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Editorial on the Research Topic
 New Insights Into Understanding and Managing NAFLD



Non-alcoholic fatty liver disease (NAFLD) is a multisystem disease with complications related to the metabolic syndrome and with a diverse histopathological spectrum ranging from simple steatosis, also termed fatty liver (NAFL) without significant inflammation to steatohepatitis (NASH) with varying stages of fibrosis and, ultimately, cirrhosis, and hepatocellular carcinoma.

Since NAFLD is the most common chronic liver disease worldwide, causing a considerable health burden, there is an increasing number of research groups that are deeply interested in the identification of risk factors involved in the progression of the liver damage, the characterization of new biomarkers with utility for its non-invasive diagnosis and the recognition of novel molecular targets for its treatment.

This special issue contains 18 papers, including 10 original research articles and 8 reviews, reporting important data about novel perspectives regarding pathogenesis and management of NAFLD.

Although NAFLD has been conceived as a different entity from alcohol-related fatty liver disease (ALD), both diseases have an overlap in the pathophysiology, share genetic-epigenetic factors, and frequently coexist. In this sense, Idalsoaga et al. reviewed the overlapping pathophysiology of NAFLD and ALD, and also the effects of metabolic dysfunction and overweight in ALD (Idalsoaga et al.).

The identification of risk factors involved in NAFLD progression is important to develop preventive interventions. In this context, Charatcharoenwitthaya et al. described a detrimental effect of cigarette smoking on all-cause mortality in the study cohort (19,181 persons), with a similar but more robust association in women than in men with NAFLD (Charatcharoenwitthaya et al.). In another article, Rim et al. suggested that early screening strategies for people with abrupt chronological changes in serum triglycerides might be useful to predict NAFLD development (Rim et al.). Indeed, a better understanding of the different factors linked to NAFLD progression will also provide insight into preventive strategies to reduce the incidence of NAFLD-associated disorders. In this regard, Abdel-Razik et al. attempted to identify risk factors for portal vein thrombosis (PVT) in NAFLD patients, finding that among all PVT-associated factors studied only an increased central obesity and an elevated leptin/adiponectin ratio in these patients are independently associated with PVT development (Abdel-Razik et al.).

Psychological disorders such as depression and anxiety are frequently present in patients with NAFLD. However, the link between mood disorders and NAFLD is still poorly understood. In this special issue, different studies have provided new insights about the association between NAFLD and mental disturbances that may have clinical implications for reducing the prevalence of comorbidities. In this sense, Choi et al. concluded that in a Korean group of study of more than 25,000 subjects, women with NAFLD show a higher tendency to suffer from depression and anxiety compared to non-NAFLD (Choi et al.). In the same way, the meta-analysis and systematic review performed by Xiao et al. suggested a strong association between depression and NAFLD. Indeed, they conclude that the worsening of NAFLD to NASH implies a higher risk of suffering depression (Xiao et al.). Moreover, it is still barely unstated how perceived social support and NAFLD development and progression alter the psychosocial profile of these patients, and which are relevant risk factors. In this special issue, Funuyet-Salas et al. demonstrated that low perceived social support, significant fibrosis, and female sex are independently associated with a higher-risk psychosocial profile in NAFLD. Therefore, a psychological intervention in NAFLD patients could be of great interest (Funuyet-Salas et al.).

The underlying mechanism for the setup and progression of NAFLD is complex and multifactorial, involving multiple parallel factors and signaling pathways. In this sense, microRNAs (miRNAs) function as critical post-transcriptional negative regulators involved not only in many biological processes but also in the development of many diseases such as NAFLD. López-Pastor et al. reviewed the latest advances in knowledge about the miRNAs involved in the development of NAFLD and related diseases, and examined how this knowledge could be used to identify new non-invasive biomarkers and new pharmacological interventions for this liver disease (López-Pastor et al.). Moreover, in an updated mini-review, Delli Bovi et al. summarized the current knowledge on the role of oxidative stress in the pathogenesis and progression of NAFLD, as well as on the preventive and therapeutic strategies available. The authors reviewed the participation of the intestinal microbiota in this process, and highlighted the use of probiotics as enhancers of antioxidant defenses, as well as focused on other antioxidant therapeutic interventions, particularly, the use of vitamin E (Delli Bovi et al.). Since several studies have reported that complement system, an innate immune system, plays an important role in the pathogenesis of NAFLD, in another review, the authors explored the role and molecular mechanism of complement component 3, a protein of the innate immune system, in NASH development as well as its implication in the diagnosis and treatment of this stage of the disease (Han and Zhang).

Likewise, clinical and preclinical studies have revealed that hypoxia may play an important role in the pathophysiology and progression of NAFLD, which have been included in a mini-review by Isaza et al. Interestingly, the article by Rey et al. described for the first time that intermittent hypoxia modulates free fatty acid (FFA) uptake by upregulating the hepatic expression of the FFA translocase CD36, and partly contributes to the NAFLD setup (Rey et al.).

The diagnosis of NAFLD is actually very difficult by non-invasive methods and usually requires a liver biopsy. For this reason, many researchers and clinicians are making strong efforts to find non-invasive and accurate methods to improve the diagnosis of this prevalent disease. Bearing this in mind, the study performed by Hokkanen et al. demonstrated that low-dose computed tomography (CT) scans could be a useful tool for liver fat quantification and NAFLD diagnosis. Their results suggest that low-dose CT is a feasible and well repeatable method but amount of liver fat contributes to repeatability. The assessment of liver fat content can be used as additional information in studies where a CT scan has been done for other medical reasons (Hokkanen et al.). In this search for non-invasive NAFLD biomarkers for diagnosis and prognosis of NAFLD, another article showed that serum leptin discriminates NAFLD, and adiponectin combined with specific lipids might be useful for the NASH stratification. Moreover, insulin-like growth factor 1 (IGF1), international normalized ratio (INR), and ferritin distinguish advanced fibrosis (Marques et al.). In another review submitted to this special issue, Garcia-Martinez et al. performed an exhaustive analysis on the literature regarding the extracellular vesicles (EV) link with hepatocytes stress which is one of the early steps leading to liver disease. Importantly, this review highlighted the potential use of EV as a new biomarker for NAFLD management (Garcia-Martinez et al.).

Due to the high prevalence of NAFLD and the absence of a specific treatment, many attempts are being done to find new therapeutic targets. In this sense, the discovery of dietary supplements is a great opportunity. Li and Zhao have analyzed the literature supporting the potential of carnitine, an amino acid-derived molecule, as a therapeutic agent for different liver diseases, particularly NAFLD. Regarding NAFLD, carnitine inhibits β-oxidation, improves mitochondrial dysfunction, and reduces insulin resistance. Therefore, carnitine supplementation may improve liver diseases including NAFLD (Li and Zhao). Yao et al. in their manuscript described the beneficial effects of myricetin, a polyphenolic flavonoid, in a murine dietary model of NASH, and even help to elucidate the underlying mechanisms: treatment with myricetin favors M2 polarity switch of liver macrophages, attenuating the activation of hepatic stellate cells and the consequent liver fibrosis (Yao et al.). Based on all this, they propose myricetin as a potential new therapeutic agent for the treatment of inflammation in NAFLD. In another article, authors explored the effect of crocetin, a bioactive ingredient of saffron, on this liver disease in a mouse model of NAFLD and revealed that crocetin ameliorates obesity-induced NAFLD by suppressing of oxidative stress and decreasing inflammation, demonstrating its therapeutic potential (Xu et al.).

In summary, this special issue will help to understand important aspects of NAFLD setup and progression. The articles published in this special issue show novel perspectives about pathogenesis and diagnosis of NAFLD as well as possible therapeutic approaches to ameliorate liver injury.
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This study aimed to investigate the beneficial effects of myricetin in a diet-induced nonalcoholic steatohepatitis (NASH) model and the underlying mechanism. C57BL/6J mice were fed a standard chow or the choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) for 8 weeks with the treatment of myricetin (100 mg/kg) or vehicle by daily gavage. Hepatic inflammation, steatosis, fibrosis, and hepatic stellate cells (HSC) activation were assessed. We also analyzed M1 and M2 macrophages and its related markers in livers from NASH mice and in RAW264.7 macrophages stimulated by lipopolysaccharide (LPS) or interleukin 4 (IL-4) in vitro. Furthermore, we determined the effect of myricetin on the triggering receptor expressed on myeloid cells-1 (TREM-1), toll like receptor (TLR) 2 and 4, and myeloid differentiation factor 88 (MyD88) signaling both in livers from mice and in RAW264.7 cells stimulated by LPS. Our results revealed that myricetin remarkably ameliorated hepatic steatosis, inflammation, and inhibited hepatic macrophage infiltration in CDAHFD-fed mice. Myricetin-treated to CDAHFD-fed mice also inhibited liver fibrosis and HSC activation when compared with vehicle-treated to those mice. Moreover, myricetin inhibited M1 macrophage polarization and its relative markers in livers of NASH mice while induced M2 polarization. Similarly, in vitro study, myricetin inhibited the LPS-induced mRNA expression of M1 macrophages marker genes and induced IL-4-induced M2 macrophage marker genes in RAW264.7 macrophages. Mechanically, myricetin inhibited the expression of TREM-1 and TLR2/4-MyD88 signaling molecules in livers from NASH mice and in RAW264.7 macrophages stimulated by LPS in vitro. Additionally, myricetin inhibited the activation of nuclear factor (NF)-κB signaling and the phosphorylation of the signal transducer and activation of transcription 3 (STAT3) in LPS-stimulated RAW264.7 macrophages. Taken together, our data indicated that myricetin modulated the polarization of macrophages via inhibiting the TREM-1-TLR2/4-MyD88 signaling molecules in macrophages and therefore mitigated NASH and hepatic fibrosis in the CDAHFD-diet-induced NASH model in mice.

Keywords: NASH, hepatic fibrosis, myricetin, macrophage polarization, TREM-1, TLRs, MyD88


INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has recently emerged as a significantly public health issue because of its high prevalence (1–3). NAFLD is characterized by a wide spectrum of liver phenotypes ranging from simple steatosis to nonalcoholic steatohepatitis (NASH) (1–3). The most important clinical challenge in NASH is the progression to liver fibrogenesis, which may gradually develop to cirrhosis and eventually to hepatocellular carcinoma (HCC) (1–3). However, the molecular mechanisms underlying NAFLD onset and progression remain poorly understood, and there is currently no approved pharmacological therapy for NASH and fibrosis (1, 2). Therefore, a better understanding of the mechanisms of NASH development and progression is indispensable for identifying novel therapeutic strategies for this burgeoning hepatic disease.

Recently, it has become apparent that liver-resident macrophages and recruited macrophages play an important role in the development and progression of NASH and liver fibrosis (4–7). Macrophages are highly plastic cells that can shift to adapt to tissue microenvironment, which have different functional phenotypes with proinflammatory M1 macrophages and anti-inflammatory M2 macrophages (4, 7, 8). Moreover, M1-polarized macrophages exacerbate hepatic injury and inflammation through production of proinflammatory cytokines, such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β, while M2 polarity switch of macrophages could inhibit the activation of M1 macrophages through secreting anti-inflammatory cytokines, including IL-10 (4–9). Notably, there is growing evidence that M1 macrophages can promote disease development and progression in NASH (4, 7). In contrast, pharmacological alteration of polarization from M1 to M2 phenotype partially has ameliorated the pathogenesis of steatohepatitis and fibrosis (7–9). Those data suggest that the switch in macrophage phenotypes determines their role in liver inflammation and fibrosis, and thus regulating the polarization of macrophage by modulating the key macrophage transcription factors represents therapeutic targets for NASH and liver fibrosis (8–12).

The triggering receptor expressed on myeloid cells (TREM)-1 is a kind of immunoglobulin superfamily activation receptors express on neutrophils and monocyte macrophages (13, 14). Upon activation, TREM-1 can trigger and augment inflammatory reaction, especially through synergism with toll-like receptors (TLRs) signaling in macrophages (13–16). Moreover, several studies have already revealed that TREM-1 play an important role in regulating the activation of Kupffer cell and is associated with macrophages polarization, which amplifies acute and chronic inflammatory responses in diseases (17–19). Interestingly, a recent report has demonstrated that overexpression of TREM-1 in the liver and M1 hepatic macrophages polarization were associated with obesity-induced insulin resistance (IR) (20). Additionally, in patients with metabolic syndrome, there was elevated levels of free fatty acids and lipopolysaccharide (LPS), which can stimulate TREM-1 expression and activate TLRs receptor cascade in lipid rafts (21). On the other hands, it is well known that TLRs-mediated signals are implicated in the pathogenesis of chronic liver diseases (22–24). Importantly, previous studies have revealed that TLR2/4-mediated myeloid differentiation factor 88 (MyD88) and nuclear factor-κB (NF-κB) signaling regulated macrophages polarization (20, 25, 26). Thus, we speculate that the TREM-1-TLR2/4-MyD88 signaling pathway may promote hepatic inflammation and fibrosis in NASH via modulation of macrophage polarization.

Myricetin (3,3′,4′,5,5′,7-hexahydroxyflavone; Figure 1A) is a polyphenol flavonoid that is widely found in most berries such as blueberries and strawberries, tea, vegetables, and various medicinal herbs (27–29). Myricetin is reported to possess many pharmacological properties, including antioxidant, anti-inflammatory, antifibrotic, anti-obesity, and anti-diabetic activities (27–34). Recent studies have also demonstrated that myricetin attenuated vascular endothelial dysfunction and hepatic injury in mice induced by high choline-fed (31) and mitigated liver fibrosis induced by CCl4 in mice (29, 32). In particular, myricetin has proved to inhibit fatty acid biosynthesis and attenuate ethanol-induced lipid accumulation in liver cells (30). Furthermore, myricetin treatment also ameliorates hyperglycemia, IR, and steatosis in mouse models of obesity through antioxidant properties (33, 34). These findings indicate that supplementation of the diet with myricetin might be beneficial to NASH and liver fibrosis. Therefore, the purpose of this study is to investigate whether myricetin could attenuate NASH-related inflammation and fibrosis in a mouse model of NASH and to elucidate its underlying mechanisms; we particularly focus and assess the effects of myricetin on macrophages polarization.


[image: Figure 1]
FIGURE 1. Experimental study design. (A) The chemical structure of myricetin (3,3',4',5,5',7-hexahydroxyflavone). (B) Experimental protocol for assessment the preventive effect of myricetin (Myr) on the development of NASH and fibrosis in mice fed the choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD). Group A: control mice fed normal chow diet (NCD) and treated with the vehicle (Veh, 0.5% CMC-Na). Group B or C: CDAHFD-induced-NASH mice were randomly assigned to a treatment of Myr (100 mg/kg) or Veh by daily orally administration for 8 weeks.




MATERIALS AND METHODS


Reagents and Antibodies

Myricetin was purchased from Selleck Chemicals Co. Ltd. (Houston, TX, USA). Sodium carboxymethyl cellulose (CMC-Na) was obtained from Makclin Biochemical Co., Ltd. (Shanghai, China). Dimethyl sulfoxide (DMSO) and lipopolysaccharide (LPS) were purchased from Sigma Chemical, Co. Ltd. (St. Louis, MO, USA). Myricetin was prepared as stocks in CMC-Na and diluted to various concentrations in medium.

The antibodies were obtained as following: rabbit anti-IL-12A, rabbit anti-IRF5, rabbit anti-CD163, rabbit anti-Ym-1/Ym-2, rat anti-TREM1, rabbit anti-NF-κB, rabbit anti-phosphor-NF-κB (Abcam, Cambridge, MA); rabbit anti-α-SMA, rabbit anti-F4/80, rabbit anti-Iκ-Bα, rabbit anti-phospho-Iκ-Bα, rabbit anti-JNK, rabbit anti-phospho-JNK, mouse anti-STAT3, rabbit anti-phospho-STAT3 (CST, Danvers, Massachusetts, USA); HRP-linked goat anti-rabbit IgG (Jackson Labs Technologies, Inc., Las Vegas, NV); rabbit anti-GAPDH and rabbit anti-β-actin (HuaAn Technologies, Inc., Hangzhou, China). HRP-linked goat anti-rat IgG (Byotime Institute Biotechnology, Shanghai, China), Cy3 conjugated goat anti-rabbit IgG H&L (Servicebio, Wuhan, China), Alexa Fluor 488 goat anti-rat IgG H&L (Invitrogen, USA).



Animals and Experimental Protocols

Six-week-old male C57BL/6J mice (20–23 g) were purchased from Shanghai Slack laboratory animal co., Ltd. (Shanghai, China). Mice were maintained in a temperature-controlled room (23 ± 3, 55 ± 10% humidity) with a 12-h light-dark cycle and had unrestricted to normal chow diet (NCD) or a choline-deficient, L-amino acid-defined, high-fat diet (CDAHFD) consisting of 60% kcal fat and 0.1% methionine (Research Diets, Inc., New Brunswick, NJ, USA) (35, 36). The mice were randomly divided into three groups (N = 8 for each group). Group A was given NCD and treated with vehicle (0.5% CMC-Na). Group B or C: mice were fed CDAHFD with orally administration myricetin at 100 mg/kg per day or vehicle (Figure 1B). The doses of myricetin were chosen based on previous studies in mice (28, 32, 37). At the end of treatment period, mice were euthanized using ketamine/xylazine, blood samples were collected via cardiac puncture to detect biochemical biomarkers. Livers were removed for measurement weight, photographed, and processed for further histological and molecular assessment. All samples were stored at −80°C until use. All animal experiments were performed according to the guidelines of the care and use of laboratory animals of Fudan University and approved by the Animal Ethics Committee of Zhongshan hospital.



Culture and Treatment of RAW264.7 Macrophage Cells

RAW264.7 murine cells were purchased from the Cell Resource Center, Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences (Shanghai, China) and cultured in undifferentiated RAW macrophages conditioned medium as previously described (38, 39). Briefly, the cells cultured in T25 flasks in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), glutamine (2 mM L), penicillin (50 U/mL), and streptomycin (50 μg/mL) at 37 and 5% CO2.

In vitro experiments evaluating the effect of myricetin on the activation and polarization of macrophages, RAW264.7 cells were polarized by culturing 106 cells/well overnight in 6-well plates before replacing the conditioned-medium to induce M1- or M2-polarized macrophages as descripted previously (9, 11, 39). Briefly, cells were classically activated with 100 ng/mL LPS (M1 condition) or alternatively activated with M2 condition (20 ng/mL IL-4), respectively; control cells were cultured with DMEM alone (M0 condition). For selective experiments, cells were pretreated with myricetin (50 μM) or vehicle (0.5% DMSO) for 12 h, then cells were added the macrophages conditioned medium for another 12 h. Finally, cells were then washed and harvested by centrifugation for immunofluorescence analysis, RNA and protein analysis. All measurements were performed in triplicate wells. For cells experiment, a stock myricetin solution (10 mM) was prepared using DMSO as the solvent and stored at −20 until use. Myricetin concentration for cells treatment was based on our primary study and previous in vitro bioactivity work (29, 40, 41).



Cell Viability Assays

RAW264.7 cells viability was evaluated by the Cell Counting Kit-8 (CCK8)-based spectrophotometric methods (Beyotime Institute Biotechnology, Shanghai, China) according to the protocol provided by the manufacturer. Cells were seeded in 96-well flat-bottom plates at a density of 5 × 103 cells/well. After 6 h of culture, the medium was then changed to serum-free medium containing 0.5% DMSO (vehicle) or various concentrations of myricetin (0, 25, 50, and 100 μM) for 0, 12, 24, or 48 h at 37 and 5% CO2. Following treatment, 10ul CCK8 solution was added in each cell and incubated for another 2 h at 37. Relative cytotoxicity was measured at 450 nm absorbance with Biotek EPOCH2 microplate reader (BioTek Instruments Inc., USA). Cell viability was defined relative to the vehicle-treated control, and each experiment was done three times independently to ensure reproducible results.



Serum Enzymes Assays

The serum alanine transaminase (ALT) and aspartate transaminase (AST) activity were analyzed using the kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) respectively following the manufacture's standard protocol.



Histopathology

Liver samples were collected from each mouse and fixed in 10% neutral buffered formalin and embedded in paraffin. Then these liver tissues were cut in 4-μm-thick sections and stained with hematoxylin and eosin (H&E), or Masson's trichrome according to standard procedures. Hepatic histopathological examination was performed in a blinded manner by an experienced pathologist with the histological scoring system for NAFLD (35, 42). Briefly, hepatocellular steatosis and liver inflammation scores were classified into grades 0 to 3 with 0 being within normal limits and 3 being most severe; the staging of liver fibrosis was classified into stages 0 to 4. Individual scores were assigned for each parameter. Moreover, liver fibrosis was also evaluating using the NIH ImageJ free software (Bethesda, Maryland, USA) on Masson's trichrome-stained sections in a blinded manner (23, 38).



Oil Red O Staining

Lipid accumulation in the liver was evaluated using an Oil Red O (ORO) staining kit (Sigma Chemical, Co. Ltd., St. Louis, MO, USA) as described in the manufacturer's procedure. All images were obtained using an Observer A1 microscope (Carl Zeiss) at ×100 magnification. For quantification ORO-positive staining, 5 randomly non-overlapping ×100 fields per specimen were examined and determined for six animals in each group using the NIH ImageJ free software (Bethesda, Maryland, USA). Results are expressed as percentages of positive areas in the high-power field.



Immunohistochemistry Staining and Analysis of Histological Markers

Immunohistochemistry (IHC) staining was carried out as our previously described (23). Briefly, formalin-fixed tissues were embedded in paraffin, cut 4-μm-thick sections. Followed by dewaxing, hydration and antigen retrieval by heat, sections were then blocked and incubated overnight at 4 with primary antibodies as follows: anti-SMA (1:100), anti-F4/80 (1:100), anti-CD163 (1:100), anti-Ym-1/Ym-2 (1:100), anti-IL-12 (1:100), and anti-IRF5 (1:100), with each primary antibody diluted in TBS containing 2% bovine serum albumin (BSA). Sections then were subsequently washed 3 times and incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody, followed by incubation for 5- to 10-min with 3, 3′-diaminobenzidine tetrachloride and visualization of specific staining by light microscopy. Images were acquired under high-power field with Nikon Eclipse Ti inverted microscope (Nikon, Amstelveen, The Netherlands).

Quantitative expression of immunostaining was carried out at a fixed threshold using NIH ImageJ software (Bethesda, Maryland, USA). For quantification α-SMA-positive areas in liver section, five random non-overlapping ×100 fields were examined and determined for six animals in each group (38, 43). For quantification the areas of hepatic macrophages (F4/80+, IL-12+, IRF5+, Ym-1/Ym-2+, and CD163+ cells) in sections, six random non-overlapping selected fields of view per slide at ×200 magnifications were analyzed and expressed as the percentage of positive area in the high-power field; and five mice of each group were examined (44).



TUNEL Staining

Terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL) staining was carried out to evaluate death hepatocytes in the liver. The paraffin-embedded liver tissue sections were stained using a DeadEnd™ Fluorometric TUNEL System based on the manufacturer's protocol (Promega, USA). Sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and hematoxylin solution and observed with Nikon Eclipse Ti inverted microscope (Nikon, Amstelveen, The Netherlands). The TUNEL-positive nuclei (blue) were quantified under ×200 magnification in 5 randomly non-overlapping fields and 5 animals of each group were assessed (16). The results were presented as the mean number of TUNEL+ cells each field.



Immunofluorescence and Quantification

The dissected liver tissues from mice were fixed in 4% paraformaldehyde, washed with PBS (pH 7.4), embedded in optimum cutting temperature tissue compound (OCT compound, Sakura, Japan), and stored at −80 for 24 h (16). Then the sections (8μm in thickness) were prepared with a cryotome Cryostat (Leica, CM 1900, Germany). After antigen retrieval was performed, blocking was carried out in PBS with 3 % BSA. Slides were incubated with primary antibody against F4/80 (dilution, 1:50) at 4°C overnight, then incubated with TREM-1 antibody (dilution 1:50) at RT for 1 h in case of double-staining. Cy3 conjugated goat anti-rabbit IgG H&L and Alexa Fluor 488 goat anti-rat IgG H&L antibodies were incubated at 1:200 in PBS at RT for 1 h. After washing with TBS for 3 times, the cell nuclei were counterstained with DAPI-Fluoromount-GTM (Southern Biotech, USA). Finally, the stained tissues were analyzed by fluorescence microscopy (BX51, Olympus, Japan).

RAW264.7 cells were fixed with 4% paraformaldehyde for 15 min at RT followed by permeabilization using 0.2% TritonX-100 in PBS. Then nonspecific binding was blocked with 3% BSA for 1h at RT, followed by incubation with primary antibodies for IL12 (dilution 1/100) and IRF5 (dilution 1/100) at 4 overnight. After twice washing in PBS, cells were incubated with secondary antibody for 1 h at RT. DAPI was used for nuclear staining. The slides were washed twice with PBS, covered with DABCO (Sigma-Aldrich, St. Louis, MO), and imaged by fluorescence microscopy (IX51, Olympus, Japan). Percentage of the IL-12+ and IRF5+ staining area in 6 randomly selected fields using the NIH ImageJ free software (Bethesda, Maryland, USA).



Western Blotting

Western blotting was performed as our described in detain previously (23, 43). In brief, homogenized liver tissue or harvested cells were lysed with RIPA buffer containing protease and phosphatase inhibitor cocktail (Thermo Scientific). The protein concentration in each was determined via the Bradford method (Bio Rad, Sydney, Australia). Forty microgram protein was separated by electrophoresis on a proper concentration of SDS-PAGE gels and transferred to nitrocellulose membranes. After blocking with 5% bovine serum albumin (BSA) in tris-buffered saline plus tween for 1 h and incubation with primary and secondary antibodies, the blots were visualized by ECL™ Western Blotting Detection Reagents (Amersham Pharmacia Biotech Inc., NJ, USA). The optical density of each band was quantified by NIH ImageJ free software (Bethesda, Maryland, USA) and normalized to GAPDH or β-actin as a loading control. The specific primary antibodies in our study were diluted as follows: α-SMA (1:1000), TREM-1 (1:500), IL-12A (1:1000), IRF-5 (1:1000), NF-κB (1:1000), phospho-NF-κB (1:1000), Iκ-Bα (1:1000), phospho-Iκ-Bα (1:1000), STAT3 (1:1000), phospho-STAT3(1:1000), JNK (1:1000), phosphor-JNK (1:1000), anti-GAPDH (1:1000), and anti-β-actin (1:1000).



RNA Isolation and Quantitative RT-PCR Analysis

Total RNA was isolated from frozen snap-frozen mouse livers or RAW264.7 cells using the Trizol reagent (Life Technologies, Grand Island, NY) according to the manufacturer's protocol. Single-stranded cDNA was synthesized using random hexamer primers and avian myeloblastosis virus reverse transcriptase commercial kit (Perfect Real Time, SYBR® PrimeScriP™TaKaRa, Japan). Quantitative RT-PCR reactions were carried out for assessment of mRNA expression on an ABI Prism 7500 sequence detection system (Applied Biosystems, Tokyo, Japan) as descripted previously (23, 43). Relative gene expression was normalized to β-actin as housekeeping gene, and fold change over the untreated control was calculated using the 2−ΔΔCt method (23). The primers sequences of the target genes were purchased from Sangon Biotech Co., Ltd. (Shanghai, China) and were provided in Table S1.



Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM), unless otherwise stated. All statistical analyses were carried out using GraphPad Prism 8.0 software (La Jolla, CA, USA). Differences between multiple groups were compared by one-way analysis of variance (ANOVA) with post hoc test (Tukey's correction for multiple tests). For comparison between two groups, the unpaired two-tailed Student's t-tests were used. In case of non-normality in distribution Wilcoxon-Mann-Whitney U-tests or Kruskal-Wallis tests were used to compare quantitative data, as appropriate. For all tests, P < 0.05 were considered statistical significance and the level of significance was shown by asterisks (****P < 0.0001; ***P < 0.001; **P < 0.01; and *P < 0.05).




RESULTS


Myricetin Alleviated Hepatic Steatosis, Hepatocytes Injury and Death, and Inflammation in a Diet-Induced Murine Model of NASH

To assess the effect of myricetin on diet-induced NASH, mice were fed separately a CDAHFD diet with vehicle or myricetin for 8 weeks. As shown in Table 1, there were remarkably differences in body weight (BW) and liver/body weight ratio between CDAHFD-fed mice and NCD-fed mice. However, compared with the vehicle-treated to NASH mice, myricetin-treated to NASH mice did not alter either BW or liver/body weight ratio. Also, there was no differences in liver weight between myricetin-treated NASH mice and vehicle-treated NASH mice (Table 1). Moreover, we found CDAHFD-fed induced an increase in the activity of ALT and AST, which are surrogate markers used to indicate hepatocytes injury and death. However, myricetin-treated to CDAHFD-fed mice showed a statistically relevant reduction the levels of serum ALT and AST when compared with vehicle-treated to those mice (Table 1).


Table 1. The impact of myricetin treatment on body weight, liver weight, and serum enzymes at 8 weeks in mice fed NCD or CDAHFD.
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Histological assessment exhibited that CDAHFD-fed mice highly induced lipid accumulation, hepatocyte death, and liver inflammation, with markedly enhanced macrophages infiltration that limited to the area surrounding the centrilobular veins of the liver (Figure 2). However, these morphological alterations were remarkably attenuated in NASH mice treated with myricetin. These observations were further confirmed by the NAFLD activity score from H&E-stained sections, which were lower in the myricetin-treated NASH mice than that in the vehicle-treated NASH mice (Figures 2A,B). As shown by ORO-staining, lipid accumulation in hepatocytes was also decreased in NASH mice with myricetin treatment when compared with the animals with vehicle treatment (Figures 2C,E). Moreover, hepatic macrophages were assessed by IHC staining for F4/80. As shown in Figure 2D, the basal amounts of hepatic macrophages were observed in NCD-fed mice, the number of hepatic macrophages and the foci containing macrophages were remarkably enhanced in mice fed with CDAHFD for 8 weeks. But treatment with myricetin obviously reduced the staining signaling of F4/80+ macrophages in CDAHFD-fed mice compared to vehicle-treated to those mice. These observation was further confirmed by quantification of the F4/80+ staining area, indicating that CDAHFD-fed for 8 weeks facilitated macrophages recruitment into the livers, and that the increased number of F4/80+ cells were remarkably decrease in myricetin-treated to NASH mice as compared with that in vehicle-treated to NASH mice (Figure 2F). In addition, we used TUNEL assay to evaluate the effect of myricetin on hepatocytes apoptosis in the liver from mice after feeding with CDAHFD for 8 weeks. As expected, the number of TUNEL+ cells were significantly increased in CDAHFD-fed mice compared that in NCD-fed mice; however, CDAHFD-fed mice receiving myricetin administration could lower the elevated number of TUNEL+ cells when compared to those animals receiving vehicle administration (14.16 ± 0.88/field vs. 25.24 ± 0.83/field; P < 0.0001; Figures 2G,H).


[image: Figure 2]
FIGURE 2. Myricetin (Myr) alleviated hepatic steatosis, hepatocytes injury, and death, and inflammation in a diet-induced murine model of NASH. (A) Representative macroscopic appearance of livers and H&E staining of the liver sections. Original magnification: ×100. (B) Histological analysis using NAFLD activity score (NAS). N = 6 for each group. (C) Oil Red O (ORO) staining of liver sections from mice. Original magnification: ×100. (D) Representative images of Immunohistochemical (IHC) staining of F4/80 in liver sections. Original magnification: ×200. (E) Quantification of ORO-positive staining. (F) Quantification of F4/80+ area staining in liver sections. Results mean of six fields and n = 5/group. (G) TUNEL staining for apoptotic cells of the liver sections from each group mice. Original magnification, ×200. (H) Quantification of the TUNEL+ cell number per high-power field (×200). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.


Taken together, our results demonstrated that myricetin alleviated hepatic steatosis, hepatocytes injury and death, and inflammation in a diet-induced murine model of NASH.



Myricetin Inhibited Liver Fibrosis and HSC Activation in NASH Mice

As shown in Figure 3A, mice fed of CDAHFD for 8 weeks led to obviously collagen accumulation, with deposition of extracellular matrix and formation of thin portal-to-portal fibrous septa. In contrast, CDAHFD-fed mice with myricetin administration showed thinner septa and more preserved intact hepatocytes than those animals with vehicle administration (Figure 3A). These findings were further confirmed by the percentage of fibrotic areas from each section, which was remarkably decreased in CDAHFD-fed, myricetin-treated mice vs. vehicle-treated mice on the same diet (5.88% vs. 10.56%, P < 0.0001; Figure 3C). Similarly, the mean fibrosis score was significantly reduced in myricetin-treated NASH mice than that in vehicle-treated NASH mice (1.83 ± 0.31 vs. 2.83 ± 0.17, P = 0.009; Figure 2B). Consistent with these findings, we noted that the mRNA expression of profibrogenic markers, including collagen 1α1 (Col1α1), connective tissue growth factor (CTGF), matrix metalloproteinase-9 (MMP-9), and tissue inhibitor of metalloproteinase-1 (TIMP-1), were markedly increased in NASH livers than that in NCD-fed livers; however, myricetin administration remarkably abrogated the effect of CDAHFD and downregulated the expression of these profibrogenic markers (Figure 3F).
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FIGURE 3. Myricetin inhibited liver fibrosis and HSC activation in NASH mice. (A) Masson's trichrome staining of liver sections in mice from fed an NCD or CDAHFD with myricetin (Myr) or Vehicle (Veh). Upper panel (original magnification, ×100) and lower panel (Original magnification, ×200). (B) Immunohistochemical (IHC) images of liver sections stained for α-smooth muscle actin (α-SMA). Bottom row contains images enlarged from the boxed area in the corresponding panel in the top row. Original magnification, ×100 (upper panel) and ×200 (lower panel). (C) Quantitative analysis of Masson's trichrome positive area. (D) Quantification of the α-SMA-positive area. (E) Western blotting analysis of α-SMA protein in livers; results were normalized relative to expression of GAPDH. (F) Transcript levels of fibrotic markers (α-SMA, Col1α1, CTGF, TIMP-1, and MMP-9) were measured by quantitative RT-PCR in whole liver samples (n = 5). Results were normalized to β-actin mRNA and expressed as folds change compared to NCD-fed mice. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; “NS” indicates not significant.


In order to investigate that effect of myricetin on HSC activation in the liver; we here examined the activated HSC marker α-SMA expression by IHC staining in liver sections. Our IHC showed that there was remarkably increased α-SMA immunostaining in the fibrotic septa in livers from CDAHFD-fed mice, while little staining of α-SMA in livers from NCD-fed mice; however, there was a relatively weak intensity in livers from myricetin-treated NASH mice when compared that from vehicle-treated NASH mice (Figure 3B). Consistent with this observation, semi-quantitative analysis demonstrated that the α-SMA-positive area was significantly lower in the liver from myricetin-treated NASH mice than those from vehicle-treated animals (2.82 ± 0.15% vs. 5.15 ± 0.18%, P < 0.0001; Figure 3D). These findings were further validated by western blotting and quantitative RT-PCR analysis that revealed lower expression α-SMA gene and protein in NASH mice with myricetin treatment compared with those mice with vehicle treatment (Figures 3E,F).

Collectively, these results indicated that myricetin strikingly attenuated NASH-related fibrosis and the activation of HSCs in a murine NASH model induced by CDAHFD.



Myricetin Treatment Suppressed M1 Polarity Switch in the Liver Macrophages in NASH Mice

To determine whether myricetin limits hepatic inflammation and fibrosis by switching macrophages polarization and modulating their function, we assessed the effect of myricetin on M1 polarization and activation in the pathogenesis of NASH with fibrosis. Here, we selected IL-12A and interferon regulatory factor 5 (IRF5) as molecular markers of M1 polarization (5, 45). We found that CDAHFD-fed remarkably enhanced M1-polarized macrophages, as indicated by IHC staining of IL-12A and IRF5 (Figures 4A,B) and by analysis of the IL-12+ area and IRF-5+ areas in liver sections (Figures 4C,D); however, myricetin-treated NASH mice inhibited M1 macrophage phenotype as determined by M1-polarized markers. Of note, these positive macrophages were limited into hepatic sinusoids and fibrotic septa in NASH mice. These results were further confirmed by quantitative RT-PCR for M1-related markers and indicated that CDAHFD-fed mice were related to the increased proinflammatory cytokine markers in livers, including TNF-α, IL-1β, IL-6, and MCP-1 mRNA, as compared with the NCD-fed mice. However, compared with vehicle-treated to NASH diet mice, myricetin-treated to NASH diet mice reduced the levels of those M1 markers genetic expression (Figure 4E). Taken together, these results suggested that myricetin administration remarkably inhibited the M1-poliarized macrophages and reduced the expression of inflammatory properties in livers of NASH mice.
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FIGURE 4. Myricetin treatment suppressed M1 polarity switch in the liver macrophages in NASH mice. (A,B) Representative immunostaining of IL-12A and interferon regulatory factor 5 (IRF5) in liver sections. Bottom row contains images enlarged from the boxed area in the corresponding panel in the top row. Original magnification: ×100 (upper panel) and ×200 (lower panel). (C,D) Quantification of the IL-12A+ and IRF5+ staining area in the liver from each group. (E) Hepatic mRNA expression of M1-polarized markers (TNF-α, IL-1β, IL-6, and MCP-1) was determined by quantitative RT-PCR, and results are shown as fold change compared with NCD-fed mice and β-actin served as loading control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; “NS” indicates not significant.




Myricetin Treatment Enhanced M2 Polarity Switch in the Liver Macrophages in NASH Mice

We also determined the effect of myricetin on M2-polarized macrophages in NASH mice with fibrosis. We applied chitinase-3-like 3 and 4 (also known as Ym-1 and Ym-2 in mice, respectively) and CD163 as molecular markers of M2-polarized macrophage (5, 45); and we noted that M2 macrophages in the liver were slightly increase in NASH mice induced by CDAHFD for 8 weeks as assessed by the Ym-1/Ym-2 and CD163 immunostaining (Figures 5A,B); however, NASH mice with myricetin treatment enhanced the density of Ym-1/Ym-2 and CD163 staining when compared with the NASH mice with vehicle treatment (Figures 5A,B). These results were further validated by percentages of Ym-1/2+ and CD163+ staining area (Figures 5C,D), suggesting myricetin-treated induced M2-polarized macrophages in livers from mice fed with CDAHFD. As a further corroboration, the M2 skewing was supported by the quantitative RT-PCR for selective M2-polarized markers such as CD163, IL-10, and Ym-1; and our results demonstrated that myricetin increased expression of CD163 and IL-10 mRNA, but there was no difference in Ym-1 gene expression between the myricetin-treated NASH mice and vehicle-treated NASH mice (Figure 5E).
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FIGURE 5. Myricetin (Myr) treatment enhanced M2 polarity switch in the liver macrophages in NASH mice. (A,B) Representative immunostaining of Ym-1/2 and CD163 in liver sections. Bottom row contains images enlarged from the boxed area in the corresponding panel in the top row. Original magnification: ×100 (left panel) and ×200 (right panel). (C,D) Quantification of the Ym-1/2+ and CD163+ staining area in livers from each group. (E) Hepatic mRNA expression of M2-polarized markers (CD163, IL-10, and Ym-1) was determined by quantitative RT-PCR, and the results are shown as folds change compared with NCD-fed mice and β-actin served as loading control (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; “NS” indicates not significant.


Together, these results showed that myricetin treatment induced hepatic M2 macrophage polarization in CDAHFD-induced NASH and immunosuppressive genes (IL10 and CD163).



Myricetin Treatment Suppressed M1-Polarized and Induced M2-Polarizd Macrophages in vitro

To investigate the effect of myricetin on macrophages polarization, we examined M1 and M2 markers by myricetin treatment in RAW264.7 cell induced by LPS or IL-4, respectively. As the RAW264.7 cell line can be reliably polarized to M1 phenotype in vitro by LPS stimulation (9, 11, 38), using the model of M1 macrophages, we found that administration with myricetin to the cells remarkably inhibited M1 polarity switch in macrophages as indicating in immunostaining with anti-IL12A and anti-IRF5 (Figures 6A–C). Next, we determined the expression of M1 macrophages markers such as IL12 and IRF5 by western blotting, our results revealed that myricetin administration markedly lowered the protein expression of those markers when compared with vehicle administration (Figure 6D). Moreover, our quantitative RT-PCR results also confirmed that myricetin treatment led to inhibiting M1 polarity switch in macrophages as depicted in mRNA expression of M1 markers (TNF-α, IL-1β, IL-6, and NOS2) (Figure 6E). Additionally, at this dosage, myricetin had not affect cell viability of macrophages in vitro (Figure S1).
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FIGURE 6. Myricetin (Myr) treatment suppressed M1 and induced M2 polarization of macrophages in vitro. (A,B) Representative fluorescence microscopic images of RAW264.7 cells with anti-IL12 and anti-IRF5 whole-mount staining. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). Undifferentiated RAW macrophages conditioned medium (M0), M1-differentiated macrophages conditioned medium, Myr (50 μM) or DMSO treated M1-differentiated macrophages conditioned medium. Bars represent mean ± SEM of at least three independent experiments. Scale bar = 50 μm. (C) Percentage of the IL-12+ and IRF5+ staining area in 6 randomly selected fields. (D) Western blotting and quantification of M1-marker IL12 and IRF5 protein expression in macrophages RAW264.7 cells, with results normalized relative to the expression of β-actin or GAPDH, respectively (n = 3). (E) Quantification gene expression analysis of M1 markers TNF-α, IL-1β, IL-6, and NOS2. The mRNA levels were normalized to β-actin mRNA levels and presented as folds change vs. DMSO-treated control. (F) Quantification gene expression analysis of M2 markers Ym-1, Arg1, CD163, and IL-10. The mRNA level was normalized to β-actin mRNA level and presented as folds change vs. DMSO-treated control. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; “NS” indicates not significant.


On the other hand, to investigate M2 macrophages phenotypes switching by myricetin in RAW267.4 cells, the culture of RAW267.4 cells were administrated with vehicle, myricetin (50 μM), or IL-4 (20 ng/ml) for 12 h. We found that the mRNA expression of M2 marker (Ym-1, Arg1, CD163, and IL-10) was highly enhanced by administration with myricetin when compared with administration with vehicle (Figure 6F).

Collectively, these findings indicated that myricetin administration could suppress the M1-polarized macrophages and induce M2 polarity upon stimulation in vitro.



Myricetin Treatment Inhibits the TREM-1-TLR2/4-MyD88 Signaling in the Liver of CDAHFD-Treated Mice and in LPS-Stimulated RAW264.7 Cells

To further explore whether the decreased M1 macrophages by myricetin was due to inhibition TREM-1-mediated signaling, we firstly examined the TREM-1 expression and subcellular location in the liver. As shown in Figure 7A, immunofluorescence double staining of TREM-1 and F4/80 in liver sections from mice revealed that TREM-1+ and F4/80+ cells almost overlapped; and the staining signal of TREM-1 in NASH and fibrotic liver is stronger than NCD-treated liver. However, compared with vehicle-treated NASH mice, the double-staining signaling of the F4/80+ TREM-1+ cells were remarkably decreased. The number of double-positive TREM-1+ F4/80+ cells increased remarkably in NASH mice compared with normal control, but this increase was inhibited by myricetin treatment in NASH mice (Figure 7B). We further determined the gene and protein expression of TREM-1 in the liver from mice by quantitative RT-PCR and western blotting, respectively. Our results demonstrated that there was a remarkable increase in TREM-1 at both the mRNA and protein levels in livers from NASH as compared with those in livers from NCD-fed controls; however, myricetin-treated NASH mice decreased the TREM-1 expression both in gene and protein levels when compared with vehicle-treated NASH mice (Figures 7C,D). Additionally, we also determined the mRNA expression of TLR2, TLR4, and the adapter MyD88 in the liver; we also found that CDAHFD-fed induced those genes expression as compared with NCD-fed mice. However, the upregulated expression of those genes in NASH livers was significantly inhibited by myricetin treatment as compared with vehicle treatment (Figure 7D).
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FIGURE 7. Myricetin treatment inhibits the TREM-1-TLR2/4-MyD88 signaling in the liver of CDAHFD-treated mice and in LPS-stimulated RAM267.4 cells. (A) Immunofluorescent double staining in liver sections from each group. Liver sections were double stained for TREM-1 (green) and F4/80 (Red) macrophages. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Original magnification: ×200; Scale bar = 50 μm. (B) Quantification of TREM-1 and F4/80 double-positive cells. (C) Western blotting and quantification of TREM-1 expression in lysed liver tissues, with results relative to the expression of GAPDH (n = 3). (D) Hepatic mRNA expression of TREM-1, TLR2, TLR4, and MyD88 was measured by quantitative RT-PCR. Results are shown as fold change compared with NCD-fed mice and β-actin served as loading control (n = 5). (E) The mRNA expression of TREM-1, TLR2, TLR4, and MyD88 in RAW264.7 cells were measured by quantitative RT-PCR. The mRNA levels were normalized to β-actin mRNA levels and presented as fold stimulation (mean ± SEM) vs. DMSO. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; “NS” indicates not significant.


To better characterize whether myricetin inhibits macrophage polarization to M1 via regulating TREM-1-mediated signaling on macrophages, we investigated the expression of TREM-1, TLR2, TLR4, and MyD88 in RAW264.7 cells that incubated with myricetin prior to induction M1-polarized macrophages using LPS in vitro. We found that LPS remarkably enhanced the expression of TREM-1in RAW264.7 cells at gene level, whereas these elevated expression of TREM-1 was markedly abrogated by administration of 50 μM myricetin. Moreover, myricetin also significantly reduced the mRNA expression of TLR2, TLR4, and MyD88 in LPS-stimulated RAW264.7 cells relative to DMSO-treated cells (Figure 7E).

Taken together, these findings indicated that myricetin treatment inhibited TREM-1-TLR2/4-MyD88 signaling both in vivo and in vitro study, which might be, at least in part, involved in regulating liver macrophages polarization.



Myricetin Inhibited the Activation of NF-κB Signaling and Reduced the Phosphorylation of STAT3 and JNK in LPS-Stimulated RAW264.7 Macrophages

Since the transcription factor NF-κB plays a critical role in inflammatory response, and we explored the effects of myricetin on the activation of NF-κB pathways by assessing the phosphorylation of I-κBα and NF-κB in LPS-stimulated RAW 264.7 cells. Our results revealed that treatment of RAW264.7 cells with LPS induced an obviously increase of the phosphorylation of I-κBα and NF-κB, while application of myricetin inhibited the phosphorylated expression I-κBα and NF-κB (Figures 8A–C). Additionally, STAT3 and JNK signaling are progressively elevated in livers of NASH (7, 46), in this study, we found that p-STAT3 and p-JNK were also increased in LPS-stimulated RAW264.7 cells, however, myricetin pre-treated to LPS-stimulated RAW264.7 cells led to lower the increased expression of the p-STAT3 and p-JNK as compared with vehicle-treated to the cells (Figures 8A,C,D). Collectively, these finding indicated that myricetin inhibited LPS-induced TREM-1-TLR2/4-MyD88-mediated inflammatory response via inhibiting of NF-κB activation and reducing the phosphorylation of STAT3 and JNK expression.
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FIGURE 8. Myricetin inhibited the activation of NF-κB signaling and reduced the phosphorylation of STAT3 and JNK in LPS-stimulated RAW264.7 cells. RAW264.7 cells were pretreated with myricetin (50 μM) for 12 h and then incubated for 12 h with LPS (100 ng/mL). (A) Western blotting analysis of the p-NF-κB p65, NF-κB p65, p-Iκ-Bα, Iκ-Bα, p-STAT3, STAT3, p-JNK, and JNK levels in LPS-stimulated RAW264.7 macrophages; and β-actin protein levels served as control. (B,C) Quantification of p-NF-κB p65/ NF-κB p65 ratio and p-Iκ-Bα/ Iκ-Bα ratio. (D,E) Quantification of p-STAT3/STAT3 ratio and p-JNK/JNK ratio. *P < 0.05, **P < 0.01.





DISCUSSION

Currently, there is no pharmacological agents that has been convincingly efficient against NASH and fibrogenesis (4, 47). In this study, we have provided both in vivo and in vitro evidence regarding the potent role of the myricetin in reducing the severity of steatosis, inflammation, hepatocyte cell injury and death, and fibrosis in CDAHFD-derived NASH model. Importantly, our results provide an evolving insight into the anti-inflammatory and antifibrotic effects of myricetin against NASH, which owning to its regulation the polarization of macrophages in the livers. Additionally, our data also have strongly reinforced the notion that liver macrophages polarization are associated with the development of NASH and fibrogenesis, and strategies inhibiting M1 polarity switch of macrophages may protect against exacerbated NASH and fibrosis (7, 9, 48).

Myricetin is one of the common plant-derived flavonoids, which exhibits a wide range of pharmacological effects including anti-inflammatory, antioxidant, anti-obesity, and antitumor activities (28–34, 37, 49). Here, using a murine model of diet-induced NASH, we demonstrated myricetin-treated to NASH mice significantly inhibited the pro-inflammatory cytokines (such as TNF-α, IL-1β, IL-6, and MCP-1) expression (Figure 4E). In line with decreased hepatic inflammation, plasma levels of ALT and AST were markedly decreased in myricetin-treated NASH mice (Table 1). Moreover, myricetin-treated to CDAHFD-fed mice markedly reduced hepatocyte apoptosis compared with vehicle-treated to CDAHFD-fed mice (Figures 2G,H). Meanwhile, our results also revealed that liver injury and hepatocytes death triggered the activation of Kupffer cell (Figure 2D), leading to inflammatory cytokine and chemokine production during NASH development. The perpetuation of inflammation and hepatocytes death further led to the pathogenesis of NASH and liver fibrosis (4, 5). However, myricetin treatment could inhibited this pathologic process. Indeed, our results confirmed that myricetin-treated to NASH mice effectively inhibited the activation of HSCs and hepatic fibrosis compared with vehicle-treated mice on the same diet (Figure 3). Supported our data, myricetin attenuated liver fibrosis-induced by CCl4 in mice (29, 32) and ameliorated high-fat diet-induced obesity and IR through enhancing antioxidant capacity (34). However, the exact molecular mechanisms by which myricetin exerts its beneficial effects on liver inflammation and fibrosis in NASH has been largely unknown.

Here, we used an established model of NASH to determine the mechanism by which myricetin improved liver disease. We highlighted the effects of myricetin on the activation and polarization of macrophages. Interestingly, we found that myricetin-treated to CDAHFD-fed mice suppressed M1-polarized macrophages in livers as shown by IHC staining of IRF5 and IL-12A and reduced mRNA expression of proinflammatory M1 marker (TNF-α, IL-1β, IL-6, and MCP-1) (Figure 4). Moreover, using murine macrophage RAW267.4 further confirmed that myricetin significantly inhibited LPS-induced M1-polarized macrophages in vitro (Figures 6A–E). It well documented that excessive or unresolved M1-polarized macrophages could incur chronic inflammation and tissue injury (39). Therefore, myricetin administration inhibited M1-polarized macrophages, which might be the mechanism of protection from NASH development and liver fibrogenesis exerted by myricetin.

On the other hand, we also assessed the effect of myricetin on M2 polarity switch of macrophages in NASH and fibrosis in mice. Our IHC results showed that M2 macrophage markers, Ym-1/2+ and CD163+, were both remarkably increased at 8-week CDAHFD-fed when compared with NCD-fed controls; however, myricetin treatment further induced the numbers of Ym-1/2+ cells and CD163+ cells. We also found hepatic mRNA expression of M2 markers (IL-10, CD163, and Ym-1) in NASH mice were induced as compared to that in NCD-fed control mice (Figure 5); however, myricetin-treated to NASH mice further increased hepatic mRNA expression of CD163 and IL-10 markers when compared with vehicle-treated to those animals, but there was no difference in Ym-1 gene expression (Figure 5). In vitro experiment, using IL-4 induced M2 polarization, we found myricetin induced M2-polarized macrophage genes (Ym-1, Arg1, CD163, and IL-10) similarly IL-4-induced macrophages (Figure 6F). Noticeably, several previous studies have also demonstrated that M2 macrophages activation (Ym-1+, CD206+, or CD163+) was induced and had the potential effect on inflammatory response and fibrogenesis both in chronic liver diseases and in animal models (47, 50–52). However, it's worth to note that M2 macrophages significantly decreased at the later stage of NASH and fibrosis (51). Although M2 polarity of macrophages is often thought to having anti-inflammatory or reparative properties, excessive or unrestricted M2-polarized macrophage can also result in immune dysregulation and liver fibrosis (38, 39, 52). Therefore, our results provided a new insight for understanding the anti-inflammatory and antifibrotic effect of myricetin in NASH, which owning to its attenuation of liver macrophages infiltration and suppression of the M1 polarity of liver macrophages.

Importantly, our results further revealed that the molecular mechanism of modulation of macrophages polarization in livers by myricetin was surmised to be direct inhibition of the TREM-1-TLR2/4-MyD88 signaling pathways (Figure 7). Our immunofluorescent double staining result indicated that the gene and protein expression of TREM-1 on macrophages was upregulated in the liver of NASH mice together with quantitative RT-PCR and Western blotting. However, myricetin treatment abrogated the increase levels of TREM-1 gene and protein expression (Figures 7A–D). Activation of TREM-1 has been shown to trigger and aggravate inflammation, especially through synergism with TLRs signaling (13–16); therefore, we further assessed the effects of myricetin on the mRNA expression of TLR2, TLR4, and its adapter protein MyD88. As expected, our result confirmed that myricetin treatment significantly inhibited TLR2/4-MyD88 signaling expression in livers from NASH mice. Thus, TREM-1-mediated inflammatory response at least in part was associated with hepatic macrophages polarization in NASH. Indeed, previous data have also revealed that TREM-1 pathway plays an important role in macrophage-mediated inflammatory response (18–21). Interestingly, a recent study suggested that TREM-1 receptor also mediated in reversing M2 polarization induced by hypoxia (18). Although the specific ligands of TREM-1 have not been identified yet, it has been revealed that TREM-1 activation amplifies the TLR2/4-mediated proinflammatory signals, allowing the secretion of proinflammatory chemokines and cytokine (14, 17). Moreover, recent studies have demonstrated that TREM-1 mediated signaling modulation of M1 macrophage activation promoted the inflammatory response in alcoholic liver disease and obesity-induced fatty liver disease (18, 20). To further delineate how myricetin switches macrophage polarity in NASH development, we examined TREM-1-mdiated inflammatory responses in vitro of LPS-induced macrophage activation, consistent with M1 macrophage polarization, the expression of TREM-1 was upregulated on LPS-induced macrophages. However, treatment of myricetin attenuated M1 polarity switch of macrophages and that was associated with the reduce of TREM-1 signaling expression on macrophages (Figure 7). Given that TLR2/4 signaling pathway also contribute to proinflammatory macrophages activation (53, 54), we deduced that this inhibitory effect of myricetin may be also involved in blocking M1 macrophages polarization. Taken together, our data highlighted an important role for the TREM-1-TLR2/4 signaling pathways in regulating M1 macrophage polarization in CDAHFD-fed induced NASH and liver fibrosis, indicating that inhibition of TREM-1 signaling might be an effective therapeutic target for NASH and liver fibrosis.

Of note, our results further revealed that myricetin led to inhibiting LPS-induced TREM-1-mediated inflammatory response via downregulation of NF-κB activation and reducing the phosphorylation of STAT3 and JNK expression as shown by our western blotting (Figure 8). These findings were consistent with previous studies exhibiting that myricetin attenuated inflammatory response in LPS-induced macrophages in vitro and in streptozotocin-induced diabetic nephropathy by inhibiting NF-κB signaling pathways (28, 37).

In conclusion, administration of myricetin attenuated hepatocyte injury and death, inflammation, and fibrogenesis in the CDAHFD-diet-induced NASH model through regulating polarization of macrophages in livers via TREM-1-TLR2/4-MyD88 signaling pathways. These results suggested that myricetin could be considered a potential therapeutic agent for NASH and liver fibrosis.
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Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease around the world estimated to affect up to one-third of the adult population and is expected to continue rising in the coming years. Nonalcoholic fatty liver disease is considered as the hepatic manifestation of the metabolic syndrome because it is strongly associated with obesity, insulin resistance, type 2 diabetes mellitus, and cardiovascular complications. Despite its high prevalence, factors leading to NAFLD progression from simple steatosis to nonalcoholic steatohepatitis, cirrhosis, and, ultimately hepatocellular carcinoma remain poorly understood. To date, no treatment has proven efficacy, and also no reliable method is currently available for diagnosis or staging of NAFLD beyond the highly invasive liver biopsy. Recently, extracellular vesicles (EVs) have emerged as potential candidate biomarkers for the diagnosis of NAFLD. Extracellular vesicles are circulating, cell-derived vesicles containing proteins and nucleic acids, among other components, that interact with and trigger a plethora of responses in neighbor or distant target cells. Several mechanisms implicated in NAFLD progression, such as inflammation, fibrosis, and angiogenesis, all related to metabolic syndrome–associated lipotoxicity, trigger EV production and release by liver cells. As hepatocytes represent ~80% of the liver volume, in this review we will focus on hepatocyte-derived EVs as drivers of the interactome between different liver cell types in NAFLD pathogenesis, as well as in their role as noninvasive biomarkers for NAFLD diagnosis and progression. Based on that, we will highlight the research that is currently available on EVs in this topic, the current limitations, and future directions for implementation in a clinical setting as biomarkers or targets of liver disease.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide, affecting 25% of the global adult population, especially in industrialized countries (1). In addition, NAFLD is also the most prevalent form of chronic liver disease in childhood, affecting ~10% of the general pediatric population (2, 3). The classic definition of NAFLD excludes excessive alcohol consumption, which is well known to cause alcoholic liver disease. Growing evidences support the hypothesis that NAFLD is the hepatic manifestation of metabolic syndrome, with insulin resistance as the common pathogenic factor (4). Although some genetic risk factors have been reported (5), the increase in body weight and the presence of several hallmarks of metabolic syndrome such as adiposity, hyperglycemia, dyslipidemia, and hypertension, may be key determinants in the pathogenesis of NAFLD.

