariatric procedures. The median follow-up duration was of 15 months (3–55 months), with an absolute percentage of BMI reduction of 24.98% after surgery (110). Recent longitudinal studies with paired liver biopsies also reported the beneficial effects of bariatric surgery against NASH in a long term. One study reported that Laparoscopic Roux-en-Y Gastric Bypass surgery resulted in correction hepatic steatosis, inﬂammation, hepatocellular ballooning, and liver injury as evaluated by alanine aminotransferase and liver activated cleaved caspase-3 levels after a median follow-up of 55 months. Interestingly, the hepatocyte apoptosis as evaluated by serum caspase-generated keratin-18 fragment levels already improved one year after the gastric surgery (111). Recently, a study evaluated the impart of bariatric surgery (including diﬀerent procedures) in biopsy-proven NASH patients at 1 and 5 years after the surgery. From the analysis of the sequential liver biopsies, NASH resolution were observed in 84% of cases after 5 years and the reduction of hepatic fibrosis was progressively decreased at 1 year and then 5 years after the bariatric surgery (112). Since the efficacy of bariatric surgery on NASH in patients with BMI ≥35 kg/m2 looks promising and efficient, the extension of bariatric surgery indication to patients with a BMI of less than 35 kg/m2 is currently being considered. In line with this, the FDA (Food & Drug Administration) has recently approved gastric band indication for obese patients (BMI 30–35 kg/m2) with severe type 2 diabetes.



Pharmacological Targets Against NASH

In the near future, pharmacological innovations may be available for patients with fibrotic-NASH. An increasing number of pre-clinical and clinical studies are in progress targeting “metabolism-inflammation-fibrogenesis”. Some compounds target hepatocyte deaths (driver of inflammation; pan-caspase inhibitor, etc.), inflammation and/or fibrosis (CCR2/CCR5 antagonist, galectin-3 inhibitor, etc.), others the metabolism (PPAR pan-agonists, FGF21 agonists, ACC inhibitor, etc.), or the gut-liver axis (FXR agonists, non-tumorigenic analogues of FGF19, etc.) (113). The combination of two or more of these compounds is a rational strategy that is currently under development. The impacts of some of these pharmacology strategies on inflammation are discussed below (Figure 3).




Figure 3 | Therapeutic targets at different stages of liver complications. Main molecules targeting metabolic and inflammatory mediators expressed during the progression of liver complications of obesity are listed with some of which are currently in clinical evaluation.




Targeting the Liver Injury (Hepatocyte Death)

As previously described, different types of hepatocyte death have been associated with NAFLD progression and drive hepatic inflammation (40). The targeting of apoptotic caspases such as the pan-caspase inhibitor Emricasan, while effective in preclinical studies (114), did not improve clinical aspects nor NASH features in NASH patients with fibrosis but, to the contrary, could aggravate fibrosis and hepatocyte ballooning (115, 116) (ENCORE-PH and ENCORE-NF trials; Phase II). Likewise, targeting of apoptosis signal-regulating kinase 1 (ASK1) did not prevent fibrosis in NASH patients with severe fibrosis. It has been demonstrated that ASK1, by regulating the sustained activation of JNK, is an important mediator of hepatocyte death and inﬂammation in hepatocytes and macrophages in preclinical and in vitro studies. The proof-of-concept study evaluating selonsertib (an ASK1 inhibitor) after 24 weeks also reported an improvement of hepatic ﬁbrosis but not ballooning or inﬂammation (117). However, two placebo-controlled phase III trials in NASH patients with compensated cirrhosis or with bridging fibrosis (STELLAR-4 and -3 trials, respectively) recently reported that Selonsertib did not improve fibrosis as evaluated by noninvasive tests without worsening of NASH after 24 weeks (118). Altogether, these studies could allow us to exclude the ASK1 inhibition strategy for burned out NASH (severe fibrosis). Both of these strategies (inhibition of pro-apoptotic caspases and ASK1) also indicate that prevention of apoptosis may have caused the stressed hepatocytes to enter alternative modes of cell death such as necrosis, necroptosis and pyroptosis (more deleterious by generating more inflammatory mediators). For example, the pan caspase inhibition by Emricasan in pre-treated acute myeloid leukemia cells with an apoptosis enhancer (birinapant) enhances necroptosis at the expense of apoptosis (119). Decrease in caspase 8 activity by Emricasan could explain this shift of cell death by removing the inhibition of necroptosis by caspase 8. New inhibitors targeting necroptosis and pyroptosis are currently being evaluated but particular attention should also be paid to their impact on other modes of cell death which can negate the desired therapeutic benefits.



Inhibition of Monocyte-Derived Macrophage Recruitment

Limiting the pool of recruited monocyte-derived macrophages is also a promising therapeutic strategy. For example, CD44 neutralization by specific antibody decreases macrophages infiltration into adipose tissue, weight gain, fasting glycaemia, insulin resistance and hepatic steatosis in a dietary mouse model of obesity (120). In addition, CD44 neutralization partially corrects liver injury and inflammation associated with decreased liver neutrophils and macrophages in rodent model of diet-induced steatohepatitis (72). The approaches targeting the CD44 functions or expression in macrophages, for example, could be thus beneficial against NASH. Regarding the CCR2/CCL2 and CCR5/CCL5 systems, an oral dual CCR2/CCR5 antagonist, cenicriviroc (CVC), has been developed and is currently being evaluated in NASH patients. CVC treatment decreased the recruitment of Ly-6C+ monocyte-derived macrophages into the liver in mouse models of steatohepatitis (MCDD or Western diet) and ameliorated insulin resistance and liver steatosis. Moreover, CVC treatment improved histological NASH features and liver ﬁbrosis without delaying ﬁbrosis resolution after injury cessation (68). Indeed, subsets of macrophages (Ly6Clow restorative macrophages) are also associated with the resolution of fibrosis by secreting anti-inﬂammatory cytokines and collagen degrading factors (33). In addition, prolonged high-dose CVC therapy (14 weeks) in choline deficient, L-amino acid-defined, high-fat diet (CDAHFD) mice, augmented the frequency of intrahepatic anti-inflammatory macrophages without impacting the total intrahepatic macrophage populations and decreased liver fibrosis. The beneficial effect of CVC on fibrosis has been associated with its direct effect on hepatic stellate cells. Indeed, CVC treatment prevented the pro-fibrotic gene signature mediated by transforming growth factor-β in primary mouse hepatic stellate cells (121). In addition to CCR2 inhibition, CCR5 inhibition by CVC could be involved in the prevention the activation, migration and proliferation of hepatic stellate cells (74, 122). CCR5 deficiency reduced hepatic fibrosis mediated by bile duct ligation (122) and CCL5 inhibition displayed similar effects in the carbon tetrachloride rodent model (123). Inhibitor of CCR5 (Maraviror) also arrested cell cycle progression and decreased the accumulation of collagen in the human stellate cell line (124). Among the molecules directly targeting inflammation in clinical trials in phase 2/3 [inhibition of plasma Amine Oxidase Copper-containing 3 (BI 1467335, Boehringer, phase 2) and Galectin 3, a lectin family member (GR-MD-02, Galectin Therapeutics, phase 2)], only CVC (CCR2/CCR5 antagonist, Allergan) is currently under evaluation in a phase III trial in fribrotic NASH patients. In a phase II trial in 289 patients with NASH, CVC therapy for one year was associated with improvement in hepatic fibrosis without worsening of NASH in large part of the patients compared with placebo (125). Results of the phase IIb study of belapectin (Galectin 3 inhibitor) assessed in 162 patients with NASH, portal hypertension and cirrhosis has been recently published. Unfortunately, one year of biweekly infusion of belapectin was not associated with a significant reduction in hepatic venous pressure gradient or fibrosis compared with placebo (126). In a rodent model of NAFLD, inhibitors of galectin 3 prevented hepatic fibrosis, possibly via macrophages (127). Several other compounds targeting the CCR2/CCL2 and/or CCR5/CCL5 systems will likely be evaluated in fribrotic-NASH patients, either alone or combined with other drugs.



When Metabolism Meets Inflammation

Over the last decade, it has been well established that the metabolism of immune cells drives their immune responses and/or polarizations. The modulation of the activity of peroxisome proliferator-activated receptor (PPAR) family members has been linked to the improvement of insulin sensitivity and reduction of NAFLD in preclinical studies. PPARγ agonists are insulin sensitizers that act mainly in adipose tissues by increasing a pool of insulin-sensitive adipocytes. Since agonists of PPARγ also enhance the anti-inflammatory polarization of macrophages, these agonists also display anti-inflammatory actions in an obesity context (128–130). Several clinical trials have suggested effective PPARγ agonist pioglitazone activity against NASH, but clinical limitations of this drug have been reported relative to the weight gain, the risk of bladder cancer, and potential aggravation of heart failure (131–133).

Regarding recent PPAR-γ agonist, twenty-four-week treatment of type 2 diabetes patients with NAFLD with Lobeglitazone has been associated with a modest weight gain (compare to pioglitazone) and the improvement of glucose homeostasis, lipid proﬁle but also hepatic steatosis. Unfortunately, Its eﬃcacy against NASH still needs to be assessed due to the absence of biopsy-proven NASH in these studies (134–136). PPARα is significantly expressed in liver and regulates metabolism such as bile acid synthesis, ketogenesis, fatty acid uptake, beta oxidation, and triglyceride turnover (137). Importantly, PPARα also displays anti-inflammatory effects by regulating the NF-κB pathway (138). Regarding the last isoform, PPARδ is most highly expressed in muscle but also in adipose tissue and liver. In muscle, the role of PPARδ has been mainly associated with the regulation of mitochondrial metabolism and beta oxidation (139). Regarding its hepatic expression, PPARδ is expressed in hepatocytes but also in hepatic macrophages and stellate cells suggesting its potential contribution in the regulation of liver inflammation and fibrosis (137). Moreover, PPARδ also shifts the Kupffer cells polarization to an anti-inflammatory phenotype (140).

To target both PPARα and PPARδ pathways, dual agonists has been generated such as elafibranor (also known as GFT505). It is important to underline that Elafibranor displays 10 times more affinity for PPARα than PPARδ. In animal models of NASH, elafibranor treatment decreased the numbers of macrophage in the liver (141). In a phase II trial in NASH patients, elafibranor treatment was associated with a greater resolution of NASH compared with placebo without worsening the liver fibrosis (142). However, GENFIT recently reported the intermediate results from the phase III trial (RESOLVE-IT) evaluating elafibranor (120 mg elafibranor once daily) compared to placebo in fibrotic NASH patients (biopsy-proven NAS ≥4 and F2/F3) with a follow-up liver biopsy at week 72. The response rate relative to resolution of NASH with not worsening of fibrosis (primary endpoint) was 19.2% in elafibranor arm (138/717patients) to 14.7% for placebo arm (52/353 patients) without achieving statistical significance (p = 0.0659). Regarding fibrosis improvement of at least one stage, the response rate was 24.5% in elafibranor arm (176/717 patients) and 22.4% in the placebo arm (79/353 patients) (p = 0.4457). In addition, endpoints related to improvement of at least one stage and changes in metabolic parameters (triglycerides, HDL cholesterol, non-HDL cholesterol, LDL cholesterol, HOMA-IR in non-diabetic patients, and HbA1c in diabetic patients) did not achieve statistical significance. While elafibranor did not exhibit a statistically significant effect on NASH resolution, other clinical trials with different co-agonists of PPAR are currently under investigation in NASH patients [PPARα/γ agonism (Saroglitazar, Zydus, phase II) and PPARα/γ/δ agonism (Lanifibranor, Inventiva, phase II), etc.]. From recent Inventiva’s press release regarding the Phase IIb NATIVE clinical trial in NASH patients, the pan-PPAR agonist Lanifibranor meets a statistically significant decrease (p = 0.004) in at least two points in the SAF activity score (combining hepatocellular inflammation and ballooning), compared to baseline, with no worsening of fibrosis at the dose of 1,200 mg/day (49% in Lanifibranor arm versus 27% in the placebo arm) after 24 weeks of treatment. Lanifibranor also meets multiple key secondary endpoints including fibrosis improvement (by at least one stage without NASH worsening), insulin resistance (decreased in insulin, fasting glucose, Hb1Ac), lipid profiles (decreased in insulin, fasting glucose, Hb1Ac and triglycerides and increased in HDL), and liver injury (decreased in ALT, AST, and GGT).

Other drugs indirectly affect inflammation in NAFLD. The agonist of farnesoid X receptor (FXR) such as obeticholic acid improves liver lipid and glucose metabolism and dampens liver inflammation and fibrosis in NAFLD. In addition, FXR agonists decreases the expression of pro-inflammatory cytokines in macrophages and hepatic inflammation in a mouse model of NAFLD (143). FXR agonists could also enhance the anti-inflammatory polarization of the macrophages in vitro and in vivo (144). In The Lancet, Younossi et al. recently reported the intermediates outcomes (after 18-month of treatment) of a phase III study evaluating the safety and efficacy of daily dose of 10 or 25 mg of obeticholic acid in 931 patients (with 58% females) with F2/3 fibrosis (fibrosis evaluated on liver biopsy) (145). In NASH patients, obeticholic acid (at 25 mg) significantly improved liver fibrosis and some items of NASH disease activity. Although these encouraging results of this phase III trial, some questions persist (the long-term clinical benefits of treatment of NASH, metabolic consequences, management of side effects including pruritus and elevated LDL cholesterol in patients with elevated risk of cardiovascular disease, etc.).




Conclusion

Our understanding of the pathogenesis of NAFLD with global and specific outcomes is in constant progress. The advances in in vitro and in vivo approaches are also important issues. With their own limitations, these complementary approaches allow to better highlight novel actors and mechanisms involved in the onset and progression of liver complications. Novel animal models and specific cell isolation combined with single-cell RNA sequencing are examples (146). Liver organoids also emerge as alternative system with multiple hepatic cell types which mimic liver structure and diseases (147). For example, liver organoids from human pluripotent stem cells could be used as model of NAFLD liver when stimulated with free-fatty acids (148). Primary liver organoids according to the severity of NASH have also been successfully generated from mice. These different NASH organoids also display the upregulation of TNFα and IL1β at the early stage of NASH, for example (149). Pre-clinical studies and some clinical trials demonstrate promising results but also underline the complex nature of these chronic liver diseases. Combined metabolic improvement with the regulation of specific inflammatory responses are important clues. The impacts on NAFLD of targeting the GLP1 and hepatic thyroid hormone (thyroid hormone receptor-β) pathways are under clinical evaluation. Promising investigations are currently deciphering the pathways that regulate both hepatocyte death (more specifically lytic cell death) and metabolism but also control inflammation (necroptosis). In addition, the development of new strategies to regulate the immune system and gut microbiota interactions are also promising therapeutic strategies.



Author Contributions

CL, MB, PL, RA, and PG wrote and edited the paper and approved the final submitted draft. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from INSERM (France), charities [Association Française pour l’Etude du Foie (AFEF) to PG, Société Francophone du Diabète (SFD) to PG, SFD/Roche Pharma to PG]. This work was also funded by the French Government (National Research Agency, ANR): #ANR-18-CE14-0019-02, ANR-19-CE14-0044-01 and through the “Investments for the Future” LABEX SIGNALIFE (#ANR-11-LABX-0028-01) and the UCAJEDI Investments in the Future project (#ANR-15-IDEX-01). MB is supported by the ANR (#ANR-18-CE14-0019-02).



Acknowledgments

Our thanks to Abby Cuttriss from the Office of International Scientific Visibility for comments on the English version of the manuscript.