Nonalcoholic fatty liver disease includes a wide signature of liver damage, extending from nonalcoholic fatty liver (NAFL) or steatosis toward nonalcoholic steatohepatitis (NASH), liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC), lately causing chronic hepatic insufficiency and the need for liver transplantation. Whereas, NAFL is defined by simple liver steatosis, NASH is characterized by the joint presence of steatosis and lobular inflammation with hepatocyte ballooning degeneration, with or without any fibrosis (6, 7). The underlying triggers and mechanisms for the development and progression of NAFLD, an issue under current investigation, are complex and multifactorial. Originally, the “two-hit hypothesis” was formulated in order to explain the progression from simple steatosis to NASH. According to this traditional point of view, the intrahepatic accumulation of lipids secondary to sedentary lifestyle, hypercaloric diets, obesity, and insulin resistance acts as the “first hit” sensitizing the hepatocytes to further injuries or insults. Proinflammatory cytokines, adipokines, bacterial endotoxins, mitochondrial dysfunction, oxidative stress, and/or endoplasmic reticulum (ER) stress represent the “second hit” for the progression to NASH. Subsequently, the “second hit” leads to hepatocyte injury, inflammation, and fibrosis. To date, the most widely accepted hypothesis is the “multiple-hit model” (8), because many other additional elements such as hormones/adipokines secreted from the adipose tissue, nutritional factors, gut microbiota, and genetic and epigenetic factors also contribute to the progression of this disease (9–13). However, liver fat accumulation, caused by obesity and insulin resistance, still seems to represent the first hit. In the adipose tissue, insulin resistance leads to an impaired suppression of lipolysis, causing triglyceride (TG) breakdown and a massive accumulation of free fatty acids (FFAs) and glycerol. Circulating FFAs are taken up by the hepatocytes and esterified into TGs. However, an excessive uptake of saturated FFAs may overwhelm the cellular capacity to store and esterify them into TG, leading to organelle dysfunction, cell injury (lipotoxicity), and apoptotic cell death (lipoapoptosis) of the hepatocytes, processes strongly associated with the progression from NAFLD to NASH.

In most cases, NASH typically develops asymptomatic until the disease progresses to end-stage liver disease at which liver transplantation is the only available therapeutic option. Therefore, early detection of NAFLD may be useful to identify those individuals with potentially silent progressive fatty liver disease. In some cases, the presence of NAFLD has been strongly suspected in individuals showing unexplained elevation of liver enzymes levels or evidence of steatosis by imaging. To date, liver biopsy remains the gold standard method for NAFLD diagnosis that classifies the state of the disease by histologic assessment. However, this highly invasive and harmful procedure to the patient cannot predict disease progression and often leads to late diagnosis.

At present, no pharmacological agents for the treatment of NASH have been currently approved by the US Food and Drug Administration. Therefore, lifestyle and dietary changes leading to weight loss are the first-line strategy to overcome NAFLD. Unfortunately, it has been demonstrated that a high number of patients regain most of the weight after a successful weight loss period, an effect likely due to the unavailability of a full multidisciplinary program focused on long-term weight maintenance for the patient (14, 15). For this reason, there is an urgent need to identify reliable noninvasive biomarkers specific for NAFLD and NASH diagnosis at an earlier time point at which lifestyle interventions and potential newly developed drugs can be used successfully.

To date, it is assumed that the lack of highly effective treatments may be due to the heterogeneity of the population with NAFLD with respect to its primary drivers and coexisting disease modifiers such as cardiovascular diseases (CVDs) or type 2 diabetes mellitus (T2DM). In fact, growing evidences suggest that, during NAFLD, a dichotomous classification of patients with or without NASH may not represent the full spectrum of disease progression due to the aforementioned modifying factors. Recently, the updated term MAFLD, metabolic dysfunction–associated fatty liver disease, has emerged to better define NAFLD pathogenesis and denotes the hepatic manifestation of a multisystem disorder that is heterogeneous in its underlying origin, progression, and outcomes (16, 17). MAFLD represents the overarching umbrella comprising multiple subtypes, but reflecting the dominant driver. As proposed, the criteria for diagnosis are based on evidence of hepatic steatosis in addition to one of the following three criteria, namely, overweight/obesity, presence of T2DM, or evidence of metabolic dysregulation, regardless of the amount of alcohol consumed. Therefore, the identification of the predominant drivers in each patient might allow the implementation of a personalized treatment to ensure the best response with low adverse side effects.

Recent advances in basic and translational research have provided insights into the pathogenic mechanisms driving the progression of NAFLD that involve parenchymal and nonparenchymal liver cells (18). Stressed or dying hepatocytes during lipotoxicity release intracellular molecules named damage-associated molecular patterns or DAMPs, which activate various cell types such as Kupffer cells (KCs), liver resident macrophages, neutrophils, and hepatic stellate cells (HSCs), boosting inflammation and fibrosis. It is noteworthy to highlight that the location of HSCs and KCs within the space of Disse facilitates their direct contact with other cell types including hepatocytes and liver sinusoidal endothelial cells (LSECs), thus promoting the intercellular transport of soluble mediators and cytokines. According to this, the progression from NASH to more advanced stages is the result of a complex intrahepatic interactome between different cell types via secreted factors, illustrating the complexity of cell–cell signaling in liver physiology and disease. Given this scenario, there is no a single therapeutic target for NAFLD treatment, which explains the lack of an effective therapy for the disease.



EMERGING ROLE OF EXTRACELLULAR VESICLES IN CELL-TO-CELL COMMUNICATION

Through the years, intercellular communication has been thought to be mediated only by direct cell-to-cell interaction or secretion of soluble factors. Nonetheless, it is now well recognized that cells are also capable of releasing, in an evolutionally conserved manner, various types of membrane vesicles as a third type of cellular interactome. These vesicles are generally known as extracellular vesicles or “EVs” (19).

The generic term “EVs” comprises a heterogeneous population of cell-released, nanometer-sized vesicles enclosed by a lipid bilayer membrane. Currently, EVs can be broadly classified into three main categories based on their size and cellular biogenesis: exosomes, microvesicles, and apoptotic bodies (19, 20). Briefly, exosomes are the smallest vesicles (30–150 nm) and are formed as intraluminal vesicles within multivesicular bodies (MVBs), which are released upon fusion with the plasma membrane. Microvesicles (50–1,000 nm) and apoptotic bodies (100–5,000 nm) are larger and formed by outward budding and fission of the plasma membrane, or when plasma membrane blebbing occurs during apoptosis, respectively. Figure 1 depicts the features commonly used to differentiate EVs subtypes.
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FIGURE 1. Classification and representative characteristics of extracellular vesicles (EVs) subtypes. Extracellular vesicles can be classified in three main subgroups based on their size and cellular biogenesis: exosomes, microvesicles, and apoptotic bodies. Exosomes are formed via the endosomal pathway and are released upon fusion of MVBs with the plasma membrane. Microvesicles are generated by the outward budding and fission of the plasma membrane. Apoptotic vesicles are released upon cell fragmentation during apoptotic cell death. ILV, intraluminal vesicle; MVB, multivesicular body.


Biogenesis of exosomes and microvesicles occurs at distinct sites within the cell. Also, they display similar morphology and overlapping size and share intracellular machinery in their formation. Therefore, this similar composition makes it difficult to identify. This, along with the lack of standardization of both isolation procedures and methods for their characterization, challenges current attempts to devise a more precise nomenclature (20, 21). In this regard, as the number of scientific publications in the field has increased in the last decade (22), the International Society of Extracellular Vesicles (ISEV: www.isev.org) published in 2014 the Minimal Information for Studies of Extracellular Vesicles (“MISEV”) guidelines (23) with the aim to unify the nomenclature and the methodologies for EVs studies worldwide. MISEV has been updated in 2018 (24).

Even though EVs are known since late 1980s (25, 26), they have recently remerged in the scientific community on biomedical research. Nowadays, the main interest in the EVs field is focused on their capacity to shuttle between cells, as well as in their specific bioactive cargo molecules such as nucleic acids (i.e., DNAs, RNAs, and noncoding RNAs such as miRNAs), proteins, lipids, sugars, and other metabolites that are transported in response to different stimuli. Of note, it is known that the process of cargo sorting is highly regulated; however, the mechanisms involved remain largely unknown (27). Therefore, each cell type can regulate EV production both quantitatively and qualitatively, depending on its physiological or pathological state. Furthermore, the same cell type may secrete heterogeneous populations of EVs if several mechanisms with distinct activators are involved (19, 20, 28).

Once released into the extracellular milieu, EVs can interact with nearby cells (cell-to-cell communication) or diffuse into bloodstream or other body fluids to act in distant organs (interorgan communication). Ultimately, EVs are able to transmit a unique package of information from donor-to-recipient cells, thereby eliciting functional responses and promoting phenotypic changes that will affect their physiological or pathological status (19, 20).

Extracellular vesicles need to selectively dock at the plasma membrane of specific target cells for triggering their phenotypic effects. In fact, all EVs bear surface molecules that allow them to be recognized by recipient cells. Several studies indicate that surface glycosylation patterns and exposed receptors and ligands (i.e., integrins) may be of relevance for EVs binding to target cells and, therefore, for their subsequent biodistribution (29, 30). Once attached to a target cell, EVs can initiate intracellular signaling pathways through the simple interaction with surface receptors or ligands. For example, EVs bearing surface ligands such as FasL, perforin, or tumor necrosis factor–related apoptosis-inducing ligand (TRAIL) are fully functional in inducing death receptor–mediated apoptosis (31–33). Nonetheless, EVs cargo delivery by vesicle internalization (endocytosis) or fusion with target cells is commonly needed for specific cellular responses. In this regard, EVs can release inside the recipient cell proteins, bioactive lipids, or even active signaling molecules, including enzymes, which activate a plethora of downstream signaling pathways. Moreover, EVs can also load active mRNAs and miRNAs that regulate gene expression through de novo translation or posttranslational regulation of target mRNAs, respectively (20, 34).

Extracellular vesicle–mediated intercellular communication is necessary to maintain cellular homeostasis and physiological functions, whereas alterations in this process could be an indicator of pathological states. The fact that EVs cargo can be modified under pathological conditions raises the question whether EVs might have a different biological role in health or disease. Hence, EVs could serve as potential therapeutic targets in the treatment of several pathologies. Moreover, because of disease-associated cargo and ubiquitous presence and stability of EVs in various human biofluids, they may also have clinical relevance as noninvasive biomarkers for disease detection and prognosis (35). On the other hand, EVs, either unmodified or engineered, have also generated considerable attention in the scientific community because of their potential use for therapeutic purposes (36). Extracellular vesicles are bioavailable, biocompatible, and resistant to RNases and proteases (37). These characteristics make them ideal vehicles for the delivery of drugs, proteins, miRNAs, silencing RNAs (siRNAs), and other molecules. Regarding to liver diseases as a major focus of this review, efforts have been focused in two major areas: on the one hand, the use of EVs as delivery vehicles of drugs to the liver (38) and, on the other, the use of EVs themselves as therapeutic agents to stimulate liver regeneration, modulate inflammation, reduce liver fibrosis, or block hepatocarcinogenesis (39, 40). However, several substantial challenges such as standardization of methodology and selection of the type of EVs for delivery still need to be solved before controlled clinical studies can be carried out (41, 42).

Identification and analysis of cell/tissue–specific molecular patterns is promising for diagnostic, prognostic, and therapeutic purposes. The tissue-specific protein composition of EVs provides opportunities to identify cell type–specific signatures to be used as diagnostic markers. Several protein screening methods available such as two-dimensional gel electrophoresis and mass spectrometry are time consuming, poorly suited for high-throughput screening of many samples, and their sensitivity and reproducibility may be limited. In this sense, Larssen et al. (43) showed that multiplex proximity extension assays (PEAs) are a powerful protein screening tool in EVs research. This technology allows identification, analysis, and validation of potential EVs-associated markers to identify with high specificity and sensitivity the protein profiles of EVs of different origins. Importantly, the ability of this technology to trace cellular origin could be extended to plasma-derived EVs, facilitating efficient and noninvasive diagnostic strategies at early stages of diseases. A limitation of the current study is the fact that the PEA panels are not available to all EV target cells. Thus, further investigation and optimization of PEA to be used in the screening of larger patient cohorts and additional body fluids are needed.

Accumulating evidence supports a role for EVs in a wide range of human diseases, including the spectrum of conditions associated with obesity and metabolic syndrome (44). Moreover, the abundance and the phenotype of blood-circulating EVs have been reported to change in obesity and associated disease states including insulin resistance, T2DM, and NAFLD (45). Several mechanisms implicated in NAFLD progression, such as inflammation, fibrosis, and angiogenesis, all related to metabolic syndrome–associated lipotoxicity, trigger EV production and release by the liver (45). On the one hand, EVs mediate local intercellular communication between the liver cells, thereby driving disease pathogenesis, and on the other, liver-derived EVs could affect distant tissues and organs upon their release to the bloodstream. Thus, liver-derived EVs have promise as biomarkers for diagnostic and prognostic purposes in patients (46). However, the identification of liver-derived EVs in circulation as indicative of metabolic alterations in this organ is still a challenge for basic and clinical researchers.

As mentioned above, NAFLD is not an isolated condition, and generally speaking, this disease occurs as a complication of other metabolic disorders. Therefore, multiple tissues may be affected, and consequently, the contribution of extrahepatic EVs during NAFLD cannot be excluded (i.e., adipocyte- or immune cells–derived EVs). Furthermore, most liver cell types produce EVs including hepatocytes, cholangiocytes, HSCs, and LSECs (35). Nonetheless, as 80% of the liver volume is composed by hepatocytes, their participation to the total pool of liver-derived EVs is likely the most relevant. Therefore, in this review, we will focus on hepatocyte-derived EVs (Hep-EVs) as drivers of NAFLD pathogenesis or noninvasive biomarkers for NAFLD diagnostic and prognostic.



ROLE OF HEPATOCYTE-DERIVED EVS IN NAFLD

Lipotoxicity is one of the triggers of NAFLD progression because it is a process by which accumulation of toxic lipids species in hepatocytes such as saturated FFAs activates molecular pathways related to cellular stress that can result in cell death (47, 48). In this section, we will analyze different studies with evidences on lipotoxic hepatocyte injury that affects, or even drives, the responses of surrounding liver cells through the release of Hep-EVs. On the other hand, we will highlight the studies currently available that point to the participation of Hep-EVs in NAFLD-associated complications.


Hep-EVs as Key Role in the Progression NAFLD to NASH

As we stated above, there are several key events closely interconnected involved in NAFLD progression to NASH such as inflammation, fibrosis, hepatocyte cell death, and dysregulated angiogenesis. All of these signs are related to metabolic syndrome–associated lipotoxicity which triggers EV production and release by the liver (45). Next, we will review in detail several studies which compile the role of proinflammatory, proangiogenic, and profibrotic Hep-EVs as pathogenic mediators during lipotoxicity in NAFLD (Figure 2).
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FIGURE 2. Signaling events mediated by extracellular vesicles during hepatocyte lipotoxicity. Hepatocyte injury induced by lipotoxicity triggers the release of EVs (Hep-EVs) that drive the response of surrounding cells playing an important role during NAFLD progression to NASH such as hepatic inflammation, dysregulated angiogenesis, and fibrosis. Recent in vitro and in vivo studies have defined multiple Hep-EV cargos responsible of different phenotypic effects in the target cells. CXCL10 and ceramide-enriched EVs mediate monocyte/macrophage chemotaxis to the liver, whereas TRAIL-enriched EVs and miR192-5p contribute to macrophage activation. ITGβ-enriched EVs regulate monocyte adhesion to LSECs, and Hep-EVs can also activate NLRP3 inflammasome. VNN1-1–bearing EVs mediate endothelial cell migration and tube formation and neovascularization, whereas miR-128-3p–laden EVs induce HSC proliferation and activation. EV, extracellular vesicles; CXCL10, C-X-C motif chemokine ligand 10; Cer, ceramide; S1P, sphingosine 1-phosphate; TRAIL, tumor necrosis factor–like apoptosis inducing ligand; ITGβ1, integrin β1, LSEC, liver sinusoidal endothelial cells; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; VNN1, vanin-1; EC, endothelial cells; HSCs, hepatic stellate cells; NAFLD, nonalcoholic fatty liver; NASH, nonalcoholic steatohepatitis.



Hep-EVs in Liver Inflammation

Recruitment of monocyte-derived macrophages into the liver contributes to the inflammatory response during NASH (49). However, how hepatocyte lipotoxicity promotes monocyte-derived macrophages chemotaxis, activation, and hepatic inflammation, all of these pathogenic processes being essential in the progression of NAFLD, also remains unclear.

Ibrahim et al. demonstrated that proapoptotic lipotoxic signaling triggered by mixed lineage kinase 3 (MLK3) induces the release of proinflammatory Hep-EVs enriched in potent C-X-C motif chemokine ligand 10 (CXCL10) that, in turn, lead to monocyte-derived macrophages chemotaxis to the liver and may activate KCs during NASH progression (50). Moreover, MLK3-deficient mice fed a fat-, fructose-, and cholesterol-enriched diet (FFC diet) were protected against development of dietary steatohepatitis. This beneficial effect was associated with a reduction in the number of total plasma EVs and EVs containing CXCL10 compared to the wild-type mice. In another study, Kakazu et al. illustrated that palmitate-induced Hep-EVs are enriched in C16:0 ceramide, a bioactive lipid specie generated from palmitate (51). C16:0 ceramide-enriched Hep-EVs were released from damaged hepatocytes in response to lipotoxicity, an effect mediated by the ER stress sensor inositol requiring enzyme 1α (IRE1α). Palmitate-induced EVs were chemoattractive toward macrophages because they also contained sphingosine 1-phosphate (S1P), a ceramide metabolite that activates its receptor in macrophages. They also showed increased C16:0 ceramide in the blood of mouse and humans with NASH. These data provide a mechanistic association between lipotoxic ER stress and disease pathogenesis via EVs and suggest that C16:0 ceramide and S1P content in EVs might be used as biomarkers in NASH patients. In the same line, Hirsova et al. have reported that, upon toxic lipid overload, hepatocytes can initiate a C/EBP homologous protein (CHOP)/death receptor 5 (DR5)/caspase-8/caspase-3 signaling cascade resulting in the activation of Rho-associated protein kinase 1 (ROCK1) and the release of EVs expressing TRAIL on their surface (33). Hence, TRAIL-bearing EVs were able to activate mouse bone marrow–derived macrophages toward an inflammatory phenotype (M1) via nuclear factor κB (NF-κB) signaling. They also showed that the release of Hep-EVs and, therefore, macrophage activation, was decreased by inactivating DR5 signaling pathway or using ROCK1 inhibitors. Likewise, they found that ROCK1 inhibition in mice with NASH led to a reduction of circulating EV levels associated with less liver damage such as inflammation and fibrosis. Moreover, Guo et al. (52) conducted a study that provides insights regarding the mechanism by which lipotoxic Hep-EVs may regulate peripheral blood monocyte adhesion to LSECs and hepatic recruitment and retention during NASH. They found that integrin β1 (ITGβ1), a cell adhesion molecule highly expressed in hepatocytes, plays a role in the progression of NASH. Lipotoxic insult in hepatocytes activates ITGβ1 and facilitates its endocytic trafficking and release of EVs, thereby promoting monocyte adhesion to LSECs, an essential step in hepatic inflammation. They also showed that blocking ITGβ1 in mice fed a FFC diet ameliorates liver inflammation, injury, and fibrosis. Hence, these authors propose that reducing the ability of LSECs to recruit harmful proinflammatory monocytes through ITGβ1 inhibition may serve as an anti-inflammatory therapeutic strategy to combat NASH. On the other hand, Cannito et al. demonstrated that EVs released by fat-laden hepatocytes undergoing lipotoxicity can directly activate the multiprotein platform complex nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome in both hepatocytes and macrophages, resulting in caspase 1 activation and pro–interleukin-1β and pro–interleukin-18 production, ultimately leading to a significant release of IL-1β (53). Since the release of EVs from lipotoxic cells and the subsequent activation of the NLRP3 inflammasome have been suggested to contribute to NAFLD progression, these data point to a novel rational link between lipotoxicity and inflammatory responses.

It is also noteworthy to mention a recent study conducted by Liu et al. showing that lipotoxic hepatocytes release exosomes enriched in miR-192-5p that activate proinflammatory macrophages and hepatic inflammation through the negative regulation of Rictor/Akt/FoxO1 signaling pathway (54). Furthermore, in patients with NAFLD, serum miR-192-5p levels positively correlated with hepatic inflammatory activity score and disease progression. Likewise, serum miR-192-5p levels and the number of M1 macrophages, as well as the expression levels of hepatic proinflammatory mediators, were correlated with disease progression in high-fat, high-cholesterol diet (HFHCD)–induced NAFLD in rats. Thus, they suggested serum exosomal miR-192-5p as a potential noninvasive biomarker and therapeutic target for NASH.



Hep-EVs Involved in Angiogenesis

Angiogenesis is a pathological feature of NASH and plays a central role in NAFLD progression. However, angiogenesis-inducing molecular and signaling mechanisms, as well as the potential link between lipotoxicity and angiogenesis, remain incompletely understood.

A study reported by Povero et al. (55) provided evidences that hepatocytes overloaded with saturated lipotoxic FFAs secrete proangiogenic signals. They identified Hep-EVs laden with vanin-1 (VNN1), an epithelial ectoenzyme with recognized cell migration and adherence properties, which induced endothelial cell (EC) migration and vascular tube formation, two processes required for angiogenesis. Of relevance, EVs derived from VNN1-deficient HepG2 cells failed to induce significant EC migration and tube formation. Likewise, administration of siRNA targeting VNN1 to mice fed with a methionine- and choline-deficient diet protected against NASH-induced pathological angiogenesis in the liver. Altogether, these findings uncovered a mechanism linking hepatocyte lipotoxicity to angiogenesis and identified a potential therapeutic target for developing novel antiangiogenic strategies for the treatment of NASH, as well as a circulating biomarker of liver damage.



Hep-EVs Involved in Fibrosis

Hepatic stellate cells play a crucial role during liver fibrosis in advanced NAFLD (56). When hepatic steatosis develops, HSCs are activated and express several fibrosis markers such as transforming growth factor β, tissue inhibitor of metalloproteinases 1 and 2 (TIMP-1 and TIMP-2), and matrix metalloproteinase-2 (57). However, the trigger for HSC activation in NAFLD is still under investigation. The following mentioned studies have suggested that EVs may have important roles in the crosstalk between hepatocytes and HSCs in the progression from simple steatosis to NASH, identifying potential molecular targets for antifibrotic therapeutic interventions.

As shown by a marked up-regulation of profibrogenic genes including collagen-I, α-smooth muscle actin, and TIMP2, as well as proliferation, chemotaxis, and wound healing responses, the study of Povero et al. (55) demonstrated that EVs released from lipid-laden hepatocytes are internalized into HSCs, inducing a phenotypic switch from quiescent to activated HSCs (required for development of liver fibrosis). These changes were associated with the EVs cargo miR-128-3p, which regulates several proteins involved in liver fibrosis and HSC activation, as well as peroxisome proliferator-activated receptor γ (PPAR-γ) that has been proposed as mediator in the maintenance of a quiescent HSCs phenotype in normal liver (58). Interestingly, exposure of HSCs to miR-128-3p–depleted EVs resulted in downregulation of profibrogenic markers and upregulation of PPAR-γ. Likewise, miR-128-3p–depleted EVs attenuated HSC proliferation and migration. Along these lines, Lee and colleagues have shown enhanced exosomes production and altered exosomal miRNA profile in palmitic acid (PA)–treated hepatocytes that increased the expression levels of fibrotic genes in HSCs. A step further, they confirmed that in exosomes from PA-treated cells, the expression of miRNA-122, one of the most abundant miRNAs in the liver (59, 60), was increased together with miRNA-192 also associated with NASH progression and fibrosis (61, 62). In this study, it was found that direct transfection of miRNA-192 into HSCs increased the expression of fibrosis markers. On the other hand, they found that the expressions of miRNA-122 and miRNA-192 were increased in circulating exosomes from patients with advanced NAFLD compared to those at early stages of the disease (63). Therefore, it was suggested that miRNA profiling in circulating exosomes may serve as a biomarker for the diagnosis of advanced NAFLD or NASH.

In summary, these relevant studies point to the participation of Hep-EVs in the modulation of responses of nonparenchymal cells of the liver including LSECs, HSCs, and KCs as a multiple-hit mechanism resulting in accelerated NASH progression.




Hep-EVs and NAFLD-Associated Complications

The harmful effect of NAFLD is not only limited to damage of the well-known liver functions in metabolism and detoxification processes, among others, but also provides an independent risk for development of atherosclerosis and other related CVDs, which represent the main cause of death in these subjects (64). Although clinical evidences have linked NAFLD and CVD, the underlying molecular mechanisms need to be deciphered. The potential role of Hep-EVs in endothelial inflammation and atherogenesis in the context of NAFLD has been achieved by Jiang et al. (65). They identified miR-1 as mediator of the proinflammatory effect of EVs via downregulation of Kruppel-like factor 4 (KLF4), a transcriptional regulator of vascular homeostasis, and activation of the NF-κB pathway in ECs. Moreover, inhibition of miR-1 with a specific antagomiR-1 in an animal model of atherosclerosis accompanied by fatty liver (ApoE−/− mice fed an high-fat diet) strongly suppressed vascular smooth muscle cells growth, stabilized plaques, and reduced endothelial inflammation leading to a marked amelioration of atherosclerotic plaque formation. This study provides convincing evidence implicating Hep-EVs in the distant communication between the liver and vasculature in NAFLD, and also unravels a molecular mechanism underlying the development of cardiometabolic disease.

In a different line and as previously mentioned, hepatic steatosis through aberrant accumulation of TGs in hepatocytes is the first hit during NAFLD development. Communication among metabolic tissues such as liver and adipose tissue regulates TG distribution in the body, which is critical for maintaining whole-body metabolic homeostasis (66). A recent study suggests that, in the context of lipid overload, the liver orchestrates the cross-talk with adipose tissue via specific EVs-containing miRNAs (67). They propose an interorgan mechanism whereby the liver in response to lipid overload sends an early signal to adipose tissue to modulate metabolic adaptations in order to counteract the excess of lipid deposition and also drives TG redistribution to maintain systemic homeostasis. At the molecular level, this study involves geranylgeranyl diphosphate synthase (GGPPS), an enzyme of the mevalonate pathway, which plays an important role in regulating glucose homeostasis and insulin sensitivity, in the secretion of Hep-EVs containing miRNAs. It was demonstrated that Ggpps expression is induced in hepatocytes by acute and chronic HFD consumption allowing geranylgeranylation of the Rab-GTPAse Rab27A, which, in turn, increases EV secretion. Among EVs-derived miRNAs, let-7e-5p enhances adipocyte lipid deposition by increasing lipogenesis and inhibiting lipid oxidation through alet-7e-5p-Pgc1α axis. Furthermore, this phenomenon is inhibited in liver-specific Ggpps knockout mice due to reduced Hep-EV secretion. Thus, this seminal study highlights a Hep-EVs–mediated liver–adipose tissue signaling axis that may be necessary for the metabolic adaptations of adipocytes to face lipid overload in order to maintain systemic homoeostasis during NAFLD.




CIRCULATING EVS AS BIOMARKERS OF NAFLD DIAGNOSIS

As stated above, liver biopsy remains the gold standard procedure for diagnosis, staging, and monitoring of NAFLD. However, it is expensive, highly invasive, and inaccurate due to error sampling and carries some morbidity and a rare mortality risk; therefore, it is currently unsuitable for routine use in individuals at risk of NAFLD (68, 69). The paucity of systematic screening for NAFLD has led to massive underdiagnosis in patients progressing to advance NASH or cirrhosis, more severe and irreversible stages of the disease.

Currently, several noninvasive methods are being used in clinical practice to assess NAFLD in order to mitigate the need for liver biopsy. These include imaging techniques such as magnetic resonance (MR)– and ultrasound-based elastography and analysis of serum hepatic enzymes as surrogate markers of liver inflammation and synthetic function. Nonetheless, these techniques lack sensitivity and specificity enough for detection of the early stages and do not always correlate with the severity or extent of hepatocellular injury and/or inflammation (70, 71). Ideal candidate markers should reflect not only the presence of NAFLD, but also its severity, which is vital for early diagnosis and grading progression (45). This diagnostic utility may be further projected to the treatment of NAFLD at early stages in order to decrease the incidence of NASH and cirrhosis.

In this context, circulating EVs may represent an optimal noninvasive blood-based biomarker or, so-called liquid biopsy, for NAFLD diagnosis (35). Table 1 summarizes potential EVs-based biomarkers for NAFLD. Several protein-based EV biomarkers have been introduced for NAFLD liver damage (72), NASH (33, 50), or HCC (78, 80–82), although to date most studies have focused on characterizing EVs-associated nucleic acids, especially miRNAs and particularly in HCC (85–88). Apart from their use in liver malignancies, EVs-associated miRNAs may also serve as biomarkers in nonmalignant liver diseases such as NASH-induced fibrosis (84). Moreover, because of specific EVs-target cell–tissue interactions, lipid-based EV biomarkers might be important in NAFLD diagnosis as well, even though <3% of circulating lipids are transported in EVs (89). The only data available in this area is shown in the aforementioned study conducted by Kakazu et al. (51) showing increased C16:0 ceramide-enriched EVs in mice and humans with NASH. Nonetheless, circulating EVs are heterogeneous and do not exclusively reflect the specific contribution of the liver. Extrahepatic EVs may, in fact, mask liver-derived EVs, which ultimately, as we have reviewed, have a relevant role in NAFLD pathogenesis. Therefore, the identification of liver-specific markers in EVs might facilitate the detection of low-abundance cargos usually undetected, thereby providing direct information on disease progression, recovery, and treatment responses. In this regard, EV enrichment based on liver-specific markers followed by cargo analysis could represent a good strategy for biomarker discovery in NAFLD.


Table 1. Extracellular vesicle biomarkers in nonalcoholic fatty liver disease (NAFLD).
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Circulating Liver-Derived EVs

One of the first studies to overcome this challenge was conducted by Povero et al. in experimental murine models of diet-induced NAFLD and early- and advanced-NASH. These authors observed that levels of circulating EVs increased over time during NASH progression and strongly correlated with several histological features such as cell death, angiogenesis, and fibrosis (73). Consistent with previous findings of other groups (90, 91), in a subsequent analysis Povero et al. revealed that circulating EVs isolated from mice with NAFLD were enriched in miR-122 and miR-192, two miRNAs abundantly expressed in hepatocytes. Based on these results, they proposed that hepatocytes were likely the main source of circulating EVs, concluding that Hep-EVs increased in mice with NAFLD (73). Extracellular vesicle–associated miR-122 and miR-192 were later validated by Lee et al. (63) as a biomarker of NASH progression in sera from NAFLD patients. Nevertheless, Hep-EVs as noted earlier were also enriched in the enzyme VNN-1, which promoted angiogenesis and induced liver damage in NASH, hence representing another potential biomarker (55). Furthermore, in the mentioned study of Liu et al., an increase in Hep-EVs and EV-associated miR-192-5p in serum of HFHCD-fed rat NAFLD model and NASH patients was also observed, therefore proposing miR-192-5p as other biomarker (54). In a previous study, we found that hepatocyte-derived circulating EVs containing mitochondrial DNA were also increased in plasma from both mice and patients with NASH, and importantly, this work implicated EVs in macrophage activation via Toll-like receptor 9 (TLR9) (83).

A distinct approach to identify liver-derived EVs was achieved by Brodsky et al. (79). They isolated circulating EVs enriched in proteins from liver origin in patients with HCC using flow cytometry and immunolabeling against the protein hepatocyte paraffin 1 (Hep Par 1), an antibody to carbamoyl phosphate synthetase 1 used as tissue marker of HCC. These authors found increased levels of circulating liver-derived EVs in patients with HCC that correlated with the size of the liver tumors. Endothelium-derived EVs were also evaluated, and the same correlation was found (79). In this line, more recently Li et al. (74) identified Hep-EVs using nanoscale flow cytometry detecting hepatocyte selective surface markers on EVs such as asialoglycoprotein receptor 1 (ASGR1) and cytochrome P450 family 2 subfamily E member 1 (CYP2E1). By using this technology, they found increased Hep-EVs in both male and female mice at an early NAFLD stage (12 and 10 weeks of FFC diet feeding) before histologically apparent inflammation and remained elevated over time (24, 36, and 48 weeks). Macrophage- and neutrophil-derived EVs were also analyzed due to the important role of the immune signature in NASH. Macrophage- and neutrophil-derived EVs were significantly elevated at 24 weeks of dietary feeding concomitant with histologic inflammation in the liver. Furthermore, hepatocyte-, macrophage-, and neutrophil-derived EVs strongly correlated with the histologic assessment of NASH and noninvasive MR-based biomarkers of NASH. They also quantified platelet-derived EVs demonstrating sexual dimorphism because they were elevated in male mice at 12, 24, and 48 weeks of dietary feeding, whereas in female mice elevations were found at 24 weeks (74). This work constitutes the first descriptive report of the kinetic changes in hepatocyte-, macrophage-, neutrophil-, and platelet-derived EVs in a mouse model of NASH.



Circulating Immune Cells–Derived EVs

Regarding the immune system in NAFLD progression, it is important to highlight the pioneering study of EVs-based NAFLD diagnosis in humans published by Kornek et al. (75). They suggested for the first time the existence of a correlation between the circulating abundance of specific leukocyte-derived EVs and disease severity, as determined by liver transaminase levels, biopsy grade, and NAFLD activity score. To date, these findings still represent the most compelling study with clinical samples for NAFLD diagnosis and progression based on EVs. Consistently, this study was recently confirmed by Welsh et al. (76), who also reported leukocyte-derived EVs as a marker for liver fibrosis severity in NAFLD. It is noteworthy to mention that Kornek et al. (75) also observed that patients with chronic hepatitis C could be differentiated from patients with NASH using immune cells–derived EVs. This was further supported by another study in which transcriptomic analysis revealed that serum EVs-derived miRNAs were regulated either positively or negatively with the histological features of the disease such as inflammation and fibrosis, therefore differentiating multiple etiologies of liver disease, as well as disease from healthy controls (92). In another study, both circulating Hep-EVs and immune cell–derived EVs were analyzed (77). Extracellular vesicles from hepatocytes or myeloid origin were found increased in patients with cirrhosis compared with healthy individuals. In patients with cirrhosis, plasma Hep-EVs contained high levels of cytokeratin-18 compared with healthy individuals. Moreover, the severity of cirrhosis correlated with the levels of leukoendothelial EVs and Hep-EVs (77).

Taken together, all these studies have established a solid background for EV biomarker discovery in NAFLD diagnosis. However, because of the current notable limitations, there is still a long way to go before EVs-related assays will have translational utilities. Aside from disease and tissue specificity, the lack of generally accepted standardization of the methods for EV isolation and guidelines related to sample collection and handling can interfere with downstream analysis, resulting in high variability that complicates the reproducibility and validation of EVs as biomarkers (35, 45).




CONCLUDING REMARKS

In this review, we have summarized some of the most recent and original studies investigating the key role of EVs released by stressed hepatocytes (Hep-EVs) by targeting nonparenchymal cells such as HSCs, LSECs, and macrophages. This interactome links lipotoxicity with inflammation and angiogenesis, relevant events in the progression of NAFLD to NASH stage. In addition, we compiled several studies on the significant interest of Hep-EVs released into the systemic circulation as potential biomarkers for NAFLD diagnosis and progression. Future studies to examine additional molecular mechanisms involved in EVs biogenesis, release, and dysregulation of target cells, as well as the identification of cargos with potential value as biomarkers for noninvasive diagnosis and monitoring of disease progression, are highly awaited.



AUTHOR CONTRIBUTIONS

IG-M, RA, PR, and AV contributed to the preparation and writing of this review article. All authors contributed to the article and approved the submitted version.



FUNDING

We acknowledge grant RTI2018-094052-B-100 (MCIU/AEI/FEDER, UE), Fundación Ramón Areces (Spain), S2017/BMD-3684 (Comunidad de Madrid, Spain), and H2020 Marie Sklodowska-Curie ITN-TREATMENT (Grant Agreement 721236, European Commission).



ACKNOWLEDGMENTS

We acknowledge Dr. Marta Casado (IIBV, Valencia) for the critical reading of this review. We also acknowledge M. Izquierdo-Pastor (IIB-CSIC) for his collaboration and support.



ABBREVIATIONS

ASGR1, asialoglycoprotein receptor 1; CHOP, C/EBP homologous protein; CVD, cardiovascular disease; CXCL10, C-X-C motif chemokine ligand 10; CYP2E1, cytochrome P450 family 2 subfamily E member 1; DAMPs, Damage-associated molecular patterns; DR5, death receptor 5; EC, endothelial cell; ER, endoplasmic reticulum; EVs, extracellular vesicles; FFAs, free fatty acids; FFC diet, fat-fructose- and cholesterol-enriched diet; GGPPS, geranylgeranyl diphosphate synthase; HCC, hepatocellular carcinoma; Hep-EVs, hepatocyte-derived EVs; Hep Par 1, hepatocyte paraffin 1; HFHCD, high-fat, high-cholesterol diet; HSCs, hepatic stellate cells; IL, interleukin; IRE1α, inositol requiring enzyme 1α; ITGβ1, integrin β1; ILV, intraluminal vesicle; KCs, Kupffer cells; KLF4, Kruppel-like factor 4; LSECs, liver sinusoidal endothelial cells; miR, mature form of the miRNA; MISEV, Minimal Information for Studies of Extracellular Vesicles; mitoDNA, mitochondrial DNA; MLK3, mixed lineage kinase 3; MR, magnetic resonance; MVBs, multivesicular bodies; NAFL, nonalcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; PA, palmitic acid; PPAR-γ, peroxisome proliferator-activated receptor gamma; ROCK1, rho-associated protein kinase 1; S1P, sphingosine 1-phosphate; T2DM, type-2 diabetes mellitus; TG, triglycerides; TIMP, tissue inhibitor of metalloproteinases; TLR9, Toll-like receptor 9; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; VNN1, vanin-1.



REFERENCES

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

 2. Berardis S, Sokal E. Pediatric non-alcoholic fatty liver disease: an increasing public health issue. Eur J Pediatr. (2014) 173:131–9. doi: 10.1007/s00431-013-2157-6

 3. Fitzpatrick E, Dhawan A. Childhood and adolescent nonalcoholic fatty liver disease: is it different from adults? J Clin Exp Hepatol. (2019) 9:716–22. doi: 10.1016/j.jceh.2019.05.005

 4. Mundi MS, Velapati S, Patel J, Kellogg TA, Abu Dayyeh BK, Hurt RT. Evolution of NAFLD and Its Management. Nutr Clin Pract. (2020) 35:72–84. doi: 10.1002/ncp.10449

 5. Sookoian S, Pirola CJ. Genetic predisposition in nonalcoholic fatty liver disease. Clin Mol Hepatol. (2017) 23:1–12. doi: 10.3350/cmh.2016.0109

 6. Adams LA, Ratziu V. Non-alcoholic fatty liver - perhaps not so benign. J Hepatol. (2015) 62:1002–4. doi: 10.1016/j.jhep.2015.02.005

 7. Pai RK. NAFLD histology: a critical review and comparison of scoring systems. Curr Hepatol Rep. (2019) 18:473–81. doi: 10.1007/s11901-019-00500-1

 8. Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism. (2016) 65:1038–48. doi: 10.1016/j.metabol.2015.12.012

 9. Tsochatzis EA, Papatheodoridis GV, Archimandritis AJ. Adipokines in nonalcoholic steatohepatitis: from pathogenesis to implications in diagnosis and therapy. Mediators Inflamm. (2009) 2009:831670. doi: 10.1155/2009/831670

 10. Spencer MD, Hamp TJ, Reid RW, Fischer LM, Zeisel SH, Fodor AA. Association between composition of the human gastrointestinal microbiome and development of fatty liver with choline deficiency. Gastroenterology. (2011) 140:976–86. doi: 10.1053/j.gastro.2010.11.049

 11. Ahrens M, Ammerpohl O, von Schonfels W, Kolarova J, Bens S, Itzel T, et al. DNA methylation analysis in nonalcoholic fatty liver disease suggests distinct disease-specific and remodeling signatures after bariatric surgery. Cell Metab. (2013) 18:296–302. doi: 10.1016/j.cmet.2013.07.004

 12. Kirpich IA, Marsano LS, McClain CJ. Gut-liver axis, nutrition, and non-alcoholic fatty liver disease. Clin Biochem. (2015) 48:923–30. doi: 10.1016/j.clinbiochem.2015.06.023

 13. Tilg H, Burcelin R, Tremaroli V. Liver tissue microbiome in NAFLD: next step in understanding the gut-liver axis? Gut. (2020) 69:1373–4. doi: 10.1136/gutjnl-2019-320490

 14. Jensen MD, Ryan DH, Apovian CM, Ard JD, Comuzzie AG, Donato KA, et al. 2013 AHA/ACC/TOS guideline for the management of overweight and obesity in adults: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines and The Obesity Society. J Am Coll Cardiol. (2014) 63(25 Pt B):2985–3023. doi: 10.1016/j.jacc.2013.11.004

 15. Montesi L, El Ghoch M, Brodosi L, Calugi S, Marchesini G, Dalle Grave R. Long-term weight loss maintenance for obesity: a multidisciplinary approach. Diabetes Metab Syndr Obes. (2016) 9:37–46. doi: 10.2147/DMSO.S89836

 16. 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) 73:202–9. doi: 10.1016/j.jhep.2020.03.039

 17. Eslam M, Sanyal AJ, George J, International Consensus Panel. MAFLD: a consensus-driven proposed nomenclature for metabolic associated fatty liver disease. Gastroenterology. (2020) 158:1999-2014 e1991. doi: 10.1053/j.gastro.2019.11.312

 18. Arrese M, Cabrera D, Kalergis AM, Feldstein AE. Innate Immunity and Inflammation in NAFLD/NASH. Dig Dis Sci. (2016) 61:1294–303. doi: 10.1007/s10620-016-4049-x

 19. Yanez-Mo M, Siljander PR, Andreu Z, Zavec AB, Borras FE, Buzas EI, et al. Biological properties of extracellular vesicles and their physiological functions. J Extracell Vesicles. (2015) 4:27066. doi: 10.3402/jev.v4.27066

 20. van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213–28. doi: 10.1038/nrm.2017.125

 21. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat Cell Biol. (2019) 21:9–17. doi: 10.1038/s41556-018-0250-9

 22. Wang Y, Wang Q, Wei X, Shao J, Zhao J, Zhang Z, et al. Global scientific trends on exosome research during 2007-2016: a bibliometric analysis. Oncotarget. (2017) 8:48460–70. doi: 10.18632/oncotarget.17223

 23. Lotvall J, Hill AF, Hochberg F, Buzas EI, Di Vizio D, Gardiner C, et al. Minimal experimental requirements for definition of extracellular vesicles and their functions: a position statement from the International Society for Extracellular Vesicles. J Extracell Vesicles. (2014) 3:26913. doi: 10.3402/jev.v3.26913

 24. Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell Vesicles. (2018) 7:1535750. doi: 10.1080/20013078.2018.1535750

 25. Harding C, Heuser J, Stahl P. Receptor-mediated endocytosis of transferrin and recycling of the transferrin receptor in rat reticulocytes. J Cell Biol. (1983) 97:329–39. doi: 10.1083/jcb.97.2.329

 26. Pan BT, Teng K, Wu C, Adam M, Johnstone RM. Electron microscopic evidence for externalization of the transferrin receptor in vesicular form in sheep reticulocytes. J Cell Biol. (1985) 101:942–8. doi: 10.1083/jcb.101.3.942

 27. Anand S, Samuel M, Kumar S, Mathivanan S. Ticket to a bubble ride: Cargo sorting into exosomes and extracellular vesicles. Biochim Biophys Acta Proteins Proteom. (2019) 1867:140203. doi: 10.1016/j.bbapap.2019.02.005

 28. Lasser C, Jang SC, Lotvall J. Subpopulations of extracellular vesicles and their therapeutic potential. Mol Aspects Med. (2018) 60:1–14. doi: 10.1016/j.mam.2018.02.002

 29. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, et al. Tumour exosome integrins determine organotropic metastasis. Nature. (2015) 527:329–35. doi: 10.1038/nature15756

 30. Menck K, Scharf C, Bleckmann A, Dyck L, Rost U, Wenzel D, et al. Tumor-derived microvesicles mediate human breast cancer invasion through differentially glycosylated EMMPRIN. J Mol Cell Biol. (2015) 7:143–53. doi: 10.1093/jmcb/mju047

 31. Cai Z, Yang F, Yu L, Yu Z, Jiang L, Wang Q, et al. Activated T cell exosomes promote tumor invasion via Fas signaling pathway. J Immunol. (2012) 188:5954–61. doi: 10.4049/jimmunol.1103466

 32. Lugini L, Cecchetti S, Huber V, Luciani F, Macchia G, Spadaro F, et al. Immune surveillance properties of human NK cell-derived exosomes. J Immunol. (2012) 189:2833–42. doi: 10.4049/jimmunol.1101988

 33. Hirsova P, Ibrahim SH, Krishnan A, Verma VK, Bronk SF, Werneburg NW, et al. Lipid-induced signaling causes release of inflammatory extracellular vesicles from hepatocytes. Gastroenterology. (2016) 150:956–67. doi: 10.1053/j.gastro.2015.12.037

 34. Mulcahy LA, Pink RC, Carter DR. Routes and mechanisms of extracellular vesicle uptake. J Extracell Vesicles. (2014) 3:24641. doi: 10.3402/jev.v3.24641

 35. Szabo G, Momen-Heravi F. Extracellular vesicles in liver disease and potential as biomarkers and therapeutic targets. Nat Rev Gastroenterol Hepatol. (2017) 14:455–66. doi: 10.1038/nrgastro.2017.71

 36. Murphy DE, de Jong OG, Brouwer M, Wood MJ, Lavieu G, Schiffelers RM, et al. Extracellular vesicle-based therapeutics: natural versus engineered targeting and trafficking. Exp Mol Med. (2019) 51:1–12. doi: 10.1038/s12276-019-0223-5

 37. Johnsen KB, Gudbergsson JM, Skov MN, Pilgaard L, Moos T, Duroux M. A comprehensive overview of exosomes as drug delivery vehicles - endogenous nanocarriers for targeted cancer therapy. Biochim Biophys Acta. (2014) 1846:75–87. doi: 10.1016/j.bbcan.2014.04.005

 38. Villa F, Quarto R, Tasso R. Extracellular vesicles as natural, safe and efficient drug delivery systems. Pharmaceutics. (2019) 11:557. doi: 10.3390/pharmaceutics11110557

 39. Borrelli DA, Yankson K, Shukla N, Vilanilam G, Ticer T, Wolfram J. Extracellular vesicle therapeutics for liver disease. J Control Release. (2018) 273:86–98. doi: 10.1016/j.jconrel.2018.01.022

 40. Balaphas A, Meyer J, Sadoul R, Morel P, Gonelle-Gispert C, Buhler LH. Extracellular vesicles: Future diagnostic and therapeutic tools for liver disease and regeneration. Liver Int. (2019) 39:1801–17. doi: 10.1111/liv.14189

 41. Momen-Heravi F, Balaj L, Alian S, Mantel PY, Halleck AE, Trachtenberg AJ, et al. Current methods for the isolation of extracellular vesicles. Biol Chem. (2013) 394:1253–62. doi: 10.1515/hsz-2013-0141

 42. Gao J, Dong X, Wang Z. Generation, purification and engineering of extracellular vesicles and their biomedical applications. Methods. (2020) 177:114–25. doi: 10.1016/j.ymeth.2019.11.012

 43. Larssen P, Wik L, Czarnewski P, Eldh M, Lof L, Ronquist KG, et al. Tracing cellular origin of human exosomes using multiplex proximity extension assays. Mol Cell Proteomics. (2017) 16:502–11. doi: 10.1074/mcp.M116.064725

 44. Samuelson I, Vidal-Puig AJ. Fed-EXosome: extracellular vesicles and cell-cell communication in metabolic regulation. Essays Biochem. (2018) 62:165–75. doi: 10.1042/EBC20170087

 45. Ban LA, Shackel NA, McLennan SV. Extracellular vesicles: a new frontier in biomarker discovery for non-alcoholic fatty liver disease. Int J Mol Sci. (2016) 17:376. doi: 10.3390/ijms17030376

 46. Masyuk AI, Masyuk TV, Larusso NF. Exosomes in the pathogenesis, diagnostics and therapeutics of liver diseases. J Hepatol. (2013) 59:621–5. doi: 10.1016/j.jhep.2013.03.028

 47. Hirsova P, Ibrahim SH, Gores GJ, Malhi H. Lipotoxic lethal and sublethal stress signaling in hepatocytes: relevance to NASH pathogenesis. J Lipid Res. (2016) 57:1758–70. doi: 10.1194/jlr.R066357

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

 49. Miura K, Yang L, van Rooijen N, Ohnishi H, Seki E. Hepatic recruitment of macrophages promotes nonalcoholic steatohepatitis through CCR2. Am J Physiol Gastrointest Liver Physiol. (2012) 302:G1310–21. doi: 10.1152/ajpgi.00365.2011

 50. Ibrahim SH, Hirsova P, Tomita K, Bronk SF, Werneburg NW, Harrison SA, et al. Mixed lineage kinase 3 mediates release of C-X-C motif ligand 10-bearing chemotactic extracellular vesicles from lipotoxic hepatocytes. Hepatology. (2016) 63:731–44. doi: 10.1002/hep.28252

 51. Kakazu E, Mauer AS, Yin M, Malhi H. Hepatocytes release ceramide-enriched pro-inflammatory extracellular vesicles in an IRE1alpha-dependent manner. J Lipid Res. (2016) 57:233–45. doi: 10.1194/jlr.M063412

 52. Guo Q, Furuta K, Lucien F, Gutierrez Sanchez LH, Hirsova P, Krishnan A, et al. Integrin beta1-enriched extracellular vesicles mediate monocyte adhesion and promote liver inflammation in murine NASH. J Hepatol. (2019) 71:1193–205. doi: 10.1016/j.jhep.2019.07.019

 53. Cannito S, Morello E, Bocca C, Foglia B, Benetti E, Novo E, et al. Microvesicles released from fat-laden cells promote activation of hepatocellular NLRP3 inflammasome: a pro-inflammatory link between lipotoxicity and non-alcoholic steatohepatitis. PLoS ONE. (2017) 12:e0172575. doi: 10.1371/journal.pone.0172575

 54. Liu XL, Pan Q, Cao HX, Xin FZ, Zhao ZH, Yang RX, et al. Lipotoxic hepatocyte-derived exosomal miR-192-5p activates macrophages via rictor/Akt/FoxO1 signaling in NAFLD. Hepatology. (2019) 34:134–49. doi: 10.1002/hep.31050

 55. Povero D, Eguchi A, Niesman IR, Andronikou N, de Mollerat du Jeu X, Mulya A, et al. Lipid-induced toxicity stimulates hepatocytes to release angiogenic microparticles that require Vanin-1 for uptake by endothelial cells. Sci Signal. (2013) 6:ra88. doi: 10.1126/scisignal.2004512

 56. McKee C, Sigala B, Soeda J, Mouralidarane A, Morgan M, Mazzoccoli G, et al. Amphiregulin activates human hepatic stellate cells and is upregulated in non alcoholic steatohepatitis. Sci Rep. (2015) 5:8812. doi: 10.1038/srep08812

 57. Wobser H, Dorn C, Weiss TS, Amann T, Bollheimer C, Buttner R, et al. Lipid accumulation in hepatocytes induces fibrogenic activation of hepatic stellate cells. Cell Res. (2009) 19:996–1005. doi: 10.1038/cr.2009.73

 58. Marra F, Efsen E, Romanelli RG, Caligiuri A, Pastacaldi S, Batignani G, et al. Ligands of peroxisome proliferator-activated receptor gamma modulate profibrogenic and proinflammatory actions in hepatic stellate cells. Gastroenterology. (2000) 119:466–78. doi: 10.1053/gast.2000.9365

 59. Castoldi M, Vujic Spasic M, Altamura S, Elmen J, Lindow M, Kiss J, et al. The liver-specific microRNA miR-122 controls systemic iron homeostasis in mice. J Clin Invest. (2011) 121:1386–96. doi: 10.1172/JCI44883

 60. Jopling C. Liver-specific microRNA-122: biogenesis and function. RNA Biol. (2012) 9:137–42. doi: 10.4161/rna.18827

 61. Becker PP, Rau M, Schmitt J, Malsch C, Hammer C, Bantel H, et al. Performance of Serum microRNAs−122,−192 and−21 as biomarkers in patients with non-alcoholic steatohepatitis. PLoS ONE. (2015) 10:e0142661. doi: 10.1371/journal.pone.0142661

 62. Pirola CJ, Fernandez Gianotti T, Castano GO, Mallardi P, San Martino J, Mora Gonzalez Lopez Ledesma M, et al. Circulating microRNA signature in non-alcoholic fatty liver disease: from serum non-coding RNAs to liver histology and disease pathogenesis. Gut. (2015) 64:800–12. doi: 10.1136/gutjnl-2014-306996

 63. Lee YS, Kim SY, Ko E, Lee JH, Yi HS, Yoo YJ, et al. Exosomes derived from palmitic acid-treated hepatocytes induce fibrotic activation of hepatic stellate cells. Sci Rep. (2017) 7:3710. doi: 10.1038/s41598-017-03389-2

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

 65. Jiang F, Chen Q, Wang W, Ling Y, Yan Y, Xia P. Hepatocyte-derived extracellular vesicles promote endothelial inflammation and atherogenesis via microRNA-1. J Hepatol. (2020) 72:156–66. doi: 10.1016/j.jhep.2019.09.014

 66. Azzu V, Vacca M, Virtue S, Allison M, Vidal-Puig A. Adipose tissue-liver cross talk in the control oef whole-body metabolism: implications in nonalcoholic fatty liver disease. Gastroenterology. (2020) 158:1899–912. doi: 10.1053/j.gastro.2019.12.054

 67. Zhao Y, Zhao MF, Jiang S, Wu J, Liu J, Yuan XW, et al. Liver governs adipose remodelling via extracellular vesicles in response to lipid overload. Nat Commun. (2020) 11:719. doi: 10.1038/s41467-020-14450-6

 68. Sumida Y, Nakajima A, Itoh Y. Limitations of liver biopsy and non-invasive diagnostic tests for the diagnosis of nonalcoholic fatty liver disease/nonalcoholic steatohepatitis. World J Gastroenterol. (2014) 20:475–85. doi: 10.3748/wjg.v20.i2.475

 69. Sanyal AJ, Friedman SL, McCullough AJ, Dimick-Santos L, American Association for the Study of Liver D., United States, F., et al. (2015). Challenges and opportunities in drug and biomarker development for nonalcoholic steatohepatitis: findings and recommendations from an American Association for the Study of Liver Diseases-U.S. Food and Drug Administration Joint Workshop. Hepatology. 61:1392–405. doi: 10.1002/hep.27678

 70. Kim WR, Flamm SL, Di Bisceglie AM, Bodenheimer HC, Public Policy Committee of the American Association for the Study of Liver Disease. Serum activity of alanine aminotransferase. (ALT) as an indicator of health and disease. Hepatology. (2008) 47:1363–70. doi: 10.1002/hep.22109

 71. Eguchi A, Feldstein AE. Extracellular vesicles in non-alcoholic and alcoholic fatty liver diseases. Liver Res. (2018) 2:30–4. doi: 10.1016/j.livres.2018.01.001

 72. Moratti E, Vezzalini M, Tomasello L, Giavarina D, Sorio C. Identification of protein tyrosine phosphatase receptor gamma extracellular domain (sPTPRG) as a natural soluble protein in plasma. PLoS ONE. (2015) 10:e0119110. doi: 10.1371/journal.pone.0119110

 73. Povero D, Eguchi A, Li H, Johnson CD, Papouchado BG, Wree A, et al. Circulating extracellular vesicles with specific proteome and liver microRNAs are potential biomarkers for liver injury in experimental fatty liver disease. PLoS ONE. (2014) 9:e113651. doi: 10.1371/journal.pone.0113651

 74. Li J, Liu H, Mauer AS, Lucien F, Raiter A, Bandla H, et al. Characterization of cellular sources and circulating levels of extracellular vesicles in a dietary murine model of nonalcoholic steatohepatitis. Hepatol Commun. (2019) 3:1235–49. doi: 10.1002/hep4.1404

 75. Kornek M, Lynch M, Mehta SH, Lai M, Exley M, Afdhal NH, et al. Circulating microparticles as disease-specific biomarkers of severity of inflammation in patients with hepatitis C or nonalcoholic steatohepatitis. Gastroenterology. (2012) 143:448–58. doi: 10.1053/j.gastro.2012.04.031

 76. Welsh JA, Scorletti E, Clough GF, Englyst NA, Byrne CD. Leukocyte extracellular vesicle concentration is inversely associated with liver fibrosis severity in NAFLD. J Leukoc Biol. (2018) 104:631–9. doi: 10.1002/JLB.5A1217-501R

 77. Rautou PE, Bresson J, Sainte-Marie Y, Vion AC, Paradis V, Renard JM, et al. Abnormal plasma microparticles impair vasoconstrictor responses in patients with cirrhosis. Gastroenterology. (2012) 143:166–76 e166. doi: 10.1053/j.gastro.2012.03.040

 78. Abbate V, Marcantoni M, Giuliante F, Vecchio FM, Gatto I, Mele C, et al. HepPar1-positive circulating microparticles are increased in subjects with hepatocellular carcinoma and predict early recurrence after liver resection. Int J Mol Sci. (2017) 18:1043. doi: 10.3390/ijms18051043

 79. Brodsky SV, Facciuto ME, Heydt D, Chen J, Islam HK, Kajstura M, et al. Dynamics of circulating microparticles in liver transplant patients. J Gastrointestin Liver Dis. (2008) 17:261–8.