References

1. Eslam, M, Sanyal, AJ, George, J, and International Consensus Panel. MAFLD: A consensus-driven proposed nomenclature for metabolic associated fatty liver disease. Gastroenterology (2020) 158:1999–2014. doi: 10.1053/j.gastreo.2019.11.312

2. Eslam, M, Newsome, PN, Sarin, SK, Anstee, QM, Targher, G, Romero-Gomez, M, et al. A new definition for metabolic dysfunction-associated fatty liver disease: An international expert consensus statement. J Hepatol (2020) 73(1):202–9. doi: 10.1016/j.jhep.2020.03.039

3. Younossi, ZM, Koenig, AB, Abdelatif, D, Fazel, Y, Henry, L, and Wymer, M. Global epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology (2016) 64(1):73–84. doi: 10.1002/hep.28431

4. Younossi, ZM, Golabi, P, de Avila, L, Paik, JM, Srishord, M, Fukui, N, et al. The global epidemiology of NAFLD and NASH in patients with type 2 diabetes: A systematic review and meta-analysis. J Hepatol (2019) 71(4):793–801. doi: 10.1016/j.jhep.2019.06.021

5. Swinburn, BA, Sacks, G, Hall, KD, McPherson, K, Finegood, DT, Moodie, ML, et al. The global obesity pandemic: shaped by global drivers and local environments. Lancet (2011) 378(9793):804–14. doi: 10.1016/S0140-6736(11)60813-1

6. Samuel, VT, and Shulman, GI. Nonalcoholic Fatty Liver Disease as a Nexus of Metabolic and Hepatic Diseases. Cell Metab (2018) 27(1):22–41. doi: 10.1016/j.cmet.2017.08.002

7. Raff, EJ, Kakati, D, Bloomer, JR, Shoreibah, M, Rasheed, K, and Singal, AK. Diabetes Mellitus Predicts Occurrence of Cirrhosis and Hepatocellular Cancer in Alcoholic Liver and Non-alcoholic Fatty Liver Diseases. J Clin Transl Hepatol (2015) 3(1):9–16. doi: 10.14218/JCTH.2015.00001

8. Targher, G, Day, CP, and Bonora, E. Risk of cardiovascular disease in patients with nonalcoholic fatty liver disease. N Engl J Med (2010) 363(14):1341–50. doi: 10.1056/NEJMra0912063

9. Lallukka, S, and Yki-Jarvinen, H. Non-alcoholic fatty liver disease and risk of type 2 diabetes. Best Pract Res Clin Endocrinol Metab (2016) 30(3):385–95. doi: 10.1016/j.beem.2016.06.006

10. Zelber-Sagi, S, Nitzan-Kaluski, D, Halpern, Z, and Oren, R. Prevalence of primary non-alcoholic fatty liver disease in a population-based study and its association with biochemical and anthropometric measures. Liver Int (2006) 26(7):856–63. doi: 10.1111/j.1478-3231.2006.01311.x

11. Yang, JD, Abdelmalek, MF, Pang, H, Guy, CD, Smith, AD, Diehl, AM, et al. Gender and menopause impact severity of fibrosis among patients with nonalcoholic steatohepatitis. Hepatology (2014) 59(4):1406–14. doi: 10.1002/hep.26761

12. Koehler, EM, Schouten, JN, Hansen, BE, van Rooij, FJ, Hofman, A, Stricker, BH, et al. Prevalence and risk factors of non-alcoholic fatty liver disease in the elderly: results from the Rotterdam study. J Hepatol (2012) 57(6):1305–11. doi: 10.1016/j.jhep.2012.07.028

13. Wong, RJ, Aguilar, M, Cheung, R, Perumpail, RB, Harrison, SA, Younossi, ZM, et al. Nonalcoholic steatohepatitis is the second leading etiology of liver disease among adults awaiting liver transplantation in the United States. Gastroenterology (2015) 148(3):547–55. doi: 10.1053/j.gastro.2014.11.039

14. Younossi, Z, Stepanova, M, Ong, JP, Jacobson, IM, Bugianesi, E, Duseja, A, et al. Nonalcoholic Steatohepatitis Is the Fastest Growing Cause of Hepatocellular Carcinoma in Liver Transplant Candidates. Clin Gastroenterol Hepatol (2019) 17748-755(4):e743. doi: 10.1016/j.cgh.2018.05.057

15. Tran, A, and Gual, P. Non-alcoholic steatohepatitis in morbidly obese patients. Clin Res Hepatol Gastroenterol (2013) 37(1):17–29. doi: 10.1016/j.clinre.2012.07.005

16. Ruhl, CE, and Everhart, JE. Trunk fat is associated with increased serum levels of alanine aminotransferase in the United States. Gastroenterology (2010) 138(4):1346–1356, 1356 e1341-1343. doi: 10.1053/j.gastro.2009.12.053

17. Xu, H, Barnes, GT, Yang, Q, Tan, G, Yang, D, Chou, CJ, et al. Chronic inflammation in fat plays a crucial role in the development of obesity-related insulin resistance. J Clin Invest (2003) 112(12):1821–30. doi: 10.1172/JCI19451

18. Weisberg, SP, McCann, D, Desai, M, Rosenbaum, M, Leibel, RL, and Ferrante, AW Jr. Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest (2003) 112(12):1796–808. doi: 10.1172/JCI19246

19. Winer, S, Chan, Y, Paltser, G, Truong, D, Tsui, H, Bahrami, J, et al. Normalization of obesity-associated insulin resistance through immunotherapy. Nat Med (2009) 15(8):921–9. doi: 10.1038/nm.2001

20. Nishimura, S, Manabe, I, Nagasaki, M, Eto, K, Yamashita, H, Ohsugi, M, et al. CD8+ effector T cells contribute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med (2009) 15(8):914–20. doi: 10.1038/nm.1964

21. Feuerer, M, Herrero, L, Cipolletta, D, Naaz, A, Wong, J, Nayer, A, et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells that affect metabolic parameters. Nat Med (2009) 15(8):930–9. doi: 10.1038/nm.2002

22. Patsouris, D, Li, PP, Thapar, D, Chapman, J, Olefsky, JM, and Neels, JG. Ablation of CD11c-positive cells normalizes insulin sensitivity in obese insulin resistant animals. Cell Metab (2008) 8(4):301–9. doi: 10.1016/j.cmet.2008.08.015

23. Bertola, A, Ciucci, T, Rousseau, D, Bourlier, V, Duffaut, C, Bonnafous, S, et al. Identification of adipose tissue dendritic cells correlated with obesity-associated insulin-resistance and inducing th17 responses in mice and patients. Diabetes (2012) 61(9):2238–47. doi: 10.2337/db11-1274

24. Luci, C, Vieira, E, Perchet, T, Gual, P, and Golub, R. Natural Killer Cells and Type 1 Innate Lymphoid Cells Are New Actors in Non-alcoholic Fatty Liver Disease. Front Immunol (2019) 10:1192. doi: 10.3389/fimmu.2019.01192

25. Donnelly, KL, Smith, CI, Schwarzenberg, SJ, Jessurun, J, Boldt, MD, and Parks, EJ. Sources of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J Clin Invest (2005) 115(5):1343–51. doi: 10.1172/JCI23621

26. Grabherr, F, Grander, C, Effenberger, M, Adolph, TE, and Tilg, H. Gut Dysfunction and Non-alcoholic Fatty Liver Disease. Front Endocrinol (Lausanne) (2019) 10:611. doi: 10.3389/fendo.2019.00611

27. Zmora, N, Bashiardes, S, Levy, M, and Elinav, E. The Role of the Immune System in Metabolic Health and Disease. Cell Metab (2017) 25(3):506–21. doi: 10.1016/j.cmet.2017.02.006

28. Schwenger, KJ, Clermont-Dejean, N, and Allard, JP. The role of the gut microbiome in chronic liver disease: the clinical evidence revised. JHEP Rep (2019) 1(3):214–26. doi: 10.1016/j.jhepr.2019.04.004

29. Lelouvier, B, Servant, F, Paisse, S, Brunet, AC, Benyahya, S, Serino, M, et al. Changes in blood microbiota profiles associated with liver fibrosis in obese patients: A pilot analysis. Hepatology (2016) 64(6):2015–27. doi: 10.1002/hep.28829

30. Sookoian, S, Salatino, A, Castano, GO, Landa, MS, Fijalkowky, C, Garaycoechea, M, et al. Intrahepatic bacterial metataxonomic signature in non-alcoholic fatty liver disease. Gut (2020) 69(8):1483–91. doi: 10.1136/gutjnl-2019-318811

31. Cai, J, Zhang, XJ, and Li, H. The Role of Innate Immune Cells in Nonalcoholic Steatohepatitis. Hepatology (2019) 70(3):1026–37. doi: 10.1002/hep.30506

32. Kazankov, K, Jorgensen, SMD, Thomsen, KL, Moller, HJ, Vilstrup, H, George, J, et al. The role of macrophages in nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Nat Rev Gastroenterol Hepatol (2019) 16(3):145–59. doi: 10.1038/s41575-018-0082-x

33. Lefere, S, and Tacke, F. Macrophages in obesity and non-alcoholic fatty liver disease: Crosstalk with metabolism. JHEP Rep (2019) 1(1):30–43. doi: 10.1016/j.jhepr.2019.02.004

34. Heymann, F, and Tacke, F. Immunology in the liver–from homeostasis to disease. Nat Rev Gastroenterol Hepatol (2016) 13(2):88–110. doi: 10.1038/nrgastro.2015.200

35. Sutti, S, and Albano, E. Adaptive immunity: an emerging player in the progression of NAFLD. Nat Rev Gastroenterol Hepatol (2020) 17(2):81–92. doi: 10.1038/s41575-019-0210-2

36. Hammoutene, A, and Rautou, PE. Role of liver sinusoidal endothelial cells in non-alcoholic fatty liver disease. J Hepatol (2019) 70(6):1278–91. doi: 10.1016/j.jhep.2019.02.012

37. Kurioka, A, Walker, LJ, Klenerman, P, and Willberg, CB. MAIT cells: new guardians of the liver. Clin Transl Immunol (2016) 5(8):e98. doi: 10.1038/cti.2016.51

38. Gao, B, Jeong, WI, and Tian, Z. Liver: An organ with predominant innate immunity. Hepatology (2008) 47(2):729–36. doi: 10.1002/hep.22034

39. Jenne, CN, and Kubes, P. Immune surveillance by the liver. Nat Immunol (2013) 14(10):996–1006. doi: 10.1038/ni.2691

40. Gautheron, J, Gores, GJ, and Rodrigues, CMP. Lytic cell death in metabolic liver disease. J Hepatol (2020) 73(2):394–408. doi: 10.1016/j.jhep.2020.04.001

41. Ibrahim, SH, Hirsova, P, and Gores, GJ. Non-alcoholic steatohepatitis pathogenesis: sublethal hepatocyte injury as a driver of liver inflammation. Gut (2018) 67(5):963–72. doi: 10.1136/gutjnl-2017-315691

42. Hammoutene, A, Biquard, L, Lasselin, J, Kheloufi, M, Tanguy, M, Vion, AC, et al. A defect in endothelial autophagy occurs in patients with non-alcoholic steatohepatitis and promotes inflammation and fibrosis. J Hepatol (2020) 72(3):528–38. doi: 10.1016/j.jhep.2019.10.028

43. Remmerie, A, Martens, L, and Scott, CL. Macrophage Subsets in Obesity, Aligning the Liver and Adipose Tissue. Front Endocrinol (2020) 11:259. doi: 10.3389/fendo.2020.00259

44. Tosello-Trampont, AC, Krueger, P, Narayanan, S, Landes, SG, Leitinger, N, and Hahn, YS. NKp46(+) natural killer cells attenuate metabolism-induced hepatic fibrosis by regulating macrophage activation in mice. Hepatology (2016) 63(3):799–812. doi: 10.1002/hep.28389

45. Pulli, B, Ali, M, Iwamoto, Y, Zeller, MW, Schob, S, Linnoila, JJ, et al. Myeloperoxidase-Hepatocyte-Stellate Cell Cross Talk Promotes Hepatocyte Injury and Fibrosis in Experimental Nonalcoholic Steatohepatitis. Antioxid Redox Signal (2015) 23(16):1255–69. doi: 10.1089/ars.2014.6108

46. van der Windt, DJ, Sud, V, Zhang, H, Varley, PR, Goswami, J, Yazdani, HO, et al. Neutrophil extracellular traps promote inflammation and development of hepatocellular carcinoma in nonalcoholic steatohepatitis. Hepatology (2018) 68(4):1347–60. doi: 10.1002/hep.29914

47. Listenberger, LL, Han, X, Lewis, SE, Cases, S, Farese, RV Jr., Ory, DS, et al. Triglyceride accumulation protects against fatty acid-induced lipotoxicity. Proc Natl Acad Sci USA (2003) 100(6):3077–82. doi: 10.1073/pnas.0630588100

48. Yamaguchi, K, Yang, L, McCall, S, Huang, J, Yu, XX, Pandey, SK, et al. Inhibiting triglyceride synthesis improves hepatic steatosis but exacerbates liver damage and fibrosis in obese mice with nonalcoholic steatohepatitis. Hepatology (2007) 45(6):1366–74. doi: 10.1002/hep.21655

49. Amin, NB, Carvajal-Gonzalez, S, Purkal, J, Zhu, T, Crowley, C, Perez, S, et al. Targeting diacylglycerol acyltransferase 2 for the treatment of nonalcoholic steatohepatitis. Sci Transl Med (2019) 11(520):eaav9701. doi: 10.1126/scitranslmed.aav9701

50. Eslam, M, Valenti, L, and Romeo, S. Genetics and epigenetics of NAFLD and NASH: Clinical impact. J Hepatol (2018) 68(2):268–79. doi: 10.1016/j.jhep.2017.09.003

51. Krawczyk, M, Liebe, R, and Lammert, F. Toward Genetic Prediction of Nonalcoholic Fatty Liver Disease Trajectories: PNPLA3 and Beyond. Gastroenterology (2020) 158(7):1865–80.e1861. doi: 10.1053/j.gastro.2020.01.053

52. Sans, A, Bonnafous, S, Rousseau, D, Patouraux, S, Canivet, CM, Leclere, PS, et al. The Differential Expression of Cide Family Members is Associated with Nafld Progression from Steatosis to Steatohepatitis. Sci Rep (2019) 9(1):7501. doi: 10.1038/s41598-019-43928-7

53. Eguchi, A, Wree, A, and Feldstein, AE. Biomarkers of liver cell death. J Hepatol (2014) 60(5):1063–74. doi: 10.1016/j.jhep.2013.12.026

54. Anty, R, Iannelli, A, Patouraux, S, Bonnafous, S, Lavallard, VJ, Senni-Buratti, M, et al. . A new composite model including metabolic syndrome, alanine aminotransferase and cytokeratin-18 for the diagnosis of non-alcoholic steatohepatitis in morbidly obese patients. Aliment Pharmacol Ther (2010) 32(11-12):1315–22. doi: 10.1111/j.1365-2036.2010.04480.x

55. Aravinthan, A, Scarpini, C, Tachtatzis, P, Verma, S, Penrhyn-Lowe, S, Harvey, R, et al. Hepatocyte senescence predicts progression in non-alcohol-related fatty liver disease. J Hepatol (2013) 58(3):549–56. doi: 10.1016/j.jhep.2012.10.031

56. Ogrodnik, M, Miwa, S, Tchkonia, T, Tiniakos, D, Wilson, CL, Lahat, A, et al. Cellular senescence drives age-dependent hepatic steatosis. Nat Commun (2017) 8:15691. doi: 10.1038/ncomms15691

57. Papatheodoridi, AM, Chrysavgis, L, Koutsilieris, M, and Chatzigeorgiou, A. The Role of Senescence in the Development of Nonalcoholic Fatty Liver Disease and Progression to Nonalcoholic Steatohepatitis. Hepatology (2020) 71(1):363–74. doi: 10.1002/hep.30834

58. Zhao, GN, Zhang, P, Gong, J, Zhang, XJ, Wang, PX, Yin, M, et al. Tmbim1 is a multivesicular body regulator that protects against non-alcoholic fatty liver disease in mice and monkeys by targeting the lysosomal degradation of Tlr4. Nat Med (2017) 23(6):742–52. doi: 10.1038/nm.4334

59. Garcia-Martinez, I, Santoro, N, Chen, Y, Hoque, R, Ouyang, X, Caprio, S, et al. Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis by activation of TLR9. J Clin Invest (2016) 126(3):859–64. doi: 10.1172/JCI83885