 80. Julich-Haertel H, Urban SK, Krawczyk M, Willms A, Jankowski K, Patkowski W, et al. Cancer-associated circulating large extracellular vesicles in cholangiocarcinoma and hepatocellular carcinoma. J Hepatol. (2017) 67:282–92. doi: 10.1016/j.jhep.2017.02.024

 81. Taleb RSZ, Moez P, Younan D, Eisenacher M, Tenbusch M, Sitek B, et al. Quantitative proteome analysis of plasma microparticles for the characterization of HCV-induced hepatic cirrhosis and hepatocellular carcinoma. Proteomics Clin Appl. (2017) 11:1700014. doi: 10.1002/prca.201700014

 82. Arbelaiz A, Azkargorta M, Krawczyk M, Santos-Laso A, Lapitz A, Perugorria MJ, et al. Serum extracellular vesicles contain protein biomarkers for primary sclerosing cholangitis and cholangiocarcinoma. Hepatology. (2017) 66:1125–43. doi: 10.1002/hep.29291

 83. 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) 126:859–64. doi: 10.1172/JCI83885

 84. Chen L, Chen R, Kemper S, Charrier A, Brigstock DR. Suppression of fibrogenic signaling in hepatic stellate cells by Twist1-dependent microRNA-214 expression: Role of exosomes in horizontal transfer of Twist1. Am J Physiol Gastrointest Liver Physiol. (2015) 309:G491–9. doi: 10.1152/ajpgi.00140.2015

 85. Wang H, Hou L, Li A, Duan Y, Gao H, Song X. Expression of serum exosomal microRNA-21 in human hepatocellular carcinoma. Biomed Res Int. (2014) 2014:864894. doi: 10.1155/2014/864894

 86. Sugimachi K, Matsumura T, Hirata H, Uchi R, Ueda M, Ueo H, et al. Identification of a bona fide microRNA biomarker in serum exosomes that predicts hepatocellular carcinoma recurrence after liver transplantation. Br J Cancer. (2015) 112:532–8. doi: 10.1038/bjc.2014.621

 87. Sohn W, Kim J, Kang SH, Yang SR, Cho JY, Cho HC, et al. Serum exosomal microRNAs as novel biomarkers for hepatocellular carcinoma. Exp Mol Med. (2015) 47:e184. doi: 10.1038/emm.2015.68

 88. Fornari F, Ferracin M, Trere D, Milazzo M, Marinelli S, Galassi M, et al. Circulating microRNAs, miR-939, miR-595, miR-519d and miR-494, Identify Cirrhotic Patients with HCC. PLoS ONE. (2015) 10:e0141448. doi: 10.1371/journal.pone.0141448

 89. Watt MJ, Miotto PM, De Nardo W, Montgomery MK. The liver as an endocrine organ-linking NAFLD and insulin resistance. Endocr Rev. (2019) 40:1367–93. doi: 10.1210/er.2019-00034

 90. Bala S, Petrasek J, Mundkur S, Catalano D, Levin I, Ward J, et al. Circulating microRNAs in exosomes indicate hepatocyte injury and inflammation in alcoholic, drug-induced, and inflammatory liver diseases. Hepatology. (2012) 56:1946–57. doi: 10.1002/hep.25873

 91. Csak T, Bala S, Lippai D, Satishchandran A, Catalano D, Kodys K, et al. microRNA-122 regulates hypoxia-inducible factor-1 and vimentin in hepatocytes and correlates with fibrosis in diet-induced steatohepatitis. Liver Int. (2015) 35:532–41. doi: 10.1111/liv.12633

 92. Murakami Y, Toyoda H, Tanahashi T, Tanaka J, Kumada T, Yoshioka Y, et al. Comprehensive miRNA expression analysis in peripheral blood can diagnose liver disease. PLoS ONE. (2012) 7:e48366. doi: 10.1371/journal.pone.0048366

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 Garcia-Martinez, Alen, Rada and Valverde. 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.












	
	BRIEF RESEARCH REPORT
published: 11 August 2020
doi: 10.3389/fmed.2020.00450






[image: image2]

Intrahepatic Expression of Fatty Acid Translocase CD36 Is Increased in Obstructive Sleep Apnea

Esther Rey1†, Elvira del Pozo-Maroto1†, Patricia Marañón1†, Brittany Beeler1, Yaiza García-García1, Pedro Landete2, Stephania C. Isaza1, Ramón Farré3, Carmelo García-Monzón1*, Isaac Almendros3‡ and Águeda González-Rodríguez1*‡


1Research Unit, Hospital Universitario Santa Cristina, Instituto de Investigación Sanitaria Hospital Universitario de La Princesa, CIBERehd, Madrid, Spain

2Respiratory Medicine Department, Hospital Universitario de La Princesa, Instituto de Investigación Sanitaria Princesa Hospital Universitario de La Princesa, Madrid, Spain

3Unitat de Biofísica i Bioenginyeria, Facultat de Medicina i Ciències de la Salut, Universitat de Barcelona, CIBERES, IDIBAPS, Barcelona, Spain

Edited by:
Angel Lanas, University of Zaragoza, Spain

Reviewed by:
Javier González-Gallego, Institute of Biomedicine, University of León, Spain
 Zuzana Macek Jilkova, Service d'Hépato-Gastroentérologie, Centre Hospitalier Universitaire de Grenoble, France

*Correspondence: Carmelo García-Monzón, garciamonzon@hotmail.com
 Águeda González-Rodríguez, aguedagr.phd@gmail.com

†These authors have contributed equally to this work

‡These authors share senior authorship

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 30 March 2020
 Accepted: 07 July 2020
 Published: 11 August 2020

Citation: Rey E, del Pozo-Maroto E, Marañón P, Beeler B, García-García Y, Landete P, Isaza SC, Farré R, García-Monzón C, Almendros I and González-Rodríguez Á (2020) Intrahepatic Expression of Fatty Acid Translocase CD36 Is Increased in Obstructive Sleep Apnea. Front. Med. 7:450. doi: 10.3389/fmed.2020.00450



Nocturnal intermittent hypoxia (IH) featuring obstructive sleep apnea (OSA) dysregulates hepatic lipid metabolism and might contribute to the development of non-alcoholic fatty liver disease (NAFLD) observed in OSA patients. However, further research is required to better understanding the molecular mechanisms underlying IH-induced hepatic lipid accumulation. Therefore, the aim of the present study was to determine the effects of OSA on hepatic CD36 expression and the impact of IH by using a mouse model of OSA. Histological analysis, lipid content and CD36 expression were assessed in livers from subjects who underwent liver biopsy and polygraphic study during sleep, and in livers from mice submitted to chronic IH mimicking OSA. Among those who presented OSA features, NAFLD were significantly more frequent than in control subjects with normal respiratory function (77.8 vs. 36.4%, respectively), and showed more severe liver disease. Interestingly, CD36 expression was significantly overexpressed within the liver of OSA patients with respect to controls, and a significant positive correlation was observed between hepatic levels of CD36 and the values of two well-known respiratory parameters that characterized OSA: apnea/hypopnea index (AHI) and oxygen desaturation index (ODI). Moreover, hepatic lipid accumulation as well as induction of hepatic lipogenic genes, and CD36 mRNA and protein expression were significantly higher in livers from mice exposed to IH conditions for 8 weeks than in their corresponding littermates. This study provides novel evidence that IH featuring OSA could contribute to NAFLD setup partly by upregulating hepatic CD36 expression.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is characterized by metabolic dysfunction and accumulation of lipid deposits in the livers of patients in whom alcohol abuse is not the causal agent of disease onset (1). NAFLD encompasses a wide range of histologic findings from simple steatosis to non-alcoholic steatohepatitis (NASH) with fibrosis and, ultimately, liver cirrhosis, and hepatocellular carcinoma (2). The number of individuals affected by some clinical form of this chronic liver disease is steadily increasing because NAFLD is highly associated with obesity and type 2 diabetes, being considered the hepatic manifestation of the metabolic syndrome (3).

It is well-known that the liver maintains bodily lipid homeostasis by regulating hepatic free fatty acid (FFA) uptake, lipid synthesis, lipid oxidation, and lipid export; however, an imbalance between these metabolic pathways can lead to an excessive lipid accumulation within the liver (4), being an increased de novo lipogenesis and largely an enhanced uptake of FFAs released from insulin resistant-adipocytes the main sources of these lipid accumulates (5). The uptake of FFAs into hepatocytes is mainly dependent on the fatty acid translocase CD36 which, under physiological conditions, is weakly expressed in the liver and its expression increases by a number of different stimuli, such as insulin and lipid metabolites, facilitating the process of FFA uptake (6). Some experimental studies have demonstrated that CD36 plays an important role in NAFLD setup in rodents (7, 8) and, reinforcing this notion, it has been observed that fatty liver attenuates in mice fed high fat diet (HFD) upon either systemic or hepatocyte-specific deletion of CD36 (9, 10). Moreover, a growing clinical evidence suggests that this FFA transporter could play a relevant role in NAFLD pathogenesis in humans as well. In particular, Greco et al. showed that hepatic CD36 mRNA levels correlated with liver fat content in morbidly obese patients (11). In addition, different clinical studies have convincingly shown that the amount of both CD36 mRNA and protein was higher in the livers of biopsy-proven NAFLD patients than in subjects with histologically normal liver (12–14).

An increasing number of clinical studies point out to a potential link between obstructive sleep apnea (OSA), a respiratory disorder featured by nocturnal intermittent hypoxia (IH) and sleep fragmentation, and NAFLD (15–18). To highlight, both OSA and NAFLD are especially prevalent among obese individuals and, more interestingly, the severity of nocturnal IH positively correlates with histological features of NASH in OSA patients (19). Although the underlying molecular mechanisms are not fully understood, it has been reported that IH exacerbated fatty liver in obese mice by inducing hepatic lipid biosynthesis (20) likely due to the upregulation of the HIF1α/SREBP1c signaling pathway (21), and that promoted liver inflammation and fibrosis in mice fed with a HFD (22). However, further research is required to unveil the pathophysiological interplays between IH and lipid accumulation. In that regard, whether IH is able to regulate CD36 gene expression in hepatocytes still remains to be elucidated.

Therefore, the primary objective of this study was to determine the impact of IH on CD36 expression as well as on lipid content in livers from OSA patients with biopsy-proven NAFLD and in livers from mice exposed to IH.



MATERIALS AND METHODS


Patients

This study was performed in agreement with the Declaration of Helsinki, and with local and national laws. The Human Ethics Committee of the Hospital Universitario Santa Cristina (HUSC, Madrid, Spain) approved all procedures (PI-688A). This cross-sectional study included 20 patients with gallstones to whom a programmed laparoscopic cholecystectomy was performed in the HUSC. All participants gave a written consent for a perioperative liver biopsy and a postoperative respiratory polygraphy as part of an experimental protocol designed to evaluate the relationship between sleep disturbances and liver disease. All subjects included drank <20 g/day of alcohol, had no previous respiratory disorders, were not having potentially hepatotoxic drugs, had no analytical evidence of iron overload, and were seronegative for autoantibodies, for hepatitis B virus, hepatitis C virus, and human immunodeficiency virus.



Sleep Study

The polygraphic studies were performed at night in the Sleep Laboratory of the HUSC (Madrid, Spain). For interpretation, the recommendations of the American Academy of Sleep Medicine (AASM) for the diagnosis of OSA were followed. The apnea/hypopnea index (AHI) was used as diagnostic criteria for severity of OSA: AHI <5, no OSA; AHI 5–14, mild OSA; AHI 15–29, moderate OSA; AHI ≥30, severe OSA. In addition, nocturnal hypoxemia parameters including oxygen desaturation index (ODI), cumulative sleep time percentage with oxyhemoglobin saturation (SpO2) <90% (Tc90) and minimum SpO2 were analyzed.



Animal Care and Intermittent Hypoxia Protocol

Twelve-weeks-old C57BL/6J mice were purchased from Charles River Laboratories (Saint Germain sur L'Arbresle, France) and divided into two groups of 10 mice. The control mice (C mice) were placed in conditions of normoxia while the experimental group (IH mice) was subjected to IH conditions. Every minute, IH mice received air containing an oxygen fraction of 5% for 20 s, followed by 40 s of room air, during 6 h per day, 5 days a week for a total of 8 weeks. Control mice were only exposed to room air (23). At the end of the experiment, mice were anesthetized, sacrificed and livers were harvested. All experimental procedures were approved by the Ethical Committee of the University of Barcelona (174/18−10268).



Histopathology Assessment

Liver sections (5 μm) were embedded in paraffin and cut using a Microm microtome (Midland, ON, Canada). After cutting, sections were stained with hematoxylin (1.09235.0500, PanReac AppliChem, Barcelona, Spain) and eosin (71211, Thermo Fisher Scientific, Inc., Madrid, Spain) and with Masson's Trichrome Solution (Masson Trichome Kit with Aniline Blue 04-010802, Milan, Italy). Once stained, the severity of steatosis was quantified by a single-blind hepatopathologist. Specifically, Kleiner's histological scoring system was employed to evaluate the degree of steatosis, lobular inflammation, hepatocellular ballooning, and the stage of fibrosis (24). The following percentages of steatotic hepatocytes were used in the histological assessment: 0–5% hepatocytes, grade 0; 5–33%, grade 1; 33–66%, grade 2; and >66%, grade 3. Histologic diagnosis of liver biopsies was classified into two groups: simple steatosis without hepatocellular ballooning nor lobular inflammation, also termed NAFL, and NASH. Minimal criteria for NASH included the combined presence of grade 1 steatosis, lobular inflammation and hepatocellular ballooning with or without fibrosis. NAFLD activity score was also calculated for each liver biopsy (24). To this end, three different lobular areas were analyzed in each sample. Representative images were taken using a Nikon Eclipse E400 optical microscope (Nikon, Tokyo, Japan) and the NIS Elements Imaging Software (Melville, NY, USA).



Assessment of Lipid Accumulation

Liver tissue was embedded in Tissue-Tek® O.C.T.™ Compound (Sakura Finetek Europe, Netherlands). Sections (10 μm) were then cut using a Leica CM1510S cryostat (Leica Microsistemas S.L.U, Barcelona, Spain), stained using an Oil Red O biological stain (Sigma-Aldrich, St. Louis, MO, USA) working solution (60% ORO/isopropanol w:v), and counterstained with hematoxylin (1.09235.0500, PanReac AppliChem). Three different lobular areas were analyzed in each sample and photographed using a Nikon Eclipse E400 optical microscope (Nikon) and the NIS Elements Imaging Software (Melville). Intensity of red stain was quantified using ImageJ Biological Image Analysis (NIH) and reported as the average value in arbitrary units (a.u.).



Quantitative Analysis of Hepatic Triglycerides

Triglycerides (TGs) were extracted as described previously (25). Briefly, liver biopsy samples (15–20 μg) were homogenized in distilled water. Chloroform (−20°C) and methanol (−20°C) were added to each sample. Samples were centrifuged and the triglyceride-containing layer was collected. Once purified, TGs were suspended in isopropanol and analyzed using a colorimetric kit (SpinReact, Girona, Spain). Absorbance values were obtained using a Dynex Spectra MR Microplate spectrophotometer/computer software (Chantilly, VA, USA) and graphically expressed as mg/dl.



Protein Extraction and Western Blot Analysis

Liver biopsy samples (15–20 μg) were homogenized in an extraction buffer containing the following: 10 mM ethylene-diamine-tetraacetic acid (EDTA), 50 mM Hepes, 50 mM sodium pyrophosphate, 0.1 mM NaF, 10 mM Na3VO4, 1% Triton X-100 and protease inhibitors. Protein extracts were stored at −80°C after centrifugation. A small aliquot of sample was used for protein quantification (Bradford method). The samples were then prepared to be loaded into 8% SDS-PAGE gels. After running, proteins were further transferred to Inmunoblot nitrocellulose membranes (BioRad Inc., Madrid, Spain), blocked with 5% non-fat dry milk and incubated overnight with primary antibodies: CD36/SR-B3 (1:1000, NB400-144, Novus Biotechne, Abingdon, United Kingdom) and anti-βactin (1:5000, A-5441, Sigma Aldrich). Then, the corresponding secondary antibodies were added (Santa Cruz Biotechnology Inc., Heidelberg, Germany). Using the Bio-Rad Clarity™ Western ECL Substrate (BioRad Inc.), the immunoreactive bands were visualized by the ImageQuant LASD 4000 digital imaging system (GE Healthcare Europe, Barcelona, Spain). Densitometric analysis of the band was performed using ImageJ Biological Image Analysis (NIH), normalized against the loading control (βactin), and graphically expressed as fold change relative to control condition (1).



Quantitative Real-Time PCR (RT-qPCR)

RNA was extracted from liver samples using the TRIzol® reagent (Vitro, Sevilla, Spain). Samples were then reverse transcribed using the Reverse Transcription System kit (Promega Inc., Madison, WI, USA). A BioRad T100™ Thermal Cycler was used to carry out the reverse transcription. Quantitative real-time polymerase chain reaction (RT-qPCR) was performed to assess gene expression using a StepOnePlus™ Real Time PCR System Sequence Detector (Thermo Fisher Scientific Inc.). Samples were prepared using a SYBER Green qPCR Kit (Promega Inc.) and d(N)6 random primers were purchased from Metabion (Planegg, Germany). Primer sequences are detailed in Supplementary Table 1. Each sample was run in duplicated, normalized in comparison to 36B4 gene expression, and graphically expressed as fold change relative to control condition (1).



CD36 Immunohistochemistry

Paraffin-embedded liver biopsy sections (5 μm) were deparaffinized and rehydrated. Sections were then placed in antigen retrieval buffer (10 mM sodium citrate, pH 6–7), boiled for 20 min at 95°C and incubated with a blocking solution for 1 h before being immunostained with the CD36 antibody (1:200, NB400-144, Novus) for 16 h in a moisture chamber. The EnVision™ FLEX Mini Kit, High pH (Link) (Agilent, Santa Clara, CA, USA) was used for visualization according to the manufacturer's instructions. Three different lobular areas were analyzed in each sample and images were captured using a Nikon Eclipse E400 optical microscope (Nikon) and the NIS Elements Imaging Software (Melville). Intensity of CD36 stain was quantified using the FIJI software (NIH) and reported as the average value in arbitrary units (a.u.).



Statistical Analysis

Categorical variables were presented as percentage and were compared by the Pearson χ2 test. Continuous data were shown as standard deviation (SD) or standard error of mean (SEM), and were compared using the unpaired t-test or Mann-Whitney U-test, as indicated. The Spearman's r-test was used to evaluate correlations. All statistical analyses were performed using the GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA) and SPSS statistical software version 24.0 (IBM SPSS Statistics, Armonk, NY), with a p < 0.05 considered statistically significant.




RESULTS


Characteristics of the Study Patients

Twenty patients undergoing programmed cholecystectomy had both a liver biopsy and a sleep study. Overall, the mean age of the study population was 46.5 years, 14 (70%) were female and 9 (45%) had a diagnosis of OSA by polygraphy (AHI > 5). Patient characteristics from the cohort included in this study are presented in Table 1.


Table 1. Demographic, metabolic, biochemical, respiratory, and histological characteristics of the study population.
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OSA patients were significantly older than those without OSA (p = 0.004) and women predominated in both groups. In order to evaluate the presence of obesity in the entire study population, body mass index (BMI) was calculated and waist circumference was measured in each participant. Regarding BMI, the study population showed an overweight status and no significant differences were found among the different patient groups studied (p = 0.201), whereas waist perimeter was significantly higher in patients with OSA than in those without (p = 0.034).

As expected, OSA patients had a significantly higher rate of oxygen desaturation per hour of sleep (ODI) and percentage of sleep time with oxygen saturations lower than 90% (Tc90) with respect to patients without OSA (Table 1).

Regarding metabolic parameters, basal glucose levels did not significantly differ between groups, while insulin levels and the degree of insulin resistance assessed by HOMA-IR index were higher in OSA patients than in those without OSA, but these differences were not statistically significant (Table 1).

Although no significant differences were observed in liver enzymes between the two groups, there was a higher prevalence of NAFLD and evidence of more severe disease among patients with OSA (Table 1 and Figure 1A). Surprisingly, 36.4% of patients without OSA exhibited NAFLD, all of them featuring simple steatosis. In the OSA group, however, 55.6% of them had simple steatosis and 22.2% showed histological features of steatohepatitis (NASH) (Table 1 and Figure 1A). Hepatic fibrosis was not observed. All other variables did not significantly differ between groups.


[image: Figure 1]
FIGURE 1. Prevalence of NAFLD and hepatic CD36 expression is higher in patients diagnosed with OSA. (A) NAFLD activity score. (B) CD36 mRNA levels. (C) Correlation in the study population of matched mRNA values for CD36 with the indicated respiratory parameters, evaluated by Spearman's r-test. (D) Representative 20X and 60X images of CD36 immunostaining, and quantification of CD36-expressing cells. Scale bar 100 and 50 μm, respectively. Study population: control group (No-OSA) (n = 11) and OSA patients (n = 9). *p < 0.05, OSA vs. Control, compared using the Mann-Whitney U-test.




Expression of CD36 Is Increased Within the Liver of OSA Patients

Next, we wanted to investigate whether OSA might alter CD36 expression in the liver. Interestingly, hepatic mRNA levels of CD36 were significantly higher in patients with OSA when compared with control patients (Figure 1B), and its expression significant positively correlated with both AHI and ODI values in the entire study population (Figure 1C), but not with Tc90 (Supplementary Figure 1A). In parallel, an increase of CD36 protein expression was also observed in the livers from OSA patients compared with those from the control group detected by immunostaining (Figure 1D).



Intermittent Hypoxia (IH) Triggers Hepatic Steatosis in Mice

In order to investigate whether intermittent hypoxia (IH), one of the main features of OSA, contributes to liver steatosis and to the increase of CD36 expression observed in OSA patients, a mouse experimental model of OSA was used. After 2 months of IH exposure, histological examinations of liver tissue revealed that 60% of the mice submitted to IH exhibited signs of mild hepatic steatosis while control mice displayed normal liver features (Figures 2A,B). Liver fibrosis was not detected in any of the groups (Supplementary Figure 2).


[image: Figure 2]
FIGURE 2. Intermittent Hypoxia (IH) is associated with increased hepatic lipid content in mice. (A) Representative 20X and 60X images of liver sections stained with hematoxylin and eosin (H&E). Scale bar 100 and 50 μm, respectively. (B) NAFLD activity score. (C) (left panel) Representative 40X and 60X images of Oil Red O stained liver sections. Scale bar 50 μm. (right panel) Quantification of red-stain intensity. (D) Analysis of hepatic triglyceride (TG) levels. Experimental groups: mice maintained in normoxic conditions (Control, C) and mice exposed to intermittent hypoxia (IH) (n = 10 mice in each group). **p < 0.01 and ***p < 0.005, IH vs. C, compared using the unpaired t-test.


Next, we investigated the amount of lipids performing an Oil Red O staining on sections of liver biopsy samples from all mice. The results indicated that there was a significant increase in average red-stain intensity (directly proportional to lipid content) among the IH mice when compared to control mice (Figure 2C). To further evaluate hepatic lipid content, triglycerides were extracted and quantified from liver biopsies of both IH and C mice. Triglyceride levels of the IH mice were greater than those observed in the C mice (Figure 2D).



Intermittent Hypoxia (IH) Induces Hepatic CD36 Expression

tHEN, we analyzed the hepatic expression of genes involved in the regulation of lipid metabolism. We observed a significant increase in the expression of genes implicated in lipid synthesis, such as Fasn (fatty acid synthase) and Scd1 (stearoyl-CoA desaturase 1), among livers from mice exposed to IH (Figure 3A); however, no differences were observed in the expression of genes implicated in β-oxidation, such as Cpt1a (carnitine palmitoyltransferase I) and Ppara (peroxisome proliferator activated receptor alpha) (Figure 3A).


[image: Figure 3]
FIGURE 3. Intermittent Hypoxia (IH) induces hepatic CD36 expression in mice. (A) mRNA levels of Fasn, Scd1, Cpt1a, and Ppara. (B) Cd36 mRNA levels. (C) (left panel) Representative blots with the indicated antibodies. (right panel) Quantification of all blots with respect to loading control, βactin. (D) (left panel) Representative 20X and 60X images from CD36 immunochemistry. Scale bar 100 and 50 μm, respectively. (right panel) Quantification of CD36-stain intensity. Experimental groups: mice maintained in normoxic conditions (Control, C) and mice exposed to intermittent hypoxia (IH) (n = 10 mice in each group). *p < 0.05 and ***p < 0.005, IH vs. C, compared using the unpaired t-test.


With respect to CD36, its hepatic mRNA expression was significantly increased in mice submitted to IH compared to those maintained in normoxic conditions (Figure 3B), which was also found in OSA patients. In parallel, its protein expression determined by both Western blot (Figure 3C) and immunohistochemistry (Figure 3D) was elevated in the livers of IH mice.




DISCUSSION

Distinct clinical studies have reported that OSA is significantly associated with NAFLD severity (26) and there is an increasing experimental evidence that chronic IH, the best characterized OSA manifestation, is a major trigger for oxidative stress and inflammatory liver injury leading to NAFLD progression (17). In agreement with these previous studies, we found that 22.2% of OSA patients had NASH whereas none of those without OSA had histological features of NASH, supporting the assumption that OSA is a risk factor for progression from simple steatosis to NASH (27). Interestingly, our findings showed that there were no differences regarding BMI between the two study groups, but waist circumference was significantly higher in patients with OSA, suggesting that is abdominal obesity, but not overall obesity, what actually has a clinical impact on the features of metabolic syndrome, including OSA and NAFLD.

To the best of our knowledge, this is the first study revealing that CD36 expression is significantly elevated in livers from patients with OSA. Moreover, both AHI and ODI positively correlated with hepatic CD36 mRNA levels, indicating a potential role for nocturnal IH in the upregulation of this FFA transporter. An intriguing question regarding our findings showed herein is whether age might influence the hepatic CD36 expression pattern observed in OSA patients because they were significantly older (54.6 ± 10.6 years) than those without OSA (39.9 ± 9.6 years). Indeed, we have reported that hepatic CD36 expression increased with aging in mice and humans (13), but the age-dependent increases in hepatic CD36 expression were observed comparing young (20–38 years old) with aged individuals (50–83 years), thus we believe that age differences seen in our study population are not sufficient to explain the hepatic CD36 upregulation observed in OSA patients. Supporting this assumption, no correlation was found between CD36 mRNA expression and age in our study population (Supplementary Figure 1B).

In agreement with our findings in OSA patients, the majority of mice exposed to IH displayed simple steatosis as well as a higher hepatic TG content and CD36 expression than in control mice breathing normal oxygen concentrations. Collectively, our results indicate that IH may contribute to hepatosteatosis setup, partly by the upregulation of hepatic CD36 expression, but the underlying molecular mechanisms still remain to be elucidated.

It is well-known that cellular adaptive responses to hypoxia are tightly regulated by hypoxia-inducible transcription factors (HIFs), being HIF1α and HIF2α the best characterized (28). In that regard, Li et al. demonstrated that IH exacerbated hepatosteatosis in mice in parallel with an upregulation of key genes for hepatic lipid biosynthesis, such as Srebp1 and Scd1 (20) and that this effect is mediated through HIF1α (29). In line with these results, our study also found increased mRNA levels of relevant genes for de novo lipogenesis, such as Fasn and Scd1, along with an upregulation of Cd36 gene expression in livers of mice exposed to IH, suggesting that HIF1α might regulate Cd36 gene expression as well. There is convincing evidence, however, indicating that the regulation of CD36 expression is not largely linked to the HIF1α/SREBP1c signaling pathway in hepatocytes. Notably, it has been recently reported that hepatocyte-specific Srebp1 downregulation did not affect expression of genes involved in FFA uptake as Cd36 in mouse livers (30). In addition, we have just demonstrated that both CD36 expression and triglyceride content increased in mouse and human liver cells under hypoxic conditions and that silencing HIF2A gene markedly suppressed both CD36 gene upregulation and lipid accumulation in hepatocytes (14). The novelty of our present study is that both CD36 expression and the degree of steatosis are increased in livers from animal models of IH and in patients with OSA featured by nocturnal IH, supporting the notion that CD36 could be a key factor driving hepatosteatosis in OSA patients.

In conclusion, the results of the present study demonstrate that CD36 expression is increased within the liver of patients with OSA and in mice exposed to IH, the clinical hallmark featuring OSA. Moreover, our results point out that the excessive lipid accumulation observed in livers of mice under IH conditions is likely due to the upregulation of CD36, which is involved in FFA uptake into hepatocytes, along with that of genes implicated in de novo lipogenesis, thus leading to the onset of hepatosteatosis, the earliest phase of NAFLD. Collectively, our findings shed light on the molecular mechanisms underlying IH-induced hepatosteatosis helping to understand better the NAFLD pathogenesis and identifying CD36 as a potential target for new pharmacological therapies to NAFLD patients.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/Supplementary Material.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Human Ethics Committee of the Hospital Universitario Santa Cristina. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Ethical Committee of the University of Barcelona.



AUTHOR CONTRIBUTIONS

CG-M, IA, and ÁG-R designed the study. EP-M, PL, and CG-M carried out and analyzed the clinical study. ER, BB, PM, and SI carried out the experimental study. RF, CG-M, IA, and ÁG-R analyzed and discussed data. IA and ÁG-R wrote the manuscript. All authors were involved in editing the paper and had final approval of the submitted and published versions.



FUNDING

This work was supported by PI13/01299, PI17/00535 and CIBEREHD from Instituto de Salud Carlos III (ISCIII/FEDER, Spain) to CG-M; PI16/00823 and PI19/00123 (ISCIII/FEDER, Spain), and Beca Eduardo Gallego 2016 (Fundación Francisco Cobos, Spain) to ÁG-R. RF was supported by the Spanish Ministry of Science, Innovation and Universities (SAF2017-85574-R) and CIBERES.



ACKNOWLEDGMENTS

We thankfully acknowledge Esther Fuertes Yebra for helpful technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2020.00450/full#supplementary-material

Supplementary Table 1. Primer sequences for RT-qPCR.

Supplementary Figure 1. Correlation in the study population of matched mRNA values for CD36 with Tc90 values (A) and age (B), evaluated by Spearman's r-test. Study population: control group (No-OSA) (n = 11) and OSA patients (n = 9).

Supplementary Figure 2. Representative images of liver sections stained with Masson's trichrome solution. Experimental groups: mice raised in normoxic conditions (Control, C) and mice exposed to intermittent hypoxia (IH) (n = 10 mice in each group).



REFERENCES

 1. Benedict M, Zhang X. Non-alcoholic fatty liver disease: an expanded review. World J Hepatol. (2017) 9:715–32. doi: 10.4254/wjh.v9.i16.715

 2. Perumpail BJ, Khan MA, Yoo ER, Cholankeril G, Kim D, Ahmed A. Clinical epidemiology and disease burden of non-alcoholic fatty liver disease. World J Gastroenterol. (2017) 23:8263–76. doi: 10.3748/wjg.v23.i47.8263

 3. Younossi ZM, Stepanova M, Younossi Y, Golabi P, Mishra A, Rafiq N, et al. Epidemiology of chronic liver diseases in the USA in the past three decades. Gut. (2020) 69:564–8. doi: 10.1136/gutjnl-2019-318813

 4. Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of non-alcoholic steatohepatitis: the central role of non-triglyceride fatty acid metabolites. Hepatology. (2010) 52:774–88. doi: 10.1002/hep.23719

 5. Kawano Y, Cohen DE. Mechanisms of hepatic triglyceride accumulation in non-alcoholic fatty liver disease. J Gastroenterol. (2013) 48:434–41. doi: 10.1007/s00535-013-0758-5

 6. Bonen A, Chabowski A, Luiken JJ, Glatz JF. Is membrane transport of FFA mediated by lipid, protein, or both? Mechanisms and regulation of protein-mediated cellular fatty acid uptake: molecular, biochemical, and physiological evidence. Physiology. (2007) 22:15–29. doi: 10.1152/physiologyonline.2007.22.1.15

 7. Koonen DP, Jacobs RL, Febbraio M, Young ME, Soltys CL, Ong H, et al. Increased hepatic CD36 expression contributes to dyslipidemia associated with diet-induced obesity. Diabetes. (2007) 56:2863–71. doi: 10.2337/db07-0907

 8. Zhou J, Febbraio M, Wada T, Zhai Y, Kuruba R, He J, et al. Hepatic fatty acid transporter Cd36 is a common target of LXR, PXR, and PPARgamma in promoting steatosis. Gastroenterology. (2008) 134:556–67. doi: 10.1053/j.gastro.2007.11.037

 9. Hajri T, Han XX, Bonen A, Abumrad NA. Defective fatty acid uptake modulates insulin responsiveness and metabolic responses to diet in CD36-null mice. J Clin Invest. (2002) 109:1381–9. doi: 10.1172/JCI0214596

 10. Wilson CG, Tran JL, Erion DM, Vera NB, Febbraio M, Weiss EJ. Hepatocyte-specific disruption of CD36 attenuates fatty liver and improves insulin sensitivity in HFD-Fed mice. Endocrinology. (2016) 157:570–85. doi: 10.1210/en.2015-1866

 11. Greco D, Kotronen A, Westerbacka J, Puig O, Arkkila P, Kiviluoto T, et al. Gene expression in human NAFLD. Am J Physiol Gastrointest Liver Physiol. (2008) 294:G1281–7. doi: 10.1152/ajpgi.00074.2008

 12. Miquilena-Colina ME, Lima-Cabello E, Sanchez-Campos S, Garcia-Mediavilla MV, Fernandez-Bermejo M, Lozano-Rodriguez T, et al. Hepatic fatty acid translocase CD36 upregulation is associated with insulin resistance, hyperinsulinaemia and increased steatosis in non-alcoholic steatohepatitis and chronic hepatitis C. Gut. (2011) 60:1394–402. doi: 10.1136/gut.2010.222844

 13. Sheedfar F, Sung MM, Aparicio-Vergara M, Kloosterhuis NJ, Miquilena-Colina ME, Vargas-Castrillon J, et al. Increased hepatic CD36 expression with age is associated with enhanced susceptibility to non-alcoholic fatty liver disease. Aging. (2014) 6:281–95. doi: 10.18632/aging.100652

 14. Rey E, Melendez-Rodriguez F, Maranon P, Gil-Valle M, Carrasco AG, Torres-Capelli M, et al. Hypoxia-inducible factor 2alpha drives hepatosteatosis through the fatty acid translocase CD36. Liver Int. (2020) 54:472–483. doi: 10.1111/liv.14519

 15. Frohnhofen H, Roffe C. Intermittent nocturnal hypoxemia in individuals with dementia: prevalence and relationship with functional status. J Am Geriatr Soc. (2012) 60:1997–9. doi: 10.1111/j.1532-5415.2012.04183.x

 16. Sforza E, Roche F. Chronic intermittent hypoxia and obstructive sleep apnea: an experimental and clinical approach. Hypoxia. (2016) 4:99–108. doi: 10.2147/HP.S103091

 17. Jin S, Jiang S, Hu A. Association between obstructive sleep apnea and non-alcoholic fatty liver disease: a systematic review and meta-analysis. Sleep Breath. (2018) 22:841–51. doi: 10.1007/s11325-018-1625-7

 18. Schwenger KJP, Ghorbani Y, Li C, Fischer SE, Jackson TD, Okrainec A, et al. Obstructive sleep apnea and non-alcoholic fatty liver disease in obese patients undergoing bariatric surgery. Obes Surg. (2020) 30:2572–8. doi: 10.1007/s11695-020-04514-3

 19. Mesarwi OA, Loomba R, Malhotra A. Obstructive sleep apnea, hypoxia, and non-alcoholic fatty liver disease. Am J Respir Crit Care Med. (2019) 199:830–41. doi: 10.1164/rccm.201806-1109TR

 20. Li J, Grigoryev DN, Ye SQ, Thorne L, Schwartz AR, Smith PL, et al. Chronic intermittent hypoxia upregulates genes of lipid biosynthesis in obese mice. J Appl Physiol. (2005) 99:1643–8. doi: 10.1152/japplphysiol.00522.2005

 21. Li J, Nanayakkara A, Jun J, Savransky V, Polotsky VY. Effect of deficiency in SREBP cleavage-activating protein on lipid metabolism during intermittent hypoxia. Physiol Genom. (2007) 31:273–80. doi: 10.1152/physiolgenomics.00082.2007

 22. Kang HH, Kim IK, Lee HI, Joo H, Lim JU, Lee J, et al. Chronic intermittent hypoxia induces liver fibrosis in mice with diet-induced obesity via TLR4/MyD88/MAPK/NF-kB signaling pathways. Biochem Biophys Res Commun. (2017) 490:349–55. doi: 10.1016/j.bbrc.2017.06.047

 23. Almendros I, Montserrat JM, Torres M, Bonsignore MR, Chimenti L, Navajas D, et al. Obesity and intermittent hypoxia increase tumor growth in a mouse model of sleep apnea. Sleep Med. (2012) 13:1254–60. doi: 10.1016/j.sleep.2012.08.012

 24. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and validation of a histological scoring system for non-alcoholic fatty liver disease. Hepatology. (2005) 41:1313–21. doi: 10.1002/hep.20701

 25. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol. (1959) 37:911–7. doi: 10.1139/y59-099

 26. Parikh MP, Gupta NM, Mccullough AJ. Obstructive sleep apnea and the liver. Clin Liver Dis. (2019) 23:363–82. doi: 10.1016/j.cld.2019.01.001

 27. Aron-Wisnewsky J, Minville C, Tordjman J, Levy P, Bouillot JL, Basdevant A, et al. Chronic intermittent hypoxia is a major trigger for non-alcoholic fatty liver disease in morbid obese. J Hepatol. (2012) 56:225–33. doi: 10.1016/j.jhep.2011.04.022

 28. Semenza GL. Hypoxia-inducible factors in physiology and medicine. Cell. (2012) 148:399–408. doi: 10.1016/j.cell.2012.01.021

 29. Li J, Bosch-Marce M, Nanayakkara A, Savransky V, Fried SK, Semenza GL, et al. Altered metabolic responses to intermittent hypoxia in mice with partial deficiency of hypoxia-inducible factor-1alpha. Physiol Genom. (2006) 25:450–7. doi: 10.1152/physiolgenomics.00293.2005

 30. Liu Y, Lin H, Jiang L, Shang Q, Yin L, Lin JD, et al. Hepatic Slug epigenetically promotes liver lipogenesis, fatty liver disease, and type 2 diabetes. J Clin Invest. (2020) 130:2992–3004. doi: 10.1172/JCI128073

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 Rey, del Pozo-Maroto, Marañón, Beeler, García-García, Landete, Isaza, Farré, García-Monzón, Almendros and González-Rodríguez. 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.












	
	REVIEW
published: 20 August 2020
doi: 10.3389/fmed.2020.00448






[image: image2]

Non-alcoholic Fatty Liver Disease and Alcohol-Related Liver Disease: Two Intertwined Entities

Francisco Idalsoaga1, Anand V. Kulkarni2, Omar Y. Mousa3,4, Marco Arrese1,5 and Juan Pablo Arab1,5*


1Departamento de Gastroenterología, Escuela de Medicina, Pontificia Universidad Católica de Chile, Santiago, Chile

2Department of Hepatology, Asian Institute of Gastroenterology, Hyderabad, India

3Division of Gastroenterology and Hepatology, Mayo Clinic, Rochester, MN, United States

4Division of Gastroenterology and Hepatology, Mayo Clinic Health System, Mankato, MN, United States

5Centro de Envejecimiento y Regeneración (CARE), Facultad de Ciencias Biológicas, Pontificia Universidad Católica de Chile, Santiago, Chile

Edited by:
Javier Egea, Institute of Health Research of the University Hospital of La Princesa, Spain

Reviewed by:
Roberto Gramignoli, Karolinska Institutet (KI), Sweden
 Zuzana Macek Jilkova, Centre Hospitalier Universitaire de Grenoble, France

*Correspondence: Juan Pablo Arab, jparab@uc.cl

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 28 April 2020
 Accepted: 06 July 2020
 Published: 20 August 2020

Citation: Idalsoaga F, Kulkarni AV, Mousa OY, Arrese M and Arab JP (2020) Non-alcoholic Fatty Liver Disease and Alcohol-Related Liver Disease: Two Intertwined Entities. Front. Med. 7:448. doi: 10.3389/fmed.2020.00448



Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease worldwide, with a prevalence of 25–30%. Since its first description in 1980, NAFLD has been conceived as a different entity from alcohol-related fatty liver disease (ALD), despite that, both diseases have an overlap in the pathophysiology, share genetic–epigenetic factors, and frequently coexist. Both entities are characterized by a broad spectrum of histological features ranging from isolated steatosis to steatohepatitis and cirrhosis. Distinction between NAFLD and ALD is based on the amount of consumed alcohol, which has been arbitrarily established. In this context, a proposal of positive criteria for NAFLD diagnosis not considering exclusion of alcohol consumption as a prerequisite criterion for diagnosis had emerged, recognizing the possibility of a dual etiology of fatty liver in some individuals. The impact of moderate alcohol use on the severity of NAFLD is ill-defined. Some studies suggest protective effects in moderate doses, but current evidence shows that there is no safe threshold for alcohol consumption for NAFLD. In fact, given the synergistic effect between alcohol consumption, obesity, and metabolic dysfunction, it is likely that alcohol use serves as a significant risk factor for the progression of liver disease in NAFLD and metabolic syndrome. This also affects the incidence of hepatocellular carcinoma. In this review, we summarize the overlapping pathophysiology of NAFLD and ALD, the current data on alcohol consumption in patients with NAFLD, and the effects of metabolic dysfunction and overweight in ALD.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) and alcohol-related liver disease (ALD) are the most frequent causes of chronic liver disease worldwide (1, 2). Over the past decade, both entities have been increasing in the U.S. and worldwide, contributing to the rising burden of cirrhosis and hepatocellular carcinoma (HCC) and surpassing the figures of viral hepatitis infection as chief etiologies of these conditions (3). These temporal trend shifts in the contributions of NAFLD and ALD to the total burden of liver disease are likely related to diverse factors. Among them are the changing epidemiology of viral hepatitis in the last decade, the increasing rates of obesity and type 2 diabetes (T2DM) and the changing patterns of alcohol consumption in the general population. NAFLD and ALD have a number of commonalities and may eventually coexist in the same individual. In this context, it seems timely to review some basic and clinical concepts on these two intertwined conditions.

NAFLD is closely related to obesity and overweight as well as to the presence of metabolic dysfunction, and although the occurrence of steatosis in this setting was recognized in the early 1950s (4), only in 1980 was it pointed out as a possible cause of cirrhosis in a landmark case series study by Ludwig et al. (5). At the present time, NAFLD is defined by steatosis associated with a spectrum of hepatic histopathologic changes including the presence of inflammatory infiltrates and various degrees of fibrosis and cirrhosis (1). These features develop in the absence of known factors that cause fat accumulation such as alcohol consumption (defined as <30 g/day in men and <20 g/day in women), viral liver disease, and hereditary disorders. NAFLD is usually found in patients with comorbidities, such as metabolic syndrome (MetS), obesity, insulin resistance (IR), T2DM, and dyslipidemia (6). It is estimated that between 7 and 30% of patients with NAFLD may develop an inflammatory subtype termed non-alcoholic steatohepatitis (NASH), which is hallmarked by the presence of cell ballooning and lobular inflammation (7). NASH seems to be a more aggressive form of the disease that progresses more commonly to advanced fibrosis and cirrhosis (8). Patients with NAFLD, particularly those with NASH, have an increased mortality due to liver disease, and it is likely that cardiovascular mortality could also be increased (9).

NAFLD has increased significantly worldwide over the last decades, in line with the obesity epidemic and sedentary lifestyles (8, 10–12). Currently, the global prevalence of NAFLD is around 25%, with important differences between the Middle East (32%), South America (31%), United States (24.1%), and Africa (14%) (12–15). Additionally, the prevalence varies in association with metabolic diseases. NAFLD can be detected with ever greater prevalence in ~90% of obese patients and 65% of overweight patients (13) and in up to 70% of T2DM patients (16).

ALD affects 2–2.5% of the general population and exhibits a greater prevalence in areas with higher alcohol consumption (17). In Western countries, up to 50% of the patients with end-stage liver disease have alcohol as a major etiologic factor (18). According to the World Health Organization in 2018, more than 3 million deaths every year—representing around 5% of global deaths—are attributable to alcohol consumption (19). In the United States in 2006, alcohol-related deaths (excluding accidents) accounted for 22,073 deaths, with 13,000 of those specifically attributed to ALD (20). ALD is caused by heavy chronic alcohol consumption. Heavy or hazardous drinking is defined as consumption of more than 3 standard drinks per day in men, and more than 2 drinks per day in women, or binge drinking (defined as more than 5 standard drinks in men and more than 4 in women over a 2-h period) (21), implying a greater risk of developing health problems associated with alcohol (22–24). Clinical manifestations range from no symptoms to severe acute alcoholic hepatitis (AH) with or without cirrhosis (17).

The relationship between NAFLD and ALD is complex due to overlapping clinical features and lack of positive criteria for NAFLD (25). Of note, the interaction between NAFLD and alcohol consumption has been controversial over the last few years (26). Initially, some studies suggested a protective effect of moderate doses of alcohol (27). However, recent evidence indicates that there is no safe threshold for alcohol consumption in NAFLD patients (28). Moreover, alcohol use is a significant risk factor for the progression of liver disease in these individuals, eventually impacting a mortality in those patients with NAFLD and MetS (29). On the other hand, in ALD, MetS and obesity may increase liver disease progression and the incidence and mortality of HCC (30).

In this review, we aim to summarize current data on the overlapping pathophysiology of NAFLD and ALD as well as the available information on alcohol consumption in patients with NAFLD and the effects of MetS and overweight in ALD. We underscore the need for a change in NAFLD nomenclature in order to account for the dual etiology of liver disease, which is present in a likely significant proportion of patients with concurrent alcohol consumption and metabolic disturbances. Proper consideration of these concepts should impact clinical management.



HOW MUCH ALCOHOL IS BAD IN NAFLD?

Definition of NAFLD, and the distinction from ALD, is based on the amount of alcohol consumed, which has been established arbitrarily, and without definitive evidence. The threshold of alcohol consumption that rules out NAFLD usually is 20 g (2 units per day) in women, 30 g (3 units per day) in men, based on guidelines of scientific associations recommendations (1, 6). Alcohol consumption is reported in up to two-thirds of patients with NAFLD in the United States (31). The effect of alcohol consumption on the prognosis of NASH has been a subject of controversy for many years, with some studies suggesting a protective effect and others suggesting an increased risk of liver disease progression and HCC (32–35) (Table 1). Initial evidence for the protective effect of moderate alcohol intake in NASH dates back to 2001. Dixon et al. suggested that moderate alcohol consumption reduces the risk of NAFLD in the severely obese, probably by reducing IR (OR, 0.35; 95% CI, 0.12–1.00). Steatosis was diagnosed by laparoscopic biopsies during bariatric surgery and NASH was present only in 25% (26/105) of the cases (36). In 2007, Suzuki et al. performed a cross-sectional study in men without chronic liver diseases to determine the association between alcohol consumption (none, light, moderate, and excessive) and elevated serum aminotransferase levels. They concluded that excessive alcohol consumption was associated with increased aminotransferase levels, while light and moderate alcohol intake may protect against the development of elevated aminotransferases (37). However, aminotransferases are poor screening tools for NAFLD. The third National Health and Nutrition Examination Survey (NHANES) compared patients with no alcohol intake (n = 7,211) vs. patients who drank wine exclusively (up to 10 g/day) (n = 945). In this study, the low-dose wine consumption (but not beer or liquor) was associated with a decreased risk of elevated aminotransferase levels (OR 0.62; 95% CI 0.41–0.92) (56). In 2009, Gunji et al. developed a cross-sectional study in the Japanese population, including a large series of asymptomatic male subjects. Alcohol intake was defined through a questionnaire, and steatosis status was assessed by aminotransferases or ultrasonography (US) (38). They reported an inverse association between alcohol consumption and steatosis, with a protective effect of light and moderate alcohol intake. Later, the same group obtained similar results defining steatosis through a CT scan (independent of MetS or physical activity) (39). Another cross-sectional study in males on regular health check-ups was conducted by Hiramine et al. They utilized a questionnaire to determine the alcohol intake and classified the subjects according to alcohol consumption as none, light, moderate, and heavy drinkers (0, <20, 20–59, and ≥60 g/day, respectively). Steatosis was defined by US. They also concluded that alcohol consumption plays a protective role against fatty liver in men. It is interesting that the analysis of the drinking patterns revealed that the prevalence of fatty liver was inversely associated with the frequency of alcohol consumption (≥21 days/month) (OR 0.62, CI 0.53–0.71), but not with the volume of alcohol consumed (40). Moriya et al. reported a significant inverse correlation between drinking frequency and the prevalence of fatty liver (p < 0.001) in the Japanese population. These authors described that drinking <20 g on 1–3 days/week was associated with a lower prevalence of fatty liver assessed by US (adjusted odds ratio, 0.47; 95% confidence interval, 0.23–0.96). This study included men and women, obtaining the same results for both (men: OR 0.59; 95% CI 0.52–0.68; women: OR 0.60; 95% CI 0.45–0.80) (41). These results were consistent with the study by Hamaguchi et al., who defined the prevalence of steatosis by CT scan (42).


Table 1. Studies assessing the effect of moderate alcohol intake on NAFLD.
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At least 4 cross-sectional studies suggested a protective role of alcohol consumption after defining steatosis by liver biopsy (32, 43, 45, 57). In the NIH NASH Clinical Research Network, modest alcohol consumption was associated with less steatohepatitis, hepatocellular ballooning, and fibrosis (32). In another study, alcohol intake up to 13 U/week was associated with lower fibrosis stage in NAFLD (OR 0.86 per U/week, 95% CI 0.76–0.97). Nevertheless, an elevated phosphatidylethanol (a biomarker for recent alcohol consumption) was associated with higher stages of fibrosis (43). Finally, Mitchell et al. had similar results, but particularly with wine consumption (not with beer) and non-binge pattern (45). The association of modest alcohol intake with survival in NAFLD has also been evaluated. This analysis was made using the NHANES data (1988–2010). NAFLD was diagnosed by hepatic steatosis index (HSI) in 4,568 subjects. Modest alcohol consumption was associated with a significant decrease in all-cause mortality (after a median follow-up of 70 months, and adjustment for race, physical activity, education level, T2DM, and fiber and polyunsaturated fatty acid intake) [hazard ratio (HR) 0.64, 95% CI 0.42–0.97], whereas drinking ≥1.5 drinks per day was to be associated with an increased in mortality (HR 1.45, 95% CI 1.01–2.10) (27). Currently, only one meta-analysis has been published (46), which included 43,175 individuals. It concluded that modest alcohol consumption was associated with a protective effect in NASH (fixed models: OR 0.69, 95% CI 0.65–0.73; random models: OR 0.68; 95% CI 0.58–0.81) based on 8 heterogeneous studies. The critical review by Ajmera et al. (26) of 7 observational studies concluded a positive association between moderate alcohol use and decreased NASH and fibrosis; however, heavy episodic drinking may accelerate fibrosis progression and moderate alcohol intake may increase the risk of HCC (in patients with advanced fibrosis). However, the studies had significant methodological limitations, including incomplete adjustment for confounding factors.

Despite that some studies suggest a beneficial effect of moderate alcohol consumption on the occurrence and progression of NAFLD, more recent evidence suggests that there is no safe limit for alcohol consumption and that the alcohol intake is associated with a higher risk of liver disease progression, including HCC (23, 30, 34, 36, 47–49, 54, 55, 58–63). The association between alcohol intake and liver damage has been reported widely since 1957 (64). Many studies showed that alcohol consumption is associated with increased prevalence and progression of NASH. In the Dionysos Study, 144 subjects without steatosis and 336 with steatosis were followed up for 8.5 years. The most relevant risk factor for steatosis incidence and remission, as well as a predictor of mortality in these patients with fatty liver, was alcohol intake (20 g/day). The incidence of fatty liver increased by 17%, steatosis remission decreased by 10%, and mortality increased by 10% in the fatty liver cohort (49). Follow-up liver biopsy in 71 patients with NAFLD showed that fibrosis progression was associated with episodic drinking (at least once per month) and higher weekly alcohol consumption. Also, the heavy episodic drinking (p < 0.001) and IR (p < 0.01) were independently associated with significant fibrosis progression. The study concluded that moderate alcohol consumption was associated with fibrosis progression in NAFLD, and the authors advised to refrain from heavy episodic drinking in patients with NAFLD (34). Recent studies showed that there is no safe limit for alcohol consumption and suggested that even light alcohol consumption is not safe in NAFLD. In 2018, a systematic analysis from the Global Burden of Diseases, Injuries, and Risk Factors Study, which included 28 million individuals and 649,000 cases with outcomes, also suggested a detrimental effect of moderate alcohol intake (65). A Finnish cohort study of 6,732 individuals without baseline liver disease, after a follow-up of 11.4 years, demonstrated that non-risky alcohol intake (<3 units per day in men and 2 units per day in women) was associated with a significant increase in the risk of liver disease progression (30). A large-scale cohort was performed in 58,927 young and middle-aged Korean individuals with NAFLD (with low baseline fibrosis scores), who were followed for a median of 4.9 years. The progression from low to intermediate or high probability of advanced fibrosis was assessed using non-invasive index including NAFLD fibrosis score (NFS) and Fibrosis-4 Index (FIB-4). They demonstrated that light (1.0–9.9 g/d) or moderate (10.0–29.9 g/d for men and 10.0–19.9 g/d for women) alcohol consumption compared with none (0 g/d) was significantly and independently associated with worsening of fibrosis. The effect was higher with moderate alcohol consumption (50). The authors also suggested that a safe limit of alcohol use may not exist. In a study that analyzed NHANES III including 4,264 adults with hepatic steatosis diagnosed by US examination, the overall mortality was significantly higher among subjects with excessive alcohol intake (32.2%) vs. subjects with non-excessive alcohol consumption (22.2%) after 5 and 20 years of follow-up (p = 0.003). The association of excessive alcohol use with mortality was significant in individuals who have MetS (aHR, 2.46; 95% CI, 1.40–4.32) but not without it (p = 0.74) (29). The impact of alcohol consumption is associated not only with incidence of steatosis, fibrosis progression, and mortality but also with less improvement in steatosis in patients with NASH and increased liver malignancies. In a longitudinal analysis of liver biopsies from patients with NAFLD, the low and modest alcohol use was associated with less improvement in steatosis, higher levels of AST, and less NASH resolution, compared with no alcohol intake (51). Another study suggested that total abstinence even prevents disease progression and is the more important factor determining survival in patients with established cirrhosis (52). Additionally, data from a Mendelian randomization study using a validated genetic variant (rs1229984 A:G) in the alcohol dehydrogenase (ADH1B) gene as a proxy of long-term alcohol exposure was used, thereby minimizing measurement bias and confounding factors. They found that carriers of the A-allele consumed significantly lower amounts of alcohol compared with non-carriers. Additionally, A-allele carriers had a lower degree of histological steatosis, lobular inflammation, and NAFLD-Activity Score (NAS) compared with non-carriers. They suggested that there is no beneficial effect of moderate alcohol consumption on NAFLD disease severity (53).

The association between alcohol intake and HCC development has been evaluated. Mild or moderate alcohol consumption may be a cofactor for the development of HCC in NAFLD. In a study that included 504,646 Korean patients (age 40–80 years) on routine health checkups, HCC incidence was associated with hepatitis B and C infection, and each 20 g/day of alcohol intake increased the risk of HCC by 6, 8, 16, and 30%, respectively, in individuals aged <50, 50–59, 60–69, and 70–80 years (54). An analysis of the participants in the Health 2000 and FINNRISK (1992–2012) databases was performed, which linked national registers for hospital admissions, malignancies, and death regarding liver, cardiovascular, and malignant disease, as well as all-cause mortality. They concluded that alcohol consumption is associated with a dose-dependent risk of advanced liver disease and neoplasia but a dose-dependent decrease in cardiovascular outcomes (21% risk reduction with ≤1 unit per day intake limited to non-smokers) (58). Alcohol intake is also associated with extrahepatic cancers, particularly breast, oral, pharyngeal, and colorectal cancer (66–69).

In summary, although some studies suggest a beneficial effect of light and moderate alcohol consumption on the occurrence and progression of NAFLD, most of them are cross-sectional studies, limiting their interpretation. These studies defined the association observed on the grounds of present alcohol intake history; nevertheless, NAFLD and ALD are processes that require long-term exposure and the damage could be driven by previous alcohol history. This is limited by the recall bias. Some studies have significant methodological limitations (including incomplete adjustment for confounding factors, as metabolic history) and several potential biases (especially in retrospective analyses), limiting their validity. On the other hand, the evidence supporting no benefit or even a detrimental effect of alcohol intake is based on solid longitudinal studies. The association between alcohol intake with fibrosis progression and cancer in these studies seems appealing and less biased than observed in cross-sectional analyses.



HOW OBESITY AND METABOLIC SYNDROME AFFECT ALD?

In recent years, the association between alcohol consumption and NAFLD progression has been clearly established. Emerging evidence has demonstrated that obesity and MetS increase the progression of ALD and HCC incidence and mortality. Indeed, a synergism between alcohol and obesity has been suggested. A cross-sectional study (48) including 257 participants of the Dionysos Study used a validated food questionnaire and ultrasound assessment of NAFLD. The prevalence of steatosis was increased in heavy drinkers (46.4% [95% CI, 34–59%]) and obese (75.8% [CI, 63–85%]) compared with controls (16.4% [CI, 8–25%]). Those heavy drinkers who are obese had an even higher prevalence of NAFLD, 94.5% (CI, 85–99%), which suggest an additive effect. Obesity doubles the risk of steatosis in heavy drinkers (48). This synergistic effect was also observed in 2 of the long-term Midspan prospective cohort studies (9,559 men) in Scotland. The body mass index (BMI) and alcohol consumption were strongly associated with liver disease mortality in analyses adjusted by other confounders (p = 0.001 and p < 0.0001, respectively). After a median follow-up of 29 years, consumers of 15 U/week or more exhibited higher rates of liver disease irrespective of BMI. In mild users (1–14 U/week), an excess of liver disease was only observed in subjects with obesity, with a synergistic effect between alcohol and BMI (synergy index, 2.89; [95% CI, 1.29–6.47]) (60). In the analysis of NHANES III, previously commented in this review, the presence of MetS [adjusted hazard ratio (aHR), 1.43; [95% CI, 1.12–1.83]] and excessive alcohol consumption (HR, 1.79; [95% CI, 1.21–2.66]) were independently associated with an increased mortality in subjects with steatosis. Additionally, alcohol intake and the presence of MetS had a synergistic effect (29). It is necessary to consider the alcohol intake as an aggravating element of overweight and obesity. A mild alcohol intake can contribute with 100–300 kcal/day, directly to weight gain and obesity, irrespective of the type of alcohol consumed (69, 70).

The association between BMI and HCC (incidence and mortality) has been demonstrated through two prospective population-based studies in Taiwan. The first of them was a prospective study that included 2,260 Taiwanese men positive for HBV infection, followed up for 14 years. HCC was diagnosed by imaging or histopathology (Cancer Registry). In this study, alcohol intake (any amount) had synergistic effects with the risk of incident HCC in analyses adjusted for age (HR, 3.41; 95% CI, 1.25–9.27; p < 0.025) and multiple variables (HR, 3.40; 95% CI, 1.24–9.34; p < 0.025). Also, the risk of HCC increased in overweight (HR, 2.4; 95% CI, 1.3–4.4), obese (HR, 2.0; 95% CI, 1.1–3.7), and extremely obese (HR, 2.9; 95% CI, 1.0–8.0) alcohol users (p for trend = 0.046) (62). Later, Loomba et al. conducted a prospective, population-based study of 23,712 Taiwanese, followed for 11.6 years for the incidence of HCC, and the study concluded with similar results. Alcohol consumption and obesity (BMI ≥30) showed a synergistic association with the risk of incident HCC in both unadjusted analyses (HR = 7.19, 95% CI: 3.69, 14.00; p < 0.01) and multivariable-adjusted analyses [age, sex, smoking, serum alanine aminotransferase (ALT), serum hepatitis B surface antigen, anti-hepatitis C virus antibody, and T2DM] (HR = 3.82, 95% CI: 1.94, 7.52; P < 0.01). Finally, the study concluded that obesity and alcohol have a synergic effect increasing the risk of incident HCC (63).



NEW NAMES FOR NAFLD/ALD: A CHANGING NOMENCLATURE FOR FATTY LIVER DISORDERS

The use of the acronym NAFLD as an umbrella term is now recognized as a problematic issue in the field of hepatology (31). This is largely due to the significant heterogeneity of patients grouped under that denomination as well as by the absence of positive criteria for NAFLD, which makes it difficult to classify subjects with metabolic alterations drinking beyond the threshold set for NAFLD. The latter also impedes the recognition of dual etiology for liver disease in individuals with both moderate or excessive alcohol consumption and metabolic disturbances. For this reason, and in order to better characterize the disease, NAFLD nomenclature has recently been revised and a new consensus-driven acronym proposed (71). Thus, the term MAFLD, which stands for metabolic (dysfunction)-associated fatty liver disease, was suggested as a more appropriate overarching term. This revised nomenclature should allow for more precise study designs leading to decreased variability of study groups and to a better understanding of the natural history of the disease. Positive criteria to diagnose MAFLD have been also proposed by the same expert group (72), which considers the evidence of fat accumulation in the liver and presence of evidence of metabolic dysregulation. The latter is defined by the presence of at least two metabolic risk abnormalities (dyslipidemia, hypertension, abdominal obesity, prediabetes, IR, or elevated high sensitivity C-reactive protein). Since ALD also comprises a spectrum of liver lesions, some adaptations may be needed in order to acknowledge the dual etiology of patients with fatty liver disease (i.e., concomitant MAFLD and ALD). Thus, the spectrum of fatty liver disease (Figure 1) should include patients with true ALD (alcohol-associated fatty liver disease, AAFLD), patients with predominant ALD but with metabolic cofactors (ALD with MetS), those with true NAFLD with alcohol consumption near zero (MAFLD) (71), and patients with NAFLD but with alcohol consumption contributing to the disease process (i.e., MAFLD with alcohol component). A final group will be composed of those patients with both MAFLD and ALD, equally contributing (or not possible to determine which one predominates) to the disease process (both alcohol and metabolic associated fatty liver disease, BAFLD). Similarly, the term BASH has been used to describe both alcohol and metabolic associated steatohepatitis (73). Each group probably has different clinical manifestations, course, liver prognosis, and mortality. This approach recently suggested by Eslam et al. (31) proposes that patients with fatty liver and predominance of metabolic dysfunction could be stratified according to alcohol intake and patients with alcohol predominant fatty liver according to the presence of coexisting metabolic comorbidities when included in clinical studies. These distinctions may help to a more robust understanding of the natural history of these different patient populations. In Figure 2, we suggest an algorithm to be applied in patients with fatty liver, which intend to account for dual etiology and predominance in the setting of metabolic dysfunction and alcohol consumption.


[image: Figure 1]
FIGURE 1. Spectrum of fatty liver diseases. In non-alcoholic fatty liver disease (NAFLD) and alcohol-related liver disease have been generally conceived as different entities, and despite that both conditions share an overlapping pathophysiology and frequently coexist in clinical practice, thresholds to diagnose NAFLD makes difficult to account for a dual etiology in a given patient. For that reason, a nomenclature change has been proposed [see (71) in the main text] considering that at the ends of the spectrum of fatty liver disease, there are patients with true ALD (now named alcohol-associated fatty liver disease, AAFLD) and some with true NAFLD with alcohol consumption near-zero (now named metabolic associated fatty liver disease, MAFLD) but that the vast majority of patients are between these two extremes. Thus, in clinical practice there will be patients with ALD that have metabolic cofactors (AAFLD with MetS) and patients with NAFLD that consume alcohol, which contributes to the disease process (MAFLD with alcohol component). In the middle, a large group of patients have both conditions (NAFLD and ALD) with some showing an equal contribution of alcohol and metabolic factors (proposedly named as both alcohol and metabolic associated fatty liver disease, BAFLD).



[image: Figure 2]
FIGURE 2. Proposed algorithm to approach patients with liver steatosis. A staggered algorithm to approach patients with liver steatosis is shown. This algorithm considers alcohol intake and metabolic cofactors (obesity, T2DM, and MetS) and classifies patients in AAFLD alcohol-associated fatty liver disease (true ALD) if hazardous alcohol intake is present, AAFLD with metabolic component (predominant ALD but with metabolic cofactors), MAFLD metabolic associated fatty liver disease (NAFLD with alcohol consumption near zero), MAFLD with alcohol component (NAFLD but with alcohol consumption contributing to the disease process), and finally BAFLD both alcohol and metabolic associated fatty liver disease (patients with both NAFLD and ALD equally contributing or no possible to determine which predominates). Criteria to diagnose MAFLD are suggested in (72) in the main text.




PATHOGENESIS OF NAFLD AND ALD: OVERLAPPING ASPECTS AND SALIENT DIFFERENCES

Although NAFLD and ALD are two distinct biological entities, they have a number of commonalities in their pathogenetic mechanisms leading to activation of both hepatic inflammatory and fibrogenetic pathways that fuel disease progression (74, 75) (Figure 3). Disturbed lipid handling by the hepatocyte resulting in intracellular accumulation of potentially toxic bioactive lipid species is an essential phenomenon in both NAFLD and ALD followed by the occurrence of cellular stress [i.e., endoplasmic reticulum (ER) stress and mitochondrial dysfunction] and death, which in turn triggers the innate immune response and activation of hepatic stellate cells (HSCs), resulting in inflammation and excessive collagen production and deposition (76). This general sequence is highly heterogeneous in both entities and is modulated by different genetic and epigenetic factors, some of which are also common for NAFLD and ALD. This accounts for the broad phenotypic spectrum seen in both diseases. In the following paragraphs, we summarize the main mechanisms of liver injury at play in NAFLD and ALD and underscore their similarities and differences (77–80).
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FIGURE 3. NAFLD/ALD overlapping pathogenic processes. Free fatty acids (FFA) and ethanol have a myriad of effects on hepatocytes determining, among other phenomena, the occurrence of mitochondrial dysfunction, endoplasmic reticulum (ER) stress (resulting in impaired protein folding), and excessive production of ROS, which result in hepatocellular injury, activation of other cell death pathways, and inflammasome activation. Damaged hepatocytes release damage-associated molecular pattern (DAMP) molecules [e.g., high-mobility group box 1 (HMGB1)] that signal to Kupffer and hepatic stellate cells (HSC), fueling inflammation and fibrogenesis. Extracellular vesicle (EV) release from hepatocytes also contributes to both Kupffer cell and HSC activation. In non-alcoholic fatty liver disease (NAFLD), insulin resistance (IR) is a central phenomenon promoting adipose tissue lipolysis and an increased FFA flux to the liver. This FFA overflow surpasses the storage capacity of hepatocytes and determines the occurrence of lipotoxicity and activation of cell death pathways. Also, adipose tissue dysfunction is associated with a proinflammatory state with elevated levels of circulating cytokines [e.g., tumor necrosis factor-α (TNF-α) and interleukin (IL)-6] and with an imbalance in circulating levels of adipose tissue-derived adipokines (i.e., a decrease in adiponectin and an increase in leptin). This may increase IR and contribute to HSC activation. Of note, some nuclear receptors such as peroxisome proliferator-activated receptors (PPARs) and farnesoid X receptor (FXR), a bile acid receptor, may have anti-inflammatory and anti-steatotic effects, which are being exploited therapeutically. Both NAFLD and ALD (alcohol-related liver disease) are associated with intestinal dysbiosis and altered gut permeability, which results in the pass of bacterial products [e.g., pathogen-associated molecular patterns (PAMPs), lipopolysaccharides (LPS), and others] into portal circulation. In the liver, LPS and PAMPS may activate different Toll-like receptors (TLRs) as well as promote inflammasome assembly determining amplification of inflammatory responses. In ALD, proinflammatory cytokines released from macrophages may also activate cell death receptors and induce apoptosis.



Hepatic Fat Accumulation and Lipotoxicity

Increased lipid droplets (i.e., steatosis) inside the hepatocytes is the earliest histological finding in NAFLD and ALD (78). These lipid droplets are enriched in fully saturated triglycerides and result in the typical histological pattern of macrovesicular steatosis common to both entities (7). Excessive accumulation of triglycerides and other lipid species relates to a dysregulated hepatic lipid flux consisting in an increased hepatocellular lipid uptake, synthesis, and degradation [i.e., fatty acid oxidation (FAO)], induced by a positive caloric balance and IR in NAFLD and ethanol consumption in ALD (81). The main regulators of this process are SREBP1c (82) and PPARα and PPARδ, which are critical regulators of FAO (83). In NAFLD, excessive calorie intake increases the size and number of adipocytes and renders them insulin resistant, leading to uncontrolled lipolysis and decreased fatty acid uptake, thus promoting the release of free fatty acids (FFA) into the circulation. FFA are later uptaken by hepatocytes promoting lipid droplet formation. Of note, some data suggest that fatty acid transporters are upregulated in the setting of NAFLD (84). Also, de novo hepatic lipogenesis (DNL) seems to be upregulated in most subjects with NAFLD, which relates to inactivation of peroxisome proliferator-activated receptor-alpha (PGC1-α) and upregulation of SREBP1c (82, 85–87). Interestingly, DNL may be accompanied by a compensatory enhancement of FAO, but studies in this regard are conflicting. Human data from patients with NAFLD show that FAO may be enhanced, unchanged or decreased (84). In ALD, ethanol consumption induces a multilevel disturbance of hepatic lipid metabolism (88). One of the best-studied effects, in murine models, is the increase in SREBP1c expression (a key transcription factor in hepatic lipogenesis) (85), leading to increased expression of hepatic lipogenic genes and increased DNL. Other important enzymes controlling lipid fluxes such as acetyl-CoA carboxylase, ACC (limiting enzyme in DNL), and carnitine palmitoyltransferase, CPT (limiting enzyme for mitochondrial β-oxidation, that regulates lipid degradation), have a pivotal role in both diseases in human studies (88, 89). Ethanol increases the activity of ACC and suppresses the rate of palmitic acid oxidation, producing modifications in fatty acid metabolism and steatosis (90). Additionally, an increased ACC expression has been described in experimental murine models of NAFLD (91). Accumulation of saturated fatty acids as well as other harmful lipids such as ceramides, diacylglycerols, and lysophosphatidylcholine, among others, promote the occurrence of lipotoxicity, a phenomenon defined by the appearance of leading to cellular dysfunction and death (92). Lipotoxicity plays an important pathophysiological role in NAFLD/NASH (93) and likely drives disease progression through different mechanisms such as direct cytotoxicity, increased IR and hyperinsulinemia, cell signaling modification [through hepatic nuclear factor-α or toll-like receptors (TLR)], ER stress, upregulation of autophagic processes, and trigger of different cell death pathways (e.g., apoptosis, necrosis, pyroptosis; see below). Cell injury and death, in murine and human models, determine release of damage-associated molecular pattern (DAMP) molecules, leading to macrophage recruitment and a secondary inflammatory response (94). In ALD, although accumulation of FFA occurs similarly to NAFLD, the lipotoxic phenomenon has not been well characterized and information on the nature of intrahepatic lipid species and their cellular effects is scarce (95).



Insulin Resistance

IR plays a pivotal role in the pathogenesis of NAFLD. IR in adipose tissue is associated with an increase lipolysis in adipocytes, leading to excess FFA release into the circulation and to a higher uptake by the hepatocytes, which is a driver of steatosis. In turn, increased hepatic fat content promotes IR in hepatocytes by decreasing insulin-stimulated tyrosine phosphorylation of both insulin receptor substrate (IRS)-1 and IRS-2, which leads to increased gluconeogenesis and hepatic glucose production, which leads to hyperinsulinemia. The latter stimulates the transcription factor SREBP-1c, activating most genes involved in DNL, further increasing steatosis (96). Worsening IR is considered a potential driver of disease progression in NAFLD (97), and targeting IR is one of therapeutic strategies explored for NAFLD/NASH treatment according to evidence from in vitro and mouse models (98). With regard to the relationship between alcohol consumption and IR, data are limited. Both clinical and experimental information suggests that insulin signaling is impaired in ALD. Chronic alcohol consumption disrupts whole-body lipid metabolism, and several studies, in clinical and preclinical mouse models, suggest that alcohol may promote IR and increase the risk of T2DM (99). Indeed, it is likely that the presence of IR, which is prevalent in patients with ALD, may increase the risk of advanced liver disease through multiple mechanisms. However, current data is limited, and more studies are needed to confirm if targeting insulin signaling pathways pharmacologically may be beneficial in the setting of ALD.



Cell Death Signaling

Another important process involved in the pathogenesis of NAFLD/ALD is the activation of cell death pathways (100–102). This pathway can be activated by both intrinsic and extrinsic signaling via surface receptors belonging to the tumor necrosis factor-alpha (TNF-α) receptor family (103–105). Specifically, TRAIL (TNF-related apoptosis-inducing ligand) receptor 2 (TRAIL-R2) has been associated with hepatocyte lipoapoptosis, probably as an effect of toxic lipids (free cholesterol, ceramides, and FFA), that promote reorganization of plasma membrane domains and ligand-independent activation of TRAIL-R2 signaling leading to cell death (106–109). In addition to apoptosis, other lytic forms of cell death may be at play in NAFLD/NASH, such as necroptosis, pyroptosis, and ferroptosis, which are related to cell-membrane permeabilization (101). The TRAIL pathway has been also implicated in ALD pathogenesis. After ethanol consumption, TRAIL expression leads to hepatic steatosis and TRAIL-mediated steatosis that can be inhibited by the neutralizing TRAIL antibody (110). Also, ER stress, induced by alcohol consumption and lipotoxicity, and reactive oxygen species may activate Bcl2 initiators of apoptosis members (108) and inhibit guardian members, inducing cell deaths, through caspase activation in mouse models (111). Finally, activation of apoptosis signal-regulating kinase 1 (ASK-1), which leads to phosphorylation of p38 and JNK and activation of several stress response pathways, has been involved in apoptosis occurrence in both NASH and alcoholic hepatitis. This is of particular interest since inhibitors of this pathway are available (i.e., selonsertib). However, studies conducted to date have yielded negative results (112).

Other cell death pathways that have been studied in liver diseases is necroptosis, which is a form of programmed necrosis. Necroptosis is defined as a non-apoptotic cell-death-receptor-mediated death observed in some cell types and is dependent of a kinase cascade that involves a family of proteins known as receptor interaction protein kinases (RIPKs), in particular RIPK3 activation of mixed-lineage-kinase-domain-like (MLKL) (113). This pathway has been explored in mouse models of NAFLD and ALD with different results (113–116). Of note, RIPK3-dependent and RIPK1-independent activity activation has been described in ALD, while in NASH models studies are contradictory (116–118). Currently, new studies assessing the role of necroptosis in fatty liver are underway (119).

Autophagy, or cellular self-digestion, is a cellular pathway crucial for development, differentiation, homeostasis, and survival of cells. This process is used to eliminate potentially harmful proteins and organelles and to remove intracellular microbial pathogens. In ALD and NAFLD, a dysregulation of this process with a decreased autophagic function that can lead to liver cell death, steatohepatitis, and HCC exist. In the setting of NASH, it has been demonstrated that palmitic acid suppresses autophagy, while oleic acid may promote it. Also, mice with genetic deletion of Atg7 (a critical autophagy mediator) have shown increased hepatic fat content accumulation (120). The autophagic degradation of intracellular lipid droplets may play a role in buffering FFA toxicity and maintaining hepatic lipid homeostasis (120–123). In ALD, a normal functioning of autophagy is associated with attenuated alcohol-induced injury and less lipotoxicity (122).



Immune Response

Innate immune cells have a fundamental role in the pathogenesis of both NAFLD and ALD, sharing important characteristics but with some substantial differences (124, 125). Release of DAMPs from hepatocytes activate innate immune cells, particularly resident macrophages (i.e., Kupffer cells) (123) in in vitro studies using cultured HepG2 cells and primary mouse hepatocytes. Additionally, some specific DAMPs such as high-mobility-group protein box 1 (HMGB1) have shown to activate TLR4 in NASH and ASH, playing a pivotal role during the early progression of NAFLD (126, 127). Other DAMPs, for example, sonic hedgehog (SHH) ligands, have been also associated with progression of NAFLD and fibrosis in human studies (128).

Neutrophils are another key element in ASH and NASH. Neutrophil elastase (NE), a protease released by neutrophils, produces cellular IR, and the deletion of NE produces less tissue inflammation and is associated, in mouse models, with lower adipose tissue neutrophil and macrophage content (129). In ALD, neutrophils induce progression through the release of ROS, proteases, and proinflammatory mediators (130). Additionally, neutrophils have been associated with portal hypertension as these immune cells promote the formation of microvascular thrombosis, through neutrophil extracellular traps (NETs). Occurrence of microvascular thrombosis and fibrin may drive portal hypertension through space effects in liver sinusoids (131).

Finally, the monocyte chemoattractant protein-1 (132) is another important component in ASH and NASH. The monocyte chemotactic protein-1 (MCP-1) is an inflammatory chemokine released by hepatocytes, Kupffer cells, sinusoidal endothelial cells, and hepatic stellate cells in response to alcohol, producing chemoattraction of macrophages and maintaining mononuclear infiltration in mouse models (133–136).



Inflammasome

Inflammasomes are multiprotein complexes that are mainly expressed in hepatocytes and myeloid cells (i.e., Kupffer cells) (137) that sense pro-inflammatory signals through NOD-like receptors (NLRs) and activate caspase-1, the effector protein (138–141). Caspase-1 cleaves pro-interleukins (IL-1β, IL-18, and IL-23), which results in sterile inflammation and lytic hepatocyte cell death (i.e., pyroptosis). Activation of the NLRP3 inflammasome has been found in murine models of both NAFLD and ALD (142–144). Also in rodent models of NAFLD/NASH, mRNAs encoding the NLRP3 inflammasome complex are elevated and overexpression of NLRP3 is associated with greater degrees of liver injury (145–147). Despite the similarities, the cell types involved and the trigger signals for NLRP3 activation appear to be somewhat different between ALD and NAFLD (148). In ALD, inflammasome and IL-1 production is increased at very early stages of the disease, which seems not to occur early in NASH (147). Also, in ALD, inflammasome activation is predominantly seen in Kupffer cells, while in NASH NLRP3 is mainly activated by hepatocytes (149–151). Finally, inflammasome component deficiency, in mouse models, protects against inflammation, steatosis, and liver injury in both ALD and NASH (152–154).



Extracellular Vesicles and MicroRNAs

In response to injury, damaged cells release extracellular vesicles (EVs) which are membrane-surrounded structures (66) released by almost all types of cells. EVs can contain a wide variety of cargoes [e.g., proteins, lipids, and nucleic acids [coding and non-coding RNA] and mitochondrial DNA] that mediate intercellular communication. In the setting of liver damage, hepatocytes increase EV release, which may act on different target cells leading to pivotal pathobiological processes, such as activation of macrophages, endothelial cells, and HSCs, thus promoting proinflammatory, angiogenic, and fibrotic responses (155–158). Observations made in mouse models suggest that these EV-mediated processes are relevant events in the pathogenesis of both NAFLD and ALD (159–161). Moreover, EVs are promising candidates to serve as disease biomarkers. Also, their therapeutic use as a liver-specific delivery method of different compounds is being studied (155). For an in-depth discussion of current knowledge about the role of EVs in NAFLD and ALD, the reader is referred to a recent review (155).

Changes in microRNA (miR) expression are involved in pathogenesis ALD and NAFLD. In NASH, it has been shown that an upregulation of miR-34a and a downregulation of let7d (miR precursor) decrease FAO, promoting fat synthesis in murine models (83, 162, 163), while miR-122 has been linked with steatosis and fibrosis (164). On the other hand, miR-132 may trigger fibrogenesis secondary to ethanol intake, and miR-155 is associated with ethanol-induced inflammation, probably mediated by TNF-α (165). In mouse models of NASH, miR-155 is also induced without a defined role (166, 167).



Microbiota

Another interesting factor in the pathogenesis of ALD and NAFLD is the effect of the intestinal microbiota. The number of microorganisms inhabiting the gastrointestinal tract has been estimated to exceed 1014, with extremely diverse features (168, 169). Dysbiosis has been described in both ALD and NAFLD; however, the exact role in the NAFLD and ALD disease processes remains unclear (170). The intestinal microbiota composition is associated with the stage of fibrosis and also on the ethanol consumption pattern, being different between chronic, binge, and “social” drinkers (132, 171, 172). Chronic alcohol consumption disrupts tight-junction proteins and increases intestinal permeability, resulting in increased translocation of endotoxins (lipopolysaccharides) and bacterial DNA into the portal circulation, which increases even more by the overgrowth of gram-negative bacteria. This process activates Kupffer cells through activation of TLRs (TLR4 and TLR9) (173, 174), which may also contribute to steatosis and hepatic fibrosis via stimulation of TLR9-dependent profibrotic pathways in mouse models (152, 175). The peptidoglycan and flagellin, other bacteria-derived toxins, also have an impact on TLR signaling producing proinflammatory cytokines (176). Changes in microbiota have been described in NAFLD (mainly decreased Bacteroidetes and increased Prevotella and Porphyromonas species) (177). This dysbiosis may be an important factor in causing NASH, in mouse models and human, through different mechanisms like deregulating energy homeostasis, modulation of choline and bile acid metabolism, and generation of bacteria-derived toxins, such as lipopolysaccharide (LPS), and increased hepatic TNF-a expression (through TLR4 and TLR9-dependent profibrotic pathways) in hepatic Kupffer cells (178–181). Therefore, microbiota plays an important role in ALD and NAFLD, but with some differences. The TLR4 can activate two distinct pathways: one pathway is MyD88-dependent (producing activation of NF-κB and proinflammatory cytokines), and the other pathway is MyD88-independent (inducing type I IFNs and NF-κB) (151). MyD88-dependent signaling seems to have a relevant role in NAFLD, but not in ALD (in vitro and in vivo in murine models) (152, 182, 183). Furthermore, a role may have the adipocytokines that can inhibit MyD88-dependent pathways in macrophages (184).



Bile Acids and Nuclear Receptors

Nuclear receptors (NR) are ligand-activated transcription factors that have a key role in regulating lipid homeostasis and inflammation in the NAFLD/NASH process. The NRs act as receptors for fatty acids, cholesterol, oxysterols, and xenobiotics and regulate the cell metabolism, cell differentiation, and cellular homeostasis. The principal NR studied in NAFLD/NASH are liver X receptor (LXR), pregnane X receptor (PXR), peroxisome proliferator-activated receptor-gamma (PPARγ), Farnesoid X receptor (FXR), and HNF4α, hepatocyte nuclear factor 4α (185–189). PPARα has been studied in NAFLD and ALD. PPARα induces FAO in the mitochondria, thus decreasing steatosis. PPARγ ligands can inhibit inflammatory responses by decreasing IL-6, TNF-α, and IL-1β secretion and iNOS production in macrophages and Kupffer cells (187, 188, 190). Polymorphism in the PPARγ gene is associated with the susceptibility to NAFLD. LXR and RXRα also play a role in ALD due to their actions in lipid homeostasis and inflammation, with a particular role of RXRα in alcohol detoxification. HNF4α is constitutively active through the binding of integral fatty acids. HNF4α has an important role in the maintenance of hepatocyte differentiation and the regulation of bile acid and lipid homeostasis genes, mainly in mouse models (191–193).

Bile acids (BA) are not only detergents that stimulate hepatic bile flow and biliary excretion and aid in the digestion and absorption of fats from the intestinal lumen but also relevant signaling molecules that act on hepatic and extrahepatic tissues to regulate lipid and carbohydrate metabolic pathways (77). FXR is highly expressed in the liver, small intestinal mucosa, and kidneys, with effects on glucose and lipid metabolism; acts as a sensor for BA; and regulates the BA synthesis, protecting hepatocytes from the toxic effect of BA and reducing the triglyceride levels (194). FXR has anti-inflammatory and anti-steatotic effects, promoting FAO through upregulation of PPARα and repressing lipogenesis (by the modulation of SREBP-1c expression). Activation of FXR in the ileal enterocytes after active intestinal BA uptake also has important metabolic implications via FXR-stimulated local production of FGF15 (FGF19 in humans) (195). In hepatocytes, FGF15/19 is a major regulator of BA synthesis, through FGF receptor 4 (FGFR4) (196), and also decreases hepatic lipogenesis and indirectly stimulates mitochondrial FAO, in mouse models (196, 197). FXR also has a beneficial role in glucose metabolism, and it is important in vascular remodeling (198–200). Experimental models with FXR-null mice fed a high-cholesterol/high-fat diet develop massive steatosis (201) and exhibit decreased insulin sensitivity. Conversely, treatment with the selective, non-steroidal FXR agonist GW4064 improved IR and glucose homeostasis in obese ob/ob and diabetic db/db mice (202). Many other specific BA-activated receptors, including members of the nuclear receptor superfamily (FXR, NR1H4), a vitamin D receptor (NR1I1), PXR (NR1I2), members of the G protein–coupled receptor superfamily (TGR5 and sphingosine 1 receptor 2), and transporters such as ileal apical sodium-dependent bile acid transporter (ASBT), have a role in insulin sensitivity and NAFLD pathogenesis and are a target for novel therapies.




CONCLUSIONS

NAFLD and ALD share a number of features and often coexist. Alcohol consumption is often a confounding factor in patients with NAFLD due to inaccurate reporting of the magnitude of alcohol intake and the ill-defined impact of alcohol consumption, even within the arbitrary thresholds considered to diagnose NAFLD, on liver disease progression in these patients. Although initially some studies suggested protective effects in moderate doses, current evidence shows that there is no safe threshold for alcohol consumption in the setting of NAFLD. On the other hand, the presence of MetS and obesity increases the progression of ALD as well the incidence of HCC and mortality. Considering the high prevalence of obesity and MetS and the changing patterns of alcohol consumption worldwide, which may impact the incidence of advanced liver disease, it is necessary to better define both diseases, acknowledge the presence of a dual etiology of liver disease in a group of patients, and develop a multidisciplinary approach focused on preventive measures.



AUTHOR CONTRIBUTIONS

FI, AK, and OM contributed to the review concept and drafting of the manuscript. MA and JA contributed to the review concept, critical revision of the manuscript for important intellectual content, supervision, and final version approval. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded, in part, by grants from the Fondo Nacional De Ciencia y Tecnología de Chile (FONDECYT #1191145 to MA and #1200227 to JA) and the Comisión Nacional de Investigación, Ciencia y Tecnología (CONICYT, AFB170005, CARE, Chile, UC).



ACKNOWLEDGMENTS

The authors are grateful to Valentina Riquelme, Faculty of Arts, Pontificia Universidad Católica, for her contribution in making the illustrations of this manuscript.



ABBREVIATIONS

NAFLD, non-alcoholic fatty liver disease; ALD, alcohol-related liver disease; FFA, free fatty acids; IR, insulin resistance; ER, endoplasmic reticulum; ROS, reactive oxygen species; EV, extracellular vesicles; DAMPs, damage-associated molecular patterns; HCC, hepatocellular carcinoma; HSC, hepatic stellate cell; IL-6, interleukin 6; LPS, lipopolysaccharide; MetS, metabolic syndrome; PDGF, platelet-derived growth factor; TLR, toll-like receptors; TLR4, Toll-like receptor 4; TNFα, tumor necrosis factor α; TGF-β, transforming growth factor-beta; T2DM, type 2 diabetes mellitus; DNL, de novo hepatic lipogenesis; FAO, fatty acid oxidation; ACC, acetyl-CoA carboxylase; CPT, carnitine palmitoyltransferase; IRS, insulin receptor substrate; TRAIL-R2, TRAIL receptor 2; HMGB1, high-mobility-group protein box; SHH, sonic hedgehog; NE, neutrophil elastase; NETs, neutrophil extracellular traps; NLRs, NOD-like receptors; miRs, microRNAs; NR, nuclear receptors; LXR, liver X receptor; PXR, pregnane X receptor; PPARγ, peroxisome proliferator-activated receptor-gamma; FXR, farnesoid X receptor; FGFR4, FGF receptor 4; ASBT, apical sodium-dependent bile acid transporter; BMI, body mass index; ALT, serum alanine aminotransferase; MAFLD, metabolic (dysfunction) associated fatty liver disease; AAFLD, alcohol-associated fatty liver disease.



REFERENCES

 1. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The diagnosis and management of non-alcoholic fatty liver disease: practice Guideline by the American Association for the Study of Liver Diseases, American College of Gastroenterology, and the American Gastroenterological Association. Hepatology. (2012) 55:2005–23. doi: 10.1002/hep.25762

 2. Younossi Z, Henry L. Contribution of alcoholic and nonalcoholic fatty liver disease to the burden of liver-related morbidity and mortality. Gastroenterology. (2016) 150:1778–85. doi: 10.1053/j.gastro.2016.03.005

 3. Paik JM, Golabi P, Biswas R, Alqahtani S, Venkatesan C, Younossi ZM. Nonalcoholic fatty liver disease and alcoholic liver disease are major drivers of liver mortality in the United States. Hepatol Commun. (2020) 4:890–903. doi: 10.1002/hep4.1510

 4. Zelman S. The liver in obesity. AMA Arch Intern Med. (1952) 90:141–56. doi: 10.1001/archinte.1952.00240080007002

 5. Ludwig J, Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepatitis: Mayo Clinic experiences with a hitherto unnamed disease. Mayo Clin Proc. (1980) 55:434–8. 

 6. European Association for the Study of the L, European Association for the Study of D, European Association for the Study of O. EASL-EASD-EASO clinical practice guidelines for the management of non-alcoholic fatty liver disease. J Hepatol. (2016) 64:1388–402. doi: 10.1016/j.jhep.2015.11.004

 7. Bedossa P. Pathology of non-alcoholic fatty liver disease. Liver Int. (2017) 37(Suppl. 1):85–9. doi: 10.1111/liv.13301

 8. Cotter TG, Rinella M. Nonalcoholic fatty liver disease 2020: the state of the disease. Gastroenterology. (2020) 158:1851–64. doi: 10.1053/j.gastro.2020.01.052

 9. Targher G, Byrne CD, Tilg H. NAFLD and increased risk of cardiovascular disease: clinical associations, pathophysiological mechanisms and pharmacological implications. Gut. (2020). doi: 10.1136/gutjnl-2020-320622

 10. Estes C, Razavi H, Loomba R, Younossi Z, Sanyal AJ. Modeling the epidemic of nonalcoholic fatty liver disease demonstrates an exponential increase in burden of disease. Hepatology. (2018) 67:123–33. doi: 10.1002/hep.29466

 11. Mitra S, De A, Chowdhury A. Epidemiology of non-alcoholic and alcoholic fatty liver diseases. Transl Gastroenterol Hepatol. (2020) 5:16. doi: 10.21037/tgh.2019.09.08

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

 13. Argo CK, Caldwell SH. Epidemiology and natural history of non-alcoholic steatohepatitis. Clin Liver Dis. (2009) 13:511–31. doi: 10.1016/j.cld.2009.07.005

 14. Goh GB, McCullough AJ. Natural history of nonalcoholic fatty liver disease. Dig Dis Sci. (2016) 61:1226–33. doi: 10.1007/s10620-016-4095-4

 15. Sanyal AJ. Past, present and future perspectives in nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol. (2019) 16:377–86. doi: 10.1038/s41575-019-0144-8

 16. Arab JP, Barrera F, Gallego C, Valderas JP, Uribe S, Tejos C, et al. High prevalence of undiagnosed liver cirrhosis and advanced fibrosis in type 2 diabetic patients. Ann Hepatol. (2016) 15:721–8. doi: 10.5604/16652681.1212434

 17. Arab JP, Roblero JP, Altamirano J, Bessone F, Chaves Araujo R, Higuera-De la Tijera F, et al. Alcohol-related liver disease: clinical practice guidelines by the Latin American Association for the Study of the Liver (ALEH). Ann Hepatol. (2019) 18:518–35. doi: 10.1016/j.aohep.2019.04.005

 18. Frazier TH, Stocker AM, Kershner NA, Marsano LS, McClain CJ. Treatment of alcoholic liver disease. Therap Adv Gastroenterol. (2011) 4:63–81. doi: 10.1177/1756283X10378925

 19. Poznyak V, Fleischmann A, Rekve D, Rylett M, Rehm J, Gmel G. The world health organization's global monitoring system on alcohol and health. Alcohol Res. (2013) 35:244–9. 

 20. Heron M, Hoyert DL, Murphy SL, Xu J, Kochanek KD, Tejada-Vera B. Deaths: final data for 2006. Natl Vital Stat Rep. (2009) 57:1–134. 

 21. Singal AK, Bataller R, Ahn J, Kamath PS, Shah VH. ACG clinical guideline: alcoholic liver disease. Am J Gastroenterol. (2018) 113:175–94. doi: 10.1038/ajg.2017.469

 22. Thun MJ, Peto R, Lopez AD, Monaco JH, Henley SJ, Heath CW, et al. Alcohol consumption and mortality among middle-aged and elderly U.S. adults. N Engl J Med. (1997) 337:1705–14. doi: 10.1056/NEJM199712113372401

 23. Becker U, Deis A, Sorensen TI, Gronbaek M, Borch-Johnsen K, Muller CF, et al. Prediction of risk of liver disease by alcohol intake, sex, and age: a prospective population study. Hepatology. (1996) 23:1025–9. doi: 10.1002/hep.510230513

 24. Fuchs CS, Stampfer MJ, Colditz GA, Giovannucci EL, Manson JE, Kawachi I, et al. Alcohol consumption and mortality among women. N Engl J Med. (1995) 332:1245–50. doi: 10.1056/NEJM199505113321901

 25. Craciun A, Lackner C, Cortez-Pinto H. Nonalcoholic fatty liver disease versus alcohol-related liver disease: is it really so different? Curr Pharm Des. (2020) 26:1093–109. doi: 10.2174/1381612826666200122152417

 26. Ajmera VH, Terrault NA, Harrison SA. Is moderate alcohol use in nonalcoholic fatty liver disease good or bad? A critical review. Hepatology. (2017) 65:2090–9. doi: 10.1002/hep.29055

 27. Hajifathalian K, Torabi Sagvand B, McCullough AJ. Effect of alcohol consumption on survival in nonalcoholic fatty liver disease: A National Prospective Cohort Study. Hepatology. (2019) 70:511–21. doi: 10.1002/hep.30226

 28. Cainelli F, Thao T, Pung C, Vento S. Alcohol? Not for non-alcoholic fatty liver disease patients. Front Med. (2020) 7:14. doi: 10.3389/fmed.2020.00014

 29. Younossi ZM, Stepanova M, Ong J, Yilmaz Y, Duseja A, Eguchi Y, et al. Effects of alcohol consumption and metabolic syndrome on mortality in patients with nonalcoholic and alcohol-related fatty liver disease. Clin Gastroenterol Hepatol. (2019) 17:1625–33 e1. doi: 10.1016/j.cgh.2018.11.033

 30. Aberg F, Helenius-Hietala J, Puukka P, Farkkila M, Jula A. Interaction between alcohol consumption and metabolic syndrome in predicting severe liver disease in the general population. Hepatology. (2018) 67:2141–9. doi: 10.1002/hep.29631

 31. Eslam M, Sanyal AJ, George J. Toward more accurate nomenclature for fatty liver diseases. Gastroenterology. (2019) 157:590–3. doi: 10.1053/j.gastro.2019.05.064

 32. Dunn W, Sanyal AJ, Brunt EM, Unalp-Arida A, Donohue M, McCullough AJ, et al. Modest alcohol consumption is associated with decreased prevalence of steatohepatitis in patients with non-alcoholic fatty liver disease (NAFLD). J Hepatol. (2012) 57:384–91. doi: 10.1016/j.jhep.2012.03.024

 33. Kwon HK, Greenson JK, Conjeevaram HS. Effect of lifetime alcohol consumption on the histological severity of non-alcoholic fatty liver disease. Liver Int. (2014) 34:129–35. doi: 10.1111/liv.12230

 34. Ekstedt M, Franzen LE, Holmqvist M, Bendtsen P, Mathiesen UL, Bodemar G, et al. Alcohol consumption is associated with progression of hepatic fibrosis in non-alcoholic fatty liver disease. Scand J Gastroenterol. (2009) 44:366–74. doi: 10.1080/00365520802555991

 35. Ascha MS, Hanouneh IA, Lopez R, Tamimi TA, Feldstein AF, Zein NN. The incidence and risk factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis. Hepatology. (2010) 51:1972–8. doi: 10.1002/hep.23527

 36. Dixon JB, Bhathal PS, O'Brien PE. Nonalcoholic fatty liver disease: predictors of nonalcoholic steatohepatitis and liver fibrosis in the severely obese. Gastroenterology. (2001) 121:91–100. doi: 10.1053/gast.2001.25540

 37. Suzuki A, Angulo P, St Sauver J, Muto A, Okada T, Lindor K. Light to moderate alcohol consumption is associated with lower frequency of hypertransaminasemia. Am J Gastroenterol. (2007) 102:1912–9. doi: 10.1111/j.1572-0241.2007.01274.x

 38. Gunji T, Matsuhashi N, Sato H, Fujibayashi K, Okumura M, Sasabe N, et al. Light and moderate alcohol consumption significantly reduces the prevalence of fatty liver in the Japanese male population. Am J Gastroenterol. (2009) 104:2189–95. doi: 10.1038/ajg.2009.361

 39. Gunji T, Sato H, Iijima K, Fujibayashi K, Okumura M, Sasabe N, et al. Modest alcohol consumption has an inverse association with liver fat content. Hepatogastroenterology. (2012) 59:2552–6. doi: 10.5754/hge12175

 40. Hiramine Y, Imamura Y, Uto H, Koriyama C, Horiuchi M, Oketani M, et al. Alcohol drinking patterns and the risk of fatty liver in Japanese men. J Gastroenterol. (2011) 46:519–28. doi: 10.1007/s00535-010-0336-z

 41. Moriya A, Iwasaki Y, Ohguchi S, Kayashima E, Mitsumune T, Taniguchi H, et al. Alcohol consumption appears to protect against non-alcoholic fatty liver disease. Aliment Pharmacol Ther. (2011) 33:378–88. doi: 10.1111/j.1365-2036.2010.04520.x

 42. Hamaguchi M, Kojima T, Ohbora A, Takeda N, Fukui M, Kato T. Protective effect of alcohol consumption for fatty liver but not metabolic syndrome. World J Gastroenterol. (2012) 18:156–67. doi: 10.3748/wjg.v18.i2.156

 43. Hagstrom H, Nasr P, Ekstedt M, Kechagias S, Onnerhag K, Nilsson E, et al. Low to moderate lifetime alcohol consumption is associated with less advanced stages of fibrosis in non-alcoholic fatty liver disease. Scand J Gastroenterol. (2017) 52:159–65. doi: 10.1080/00365521.2016.1239759

 44. Moriya A, Iwasaki Y, Ohguchi S, Kayashima E, Mitsumune T, Taniguchi H, et al. Roles of alcohol consumption in fatty liver: a longitudinal study. J Hepatol. (2015) 62:921–7. doi: 10.1016/j.jhep.2014.11.025

 45. Mitchell T, Jeffrey GP, de Boer B, MacQuillan G, Garas G, Ching H, et al. Type and pattern of alcohol consumption is associated with liver fibrosis in patients with non-alcoholic fatty liver disease. Am J Gastroenterol. (2018) 113:1484–93. doi: 10.1038/s41395-018-0133-5

 46. Sookoian S, Castano GO, Pirola CJ. Modest alcohol consumption decreases the risk of non-alcoholic fatty liver disease: a meta-analysis of 43 175 individuals. Gut. (2014) 63:530–2. doi: 10.1136/gutjnl-2013-305718

 47. Bellentani S, Saccoccio G, Costa G, Tiribelli C, Manenti F, Sodde M, et al. Drinking habits as cofactors of risk for alcohol induced liver damage. The Dionysos Study Group. Gut. (1997) 41:845–50. doi: 10.1136/gut.41.6.845

 48. Bellentani S, Saccoccio G, Masutti F, Croce LS, Brandi G, Sasso F, et al. Prevalence of and risk factors for hepatic steatosis in Northern Italy. Ann Intern Med. (2000) 132:112–7. doi: 10.7326/0003-4819-132-2-200001180-00004

 49. Bedogni G, Miglioli L, Masutti F, Castiglione A, Croce LS, Tiribelli C, et al. Incidence and natural course of fatty liver in the general population: the Dionysos study. Hepatology. (2007) 46:1387–91. doi: 10.1002/hep.21827

 50. Chang Y, Cho YK, Kim Y, Sung E, Ahn J, Jung HS, et al. Nonheavy drinking and worsening of noninvasive fibrosis markers in nonalcoholic fatty liver disease: a Cohort study. Hepatology. (2019) 69:64–75. doi: 10.1002/hep.30170

 51. Ajmera V, Belt P, Wilson LA, Gill RM, Loomba R, Kleiner DE, et al. Among patients with nonalcoholic fatty liver disease, modest alcohol use is associated with less improvement in histologic steatosis and steatohepatitis. Clin Gastroenterol Hepatol. (2018) 16:1511–20 e5. doi: 10.1016/j.cgh.2018.01.026

 52. Verrill C, Markham H, Templeton A, Carr NJ, Sheron N. Alcohol-related cirrhosis–early abstinence is a key factor in prognosis, even in the most severe cases. Addiction. (2009) 104:768–74. doi: 10.1111/j.1360-0443.2009.02521.x

 53. Sookoian S, Flichman D, Castano GO, Pirola CJ. Mendelian randomisation suggests no beneficial effect of moderate alcohol consumption on the severity of nonalcoholic fatty liver disease. Aliment Pharmacol Ther. (2016) 44:1224–34. doi: 10.1111/apt.13828

 54. Yi SW, Choi JS, Yi JJ, Lee YH, Han KJ. Risk factors for hepatocellular carcinoma by age, sex, and liver disorder status: a prospective cohort study in Korea. Cancer. (2018) 124:2748–57. doi: 10.1002/cncr.31406

 55. Askgaard G, Gronbaek M, Kjaer MS, Tjonneland A, Tolstrup JS. Alcohol drinking pattern and risk of alcoholic liver cirrhosis: a prospective cohort study. J Hepatol. (2015) 62:1061–7. doi: 10.1016/j.jhep.2014.12.005

 56. Dunn W, Xu R, Schwimmer JB. Modest wine drinking and decreased prevalence of suspected nonalcoholic fatty liver disease. Hepatology. (2008) 47:1947–54. doi: 10.1002/hep.22292

 57. Seitz HK, Mueller S, Hellerbrand C, Liangpunsakul S. Effect of chronic alcohol consumption on the development and progression of non-alcoholic fatty liver disease (NAFLD). Hepatobiliary Surg Nutr. (2015) 4:147–51. doi: 10.3978/j.issn.2304-3881.2014.12.01

 58. Aberg F, Puukka P, Salomaa V, Mannisto S, Lundqvist A, Valsta L, et al. Risks of light and moderate alcohol use in fatty liver disease: follow-up of population cohorts. Hepatology. (2020) 71:835–48. doi: 10.1002/hep.30864

 59. Bellentani S, Pozzato G, Saccoccio G, Crovatto M, Croce LS, Mazzoran L, et al. Clinical course and risk factors of hepatitis C virus related liver disease in the general population: report from the Dionysos study. Gut. (1999) 44:874–80. doi: 10.1136/gut.44.6.874

 60. Hart CL, Morrison DS, Batty GD, Mitchell RJ, Davey Smith G. Effect of body mass index and alcohol consumption on liver disease: analysis of data from two prospective cohort studies. BMJ. (2010) 340:c1240. doi: 10.1136/bmj.c1240

 61. Hezode C, Lonjon I, Roudot-Thoraval F, Pawlotsky JM, Zafrani ES, Dhumeaux D. Impact of moderate alcohol consumption on histological activity and fibrosis in patients with chronic hepatitis C, and specific influence of steatosis: a prospective study. Aliment Pharmacol Ther. (2003) 17:1031–7. doi: 10.1046/j.1365-2036.2003.01546.x

 62. Loomba R, Yang HI, Su J, Brenner D, Iloeje U, Chen CJ. Obesity and alcohol synergize to increase the risk of incident hepatocellular carcinoma in men. Clin Gastroenterol Hepatol. (2010) 8:891–8. doi: 10.1016/j.cgh.2010.06.027

 63. Loomba R, Yang HI, Su J, Brenner D, Barrett-Connor E, Iloeje U, et al. Synergism between obesity and alcohol in increasing the risk of hepatocellular carcinoma: a prospective cohort study. Am J Epidemiol. (2013) 177:333–42. doi: 10.1093/aje/kws252

 64. Summerskill WH, Wolfe SJ, Davidson CS. Response to alcohol in chronic alcoholics with liver disease; clinical, pathological, and metabolic changes. Lancet. (1957) 272:335–40. doi: 10.1016/S0140-6736(57)90402-6

 65. Collaborators GBDA. Alcohol use and burden for 195 countries and territories, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet. (2018) 392:1015–35. doi: 10.1016/S0140-6736(18)31310-2

 66. Hamajima N, Hirose K, Tajima K, Rohan T, Calle EE, Heath CW, et al. Alcohol, tobacco and breast cancer–collaborative reanalysis of individual data from 53 epidemiological studies, including 58,515 women with breast cancer and 95,067 women without the disease. Br J Cancer. (2002) 87:1234–45. doi: 10.1038/sj.bjc.6600596

 67. Liu Y, Nguyen N, Colditz GA. Links between alcohol consumption and breast cancer: a look at the evidence. Womens Health. (2015) 11:65–77. doi: 10.2217/WHE.14.62

 68. Chen WY, Rosner B, Hankinson SE, Colditz GA, Willett WC. Moderate alcohol consumption during adult life, drinking patterns, and breast cancer risk. JAMA. (2011) 306:1884–90. doi: 10.1001/jama.2011.1590

 69. Wannamethee SG, Shaper AG. Alcohol, body weight, and weight gain in middle-aged men. Am J Clin Nutr. (2003) 77:1312–7. doi: 10.1093/ajcn/77.5.1312

 70. Bendsen NT, Christensen R, Bartels EM, Kok FJ, Sierksma A, Raben A, et al. Is beer consumption related to measures of abdominal and general obesity? A systematic review and meta-analysis. Nutr Rev. (2013) 71:67–87. doi: 10.1111/j.1753-4887.2012.00548.x

 71. Eslam M, Sanyal AJ, George J, an international consensus p. MAFLD: a consensus-driven proposed nomenclature for metabolic associated fatty liver disease. Gastroenterology. (2020) 158:1999–2014.e1. doi: 10.1053/j.gastro.2019.11.312

 72. Eslam M, Newsome PN, Anstee QM, Targher G, Gomez MR, Zelber-Sagi S, et al. A new definition for metabolic associated fatty liver disease: an international expert consensus statement. J Hepatol. (2020) 73:202–9. doi: 10.1016/j.jhep.2020.03.039

 73. Brunt EM. What's in a NAme? Hepatology. (2009) 50:663–7. doi: 10.1002/hep.23070

 74. Schuster S, Cabrera D, Arrese M, Feldstein AE. Triggering and resolution of inflammation in NASH. Nat Rev Gastroenterol Hepatol. (2018) 15:349–64. doi: 10.1038/s41575-018-0009-6

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

 76. Lackner C, Tiniakos D. Fibrosis and alcohol-related liver disease. J Hepatol. (2019) 70:294–304. doi: 10.1016/j.jhep.2018.12.003

 77. Arab JP, Arrese M, Trauner M. Recent insights into the pathogenesis of nonalcoholic fatty liver disease. Annu Rev Pathol. (2018) 13:321–50. doi: 10.1146/annurev-pathol-020117-043617

 78. Greuter T, Malhi H, Gores GJ, Shah VH. Therapeutic opportunities for alcoholic steatohepatitis and nonalcoholic Steatohepatitis: exploiting similarities and differences in pathogenesis. JCI Insight. (2017) 2:e95354. doi: 10.1172/jci.insight.95354

 79. Neuman MG, French SW, French BA, Seitz HK, Cohen LB, Mueller S, et al. Alcoholic and non-alcoholic steatohepatitis. Exp Mol Pathol. (2014) 97:492–510. doi: 10.1016/j.yexmp.2014.09.005

 80. Joshi-Barve S, Kirpich I, Cave MC, Marsano LS, McClain CJ. Alcoholic, nonalcoholic, and toxicant-associated steatohepatitis: mechanistic similarities and differences. Cell Mol Gastroenterol Hepatol. (2015) 1:356–67. doi: 10.1016/j.jcmgh.2015.05.006

 81. Lakshman MR. Some novel insights into the pathogenesis of alcoholic steatosis. Alcohol. (2004) 34:45–8. doi: 10.1016/j.alcohol.2004.08.004

 82. Higuchi N, Kato M, Shundo Y, Tajiri H, Tanaka M, Yamashita N, et al. Liver X receptor in cooperation with SREBP-1c is a major lipid synthesis regulator in nonalcoholic fatty liver disease. Hepatol Res. (2008) 38:1122–9. doi: 10.1111/j.1872-034X.2008.00382.x

 83. Lakshman R, Shah R, Reyes-Gordillo K, Varatharajalu R. Synergy between NAFLD and AFLD and potential biomarkers. Clin Res Hepatol Gastroenterol. (2015) 39(Suppl. 1):S29–34. doi: 10.1016/j.clinre.2015.05.007

 84. Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Molecular mechanisms of hepatic lipid accumulation in non-alcoholic fatty liver disease. Cell Mol Life Sci. (2018) 75:3313–27. doi: 10.1007/s00018-018-2860-6

 85. You M, Fischer M, Deeg MA, Crabb DW. Ethanol induces fatty acid synthesis pathways by activation of sterol regulatory element-binding protein (SREBP). J Biol Chem. (2002) 277:29342–7. doi: 10.1074/jbc.M202411200

 86. Mitsuyoshi H, Yasui K, Harano Y, Endo M, Tsuji K, Minami M, et al. Analysis of hepatic genes involved in the metabolism of fatty acids and iron in nonalcoholic fatty liver disease. Hepatol Res. (2009) 39:366–73. doi: 10.1111/j.1872-034X.2008.00464.x

 87. Kohjima M, Higuchi N, Kato M, Kotoh K, Yoshimoto T, Fujino T, et al. SREBP-1c, regulated by the insulin and AMPK signaling pathways, plays a role in nonalcoholic fatty liver disease. Int J Mol Med. (2008) 21:507–11. doi: 10.3892/ijmm.21.4.507

 88. Jeon S, Carr R. Alcohol effects on hepatic lipid metabolism. J Lipid Res. (2020) 61:470–9. doi: 10.1194/jlr.R119000547

 89. Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased de novo lipogenesis is a distinct characteristic of individuals with nonalcoholic fatty liver disease. Gastroenterology. (2014) 146:726–35. doi: 10.1053/j.gastro.2013.11.049

 90. You M, Matsumoto M, Pacold CM, Cho WK, Crabb DW. The role of AMP-activated protein kinase in the action of ethanol in the liver. Gastroenterology. (2004) 127:1798–808. doi: 10.1053/j.gastro.2004.09.049

 91. Morgan K, Uyuni A, Nandgiri G, Mao L, Castaneda L, Kathirvel E, et al. Altered expression of transcription factors and genes regulating lipogenesis in liver and adipose tissue of mice with high fat diet-induced obesity and nonalcoholic fatty liver disease. Eur J Gastroenterol Hepatol. (2008) 20:843–54. doi: 10.1097/MEG.0b013e3282f9b203

 92. Bays H. Adiposopathy, “sick fat,” Ockham's razor, and resolution of the obesity paradox. Curr Atheroscler Rep. (2014) 16:409. doi: 10.1007/s11883-014-0409-1

 93. Parthasarathy G, Revelo X, Malhi H. Pathogenesis of nonalcoholic steatohepatitis: an overview. Hepatol Commun. (2020) 4:478–92. doi: 10.1002/hep4.1479

 94. Kakazu E, Mauer AS, Yin M, Malhi H. Hepatocytes release ceramide-enriched pro-inflammatory extracellular vesicles in an IRE1alpha-dependent manner. J Lipid Res. (2016) 57:233–45. doi: 10.1194/jlr.M063412

 95. Wei X, Shi X, Zhong W, Zhao Y, Tang Y, Sun W, et al. Chronic alcohol exposure disturbs lipid homeostasis at the adipose tissue-liver axis in mice: analysis of triacylglycerols using high-resolution mass spectrometry in combination with in vivo metabolite deuterium labeling. PLoS ONE. (2013) 8:e55382. doi: 10.1371/journal.pone.0055382

 96. Jou J, Choi SS, Diehl AM. Mechanisms of disease progression in nonalcoholic fatty liver disease. Semin Liver Dis. (2008) 28:370–9. doi: 10.1055/s-0028-1091981

 97. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD development and therapeutic strategies. Nat Med. (2018) 24:908–22. doi: 10.1038/s41591-018-0104-9

 98. Qureshi K, Neuschwander-Tetri BA. The molecular basis for current targets of NASH therapies. Expert Opin Investig Drugs. (2020) 29:151–61. doi: 10.1080/13543784.2020.1703949

 99. Carr RM, Correnti J. Insulin resistance in clinical and experimental alcoholic liver disease. Ann N Y Acad Sci. (2015) 1353:1–20. doi: 10.1111/nyas.12787

 100. Aizawa S, Brar G, Tsukamoto H. Cell death and liver disease. Gut Liver. (2020) 14:20–9. doi: 10.5009/gnl18486

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

 102. Wang S, Pacher P, De Lisle RC, Huang H, Ding WX. A mechanistic review of cell death in alcohol-induced liver injury. Alcohol Clin Exp Res. (2016) 40:1215–23. doi: 10.1111/acer.13078

 103. Feldstein AE, Gores GJ. Apoptosis in alcoholic and nonalcoholic steatohepatitis. Front Biosci. (2005) 10:3093–9. doi: 10.2741/1765

 104. Feldstein AE, Canbay A, Angulo P, Taniai M, Burgart LJ, Lindor KD, et al. Hepatocyte apoptosis and fas expression are prominent features of human nonalcoholic steatohepatitis. Gastroenterology. (2003) 125:437–43. doi: 10.1016/S0016-5085(03)00907-7

 105. Casey CA, Nanji A, Cederbaum AI, Adachi M, Takahashi T. Alcoholic liver disease and apoptosis. Alcohol Clin Exp Res. (2001) 25:49S−53S. doi: 10.1111/j.1530-0277.2001.tb02373.x

 106. Idrissova L, Malhi H, Werneburg NW, LeBrasseur NK, Bronk SF, Fingas C, et al. TRAIL receptor deletion in mice suppresses the inflammation of nutrient excess. J Hepatol. (2015) 62:1156–63. doi: 10.1016/j.jhep.2014.11.033

 107. Affo S, Dominguez M, Lozano JJ, Sancho-Bru P, Rodrigo-Torres D, Morales-Ibanez O, et al. Transcriptome analysis identifies TNF superfamily receptors as potential therapeutic targets in alcoholic hepatitis. Gut. (2013) 62:452–60. doi: 10.1136/gutjnl-2011-301146

 108. Malhi H, Bronk SF, Werneburg NW, Gores GJ. Free fatty acids induce JNK-dependent hepatocyte lipoapoptosis. J Biol Chem. (2006) 281:12093–101. doi: 10.1074/jbc.M510660200

 109. Malhi H, Barreyro FJ, Isomoto H, Bronk SF, Gores GJ. Free fatty acids sensitise hepatocytes to TRAIL mediated cytotoxicity. Gut. (2007) 56:1124–31. doi: 10.1136/gut.2006.118059

 110. Mundt B, Wirth T, Zender L, Waltemathe M, Trautwein C, Manns MP, et al. Tumour necrosis factor related apoptosis inducing ligand (TRAIL) induces hepatic steatosis in viral hepatitis and after alcohol intake. Gut. (2005) 54:1590–6. doi: 10.1136/gut.2004.056929

 111. Hirsova P, Gores GJ. Death receptor-mediated cell death and proinflammatory signaling in nonalcoholic steatohepatitis. Cell Mol Gastroenterol Hepatol. (2015) 1:17–27. doi: 10.1016/j.jcmgh.2014.11.005

 112. Ntandja Wandji LC, Gnemmi V, Mathurin P, Louvet A. Combined alcoholic and non-alcoholic steatohepatitis. JHEP Rep. (2020) 2:100101. doi: 10.1016/j.jhepr.2020.100101

 113. Czabotar PE, Murphy JM. A tale of two domains - a structural perspective of the pseudokinase, MLKL. FEBS J. (2015) 282:4268–78. doi: 10.1111/febs.13504

 114. He S, Wang L, Miao L, Wang T, Du F, Zhao L, et al. Receptor interacting protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell. (2009) 137:1100–11. doi: 10.1016/j.cell.2009.05.021

 115. Degterev A, Huang Z, Boyce M, Li Y, Jagtap P, Mizushima N, et al. Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nat Chem Biol. (2005) 1:112–9. doi: 10.1038/nchembio711

 116. Roychowdhury S, McMullen MR, Pisano SG, Liu X, Nagy LE. Absence of receptor interacting protein kinase 3 prevents ethanol-induced liver injury. Hepatology. (2013) 57:1773–83. doi: 10.1002/hep.26200

 117. Gautheron J, Vucur M, Reisinger F, Cardenas DV, Roderburg C, Koppe C, et al. A positive feedback loop between RIP3 and JNK controls non-alcoholic steatohepatitis. EMBO Mol Med. (2014) 6:1062–74. doi: 10.15252/emmm.201403856

 118. Hatting M, Zhao G, Schumacher F, Sellge G, Al Masaoudi M, Gabetaler N, et al. Hepatocyte caspase-8 is an essential modulator of steatohepatitis in rodents. Hepatology. (2013) 57:2189–201. doi: 10.1002/hep.26271

 119. Dara L, Liu ZX, Kaplowitz N. Questions and controversies: the role of necroptosis in liver disease. Cell Death Discov. (2016) 2:16089. doi: 10.1038/cddiscovery.2016.89