60. Etienne-Mesmin, L, Vijay-Kumar, M, Gewirtz, AT, and Chassaing, B. Hepatocyte Toll-Like Receptor 5 Promotes Bacterial Clearance and Protects Mice Against High-Fat Diet-Induced Liver Disease. Cell Mol Gastroenterol Hepatol (2016) 2(5):584–604. doi: 10.1016/j.jcmgh.2016.04.007

61. Gual, P, Gilgenkrantz, H, and Lotersztajn, S. Autophagy in chronic liver diseases: the two faces of Janus. Am J Physiol Cell Physiol (2017) 312(3):C263–73. doi: 10.1152/ajpcell.00295.2016

62. Lavallard, VJ, and Gual, P. Autophagy and non-alcoholic fatty liver disease. BioMed Res Int (2014) 2014:120179. doi: 10.1155/2014/120179

63. Stienstra, R, Saudale, F, Duval, C, Keshtkar, S, Groener, JE, van Rooijen, N, et al. Kupffer cells promote hepatic steatosis via interleukin-1beta-dependent suppression of peroxisome proliferator-activated receptor alpha activity. Hepatology (2010) 51(2):511–22. doi: 10.1002/hep.23337

64. Navarro, LA, Wree, A, Povero, D, Berk, MP, Eguchi, A, Ghosh, S, et al. Arginase 2 deficiency results in spontaneous steatohepatitis: a novel link between innate immune activation and hepatic de novo lipogenesis. J Hepatol (2015) 62(2):412–20. doi: 10.1016/j.jhep.2014.09.015

65. Huang, W, Metlakunta, A, Dedousis, N, Zhang, P, Sipula, I, Dube, JJ, et al. Depletion of liver Kupffer cells prevents the development of diet-induced hepatic steatosis and insulin resistance. Diabetes (2010) 59(2):347–57. doi: 10.2337/db09-0016

66. Wan, J, Benkdane, M, Teixeira-Clerc, F, Bonnafous, S, Louvet, A, Lafdil, F, et al. M2 Kupffer cells promote M1 Kupffer cell apoptosis: a protective mechanism against alcoholic and nonalcoholic fatty liver disease. Hepatology (2014) 59(1):130–42. doi: 10.1002/hep.26607

67. Marra, F, and Tacke, F. Roles for chemokines in liver disease. Gastroenterology (2014) 147(3):577–94.e571. doi: 10.1053/j.gastro.2014.06.043

68. Krenkel, O, Puengel, T, Govaere, O, Abdallah, AT, Mossanen, JC, Kohlhepp, M, et al. Therapeutic inhibition of inflammatory monocyte recruitment reduces steatohepatitis and liver fibrosis. Hepatology (2018) 67(4):1270–83. doi: 10.1002/hep.29544

69. Baeck, C, Wehr, A, Karlmark, KR, Heymann, F, Vucur, M, Gassler, N, et al. Pharmacological inhibition of the chemokine CCL2 (MCP-1) diminishes liver macrophage infiltration and steatohepatitis in chronic hepatic injury. Gut (2012) 61(3):416–26. doi: 10.1136/gutjnl-2011-300304

70. Tran, S, Baba, I, Poupel, L, Dussaud, S, Moreau, M, Gelineau, A, et al. Impaired Kupffer Cell Self-Renewal Alters the Liver Response to Lipid Overload during Non-alcoholic Steatohepatitis. Immunity (2020) 53(3):627–40.e625. doi: 10.1016/j.immuni.2020.06.003

71. Bertola, A, Bonnafous, S, Anty, R, Patouraux, S, Saint-Paul, MC, Iannelli, A, et al. Hepatic expression patterns of inflammatory and immune response genes associated with obesity and NASH in morbidly obese patients. PloS One (2010) 5(10):e13577. doi: 10.1371/journal.pone.0013577

72. Patouraux, S, Rousseau, D, Bonnafous, S, Lebeaupin, C, Luci, C, Canivet, CM, et al. CD44 is a key player in non-alcoholic steatohepatitis. J Hepatol (2017) 67(2):328–38. doi: 10.1016/j.jhep.2017.03.003

73. Karlmark, KR, Weiskirchen, R, Zimmermann, HW, Gassler, N, Ginhoux, F, Weber, C, et al. Hepatic recruitment of the inflammatory Gr1+ monocyte subset upon liver injury promotes hepatic fibrosis. Hepatology (2009) 50(1):261–74. doi: 10.1002/hep.22950

74. Seki, E, de Minicis, S, Inokuchi, S, Taura, K, Miyai, K, van Rooijen, N, et al. CCR2 promotes hepatic fibrosis in mice. Hepatology (2009) 50(1):185–97. doi: 10.1002/hep.22952

75. Parker, R, Weston, CJ, Miao, Z, Corbett, C, Armstrong, MJ, Ertl, L, et al. CC chemokine receptor 2 promotes recruitment of myeloid cells associated with insulin resistance in nonalcoholic fatty liver disease. Am J Physiol Gastrointest Liver Physiol (2018) 314(4):G483–93. doi: 10.1152/ajpgi.00213.2017

76. Scott, CL, Zheng, F, De Baetselier, P, Martens, L, Saeys, Y, De Prijck, S, et al. Bone marrow-derived monocytes give rise to self-renewing and fully differentiated Kupffer cells. Nat Commun (2016) 7:10321. doi: 10.1038/ncomms10321

77. Morinaga, H, Mayoral, R, Heinrichsdorff, J, Osborn, O, Franck, N, Hah, N, et al. Characterization of distinct subpopulations of hepatic macrophages in HFD/obese mice. Diabetes (2015) 64(4):1120–30. doi: 10.2337/db14-1238

78. Remmerie, A, Martens, L, Thone, T, Castoldi, A, Seurinck, R, Pavie, B, et al. Osteopontin Expression Identifies a Subset of Recruited Macrophages Distinct from Kupffer Cells in the Fatty Liver. Immunity (2020) 53(3):641–57.e614. doi: 10.1016/j.immuni.2020.08.004

79. Krenkel, O, Hundertmark, J, Abdallah, AT, Kohlhepp, M, Puengel, T, Roth, T, et al. Myeloid cells in liver and bone marrow acquire a functionally distinct inflammatory phenotype during obesity-related steatohepatitis. Gut (2020) 69(3):551–63. doi: 10.1136/gutjnl-2019-318382

80. Barrow, AD, and Colonna, M. Innate lymphoid cell sensing of tissue vitality. Curr Opin Immunol (2019) 56:82–93. doi: 10.1016/j.coi.2018.11.004

81. Vivier, E, Artis, D, Colonna, M, Diefenbach, A, Di Santo, JP, Eberl, G, et al. Innate Lymphoid Cells: 10 Years On. Cell (2018) 174(5):1054–66. doi: 10.1016/j.cell.2018.07.017

82. Yang, D, Yang, W, Tian, Z, van Velkinburgh, JC, Song, J, Wu, Y, et al. Innate lymphoid cells as novel regulators of obesity and its-associated metabolic dysfunction. Obes Rev (2016) 17(6):485–98. doi: 10.1111/obr.12397

83. Brestoff, JR, Kim, BS, Saenz, SA, Stine, RR, Monticelli, LA, Sonnenberg, GF, et al. Group 2 innate lymphoid cells promote beiging of white adipose tissue and limit obesity. Nature (2015) 519(7542):242–6. doi: 10.1038/nature14115

84. Lee, MW, Odegaard, JI, Mukundan, L, Qiu, Y, Molofsky, AB, Nussbaum, JC, et al. Activated type 2 innate lymphoid cells regulate beige fat biogenesis. Cell (2015) 160(1-2):74–87. doi: 10.1016/j.cell.2014.12.011

85. Wang, X, Ota, N, Manzanillo, P, Kates, L, Zavala-Solorio, J, Eidenschenk, C, et al. Interleukin-22 alleviates metabolic disorders and restores mucosal immunity in diabetes. Nature (2014) 514(7521):237–41. doi: 10.1038/nature13564

86. O’Rourke, RW, Meyer, KA, Neeley, CK, Gaston, GD, Sekhri, P, Szumowski, M, et al. Systemic NK cell ablation attenuates intra-abdominal adipose tissue macrophage infiltration in murine obesity. Obes (Silver Spring) (2014) 22(10):2109–14. doi: 10.1002/oby.20823