 120. Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, et al. Autophagy regulates lipid metabolism. Nature. (2009) 458:1131–5. doi: 10.1038/nature07976

 121. Czaja MJ. Function of autophagy in nonalcoholic fatty liver disease. Dig Dis Sci. (2016) 61:1304–13. doi: 10.1007/s10620-015-4025-x

 122. Cursio R, Colosetti P, Codogno P, Cuervo AM, Shen HM. The role of autophagy in liver diseases: mechanisms and potential therapeutic targets. Biomed Res Int. (2015) 2015:480508. doi: 10.1155/2015/480508

 123. Mei S, Ni HM, Manley S, Bockus A, Kassel KM, Luyendyk JP, et al. Differential roles of unsaturated and saturated fatty acids on autophagy and apoptosis in hepatocytes. J Pharmacol Exp Ther. (2011) 339:487–98. doi: 10.1124/jpet.111.184341

 124. Arrese M, Cabrera D, Kalergis AM, Feldstein AE. Innate immunity and inflammation in NAFLD/NASH. Dig Dis Sci. (2016) 61:1294–303. doi: 10.1007/s10620-016-4049-x

 125. Li S, Tan HY, Wang N, Feng Y, Wang X, Feng Y. Recent insights into the role of immune cells in alcoholic liver disease. Front Immunol. (2019) 10:1328. doi: 10.3389/fimmu.2019.01328

 126. Seo YS, Kwon JH, Yaqoob U, Yang L, De Assuncao TM, Simonetto DA, et al. HMGB1 recruits hepatic stellate cells and liver endothelial cells to sites of ethanol-induced parenchymal cell injury. Am J Physiol Gastrointest Liver Physiol. (2013) 305:G838–48. doi: 10.1152/ajpgi.00151.2013

 127. Li L, Chen L, Hu L, Liu Y, Sun HY, Tang J, et al. Nuclear factor high-mobility group box1 mediating the activation of Toll-like receptor 4 signaling in hepatocytes in the early stage of nonalcoholic fatty liver disease in mice. Hepatology. (2011) 54:1620–30. doi: 10.1002/hep.24552

 128. Guy CD, Suzuki A, Zdanowicz M, Abdelmalek MF, Burchette J, Unalp A, et al. Hedgehog pathway activation parallels histologic severity of injury and fibrosis in human nonalcoholic fatty liver disease. Hepatology. (2012) 55:1711–21. doi: 10.1002/hep.25559

 129. Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J, et al. Neutrophils mediate insulin resistance in mice fed a high-fat diet through secreted elastase. Nat Med. (2012) 18:1407–12. doi: 10.1038/nm.2885

 130. Ramaiah SK, Jaeschke H. Role of neutrophils in the pathogenesis of acute inflammatory liver injury. Toxicol Pathol. (2007) 35:757–66. doi: 10.1080/01926230701584163

 131. Hilscher MB, Sehrawat T, Arab JP, Zeng Z, Gao J, Liu M, et al. Mechanical stretch increases expression of CXCL1 in liver sinusoidal endothelial cells to recruit neutrophils, generate sinusoidal microthombi, and promote portal hypertension. Gastroenterology. (2019) 157:193–209 e9. doi: 10.1053/j.gastro.2019.03.013

 132. Bala S, Marcos M, Gattu A, Catalano D, Szabo G. Acute binge drinking increases serum endotoxin and bacterial DNA levels in healthy individuals. PLoS ONE. (2014) 9:e96864. doi: 10.1371/journal.pone.0096864

 133. Mandrekar P, Ambade A, Lim A, Szabo G, Catalano D. An essential role for monocyte chemoattractant protein-1 in alcoholic liver injury: regulation of proinflammatory cytokines and hepatic steatosis in mice. Hepatology. (2011) 54:2185–97. doi: 10.1002/hep.24599

 134. Miura K, Yang L, van Rooijen N, Ohnishi H, Seki E. Hepatic recruitment of macrophages promotes nonalcoholic steatohepatitis through CCR2. Am J Physiol Gastrointest Liver Physiol. (2012) 302:G1310–21. doi: 10.1152/ajpgi.00365.2011

 135. Connolly MK, Bedrosian AS, Malhotra A, Henning JR, Ibrahim J, Vera V, et al. In hepatic fibrosis, liver sinusoidal endothelial cells acquire enhanced immunogenicity. J Immunol. (2010) 185:2200–8. doi: 10.4049/jimmunol.1000332

 136. Sprenger H, Kaufmann A, Garn H, Lahme B, Gemsa D, Gressner AM. Differential expression of monocyte chemotactic protein-1 (MCP-1) in transforming rat hepatic stellate cells. J Hepatol. (1999) 30:88–94. doi: 10.1016/S0168-8278(99)80011-7

 137. Szabo G, Iracheta-Vellve A. Inflammasome activation in the liver: focus on alcoholic and non-alcoholic steatohepatitis. Clin Res Hepatol Gastroenterol. (2015) 39(Suppl. 1):S18–23. doi: 10.1016/j.clinre.2015.06.012

 138. Franchi L, Eigenbrod T, Nunez G. Cutting edge: TNF-alpha mediates sensitization to ATP and silica via the NLRP3 inflammasome in the absence of microbial stimulation. J Immunol. (2009) 183:792–6. doi: 10.4049/jimmunol.0900173

 139. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D, et al. Cutting edge: NF-kappaB activating pattern recognition and cytokine receptors license NLRP3 inflammasome activation by regulating NLRP3 expression. J Immunol. (2009) 183:787–91. doi: 10.4049/jimmunol.0901363

 140. Stehlik C, Fiorentino L, Dorfleutner A, Bruey JM, Ariza EM, Sagara J, et al. The PAAD/PYRIN-family protein ASC is a dual regulator of a conserved step in nuclear factor kappaB activation pathways. J Exp Med. (2002) 196:1605–15. doi: 10.1084/jem.20021552

 141. Stehlik C, Lee SH, Dorfleutner A, Stassinopoulos A, Sagara J, Reed JC. Apoptosis-associated speck-like protein containing a caspase recruitment domain is a regulator of procaspase-1 activation. J Immunol. (2003) 171:6154–63. doi: 10.4049/jimmunol.171.11.6154

 142. Luan J, Ju D. Inflammasome: a double-edged sword in liver diseases. Front Immunol. (2018) 9:2201. doi: 10.3389/fimmu.2018.02201

 143. Ganz M, Csak T, Nath B, Szabo G. Lipopolysaccharide induces and activates the Nalp3 inflammasome in the liver. World J Gastroenterol. (2011) 17:4772–8. doi: 10.3748/wjg.v17.i43.4772

 144. Lippai D, Bala S, Petrasek J, Csak T, Levin I, Kurt-Jones EA, et al. Alcohol-induced IL-1beta in the brain is mediated by NLRP3/ASC inflammasome activation that amplifies neuroinflammation. J Leukoc Biol. (2013) 94:171–82. doi: 10.1189/jlb.1212659

 145. Cabrera D, Wree A, Povero D, Solis N, Hernandez A, Pizarro M, et al. Andrographolide ameliorates inflammation and fibrogenesis and attenuates inflammasome activation in experimental non-alcoholic steatohepatitis. Sci Rep. (2017) 7:3491. doi: 10.1038/s41598-017-03675-z

 146. Wree A, Eguchi A, McGeough MD, Pena CA, Johnson CD, Canbay A, et al. NLRP3 inflammasome activation results in hepatocyte pyroptosis, liver inflammation, and fibrosis in mice. Hepatology. (2014) 59:898–910. doi: 10.1002/hep.26592

 147. Ganz M, Szabo G. Immune and inflammatory pathways in NASH. Hepatol Int. (2013) 7(Suppl. 2):771–81. doi: 10.1007/s12072-013-9468-6

 148. Knorr J, Wree A, Tacke F, Feldstein AE. The NLRP3 inflammasome in alcoholic and nonalcoholic steatohepatitis. Semin Liver Dis. (2020). doi: 10.1055/s-0040-1708540

 149. Petrasek J, Bala S, Csak T, Lippai D, Kodys K, Menashy V, et al. IL-1 receptor antagonist ameliorates inflammasome-dependent alcoholic steatohepatitis in mice. J Clin Invest. (2012) 122:3476–89. doi: 10.1172/JCI60777

 150. Csak T, Ganz M, Pespisa J, Kodys K, Dolganiuc A, Szabo G. Fatty acid and endotoxin activate inflammasomes in mouse hepatocytes that release danger signals to stimulate immune cells. Hepatology. (2011) 54:133–44. doi: 10.1002/hep.24341

 151. Petrasek J, Csak T, Ganz M, Szabo G. Differences in innate immune signaling between alcoholic and non-alcoholic steatohepatitis. J Gastroenterol Hepatol. (2013) 28(Suppl. 1):93–8. doi: 10.1111/jgh.12020

 152. Miura K, Kodama Y, Inokuchi S, Schnabl B, Aoyama T, Ohnishi H, et al. Toll-like receptor 9 promotes steatohepatitis by induction of interleukin-1beta in mice. Gastroenterology. (2010) 139:323–34 e7. doi: 10.1053/j.gastro.2010.03.052

 153. Dixon LJ, Berk M, Thapaliya S, Papouchado BG, Feldstein AE. Caspase-1-mediated regulation of fibrogenesis in diet-induced steatohepatitis. Lab Invest. (2012) 92:713–23. doi: 10.1038/labinvest.2012.45

 154. Kamari Y, Shaish A, Vax E, Shemesh S, Kandel-Kfir M, Arbel Y, et al. Lack of interleukin-1alpha or interleukin-1beta inhibits transformation of steatosis to steatohepatitis and liver fibrosis in hypercholesterolemic mice. J Hepatol. (2011) 55:1086–94. doi: 10.1016/j.jhep.2011.01.048

 155. Hernandez A, Arab JP, Reyes D, Lapitz A, Moshage H, Banales JM, et al. Extracellular vesicles in NAFLD/ALD: from pathobiology to therapy. Cells. (2020) 9:817. doi: 10.3390/cells9040817

 156. Hernandez A, Reyes D, Geng Y, Arab JP, Cabrera D, Sepulveda R, et al. Extracellular vesicles derived from fat-laden hepatocytes undergoing chemical hypoxia promote a pro-fibrotic phenotype in hepatic stellate cells. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165857. doi: 10.1016/j.bbadis.2020.165857

 157. Hernandez A, Geng Y, Sepulveda R, Solis N, Torres J, Arab JP, et al. Chemical hypoxia induces pro-inflammatory signals in fat-laden hepatocytes and contributes to cellular crosstalk with Kupffer cells through extracellular vesicles. Biochim Biophys Acta Mol Basis Dis. (2020) 1866:165753. doi: 10.1016/j.bbadis.2020.165753

 158. Malhi H. Emerging role of extracellular vesicles in liver diseases. Am J Physiol Gastrointest Liver Physiol. (2019) 317:G739–G49. doi: 10.1152/ajpgi.00183.2019

 159. Hirsova P, Ibrahim SH, Bronk SF, Yagita H, Gores GJ. Vismodegib suppresses TRAIL-mediated liver injury in a mouse model of nonalcoholic steatohepatitis. PLoS ONE. (2013) 8:e70599. doi: 10.1371/journal.pone.0070599

 160. Ibrahim SH, Hirsova P, Tomita K, Bronk SF, Werneburg NW, Harrison SA, et al. Mixed lineage kinase 3 mediates release of C-X-C motif ligand 10-bearing chemotactic extracellular vesicles from lipotoxic hepatocytes. Hepatology. (2016) 63:731–44. doi: 10.1002/hep.28252

 161. Verma VK, Li H, Wang R, Hirsova P, Mushref M, Liu Y, et al. Alcohol stimulates macrophage activation through caspase-dependent hepatocyte derived release of CD40L containing extracellular vesicles. J Hepatol. (2016) 64:651–60. doi: 10.1016/j.jhep.2015.11.020

 162. Derdak Z, Villegas KA, Harb R, Wu AM, Sousa A, Wands JR. Inhibition of p53 attenuates steatosis and liver injury in a mouse model of non-alcoholic fatty liver disease. J Hepatol. (2013) 58:785–91. doi: 10.1016/j.jhep.2012.11.042

 163. Yin H, Hu M, Zhang R, Shen Z, Flatow L, You M. MicroRNA-217 promotes ethanol-induced fat accumulation in hepatocytes by down-regulating SIRT1. J Biol Chem. (2012) 287:9817–26. doi: 10.1074/jbc.M111.333534

 164. Miyaaki H, Ichikawa T, Kamo Y, Taura N, Honda T, Shibata H, et al. Significance of serum and hepatic microRNA-122 levels in patients with non-alcoholic fatty liver disease. Liver Int. (2014) 34:e302–7. doi: 10.1111/liv.12429

 165. Bala S, Marcos M, Kodys K, Csak T, Catalano D, Mandrekar P, et al. Up-regulation of microRNA-155 in macrophages contributes to increased tumor necrosis factor {alpha} (TNF{alpha}) production via increased mRNA half-life in alcoholic liver disease. J Biol Chem. (2011) 286:1436–44. doi: 10.1074/jbc.M110.145870

 166. Szabo G, Bala S. MicroRNAs in liver disease. Nat Rev Gastroenterol Hepatol. (2013) 10:542–52. doi: 10.1038/nrgastro.2013.87

 167. Janssen HL, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-Torres M, Patel K, et al. Treatment of HCV infection by targeting microRNA. N Engl J Med. (2013) 368:1685–94. doi: 10.1056/NEJMoa1209026

 168. Turnbaugh PJ, Gordon JI. The core gut microbiome, energy balance and obesity. J Physiol. (2009) 587(Pt 17):4153–8. doi: 10.1113/jphysiol.2009.174136

 169. Thursby E, Juge N. Introduction to the human gut microbiota. Biochem J. (2017) 474:1823–36. doi: 10.1042/BCJ20160510

 170. Betrapally NS, Gillevet PM, Bajaj JS. Changes in the intestinal microbiome and alcoholic and nonalcoholic liver diseases: causes or effects? Gastroenterology. (2016) 150:1745–55 e3. doi: 10.1053/j.gastro.2016.02.073

 171. Rivera CA, Bradford BU, Seabra V, Thurman RG. Role of endotoxin in the hypermetabolic state after acute ethanol exposure. Am J Physiol. (1998) 275:G1252–8. doi: 10.1152/ajpgi.1998.275.6.G1252

 172. Mutlu EA, Gillevet PM, Rangwala H, Sikaroodi M, Naqvi A, Engen PA, et al. Colonic microbiome is altered in alcoholism. Am J Physiol Gastrointest Liver Physiol. (2012) 302:G966–78. doi: 10.1152/ajpgi.00380.2011

 173. Roh YS, Seki E. Toll-like receptors in alcoholic liver disease, non-alcoholic steatohepatitis and carcinogenesis. J Gastroenterol Hepatol. (2013) 28(Suppl. 1):38–42. doi: 10.1111/jgh.12019

 174. Neish AS. Microbes in gastrointestinal health and disease. Gastroenterology. (2009) 136:65–80. doi: 10.1053/j.gastro.2008.10.080

 175. Gao B, Seki E, Brenner DA, Friedman S, Cohen JI, Nagy L, et al. Innate immunity in alcoholic liver disease. Am J Physiol Gastrointest Liver Physiol. (2011) 300:G516–25. doi: 10.1152/ajpgi.00537.2010

 176. Gustot T, Lemmers A, Moreno C, Nagy N, Quertinmont E, Nicaise C, et al. Differential liver sensitization to toll-like receptor pathways in mice with alcoholic fatty liver. Hepatology. (2006) 43:989–1000. doi: 10.1002/hep.21138

 177. Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, et al. Characterization of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a connection between endogenous alcohol and NASH. Hepatology. (2013) 57:601–9. doi: 10.1002/hep.26093

 178. Swann JR, Want EJ, Geier FM, Spagou K, Wilson ID, Sidaway JE, et al. Systemic gut microbial modulation of bile acid metabolism in host tissue compartments. Proc Natl Acad Sci USA. (2011) 108(Suppl. 1):4523–30. doi: 10.1073/pnas.1006734107

 179. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature. (2011) 472:57–63. doi: 10.1038/nature09922

 180. Cani PD, Neyrinck AM, Fava F, Knauf C, Burcelin RG, Tuohy KM, et al. Selective increases of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism associated with endotoxaemia. Diabetologia. (2007) 50:2374–83. doi: 10.1007/s00125-007-0791-0

 181. Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T, et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature. (2012) 482:179–85. doi: 10.1038/nature10809

 182. Petrasek J, Dolganiuc A, Csak T, Kurt-Jones EA, Szabo G. Type I interferons protect from Toll-like receptor 9-associated liver injury and regulate IL-1 receptor antagonist in mice. Gastroenterology. (2011) 140:697–708 e4. doi: 10.1053/j.gastro.2010.08.020

 183. Zhao XJ, Dong Q, Bindas J, Piganelli JD, Magill A, Reiser J, et al. TRIF and IRF-3 binding to the TNF promoter results in macrophage TNF dysregulation and steatosis induced by chronic ethanol. J Immunol. (2008) 181:3049–56. doi: 10.4049/jimmunol.181.5.3049

 184. Mandal P, Roychowdhury S, Park PH, Pratt BT, Roger T, Nagy LE. Adiponectin and heme oxygenase-1 suppress TLR4/MyD88-independent signaling in rat Kupffer cells and in mice after chronic ethanol exposure. J Immunol. (2010) 185:4928–37. doi: 10.4049/jimmunol.1002060

 185. Machado MV, Cortez-Pinto H. Nuclear receptors: how do they position in non-alcoholic fatty liver disease treatment? Liver Int. (2014) 34:1291–4. doi: 10.1111/liv.12578

 186. Chawla A, Repa JJ, Evans RM, Mangelsdorf DJ. Nuclear receptors and lipid physiology: opening the X-files. Science. (2001) 294:1866–70. doi: 10.1126/science.294.5548.1866

 187. Wang H, LeCluyse EL. Role of orphan nuclear receptors in the regulation of drug-metabolising enzymes. Clin Pharmacokinet. (2003) 42:1331–57. doi: 10.2165/00003088-200342150-00003

 188. Yu S, Rao S, Reddy JK. Peroxisome proliferator-activated receptors, fatty acid oxidation, steatohepatitis and hepatocarcinogenesis. Curr Mol Med. (2003) 3:561–72. doi: 10.2174/1566524033479537

 189. Abdelmegeed MA, Yoo SH, Henderson LE, Gonzalez FJ, Woodcroft KJ, Song BJ. PPARalpha expression protects male mice from high fat-induced nonalcoholic fatty liver. J Nutr. (2011) 141:603–10. doi: 10.3945/jn.110.135210

 190. Desreumaux P, Dubuquoy L, Nutten S, Peuchmaur M, Englaro W, Schoonjans K, et al. Attenuation of colon inflammation through activators of the retinoid X receptor (RXR)/peroxisome proliferator-activated receptor gamma (PPARgamma) heterodimer. A basis for new therapeutic strategies. J Exp Med. (2001) 193:827–38. doi: 10.1084/jem.193.7.827

 191. Dhe-Paganon S, Duda K, Iwamoto M, Chi YI, Shoelson SE. Crystal structure of the HNF4 alpha ligand binding domain in complex with endogenous fatty acid ligand. J Biol Chem. (2002) 277:37973–6. doi: 10.1074/jbc.C200420200

 192. Hayhurst GP, Lee YH, Lambert G, Ward JM, Gonzalez FJ. Hepatocyte nuclear factor 4alpha (nuclear receptor 2A1) is essential for maintenance of hepatic gene expression and lipid homeostasis. Mol Cell Biol. (2001) 21:1393–403. doi: 10.1128/MCB.21.4.1393-1403.2001

 193. Wisely GB, Miller AB, Davis RG, Thornquest AD Jr, Johnson R, Spitzer T, et al. Hepatocyte nuclear factor 4 is a transcription factor that constitutively binds fatty acids. Structure. (2002) 10:1225–34. doi: 10.1016/S0969-2126(02)00829-8

 194. Lefebvre P, Cariou B, Lien F, Kuipers F, Staels B. Role of bile acids and bile acid receptors in metabolic regulation. Physiol Rev. (2009) 89:147–91. doi: 10.1152/physrev.00010.2008

 195. Ferrebee CB, Dawson PA. Metabolic effects of intestinal absorption and enterohepatic cycling of bile acids. Acta Pharm Sin B. (2015) 5:129–34. doi: 10.1016/j.apsb.2015.01.001

 196. Jahn D, Rau M, Hermanns HM, Geier A. Mechanisms of enterohepatic fibroblast growth factor 15/19 signaling in health and disease. Cytokine Growth Factor Rev. (2015) 26:625–35. doi: 10.1016/j.cytogfr.2015.07.016

 197. Fuchs CD, Traussnigg SA, Trauner M. Nuclear receptor modulation for the treatment of nonalcoholic fatty liver disease. Semin Liver Dis. (2016) 36:69–86. doi: 10.1055/s-0036-1571296

 198. Mudaliar S, Henry RR, Sanyal AJ, Morrow L, Marschall HU, Kipnes M, et al. Efficacy and safety of the farnesoid X receptor agonist obeticholic acid in patients with type 2 diabetes and nonalcoholic fatty liver disease. Gastroenterology. (2013) 145:574–82 e1. doi: 10.1053/j.gastro.2013.05.042

 199. Wagner M, Zollner G, Trauner M. Nuclear receptors in liver disease. Hepatology. (2011) 53:1023–34. doi: 10.1002/hep.24148

 200. Adorini L, Pruzanski M, Shapiro D. Farnesoid X receptor targeting to treat nonalcoholic steatohepatitis. Drug Discov Today. (2012) 17:988–97. doi: 10.1016/j.drudis.2012.05.012

 201. Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez FJ. Targeted disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell. (2000) 102:731–44. doi: 10.1016/S0092-8674(00)00062-3

 202. Zhang Y, Lee FY, Barrera G, Lee H, Vales C, Gonzalez FJ, et al. Activation of the nuclear receptor FXR improves hyperglycemia and hyperlipidemia in diabetic mice. Proc Natl Acad Sci USA. (2006) 103:1006–11. doi: 10.1073/pnas.0506982103

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 Idalsoaga, Kulkarni, Mousa, Arrese and Arab. 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.












	
	REVIEW
published: 22 September 2020
doi: 10.3389/fmed.2020.527059






[image: image2]

miRNA Dysregulation in the Development of Non-Alcoholic Fatty Liver Disease and the Related Disorders Type 2 Diabetes Mellitus and Cardiovascular Disease

Andrea R. López-Pastor1, Jorge Infante-Menéndez1, Óscar Escribano1,2,3* and Almudena Gómez-Hernández1,2,3*


1Biochemistry and Molecular Biology Department, School of Pharmacy, Complutense University of Madrid, Madrid, Spain

2Centro de Investigación Biomédica en Red (CIBER) of Diabetes and Associated Metabolic Diseases, Instituto de Salud Carlos III, Madrid, Spain

3Instituto de Investigación Sanitaria Hospital Clínico San Carlos, Instituto de Salud Carlos III, Madrid, Spain

Edited by:
Enrique Quintero, University of La Laguna, Spain

Reviewed by:
Giuseppe Losurdo, University of Bari Medical School, Italy
 Angel Lanas, University of Zaragoza, Spain

*Correspondence: Almudena Gómez-Hernández, algomezh@ucm.es; Óscar Escribano, oescriba@ucm.es

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 15 January 2020
 Accepted: 13 August 2020
 Published: 22 September 2020

Citation: López-Pastor AR, Infante-Menéndez J, Escribano Ó and Gómez-Hernández A (2020) miRNA Dysregulation in the Development of Non-Alcoholic Fatty Liver Disease and the Related Disorders Type 2 Diabetes Mellitus and Cardiovascular Disease. Front. Med. 7:527059. doi: 10.3389/fmed.2020.527059



According to the World Health Organization, the continuing surge in obesity pandemic creates a substantial increase in incidences of metabolic disorders, such as non-alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus, and cardiovascular disease. MicroRNAs (miRNAs) belong to an evolutionarily conserved class of short (20–22 nucleotides in length) and single-stranded non-coding RNAs. In mammals, miRNAs function as critical post-transcriptional negative regulators involved not only in many biological processes but also in the development of many diseases such as NAFLD and comorbidities. More recently, it has been described that cells can secrete miRNAs in extracellular vesicles, transported by body fluids, and uptaken by other tissues regulating gene expression. Therefore, this could be a mechanism of signaling involved not only in physiological pathways but also in the development of diseases. The association of some miRNA expression profiles with certain disorders has made them very interesting molecules for diagnosis, prognosis, and disease management. The finding of specific miRNA signatures to diagnose NAFLD and related diseases could anticipate the risk of development of related complications and, actually, it is the driving force of present health strategies worldwide. In this review, we have included latest advances in knowledge about the miRNAs involved in the development of NAFLD and related diseases and examined how this knowledge could be used to identify new non-invasive biomarkers and new pharmacological interventions.
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INTRODUCTION

Nowadays, due to the high prevalence of non-alcoholic fatty liver disease (NAFLD) worldwide, it is considered as the most common hepatic disorder in western countries, with a prevalence of 15–30% (1–4). This condition represents the hepatic manifestation of metabolic syndrome since it is strongly associated with obesity, insulin resistance (IR), hypertension, and dyslipidemia (1). More precisely, NAFLD is defined as the presence of steatosis in >5% of hepatocytes, determined by liver histology, without any evidence of other factors related to the development of fatty liver, such as drug and alcohol abuse, viral hepatitis, or autoimmunity (5, 6).

Obesity and type 2 diabetes mellitus (T2DM) are common and well-established risk factors for NAFLD since increased body mass index (BMI) and visceral adiposity are critically involved in NAFLD development. Although it is true that NAFLD patients do not necessarily develop T2DM, the association between both diseases has been thoroughly described. This significant association has been attributed to IR, the main cause for lipid overflow to the liver (7, 8). Moreover, NAFLD is associated with increased mortality in relation to cardiovascular disease (CVD), neoplastic processes, and hepatic failure (9).

The earliest stage is characterized by benign steatosis (fatty liver) (9), which can progress to non-alcoholic steatohepatitis (NASH), a potentially severe condition from which 10–25% of patients finally develop cirrhosis. This stage is defined by lobular and portal inflammation, hepatocyte ballooning, and variable degrees of fibrosis, cirrhosis, and, ultimately, hepatocellular carcinoma (HCC) (7). Due to the high prevalence mentioned above, NASH is predicted to surpass hepatitis C as the leading cause of liver transplantation in the near future (2–4). Several factors influence the progression from steatosis to NASH, including lipotoxicity, oxidative stress, and activation of the immune system, although many others may be involved and remain unclear (10).

Bearing in mind all of these, identification of patients who might be at an increased risk of adverse outcomes is critical; therefore, the increase in knowledge of serum biomarkers could be of great interest in order to allow an early diagnosis. The treatment of NASH patients should be a priority, especially for those who develop concomitant fibrosis since they are prone to have adverse outcomes. In that sense, treatment goals depend on the severity of the disease due to the likelihood of progression and the comorbidities that each patient might have. Lifestyle-focused treatment strategies are essential regardless of the disease stage, keeping in mind that other complementary therapies could be beneficial according to the patient circumstances (10).

Even though certain genetic risk factors are linked to steatohepatitis and fibrosis degree, they are fairly infrequent. As a result, they are not currently suitable to identify appropriate individuals for therapy since they do not account for a large-enough proportion of the variability in the phenotype of the disease (11–13).

In the recent years, there has been great interest in the function and the usefulness of microRNAs (miRNAs) as clinical tools. The miRNAs are small (20–22 nucleotides), non-coding, highly conserved endogenous RNAs that regulate gene expression at the post-transcriptional level. It has been demonstrated that the expression of the majority of mammal genes is regulated by miRNAs; therefore, these molecules have crucial roles in numerous physiological processes such as cell growth, embryonic development, and apoptosis. It has been demonstrated that an altered expression of some miRNAs is enough to promote the development and the progression of pathophysiological processes including NAFLD and T2DM (14, 15). This review summarizes the data published regarding the role of miRNAs in the development of NAFLD and associated metabolic diseases such as T2DM and CVD, exploring their role in diagnosis and as potential targets for treatment. Therefore, further characterization of the mechanisms that regulate the expression and the function of these small non-coding RNA molecules is essential to develop new therapeutic strategies. Furthermore, not only do these miRNAs regulate gene expression in the tissues in which they are expressed but also they are secreted to the bloodstream in extracellular vesicles to regulate gene expression in different tissues. As it has been described that the dysregulation of some miRNA expression is involved in the development of NAFLD and the associated complications, much effort is essential to increase the knowledge regarding the underlying mechanisms, which would allow an increase in the therapeutic potential for this group of diseases.



BIOLOGY OF miRNAs

As mentioned before, miRNAs belong to an evolutionarily conserved class of short (20–22 nucleotides in length) and single-stranded non-coding RNAs. In mammals, miRNAs take part in gene expression regulation by its repression at the post-transcriptional level. Consequently, they are involved in a huge number of biological processes including cell growth, tissue differentiation, cell proliferation, embryonic development, and apoptosis (16, 17). Such regulation can be carried out owing to their ability to target the 3′ untranslated region of a gene mRNA, resulting in translational repression, mRNA degradation, or mRNA cleavage, based on the complementarity between the miRNA and its target (18). It is known that ~1–4% of the protein-encoding loci in the human genome also encode one or more miRNAs and a single miRNA can regulate as many as 200 cognate mRNAs.

miRNAs are synthesized by RNA polymerase II in the nucleus and, immediately, they are cleaved into pre-miRNAs by the endonuclease Drosha. After processing, the Ran-GTPase Exportin-5 exports pre-miRNAs into the cytoplasm, allowing Dicer to process them into 20–22-nucleotide-long mature miRNAs. Then, miRNAs are loaded into Argonaute-2 of the RNA-induced silencing complex in order to direct the post-transcriptional repression of target mRNAs (16).

Aberrant miRNA expression can foster the onset and the progression of a range of pathophysiological processes (17). Indeed the literature has recently highlighted the role of circulating miRNAs as potential diagnostic and prognostic biomarkers (18). Several studies have evaluated their levels in different chronic diseases including chronic liver disease (19–26). For instance, patients with hepatitis B virus-related hepatocellular carcinoma and/or chronic type B hepatitis showed increased levels of serum miR-21, miR-122, and miR-223, pointing toward their potential use as diagnostic biomarkers for liver injury and potential target for treatment (27). Moreover, between all the miRNAs described in the literature, only miR-133a/b, miR-208a/b, and miR-499 were well-established as possible biomarkers. Recently, within liver damage diseases, other authors have highlighted the importance of miR-122, miR-29a, and miR-34a as relevant biomarkers for the diagnosis of this spectrum of diseases (28–30).

The unexpected stability of miRNAs in the circulation points toward a signaling pathway in which miRNAs are selectively secreted by one cell and taken up by a distant target cell to regulate gene expression. This intriguing idea of circulating miRNAs regulating distant cell-to-cell communication has been intensively investigated. In this sense, a recent and elegant paper demonstrates that adipose-derived circulating miRNAs regulate gene expression in other tissues such as the liver (31). However, the mechanisms involved in these processes are poorly understood. Huge effort is needed in order to know the specific targets of miRNAs in cells and the molecular mechanisms playing a role in the development and the progression of NAFLD and related outcomes.



miRNAs INVOLVED IN NAFLD

Thanks to the efficient distribution and accumulation of exogenously administered small RNAs in the liver, it is likely that liver diseases will have miRNA-based therapies in the near future (32).

Many studies have described that aberrant miRNA expression is a main feature of liver diseases, including NAFLD, viral hepatitis, and HCC (Figure 1 and Table 1). Moreover, it has been demonstrated that changes in miRNA expression are well-correlated with NAFLD progression (26, 33, 34). As mentioned before, circulating miRNAs are quite stable in body fluids, and therefore it would be reasonable to think that changes in the circulating miRNA pattern could represent a real-time signal of how NAFLD evolves, reflecting variations at the histological and the molecular levels (34). Hence, establishing the exact miRNA signature in NAFLD is fundamental to unravel the development mechanism and to enable the early diagnosis and severity evaluation of this disease.


[image: Figure 1]
FIGURE 1. miRNAs that have been described to promote the development and/or progression of non-alcoholic fatty liver disease and their effect in pathways involved in this process. Green highlights indicate the upregulation of miRNA, whereas red highlights indicate its downregulation. ACC1/2, acetyl-CoA carboxylase 1/2; FAS, fatty acid synthase. Created with BioRender.com.



Table 1. Summary of miRNAs aberrantly expressed in non-alcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus (T2DM), and cardiovascular disease (CVD).

[image: Table 1]

A study explored the dynamics of miRNA expression during NAFLD progression in mice fed a high-fat diet (HFD) for a long term. miR-125a-5p and miR-182 were found to be altered in the early stages of NAFLD, and miR-340-5p, miR-484, miR-574-3p, and miR-720 were related to liver damage and tumor development. miRNA expression profiles were also different depending on the NAFLD stage, suggesting that its progression involves diverse miRNAs (35).


miR-122

miR-122 is the main miRNA in the liver and is involved in many biological processes. A mouse model of liver damage, by feeding it with a methyl-deficient diet, showed a decreased expression of miR-122 (36). The same was found in NASH patients but not in normal subjects or simple steatosis patients (29). In addition, mice with Mir122a deletion induced steatosis that led to NASH, fibrosis, and HCC, suggesting an essential role of this miRNA in NAFLD initiation and progression (36). In that report, the authors showed that miR-122 is essential in processes such as fatty acid, triglyceride, and cholesterol metabolism and also in terminal differentiation of hepatocytes by regulating its targets, including FASN, ACC, SCD1, and SREBPs, among others (36–40). miR-122 knockout mice showed decreased lower serum cholesterol and triglyceride levels but increased cholesterol and triglyceride content within the liver. The alterations in very-low-density lipoprotein assembly and secretion are responsible for changes in cholesterol and triglyceride levels in the serum and the liver in a miR-122-dependent manner (36). However, another study found that inhibiting miR-122 with antisense oligonucleotides in HFD and normal-diet mice decreased the expression of lipogenic genes and increased hepatic fatty acid oxidation, ameliorating hepatocyte steatosis (40). This controversy has been observed in several studies and could be due to the use of distinct models and inhibition approaches. It is of great necessity to further study deeper on how miR-122-dependent and miR-122-independent pathways can regulate hepatic lipid metabolism in vivo.

Moreover, miR-122 could also be important in NAFLD diagnosis since it has been reported that miR-122, along with miR-17 and miR-20a/b, plasma levels were increased in T2DM patients with NAFLD compared to those diabetic patients without NAFLD complication (39).

In addition, miR-122 plays a role in the fibrogenic and the carcinogenic signaling pathways of NAFLD. Reduced miR-122 expression resulted in the activation of MEKK-3, vimentin, and hypoxia-inducible factor-1α, factors involved in epithelial to mesenchymal transition, a fundamental process related to chronic inflammation, fibrosis, and metastasis (41). Furthermore, it has also been described that the loss of miR-122 fosters liver fibrosis and promotes the activation of oncogenic miRNAs (37). All these results demonstrate that miR-122 could be considered as an important biomarker in NAFLD diagnosis and staging.



miR-335

A different work reported that, in mice, miR-335 could be a biomarker for steatosis since higher levels of this miRNA were well-correlated with hepatic steatosis in genetically obese mice (ob/ob and db/db) (42). Although the quantity and the quality of reports regarding the role of miRNAs in NAFLD are increasing every week, much effort is needed in order to clarify the multifaceted roles of these molecules.



miR-34a

Another miRNA that seems to be important in NAFLD development is miR-34a. For instance, one study performed in 34 patients showed that this miRNA was only detected in the serum of NAFLD/NASH patients, but not in healthy subjects, which has been also supported by Liu et al. (43, 44). Indeed this aberrant increase negatively impacts the signaling of the fibroblast growth factors 19 and 21, and it is positively correlated with BMI in obese patients (45, 46). Moreover, miR-34a expression is triggered by lipids, and as sirtuin 1 has been identified as one of its targets, this miRNA seems to have a role in aggravating the manifestations of NAFLD and NASH, mainly through hepatocyte apoptosis induction by increasing p53 acetylation (47, 48). This evidence suggests that miR-34a silencing might be supposed as a new therapeutic strategy for NAFLD treatment.



miR-192

Among other miRNAs involved in NAFLD, miR-192 stands out due to its implication in lipid synthesis through targeting stearoyl-CoA desaturase 1; therefore, its upregulation would be an approach to treat the disease (49, 50). It has been also described that, like miR-122, miR-192 expression is lower in the liver of NASH patients in contrast with NAFLD patients (29, 44, 51).



miR-21

Becker et al. assessed the serum profiles of two cohorts consisting of 137 NAFLD/NASH patients and 61 healthy controls, and the results showed an increase in circulating miR-21 levels in patients suffering from NASH compared to healthy controls and NAFLD patients (52). The authors mentioned that it might be due to increased fibrosis in NASH patients; thus, miR-21 plays a pathogenic role by targeting peroxisome proliferator-activated receptor alpha, an important factor for the progression of the disease (53, 54).



miR-33

The NAFLD patients also show upregulated miR-33 expression in the liver (55), and it has been found to be a regulator of lipid metabolism and transport and insulin signaling pathways, its main targets being sterol regulatory element-binding proteins (SREBPs) and ATP binding cassette subfamily A member 1 (56–58). Moreover, it has been demonstrated that miR-33 inhibition attenuates atherosclerosis progression (57, 58).




miRNAs INVOLVED IN TYPE 2 DIABETES MELLITUS

As has been mentioned above, in the same way that the prevalence of NAFLD in obese patients can exceed 90% (7, 10, 59), patients that suffer from T2DM are at a high risk of developing NAFLD. Classically, high plasma glucose levels are present, owing to metabolic dysregulations that lead to impaired fasting glucose, a pre-diabetic state that might progress to T2DM, characterized by IR and reduced insulin secretion from pancreatic β cells (60). Blood glucose levels exert a real-time regulatory effect on many pancreatic β cells genes, allowing accurate insulin expression and secretion (61). The physiological release, the transcription and mRNA stability, translation, and processing of insulin are all regulated by glucose concentrations in β cells. Moreover, the relative quantity of miRNA transcripts is responsive to variable glucose concentrations (62). The exposure to long-term high-glucose conditions significantly modifies the expression of a large number of miRNAs in a cultured pancreatic β cell line (MIN6). The expression of miR-124a, miR-107, and miR-30d increased, whereas miR-296, miR-484, and miR-690 expression descended under prolonged high glucose conditions. However, many other miRNAs have been involved in several subcellular events essential for glucose-stimulated insulin secretion (GSIS) (63). In this review, we have included the most relevant miRNAs involved in T2DM (Figure 2 and Table 1).


[image: Figure 2]
FIGURE 2. miRNAs related to the establishment and/or progression of type 2 diabetes mellitus (T2DM) and their regulatory effect on T2DM-related pathways. Green highlights indicate the upregulation of miRNA, whereas red highlights indicate its downregulation. PGC-1α, PPARγ coactivator 1α.  This figure has been edited from Servier Medical Art. Servier is licensed under a Creative Commons Attribution 3.0 Unported License. Created with BioRender.com.



miR-375

One of the first miRNAs specific of β cells was miR-375, a highly expressed miRNA in pancreatic islets in humans and mice involved in insulin secretion and glucose homeostasis. This study demonstrated that the knockdown of miR-375 increases GSIS in murine pancreatic β cell line (MIN6) and primary β cells (64). Next, the same laboratory result described that the deletion of miR-375 induced a marked decrease in β cell number, provoking a severe diabetic state. Conversely, miR-375 is increased in the pancreatic islets of ob/ob mice, which is consistent with the characteristic compensatory pancreatic hyperplasia of the prediabetic stage (65). With these results, the authors concluded that miR-375 is key for physiological glucose metabolism, β cell proliferation, and turnover (64, 65).



miR-7a and miR-200

Another β-cell-specific miRNA is miR-7a, which has been shown as a negative regulator of β cell proliferation by regulating the protein mammalian target of rapamycin (mTOR) signaling pathway. Wang et al. showed that the decrease of miR-7a activity resulted in increased mTOR signaling and β cell replication in murine pancreatic islets, implying that miR-7a could represent a potential therapeutic target for T2DM treatment (66). miR-7a not only regulates β-cell proliferation but also its functionality since it was found to inhibit GSIS. Moreover, the increased expression of miR-7a in β cells in mice induced diabetes. In contrast, these authors described that both obese and diabetic mouse models and islets from obese and moderately diabetic patients suffered from a decrease in β cell miR-7a expression. All these data suggest that the levels of miR-7a vary depending on the stage of T2DM development, being decreased when β cell proliferation is needed as it occurs in the first stages of insulin resistance compensation (67). In the same way as miR-7a, another remarkable family of miRNAs is miR-200. These miRNAs are highly expressed in the pancreatic islets of the diabetic db/db mouse model. Overexpression of miR-200 in mouse β cells induced severe apoptosis that prompted to T2DM under stressed conditions by inhibiting Dnajc3/p58IPK and the caspase inhibitor Xiap. Indeed β cell apoptosis and T2DM pathogenesis are controlled by miR-200 family members (68). Many other miRNAs have been shown to regulate insulin expression and secretion.



miR-29

In addition to its role in β cell function and development, it has been widely described that miRNAs are also involved in IR in target tissues. For instance, miR-29 expression is enhanced by hyperinsulinemia and/or hyperglycemia in adipocyte-derived 3T3-L1 cells (69). Moreover, in the rat model of T2DM Goto–Kakizaki, the expression of this miRNA was increased in the liver, adipose tissue, and skeletal muscle. In the same report, the authors demonstrated that the overexpression of miR-29 in 3T3-L1 cells diminishes insulin-induced glucose uptake (70). Finally, it has been demonstrated that miR-29 expression is partially regulated by Forkhead Box A2 (FOXA2), and miR-29 also modifies FOXA2-mediated regulation genes including PPARGC1A, HMGCS2, and ABHD5, key players in lipid metabolism (71).



miR-1 and miR-133

Some other miRNAs involved in insulin resistance are miR-1 and miR-133a. These miRNAs are specifically expressed in the muscle, and their expression is regulated by insulin through SREBP1c and myocyte enhancer factor 2C (MEF2C) (72). Moreover, insulin-induced SREBP1c activation in human skeletal muscle triggered the subsequent downregulation of miR-1 and miR-133 through the inhibition of MEF2C. Consequently, insulin is unable to regulate miR-1 and miR-133a in the skeletal muscle in T2DM, perhaps due to the altered activation of SREBP1c (72, 73).



Let-7

Furthermore, the let-7 family of miRNAs is also involved in global glucose homeostasis since they regulate the expression of INSR and IRS2 genes, among others (74, 75). Frost and Olson showed that the suppression of the let-7 family ameliorated glucose intolerance in a mouse model of diet-induced obesity by enhancing insulin signaling in the muscle and the liver (74). Another group demonstrated that let-7g overexpression produces glucose intolerance; however, insulin resistance changes are not detected. By repressing likewise the activity of the let-7 family, thanks to the overexpression of their let-7 negative regulators, LIN28 isoforms, glucose tolerance, and insulin sensitivity were improved (75). Therefore, this miRNA family supposes a new therapeutic target for T2DM treatment.

Despite the increasing amount of reports describing the role of specific miRNAs in T2DM, not much is known about in vivo situations (76). In consequence, it is of great interest to validate these situations in animal models in pathophysiological conditions.




miRNAs INVOLVED IN CARDIOVASCULAR DISEASE

Despite the fact that the subjacent pathogenic mechanism linking NAFLD and CVD is still to be determined, several studies have found that NAFLD increases the chances of suffering CVD (77–79). Therefore, NAFLD may cause chronic systemic inflammation, leading to the development of subclinical atherosclerosis and, eventually, CVD (79). The main links between NAFLD and CVD seem to be obesity, fat accumulation in the liver, and secretion of hepatic proteins, including hepatokines, proprotein convertase subtilisin/kexin type 9, and coagulation factors (80). In fact, miRNA secretion from the liver might play an important role in CVD development, especially in relation to CAD, as has been mentioned throughout this review (81) (Figure 3 and Table 1).


[image: Figure 3]
FIGURE 3. miRNAs involved in the onset and/or progression of cardiovascular disease and their effect on pathways that regulate their development. Green highlights indicate the upregulation of miRNA, whereas red highlights indicate its downregulation. Created with BioRender.com.



miR-122

Aside from its role in the development of liver diseases, miR-122 also stands out due to its involvement in CVD since it is able to regulate lipid metabolism genes. Nevertheless, the experimental results obtained in clinical studies related to vascular complications are sparse. miR-122 levels are elevated in patients with hyperlipidemia and associated with CAD (82) and acute coronary syndrome (76). Moreover, how statins might reduce the levels of miR-122 in circulation has been described (83). However, other studies have reported negative associations between miR-122 and cardiovascular outcomes (84, 85).



miR-34a, miR-132, and miR-143

As has been previously described, miR-34a is a potential target for treating NAFLD, but it has been also analyzed in CAD patients, either with or without NAFLD. miR-34a expression is upregulated in patients with CAD, and this is aggravated when the subjects also suffer from NAFLD (51). On the other hand, Mehta et al. described that patients with NAFLD and CAD had a decrease in serum miR-132 levels and an increase in miR-143 expression; thus, they could be used as CAD markers (86).



miR-155 and miR-145

Another miRNA that seems to be involved in cardiovascular disease is miR-155. One study showed the increased levels of this miRNA in aortic samples of ApoE−/− mice, which develop atherosclerosis spontaneously. miR-155 and ApoE simultaneous knockout results in mice showing a decrease in atherosclerosis development but with increased obesity and aggravated NAFLD, suggesting that an increase of this miRNA is only detrimental in vascular tissue. In contrast, miR-155 upregulation promotes aortic endothelial cell activation by the induction of the expression of intercellular adhesion molecule 1 (87). According to this finding, a study carried out in 400 individuals showed elevated levels of miR-155 in the serum of patients with coronary heart disease and a positive correlation between the expression of this miRNA and the severity of the disease (88). miR-145 has also been pointed out as a miRNA whose expression is altered in CAD. In a study including 195 individuals, the miR-145 circulating levels were decreased in CAD patients, showing a progressive decrease as the disease aggravates (89). Interestingly, this miRNA has a role in attenuating T2DM and atherosclerosis. Bearing in mind that miR-145 is abundantly expressed in the vessel walls, its role in atherosclerosis may be protective since its target genes are osteoprotegerin and Kruppel-like factor 5, thus regulating the inflammatory response (90). In this regard, Lovren et al. described a decrease in the expression of miR-145 in the aorta of ApoE−/− mice and the carotids of patients with atherosclerosis. It has previously been described that miR-145 promotes plaque stability by increasing the number of vascular smooth muscle cells, collagen content, and fibrous cap area as well as decreasing the number of macrophages and the necrotic area (91).

Indeed miR-145 and miR-155 have been mentioned many times with other miRNAs as candidates for diagnosis of CAD because of their expression patterns in the blood of CAD patients. The miR-145 and miR-155 levels were lower in the plasma of 67 patients, along with miR-126, miR-17, and miR-92a, whereas miR-133a and miR-208a were increased (92). This was later supported by a study that showed that the levels of miR-145, miR-155, and let-7 family member let-7c are lower when comparing CAD patients and healthy subjects (93). Although miR-145 and miR-155 expression seems to be generally altered in CVD, the involvement of the latter in this process remains unclear because of the inconsistencies found regarding its expression levels.



Other miRNAs

Plenty of other miRNAs have been described as potential biomarkers for CAD and other CVDs. For instance, an analysis of serum samples from non-atherosclerotic and atherosclerotic patients revealed that miR-454, miR-744, miR-372, and miR-212 are differentially expressed between these two groups, although only miR-212 showed a discrimination power when combined with other atherosclerosis risk factors (94). In contrast, a study performed in 50 CAD patients showed the elevation of miR-93a-5p, miR-15a-5p, and miR-16-5p levels and the decrease of miR-146a-5p level in plasma (95). Parahuleva et al. predicted the impact of miR-92a on atherosclerosis and pointed out many target genes, such as NADPH oxidase and its impact on vascular oxidative stress, TNF receptor associated factor 3, which modulates CD40 signaling in atherogenesis, as well as protein kinase C ε and its implication in inflammation and smooth muscle cell dysfunction (96–99). Indeed the atherosclerotic plaque itself shows altered miRNA expression: higher levels of miR-21, miR-92a, and miR-99a and a lower expression of miR-1, miR-22, and let-7f were found in the atherosclerotic plaques of 12 patients, opening a new path for the search of putative biomarkers in cardiovascular alterations associated with NAFLD (96).




miRNA AS BIOMARKERS IN THE DIAGNOSIS OF PATIENTS WITH NAFLD/NASH

Owing to the critical role of miRNAs as important epigenetic factors and their regulation of lipid and cholesterol biosynthesis in hepatocytes, these molecules are recently considered to be powerful biomarkers to diagnose hepatic diseases. miRNA involvement likewise ought to be strongly evaluated as follow-up and therapeutic tools in order to urgently find non-invasive strategies capable of replacing the only reliable method to differentiate between conditions, liver biopsy (100). Consequently, a key requirement to prove miRNA sensitivity and specificity would be large clinical cohorts suffering from NAFLD or related diseases. Despite the current drawbacks that miRNA-based technology presents, another useful feature that miRNAs possess is being targets for mimics and antisense oligonucleotides in case of undergoing an alteration in a specific disease (101). In addition, miRNAs are molecules that circulate into the bloodstream, where their expression levels are stable and easily quantitated, adding another reason to consider them as suitable clinical biomarkers. Specifically, the more proper option would be performing combined multiple miRNA analyses, as miRNA serum expression is also subject to the presence of non-liver-related disorders (102). In this sense, different authors have proposed miRNA panels for a high diagnostic accuracy of NAFLD. Whereas, Tan et al. proposed miR-122-5p, miR-1290, miR-27b-3p, and miR-192-5p for the diagnosis of NAFLD, Pirola et al. found that miR-192-5p or miR-122, miR-192, miR-19a, miR125, and miR-375 could also be an alternative panel (29, 103). However, other authors have suggested the combination of RNA panels with classical biomarkers for the prediction of NASH, specifically miR-122, miR-192, and miR-21 together with ALT and cytokeratin-18-Asp396 (52).

Furthermore, miRNAs could also be useful tools to assess NAFLD progression. Indeed miR-192 and miR-375 are associated with NAFLD activity score and classical biomarkers such as cytokeratin-18 (103). miR-122 in serum may likewise be a better predictor of NAFLD severity than classical biomarkers, such as ALT and cytokeratin-18 (29).

For all these reasons, miRNAs are becoming one of the few opportunities to advance and help, together with other classical biomarkers, in the diagnosis and prognosis of NAFLD.



CONCLUSIONS

In the last decade, an increasing number of papers have highlighted the great diversity of functions that miRNAs have in the pathophysiology of metabolic diseases such as NAFLD, T2DM, and CVD. Indeed apart from the high amount of human genes regulated by miRNAs (104), miRNAs themselves are aberrantly expressed in many human diseases (105–108). In spite of the number of miRNAs identified in mouse and humans and the fact that some of them have been involved in hepatic pathogenesis, data regarding their specific roles are still scarce, and more efforts are needed to unravel the precise mechanisms. This task is quite challenging since a single miRNA can regulate hundreds of potential mRNA targets and different miRNAs can act on a particular mRNA target in a synergic or antagonic manner.

In this sense, manipulating miRNA expression whose targets are well-defined could represent a stage-specific therapy for NAFLD patients. For instance, both miR-122 and miR-21 are involved in the regulation of genes related to lipid metabolism, thus positioning them as candidates for the treatment of the earliest NAFLD stages, characterized by liver steatosis. Other miRNAs such as miR-34a, which regulates targets that participate in oxidative stress and inflammation, might be better suited for the treatment of individuals that have already progressed toward NASH. Moreover, since the development of NAFLD is tightly associated with the onset of T2DM and CVDs and all of them are promoted by subjacent systemic inflammation and metabolic alterations, it would be reasonable to expect that these diseases share alterations in the expression of some miRNAs. Therefore, the CVD-related miR-92a and miR-155 or the T2DM-associated let-7 and miR-200 could suppose novel and yet undiscovered targets for NAFLD treatment, with the potential to alleviate not only hepatic alterations but also other metabolic syndrome manifestations.

Finally, despite the recent advances that have been made about circulating miRNAs as potential biomarkers for NAFLD and the related diseases T2DM and CVD, in our opinion, the real challenge is to find more accurate correlations between the circulating levels of these miRNAs and the disease stage. In this way, these molecules could serve as powerful non-invasive diagnostic and prognostic tools that nowadays are a must for clinicians to avoid liver biopsy. Unfortunately, by now, much effort is still needed for this important challenge.
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Background: It is unknown how perceived social support and the progression of liver damage influence the psychosocial profile of patients with non-alcoholic fatty liver disease (NAFLD). In the present study, we therefore investigated which biomarkers influence the quality of life, mental health, and coping strategies of NAFLD patients.

Methods: Quality of life (SF-12 and CLDQ-NAFLD), mental health (HADS and BDI-II), and coping strategies (COPE-28) were evaluated by high or low perceived social support (MSPSS) and the presence of non-alcoholic steatohepatitis (NASH) and significant fibrosis in 492 biopsy-proven NAFLD patients. The results were compared with quality of life normality tables for the general Spanish population. We also determined whether liver histology and biopsychosocial variables predicted participants' quality of life.

Results: Interactive effects were found in vitality (p = 0.05), activity (p = 0.005), anxiety (p = 0.04), and denial (p = 0.04), with NASH patients showing a higher-risk biopsychosocial profile when they perceived less social support. Furthermore, patients with low perceived social support showed lower quality of life, worse mental health, and more maladaptive coping than those with high perceived social support, regardless of NASH presence. Patients with significant fibrosis showed lower quality of life compared to those without or the general Spanish population. Patients with significant fibrosis also reported worse mental health and more maladaptive coping. Lastly, significant fibrosis, female sex, greater anxiety and depressive symptoms, and worse physical and mental health-related quality of life were found to be independent determinants of worse disease-specific quality of life in these patients.

Conclusions: Low perceived social support, significant fibrosis, and female sex were independently associated with a higher-risk psychosocial profile in NAFLD. These findings support the role of psychological biomarkers based on quality of life, mental health, and coping strategies in the management of these patients and suggest the potential benefits of a psychological intervention.

Keywords: NAFLD, fibrosis, quality of life, mental health, coping, perceived social support


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) causes a stronger negative impact on patients' quality of life (QoL) than do viral, alcoholic, autoimmune, or cholestatic liver diseases (1, 2), especially impairing physical functioning or the ability to perform daily activities (3–6). Mental health is also affected by an increase in anxiety and depressive symptoms (7). Similarly, although coping strategies have not been studied in NAFLD, maladaptive coping, such as denial of the disease, anger or getting upset after the diagnosis, disengagement, or giving up (8), is often found among chronic liver patients. The influence of perceived social support on these variables has not been approached. However, in chronic liver diseases, such as hepatitis B or C, satisfactory support implies improved patient progress and recovery (9, 10) and a decrease in the frequency and intensity of depressive symptoms (11).

The fibrosis stage is the main predictor of mortality associated with NAFLD (12), although the results are contradictory. Some studies have found worse QoL in patients with non-alcoholic steatohepatitis (NASH) and advanced fibrosis than those with NAFLD without advanced fibrosis, with cirrhotic patients complaining of the most decline in their QoL of all severity levels (2, 4, 13). However, Huber et al. (14) did not find any significant effect of fibrosis stage on QoL. In addition, the relationship between fibrosis and mental health in NAFLD patients is not clear either. Several studies have found an association between the presence of fibrosis and anxiety and depressive symptoms (7, 15, 16), while Kim et al. (17) found no relationship. Furthermore, female sex has been associated with a worse physical and mental QoL than does male sex (2, 18).

In view of the shortage of psychological studies in NAFLD, we decided to analyze the differences in QoL, mental health, and the coping strategies of patients with the absence or presence of NASH by perceived social support (high or low). We also studied the influence of liver disease severity levels on these variables using data from the general Spanish population to compare QoL. Finally, we determined whether certain histological and biopsychosocial variables predicted participants' QoL. We hypothesized that patients would have worse QoL, more anxiety and depressive symptoms, and more maladaptive coping when they have low perceived social support, NASH, or significant fibrosis. Furthermore, we hypothesized that the presence of determinants of liver damage (moderate or severe steatosis, lobular inflammation, hepatocellular ballooning, and significant fibrosis) and a higher-risk biopsychosocial profile (female sex, older age, presence of obesity, worse physical and mental health-related QoL, greater anxiety and depressive symptoms, maladaptive coping strategies, and low perceived social support) would be associated with a greater negative impact on the disease-specific QoL of NAFLD patients.



MATERIALS AND METHODS


Participants

This research was approved by the Ethics Committee of the Virgen del Rocío University Hospital of Seville. All patients gave their informed consent for participation, and the research was conducted in accordance with the 1975 Declaration of Helsinki guidelines of good practice. As shown in Figure 1, we selected a group of 492 patients with biopsy-proven NAFLD (290 men and 202 women) with a mean age of 54.90 ± 11.74 years. The sociodemographic characteristics of the groups are shown in Supplementary Tables 1, 2. Data from the general Spanish population were also considered for QoL (SF-12) (19).


[image: Figure 1]
FIGURE 1. Study participant selection flowchart.




Measures


The 12-Item Short-Form Health Survey (SF-12v.2)

This scale comprised 12 items with either three- or five-point Likert-type scales (20, 21). It evaluates the following eight dimensions of health-related QoL: physical functioning, role-physical, bodily pain, general health, vitality, social functioning, role-emotional, and mental health. It also calculates two summary measures using Quality Metric Health OutcomesTM Scoring Software 5.0: physical component summary (PCS) and mental component summary (MCS). All scores ranged from 0 (worst state of health) to 100 (best state of health). Higher scores indicate better health-related QoL. In our sample, the Cronbach's alpha for the dimensions varied from 0.72 to 0.95. The Cronbach's alpha values for the PCS and MCS were 0.92 and 0.88, respectively (20).



Chronic Liver Disease Questionnaire—Non-alcoholic Fatty Liver Disease

The Chronic Liver Disease Questionnaire—Non-alcoholic Fatty Liver Disease (CLDQ-NAFLD) comprised 36 items rated on either a one- or a seven-point Likert-type scale (22). It evaluates specific QoL for NAFLD and NASH patients. It provides information referring to the total score on the scale and six domains: abdominal symptoms, activity, emotional, fatigue, systemic symptoms, and worry. Higher scores indicate better disease-specific QoL. In our sample, the Cronbach's alpha was 0.94 for the total instrument and from 0.68 to 0.89 for the domains.