87. O’Rourke, RW, White, AE, Metcalf, MD, Winters, BR, Diggs, BS, Zhu, X, et al. Systemic inflammation and insulin sensitivity in obese IFN-gamma knockout mice. Metabolism (2012) 61(8):1152–61. doi: 10.1016/j.metabol.2012.01.018

88. Wensveen, FM, Jelencic, V, Valentic, S, Sestan, M, Wensveen, TT, Theurich, S, et al. NK cells link obesity-induced adipose stress to inflammation and insulin resistance. Nat Immunol (2015) 16(4):376–85. doi: 10.1038/ni.3120

89. Lee, BC, Kim, MS, Pae, M, Yamamoto, Y, Eberle, D, Shimada, T, et al. Adipose Natural Killer Cells Regulate Adipose Tissue Macrophages to Promote Insulin Resistance in Obesity. Cell Metab (2016) 23(4):685–98. doi: 10.1016/j.cmet.2016.03.002

90. O’Sullivan, TE, Rapp, M, Fan, X, Weizman, OE, Bhardwaj, P, Adams, NM, et al. Adipose-Resident Group 1 Innate Lymphoid Cells Promote Obesity-Associated Insulin Resistance. Immunity (2016) 45(2):428–41. doi: 10.1016/j.immuni.2016.06.016

91. Boulenouar, S, Michelet, X, Duquette, D, Alvarez, D, Hogan, AE, Dold, C, et al. Adipose Type One Innate Lymphoid Cells Regulate Macrophage Homeostasis through Targeted Cytotoxicity. Immunity (2017) 46(2):273–86. doi: 10.1016/j.immuni.2017.01.008

92. Viel, S, Besson, L, Charrier, E, Marcais, A, Disse, E, Bienvenu, J, et al. Alteration of Natural Killer cell phenotype and function in obese individuals. Clin Immunol (2017) 177:12–7. doi: 10.1016/j.clim.2016.01.007

93. Michelet, X, Dyck, L, Hogan, A, Loftus, RM, Duquette, D, Wei, K, et al. Metabolic reprogramming of natural killer cells in obesity limits antitumor responses. Nat Immunol (2018) 19(12):1330–40. doi: 10.1038/s41590-018-0251-7

94. Zhang, X, Shen, J, Man, K, Chu, ES, Yau, TO, Sung, JC, et al. CXCL10 plays a key role as an inflammatory mediator and a non-invasive biomarker of non-alcoholic steatohepatitis. J Hepatol (2014) 61(6):1365–75. doi: 10.1016/j.jhep.2014.07.006

95. Marcais, A, Viel, S, Grau, M, Henry, T, Marvel, J, and Walzer, T. Regulation of mouse NK cell development and function by cytokines. Front Immunol (2013) 4:450. doi: 10.3389/fimmu.2013.00450

96. Stiglund, N, Strand, K, Cornillet, M, Stal, P, Thorell, A, Zimmer, CL, et al. Retained NK Cell Phenotype and Functionality in Non-alcoholic Fatty Liver Disease. Front Immunol (2019) 10:1255. doi: 10.3389/fimmu.2019.01255

97. Fasbender, F, Widera, A, Hengstler, JG, and Watzl, C. Natural Killer Cells and Liver Fibrosis. Front Immunol (2016) 7:19. doi: 10.3389/fimmu.2016.00019

98. Cepero-Donates, Y, Lacraz, G, Ghobadi, F, Rakotoarivelo, V, Orkhis, S, Mayhue, M, et al. Interleukin-15-mediated inflammation promotes non-alcoholic fatty liver disease. Cytokine (2016) 82:102–11. doi: 10.1016/j.cyto.2016.01.020

99. Fan, Y, Zhang, W, Wei, H, Sun, R, Tian, Z, and Chen, Y. Hepatic NK cells attenuate fibrosis progression of non-alcoholic steatohepatitis in dependent of CXCL10-mediated recruitment. Liver Int (2020) 40(3):598–608. doi: 10.1111/liv.14307

100. Cuff, AO, Sillito, F, Dertschnig, S, Hall, A, Luong, TV, Chakraverty, R, et al. The Obese Liver Environment Mediates Conversion of NK Cells to a Less Cytotoxic ILC1-Like Phenotype. Front Immunol (2019) 10:2180. doi: 10.3389/fimmu.2019.02180

101. Gao, B, Ahmad, MF, Nagy, LE, and Tsukamoto, H. Inflammatory pathways in alcoholic steatohepatitis. J Hepatol (2019) 70(2):249–59. doi: 10.1016/j.jhep.2018.10.023

102. Ou, R, Liu, J, Lv, M, Wang, J, Wang, J, Zhu, L, et al. Neutrophil depletion improves diet-induced non-alcoholic fatty liver disease in mice. Endocrine (2017) 57(1):72–82. doi: 10.1007/s12020-017-1323-4

103. Chen, J, Liang, B, Bian, D, Luo, Y, Yang, J, Li, Z, et al. Knockout of neutrophil elastase protects against western diet induced nonalcoholic steatohepatitis in mice by regulating hepatic ceramides metabolism. Biochem Biophys Res Commun (2019) 518(4):691–7. doi: 10.1016/j.bbrc.2019.08.111

104. Rensen, SS, Bieghs, V, Xanthoulea, S, Arfianti, E, Bakker, JA, Shiri-Sverdlov, R, et al. Neutrophil-derived myeloperoxidase aggravates non-alcoholic steatohepatitis in low-density lipoprotein receptor-deficient mice. PloS One (2012) 7(12):e52411. doi: 10.1371/journal.pone.0052411

105. Ibusuki, R, Uto, H, Arima, S, Mawatari, S, Setoguchi, Y, Iwashita, Y, et al. Transgenic expression of human neutrophil peptide-1 enhances hepatic fibrosis in mice fed a choline-deficient, L-amino acid-defined diet. Liver Int (2013) 33(10):1549–56. doi: 10.1111/liv.12203

106. Romero-Gomez, M, Zelber-Sagi, S, and Trenell, M. Treatment of NAFLD with diet, physical activity and exercise. J Hepatol (2017) 67(4):829–46. doi: 10.1016/j.jhep.2017.05.016

107. Marchesini, G, Petta, S, and Dalle Grave, R. Diet, weight loss, and liver health in nonalcoholic fatty liver disease: Pathophysiology, evidence, and practice. Hepatology (2016) 63(6):2032–43. doi: 10.1002/hep.28392

108. Patel, NS, Doycheva, I, Peterson, MR, Hooker, J, Kisselva, T, Schnabl, B, et al. Effect of weight loss on magnetic resonance imaging estimation of liver fat and volume in patients with nonalcoholic steatohepatitis. Clin Gastroenterol Hepatol (2015) 13(3):561–8.e561. doi: 10.1016/j.cgh.2014.08.039

109. Laursen, TL, Hagemann, CA, Wei, C, Kazankov, K, Thomsen, KL, Knop, FK, et al. Bariatric surgery in patients with non-alcoholic fatty liver disease - from pathophysiology to clinical effects. World J Hepatol (2019) 11(2):138–49. doi: 10.4254/wjh.v11.i2.138

110. Lee, Y, Doumouras, AG, Yu, J, Brar, K, Banfield, L, Gmora, S, et al. Complete Resolution of Nonalcoholic Fatty Liver Disease After Bariatric Surgery: A Systematic Review and Meta-analysis. Clin Gastroenterol Hepatol (2019) 17(6):1040–60.e1011. doi: 10.1016/j.cgh.2018.10.017

111. Schneck, AS, Anty, R, Patouraux, S, Bonnafous, S, Rousseau, D, Lebeaupin, C, et al. Roux-En Y Gastric Bypass Results in Long-Term Remission of Hepatocyte Apoptosis and Hepatic Histological Features of Non-alcoholic Steatohepatitis. Front Physiol (2016) 7:344. doi: 10.3389/fphys.2016.00344