Hospital Anxiety and Depression Scale

The Hospital Anxiety and Depression Scale (HADS) is made up of 14 items, seven on the anxiety subscale and seven on the depression subscale, with either zero- or three-point Likert-type scales (23). It evaluates anxiety and depressive symptoms. The test provides two total scores, one for anxiety and the other for depression. Scores range from 0 to 21 for each subscale. Higher scores indicate more anxiety and depressive symptoms. We used the Spanish version of this instrument (24). In our sample, the Cronbach's alpha was 0.81 for the anxiety subscale and 0.87 for the depression subscale.



Beck Depression Inventory—II

The Beck Depression Inventory—II (BDI-II) has 21 items answered on a four-point (0–3) scale, except for items 16 and 18, which have seven categories (25). It evaluates the severity of depression during the past 2 weeks. A total score of 0–63 is found. Higher scores show more severe depression. We used the Spanish version of this instrument (26). In our sample, the Cronbach's alpha was 0.91.



The Brief COPE

The Brief COPE (COPE-28) comprised 28 items with either zero- or three-point Likert-type scales (27). It evaluates 14 coping strategies: active coping, planning, instrumental support, emotional support, self-distraction, venting, disengagement, positive reframing, denial, acceptance, religion, substance use, humor, and self-blame. We used the Spanish version of this instrument (28). On all the subscales, higher scores indicate more use of the coping strategy. In our sample, the Cronbach's alpha was 0.80–0.99 on the different subscales, except for positive reframing which was 0.45.



Multidimensional Scale of Perceived Social Support

The Multidimensional Scale of Perceived Social Support (MSPSS) consists of 12 items with either a one- or a seven-point Likert-type scale (29). It evaluates perceived support from three different sources: family, friends, and partner or other significant persons. It also provides information on the total scale. We used the Spanish version of this instrument (30). Higher scores show more perceived social support. In our sample, the Cronbach's alpha was 0.94 for the total instrument and was 0.95–0.99 for the various dimensions of social support.




Procedure

The 492 study patients were selected from 12 hospitals in six autonomous regions of Spain (Andalusia, Madrid, Castile and Leon, Catalonia, Cantabria, and Valencia). The same procedure was followed for all patients in the study. The researcher responsible at each participating hospital was contacted, and this contact provided a list of candidate NAFLD patients for the study. Then, these patients were phoned to make an appointment for the evaluation. All patients were evaluated by the same psychologist using the same psychological measures, always applied in the same order: a psychosocial interview and the SF-12, CLDQ-NAFLD, HADS, BDI-II, COPE-28, and MSPSS instruments. The inclusion criteria were as follows: (a) over 18 years of age; (b) informed consent; (c) no difficulties in understanding the evaluation instruments; (d) no severe or disabling psychopathological condition; and (e) diagnosed with biopsy-proven NAFLD. As all of the patients had undergone liver biopsy, they could be classified into groups by the hepatologist's criteria (G1 = absence of NASH and G2 = presence of NASH) and liver severity levels based on NASH and significant fibrosis (F2, F3, and F4) (Ga = no-NASH without significant fibrosis, Gb = NASH with significant fibrosis, Gc = no-NASH with significant fibrosis, and Gd = NASH without significant fibrosis) (Figure 1). Patients were classified as NASH or not after clinical assessment by the hepatologist, who provided a histological diagnosis by liver biopsy based on hepatocellular ballooning and lobular inflammation levels. The two perceived social support groups (G3 = high and G4 = low) were formed in two stages: firstly, each patient's total score on the MSPSS scale, which varied from 1 to 7, where higher scores show greater social support, was taken. These scores were then arranged in ascending order and the percentages accumulated were used to divide the sample into two groups at the 50.2 percentile (G3 = high and G4 = low) (Figure 1). Finally, to determine how liver histology and biopsychosocial variables predicted disease-specific QoL, the following histological variables provided by liver biopsy were analyzed: hepatic steatosis severity (a mild group of steatosis patients with 6–33% and a moderate-to-severe group with steatosis equal to or more than 34%); lobular inflammation (absence or presence depending on the number of foci per HPF, from none to more than one); hepatocellular ballooning (absence or presence based on the existence of ballooned cells); and significant fibrosis (absence, F0–F1, or presence, F2–F4, depending on the fibrosis stage). The biopsychosocial variables analyzed were sex (male or female), age, obesity, physical and mental health-related QoL (PCS and MCS; SF-12), anxiety and depressive symptoms (total anxiety and total depression; HADS, BDI-II), coping strategies (scores for all 14 coping strategies; COPE-28), and perceived social support (total scale score; MSPSS).



Statistical Analysis

Pearson's chi-square test was applied to the sociodemographic variables to compare categorical variables (sex, marital status, education, and employment) and the t-test for independent samples or a one-way ANOVA (Welch's U) with Games–Howell post hoc pairwise analysis to compare the age variable.

A 2 × 2 factorial ANOVA (Snedecor's F) was performed to evaluate the influence on QoL (SF-12 and CLDQ-NAFLD), mental health (HADS and BDI-II), and coping strategies (COPE-28) exerted by NASH (absence or presence) and perceived social support (high or low). And to compare these variables (QoL, mental health, and coping strategies) between the NAFLD severity groups, a one-way ANOVA (Snedecor's F or Welch's U) as an omnibus test was computed depending on whether or not they met the assumption of homoscedasticity. For post hoc multiple comparisons, Tukey's honestly significant difference or the Games–Howell test was applied. The t-test for independent samples was also applied for comparison with the general Spanish population. Cohen's d (for continuous variables) and w (for categorical variables) were computed as effect size indexes.

Binary logistic regression analysis was used to determine the contribution of the histological and biopsychosocial variables to disease-specific QoL. The independent variables in the regression model were hepatic steatosis severity, lobular inflammation, hepatocellular ballooning, significant fibrosis, sex, age, obesity, PCS (SF-12), MCS (SF-12), total anxiety (HADS), total depression (HADS and BDI-II), the 14 coping strategies measured with the COPE-28, and total perceived social support (MSPSS). For categorical variables, reference groups were formed for patients with moderate to severe steatosis, presence of lobular inflammation, hepatocellular ballooning or significant fibrosis, female sex, and the presence of obesity. The total score on the CLDQ-NAFLD questionnaire (total CLDQ-NAFLD) was analyzed as the dependent variable. This score was arranged in ascending order and the cumulative percentages were used to divide the sample into two groups (better and worse QoL) at the 50th percentile. The results for binary logistic regression were reported as odds ratios (OR) at 95% confidence intervals. A two-sided p-value < 0.05 was considered statistically significant. All the data were analyzed with the SPSS Statistics v.25 program.




RESULTS


Sociodemographic Variables

There were no important between-group differences (null or small effect sizes) in NASH, social support, or severity (Supplementary Tables 1, 2). The only difference in severity was that age was higher in Gb (NASH with significant fibrosis) than in Gd (NASH without significant fibrosis; p < 0.001, d = 0.557). Age was also higher in Gc (no-NASH with significant fibrosis) than in Ga (no-NASH without significant fibrosis; p = 0.003, d = −0.725) or Gd (NASH without significant fibrosis; p = 0.001, d = 0.778) (Supplementary Table 2).



Influence of NASH and Social Support Variables on QoL, Mental Health, and Coping Strategies

The results are shown in Table 1 (SF-12), Table 2 (CLDQ-NAFLD), Table 3 (HADS and BDI-II), and Table 4 (COPE-28). Four statistically significant interactive effects were found: vitality (p = 0.05; Table 1), activity (p = 0.005; Table 2), anxiety (p = 0.04; Table 3), and denial (p = 0.04; Table 4). As observed in Table 5 and Figure 2, the simple effects showed that NASH patients had less vitality (p < 0.001, d = 0.873), less activity (p < 0.001, d = 0.805), more anxiety (p < 0.001, d = −0.786), and more denial (p < 0.001, d = −0.638) when they perceived less social support. However, in patients without NASH, there were no differences depending on perceived social support, except in the vitality variable (p < 0.001, d = 0.505), which was lower in patients with low social support. Moreover, when social support was high, there were no differences between patients with and without NASH, but when social support was low, patients with NASH had lower scores in vitality (p < 0.001, d = 0.590) and activity (p < 0.001, d = 0.600).


Table 1. Quality of life (SF-12) of non-alcoholic fatty liver disease (NAFLD) patients based on non-alcoholic steatohepatitis (NASH; absence and presence) and social support level (high and low) variables.
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Table 2. Quality of life (CLDQ-NAFLD) of non-alcoholic fatty liver disease (NAFLD) patients based on non-alcoholic steatohepatitis (NASH; absence and presence) and social support level (high and low) variables.
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Table 3. Mental health (HADS and BDI-II) of non-alcoholic fatty liver disease (NAFLD) patients based on non-alcoholic steatohepatitis (NASH; absence and presence) and social support level (high and low) variables.

[image: Table 3]


Table 4. Coping strategies (COPE-28) of non-alcoholic fatty liver disease (NAFLD) patients based on non-alcoholic steatohepatitis (NASH; absence and presence) and social support level (high and low) variables.
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Table 5. Simple effects in vitality (SF-12), activity (CLDQ-NAFLD), anxiety (HADS), and denial (COPE-28).
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FIGURE 2. Interactive effects of non-alcoholic steatohepatitis (NASH; absence or presence) and level of social support (high or low) factors. Analysis of the influence of NASH and social support on the quality of life, mental health, and coping strategies of non-alcoholic fatty liver disease (NAFLD) patients showing interactive effects in vitality (p = 0.05), activity (p = 0.005), anxiety (p = 0.04), and denial (p = 0.04).


The main effects by relevant effect sizes (medium and large) were that, regardless of whether NASH was present or not, patients with low social support had worse QoL (SF-12 and CLDQ-NAFLD) than those with high social support on most of the variables, except bodily pain, abdominal symptoms, and worry, in which there were no differences between the two groups (Tables 1, 2). In mental health (HADS and BDI-II), patients with low social support had higher scores in anxiety (p < 0.001, d = −0.597) and depressive symptoms measured with both HADS (p < 0.001, d = −0.883) and BDI-II (p < 0.001, d = −0.992) (Table 3). And in coping strategies (COPE-28), by relevant effect sizes (medium), patients with low social support scored higher in disengagement (p < 0.001, d = −0.702) and lower in active coping (p < 0.001, d = 0.756), planning (p < 0.001, d = 0.606), instrumental support (p < 0.001, d = 0.553), emotional support (p < 0.001, d = 0.574), positive reframing (p < 0.001, d = 0.691), and acceptance (p < 0.001, d = 0.692) (Table 4).



Influence of Liver Disease Severity on QoL, Mental Health, and Coping Strategies

In QoL (SF-12 and CLDQ-NAFLD), there were statistically significant differences between the severity levels in physical functioning (p < 0.001), role-physical (p < 0.001), bodily pain (p < 0.001), general health (p < 0.001), vitality (p < 0.001), social functioning (p = 0.01), role-emotional (p = 0.01), mental health (p = 0.001), PCS (p < 0.001), MCS (p = 0.03), abdominal symptoms (p < 0.001), activity (p < 0.001), emotional (p < 0.001), fatigue (p < 0.001), systemic symptoms (p < 0.001), worry (p < 0.001), and total CLDQ-NAFLD (p < 0.001). Specifically, by relevant effect sizes (medium and large), as shown in Tables 6, 7 and Figures 3, 4, Ga (no-NASH without significant fibrosis) scored higher in physical functioning (p < 0.001, d = 0.660), role-physical (p < 0.001, d = 0.603), bodily pain (p < 0.001, d = 0.566), vitality (p < 0.001, d = 0.638), PCS (p < 0.001, d = 0.647), activity (p < 0.001, d = 0.679), emotional (p < 0.001, d = 0.517), fatigue (p < 0.001, d = 0.736), systemic symptoms (p < 0.001, d = 0.750), worry (p < 0.001, d = 0.573), and total CLDQ-NAFLD (p < 0.001, d = 0.769) than Gb (NASH with significant fibrosis). Ga (no-NASH without significant fibrosis) also scored higher in physical functioning (p = 0.04, d = 0.610), PCS (p = 0.06, d = 0.574), activity (p = 0.06, d = 0.575), fatigue (p = 0.03, d = 0.671), systemic symptoms (p = 0.15, d = 0.514), worry (p = 0.14, d = 0.537), and total CLDQ-NAFLD (p = 0.11, d = 0.546) than Gc (no-NASH with significant fibrosis). Gb (NASH with significant fibrosis) scored lower in physical functioning (p < 0.001, d = −0.547), role-physical (p < 0.001, d =–0.579), PCS (p < 0.001, d = −0.542), abdominal symptoms (p < 0.001, d = −0.559), activity (p < 0.001, d = −0.633), emotional (p < 0.001, d = −0.521), fatigue (p < 0.001, d = −0.651), systemic symptoms (p < 0.001, d = −0.638), worry (p < 0.001, d = −0.633), and total CLDQ-NAFLD (p < 0.001, d = −0.804) than Gd (NASH without significant fibrosis). Gc (no-NASH with significant fibrosis) also scored lower in activity (p = 0.12, d = −0.523), fatigue (p = 0.06, d = −0.586), worry (p = 0.10, d = −0.594), and total CLDQ-NAFLD (p = 0.12, d = −0.570) than Gd (NASH without significant fibrosis). Similarly, the Gb (NASH with significant fibrosis) and Gc (no-NASH with significant fibrosis) groups differed considerably from the general Spanish population (GSP) in some dimensions of QoL measured with the SF-12 (Figure 3). More precisely, Gb (NASH with significant fibrosis) scored lower in physical functioning (p < 0.001, d = −0.838), role-physical (p < 0.001, d = −0.610), general health (p < 0.001, d = −0.661), vitality (p < 0.001, d = −0.752), role-emotional (p < 0.001, d = −0.578), mental health (p < 0.001, d = −0.518), and PCS (p < 0.001, d = −0.664) than the GSP. Gc (no-NASH with significant fibrosis) also scored lower in physical functioning (p < 0.001, d = −0.799), general health (p < 0.009, d = −0.569), and PCS (p < 0.001, d = −0.593) than the GSP.


Table 6. Comparison of quality of life (SF-12) in non-alcoholic fatty liver disease (NAFLD) severity groups: non-alcoholic steatohepatitis (NASH; with and without significant fibrosis) and no-NASH (with and without significant fibrosis).
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Table 7. Comparison of quality of life (CLDQ-NAFLD) between non-alcoholic fatty liver disease (NAFLD) severity groups: non-alcoholic steatohepatitis (NASH; with and without significant fibrosis) and no-NASH (with and without significant fibrosis).
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FIGURE 3. Comparison of quality of life (SF-12) in the non-alcoholic fatty liver disease (NAFLD) severity groups and the general Spanish population (GSP). *Cohen's d: N, null effect size; S, small effect size; M, medium effect size; L, large effect size. Ga, no-NASH without significant fibrosis; Gb, NASH with significant fibrosis; Gc, no-NASH with significant fibrosis; Gd, NASH without significant fibrosis; GSP, general Spanish population; PCS, physical component summary; MCS, mental component summary; SF-12, 12-Item Short-Form Health Survey.



[image: Figure 4]
FIGURE 4. Comparison of quality of life (CLDQ-NAFLD) in non-alcoholic fatty liver disease (NAFLD) severity groups. Ga, no-NASH without significant fibrosis; Gb, NASH with significant fibrosis; Gc, no-NASH with significant fibrosis; Gd, NASH without significant fibrosis; NASH, non-alcoholic steatohepatitis; CLDQ-NAFLD, Chronic Liver Disease Questionnaire—Non-alcoholic Fatty Liver Disease.


As shown in Table 8, differences in mental health (HADS and BDI-II) were found in total anxiety (p = 0.01) and total depression in the HADS (p < 0.001) and BDI-II (p < 0.001). Specifically, by relevant effect sizes (medium), Gb (NASH with significant fibrosis) showed higher scores in total depression than groups Ga (no-NASH without significant fibrosis) (HADS: p < 0.001, d = −0.531; BDI-II: p < 0.001, d = −0.501) or Gd (NASH without significant fibrosis) (HADS: p < 0.001, d = 0.573; BDI-II: p < 0.001, d = 0.628).


Table 8. Comparison of mental health (HADS and BDI-II) between non-alcoholic fatty liver disease (NAFLD) severity groups: non-alcoholic steatohepatitis (NASH; with and without significant fibrosis) and no-NASH (with and without significant fibrosis).
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In coping strategies (COPE-28), shown in Table 9, differences were found in active coping (p < 0.001), planning (p = 0.03), disengagement (p < 0.001), positive reframing (p = 0.001), denial (p = 0.004), acceptance (p < 0.001), and humor (p = 0.02). By relevant effect sizes (medium), group Gd (NASH without significant fibrosis) scored lower in disengagement than groups Gc (no-NASH with significant fibrosis; p = 0.21, d = 0.511) or Gb (NASH with significant fibrosis; p < 0.001, d = 0.589). Gd (NASH without significant fibrosis) also scored higher than Gb (NASH with significant fibrosis) in active coping (p < 0.001, d = −0.567) and acceptance (p < 0.001, d = −0.586) (Table 10).


Table 9. Comparison of coping strategies (COPE-28) between non-alcoholic fatty liver disease (NAFLD) severity groups: non-alcoholic steatohepatitis (NASH; with and without significant fibrosis) and no-NASH (with and without significant fibrosis).
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Table 10. Post hoc comparison of coping strategies (COPE-28) between non-alcoholic fatty liver disease (NAFLD) severity groups: non-alcoholic steatohepatitis (NASH; with and without significant fibrosis) and no-NASH (with and without significant fibrosis).
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Histological and Biopsychosocial Predictors of QoL in NAFLD Patients

A binary logistic regression was performed to evaluate the effect of the histological (steatosis, lobular inflammation, hepatocellular ballooning, and fibrosis) and biopsychosocial (sex, age, obesity, physical and mental health-related QoL, anxiety and depressive symptoms, coping strategies, and perceived social support) variables on the disease-specific QoL of NAFLD patients. The logistic regression model was statistically significant (χ2 = 367.256, p < 0.001). The model explained 70.1% (Nagelkerke's R2) of the variance in QoL, with an accuracy index of 0.852. Sensitivity was 86.6% and specificity was 83.7%, while the positive and negative predictive values were 0.841 and 0.861, respectively. Of all predictor variables, only fibrosis, sex, total depression (BDI-II), PCS (SF-12), total anxiety (HADS), and MCS (SF-12) were independently associated with total CLDQ-NAFLD. On the one hand, a significant inverse association was found between significant fibrosis (OR = 0.500, 95% CI = 0.253–0.987, p = 0.04), female sex (OR = 0.500, 95% CI = 0.254–0.981, p = 0.04), total depression (OR = 0.758, 95% CI = 0.661–0.869, p < 0.001), and total anxiety (OR = 0.858, 95% CI = 0.758–0.971, p = 0.01) and QoL (Table 11). On the other hand, a significant direct association was found between PCS (OR = 1.174, 95% CI = 1.123–1.227, p < 0.001) and MCS (OR = 1.073, 95% CI = 1.022–1.125, p = 0.004) and QoL (Table 11).


Table 11. Binary logistic regression analysis with total CLDQ-NAFLD as the dependent variable.
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DISCUSSION

This study analyzed the differences in QoL, mental health, and coping strategies in NAFLD patients based on factors such as social support and the severity of liver damage (NASH and fibrosis). We also analyzed whether histological and biopsychosocial variables could predict the QoL of these patients. There were no important sociodemographic differences between the groups compared, except in the age, which was higher in patients with significant fibrosis than in those without significant fibrosis. This finding coincides with other studies (31, 32) which had already noted the relationship between older age and the presence of significant or advanced fibrosis.

An interaction between NASH and social support was found in vitality, activity, anxiety, and denial. Among patients with NASH, those who reported low perceived social support showed less vitality and activity, greater anxiety, and more use of denial. This coincides with the results of a previous study done in patients with hepatitis C, which found a relationship between low levels of social support and more anxiety symptoms, as well as worse physical QoL (9). However, there were hardly any differences depending on social support in patients without NASH, except in vitality, which was higher in participants with high perceived social support.

When patients with low and high social support were compared, regardless of whether they had NASH or not, the first had poorer QoL and higher scores in anxiety and depressive symptoms, and more maladaptive coping, due to less use of strategies such as active coping, planning, using support, positive reframing, or acceptance. This ratifies the role of social support as a modulating agent of QoL, mental health, and coping strategies (33). Furthermore, low social support could be considered a major risk factor in NAFLD, especially when the disease progresses toward NASH and fibrosis. Therefore, it is fundamental to promote the creation of support networks like self-help groups because of their positive results in patient health, as already demonstrated in cancer (34), multiple sclerosis (35), or liver transplant candidate groups (36).

Moreover, patients with significant fibrosis had worse QoL in comparison with those without significant fibrosis and with the Spanish general population. This finding coincides with the study by David et al. (13), as it confirms the significant effect of fibrosis on QoL. In agreement with previous studies, the impact on QoL was mainly physical (3–6). Patients with significant fibrosis had particularly more impairment in physical functioning, role-physical, PCS, activity, emotional, fatigue, systemic symptoms, worry, and total CLDQ-NAFLD. This may be partially explained by the symptomatology associated with NAFLD, as problems affecting the patient's functionality, such as fatigue (3), daytime somnolence (37), and cognitive dysfunction (38), especially in the more advanced stages. These results agree with other studies comparing the QoL of NAFLD patients with that of the healthy population (3, 4, 13). We therefore suggest fibrosis as a determining factor in these differences, a conclusion confirmed by the results of the binary logistic regression analysis. Of all the variables analyzed for liver histology, fibrosis was the only one independently associated with QoL.

The relevance of sex in the QoL of NAFLD patients was also analyzed, with the results showing that female sex, along with the presence of significant fibrosis, was the main independent predictor of a worse QoL in these patients. Therefore, our study coincides with previous research, highlighting the greater vulnerability of the female sex to the impact caused by NAFLD (2, 18). Binary logistic regression analysis also revealed that the severity of anxiety and depressive symptoms predicted the QoL of the participants, in line with Huang et al. (39), who found that worse mental health was associated with a reduced QoL in chronic liver disease patients. Physical and mental health-related QoL, measured with the generic SF-12, also predicted disease-specific QoL measured with CLDQ-NAFLD, an instrument specific to NAFLD patients. As quality of life is one of the core goals of intervention in these patients, the model's predictive variables should be given special consideration in the future. Female patients with significant fibrosis, stronger anxiety and depressive symptoms, and worse physical and mental health-related QoL are more likely to have a greater impact on their health and well-being. These patients would therefore require closer attention in the design of multidisciplinary NAFLD management strategies. Lastly, fibrosis was also associated with worse mental health and more maladaptive coping strategies. NASH patients with significant fibrosis scored higher in depression than patients without significant fibrosis, whether or not they had NASH. Patients with significant fibrosis also employed maladaptive strategies, such as disengagement, to a greater extent in comparison with NASH patients without significant fibrosis, and fewer adaptive strategies such as active coping or acceptance. The results for mental health confirm the relationship between fibrosis and depression already noted previously by Weinstein et al. (15), Youssef et al. (7), and Tomeno et al. (16) and therefore contradict the conclusion of Kim et al. (17).

In brief, the main findings of this study verified that there are differences in the QoL, mental health, and coping strategies of NAFLD patients depending on the perceived social support and histological fibrosis and confirm that the relevant variables predicting a worse disease-specific QoL in these patients are significant fibrosis, female sex, greater anxiety and depressive symptoms, and worse physical and mental health-related QoL. These results are relevant because such patients need to follow certain interventions based on lifestyle changes including diet, physical activity, and exercise to promote NASH resolution and fibrosis regression when losing weight. However, the probability of successful adherence to these guidelines is certainly low (40). Indeed, in the study by Vilar-Gómez et al. (41), just 10% of patients lost 10% of body weight in spite of including behavioral meeting bimonthly. Keeping in mind the influence that variables such as QoL (42), mental health (43), coping strategies (44), or perceived social support (45) exert on therapeutic adherence, the biopsychosocial risk factors found in this study could be associated with a negative impact on adherence to intervention guidelines in NAFLD patients.

A structured psychological intervention could therefore improve therapeutic adherence and, as a consequence, the patient's clinical evolution (46), requiring special attention those patients with a low social support, significant fibrosis, or of the female sex due to their greater tendency to show a higher-risk biopsychosocial profile. We therefore recommend the inclusion of cognitive–behavioral treatment in NAFLD interventions (47) with techniques such as: psychoeducation focusing on NAFLD and how it progresses, as patients are generally unaware of their disease and the long-term consequences to their health (48); cognitive restructuring to intervene on unrealistic expectations related to weight loss, significantly linked to quitting therapy (49); problem-solving strategies to cope with obstacles to weight loss or maintenance (50); reinforcing alternative behaviors to eating without being hungry, for instance using relaxation or distraction techniques (50); using self-report questionnaires about weight, physical activity, and diet (51); setting commitments and realistic personal goals about weight loss or physical activity (49); and controlling stimuli, for example, keeping high-fat foods out of reach and placing those recommended in an accessible place at home (49).

Our study showed several limitations. Firstly, the possible collinearity of fibrosis and age. Secondly, the cross-sectional design of the current study did not allow us to analyze changes in histological features over time and their impact on the psychological profile. Thirdly, we did not analyze how self-efficacy, an important variable in chronic liver diseases, could influence the QoL and mental health of NAFLD patients (8). Lastly, analysis of the impact of other pathologies such as type 2 diabetes, arterial hypertension, hypercholesterolemia, hypertriglyceridemia, cardiovascular disease, thyroid disease, or obstructive sleep apnea syndrome on the biopsychosocial profile of NAFLD patients would be of interest for future research. Nevertheless, the large sample of consecutive patients from real clinical practice in Spain may be considered a major strength of this study.
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Non-alcoholic fatty liver disease (NAFLD) is currently the most common chronic liver disease worldwide and comprises varied grades of intrahepatic lipid accumulation, inflammation, ballooning, and fibrosis; the most severe cases result in cirrhosis and liver failure. There is extensive clinical and experimental evidence indicating that chronic intermittent hypoxia, featuring a respiratory disorder of growing prevalence worldwide termed obstructive sleep apnea, could contribute to the progression of NAFLD from simple steatosis, also termed non-alcoholic fatty liver or hepatosteatosis, to non-alcoholic steatohepatitis; however, the molecular mechanisms by which hypoxia might contribute to hepatosteatosis setup and progression still remain to be fully elucidated. In this review, we have prepared an overview about the link between hypoxia and lipid accumulation within the liver, focusing on the impact of hypoxia on the molecular mechanisms underlying hepatosteatosis onset.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease among adults and children around the world whose prevalence between diabetic and obese individuals is around 80% compared to 30–50% of the general population (1). While in most NAFLD patients this liver disease is usually asymptomatic, only presenting a simple accumulation of fat in the hepatocyte called hepatosteatosis, 44–59% can progress to a more advanced form of liver injury termed steatohepatitis (NASH), featured by inflammation and ballooning with varied stages of fibrosis, which in turn can lead to more severe conditions of liver disease such as cirrhosis, portal hypertension, and, ultimately, hepatocellular carcinoma (2).

Clinical and experimental evidences suggest that hypoxia may play an important role in the pathophysiology of NAFLD. In that regard, the obstructive sleep apnea syndrome (OSA), a common disorder affecting 1–4% of the general population and 25–35% of obese individuals, is characterized by recurrent apnea or hypopnea episodes during sleep, leading to nocturnal intermittent hypoxia (IH), and it has been associated with all the components of metabolic syndrome, including NAFLD (3–5). However, the molecular mechanisms by which hypoxia might contribute to NAFLD setup and progression still remain to be fully elucidated. In this review, we have prepared an overview about the link between hypoxia and lipid accumulation within the liver, focusing our attention on how hypoxia regulates hepatic lipid metabolism and how, through these metabolic effects, it could contribute to the onset of the early phase of NAFLD called hepatosteatosis.



NAFLD PATHOGENESIS

The mechanisms underlying NAFLD onset and progression are complex and multifactorial. Different theories have been formulated, leading initially to the “two hits hypothesis” (6). The appearance of hepatosteatosis, defined as the presence of fat in more than 5% of hepatocytes, is considered the first “hit.” The second “hit” involves factors triggering inflammation, hepatocellular damage, and fibrosis, leading to NASH. However, nowadays, a multiple-hit hypothesis has been postulated for NAFLD pathogenesis, which recapitulates the complexity of the human NAFLD where multiple parallel factors are implicated in the development and progression of the disease (7). Considering the first “hit,” it is well known that hepatosteatosis results from an imbalance between hepatic free fatty acid (FFA) uptake, de novo lipogenesis, lipid oxidation, and lipid export via very low-density lipoprotein (VLDL) particles (8). This is a crucial phase in NAFLD outcome because an excessive content of FFAs and their metabolites triggers lipotoxicity in hepatocytes, leading to progression from hepatosteatosis to the more advanced forms of NAFLD, such as NASH (9). However, the key molecular pathways driving hepatosteatosis are not completely defined, but there is a growing scientific evidence indicating that hypoxia-inducible factors contribute to hepatosteatosis onset.



MOLECULAR AND CELLULAR CONSEQUENCES OF HYPOXIA ON HEPATOSTEATOSIS SETUP

Oxygen is so highly required in the cellular machinery that its lack implicates a quick response in order to adapt the cell to this new situation. This response is mediated by the hypoxia-inducible factors (HIFs), which are composed of two subunits—HIFα and HIFβ–considering HIF1α and HIF2α as the best characterized HIFα subunits (10). In the presence of normal oxygen levels, three distinct iron-dependent enzymes called “prolyl hydroxylase domain” (PHD) proteins are able to hydroxylate two specific prolyl residues in the HIFα subunit. This hydroxylation compromised the HIFα subunit's stability since it will be recognized and ubiquitinated by the von Hippel Lindau (VHL) protein for further proteasomal degradation. When the oxygen levels decrease, PHDs become inactive, so HIFα subunits are stabilized and translocated into the nucleus, where they interact with the constitutively expressed HIFβ subunit and other factors such as CBP/p300. This transcriptional complex interacts with the hypoxia response element (HRE) and leads to gene expression induced by HIFs, which is cell- and tissue-dependent (11).

Different experimental approaches have been used to determine the effects of hypoxia on NAFLD development. In this regard, it has been proposed that hypoxia signaling is involved in the regulation of hepatic lipid metabolism, given to both PHDs and HIFs a major role in this process. There is convincing experimental evidence that hypoxia induces lipid accumulation in mouse livers and human hepatocytes. Regarding the role of PHDs, whole-body Phd1 gene inactivation promoted hepatosteatosis in mice fed a low-fat diet (12), and likewise the combined genetic deficiency of PHD2 and PHD3 led to severe hepatosteatosis (13), but, interestingly, the presence of a single Phd1 or Phd3 allele reduced liver fat content (14). Moreover, genetic deficiency of PHD2 protected mice against diet-induced hepatosteatosis (15), whereas oral administration of a pan-PHD inhibitor improved metabolic dysfunction, but was unable to reduce hepatosteatosis in wild-type mice fed a high-fat diet (HFD) (16), suggesting that the potential beneficial effects of pharmacologic PHD inhibition on hepatosteatosis should target only PHD2. In any case, the role of PHDs on hepatosteatosis onset still remains to be fully elucidated and deserves further investigation.

Downstream of PHDs which constitute the first oxygen sensors, HIFs are the key mediators of the cellular transcriptional response to hypoxia, regulating the expression of more than 300 genes involved in many biologic processes such as angiogenesis, erythrocytosis, and glucose and lipid metabolism, among others (17). Regarding the role of HIFs on hepatosteatosis setup, some experimental studies revealed that both HIF1α and HIF2α were involved in hypoxia-induced lipid accumulation in hepatocytes, whereas other studies showed HIF2α as the major regulator of hepatic lipid metabolism because the absence of HIF2α, but not HIF1α, protected against lipid accumulation in the livers from mice lacking the Vhl gene (18, 19). Supporting the latter, we have just demonstrated that HIF2α induced CD36 expression and function, the major driver of FFA uptake, triggering lipid accumulation in hepatocytes in vitro and in vivo, thus contributing to the hepatosteatosis onset (20). In this line, it has been demonstrated that the development of steatosis in hypoxic HepG2 cells is a consequence of increased HIF2α, which upregulated the hepatic expression of the adipose differentiation-related protein (ADRP), also involved in FFA uptake (21). It has also been reported that hypoxia-induced HIF2α stabilization led to β-oxidation suppression via PPARα in fat-laden hepatocytes (22). Moreover, oxygen therapy ameliorated hepatic steatosis induced by HFD in mice by reducing hepatic HIF2α and lipogenic gene expression (23). Taken together, the results derived from these studies suggest that HIF2α increases hepatic FFA uptake and de novo lipogenesis as well as decreases mitochondrial β-oxidation.

Regarding HIF1α, a number of experimental studies in distinct murine models have shown that either systemic or hepatic Hifa genetic deletion or HIF1α antisense oligonucleotide treatment decreased hepatosteatosis, suggesting the potential of HIF1α inhibition for the treatment of NAFLD (24, 25). Conversely, other studies have revealed that HIF1α protected against alcohol or choline deprivation-induced fatty liver (26, 27), so further investigations are needed to clarify the impact of HIF1α in hepatosteatosis setup.



EXPERIMENTAL EVIDENCES LINKING INTERMITTENT HYPOXIA TO NAFLD

Besides the existence of an epidemiological relationship between OSA and NAFLD, there is emerging evidence indicating that IH featuring OSA contributes to NAFLD onset and progression, but the underlying molecular mechanisms are not fully defined. One of the main purposes of the studies published concerning this issue was to determine the gene expression profile involved in lipid metabolism under IH conditions, considering HIFs as the main drivers in this regulation. As has been stated before, HIFs are the master regulators of the cellular response to hypoxic stress (10). In this regard, it has been experimentally demonstrated that IH could be a major trigger for NAFLD. Indeed, IH directly induced hepatosteatosis through the administration of repetitive brief periods of hypoxia and reoxygenation mimicking OSA in animal models (28). Several studies from the same research group demonstrated that IH promoted hepatic lipid accumulation mainly by inducing de novo lipogenesis. They firstly established that IH caused dyslipidemia and hepatosteatosis by activating the SREBP1c–SCD1 signaling pathway in the liver of lean mice (29). Later on, they demonstrated that partial Hifa-deficient mice were protected against hepatosteatosis and hyperinsulinemia induced by IH (30). In addition, they also showed that partial HIF1α knockdown modulated SREBP1c, SREBP cleavage-activating protein (SCAP), and SCD1 expressions in mice under IH, confirming the previous hypothesis (30, 31). Regarding HIF2α, a recent study revealed that IH exacerbated hepatosteatosis in mice fed HFD, which showed hepatic HIF2α overexpression along with a decreased β-oxidation and an enhanced de novo lipogenesis (22). Interestingly, silencing of hif-2α reduced lipid accumulation in hypoxic hepatocytes (20, 22), pointing out to HIF2α as a key driver in hepatosteatosis setup. Recently, we have observed an upregulated expression of CD36, together with an increased triglyceride content, in livers from mice exposed to IH, pointing out that IH may also modulate FFA uptake (32).



CLINICAL EVIDENCES LINKING OSA TO NAFLD

As stated above, OSA has been linked to lipid accumulation in the liver (33). In this regard, well-designed meta-analysis and systematic reviews have pointed out the relationship between OSA and NAFLD, stating that OSA is associated with an increased prevalence of hepatosteatosis, NASH, and fibrosis, independently of well-known risk factors such as age, sex, body mass index, or waist circumference (3, 34). Additional clinical studies and clinical trials have reinforced this notion, and their more relevant findings are summarized in Table 1. Notably, a study has demonstrated that OSA patients were three times more likely to have NASH compared with subjects without OSA (41). Moreover, clinical evidence suggests a direct relationship between OSA and NAFLD severity (42, 45). Interestingly, low O2 saturation has been proposed as an important NAFLD risk factor in OSA patients: the lower the O2 saturation, the higher the NAFLD severity (37, 46). Indeed, in a large study comprising 1,285 patients with suspected OSA aimed to assess the potential relationship between OSA and NAFLD, a significant positive correlation between the severity of hypoxemia and serum markers of liver injury was observed (40).


Table 1. Principal clinical studies examining the impact of OSA on NAFLD.
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OSA is especially prevalent among obese individuals, but IH may differently affect the liver and adipose tissue in obese patients as it has been strongly associated with liver damage, whereas, apparently, it has no effect on adipocyte morphology or adipose tissue macrophage accumulation (47). Several studies examining cohorts of obese patients with sleep apnea have found that IH is closely associated with NAFLD diagnosed using non-invasive tools (35), but, even more important, with the histological features of NASH including lobular inflammation, hepatic ballooning, and hepatic fibrosis (28). Interestingly, a dose–response relationship has been observed between the severity of nocturnal hypoxia and liver injury in obese patients in the absence of metabolic syndrome (38).

OSA has been related to pediatric NAFLD as well: it affects 68% of obese and 44% of non-obese children with NAFLD. In fact, a correlation between the severity of hypoxia and the severity of pediatric NAFLD has been observed since liver tissue infiltration by leukocytes and activated macrophages as well as fibrosis and liver apoptosis are increased in these patients (36).

Taking this background into account, it is conceivable that continuous positive airway pressure (CPAP), which is the first-line therapy for OSA patients, could be useful by attenuating IH-related deleterious effects. In this regard, there are clinical evidence that arterial hypertension and elevated circulating catecholamine levels, commonly seen in OSA patients, improve after CPAP treatment (39). Regarding NAFLD, contradictory reports have been published. It has been reported that CPAP treatment appeared to have no significant effect on OSA-related liver injury as well as on lipid and glucose metabolism (48); conversely, CPAP treatment in adult and adolescent patients with OSA caused an improvement in serum aminotransferase activity as well as an apparent regression of hepatic fibrosis (43). Therefore, the potential beneficial effects of CPAP therapy on cardiovascular complications and metabolic disorders, such as insulin resistance and NAFLD, associated with OSA remain to be fully elucidated, and studies in large well-designed clinical trials assessing the impact of CPAP therapy on NAFLD in patients with OSA patients are clearly needed.



CONCLUSIONS

Emerging evidence suggests that OSA may play a role in the onset of hepatic steatosis and in the progression of NAFLD. Several cross-sectional studies showed that the severity of IH in patients with OSA predicts the severity of NAFLD on liver biopsy. Different animal models have provided insights on the potential effects of hypoxia on the molecular mechanisms underlying NAFLD pathogenesis, which are graphically represented in Figure 1, showing that hypoxia upregulates both HIF1α and HIF2α in the liver, which may increase hepatic steatosis by the induction of de novo lipogenesis and FFA uptake and by the repression of FFA β-oxidation. However, the role of HIFs in the pathogenesis of IH-induced NAFLD is yet to be fully elucidated. Thus, multiple studies point out that IH featuring OSA may contribute to the progression of NAFLD, but definitive clinical studies and experiments in validated mouse models of NAFLD have yet to be done. Nevertheless, hypoxia could be considered as another “hit” among the “multiple parallel hits” that have been proposed as responsible for NAFLD setup and progression to NASH.
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FIGURE 1. Pathophysiological role of hypoxia in hepatosteatosis onset. Hypoxia inactivates prolyl hydroxylase domains (PHDs), enhancing hepatic HIF1α and HIF2α expressions, which could contribute to hepatosteatosis onset by the upregulation of free fatty acid (FFA) uptake, the repression of FFA β-oxidation, and the stimulation of de novo lipogenesis.
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Background: The evidence suggests a detrimental effect of cigarette smoking on the progression of chronic liver disease. However, the impact of cigarette smoking on mortality among patients with non-alcoholic fatty liver disease (NAFLD) remain unclear.

Methods: We used the National Health Examination Survey data collected during 2008–2009 to link the National Death Index to follow-up respondent survival. Diagnosis of NAFLD was based on a lipid accumulation product in participants without significant alcohol use or other liver diseases.

Results: During 64,116 person-years of follow-up, 928 of 7,529 participants with NAFLD died, and the cumulative all-cause mortality was 14.5 per 1,000 person-years. In a Cox regression model adjusted for age, body mass index, alcohol intake, exercise, comorbidities, lipid profiles, and handgrip strength, current smoking increased the risk of mortality by 109% (adjusted hazard ratio (aHR): 2.09, 95% confidence interval [CI]: 1.18–3.71) compared with never smoker status in women, but showed only a trend toward harm among men (aHR: 1.41, 95% CI: 0.96–2.08). After controlling for potential confounders, smoking ≥10 pack-years continued to show a significant harmful effect on all-cause mortality among women (aHR: 5.40, 95% CI: 2.19–13.4), but not in men. Among women who drink alcohol ≥10 grams per day, current smoking (aHR: 13.8, 95% CI: 1.66–145) and smoking ≥10 pack-years (aHR: 310, 95% CI: 78–1,296) also significantly increased risk of death.

Conclusion: This nationwide population-based study highlight a detrimental effect of cigarette smoking on mortality, with a similar but more definite association in women than in men with NAFLD.

Keywords: cigarette smoking, alcohol, mortality, non-alcoholic fatty liver disease, gender


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a growing global health problem that affects almost a quarter of the world's population (1). NAFLD-related liver complications are predicted to become the most common indication for liver transplantation within the next decade (2). Notably, a large body of clinical evidence indicates that NAFLD is also associated with an increased risk of other extrahepatic manifestations, such as cardiovascular disease and extrahepatic cancers, which are the predominant causes of mortality in patients with NAFLD (3–6). Since NAFLD causes a considerable health burden worldwide, it is important to identify modifiable risk factors and develop prevention strategies.

Cigarette smoking is a known major risk factor for developing chronic diseases, such as chronic obstructive pulmonary disease, cardiovascular disease, and several malignancies (7–9). The risk of death from these conditions increases with increasing exposure to cigarette smoking, as measured by the number of cigarettes smoked daily and the duration of smoking (10). There is also growing evidence that cigarette smoking has negative association with the prognosis of chronic liver diseases (11–16). Cigarette smoking was demonstrated to be associated with a dose-dependent relationship with the stage of liver fibrosis in patients with NAFLD via its effect on insulin resistance (11).

Patients with advanced liver fibrosis are believed to have the highest risk of progressing to end-stage liver disease. A recent meta-analysis of 4,428 NAFLD patients showed fibrosis stage to be the histological feature independently associated with liver-related events, liver-related mortality, and overall mortality (17). The relationship between fatal clinical outcomes and lifestyle risk factors, mainly moderate alcohol consumption, has been established (18). However, little is known about the effect of cigarette smoking on long-term prognosis among persons with NAFLD in the general population. Accordingly, this study was designed to evaluate the effect of cigarette smoking on overall mortality in patients with NAFLD after adjustment for important potential confounders using patient data derived from a nationwide population-based cohort.



MATERIALS AND METHODS


Study Population

Study participants were enrolled from the Fourth Thai National Health Examination Survey (NHES-IV), which is a nationally representative survey that employs a complex multistage, stratified strategy to sample Thai civilian, non-institutionalized population (19). The NHES-IV cohort included 21,960 persons aged ≥15 years that were recruited during August 2008 to March 2009. In the present study, 19,181 persons aged ≥18 years were included in the analysis.



Data Collection and Measurements

All information was collected in face-to-face interviews conducted by research nurses using standardized questions. Smoking status was classified as never smoker, former smoker, or current smoker. Participants who smoked <100 cigarettes during their lifetime were classified as never smokers. Current smokers were defined as those who currently smoke and who reported having smoked more than 100 cigarettes in their lifetime. Former smokers were defined as those who reported having smoked >100 cigarettes in their lifetime, but who no longer smoked at all at the time of the health checkup examination. Cigarette smoking was also quantified as pack-years, which was defined as the average number of packs per day multiplied by the number of years as a smoker. Alcohol consumption was calculated using self-reported questionnaire items relating to the frequency and amount of alcohol use per day over the 12-months period preceding the examination. The weekly frequency of physical activities was assessed by the Global Physical Activity Questionnaire version 2.

Blood pressure was measured using a standard automatic blood pressure monitor. Weight, height, and waist circumference (WC) were measured using standard procedures, and body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Obesity was defined as BMI ≥25 kg/m2, and central obesity was defined as a WC of >90 cm for men and >80 cm for women, following the Asian-specific criteria (20). Metabolic syndrome was defined according to the harmonizing criteria (21). Handgrip strength was measured by digital dynamometer.

Blood samples were obtained from participants in the morning after an overnight fast. The samples were transferred for determination of fasting plasma glucose using an enzymatic hexokinase method. Total cholesterol, low-density lipoprotein cholesterol (LDL-C), triglycerides, and high-density lipoprotein cholesterol (HDL-C) were measured by homogeneous enzymatic colorimetric methods. The non-HDL-C and total cholesterol to HDL-C ratio were calculated to estimate cardiovascular risk.



Definition of NAFLD

To identify patients with NAFLD, NHES participants with the following conditions were excluded: excessive alcohol consumption (defined as >210 g/week for men, and >140 g/week for women) or any other possible causes of chronic liver disease (Figure 1). Lipid accumulation product (LAP) was the parameter that was then used to identify NAFLD among the remaining subjects (22, 23). LAP is a non-invasive method that predicts the presence of NAFLD based on the patient's WC and triglyceride concentration that is calculated using the formula: [WC (cm) – 65] × triglyceride concentration (mmol/L)] for men, and [WC (cm) – 58] × triglyceride concentration (mmol/L)] for women. This model was reported to be a valid assessment for establishing NAFLD in general population. Using ultrasound as a reference, hepatic steatosis can be predicted by LAP with an area under the curve value of 0.843 (95% confidence interval [CI]: 0.837–0.849) in men, and 0.887 (95% CI: 0.882–0.892) in women (23). In the present study, participants were presumed to have NAFLD if they had a LAP score of ≥30.5 in men, and ≥23.0 in women (23).


[image: Figure 1]
FIGURE 1. Flow diagram of the study protocol. NHES-IV, National Health Examination Survey IV; LAP, lipid accumulation product; NAFLD, non-alcoholic fatty liver disease.




Mortality Follow-Up

Follow-up and mortality data were obtained by linking the NHES data to the National Civil Registration and Vital Statistics System, Ministry of Interior, which is the most reliable database source of mortality data in Thailand. Information regarding vital status was obtained from the date of NHES-IV survey participation to 31 December 2019, or to the date of death. The study was carried out in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board. Written informed consent was obtained from all participants during the initial assessment.



Statistical Analysis

The analysis took into account the complex survey design, since all of the estimates were weighted according to the inverse probability of being sampled based on the registered Thai population. Chi-square test and one-way analysis of variance (ANOVA) were used to compare the baseline characteristics of study participants among the smoking status categories. Post hoc multiple comparison analysis was performed with Bonferroni correction. The survival analysis of participants with NAFLD was performed using unadjusted Kaplan-Meier method, and log-rank test was used to compare survival distribution between groups.

Cox proportional hazard regression models were constructed to estimate adjusted hazard ratios (aHRs) of overall mortality based on smoking status and pack-years. Models were initially adjusted for age, and then further adjusted for BMI, alcohol intake, regular exercise, and medical conditions (metabolic syndrome, diabetes, hypertension, and history of cardiovascular and cerebrovascular diseases). To account for other potential confounders, a fully adjusted analysis was performed, which included handgrip strength and LDL-C, HDL-C, and triglyceride levels. All analyses were performed using STATA version 14.0 (StataCorp LP, College Station, Texas, USA). A two-sided p-value of <0.05 was considered statistically significant.




RESULTS


Population Characteristics

After excluding participants with significant alcohol use and other possible causes of chronic liver disease, 14,834 participants were eligible for inclusion (Figure 1). Of those, 2,315 men (38.3%) and 5,214 (59.4%) women had a LAP score of ≥30.5 and ≥23, respectively, and those 7,529 participants were classified as having NAFLD. The proportions of never, former, and current smokers based on the self-report were 36.4, 33.7, and 29.9% in men, respectively, and 92.8, 3.9, and 3.3% in women, respectively. Among the current smokers, the median pack-year of cigarette smoking was 15 (range: 8–25.6) in men, and 8.5 (range: 4.2–15) in women.

Among men, current smokers were more likely to be younger, alcohol drinkers, have higher measurements for glucose, triglycerides, total cholesterol to HDL-C ratio, and handgrip strength and lower HDL-C, and less likely to have hypertension and history of cerebrovascular disease compared with never smokers (Table 1). Former smokers were more likely to be older, alcohol drinkers, have hypertension and history of cerebrovascular disease, and have lower measurements for BMI, WC, and handgrip strength compared with never smokers. In women, both former and current smokers were more likely to be older and have lower measurements for BMI and handgrip strength compared with never smokers (Table 2). Current smokers were more likely to have a lower mean HDL-C, whereas former smokers were more likely to have metabolic syndrome and higher triglyceride concentrations compared with never smokers.


Table 1. Baseline characteristics of male study participants with NAFLD by smoking status.
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Table 2. Baseline characteristics of female study participants with NAFLD by smoking status.
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All-Cause Mortality

The mean follow-up period for the study cohort was 8.52 ± 1.43 years (range: 0.76–8.96). During the 64,116 person-years of follow-up, 928 participants with NAFLD died, and the cumulative all-cause mortality was 14.5 per 1,000 person-years. As shown in Figure 2, mortality from all causes was higher among male subjects with NAFLD than female subjects with NAFLD (19.2 vs. 12.5 per 1,000 person years, HR: 1.33, 95% CI: 1.17–1.52; p < 0.001). Compared to subjects without fatty liver and significant alcohol use, participants with NAFLD had non-significantly lower overall mortality (HR: 0.90, 95% CI: 0.68–1.20; p = 0.46) after adjusting for age and sex.


[image: Figure 2]
FIGURE 2. Unadjusted Kaplan-Meier survival analysis of men and women with non-alcoholic fatty liver disease.




Smoking and Risk of All-Cause Mortality

The effect of smoking status on all-cause mortality in men and women with NAFLD is depicted in Figure 3. Self-reported current smoking significantly increased the risk of death in women, but not in men with NAFLD (Table 3). For women, after adjusting for age, BMI, alcohol intake, regular exercise, diabetes, hypertension, metabolic syndrome, and history of cardiovascular disease and cerebrovascular disease (model 1), the multivariable-adjusted HR (95%CI) for all-cause mortality comparing current smoking to never smoking was 1.99 (95% CI: 1.11–3.54). For model 2, which included LDL-C, HDL-C, triglycerides, and handgrip strength to the list of variables included in model 1, the effect of current smoking on all-cause mortality in women remained significant and was slightly increased (aHR: 2.09, 95% CI: 1.18–3.71). To investigate the combined effect of smoking and alcohol consumption, we performed stratified analysis by drinking level (<10 and ≥10 gm per day). Among women who drank <10 gm per day, former or current smoking was not associated with a significant effect on mortality compared to never smokers. Among women who drank ≥10 gm per day, former smokers (aHR: 5.91, 95% CI: 2.05–17.0) and current smokers (aHR: 13.8, 95% CI: 1.66–145) had a significant increase in the risk of death after adjusting for all potential variables.


[image: Figure 3]
FIGURE 3. Unadjusted Kaplan-Meier survival analysis for smoking status on all-cause mortality in men (A) and women (B) with non-alcoholic fatty liver disease.



Table 3. Overall mortality of study participants with NAFLD by smoking status and smoking intensity.
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We further explored the effect of cigarette smoking on overall mortality in patients with NAFLD based on smoking intensity (Table 3). Compared to never smokers, smoking ≥10 pack-years was associated with a significantly increased risk of death in women (aHR: 5.40, 95% CI: 2.19–13.4), but not in men after adjusting for age, BMI, alcohol intake, regular exercise, comorbidities, serum lipid profiles, and handgrip strength. Smoking <10 pack-years did not show a significant effect on mortality in either women or men with NAFLD. We also assessed the effects of smoking intensity on mortality in women with NAFLD according to drinking level. Among women who drank ≥10 gm per day, smoking ≥10 pack-years strongly significantly increased the risk of death (aHR: 310, 95% CI: 78–1,296) compared to never smokers after adjusting for all potential variables. Among women who drank <10 gm per day, smoking ≥10 pack-years was not associated with a significant effect on mortality compared to never smokers (aHR: 2.31, 95% CI: 0.80–6.67).

In the multivariable-adjusted model for the mortality risk, we found significant effects of sarcopenia and metabolic features, especially diabetes, on death among men and women with NAFLD (Table 4). To investigate the association between cigarette smoking and diabetes on mortality, we performed the stratified analysis by comorbid diabetes controlling for age, BMI, alcohol intake, regular exercise, hypertension, underlying atherosclerotic diseases, serum lipid profiles, and handgrip strength (Table 5). The significantly increased risk of mortality was observed with current smoking (aHR: 2.07, 95% CI: 1.07–4.03) and smoking ≥10 pack-years (aHR: 6.82, 95% CI: 2.66–17.5) in non-diabetic women but not in men. In the diabetic subjects, current smoking significantly increased the risk of mortality compared with never smoking (aHR: 1.76, 95% CI: 1.09–2.84) in men, but showed only a trend toward harm among women (aHR: 1.61, 95% CI: 0.71–3.65). The potential hazard of smoking pack-years on mortality was observed in both men and women with diabetes but did not reach statistical significance.


Table 4. Effect of smoking status on all-cause mortality among men and women with NAFLD after adjusting for all variables.
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Table 5. Overall mortality of study participants with NAFLD by diabetes and smoking status.
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DISCUSSION

Though there is evidence suggesting potential detrimental effects of cigarette smoking in patients with NAFLD, the association between cigarette smoking and mortality has not been adequately evaluated in this population. In this nationally representative sample of 7,529 adults with NAFLD, we demonstrate that current smoking is associated with a robust and significant increase in all-cause mortality among women with NAFLD. Furthermore, smoking ≥10 pack-years is associated with an increased risk of mortality in women with NAFLD. We failed to find a significantly harmful effect of smoking in men with NAFLD. Interestingly, we found that modest alcohol consumption has a synergistic effect with cigarette smoking on all-cause mortality in women with NAFLD.

It has been suggested that cigarette smoking reduces life expectancy, primarily by increasing the risks of chronic obstructive pulmonary disease, cancer, and cardiovascular disease (10). However, epidemiological data specific to the relationship between cigarette smoking and the risk of death in NAFLD is scarce. Our study revealed current smoking to be significantly associated with a 2-fold increased risk of all-cause mortality among women with NAFLD, independent of alcohol intake, exercise, diabetes, hypertension, metabolic syndrome, underlying atherosclerotic diseases, lipid profiles, and handgrip strength. These findings are virtually identical to those from studies that evaluated the contemporary risks of smoking in Western and Asian countries, where the relative risk of all-cause mortality in current smokers compared to never smokers has been consistently reported to be 2.0 to 3.0 (24–26). Importantly, our findings indicate an elevated risk of mortality in patients with NAFLD based on the cumulative quantity of cigarettes smoked. In particular, women with NAFLD who smoked ≥10 pack-years had approximately 5-fold increased overall mortality compared to never smokers. This finding was adjusted for a range of potential confounders, including BMI, alcohol intake, exercise, and several comorbidities.

The influence of alcohol consumption within the accepted safe limits on the association between cigarette smoking and the risk of death by any cause was investigated in our NAFLD study. That analysis revealed an increased risk of all-cause mortality among women who smoke and drink a moderate amount alcohol, defined as consumption of equal to or more than 10 g per day. This finding is consistent with prospective studies that found even modest alcohol intake to be associated with possible disease progression (27), and more significantly, with cancer development in patients with NAFLD (28).

Gender-related differences in the effects of cigarette smoking on the risk of death are not well-established. In this NAFLD cohort, we found smoking to be more harmful in women than in men, with a larger negative impact from the same number of smoking pack-years. Since patients with NAFLD are at higher risk for cardiovascular disease compared to general population (4), active smokers with NAFLD are more likely to die from cardiovascular disease. This assertion is supported by evidence from a Danish study that showed higher cardiovascular disease risk in women who smoke than in men who smoke (29). This may be due to the fact that smoking causes downregulation of estrogen-dependent vasodilatation of the endothelial wall (30). Hence, the effect of cigarette smoking on the risk of atherothrombotic clinical events was higher in postmenopausal women (31). Cigarette smoking was also found to be a risk factor for developing extrahepatic malignancies (7). This association is clinically relevant since de novo tumors are a leading cause of death among NAFLD patients (3, 5, 6). Overall, these data indicate that female smokers with NAFLD are at higher risk for smoking-related morbidity and mortality. However, the effect of smoking on disease-specific mortality was not analyzed in our population because the NHES database could not capture the causes of death.

Although the prevalence of current smoking was somewhat higher among men than among women, we observed no significantly increased risk for overall mortality among men who currently smoke compared with never smokers. Further, we did not find a significant association between smoking ≥10 pack-years and mortality over the 9-year period among men with NAFLD. It is plausible that smoking-mediated diseases occur at a prolonged smoking duration and higher number of cigarettes smoked in male subjects, and it may require coincident genetic predisposition. Smoking cessation almost completely reverses the risk of cardiovascular disease due to smoking, which makes it potentially the most effective and lifesaving intervention available for those at risk for and those with existing cardiovascular disease (32). Unfortunately, we observed a non-significant increase in overall mortality among those who stopped smoking at an older age (the mean age of 55 years or older in both genders). The potentially higher risk of death in former smokers compared with never smokers might be explained by a tendency for smokers, particularly older smokers, to quit due to ill health.

Although the mechanisms by which smoking contributes to mortality among NAFLD patients remain unknown, it has been shown that smoking would accelerate atherosclerosis by inducing insulin resistance and altering lipid metabolism (33–35). However, we found that after adjusting for metabolic parameters (diabetes, hypertension, and lipid profiles), the association between current smoking and mortality risk remained significant, indicating that atherogenic risk factors did not fully explain the relationship. Another potential mechanism is that tobacco constituents induce or promote oxidative stress/inflammatory pathways, which can play a role in the pathogenesis of NAFLD (36, 37). Recently, a longitudinal cohort study demonstrated a dose-response relationship of smoking with the development and progression of NAFLD (38). Hence, it is anticipated that increased risk of steatohepatitis and advanced fibrosis possibly driven by smoking in patients with NAFLD may significantly impact their mortality. However, the NHES did not collect variables for estimating non-invasive fibrosis scores (e.g., Hepamet, Fibrosis-4, and NAFLD fibrosis scores) to identifying individuals in the NAFLD population at risk for advanced fibrosis. Given that diabetes is a major contributor to perpetual chronic injury leading to eventual steatohepatitis, advanced liver fibrosis, and hepatocellular carcinoma (39), individuals with diabetes may represent the target population with a high-risk of advanced liver disease. Thus, NAFLD patients with diabetes who continue smoking should be a subgroup with high mortality risk. Supporting this assumption, our analysis showed that current smokers with diabetes, particularly men, had a significantly greater probability of deaths than those who did not smoke. Nevertheless, a low number of current smokers in the diabetes subgroups limit the power to estimate smoking status and intensity associated with mortality, especially in women.

Sarcopenia that is defined as the loss of skeletal muscle mass and strength has been increasingly recognized in patients with NAFLD. It is a crucial indicator of adverse outcomes in patients with cirrhosis, including hepatic decompensation and premature mortality (40). In the Cox regression model, we found that weaker handgrip strength was significantly associated with an increased risk of death among NAFLD population. Thus, it may be suggested that the substantially increased risk of death may be mediated via sarcopenia among smoking women with NAFLD, who were more likely to have low measurements of handgrip strength and BMI. This finding is supported by data from a meta-analysis involving 22,515 participants reporting that cigarette smoking may contribute to the development of sarcopenia (41). Physiological mechanisms are complex, and several studies showed that cigarette smoking induced muscle protein degradation via oxidative stress and chronic inflammation (42).

This study has some limitations. Firstly, the diagnosis of NAFLD was made using LAP and not by gold standard tissue biopsy. Although a validation study showed that LAP exhibited high diagnostic accuracy for identifying NAFLD (23), some of our study participants would inevitably have been misclassified as NAFLD. Using a model based on anthropomorphic and laboratory data enabled us to study a large population-based sample and facilitate avoidance of ascertainment bias that is routinely found in clinical studies of conveniently selected patients. Secondly, the smoking assessment was based on self-reports and was not verified by objective measures of smoking (urinary cotinine and breath carbon monoxide tests). The assessment of smoking status by questionnaires may lead to inaccurate measures of smoking exposure due to smoking denial or difficulty in recalling the quantity and duration of smoking (43). This misclassification potentially leads to the underestimation of the detrimental effects of smoking exposure. However, nationwide studies in Canada and the United States revealed that smoking behavior self-reported by the participants in such surveys was highly consistent with estimates based on urinary or serum cotinine concentration (44–46). This data indicates that a low-cost questionnaire survey applicable to large samples can effectively determine the smoking status of the general population. Lastly, the lack of a significant difference in mortality between the general population with and without NAFLD in this study should not prove that NAFLD does not lead to overall mortality. This contrasts with the findings from previous studies frequently conducted in NAFLD patients who underwent liver biopsies at specialty liver clinics (5, 6, 17). The difference between those and population-based studies is probably attributable to selection bias entailed in referral patients. Instead, we believe that it is likely a type II error, given a low number of deaths during a 9-year follow-up in our population-based sample. The study of the impact of NAFLD on mortality may require a much longer follow-up to draw a firm conclusion.



CONCLUSION

The results from this nationwide population-based cohort study suggest a detrimental effect of cigarette smoking on all-cause mortality, with a similar but more definite association in women than in men with NAFLD. In addition, our findings are consistent with previous studies showing a relationship between smoking intensity and mortality, where an increase in the quantification of cigarette smoke becomes more harmful. The results of this study can be used to improve counseling of the growing population of patients with NAFLD by discouraging smoking.
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Backgrounds: Depression and anxiety disorder are frequently seen in patients with nonalcoholic fatty liver disease (NAFLD). However, the associations between mood disorders and NAFLD have not been fully evaluated. In this study, we investigated the relationship between NAFLD and depression or anxiety in a Korean population.

Methods: We conducted a retrospective cross-sectional study that included subjects who underwent abdominal ultrasonography and completed a symptom questionnaire for a routine health check-up. NAFLD was diagnosed and graded according to the ultrasonography findings. Depression and anxiety were assessed using the Beck Depression Inventory and State-Trait Anxiety Inventory, respectively.

Results: Among the total of 25,333 subjects, the mean age was 47 years (men, 56.2%), and the prevalence rate of NAFLD was 30.9%. In the multivariate analysis, NAFLD showed a significant association with depression [adjusted odds ratio (OR) 1.43 and 95% confidence interval (CI) 1.14–1.80, p = 0.002] in women. Severe NAFLD significantly correlated with state anxiety and trait anxiety (adjusted OR 1.84 and 95% CI 1.01–3.37, p = 0.047 and adjusted OR 2.45 and 95% CI 1.08–4.85, p = 0.018, respectively) in women.

Conclusions: There was a higher tendency of women with NAFLD to suffer from depression with increase in steatosis, and severe stage of steatosis was significantly associated with anxiety in the female compared to non-NAFLD. Understanding the association between NAFLD and mood disorders may have clinical implications for reducing the prevalence of comorbidities.

Keywords: hepatic steatosis, anxiety, depression, association, mood disorder


KEY POINTS

• Depression and anxiety disorder are frequently seen in patients with nonalcoholic fatty liver disease (NAFLD). However, the associations between mood disorders and NAFLD have not been fully evaluated.

• NAFLD was significantly associated with depression, and severe stage of steatosis was significantly associated with anxiety in women compared to non-NAFLD.

• These findings provide new insight in understanding the association between NAFLD and mood disorders.



INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease worldwide, with increasing prevalence of up to 20–30% (1). Although NAFLD is generally a benign condition, some may progress to nonalcoholic steatohepatitis (NASH), fibrosis, and cirrhosis (2). Hepatic steatosis is commonly associated with various metabolic conditions, including cardiovascular disease (3), diabetes (4), chronic kidney disease (5), and colorectal cancer (6). In addition, NAFLD has been associated with an increased prevalence of psychological conditions such as depression and anxiety. A previous study reported that the prevalence rates of lifetime major depressive disorder (MDD) and generalized anxiety disorder were more increased in patients with NASH with more advanced histological features compared to controls (7).

Major depression is a common, recurrent disease leading to decreased quality of life, disability (8), and mortality (9). The lifetime prevalence of major depressive episode is estimated from 3 to 29.9% (10). Depression has been associated with cardiovascular diseases (11) and metabolic syndrome (12), with increased predisposition for NAFLD, suggesting shared pathogenesis of insulin resistance (13). In particular, a recent study based on US claim data has shown that depression was independently associated with NAFLD (14). In addition, generalized anxiety disorder is one of the most common anxiety disorders (15), and anxiety disorder is associated with hyperglycemia in patients with diabetes (16). This result suggests that there is a close link between anxiety and metabolic disease.

Therefore, we hypothesized that depression and anxiety disorder would be related to NAFLD and investigated the relationship between NAFLD and anxiety or depression in Korean subjects who participated in health check-ups.



METHODS


Study Population

We performed a retrospective cross-sectional study that included subjects who underwent routine health check-up at the Seoul National University Hospital Healthcare System Gangnam Center between January 2008 and December 2011. Health examination has recently become popular in Korea because a thorough medical checkup can be performed in a few hours, and the majority of referred hospitals in Korea are now equipped with a Healthcare Center to provide such health check-ups. The subjects (age ≥ 20 years) voluntarily attended a general health check-up, while others were supported by their employers. They were mostly free of symptoms and voluntarily underwent examinations including abdominal ultrasonography and blood samplings and completed a symptom questionnaire on the same day. A schematic protocol of the study design is illustrated in Figure 1. Among the 34,147 subjects, 5,730 were excluded for potential cause of chronic liver disease, including hepatitis B virus positivity in 1,734 subjects, anti-hepatitis C virus antibody positivity in 307 subjects, and 3,689 subjects with significant alcohol consumption (>30 g/day for men and >20 g/day for women) (17). Additionally, 3,084 subjects were excluded because of missing data. The total number of eligible participants was 25,333.


[image: Figure 1]
FIGURE 1. Study population. HBsAg, hepatitis B surface antigen; HCV Ab, hepatitis C virus antibody.


The study protocol was approved by the Institutional Review Board of Seoul National University Hospital (1912–111–1089) and conformed to the ethical guidelines of the World Medical Association Declaration of Helsinki. The requirement for informed consent from individual subjects was waived because we used de-identified secondary data.



Clinical and Biochemical Evaluations

Study data consisted of medical information based on a self-administered questionnaire and anthropometric and laboratory measurements, as described previously (18). Briefly, height and body weight were measured using a digital scale. The body mass index (BMI) was calculated as weight (kg)/height2 (m2). Waist circumference (WC) was measured by a well-trained person, at the midpoint between the lower costal margin and the iliac crest. Based on smoking status, subjects were categorized as smoker (former or current smoker) or never-smoker. Based on alcohol consumption, subjects were categorized as alcohol user or nonuser (does not drink any alcohol). Diabetes was defined as fasting glucose levels ≥126 mg/dl and/or treatment with an oral hypoglycemic agent or insulin. Systolic blood pressure and diastolic blood pressure were each measured twice, and their mean values were reported. All subjects were fasted for at least 12 h prior to blood sampling; aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol, triglyceride, and high-density lipoprotein (HDL) cholesterol were measured.



Evaluation of the State of Anxiety and Depression

The State-Trait Anxiety Inventory (STAI) scale was used to assess the level of anxiety in all subjects (19). The STAI is a well-known psychological instrument consisting of two self-report rating scales with 20 items each, for the measurement of two types of anxiety: state anxiety (how one feels at the moment, STAI-X1) and trait anxiety (how one generally feels, STAI-X2). Each item is rated between 1 and 4 depending on the frequency of target complaints (never, sometimes, often, and always), and overall scores are obtained by summing the ratings for the items (range, 20–80). We considered subjects showing moderate-to-severe state or trait anxiety by using a cut-off value of STAI-X1 ≥ 57 or STAI-X2 ≥ 59, respectively (18).

The depression status of subjects was evaluated using the Beck Depression Inventory (BDI) scale, which is one of the most commonly used self-report instruments designed to detect and measure the severity of depression in the general population (20). The BDI consists of 21 items describing symptoms of and attitudes regarding depression, and each item is rated from 0 (not at all) to 3 (extreme form of each symptom). The total score ranges from 0 to 63; the higher the score, the greater the degree of depression. By using the cutoff value of 15, subjects were classified as having no-to-mild depression (BDI < 15) or moderate-to-severe depression (BDI ≥ 15) (18).



Diagnosis of NAFLD

Hepatic ultrasonography (Acuson Sequoia 512; Siemens, Mountain View, CA) was performed to diagnose fatty liver by experienced radiologists who were unaware of the clinical information of the subjects (21). Fatty liver was diagnosed based on characteristic ultrasonographic findings consistent with a “bright liver” and evident contrast between hepatic and renal parenchyma, focal sparing, vessel blurring, and narrowing of the lumen of the hepatic veins (22). We graded the stage of steatosis based on ultrasonographic findings: mild fatty liver as a slight diffuse increase in bright homogeneous echoes in the hepatic parenchyma and normal visualization of the diaphragm and hepatic and portal borders; moderate fatty liver as a diffuse increase in bright echoes in the hepatic parenchyma with slightly impaired appearance of intrahepatic vessels and the diaphragm; and severe fatty liver as a marked increase in bright echoes with poor or no visualization of intrahepatic vessel borders, the diaphragm, and the posterior right lobe of the liver (22).



Statistical Analyses

Data are presented as the mean ± standard deviation for normally distributed continuous variables and as proportions for categorical variables. The Student t test and analysis of variance were used to analyze continuous variables, and the differences between nominal variables were compared with the chi-square test. Differences in anxiety or depression levels among the stages of steatosis were analyzed using one-way analysis of variance (ANOVA) with Tukey's honestly significant difference post hoc analysis. A logistic regression analysis was utilized to analyze the association of NAFLD and the stage of steatosis with depression or anxiety after adjusting for potential confounders. Among variables with a p value of <0.05 in univariate analyses, those with clinical importance were subjected to multivariate analyses. Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA) and R version 3.2.3 (The R Foundation for Statistical Computing, Vienna, Austria, http://www.Rproject.org). p values of <0.05 were considered statistically significant.




RESULTS


Baseline Characteristics of the Study Population

Among the total of 25,333 subjects, the mean age was 47 years, and men comprised 56.2%. The prevalence rate of NAFLD was 30.9%. The subjects with NAFLD were divided into three groups based on their ultrasonographic findings of steatosis. To rule out the effects of gender, we stratified the population according to gender. The baseline characteristics of the male participants are shown in Table 1. NAFLD was more frequently observed in people who were older and smokers. Prevalence of diabetes was significantly higher in subjects with NAFLD. In addition, most of the anthropometric and laboratory variables (including BMI, WC, systolic or diastolic blood pressure, AST, ALT, total cholesterol, triglyceride, and HDL-cholesterol) were less metabolically favorable in subjects with NAFLD (p < 0.001). The prevalence rates of depression and anxiety were not significantly different in the NAFLD and control groups.


Table 1. Comparison of baseline characteristics according to nonalcoholic fatty liver disease in males.

[image: Table 1]

In the female group, NAFLD was more frequently observed in people who were older and never-smokers. Other baseline characteristics were almost similar to those of men except for the prevalence rates of depression which was higher in the NAFLD group compared to the control group (Table 2). Figure 2 shows the scores of depression according to the stage of steatosis. The BDI score was significantly higher in the severe NAFLD group compared to the no-NAFLD group (7.2 ± 5.9 vs. 6.3 ± 5.5, p = 0.031). The effect sizes of the differences were provided in the Supplementary Table 1.


Table 2. Comparison of baseline characteristics according to nonalcoholic fatty liver disease in females.
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[image: Figure 2]
FIGURE 2. Scores of depression according to the stage of steatosis. The BDI score was significantly higher in the severe NAFLD group compared to the no-NAFLD group (7.2 ± 5.9 vs. 6.3 ± 5.5). Differences in depression levels among the stages of steatosis were analyzed using one-way ANOVA with Tukey's honestly significant difference post hoc analysis. BDI, Beck Depression Inventory; NAFLD, nonalcoholic fatty liver disease.




Risk of Depression and Anxiety With NAFLD

We investigated the relationship between depression or anxiety and NAFLD. In the univariate analysis, the presence of NAFLD had no association with depression. Regarding anxiety, the presence of NAFLD showed a significant association with state anxiety. NAFLD was associated with a 12% increase in the risk of state anxiety [odds ratio (OR) 1.12, 95% confidence interval (CI) 1.00–1.25]. When we adjusted for age, sex, diabetes, systolic and diastolic pressure, and smoking, the statistical significance has disappeared. In addition, the presence of NAFLD had no significant association with trait anxiety (Table 3).


Table 3. Univariate and multivariate analyses of the risk for depression or anxiety with vs. without NAFLD.

[image: Table 3]

Next, we performed stratified analysis according to gender to exclude the influence of gender. In the univariate model, the presence of NAFLD showed a significant association with depression. NAFLD was associated with a 44% increase in the risk of depression (OR 1.44, 95% CI 1.17–1.76) in women. After adjusting for age, BMI, alcohol, diabetes, and smoking, the multivariate analysis revealed that the presence of NAFLD still showed a significant association with depression, suggesting that NAFLD has an independent association with the risk for depression (OR 1.43, 95% CI, 1.14–1.80). Although there was no statistical significance, there was a trend of increasing risk of depression according to the stage of steatosis in a dose-dependent manner (OR 1.35, 95% CI, 1.00–1.78; OR 1.52, 95% CI, 1.12–2.03; and OR 1.75, 95% CI, 0.76–3.56, mild, moderate, and severe, respectively; Table 4).


Table 4. Univariate and multivariate analyses of the risk for depression or anxiety in women with vs. without NAFLD.
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Regarding anxiety, the presence of NAFLD had no significant association with anxiety. However, the stage of steatosis showed significant associations with both state anxiety and trait anxiety (severe NAFLD, both p < 0.05), and these associations remained significant after adjusting for age, BMI, smoking, alcohol, and diabetes (adjusted OR 1.84 and 95% CI 1.01–3.37, p = 0.047 and adjusted OR 2.45 and 95% CI 1.08–4.85, p = 0.018, respectively) in women. When we performed analysis in male subjects with NAFLD, the associations were not significant (data not shown).




DISCUSSION

In the present study, there was a trend of increasing risk of depression according to the stage of steatosis in a dose-dependent manner in women compared with the non-NAFLD group, even after adjusting for confounding factors. In addition, severe stage of steatosis was significantly associated with state and trait anxiety in women.

These findings are in agreement with previous results showing the association between NAFLD and depression. A previous study with biopsy-proven NAFLD patients showed that more severe histological steatosis and higher NAFLD activity score were found in NAFLD patients with MDD than in those without MDD (23). Another study performed in Japan showed that depression was associated with more severe hepatocyte ballooning in pathology in patients with NAFLD (24). Although these findings were strengthened based on histological diagnosis, they are limited in their small sample size. In a study based on US claim data, those with depression were 1.6- to 2.2-fold more likely to have NAFLD compared to subjects without depression (14). A recent study based on a large Korean population showed the dose-dependent pattern of the relationship between the risk for depression and the ultrasonographically graded severity of NAFLD (25). Unlike our results, the significant association was found especially in men in the previous study, and these different results may be due to the heterogeneous study population, including the mean age of the subjects (40 vs. 47 years) and the prevalence of depression (10.6 vs. 4.7%), and the different definitions regarding depression, which were based on the Center for Epidemiological Studies-Depression scale. Regarding anxiety, few studies have evaluated the association with NAFLD. A previous study based on patients with biopsy-proven NAFLD showed that anxiety tended to be associated with less hepatocyte ballooning; however, there was no significant association between anxiety and portal fibrosis (24).

Previous studies have investigated the influence of mood disorder on the therapeutic effect of liver disease. Tomeno et al. suggested that NAFLD patients with depression had poor response to standard treatment for NAFLD (23). A meta-analysis showed that psychological distress such as depression and anxiety was associated with mortality in chronic liver disease (26). Taken together, NAFLD patients with depression may experience worse clinical outcomes than those without; thus, active screening and appropriate treatment of depression may prevent the development or progression of NAFLD.

It is well known that there is gender difference in the prevalence of NAFLD and depression. While NAFLD is more common in men (1), depression is more prevalent in women (27). In our study, women had a prevalence of depression (6.7%) up to twice that of men (3.5%), whereas men had a higher prevalence of NAFLD (43.3%) than women (15.1%). Thus, we stratified the population according to gender, and the rate of individuals having both depression and NAFLD increased after adjusting for gender, resulting in a significant association between NAFLD and mood disorder only in women.

The pathogenesis underlying the association between NAFLD and depression or anxiety has not been fully elucidated. There are possible explanations for the close link between hepatic steatosis with insulin resistance and poor glycemic control, both of which have been associated with depression (28) or anxiety (16). The involvement of insulin signaling on brain mechanisms related to depression indicates that insulin resistance may be one of the main pathogenic drivers for NAFLD (29). In addition, increased inflammation markers (30) and pro-inflammatory cytokines, such as tumor necrosis factor-alpha and interleukin-6, in patients with mood disorders may offer another plausible explanation for the association of these mood disorders with NAFLD (31). Another line of evidence suggests the involvement of the serotonin pathway. Experimental murine models of NAFLD showed that serotonin played an important role in the pathogenesis of NASH. Additionally, the expression of monoamine oxidase-A, one of the main enzymes catalyzing monoamines such as serotonin, increased in patients with NASH (32).

The strengths of this study include the large sample size, which ensured the robustness of results, and the STAI scale, which was able to assess both types of anxiety, including trait or chronic anxiety, which reflects a person's permanent characteristics, and state or acute anxiety, which reflects a recent state (33).

There are several limitations in this study. First, due to its observational study design, the results need to be interpreted cautiously. The association between NAFLD and mood disorder may not imply causality. Further research with longitudinal study design is needed to clarify the causal relationship. Second, since depression or anxiety was defined based on the self-reporting questionnaire, there is the potential for over- or underreporting-related symptoms. Because the recommended cutoff points of BDI or STAI is not consistent among specific disease or populations (34–38), we used the cutoff values referring to previous study based on Korean population (18). Third, although liver biopsy is considered to be a gold standard for the diagnosis of NAFLD, it was assessed only by ultrasonography in this study. Thus, there may be a limitation of lack in accurate diagnoses for mild steatosis. And although the fibrosis was found to be a critical factor in mental health of NAFLD patients (39), we could not evaluate the fibrosis stage. In clinical practice, liver biopsy is not typically used in healthy subjects due to its invasiveness. Thus, radiographic techniques such as ultrasonography or magnetic resonance imaging are used for the diagnosis of NAFLD. Fourth, we could not assess the influence of the history of anti-depressant medications. Fifth, as a result of this study using the previous cohort (18), there is a limitation that there is no information on the history of hypertension. However, systolic and diastolic blood pressure were adjusted as variables in the multivariate analysis. Finally, because we could not exclude all patients that have drinking habit, there might be bias in the results.

In conclusion, NAFLD was significantly associated with depression in women, and severe NAFLD was significantly associated with anxiety in the female group compared to non-NAFLD. Understanding the association between NAFLD and mood disorders may have clinical implications for reducing the prevalence of comorbidities, and appropriate screening and active referrals for early treatment of depression may be suggested for patients with NAFLD.
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Non-alcoholic fatty liver disease (NAFLD) is a challenging disease caused by multiple factors, which may partly explain why it remains still orphan of an adequate therapeutic strategy. Herein we focus on the interplay between oxidative stress (OS) and the other causal pathogenetic factors. Different reactive oxygen species (ROS) generators contribute to NAFLD inflammatory and fibrotic progression, which is quite strictly linked to the lipotoxic liver injury from fatty acids and/or a wide variety of their biologically active metabolites in the context of either a two-hit or a (more recent) multiple parallel hits theory. An antioxidant defense system is usually able to protect hepatic cells from damaging effects caused by ROS, including those produced into the gastrointestinal tract, i.e., by-products generated by usual cellular metabolic processes, normal or dysbiotic microbiota, and/or diet through an enhanced gut–liver axis. Oxidative stress originating from the imbalance between ROS generation and antioxidant defenses is under the influence of individual genetic and epigenetic factors as well. Healthy diet and physical activity have been shown to be effective on NAFLD also with antioxidant mechanisms, but compliance to these lifestyles is very low. Among several considered antioxidants, vitamin E has been particularly studied; however, data are still contradictory. Some studies with natural polyphenols proposed for NAFLD prevention and treatment are encouraging. Probiotics, prebiotics, diet, or fecal microbiota transplantation represent new therapeutic approaches targeting the gut microbiota dysbiosis. In the near future, precision medicine taking into consideration genetic or environmental epigenetic risk factors will likely assist in further selecting the treatment that could work best for a specific patient.

Keywords: non-alcoholic fatty liver disease, oxidative stress, antioxidants, obstructive sleep apnea syndrome, gut microbiota, obesity, metabolic syndrome


INTRODUCTION

The term non-alcoholic fatty liver disease (NAFLD) was originally coined by Ludwig et al. (1). It indicated a hepatopathy similar to that of alcohol abuse without alcohol consumption history, and it is now reputed as the hepatic component of metabolic syndrome (2, 3). It affects approximately a quarter of the population, mostly obese, and has no approved drug therapy. Although NAFLD is generally benign, ~20–30% of patients develop liver inflammation, fibrosis/cirrhosis (non-alcoholic steatohepatitis, NASH), and, in some cases, hepatocellular carcinoma (4, 5). Moreover, patients with NAFLD are at higher risk of cardiovascular diseases. Because of the lack of valid therapies and of the obesity pandemic, NAFLD is one of rapidly growing indications for liver transplantation (6).

Most NAFLD patients are obese and present a mild systemic inflammation, which hampers insulin signaling [insulin resistance (IR)], playing a relevant role in the pathomechanism of liver damage (7, 8). Recently, in consideration of this association, an international group of experts highlighted the poor coherence of the term non-alcoholic fatty liver disease and proposed that of metabolic (dysfunction)–associated fatty liver disease (9). The reason why some patients with simple steatosis show a progression to more severe hepatic injury, whereas others do not, was in part simplified by the so-called “two-hit” model, founded on IR, and the deposits of relatively inert triglycerides (TGs) within the liver as initial damage. This first event was thought to be due to a “second hit” generated by oxidative stress (OS) or depletion of ATP (10) with the activation of an inflammatory cytokine cascade contributing to the development of NASH necroinflammation and fibrosis (10–12).

However, it has been found that hepatic lipid accumulation in NAFLD occurs mostly as relatively inert TGs droplets, and this is nowadays regarded as a protective rather than a deleterious mechanism, by impeding the storage of free fatty acids (FFAs), which are the actual harmful agents in this hepatopathy. Most recent evidences underline that inflammation may even precede fat accumulation, which would become only a response (12, 13). As schematically shown in Figure 1, hepatic FFAs originate from lipolysis in adipose tissue and dietary lipids. Moreover, particularly in conditions of IR, they may also be synthesized de novo (so-called de novo lipogenesis) from carbohydrates in the liver and be deposited as TG droplets (hepatic steatosis), or exported contributing to the very low-density lipoprotein pool (14).


[image: Figure 1]
FIGURE 1. Simplified flow of pathogenetic events in non-alcoholic fatty liver disease. The figure shows the crosstalk between systems and metabolisms in the pathogenetic events leading to fatty liver and its progression to NASH. In the upper part (yellow lane), one can note that hepatic FFAs derive from lipolysis in adipose tissue, dietary lipids, and DNL from COH in the liver. These FFAs may either be stored in the liver as TG droplets (hepatic steatosis) or be exported as VLDL to adipose tissue. FFA overload may concur in the hepatic IR (vertical light azur lane), which interplays with the JNK, PKC system where the activation of JNK1 may impair insulin signaling via serine phosphorylation of IRS1. The UPR/ER stress is a source of ROS and of lipotoxic species and plays a link between the OX stress and IR. Upon disruption of mitochondria-associated membranes (MAM) integrity, miscommunication directly or indirectly disrupts Ca2+ homeostasis and increases ERS (brown box) and OS, leading to defective insulin secretion and accelerated lipid droplet formation in hepatocytes. Inflammatory mediators (adipokines, cytokines) in large part arrange the progression from NAFLD to NASH (red boxes) in case of shortage of endogenous antioxidant molecules. These mediators are variously triggered by oxidative hepatic environment [ROS, lipid peroxidation] and bacterial overgrowth (pink boxes) after the infraction of the gut barrier (gut leakage) by bacterial Eth and enhanced intestinal permeability, which allows lipopolysaccharides (a) to activate PRR–LRs—NLRs–DAMPS—PAMPS and (b) to concur with ROS/PUFA in the inhibition of the mitochondrial respiratory chain. Lipotoxic lipid species lead to hepatic stress and subsequent release of extracellular vesicles, cytokines, chemokines, and DAMPs from hepatocytes. This results in enrolment of bone marrow immune cells. As shown in the lower part of the figure, liver-resident stellate/KCs are activated by several triggers (mainly ROS, gut microbiota), resulting in the release of chemokine (C-C motif) ligand 2 (CCL2) and other proinflammatory cytokines (i.e., TNF-α, IL-1, and IL-6). The oxidative hepatic environment also stimulates transcription programs (STAT-1 and STAT-3) promoting T-cell recruitment and hepatic disease progression. Overall, the scenario ultimately leads to the recruitment of bone marrow–derived monocytes and neutrophils that further contribute to the inflammatory response and a rebound ROS production. A number of genetic variants are implicated in NAFLD development, and progression is shown. BPA, bisphenol A; CYP, cytochrome; COH, carbohydrates; DAMPS, damage-associated molecular patterns; DNL, de novo lipogenesis; EDC, endocrine-disrupting chemicals; ETC, electron transport chain; Eth, ethanol; FFA, free fatty acids; FIAF, fasting-induced adipose factor; HNE, hydroxynonenal; IKKB, inhibitor of nuclear factor κB kinase subunit β; IL, interleukin; IRS, insulin receptor substrate; JNK, c-Jun N-terminal kinase; LPL, lipoprotein lipase; LPS, lipopolysaccharide; LRs, lectin receptors; MAM, mitochondria-associated membrane; MDA, malondialdehyde; mRNA, microRNA; MTTP, microsomal triglyceride transfer protein; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NLRs, NOD-like receptors; NF-κB, nuclear factor κ-light-chain enhancer of activated B cells; NTC non-electron transport chain; PAMPs, pathogen-associated molecular patterns; PKC, protein kinase; PNPLA3, patatin-like phospholipase domain-containing protein 3; PRR, pattern recognition receptor; PPAR, peroxisome proliferator-activated receptor; PUFA, polyunsaturated fatty acids; ROS, reactive oxygen species; TG, triglyceride; TNF, tumor necrosis factor; UPR, unfolded protein response; VLDL, very low-density lipoprotein; <, decrease; >, increase.


The previous “two-hit theory” has therefore led the way to the “multiple parallel hits theory” (12), with the contribution of a number of “multiple parallel (and not sequential)” offenders acting with different combinations, at times synergistically, to generate NAFLD. These offenders include, in addition to IR (3) and OS, hormones secreted from the adipose tissue, intestinal dysbiosis, increased intestinal permeability, and also exposure to environmental agents such as endocrine disruptors (15) and particulate matter (PM) (16, 17) interacting among themselves in individuals predisposed by genetic and epigenetic factors.

Genes that modulate hepatic fat accumulation and retinol metabolism [i.e., transmembrane 6 superfamily member 2 (TM6SF2), variants of patatin-like phospholipase domain which contain protein 3 (PNPLA3), membrane-bound O-acyltransferase domain containing 7 (MBOAT7), hydroxysteroid 17β-dehydrogenase (HSD17B13), and glucokinase regulator (GCKR)] (9) and the deregulation of microRNAs are known to influence NAFLD development and progression (18).

In addition, also genetic variants involved in OS regulation play an important role in NAFLD pathogenesis. These genes include SOD2 gene, coding for the manganese-dependent superoxide dismutase (MnSOD); UCP3, coding for the uncoupling protein 3, a mitochondrial transporter that enhances the proton leak of mitochondrial inner membrane and unhooks the oxidative phosphorylation; uncoupling protein 2 (UCP2), regulating oxidative metabolism and mitochondrial lipid efflux; and MARC1 (A165T), which codes for the mitochondrial amidoxime reducing component 1, a protein involved in the neutralization of reactive oxygen species (ROS) (19, 20).

The NAFLD story is even more complex than this, as it may start even before conception and pregnancy. Epigenetic changes, comprising microRNA features, may cause fetal reprogramming during the pregnancy of an obese mother and transgenerational transmission of the susceptibility to NAFLD in childhood and progression to NASH across the lifetime. Moreover, improving obese mothers' diet reduces fetal hypoxemia and counteracts metabolic pathways able to generate OS, liver injury precursors, and lipotoxicity in non-human primates (21–23).

On the basis of the most recent literature, herein we will focus especially on OS because the understanding of a main role for OS in NAFLD development and progression can have important preventive and therapeutic implications for possible novel treatments.



OXIDATIVE STRESS AND ITS ROLE IN NAFLD PATHOLOGY

OS is caused by a discrepancy between ROS generation and antioxidant defenses, which lead to DNA and tissue damage (24, 25). It may occur both for the increasing production of pro-oxidant products and the dysfunction of the antioxidant system.

Although it is essential to tissue repair, it may conceal also negative features implying the development and/or exacerbation of several systemic diseases and conditions [e.g., mental/neurological diseases (26, 27), inflammatory bowel diseases (28), cardiovascular disease (29), and cancer (30)]. Starting from these premises, one can therefore easily predict that OS represents an important mediator triggering low-grade inflammation also in metabolic syndrome and in the progression of NAFLD into NASH (31–35).

ROS, in fact, appear tightly involved in those processes that lead to hepatic fibrosis (36). Multiple interlaced pro-oxidative triggers operate together with the mitochondrial dysfunction as a likely common denominator of OS (37). In NASH, there are more evidences of mitochondrial DNA and protein abnormalities being responsible for the increase of OS (38, 39). A decreased oxidative capacity of the electron transport chain (ETC) and mutations in complex II could also lead to a condition of “electron leakage” (40), meaning that the electron normal flow could be interrupted, binding with oxygen to produce superoxide or hydrogen peroxide. Moreover, the levels of glutathione (GSH) peroxidase, MnSOD, and catalase seem to be low in NASH, so that the capability of the mitochondria to reduce ROS levels is reduced. In NASH patients, an increased activity of CYP2E1 (41) has been also observed, an important microsomal source of OS, especially together with C47T polymorphisms of SOD2 (encoding MnSOD) (41–45).

In the development of NASH, OS probably occurs not only due to the saturation of the antioxidant machinery secondary to the increased pro-oxidant species production and its direct insult. In the liver, actually, these conditions trigger lipid peroxidation by specific polyunsaturated fatty acids (PUFAs), along with the formation of highly reactive aldehyde products [e.g., malondialdehyde (MDA) and 4-hydroxy-2-non-enal (4-HNE)]. Overall, these events appear involved in the diffusion of ROS and reactive nitrogen species (RNS) into the extracellular space, perpetuating intracellular and tissue damage. Moreover, hepatic OS may result from gut microbiota (GM)–related inflammation and the disturbance in the normal functions of endoplasmic reticulum [so-called ER stress (ERS)] (see below) [(37, 46); Figure 1].



IMPLICATION OF THE OXIDATIVE STRESS IN HEPATIC INJURY

ROS/RNS (i.e., hydrogen peroxide, superoxide anion radical, peroxynitrite, and hydroxyl radical), and not lipid peroxidation byproducts, are the responsible for cytokine elevations (47) such as tumor necrosis factor α (TNF-α), transforming growth factor β, interleukin 8 (IL-8), and Fas ligand. The sum of these events results in NAFLD development (25). The oxidative hepatic environment in obesity furthermore promotes the signal transduction and activation of transcription programs (STAT-1 and STAT-3) that promote T-cell recruitment and liver damage with disease progression up to its malignant transformation [(48); Figure 1].


OS and Hepatic Injury: Possible Implications in NAFLD Progression

Hepatocyte damage involves a cascade of events leading to NAFLD progression into NASH and cirrhosis: damage-associated molecular patterns, discharged from damaged hepatocytes, lead to the release of chemokines and cytokines from Kupffer cells (KCs) and the recruitment of monocyte-derived macrophages. ROS directly and indirectly contribute to stellate cell activation and to chronic inflammatory response with up-regulation of proinflammatory cytokines (TNF-α, IL-6, and IL-1), apoptosis, and development of hepatic fibrosis [(49–51); Figure 1].

In conditions of progressive NAFLD, OS can also result from increased ROS generation due to impairment of mitochondria caused by an overload of FFAs and an increase of their metabolism, lipotoxicity, and hypoxia, as well as ROS production through NADPH-oxidase isoforms associated to ligand–receptor link or by activated inflammatory cells (49).

Evidences suggest that lipotoxicity mediated by FFAs (52) may induce disruption of ER homeostasis, known as “unfolded protein response,” an intracellular signaling activated by the accumulation of unfolded/misfolded proteins. Thanks to it, ER can communicate the folding status of its proteins to the rest of the cell, particularly to the nucleus, and so activate genes transcription. As a result, the ERS, a term that includes also several other mechanisms conducing to ROS generation, occurs (37), and this leads to

• increased endoplasmic reticulum oxidoreduction-1 (ERO-1) activity, the enzyme that catalyzes disulfide bond formation (53) with H2O2 production;

• upregulation of CCAAT/enhancer-binding protein homologous protein (Chop), a proapoptotic mechanism (54);

• calcium leakage from ER, which increases its flow through mitochondrial membranes leading to proapoptotic mitochondrial membrane permeabilization (55);

• GSH depletion (56), altering GSH–oxidized glutathione balance, which is essential to redox homeostasis; and

• inhibition of nuclear factor, erythroid 2–related factor 2, a factor encoding for antioxidant proteins (57).

The cross talk between ERS and ROS (Figure 1) appears relevant in the pathogenesis of NAFLD (58). Mitochondria-associated membranes (MAMs) represent a physical junction between ER and mitochondria, allowing Ca2+, lipids, and ROS exchange. Because normal communication between mitochondria and ER depends on MAM structural and functional integrity, lack of calcium homeostasis may lead to ERS and OS increase, defective insulin secretion, and accelerated lipid droplet formation in hepatocytes. The steps involve apoB misfolding, impaired lipoprotein secretion, and lipogenesis stimulation. On these bases, protecting the ER via the administration of antioxidants or activation of peroxisome proliferator-activated receptor (PPAR) has been suggested as promising avenues against hepatic steatosis (59, 60).

Studies in rodents show the existence of a link between ERS and regulation of hepatic iron metabolism both in ASH and NASH models mainly due to the capacity of ferrous iron to catalyze the production of hydroxyl radical (OH−) from H2O2, deriving by peroxisomal β-oxidation (52, 61, 62). Interestingly, iron deficiency too may reduce the cell antioxidant capability by inhibiting heme oxygenase-1 by Bach1 (63). Beyond doubt, it is not always simple to study the progression of a disease, especially in humans in vivo, and establish if a certain factor is exactly the cause or the effect of NASH. Moreover, a disagreement often happens between animal models and clinical studies due to several factors such as gut microflora differences and patient inclusion criteria/ethnicity–related predisposition, respectively (37).

In order to assess the redox state in NAFLD/NASH, some markers of OS and antioxidants have been studied in NAFLD and NASH models, both clinical and experimental. OS biomarkers include nitric oxide, lipid damage products (lipid peroxides, thiobarbituric acid reactive substances/MDA), hydroperoxides, 8-isoprostane, 4-HNE, DNA oxidation product [CYP2E1 and 8-hydroxydeoxyguanosine (8-OH-dG)], and protein oxidation products (nitrotyrosine, protein carbonyl). All these had increased activities in most NAFLD/NASH clinical models evaluated. On the contrary, antioxidant markers (superoxide dismutase, catalase, glutathione peroxidase, reduced glutathione) measured in rodent models showed decreased activities mainly in NASH (64).




GUT MICROBIOTA AND INTESTINE PERMEABILITY AS A CAUSE OF OXIDATIVE STRESS


Gut Microbiota as a Source of ROS

Human commensal microbiota (Figure 1) generates physiological ROS levels in intestinal human epithelial cells. Basically, aerobic cell systems are exposed to oxygen free radicals (65, 66), and their damaging role relies on their concentrations. When the levels of ROS exceed antioxidant defenses, harmful effects on cells may occur, conducing to uncontrolled proliferation, inflammation, and/or apoptosis (67, 68). This is what happens also in obesity and its related hepatometabolic comorbidities, including NAFLD progression to NASH (see below). ROS can also operate as second messengers in intracellular signaling stimulated by proinflammatory cytokines and growth factors and by the quick and reversible oxidative inactivation of proteins having thiol groups sensitive to oxidants (69). In inflammation and obesity, ROS generation is probably strictly related with activation of nuclear factor κ-light-chain enhancer of activated B cells (NF-κB) and degradation of NF-κB inhibitor (IκB), making NF-κB more transcriptionally active (70–72). As shown in Figure 1, a quantitative or qualitative (in term of dysbiosis) bacterial alteration (small intestine bacterial overgrowth) is also concatenated with OS through the inhibition of mitochondrial respiratory chain.



Interaction Between Gut Microbiota, OS, and Intestinal Permeability in NAFLD

Gut mucosal barrier separates, functionally and physically, the luminal content from the underlying compartment that, in addition to gut epithelia, includes immune, vascular, and structural elements in the lamina propria. The intestinal mucosa is constantly exposed to oxidants and carcinogens taken in from diet and/or bacteria, whose chronic exposure may cause production of free radicals leading to redox imbalance and subsequent DNA damage, disturbing the intestinal metabolic equilibrium (73).

GM plays an important role in different processes (metabolic, nutritional, physiological, and immunological) involved in maintaining a healthy status (69, 74). Its qualitative and quantitative composition differs in the distinct parts of gastrointestinal (GI) tract because of the influences by different conditions [e.g., age, dietary habits, ethnicity, delivery mode, exposure to therapies, pathogens, and contact with several environmental stimuli (75–78)]. Perturbation of GM composition, called “dysbiosis,” has been recognized in diseases associated not only with the GI tract [e.g., inflammatory bowel disease (79)] but also with systemic conditions such as obesity, diabetes mellitus, autism, depression, and NAFLD (80). While a quite clear causal role of a specific GM has been demonstrated in murine models of NAFLD (e.g., unhealthy diet dependent shift from Bacteroidetes to Firmicutes), recognition of a corresponding human microbiome signature is more difficult. In fact, it may be hindered by the components of associated metabolic syndrome and several other confounding factors. Anyway, Gram-negative harmful bacteria release lipopolysaccharide (LPS), lipoteichoic acid, flagellin, lipoprotein, or other toxins recognized by the pattern recognition receptors (PRRs) expressed on the surface of innate immune system cells. Similarly, structurally conserved motifs present on the surface of different types of pathogens (pathogen-associated molecular patterns) are recognized and bound by PRRs, inducing mitochondrial ROS production and nuclear gene expression.

PRR classes sensitive to the microbiota's factors are Toll-like receptor (TLR), Rig-1-like receptor, Nod-like receptor, and C-type lectin receptor. They induce the NF-κB pathway activation and enhance the inflammatory response when proinflammatory cytokines and antibacterial factors are released (81, 82). Differently, small formylated peptides produced and released by commensal bacteria are recognized by another kind of receptor, known as formylated peptide receptors. These are G-proteins linked to surface receptors of neutrophils and macrophages, stimulating ROS synthesis in phagocytes and epithelial cells (83). In particular, their activation stimulates superoxide anion production by NADPH oxidase 1, increasing ROS levels in cell cytoplasm that lead to an inflammatory response and increase of cell OS (84). As a consequence of cell stress, mitochondrial and bacterial DNA may be integrated in the nuclear genome causing the alteration of cellular gene expression.

Intestinal mucosa permeability has an important role in modulating how GM can influence also other parts of the body. An alteration of its barrier function consents to the GM and its endotoxins to cross the intestinal epithelium and the endothelial barrier (85) traveling into systemic circulation and reaching different target organs (75, 86).

There are many evidences according to which gut bacteria are involved in the pathogenesis of liver injury induced by alcohol, and gut leakiness promotes proinflammatory bacterial products reaching the liver, thus initiating the proinflammatory cascade that causes alcoholic steatohepatitis (ASH). Alcohol impairs intestinal epithelial cell permeability in vitro through a mechanism mediated by OS (87), supporting therefore the idea that OS may be the main cause of alcohol-induced intestinal leakage (88, 89).

In NAFLD, with a quite similar mechanism, endogenous ethanol produced by some microbial species [e.g., Escherichia genus members of the Proteobacteria phylum induced by high-fat diet; (90)] is able to induce the formation of ROS by HSC cells and impair intestinal integrity. The latter allows LPS to reach hepatic TLRs activating and further enhancing oxidative, inflammatory, and fibrogenetic mechanisms (75, 90, 91, 91–94).

GM seems to mediate the progression from simple steatosis to NASH. In particular, increased Gram-negative bacteria expose KCs to an elevated amount of LPS and upregulation of PRRs (37). It has been hypothesized that the endocytosis of LPS by KC could induce upregulation of cytokine receptors, especially the TNF-α receptor, which seems to be also involved in the increased ROS production (95). Activated KCs have a role in IR, fibrosis development, and inflammation amplification.

Also, the association between obstructive sleep apnea syndrome (OSAS) and NASH severity seems to correlate with endotoxemia increase and gut barrier function alteration, conducing to increased hepatic susceptibility to endotoxemia mediated by TLR-4 (96). An alarming 60% OSAS incidence has been reported in pediatric NAFLD (97, 98). This disorder of breathing during sleep has been associated with fatty acid accumulation in the liver and inflammation caused by frequent nocturnal hypoxia (NH), IR, OS, and adipokine dysregulation (99). Growing experimental evidences link the alternation of NH with normoxia (so-called chronic intermittent hypoxia) caused by OSAS to NAFLD development and progression (49, 100). A study that compared healthy controls and NAFLD patients (some of which with OSA/NH), identified NH as a possible source of OS in NAFLD. OSA/NH is common in pediatric patients with liver biopsy-proven NAFLD and is associated with more advanced liver injury and histological disease (97, 98). Intermittent hypoxia conduces to tissue hypoxia and can lead to OS, mitochondrial malfunction, inflammation, and sympathetic nervous system hyperactivation. As a consequence, intermittent hypoxia causes IR, impairment of hepatic lipid metabolism pathways (84), and hepatic steatosis and fibrosis, each of which is involved into NAFLD development and/or progression [(101); Figure 2].


[image: Figure 2]
FIGURE 2. Association between obstructive sleep apnea and the development and evolution of non-alcoholic fatty liver disease. Intermittent hypoxia leads to tissue hypoxia, OS, mitochondrial dysfunction, inflammation, and overactivation of the sympathetic nervous system (SNS). Generated reactive O2 species (ROS) may amplify liver injury by activating hypoxia-inducible factor 1, a transcriptional activator and master regulator of O2 homeostasis during hypoxia, and by up-regulating nuclear factor κ-light-chain enhancer of activated B cells (NF-κB), with subsequent downstream induction of inflammatory pathways. As a consequence, this involves insulin resistance, dysfunction of key steps in hepatic lipid metabolism, atherosclerosis, and hepatic steatosis and fibrosis, each of which is pertinent to the development and/or progression of non-alcoholic fatty liver disease (NAFLD) (98–101).





THERAPEUTIC STRATEGIES


Non-enzymatic Anti-oxidants Defenses

Antioxidants are substances that inhibit the oxidation of any biomolecule (102), neutralizing the harmful effects of oxidation caused by free radicals, maintaining therefore the redox homeostasis. Antioxidants are either synthesized endogenously (e.g., GSH, superoxide dismutase) or taken from the diet. Anthocyanins, lycopene, coenzyme Q10, flavonoids, β-carotene, lipoic acid, selenium, lutein, catechins, and vitamins A, C, and E are among the many substances normally present in foods that possess a high antioxidant activity. As reported in the table, they can be also classified in two large groups on the basis of the presence/absence of their enzymatic action [(103–114); Table 1].


Table 1. Antioxidants with and without enzymatic action.

[image: Table 1]

Despite the above premises, antioxidants as potential pharmacological agents have hitherto not appeared extremely effective in vivo as either a preventive or therapeutic tool in NAFLD (31, 117–122). Studies that have investigated the role of vitamin E as a treatment of NASH confirm that it acts against pathogenic mechanisms conducting to liver damage and NASH, thanks to its antioxidant and anti-inflammatory activity (123–126). The antioxidant power of vitamin E is due to the hydroxyl group in the tocochromanol ring, which neutralizes free radicals and ROS by donating hydrogen. The major forms of tocopherol and tocotrienol are α, β-, γ-, and δ-, with the antioxidant activity of the δ-isoform being weaker than the others, the vitamin E isoforms are also involved in many other activities (Table 2). Among the vitamin E isoforms, the α-tocopherol, has other different properties independently from its antioxidant ability: it can inhibit the activity of protein kinase C, reducing the proliferation of different cell types (vascular smooth muscle cells, mesangial cells, neutrophils, monocytes/macrophages, fibroblast, and various cancer cell lines) and the 5-lipoxygenase pathway, inhibiting the release of proinflammatory cytokine IL-1β.


Table 2. Activities influenced by vitamin E isoforms.
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Clinical Trials of Vitamin E for NAFLD: Vitamin E in the Clinics

Available data are still conflicting. The largest trials with vitamin E in NAFLD are the PIVENS (Pioglitazone vs. Vitamin E vs. Placebo for the Treatment of Non-diabetic Patients with Non-alcoholic Steatohepatitis) (127) and the TONIC (Treatment of Non-alcoholic Fatty Liver Disease in Children) (121) trials. The first showed that both drugs tested in adults ameliorated steatosis, lobular inflammation, and hepatocellular ballooning, but did not ameliorate fibrosis. Vitamin E but not pioglitazone induced a clinical improvement in NASH. The TONIC trial, which evaluated therapeutic intervention with vitamin E vs. metformin in children with NAFLD, showed that both improved hepatocellular ballooning and the NAFLD activity score (NAS), but neither vitamin E nor metformin decreased alanine aminotransferase (ALT) values or hepatic steatosis, inflammation, or fibrosis in NASH. The reasons of these disappointing results depend on the need of better patient selection and protocols. Interestingly, a most recent systematic review and meta-analysis (1,317 patients from 15 randomized controlled trials) concluded that vitamin E improves biochemical and histological outcomes in adults and pediatric patients, with a significant negative association between transaminases levels and vitamin E dosage—more satisfactorily ranging between 400 and 800 IU. However, while adults receiving vitamin E improved significantly transaminases, fibrosis, and NAS both at early and late follow-up, children showed more significant changes at long-term follow-up, which could partly explain the negative results obtained by certain short-term studies (128). Some still unsolved safety concerns should be considered as well. Vitamin E, in fact, has been suspected to have a dichotomous suppressive and promoting activity with respect to tumorigenesis [e.g., co-cancerogenic in prostate cancer; (25, 129)] possibly explainable by still poorly studied host gene–supplement interactions (130). In our opinion, further carefully designed studies are still necessary for substantiating this view and supporting optimum procedures in terms of both efficacy and safety profiles.

Results from multiple regression models showed a significant negative association between ALT, AST levels, and vitamin E dosage—more favorably between 400 and 800 IU.

A quite large number of other nutraceutical antioxidants that seem to improve NASH through more than one pathway (Table 2 and Figure 3) include but are not limited to the following:

- Curcumin (37, 103), with effects on different amino acids, bile acids, tricarboxylic acid cycle, and GM (131, 132), although only few human clinical trials are available (132–134).

- PUFAs of omega-3 series (PUFA omega-3), which may act as an antioxidant, have a role in modulating OS improving the defense capacity against an increased oxidative burden (135, 136).


[image: Figure 3]
FIGURE 3. Multiple targets of nutraceuticals for the treatment of non-alcoholic fatty liver disease. FA, fatty acids; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis. Adapted and modified by Del Ben et al. (103).


Thanks to them, the cellular metabolism switch from lipogenesis and triacylglycerol accumulation to fatty acid oxidation thus plays a role in decreasing fatty liver. Furthermore, they have anti-inflammatory activity and enhance insulin sensitivity (103). Clinical trials evaluating the efficacy of n-3 PUFA (including docosahexaenoic acid and eicosapentaenoic acid) on systemic OS in NAFLD and NASH have shown controversial results. While n-3 PUFA supplementation appears useful in NAFLD early stages (137), unfortunately, total (enzymatic and non-enzymatic) antioxidant capacity is not enough to attenuate the hepatic damage (35). Interestingly, dietary antioxidant intake is significantly lesser in NASH patients than in healthy controls (138).

- Among polyphenols, blueberry leaf polyphenols appear to have a positive effect on hepatic mitochondrial dysfunction and redox homeostasis, whereas bergamot polyphenolic formulation seems to improve IR, hepatocellular ballooning, inflammation, and fibrosis (115, 116).



Probiotics and Prebiotics: Other Tools Improving Defenses Against OS

Improving defenses against OS through modulation of the GM composition and functionality offers a promising means of managing or treating metabolic disorders (74).

Probiotics are living microorganisms with beneficial health activity on the host. For example, they are able to improve GM composition and reduce LPS serum amount and liver TLR4, delaying liver disease progression (81, 98, 99). Lactobacilli and bifidobacteria are the most commonly used, usually present in dietary supplements or fermented foods such as yogurt and cultured milk (100). Changing the resident GM composition and the gut lumen, they create an anti-inflammatory environment, obtaining decreased proinflammatory bacterial products and gut barrier integrity improvement. Lactobacillus rhamnosus GG (LGG) is the subject of numerous studies (139–144); it has different beneficial effects on the intestinal function through dysbiotic microbiota normalization (100, 144, 145) and reducing intestinal OS (146). A recent meta-analysis found a beneficial effect of probiotics also on hepatic antioxidative capacity as mirrored by the increase of SOD and GSH-PX activities and decrease of MDA content (147). A daily LGG treatment in alcohol-fed rats significantly improves severity of ASH and gut leakiness induced by alcohol, decreases intestinal and liver OS markers and inflammation, and normalizes the gut barrier task, avoiding to trigger liver disease (148). GM regulates also the powerful antioxidant glutathione and amino acid metabolism (144). It is not surprising therefore that fecal microbiota transplantation (FMT) from control donors in steatotic rats has been found to have beneficial effects in terms of decrease of portal hypertension through insulin sensitivity improvement mediated by the endothelial nitric oxide synthase signaling pathway, a pathway clearly involved in the antioxidant mechanisms (149). A pilot study of FMT in NASH is currently undergoing to evaluate whether restoration of healthful GM through FMT from lean donors (FMT-L) ameliorates NASH (150).

Similarly, “prebiotics” are fermentable carbohydrates that selectively modulate microbiota composition and/or activity, resulting in a beneficial effect for the host (146). Finally, also synbiotics (i.e., a combination of prebiotics and probiotics) have shown a positive effect on GM and have been proposed as a support for the treatment of NAFLD (151).

Summing up, the modulation of quality and diversity of every single human microbiota appears therefore an appealing tool in the management of intestinal ROS, OS, inflammation, and some metabolic anomalies caused by dysbiosis (152). Moreover, it is suggested that changes in GM occurring upon prebiotic consumption may be due to gut bacterial functions improvement. In other words, products generated by Lactobacillus and metabolites derived by microbiota, such as antioxidants and fatty acids, could be employed for target medicine in the management of liver disease including NAFLD (146).




OTHER THERAPEUTIC STRATEGIES


Drugs

Ursodeoxycholic acid (UDCA) remains one of the most studied drugs: in addition to exerting a possible therapeutic effect on NAFLD by modulating autophagy and apoptosis dysregulation, UDCA appears to have also antioxidant properties (153).

A number of other drugs that have been tested for their influence on hepatic steatosis have still uncertain/elusive molecular mechanisms. There are several innovative agents currently undergoing phases II and III clinical trials with different targets (154).

Obeticholic acid, a semisynthetic bile acid analog, is an agonist of the farnesoid X receptor, which has anti-inflammatory and antioxidant activities (155).

Silymarin, a botanical product extracted from milk thistle, because of its antioxidant properties appears to improve NAFLD hypertransaminasemia and reduce liver disease progression in NASH, but at present, available results are inconclusive (156).

Cannabidiol, a chemical without psychotropic effects, has antioxidant and anti-inflammatory properties by acting on the endocannabinoid system. After stimulation of the G-protein–coupled receptors and their endogenous lipid ligands, it interferes with progression toward NASH (26, 157).



Physical Activity

Physical activity (PA) acts favorably in NAFLD primarily by reducing intrahepatic fat content with β-oxidation of fatty acids and lipogenesis regulation, enhancing the expression and activity of PPAR-γ, insulin sensitivity, and hepatoprotective autophagy, reducing hepatocyte apoptosis, and inflammation of the liver by decreasing the proinflammatory mediators. PA, moreover, has several beneficial effects on NAFLD also with the improvement of several antioxidants activity [e.g., catalase, SOD, glutathione peroxidase and reductase, glutathione-S-transferase, thioredoxin reductases, NADH cytochrome B5 reductase, and NAD(P)H quinone acceptor oxidoreductase], leading to decreased ROS production and proinflammatory cytokines (158).




CONCLUDING REMARKS

Our review exhibits that OS not counteracted by intact antioxidant defense system plays an important role in NAFLD/NASH with a number of other casual factors. Excessive FFA β-oxidation due to increased FFA fueling leads to excessive ROS formation, which, in turn, downregulates ETC, and non-ETC systems, affect insulin sensitivity, hepatic lipid metabolism, and inflammatory responses by interacting with innate immune signaling (159).

Gut dysbiosis may induce further signaling processes, which engage the epithelium and immune/inflammatory cells. In these conditions, GM may take advantage of the increased intestinal permeability and/or impairment of epithelial tight junctions. This results in an enhancement of the gut–liver axis with bacteria and endotoxin transit through the intestinal and endothelial vascular wall, ending up into hepatic and other systemic diseases as well.

The above scenario would suggest a therapeutic role of antioxidants in patients with fatty liver disease, but this approach has not been entirely translated yet in human (160), as most studies still derive from murine models with substantial differences in genetic background and in the digestive system; the need to perform more human studies appear evident (161).

Vitamin E has shown promising data but without significant benefit in fibrosis improvement (162). Several natural polyphenols and n-3 PUFA supplementation provided with a number of antioxidant, antiobesity, and anti-inflammatory effects could have potential in NAFLD prevention and treatment by acting on its multifactorial pathogenetic components, but also here data either to support or refuse their use are insufficient (115, 116).

In addition to healthy diet (e.g., a Mediterranean diet seems to reduce OS), probiotics, prebiotics, and fecal transplantation appear to be emerging strategies to modulate microbiota quality and diversity, in order to prevent and/or avoid gut damage. Avoidance of exposure to endocrine disruptors (15) and to ambient PM (16, 17) also appears strategic to add benefices to NAFLD.

Last but not least, the accurate assessment of NAFLD-associated genetic/epigenetic risk factors of diseases and likelihood of disease progression is going to aid to target individualized appropriate treatments (163).
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Background: We investigated the effects of anthropometric, laboratory, and lifestyle factors on the development of non-alcoholic fatty liver disease (NAFLD) in a nationwide, population-based, 4-year retrospective cohort.

Methods: The propensity score-matched study and control groups contained 1,474 subjects who had data in the Korean National Health Insurance Service-National Sample Cohort in 2009, 2011, and 2013. NAFLD was defined using medical records of a diagnosis confirmed by primary clinicians and meeting two previously validated fatty liver prediction models. Chronological changes in anthropometric variables, laboratory results, and lifestyle factors during two periods were compared between patient and control groups in order to find out parameters with consistent dynamics in pre-NAFLD stage which was defined as period just before the NAFLD development.

Results: Among the 5 anthropometric, 10 laboratory, and 3 lifestyle factors, prominent chronological decremental changes in serum triglycerides were consistently observed during the pre-NAFLD stage, although the degrees of changes were more predominant in men (−9.46 mg/dL) than women (−5.98 mg/dL). Furthermore, weight and waist circumference changes during the pre-NAFLD stage were noticeable only in women (+0.36 kg and +0.9 cm for weight and waist circumference, respectively), which suggest gender difference in NAFLD.

Conclusion: Early screening strategies for people with abrupt chronological changes in serum triglycerides to predict NAFLD development before the progression is recommended.