112. Lassailly, G, Caiazzo, R, Ntandja-Wandji, LC, Gnemmi, V, Baud, G, Verkindt, H, et al. Bariatric Surgery Provides Long-term Resolution of Nonalcoholic Steatohepatitis and Regression of Fibrosis. Gastroenterology (2020) 159(4):1290–301.e1295. doi: 10.1053/j.gastro.2020.06.006

113. Tacke, F, and Weiskirchen, R. An update on the recent advances in antifibrotic therapy. Expert Rev Gastroenterol Hepatol (2018) 12(11):1143–52. doi: 10.1080/17474124.2018.1530110

114. Barreyro, FJ, Holod, S, Finocchietto, PV, Camino, AM, Aquino, JB, Avagnina, A, et al. The pan-caspase inhibitor Emricasan (IDN-6556) decreases liver injury and fibrosis in a murine model of non-alcoholic steatohepatitis. Liver Int (2015) 35(3):953–66. doi: 10.1111/liv.12570

115. Garcia-Tsao, G, Bosch, J, Kayali, Z, Harrison, SA, Abdelmalek, MF, Lawitz, E, et al. Randomized placebo-controlled trial of emricasan for non-alcoholic steatohepatitis-related cirrhosis with severe portal hypertension. J Hepatol (2020) 72(5):885–95. doi: 10.1016/j.jhep.2019.12.010

116. Harrison, SA, Goodman, Z, Jabbar, A, Vemulapalli, R, Younes, ZH, Freilich, B, et al. A randomized, placebo-controlled trial of emricasan in patients with NASH and F1-F3 fibrosis. J Hepatol (2020) 72(5):816–27. doi: 10.1016/j.jhep.2019.11.024

117. Loomba, R, Lawitz, E, Mantry, PS, Jayakumar, S, Caldwell, SH, Arnold, H, et al. The ASK1 inhibitor selonsertib in patients with nonalcoholic steatohepatitis: A randomized, phase 2 trial. Hepatology (2018) 67(2):549–59. doi: 10.1002/hep.29514

118. Harrison, SA, Wong, VW, Okanoue, T, Bzowej, N, Vuppalanchi, R, Younes, Z, et al. Selonsertib for patients with bridging fibrosis or compensated cirrhosis due to NASH: Results from randomized phase III STELLAR trials. J Hepatol (2020) 73(1):26–39. doi: 10.1016/j.jhep.2020.02.027

119. Brumatti, G, Ma, C, Lalaoui, N, Nguyen, NY, Navarro, M, Tanzer, MC, et al. The caspase-8 inhibitor emricasan combines with the SMAC mimetic birinapant to induce necroptosis and treat acute myeloid leukemia. Sci Transl Med (2016) 8(339):339ra369. doi: 10.1126/scitranslmed.aad3099

120. Kodama, K, Toda, K, Morinaga, S, Yamada, S, and Butte, AJ. Anti-CD44 antibody treatment lowers hyperglycemia and improves insulin resistance, adipose inflammation, and hepatic steatosis in diet-induced obese mice. Diabetes (2015) 64(3):867–75. doi: 10.2337/db14-0149

121. Kruger, AJ, Fuchs, BC, Masia, R, Holmes, JA, Salloum, S, Sojoodi, M, et al. Prolonged cenicriviroc therapy reduces hepatic fibrosis despite steatohepatitis in a diet-induced mouse model of nonalcoholic steatohepatitis. Hepatol Commun (2018) 2(5):529–45. doi: 10.1002/hep4.1160

122. Seki, E, De Minicis, S, Gwak, GY, Kluwe, J, Inokuchi, S, Bursill, CA, et al. CCR1 and CCR5 promote hepatic fibrosis in mice. J Clin Invest (2009) 119(7):1858–70. doi: 10.1172/jci37444

123. Berres, ML, Koenen, RR, Rueland, A, Zaldivar, MM, Heinrichs, D, Sahin, H, et al. Antagonism of the chemokine Ccl5 ameliorates experimental liver fibrosis in mice. J Clin Invest (2010) 120(11):4129–40. doi: 10.1172/JCI41732

124. Coppola, N, Perna, A, Lucariello, A, Martini, S, Macera, M, Carleo, MA, et al. Effects of treatment with Maraviroc a CCR5 inhibitor on a human hepatic stellate cell line. J Cell Physiol (2018) 233(8):6224–31. doi: 10.1002/jcp.26485

125. Friedman, SL, Ratziu, V, Harrison, SA, Abdelmalek, MF, Aithal, GP, Caballeria, J, et al. A randomized, placebo-controlled trial of cenicriviroc for treatment of nonalcoholic steatohepatitis with fibrosis. Hepatology (2018) 67(5):1754–67. doi: 10.1002/hep.29477

126. Chalasani, N, Abdelmalek, MF, Garcia-Tsao, G, Vuppalanchi, R, Alkhouri, N, Rinella, M, et al. Effects of Belapectin, an Inhibitor of Galectin-3, in Patients With Nonalcoholic Steatohepatitis With Cirrhosis and Portal Hypertension. Gastroenterology (2020) 158(5):1334–45.e1335. doi: 10.1053/j.gastro.2019.11.296

127. Traber, PG, and Zomer, E. Therapy of experimental NASH and fibrosis with galectin inhibitors. PloS One (2013) 8(12):e83481. doi: 10.1371/journal.pone.0083481

128. Feng, X, Qin, H, Shi, Q, Zhang, Y, Zhou, F, Wu, H, et al. Chrysin attenuates inflammation by regulating M1/M2 status via activating PPARgamma. Biochem Pharmacol (2014) 89(4):503–14. doi: 10.1016/j.bcp.2014.03.016

129. Luo, W, Xu, Q, Wang, Q, Wu, H, and Hua, J. Effect of modulation of PPAR-gamma activity on Kupffer cells M1/M2 polarization in the development of non-alcoholic fatty liver disease. Sci Rep (2017) 7:44612. doi: 10.1038/srep44612

130. Odegaard, JI, Ricardo-Gonzalez, RR, Goforth, MH, Morel, CR, Subramanian, V, Mukundan, L, et al. Macrophage-specific PPARgamma controls alternative activation and improves insulin resistance. Nature (2007) 447(7148):1116–20. doi: 10.1038/nature05894

131. Boettcher, E, Csako, G, Pucino, F, Wesley, R, and Loomba, R. Meta-analysis: pioglitazone improves liver histology and fibrosis in patients with non-alcoholic steatohepatitis. Aliment Pharmacol Ther (2012) 35(1):66–75. doi: 10.1111/j.1365-2036.2011.04912.x

132. Cusi, K, Orsak, B, Bril, F, Lomonaco, R, Hecht, J, Ortiz-Lopez, C, et al. Long-Term Pioglitazone Treatment for Patients With Nonalcoholic Steatohepatitis and Prediabetes or Type 2 Diabetes Mellitus: A Randomized Trial. Ann Intern Med (2016) 165(5):305–15. doi: 10.7326/M15-1774

133. He, S, Tang, YH, Zhao, G, Yang, X, Wang, D, and Zhang, Y. Pioglitazone prescription increases risk of bladder cancer in patients with type 2 diabetes: an updated meta-analysis. Tumour Biol (2014) 35(3):2095–102. doi: 10.1007/s13277-013-1278-x

134. Lee, YH, Kim, JH, Kim, SR, Jin, HY, Rhee, EJ, Cho, YM, et al. Lobeglitazone, a Novel Thiazolidinedione, Improves Non-Alcoholic Fatty Liver Disease in Type 2 Diabetes: Its Efficacy and Predictive Factors Related to Responsiveness. J Korean Med Sci (2017) 32(1):60–9. doi: 10.3346/jkms.2017.32.1.60

135. Kim, SG, Kim, DM, Woo, JT, Jang, HC, Chung, CH, Ko, KS, et al. Efficacy and safety of lobeglitazone monotherapy in patients with type 2 diabetes mellitus over 24-weeks: a multicenter, randomized, double-blind, parallel-group, placebo controlled trial. PloS One (2014) 9(4):e92843. doi: 10.1371/journal.pone.0092843

136. Kim, SH, Kim, SG, Kim, DM, Woo, JT, Jang, HC, Chung, CH, et al. Safety and efficacy of lobeglitazone monotherapy in patients with type 2 diabetes mellitus over 52 weeks: An open-label extension study. Diabetes Res Clin Pract (2015) 110(3):e27–30. doi: 10.1016/j.diabres.2015.09.009

137. Liss, KH, and Finck, BN. PPARs and nonalcoholic fatty liver disease. Biochimie (2017) 136:65–74. doi: 10.1016/j.biochi.2016.11.009

138. Vanden Berghe, W, Vermeulen, L, Delerive, P, De Bosscher, K, Staels, B, and Haegeman, G. A paradigm for gene regulation: inflammation, NF-kappaB and PPAR. Adv Exp Med Biol (2003) 544:181–96. doi: 10.1007/978-1-4419-9072-3_22

139. Tanaka, T, Yamamoto, J, Iwasaki, S, Asaba, H, Hamura, H, Ikeda, Y, et al. Activation of peroxisome proliferator-activated receptor delta induces fatty acid beta-oxidation in skeletal muscle and attenuates metabolic syndrome. Proc Natl Acad Sci USA (2003) 100(26):15924–9. doi: 10.1073/pnas.0306981100

140. Odegaard, JI, Ricardo-Gonzalez, RR, Red Eagle, A, Vats, D, Morel, CR, Goforth, MH, et al. Alternative M2 activation of Kupffer cells by PPARdelta ameliorates obesity-induced insulin resistance. Cell Metab (2008) 7(6):496–507. doi: 10.1016/j.cmet.2008.04.003

141. Staels, B, Rubenstrunk, A, Noel, B, Rigou, G, Delataille, P, Millatt, LJ, et al. Hepatoprotective effects of the dual peroxisome proliferator-activated receptor alpha/delta agonist, GFT505, in rodent models of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. Hepatology (2013) 58(6):1941–52. doi: 10.1002/hep.26461

142. Ratziu, V, Harrison, SA, Francque, S, Bedossa, P, Lehert, P, Serfaty, L, et al. Elafibranor, an Agonist of the Peroxisome Proliferator-Activated Receptor-alpha and -delta, Induces Resolution of Nonalcoholic Steatohepatitis Without Fibrosis Worsening. Gastroenterology (2016) 150(5):1147–59.e1145. doi: 10.1053/j.gastro.2016.01.038

143. Yao, J, Zhou, CS, Ma, X, Fu, BQ, Tao, LS, Chen, M, et al. FXR agonist GW4064 alleviates endotoxin-induced hepatic inflammation by repressing macrophage activation. World J Gastroenterol (2014) 20(39):14430–41. doi: 10.3748/wjg.v20.i39.14430

144. McMahan, RH, Wang, XX, Cheng, LL, Krisko, T, Smith, M, El Kasmi, K, et al. Bile acid receptor activation modulates hepatic monocyte activity and improves nonalcoholic fatty liver disease. J Biol Chem (2013) 288(17):11761–70. doi: 10.1074/jbc.M112.446575

145. Younossi, ZM, Ratziu, V, Loomba, R, Rinella, M, Anstee, QM, Goodman, Z, et al. Obeticholic acid for the treatment of non-alcoholic steatohepatitis: interim analysis from a multicentre, randomised, placebo-controlled phase 3 trial. Lancet (2019) 394(10215):2184–96. doi: 10.1016/S0140-6736(19)33041-7

146. Torres, S, Abdullah, Z, Brol, MJ, Hellerbrand, C, Fernandez, M, Fiorotto, R, et al. Recent Advances in Practical Methods for Liver Cell Biology: A Short Overview. Int J Mol Sci (2020) 21(6):2027. doi: 10.3390/ijms21062027

147. Prior, N, Inacio, P, and Huch, M. Liver organoids: from basic research to therapeutic applications. Gut (2019) 68(12):2228–37. doi: 10.1136/gutjnl-2019-319256

148. Ramli, MNB, Lim, YS, Koe, CT, Demircioglu, D, Tng, W, Gonzales, KAU, et al. Human Pluripotent Stem Cell-Derived Organoids as Models of Liver Disease. Gastroenterology (2020) 159(4):1471–86.e1412. doi: 10.1053/j.gastro.2020.06.010

149. Elbadawy, M, Yamanaka, M, Goto, Y, Hayashi, K, Tsunedomi, R, Hazama, S, et al. Efficacy of primary liver organoid culture from different stages of non-alcoholic steatohepatitis (NASH) mouse model. Biomaterials (2020) 237:119823. doi: 10.1016/j.biomaterials.2020.119823



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Luci, Bourinet, Leclère, Anty and Gual. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-11-597648-g001.jpg
Predictors of disease
“proaression | N
e

»Type il diabotes. wiour || causes
Mtabolic syndrome. cihosis

»Obesity )

»Hypertension

»Gonstic background
(Ppla3, Tmest2, etc)
»Gon

»ge

»Dysbiosis

(adipose tssue, gut, muscle)






OEBPS/Images/fendo.2020.597648_cover.jpg
, frontlers
n Endocrinology

Chronic Inflammation in
Non-Alcoholic Steatohepatitis:
Molecular Mechanisms and
Therapeutic Strategies





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Chronic Inflammation in Non-Alcoholic Steatohepatitis: Molecular Mechanisms and Therapeutic Strategies

      

        		

          Introduction

        



        		

          Liver Cells That Promote the Immunological Responses Associated With NASH

        

          		

            Hepatocytes Have an Important Role in Local Inflammation

          



          		

            The Dysfunction of Sentinel LSECs Is Associated With NAFLD Progression From Hepatic Steatosis to Fibrosis

          



          		

            Liver Macrophages are Important Drivers of Hepatic Inflammation

          



          		

            Innate Lymphoid Cells Are New Participants in NASH

          



          		

            Involvement of Neutrophils in NAFLD Pathogenesis

          



        



        



        		

          Global Approaches Against NAFLD/NASH

        



        		

          Pharmacological Targets Against NASH

        

          		

            Targeting the Liver Injury (Hepatocyte Death)

          



          		

            Inhibition of Monocyte-Derived Macrophage Recruitment

          



          		

            When Metabolism Meets Inflammation

          



        



        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-11-597648-g003.jpg
i B i}
(sTEATOSIS) (STEATOHEPATITIS) reRosis
—
S~
Cellmetaolism
(estoisnain Hepstocyeinjury | | recrumentana “acston
resistance) Soutision;
ccraccrs
PPARGIPPARG i aniagonists et
‘agonists hepatocyte death crisens
PxRagonists e
nPPAR agonists Gt o atogoniss
. PanPPARagonists et
AL otsneutalzation ForRnkors
Glucagoniike pepide (macropheges)
1(GLP-1) analogues. e

Acetyl coenzyme-
carborylase inibitors






OEBPS/Images/fendo-11-597648-g002.jpg
auiescent
stllate cels

LIVER Metabolic: &% ‘

stallatecols

oS

Leukooyte
| recrutment

- -

CIRCULATION





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/table1.jpg
Type of cell

Ls€Cs.
Residont and recnuted
macrophages

NK cdsLC1

Neutrophis

Roles i steatohepatitis

- senso PAMPs DAVPs, metabofte malecues (saurated FFA),and ralease nfammatory mediators (TNFa, IL1)
~hepatooyte death b ced death > apoptoss) contride to DAMPS inuced infammation

- hepatocyto exracetuar vesices sgas (o immuno ool

- orchestrate r8ase of pronfamimatory medilors (cytoknes chemokings sueh as MCPY, L1/6, TN, (adhesion
mckeculs such a5 VCAMT, ICAM)

- enhance fverinfammation, iy, and fovosis

- sense PAMPS DAMPs and melaboites (saturated FFA).

- Gontibuteto the recrutment and actation of other hepatc mimuns cels viainfammatory chemokines and cyckines
- spacifc subsats ofier macrophages arhance NAFLD progression

- producton of PNy and TNFx

- eguato macrophage polazaton towards a pro-iammatory phenotype

- dipiay an ani-forogenic 1o

- socroton o oastaso, NETS

- ontbute 0 he onsat of ho ear stage of NAFLD

- promote hepatocyle iy

Roforences

©1,40,41)

(6,42

2,49

4,43, 42

5,40