Keywords: non-alcoholic fatty liver disease, laboratory results, lifestyle factors, serum triglyceride, nationwide study


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD), a disease complex spectrum ranging from benign hepatic steatosis to hepatic inflammation, fibrosis, and cirrhosis, is now the leading cause of chronic liver disease in developed countries (1). In Korea, the prevalence of fatty liver is estimated to be as high as 25–30% (2), and 10–15% of those affected could have steatohepatitis with inflammation. Because metabolic syndrome components such as obesity and diabetes are independent predictors of NAFLD (3), many reports emphasize comprehensive lifestyle modifications based on reduced energy intake and increased physical activity as a primary therapeutic intervention for NAFLD (4–7). Although systematic guidelines for NAFLD assessment and management proposed by the National Institute for Health and Care Excellence (NICE) recommend ultrasonography as the first-line diagnostic step and lifestyle intervention for management of NAFLD (8), few publication has previously reported data on changes in NAFLD-associated parameters from a chronological viewpoint (9), and none using real-world human clinical data.

As the early detection of NAFLD becomes more important, identification of early changes that predict future NAFLD development and chronological changes in parameters evaluated in the national health screening examination is essential to both the clinical field and national policy. Korea has systematic and comprehensive national registry data collected from the Korean National Health Insurance Service-National Sample Cohort (KNHIS-NSC) (10). The KNHIS-NSC database is a population-based sample cohort. Its purpose is to provide representative, useful health insurance and health examination data to public health researchers and policymakers. A total of 1,025,340 participants (513,258 men and 512,082 women), 2.2% of the total eligible population in the 2002 Korean nationwide health insurance database, were selected using proportionally allocated, stratified, systematic random sampling with a total medical expenses distribution within strata reflecting gender, age group, qualifications, and income quintile. Importantly, the data include laboratory results from general health examinations of cohort participants that were followed for 11-years, until 2013.

The purpose of this study was to investigate the effects of anthropometric, laboratory, and lifestyle factors recorded in the KNHIS-NSC database on the development of NAFLD in a nationwide, population-based, 4-year retrospective cohort.



MATERIALS AND METHODS


Database

In Korea, all citizens are obligated to enroll in the KNHIS. A total of 97% of the Korean population is covered by the Medical Assistance Program, and 3% of the Korean population is covered by the Medical Care for Patriots and Veterans Affairs Scheme, respectively. Thus, nearly all of the data in the health system are centralized in large databases. In Korea, patients with KNHIS pay ~30% of their total medical expenses, and medical providers are required to submit claims for the remaining 70%. Claims are accompanied by data regarding diagnostic codes, procedures, prescription drugs, personal information about the patient, information about the hospital, the direct medical costs of both inpatient and outpatient care, and dental services. No health care records are duplicated or omitted because all Korean residents receive a unique identification number at birth for use by the Korean government for purposes related to the health care system. For diagnostic codes, the KNHIS uses the Korean Classification of Diseases (KCD), which is similar to the International Classification of Diseases (ICD).

This study adhered to the tenets of the Declaration of Helsinki, and the KNHIS-NSC 2002–2013 project was approved by the Institutional Review Board of the KNHIS. This study design was reviewed and approved by the Institutional Review Board of the National Health Insurance Service, Ilsan Hospital (IRB No. 2015-11-010). Written informed consent was waived.



Study Population

Data for this study were derived from the KNHIS-NSC 2009–2013. This database includes all medical claims and general health examination results filed from January 2009 to December 2013. The study population for this study was nationally representative subjects who have undertaken annual medical check-ups in all three of the following years: 2009, 2011, and 2013.

A flowchart for the study population is in Figure 1A. From a total of 108,653 Koreans who participated in medical check-ups in all 3-years (2009, 2011, and 2013), we excluded subjects with a history of liver disease before 2009 (n = 37,934) using the KNHIS-NSC 2002–2008 database. Then, we selected individuals who were newly diagnosed with NAFLD in 2011 or 2013 (The criteria for NAFLD diagnosis is explained in section Definition of NAFLD). Among the 1,775 subjects newly diagnosed with NAFLD in 2011 or 2013, we excluded those missing anthropometric, biochemical, medical history, or lifestyle variables that we examined in this study (n = 968). Thus, we analyzed a total of 737 NAFLD patients (470 men and 267 women) for this study. We derived a control group (470 men and 267 women) from the whole population without an NAFLD diagnosis (n = 46,671) using a propensity score matching algorithm for age and gender. All subjects in the control group received negative results when evaluated by the hepatic steatosis index and fatty liver index using laboratory results from 2009, 2011, and 2013.


[image: Figure 1]
FIGURE 1. Overview of the study design. (A) Flowchart of study population selection. (B) Designations for subgroups of the non-alcoholic fatty liver disease group and for the control group. Changes were evaluated during two periods.


We further divided the NAFLD group into subgroups (Figure 1B). Group 1 was defined as subjects who did not have a diagnosis of NAFLD in 2009 or 2011 but who had newly developed NAFLD in 2013. Group 2 was defined as subjects who did not have a diagnosis of NAFLD in 2009 but showed newly developed NAFLD in 2011 and sustained the diagnosis of NAFLD in 2013.



Study Period

Because time-dependent changes in various factors were the major end-point result, we assigned chronological differences from 2009 to 2011 as the first period and chronological differences from 2011 to 2013 as the second period (Figure 1B). “Pre-NAFLD stage” was defined as the period just before the NAFLD development for patient groups. Therefore, the first period was the pre-NAFLD stage for group 2, and the second period was the pre-NAFLD stage for group 1. Although the data did not contain the exact time when NAFLD developed in each patient, we assumed a 2-year difference for both the first and the second periods as an approximate value.



Definition of NAFLD

Each patient was tracked on the basis of his or her index dates for ambulatory and inpatient care visits over the 11-years from 2003 to 2013, to detect those patients who developed NAFLD (KCD code K76.0, corresponding to ICD-10-CM code K76.0). To rule out the effects of liver disease with other etiologies, we excluded subjects who also had a diagnosis of alcoholic fatty liver or toxic liver (KCD codes K70–75).

To confirm the medical diagnosis of NAFLD as assessed by patients' primary physicians, we calculated two previously validated fatty liver prediction models: (1) hepatic steatosis inde × (HSI) = 8 × [alanine transferase (ALT)/aspartate transferase (AST) ratio] + body mass index (BMI) (+2, if female; +2, if diabetes mellitus) (11) and (2) fatty liver index (FLI) = [[e∧ [0.953 × loge [triglycerides (TG)] + 0.139 × BMI + 0.718 × loge [gamma-glutamyl transferase (GGT)] + 0.053 × waist circumference −15.745]]]/[[1+e∧ [0.953 × loge (TG) + 0.139 × BMI + 0.718 × loge (GGT) + 0.053 × waist circumference −15.745]]] × 100, with TG measured in mg/dL, GGT in U/L, and waist circumference in cm (12). All parameters for the equations were available in the database. We defined NAFLD as HSI of 35 or higher or FLI of 60 or higher, following a previous study (13).



Anthropometric, Laboratory, and Lifestyle Variables

We chronologically compared 18 variables in all subjects in the 3 groups, calculating absolute differences of mean values for numerical parameters and percentage differences for categorical parameters from 2009 to 2011 and from 2011 to 2013. As the time intervals were both ~2-years, we could also compare changes between 2 time periods within each group.

For anthropometric factors, we evaluated body weight, BMI, systolic blood pressure (SBP), diastolic blood pressure (DBP), and waist circumference. Body weight was measured to the nearest 0.1 kg. BMI was calculated as weight/height2 (kg/m2). Waist circumference was measured at the narrowest point between the lower border of the rib cage and the iliac crest.

For laboratory values, we measured a total of 10 parameters in blood samples: liver enzymes (AST, ALT, and GGT), fasting glucose, total cholesterol, TG, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, creatinine in serum samples, and hemoglobin level in whole blood sample.

For the lifestyle evaluation, we reviewed questionnaires related to smoking, alcohol drinking, and exercise status. Because all questions were answered based on each individual's experience, we objectively categorized answers into binary outcomes for smoking (current smoking or not) and exercise (no exercise at all or at least minimal physical activity). For alcohol consumption, we scored an alcohol index according to the following criteria: 0 = no consumption, 1 = alcohol fewer than or equal to 2 days per week, 2 = alcohol more than 3 days and fewer than or equal to 4 days per week, 3 = alcohol more than 5 days per week.

For the family history investigation, baseline profiling on hypertension, stroke, cardiovascular disease, and diabetes mellitus were incorporated for only available participants based on self-check questionnaires.



Statistical Methods

Participants' characteristics were compared using independent-sample Student's t-tests for continuous variables and Chi-square tests for categorical variables. The differences between the 2 NAFLD subgroups and control group were verified by ANOVA test. All data are presented as mean ± standard deviation for continuous variables and frequency percentages for categorical variables. P < 0.05 were considered statistically significant. All analyses were conducted using SAS v9.4 (SAS Institute Inc., USA).




RESULTS


Characteristics of the Study Population

The clinical features of the study population at baseline (2009) are shown in Table 1. Because propensity score matching was based on age group and gender, the NAFLD group and control group were the same in terms of age group distribution and gender percentages. All tested anthropometric factors were statistically significantly higher in the NAFLD group than in the control group, with the exception of height. Considering the laboratory variable measurements, all three liver enzymes showed statistically significant differences between the NAFLD group and the control group in both genders, as expected. Interestingly, serum HDL cholesterol level was lower in the NAFLD group than in the control group with statistical significance in men but without statistical significance in women. Additionally, the NAFLD group showed higher LDL cholesterol than the control group with statistical significance in women but without statistical significance in men. For the lifestyle parameters, we found no statistically significant differences in either gender for any variable (smoking, alcohol consumption, or exercise status). For the family history variables, men in the NAFLD group appeared to report more family history of hypertension and diabetes mellitus compared to the control group, which was not observed in women.


Table 1. Clinical characteristics of study population measured in year 2009 as baseline characteristics.
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Chronological Changes in Anthropometric and Laboratory Parameters in the NAFLD Subgroups

We compared the time-dependent changes in anthropometric and laboratory parameters by absolute mean value differences among the 2 NAFLD subgroups and the control group by gender (Figure 2). When liver enzyme dynamics during pre-NAFLD stage were evaluated, AST, ALT, and GGT all increased in group 2 during the first period (2009–2011) with statistical significance in men, but not in women. Furthermore, during the second period (2011–2013), AST, ALT, and GGT all increased in group 1 and decreased in group 2 with statistical significance in both genders, as expected (Figure 2, green box).


[image: Figure 2]
FIGURE 2. Chronological changes of anthropometric and laboratory parameters according to NAFLD development group and gender. (A) Chronological changes of incremental and decremental changes are presented. (B) Delta difference values of each parameter during two periods are presented (Group 1: patients who newly developed NAFLD in year 2013; Group 2: patients who newly developed NAFLD in year 2011).


Importantly, serum TG in both group 1 and group 2 showed the most prominent decrease during pre-NAFLD stages in both genders (Figure 2, red box). Interestingly, the decremental change of serum TG in men for group 2 during pre-NAFLD stage was most prominent with statistical significance (p < 0.05). The average degree of decrease in serum TG level among NAFLD patient groups compared to control group in pre-NAFLD stages was 8.38 mg/dL. Additionally, total cholesterol in females showed the most significant decrease in group 2 during the first period and in group 1 during the second period, although statistical significance was observed only in the first period.

Among the anthropometric factors, weight and waist circumference showed incremental change during pre-NAFLD stage before NAFLD was newly diagnosed (first period for group 2 and second period for group 1) but only in women. SBP and DBP decreased more in group 1 during the second period and in group 2 during the first period in women, although without statistical significance. In men, parameters showed variable changes in the pre-NAFLD stage periods for the NAFLD group compared to the control group.



Chronological Changes in Lifestyle Factors in the NAFLD Subgroups

Among the three lifestyle factors considered in this study, we observed different patterns by gender (Table 2). In men, we found no consistent chronological change in pre-NAFLD stage periods for both groups. In contrast, the proportion of females with no exercise increased in group 2 during the first period (+1.46 %) and in group 1 during the second period (+0.77%). In other words, more NAFLD was diagnosed in female subjects who did not perform any exercise. Furthermore, the alcohol consumption scores in females decreased in greater degree in group 1 during the second period (−0.11) compared to other groups in the corresponding periods, while men did not show similar consistent trends.


Table 2. Chronological changes of lifestyle factors in study subgroups.
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DISCUSSION

In this study, we evaluated the effects of 18 anthropometric, laboratory, and lifestyle factors on the development of NAFLD by comparing chronological changes in parameters in association with new NAFLD diagnoses. Given a retrospective cohort study population, we could derive chronological changes for each subject across a 4-year period using the consistent approach of national health check-ups. While previous studies in various populations focused on finding risk factors associated with NAFLD in a cross-sectional study setting (14), we could reveal several interesting findings for associations between NAFLD and changes in measured factors over time, focusing on dynamics in pre-NAFLD stages according to gender.

Firstly, it is interesting that the serum TG level, which is normally highlighted for its important role in hyperlipidemia and metabolic syndrome when increased, is inversely associated with NAFLD, especially in men. Importantly, the decremental changes of serum TG level in pre-NAFLD stage were previously suggested as a potential biomarker to identify critical transition state for NAFLD in animal model (9). In human studies, a decrease in serum TG level is generally reported to be associated with liver cirrhosis (15). It is plausible that the dynamics of lipid species in serum and liver might be different according to disease progression, especially in pre-NAFLD stage. Although serum lipid profiles were previously studied for their associations with NAFLD (16, 17), chronological changes in liver and serum according to different NAFLD stages should be investigated using traditional parameters as well as up-to-date metabolomics approach (18).

Secondly, the relationship of weight and waist circumference with development of NAFLD appeared to be stronger in women than men. Interestingly, one Japanese population study also showed the similar results that the same degree of weight gain increased the relative risk for NAFLD more prominently in women than in men (19). Several researchers have also reported that the association between obesity and inflammatory markers is considerably stronger in women than men (20, 21), which eventually provoke increased inflammation of hepatocytes leading to NAFLD. Based on previous studies highlighting gender differences of NAFLD (22), further studies with inflammatory marker measurements would prove the hypothesis that women might be more susceptible than men to the inflammatory effects of central obesity and even development of NAFLD.

Lastly, the effects of exercise on the development of NAFLD revealed to be stronger in women than men, which is in line with the previous finding. Many researchers and the NICE guideline emphasize the importance of exercise for NAFLD management and control (8, 23). Our results revealed the greatest increases in sedentary lifestyle among females in the NAFLD patients during the time period of a new diagnosis of NAFLD, the pre-NAFLD stage. Although central obesity could be a main reason for NAFLD development, the degree of physical activity as a lifestyle risk factor for the development of NAFLD should also be emphasized (5, 6).

The fundamental limitation of our study is selection bias associated with any population-based retrospective cohort. Therefore, we were unable to discern direct causal relationships between the various factors and NAFLD. However, this is a large propensity score-matched population study, which promotes the statistical reliability of the results. Additionally, correlation analyses and comparative association quantification among parameters would validate the association of dynamic changes with NAFLD development, which was not performed in this study. Another limitation is associated with diagnosis, because we did not include the current standard diagnostic procedure of a liver biopsy which might provide NAFLD severity level for fibrosis. Even though we used several types of diagnostic parameters, such as HIS and FLI, to increase the confirmatory degree of NAFLD diagnosis, subjective diagnoses dependent on different physicians' medical decisions could still have affected the analysis, as could code input errors in the database.

In conclusion, we investigated chronological changes in anthropometric factors, laboratory results, and lifestyle factors to predict the development of NAFLD during pre-NAFLD stage. Based on our finding of inversely decreasing pattern in serum triglycerides during the pre-NAFLD stage, we suggest early screening strategies for people with abrupt chronological changes in serum triglycerides to predict NAFLD development before the progression. Furthermore, people with abrupt and prominent chronological changes in specific parameters, especially waist circumference and exercise degree for women, might require more detailed follow-up evaluations. A better understanding of the various factors related to NAFLD development will provide insight into preventive interventions to improve health and reduce the incidence of NAFLD-associated disorders.
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Non-alcoholic fatty liver disease (NAFLD) is a common disorder that is associated with the risk of cardiovascular diseases. Therefore, its prevalence is high in patients with coronary artery disease. In myocardial perfusion imaging (MPI), low-dose computed tomography (CT) scans are used for attenuation correction in separate stress and rest studies. Here, the test–retest reliability of CT-based quantification of NAFLD was evaluated using these two CT scans. The study population consisted of 261 patients (156 men and 105 women, age 66 ± 10 years). Quantification of liver fat content was based on the radiodensity of the liver in Hounsfield units as well as in relation to corresponding values of the spleen. NAFLD was observed in 47 subjects (18%). CT quantification has good test–retest reliability in assessing NAFLD, with concordance correlation coefficient (CCC) ranging from 0.512 to 0.923, intraclass correlation coefficient (ICC) ranging from 0.513 to 0.923, and coefficient of variation ranging from 3.1 to 7.0%. Regarding the liver to spleen ratio, CCC for non-NAFLD patients and NAFLD patients was 0.552 and 0.911, respectively. For non-NAFLD patients ICC was 0.553 and NAFLD patients it was 0.913. The coefficient of variation for non-NAFLD and NAFLD patients was 4.9% and 3.1%, respectively. Our results suggest that low-dose CT is a feasible and well repeatable method but amount of liver fat contributes to repeatability. In NAFLD patients CCC and ICC were high reflecting excellent reliability, whereas in non-NAFLD patients test-retest reliability was moderate. Assessment of liver fat content can be used as additional information in studies where a CT scan has been done for other medical reasons, such as for low-dose attenuation correction CT along with MPI.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) has become the most common cause of chronic liver disease in Western countries, with a global prevalence of 25.5% (1, 2). This has mainly been due to diet and lifestyle changes that have increased the prevalence of obesity and metabolic syndrome (MetS) (1, 3). In addition to NAFLD affecting the liver, it also increases the risk of type 2 diabetes mellitus, cardiovascular disease, and chronic kidney disease. Even though NAFLD is a global epidemic, the current gold standard of diagnosis remains liver biopsy, which is invasive and expensive (4). As NAFLD is asymptomatic for most patients, highly invasive methods cannot be extensively used for screening. Non-invasive methods include ultrasound (US), magnetic resonance imaging (MRI), and computed tomography (CT), all of which have their own flaws. The reliability of US depends greatly on the operator (5), MRI is expensive and has limited availability, and in CT the patient is exposed to radiation. However, CT-based NAFLD quantification is an attractive diagnostic tool. It is widely available, has better image quality than US, and is non-invasive. CT is already used in a wide range of investigations related to a variety of clinical problems, particularly in the thoracic and abdominal regions. The same images can also be used in the quantification of NAFLD, providing a cost-effective way of diagnosis (6). According to practical guidelines, NAFLD screening should be performed in people at high risk of cardiovascular diseases (3). In myocardial perfusion imaging (MPI) and single photon emission tomography (SPECT), low-dose CT scans are part of the imaging protocol and are used for attenuation correction. NAFLD can be assessed using the same CT scans, which can be used as additional information beyond the MPI results.

Testing reliability via test–retest studies requires two CT scans, which are commonly available in MPI studies (7). The protocol for MPI is to take two low-lose CT scans for attenuation correction, one for stress imaging and the other for rest imaging. Under these circumstances, we have been able to analyze two CT images for a large number of patients without additional exposure to radiation. The goal of this study was to evaluate the test–retest reliability of low-dose CT scans in the diagnosis of NAFLD and to calculate the limits of agreement for the method. To our knowledge, this is the first study evaluating the test–retest reliability of CT-based NAFLD quantification in a large sample of cardiac patients. We also assessed intra-observer and inter-observer variability for this method.



MATERIALS AND METHODS


Study Population

The study population was formed from 586 patients who were referred for MPI during February 2010 and May 2011 at Kuopio University Hospital. We retrospectively analyzed 261 patients (156 men, 60%) who underwent both stress and rest phases of the study. The study protocol was approved by the Ethics Committee of the Northern Savo Hospital District.

Patient history (including previous diseases and laboratory values) was analyzed from the medical records. Due to retrospective design, we had no possibility to have complete data for all patients. Serum lipids were available for 227–234 subjects and plasma glucose for 231 subjects. Height and weight were measured (height to an accuracy of 1 cm and weight to an accuracy of 1 kg). Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Blood pressure was measured in the supine position from the brachial artery preceding the stress phase of the study. Blood pressure values were available for 255 subjects.



Imaging Protocol

The MPI included SPECT with attenuation correction CT (SPECT/CT). Imaging was performed using a Philips Precedence hybrid camera, which has dual-headed gamma camera and a six-slice CT scanner (Philips Medical Systems, Bothell, WA). The stress phase included pharmacological provocation (adenosine or dobutamine) and when possible in combination with low-level exercise (starting with 20 W with increments of 20 W/min twice and the highest load was 60 W for 4 min) followed by SPECT/CT imaging 45 min after the provocation. The rest phase SPECT/CT imaging was performed on the same day at least 3 h after the first imaging. The attenuation correction CT was a low-dose CT (140 kV and 20–40 mAs). Both CT studies were performed with the same image parameters. The reconstruction was done for images of 5-mm slice thickness. This forms a test–retest setting for attenuation correction CTs.



Measurements

For each patient, Hounsfield unit (HU) values of four different regions of interest (ROIs) were measured according to Kerut et al. (8), one in the spleen and three in the liver. The spherical ROIs of the liver were spread out, one in the posterior part of the right lobe, one in the anterior part of the right lobe, and one in the left lobe (Figure 1). All ROIs were over 100 mm2 in size, and vasculature, cysts, and other heterogeneous areas were avoided. Measurements of HU values of selected ROIs were performed using IDS7 PACS (Sectra AB IDS7, 2019, version 21.1). The calculation of the liver to spleen ratio (L/S) was done by taking an average HU value of the two ROIs in the right lobe of the liver and dividing this value by the HU of the spleen, for example, L/S = [(49.3 + 51.3)/2]/43.9 = 1.15 (mean values from our results). The criterion for NAFLD was L/S < 1 based on average L/S of CT scan 1 and 2.


[image: Figure 1]
FIGURE 1. Left: A 70-year-old female, with liver to spleen ratio (L/S) of 1.15. The coloration of the liver is clearly brighter than the spleen. She has a BMI of 26.0 kg/m2 and has been diagnosed with hypertension, dyslipidemia, and a previous myocardial infarction. Right: A 50-year-old male, with L/S ratio of 0.12. The liver has a much darker color than the spleen, indicating a fatty liver. He has a BMI of 30.0 kg/m2 and has been diagnosed with type II diabetes mellitus, hypertension, and dyslipidemia. The patient also has less subcutaneous fat and more visceral fat. In both images the table is 40 cm wide. A good indication of the size difference between the two patients.


The first observer measured CT 1 scan and CT 2 scan for all 261 cases. For evaluation of inter-observer variability the second observer measured CT1 for 50 cases blinded to the initial results and repeated the measurements for evaluation of intra-observer variability.



Statistical Methods

Two groups were formed according to the L/S. Patients with L/S < 1 were regarded as NAFLD patients (NAFLD+), and patients with L/S ≥ 1 were regarded as normal (NAFLD–). A Chi-square test was used to analyze the statistical significance of differences in the prevalence of obesity (BMI ≥ 30 kg/m2), type 2 diabetes, dyslipidemia, hypertension, and coronary artery disease between the groups. For continuous variables, a T-test was used to test the statistical significance of the difference between the two groups.

The concordance correlation coefficient (CCC) (9) and the intraclass correlation coefficient (ICC) (10) were used to assess the test–retest reliability between the measurements from CT scan 1 and CT scan 2. The coefficient of variation (CV%) was calculated according to Glüer et al. (11). The 95% limits of agreement (LoaA) were calculated according to the Bland–Altman method (12) as mean difference ± 1.96*standard deviation of the differences. Furthermore, to find out possible factors which may contribute to repeatability, a T-test was used to test statistical significance in absolute differences between measurements in CT 1 and CT 2 in which presence of NAFLD, obesity, dyslipidemia, type 2 diabetes, hypertension and coronary artery disease were used as grouping variables.

Inter-observer and intra-observer variability were expressed as CCC, ICC and LoA.

A P-value < 0.05 was considered statistically significant. SPSS software (IBM SPSS Statistics, 2013, version 22) was used to perform statistical analysis of the data.




RESULTS

Of the 261 patients enrolled in this study, 156 were men and 105 were women. The mean age was 66 years, with a range of 40–89 years. BMI for the pooled population was 29.5 kg/m2, with a range of 19.4–56.0 kg/m2. From the pooled population, 197 (75.5%) had been diagnosed with hypertension, 158 (60.5%) with dyslipidemia, 70 (26.8%) with type 2 diabetes, and 136 (52.1%) with coronary artery disease.

The prevalence of NAFLD according to L/S < 1 in the study population was 18%. A diagnosis of NAFLD was not mentioned in the MPI reports in any of the cases. Between the groups, NAFLD+ showed a significantly higher prevalence in obesity (P < 0.001) and type 2 diabetes mellitus (P < 0.001) (Figure 2). The prevalence of dyslipidemia, hypertension and coronary artery disease was not significantly different between the two groups. In addition to the prevalence, the number of patients with obesity, type 2 diabetes mellitus, dyslipidemia, hypertension and coronary artery disease in each group is reported in Figure 2. Compared to subjects in the NAFLD– group, those in the NAFLD+ group were statistically significantly younger; had higher weight, BMI, serum triglyceride levels, and diastolic blood pressure; and had lower serum HDL cholesterol (Table 1). The sex distribution was comparable in the two groups.


[image: Figure 2]
FIGURE 2. Prevalence of obesity, Type 2 diabetes, dyslipidemia, hypertension, and coronary artery disease in subjects with non-alcoholic fatty liver disease (NAFLD+) and without non-alcoholic fatty liver disease (NAFLD–). NAFLD was diagnosed using cut off value 1 for liver to spleen ratio (L/S) based on radiodensity values in low dose computed tomography scans.



Table 1. Clinical characteristics of the study population.

[image: Table 1]

The mean radiodensity value according to average of CT scan 1 and 2 for the spleen ROI was 43.8 HU (SD 3.0, range 36.9–55.5 HU). The HU values for the ROIs in the liver right lobe were somewhat higher, with radiodensities of 48.9 HU (SD 9.2, range 5.3–66.3 HU) in the posterior ROI and 51.0 HU (SD 9.6, range 6.9–66.1 HU) in the anterior ROI. For the left lobe ROI, the equivalent values were 56.5 HU (SD 10.1, range 12.0–73.4 HU). The calculated mean L/S ratio for the pooled population was 1.15 (SD 0.23, range 0.14–1.57), while for the NAFLD- group the mean was 1.23 (SD 0.11, range 1.00–1.57) and for the NAFLD+ group the mean was 0.76 (SD 0.21, range 0.14–0.99). In Table 2 these values are reported separately in CT scan 1 and 2.


Table 2. Repeatability (test-retest) of parameters defined from the low-dose computed tomography.

[image: Table 2]

The low dose CT showed moderate to excellent repeatability for all the measurements, with CCC ranging from 0.512 to 0.923. The CCC of L/S values for the NAFLD– group was lower than that for the NAFLD+ group at 0.552 compared to 0.911. Correspondingly ICC ranged from 0.513 to 0.923. For L/S it was 0.553 in NAFLD– group and 0.913 in NAFLD+ group. The CV% of L/S for the NAFLD– group was 4.9% and was 3.1% for the NAFLD+ group, both being significantly lower than the 7.0% for the pooled population. The LoA were −6.9 to 6.4 HU, −8.1 to 6.3 HU, −8.1 to 6.7 HU, and −8.1 to 8.8 HU for the spleen, the right lobe posterior ROI, the anterior ROI, and the left lobe, respectively. For the pooled population, the NAFLD– group, and the NAFLD+ group, the LoA of L/S ratios were −0.24 to 0.22, −0.25 to 0.23, and −0.19 to 0.17, respectively (Table 2).

Bland-Altman plot (Figure 3) shows that that the LoA are narrower in the NAFLD+ than in the NAFLD– group. NAFLD was the only factor of the clinical characteristics that contributed to the test–retest reliability. In the NAFLD+ absolute difference in L/S was 0.07 ± 0.05, whereas in the NAFLD- group it was 0.09 ± 0.07 (P = 0.037). The average absolute difference in L/S between CT scan 1 and CT scan 2 was comparable in subjects with and without type 2 diabetes (0.09 ± 0.07 vs. 0.09 ± 0.08, NS), in subjects with and without hypertension (0.09 ± 0.08 vs. 0.08 ± 0.07, NS), in subjects with and without coronary artery disease (0.09 ± 0.08 vs. 0.09 ± 0.07, NS), in subjects with and without dyslipidemia (0.09 ± 0.07 vs. 0.08 ± 0.08, NS), as well as in subjects with and without obesity (0.08 ± 0.07 vs. 0.09 ± 0.08, NS).


[image: Figure 3]
FIGURE 3. Bland-Altman plot demonstrating differences in liver to spleen ratio (L/S) based on radiodensity values in repeated low dose computed tomography scans in relation to mean of the two L/S assessments. Straight horizontal line represents mean difference, dotted horizontal lines represent upper and lower 95% limits of agreement. L/S cut of value of 1 is used in division of study population to subjects with non-alcoholic fatty liver disease (NAFLD+) and subjects without non-alcoholic fatty liver disease (NAFLD–).


In patients with L/S below 1.00 in the CT-scan 1 (n = 47) CT scan 2 showed discordant result in 9 cases (19%) (Figure 4). However, totally 92% of cases were classified concordantly in the CT scan 1 and 2.


[image: Figure 4]
FIGURE 4. Scatter plot of liver to spleen ratio (L/S) in CT scan 1 vs. CT scan 2 demonstrating concordance for L/S based classification in repeated low dose computed tomography scans. Dashed vertical and horizontal lines represent L/S cut of value of 1, which is used in division of study population to subjects with non-alcoholic fatty liver disease (NAFLD+) and subjects without non-alcoholic fatty liver disease (NAFLD–). Totally 241 cases (92%) were classified concordantly in the CT scan 1 and CT scan 2. Twenty of cases (8%) were discordantly classified into NAFLD– or NAFLD+.


According to intra-observer variability analysis ICC was 0.805 for the spleen, and 0.966 for posterior part of the right lobe of liver, 0.967 for the anterior part of the right lobe, 0.957 for the left lobe and 0.949 for the L/S. In intra-observer LoA were −4.5 to 4.9 HU for the spleen, and −3.7 to 4.8 HU for the posterior part of the right lobe of liver, −3.7 to 5.3 HU for the anterior part of the right lobe, −4.9 to 5.5 HU for the left lobe and −0.14 to 0.16 for the L/S.

In the inter-observer variability analysis ICC was 0.710 for the spleen, and 0.928 for posterior part of the right lobe of liver, 0.924 for the anterior part of the right lobe, 0.899 for the left lobe and 0.906 for the L/S. In inter-observer LoA were −6.0 to 5.3 for the spleen, and −6.6 to 5.7 for the posterior part of the right lobe of liver, −4.2 to 8.0 for the anterior part of the right lobe, −8.4 to 7.8 for the left lobe and −0.16 to 0.22 for the L/S.



DISCUSSION

According to our analysis, CT has a good test–retest reliability in the assessment of NAFLD. This makes CT a reliable tool in NAFLD quantification. The small CV% (range 3.1–7.0%) also suggest that CT can be used in monitoring the progression of NAFLD. Clinical characteristics other than NAFLD, such as obesity, dyslipidemia, diabetes, hypertension and coronary artery disease, did not have a significant effect on the repeatability. Therefore, assessment of NAFLD using CT can be used widely in patients without clinical characteristics affecting the reliability. As the test–retest reliability was higher for patients with NAFLD than for patients without NAFLD, CT works well in monitoring patients who already have NAFLD. However, especially in borderline cases, diagnosis of NAFLD needs confirmation with alternative methods.

As we included subjects who were referred for MPI due to their clinical evaluation in relation to coronary artery disease and who already had all the CT images used in the study, we were able to analyze a large population (n = 261) without exposing study participants to excess radiation. Repeated low-dose CT scans had been taken of the patients due to the protocol used in MPI. This allowed us an opportunity to study the test–retest reliability. To our knowledge, no previous studies on CT-based test–retest reliability have been done due to the ethical problems of exposing patients to unnecessary radiation. Having a large population allows us to take into account possible confounding factors. Test –retest setting was obtained using the 1-day stress-rest protocol of MPI which includes two low-dose CT imaging primarily for attenuation correction for SPECT images. The interval between these was 3 h. Although the first imaging was done in stress phase we consider the two CT imaging situations to be well comparable regarding the assessment of liver fat content. The stress protocol which is used in myocardial perfusion imaging included adenosine infusion for 6 min and in most cases, additional low-level exercise on bicycle ergometer was used. The half time of adenosine is <10 s and due to the ultra-short half-life of adenosine its effects were fully expired before SPECT/CT imaging. Furthermore, exercise was mild and short lasting. Highest load was 60 W, which corresponds to walking outside for 4 min. After this stress procedure, subjects were sitting in the waiting room for 45 min. Because SPECT/CT was done 45 min after cessation of adenosine infusion and mild physical exercise, such post-stress situation is quite well comparable with the rest phase as regards to the abdominal CT analyses. This is supported by our finding that in stress and rest phases average differences (CT scan 2 – CT scan 1, Table 2, Figure 3) were near zero. Because there was only minor consistent difference, between the CT scan 1 and CT scan 2, these were true replicates of the measurements.

We decided to use a cut-off point of L/S < 1 to determine NAFLD based on a Japanese study, which showed sensitivity and specificity of 86.3 and 81.4%, respectively (13). Using reasonably small ROIs (over 100 mm2) allowed us to use homogenous liver tissue and to avoid the influence of other structures that would have affected the radiodensity values. By using this method, we found an NAFLD prevalence of 18%. This is almost the same as the prevalence of fatty liver in Finland of 18.5% (14) but is somewhat lower than the global prevalence of 25.5% and the previously reported European prevalence of 23.7% (2).

Compared to other test–retest repeatability studies on MRI- and US-based diagnosis, we see CT as a viable option. For MRI-based diagnosis (corrected T1 and MR elastography), the CV% ranged from 1.7 to 11% (15, 16) and for shear-wave ultrasonic elastography the CV% was 40% (16). Our calculations of the CV% for CT ranged between 3.1 and 7.0%. In comparing US and CT test–retest reliability, the ICC for US ranged from 0.58 to 0.82 (17) and for CT it ranged from 0.513 to 0.923.

Zeb et al. studied the inter- and intra-observer variability of CT-based NAFLD diagnosis using the same technique of calculating L/S ratios (18). Their inter-observer LoA for the liver and spleen were −5.63 to 5.25 and −5.68 to 7.15, respectively, and the intra-observer LoA for the liver and spleen were −2.79 to 2.51 and −3.94 to 4.42, respectively. In our study inter-observer and intra-observer variabilities were well in line with the previous study. As regards to two separate images (test – retest setting) LoA were somewhat higher at −6.30 to 8.10 and −6.41 to 6.86 for the liver and spleen, respectively, compared to LoA in intra-observer variability analysis. It is obvious that in repeated measurements variation results both from intra-observer variability in analyses as well as from physiological and technical differences in two separate imaging sessions. Interpretation of LoA should be based on a clinical context (12). Our results regarding LoA tell, which is the difference that will be exceeded of pairs of repeated measurements. This information can be useful in clinical situation when considering how reliable is CT based diagnosis and classification into NAFLD+ and NAFLD-, especially in borderline cases. This kind of uncertainty is also highlighted by our finding that in those patients with L/S below 1.00 in the CT-scan 1, the CT scan 2 showed discordant result in 9 cases (19%). On the other hand, totally 92% of cases were classified concordantly in the CT scan 1 and 2 (Figure 4).

We found that in test-retest analysis LoA were wider in the NAFLD– than in the NAFLD+ group. It can be speculated that repeatability is better in patients with NAFLD and the use of low dose CT is not as reliable in assessment of liver fat content in subjects without NAFLD. However, our observation may also be related to the phenomenon in which divergence depends on magnitude, i.e., when the differences increase in size proportionally to the size of measurement. In our study, for all parameters differences between CT scan 1 and CT scan 2 increased when magnitude of the measurements became higher. Thus, assumption of constant differences throughout the range was not met.

ICC and CCC were higher in measurements of the liver than in the spleen. Therefore, much of variability seems to be explained due to inconsistency in values of the spleen. We speculate that in the follow-up of liver disease progression, measurements of liver ROIs could be useful in addition to L/S.

We can also speculate that NAFLD would be a significant risk factor for cardiovascular diseases. As all the patients were admitted for MPI, they either had suspected or previously known coronary artery disease. Even though both groups had a similar prevalence of hypertension and coronary artery disease, for the NAFLD– group the mean age was 67 years, while for the NAFLD+ group the mean age was 63 years. This suggests that patients with NAFLD may have cardiovascular disease at a younger age than patients without NAFLD. The association between NAFLD and development of cardiovascular diseases was not analyzed thoroughly, and this needs attention in further studies.

From the results we can also see the association between NAFLD and MetS. The mean height was the same for both groups, but the mean weight was 20 kg higher for the NAFLD+ group. Consequently, the group also had an increased BMI of 35.1 kg/m2 compared to 28.2 kg/m2 for the NAFLD- group. Patients with an L/S ratio of <1 had a significantly higher prevalence of obesity, and type 2 diabetes mellitus, which are part of the International Diabetes Foundation MetS definition (19). In addition to a decreased liver radiodensity and a higher prevalence of some clinical problems, the NAFLD+ group also showed other characteristics of NAFLD and MetS, such as increased triglyceride levels, higher diastolic blood pressure, and decreased HDL levels compared to the NAFLD– group.

Even though the European Association of Nuclear Medicine (EANM) MPI guideline recommends screening images for extracardiac findings (7), none of the patients with an L/S ratio <1 had any mention of a fatty liver in their medical report. This highlights the under diagnosis of NAFLD in clinical practice. All these cases could have been diagnosed as a free by-product of the MPI SPECT/CT. As thoracic and abdominal CT scans are fairly common, if the image area contains the liver and spleen they could also be used to diagnose NAFLD as a by-product. For the patients with an indication of a fatty liver, further diagnosis should be performed. European practical guidelines highlight the need for NAFLD screening in people at high risk of cardiovascular diseases (3). Lifestyle changes toward a healthy diet, weight loss, and habitual physical activity are particularly emphasized in association with NAFLD (3).

Lack of information about alcohol consumption is an important limitation in the present study. Due to retrospective nature in our study design we were not able to collect exact such information and we had to rely on medical records in which this information is often inaccurate. We cannot exclude the possibility that some of our patients may have had fatty liver disease related to excessive alcohol consumption. However, the focus of this article is in repeatability of assessment of liver fat, and etiology of liver steatosis may not be crucial as regards to the main focus of our study. Additionally, none of the cases defined as NAFLD+ have been biopsy-proven. Comparative analysis with gold standard would have been valuable. Due to retrospective nature in our study design we were not able to choose to use reference methods. However, our study evaluating test – retest reliability gives a little different viewpoint to this issue. Variation due to technical or physiological reasons may partly limit the diagnostic performance, which however, seems to be good according to a previous study (13). Therefore, we focused on studying repeatability and reproducibility of the measurement to understand better the methodological variation.

In our study, the population has a high mean age of 66 years and a high prevalence of chronic diseases and therefore might not represent a general population. However, we want to encourage the assessment of NAFLD in patients undergoing MPI or in other situations where abdominal CT is available and NAFLD could be an additional finding. Furthermore, in clinical work screening for NAFLD can be performed using liver enzymes and/or US (3).

In conclusion, CT-based quantification of NAFLD has good test–retest reliability, and clinical characteristics other than NAFLD did not affect CT scan repeatability. Compared to MRI, CT shows similar reliability, but compared to US the test–retest reliability of CT seems to be even higher. Therefore, CT-based assessment of NAFLD and quantification could be used for diagnostic purposes. As the test–retest reliability was higher for patients with NAFLD than for patients without NAFLD, CT works well in monitoring patients who already have NAFLD. However, especially in borderline cases, diagnosis of NAFLD needs confirmation with alternative methods.
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Background and Aims: Approximately 30–40% of portal vein thrombosis (PVT) remains of unknown origin. The association between non-alcoholic fatty liver disease (NAFLD) and PVT is a matter of debate. This study aimed to investigate the association between PVT and NAFLD.

Methods: We included 94 out of 105 consecutive NAFLD patients in this prospective cohort study in addition to 94 from the healthy control group. We evaluated biochemical, clinical, immunological, and histopathological parameters; waist circumference (WC); leptin; adiponectin; and leptin/adiponectin ratio (LAR) for all participants at baseline and every 3 years thereafter. We described the characteristics of participants at baseline and showed individual WC, LAR, and PVT characteristics. Potential parameters to predict PVT development within 9 years were determined.

Results: PVT developed in eight (8.5%) patients, mainly in the portal trunk. Univariate analysis showed three PVT-associated factors: diabetes mellitus (P = 0.013), WC (P < 0.001), and LAR (P = 0.002). After adjusting multiple confounding variables, the multivariate model showed that the only significant variables were WC and LAR. By applying the receiver operating characteristic curve, WC had 98.8% specificity, 87.5% sensitivity, and 0.894 area under the curve (AUC) for prediction of PVT (P < 0.001) at cutoff values of > 105 cm. In comparison, LAR had 60.5% specificity, 87.5% sensitivity, and 0.805 AUC for PVT prediction (P < 0.001) at cutoff values of >7.5.

Conclusions: This study suggests that increased central obesity and LAR were independently associated with PVT development in non-cirrhotic NAFLD patients, and they should be considered risk factors that may participate in PVT multifactorial pathogenesis.

Keywords: adiponectin, leptin, leptin/adiponectin ratio, NAFLD, portal vein thrombosis, waist circumference


INTRODUCTION

Cirrhosis and malignancy-free portal vein thrombosis (PVT) is a rare disease with serious complications. The acute form may predispose to intestinal ischemia with an up to 50% mortality rate (1). In developed countries, the first etiology of non-cirrhotic portal hypertension is the chronic form (2). Searching for a precipitating factor is mandatory where systemic or local factors are observed in 70 and 30% of the PVT etiologies, respectively (3, 4). The causes of PVT are multifactorial in ~30% of cases (5). However, 30–40% of cases remain of unknown etiology (6). The pathogenesis of PVT may include one or more risk factors of Virchow's triad: hypercoagulable state, reduced blood flow in the portal vein, or injury in the vascular endothelium (7, 8).

In the United States and other parts of the world, non-alcoholic fatty liver disease (NAFLD) is the most common liver disorder, with a histopathological spectrum extending from hepatic steatosis to non-alcoholic steatohepatitis (NASH). However, not all patients progress through the full hepatological spectrum of NAFLD (9). It is the most common etiology of elevated liver enzymes and is diagnosed after ruling out other steatosis causes, especially alcohol abuse and infectious hepatitis. NAFLD is the hepatic manifestation of metabolic syndrome (10). Dramatically, the prevalence of obesity and metabolic syndrome has been increased and is considered a public health challenge (11). Waist–hip ratio and body mass index (BMI) are used to evaluate obesity. Increased waist circumference (WC) is a cornerstone in the association between venous thromboembolism (VTE) and obesity (12–14). According to visceral fat distribution, abdominal obesity is the leading risk factor for VTE. In cirrhotic patients, obesity is an independent risk factor for PVT (15). PVT's significance is recently starting to be comprehended entirely because its presence may be associated with complications negatively affecting the quality of life, clinical deterioration, hepatic decompensation, and increased mortality after liver transplantation (16).

This work aims to study the clinical and biochemical markers of non-cirrhotic NAFLD patients to identify high-risk factors for PVT development in patients attending our department.



MATERIALS AND METHODS


Patient Characteristics

According to autopsy findings, the incidence of PVT is ~1% (17), and we hypothesized that this might reach higher levels (11–12%) in our patients within the follow-up period. We calculated the sample size at power 99% with a type 1 error = 0.01; the minimal number of cases in each group was 91.

This longitudinal prospective cohort study was conducted on 105 consecutive NAFLD patients admitted to the Mansoura University Hospital, Tropical Medicine Department (Mansoura, Egypt) from April 2006 to December 2018. All patients underwent a complete clinical examination, biochemical appraisal, radiological evaluation, histopathological characteristics, and history taking. All patients with persistently increased liver enzymes in the absence of any etiologies of elevated aminotransferases and hepatosteatosis on ultrasonography were enrolled.

The control group also included 94 healthy sex- and age-matched individuals (female/male = 64/30) who are clinically, biochemically, and radiologically free of NAFLD criteria and have no risk factors predisposing to it. We used hepatic steatosis index and NAFLD-liver fat score to characterize NAFLD's presence or absence in the control group (18, 19).

The patients were enrolled after the exclusion of all possible etiologies of chronic and acute hepatic disorders. Patients who were diagnosed with autoimmune hepatitis, viral hepatitis, human immunodeficiency virus (HIV), hemochromatosis, Wilson's disease, primary biliary cirrhosis, α1-antitrypsin deficiency, sclerosing cholangitis, alcoholic liver disease, NASH in liver biopsy, schistosomiasis (Bilharziasis), or malignancy (especially HCC) were excluded. Patients with collagen vascular diseases, bone marrow depression, chronic renal diseases, acute or chronic pancreatitis, septicemia, postoperative abdominal surgery, liver abscess, diverticulitis, personal or family history of deep vein thrombosis, usage of hepatotoxic, NSAIDs, anticoagulant or antiplatelet therapy, and oral contraceptive drugs were also excluded from this study.

Patients who had patent paraumbilical vein, reversed portal blood flow, inherited coagulation abnormalities, myeloproliferative disorders, peripheral vascular disease, heart failure, hemostatic disorders, clinically overt hyperthyroidism/hypothyroidism, Budd–Chiari syndrome, or liver transplantation were ruled out of this work.

The participants were followed up for 9 years and were assessed at baseline and every 3 years after that by BMI, liver function tests, complete blood count (CBC), C-reactive protein (CRP), activated partial thromboplastin time (APTT), fibrinogen, lipid profile, HOMA-IR, WC, leptin, adiponectin, leptin/adiponectin ratio (LAR), and abdominal Doppler US.

Based on PVT development during follow-up, we evaluated the patients' demographic and clinical characteristics at baseline for their prognostic significance. We analyzed gender, age, BMI, liver function tests, APTT, CRP, HOMA-IR, protein C, protein S, Antithrombin III, serum homocysteine, D-dimer, anti-nuclear antibody (ANA), anti-cardiolipin IgG antibodies (ACA-IgG), anti-double-stranded DNA (anti-dsDNA), WC, leptin, adiponectin, and LAR between PVT and non-PVT patients.

We carried an etiological evaluation for each patient, including antiphospholipid syndrome, myeloproliferative disorders, protein C, protein S and antithrombin III deficiency, paroxysmal nocturnal hemoglobinuria, serum homocysteine, connective-tissue diseases, local risk factors, prothrombin gene mutation, JAK2 V617F mutation, and factor V Leiden especially for patients who developed PVT during the follow-up period (3).



Clinical Assessments

We interviewed the patients to assess smoking habits, gender, age, and replacement/hormonal therapy and calculated BMI as weight in kilograms divided by height in meters squared. Health experts use the WC, a measurement taken around the abdomen at the umbilicus level, to screen patients for possible weight-related health problems. WC appears to be a better indicator than the waist-to-hip ratio and BMI. WC measurement is convenient, and it is more strongly associated with cardiovascular risk factors and intra-abdominal fat content (20). Measurement of WC was done according to Ma et al. (21), who reported that WC-midabdominal (WC-mid) is a better measurement to define central obesity than WC-Iliac crest (WC-IC). WC-mid was more closely related to metabolic variables and abdominal visceral fat area and had better results for predicting and identifying metabolic diseases.



Biochemical Assessments

Serum fibrinogen levels, APTT, and prothrombin time (PT) were measured using kits from Siemens Healthcare Diagnostic Inc. (Erlangen, Germany). Serum triglycerides (TG) and cholesterol were measured using kits from Spinreact [Sant Esteve De Bas (GI), Spain]. CRP was measured on COBAS c111 Chemistry Analyzer (Roche Diagnostics, Basel, Switzerland) using commercially available reagents. Serum insulin was measured using RayBio Human Insulin ELISA Kit (3607 Parkway Lane, Suite 100 Norcross, GA 30092). The homeostasis model assessment (HOMA) method (22) was assessed as follows: Insulin resistance (HOMA-IR) = fasting glucose (mmol/L) × fasting insulin (μU/ml)/22.5. Anti-dsDNA, ANA, and ACA-IgG were measured by enzyme-linked immunosorbent assay (ELISA) from Orgentec Diagnostic (Mainz, Germany). Protein C and protein S antigens were measured using ELISA from Corgenix, Inc. (11575 Main Street, SUlte400, Broomfield, CO 80020 USA). Antithrombin III concentration was measured by rate nephelometry from Beckman Coulter, Inc., (Kraemer Blvd., Brea, CA 92821, USA). Semiquantitative evaluation of D-dimer was measured by Tulip Diagnostics Private Ltd. (Alto Santacruz, India). Human Coagulation Factor VIII ELISA Kit was made by MyBioSource, Inc. (San Diego, CA 92195-3308 USA). Plasminogen Activator Inhibitor-1 (PAI-1) ELISA kit was made by R&D Systems (614 McKinley Place NE Minneapolis, MN 55413). Serum homocysteine was measured using an ELISA kit made by DRG International Inc. (841 Mountain Avenue, Springfield, New Jersey 07081, USA). Serum leptin was measured by ELISA from Ray Biotech (Norcross, Georgia, USA). Serum adiponectin was measured by ELISA from Société de Pharmacologie et d'Immunologie–BIO (SPI-BIO) (Montigny le Bretonneux, France). The leptin/adiponectin ratio (LAR) was calculated.



Radiological Assessments

In all participants, abdominal ultrasound (using standardized criteria) was carried out using a convex probe with a 3.5–5 MHz frequency (SonoAce X6 Ultrasound System; Medison Electronics, Seoul, Korea).

After overnight fasting, examination using a color Doppler ultrasonography was performed on all participants using the same previously mentioned machine. The portal vein (PV) was assessed according to the current guidelines that diminish interobserver variability to non-significant levels (23). The portal flow velocity and PV diameter were measured automatically by the instrument. Doppler examinations were performed on all participants by two different experienced sonographers blinded to the biochemical and clinical data.

The presence of a filling defect of color Doppler US or a grayscale endoluminal material in the main trunk of the PV or its branches may suspect PVT. Computed tomography portal angiography was done for all cases with PVT, which differentiated the complete and partial obstructive thrombosis and extension to the superior mesenteric vein (SMV) and the splenic vein precisely.

PVT was categorized according to Yerdel et al. into four grades. Grade 1: partial PVT (<50% of the lumen) with or without minimal extension into the SMV. Grade 2: >50% occlusion with or without minimal extension into the SMV. Grade 3: complete thrombosis of both proximal SMV and PV with open distal SMV. Grade 4: complete thrombosis of the proximal and distal SMV and PV (24).



Histopathology Assessments

Patients underwent ultrasound-guided liver biopsy between May 2006 to September 2008, and then they were followed up regularly until December 2018. Hepatic tissues were evaluated by a single pathologist (blinded to clinical and biochemical data), and the histopathological diagnosis was assessed utilizing hematoxylin and eosin stain and Masson trichrome stains of formalin-fixed, paraffin-embedded hepatic tissue. NASH was diagnosed according to Brunt's criteria (25). Based on the NAFLD scoring system, histopathological characteristics were proposed and categorized by the National Institute of Diabetes and Digestive and Kidney Diseases NASH Clinical Research Network (26). NAFLD Activity Score (NAS) provides a composite score based on lobular inflammation, degree of steatosis, and hepatocyte ballooning. A score of 0–2 is simple steatosis, a 3 or 4 is borderline NASH, and ≥5 is likely to represent NASH (26).

NAFLD fibrosis score (NFS) (27) and Fibrosis-4 (FIB-4) score (28) have been developed as alternatives to liver biopsy and have been used as non-invasive tools to detect progression of fibrosis during the entire follow-up period.



Therapeutic Assessment

Patients received treatment for NAFLD according to the guidelines, and they were all controlled regarding DM and other comorbidities.

All patients with PVT received enoxaparin at a dose of 1 mg/kg SC/12 h for a total duration of 6 months. The schedule and dose of low-molecular-weight heparin (LMWH) varied according to the clinical status and patient's general condition. If thrombosis recurred or remained, the treatment with LMWH could be resumed or continued, or other anticoagulation agents could be used (29).

We carried out a follow-up CT angiography for response evaluations every 90 days or when clinically pertinent events happened. Therapeutic responsiveness was classified as follows: complete recanalization (complete disappearance of the intravenous thrombus), partial recanalization (decreased but remaining thrombus at >25% based on the cross-section of the vessel), stable disease (no change or reduction of the thrombus volume of <25% of the cross-section of the vessel), or progressive status (increased thrombus size). The overall recanalization rate was defined as the sum of the fraction of patients who had partial or complete recanalization (29).

We evaluated and analyzed data on therapeutic outcomes, details of the anticoagulation therapy, and biochemical data at the beginning and the end of the anticoagulation therapy, and overall outcomes were collected through a survey of medical records and the possible adverse events during the LMWH therapy. Based on the International Society on Thrombosis and Hemostasis (ISTH) definition published in 2005, major hemorrhagic adverse events were also defined (30). All the patients had upper gastrointestinal (GI) endoscopy (Olympus GIF-Q200, Olympus Optical Co. Ltd., Tokyo, Japan) before starting anticoagulant treatment.



Ethics

This study's protocol was approved by the Mansoura Faculty of Medicine Institutional Research Board “MFM-IRB” (Approval no. R/17.11.84), and all methods were performed following relevant guidelines and regulations. Informed consent was obtained from all participants.



Statistical Analysis

The results were achieved by the Social Package of Statistical Science (SPSS) software version 20 (SPSS Inc., Chicago, IL, USA). Quantitative and non-normally distributed continuous data are described as mean ± SD and (interquartile) range, respectively. We used the Kolmogorov–Smirnov test to determine the compatibility of normally distributed data, Student t-test for normally distributed data, Mann–Whitney U-test for non-normally distributed continuous data, and Chi-square test for categorical data. Spearman's correlation analysis was carried out between PVT development and other variables. A scatter plot matrix showing bivariate relationships between combinations of different variables was carried out. At univariate analysis, variables with a P < 0.05 were enrolled in the multivariable Cox regression analysis. Univariate and multivariable Cox regression models were assessed to identify the independent variables that can be utilized to predict PVT. The receiver operating characteristic curve (ROC) and area under the curve (AUC) were performed, and the best cutoff values were calculated to predict the development of PVT. A two-tailed P < 0.05 was considered significant.




RESULTS


Patient Characteristics

A total of 105 patients who met the inclusion criteria were enrolled in this study. Of these, 94 patients have completed the study. Baseline biochemical, clinical, and demographic parameters of the enrolled patients are listed in Table 1, and histopathological characteristics and non-invasive fibrosis scores (NFS and FIB-4) are shown in Table 2. Patients showed a statistically significant increase in BMI, ALT, AST, ALP, WC, TG, fibrinogen, antithrombin III, PAI-1, homocysteine, D-dimer, CRP, HOMA-IR, leptin, and LAR compared to that of the control group (all P < 0.05). Also, patients showed a statistically significant decrease in adiponectin levels compared to that of the control group (P < 0.001).


Table 1. Biochemical, clinical, and demographic characteristics of enrolled patients and control group at the baseline of the study.
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Table 2. Histopathological characteristics and fibrosis scores of enrolled patients at the baseline of the study.
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The participants were followed up every 3 years for 9 years after the initial assessment at baseline by hematological and biochemical blood tests and the abdominal Doppler US.

Ninety-four of the 105 patients were included to complete this work; 10 patients were missed during the follow-up period. One patient died in a motor car accident. Out of all the patients examined during the follow-up period (n = 94), eight patients (8.5%) developed de-novo PVT, as shown in Figure 1. Individual WC, LAR, and non-invasive fibrosis scores (NFS and FIB-4) of patients with PVT are shown in Table 3, while WC and LAR changes in patients without PVT are displayed in Figure 2. None of the control group (n = 94) showed any abnormality regarding PVT diagnostic criteria when they were enrolled in the study or later on till the end of the follow-up period.


[image: Figure 1]
FIGURE 1. Flow chart of the study population. CBC, complete blood picture; LFTs, liver function tests, ANA, antinuclear antibody; ASMA, anti-smooth muscle antibody; AMA, antimitochondrial antibodies; TTA lgA, tissue transglutaminase lgA; RUQ-US, right upper quadrant abdominal-ultrasonography; NASH, non-alcoholic steatohepatitis; NAFLD, non-alcoholic fatty liver diseases; PVT, portal vein thrombosis.



Table 3. WC, LAR, and fibrosis scores in patients who developed PVT within 9 years of observation.
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FIGURE 2. Waist circumference (A) and leptin/adiponectin ratio (B) changes in patients with and without portal vein thrombosis.


The control group did not show any statistically significant changes in LAR levels between the baseline and 3-year follow up, 6-year follow-up, or at the end of study (3.8 ± 0.51 vs. 3.85 ± 0.52, P = 0.61; 3.8 ± 0.51 vs. 3.9 ± 0.52, P = 0.18; and 3.8 ± 0.51 vs. 3.95 ± 0.54, P = 0.052) correspondingly. There were no statistically significant changes in WC between the baseline and 3-year follow up, 6-year follow-up, or at the end of study (82.2 ± 1.9 vs. 81.9 ± 1.8, P = 0.27; 82.2 ± 1.9 vs. 82.5 ± 2, P = 0.29; and 82.2 ± 1.9 vs. 82.6 ± 2.1, P = 0.17), respectively. There were no statistically significant changes in all variables between the baseline and at the end of study (all P > 0.05) (data not shown).

The main clinical complaints in patients who develop PVT were abdominal pain (seven patients, 87.5%) and asymptomatic (one patient, 12.5%). However, the signs varied from one case to another, irrespective of PVT sites.



Correlation Between WC and LAR With Clinical, Biochemical, and Histopathological Patterns of the Studied Patients

Actually, in Spearman correlation analysis, there were significant positive correlations between WC and age, serum fibrinogen, CRP, degree of steatosis, grades of inflammation, fibrosis scores, ballooning, and NAFLD activity score (NAS) (rho = 0.61, P = 0.001; rho = 0.57, P = 0.019; rho = 0.78, P < 0.001; rho = 0.72, P < 0.001; rho = 0.69, P < 0.001; rho = 0.76, P < 0.001; rho = 0.78, P < 0.001; and rho = 0.73, P < 0.001, respectively).

Moreover, in Spearman correlation analysis, there were significant positive correlations between LAR values and age, serum fibrinogen, serum homocysteine, CRP, degree of steatosis, grades of inflammation, fibrosis scores, ballooning, and NAS (rho = 0.63, P = 0.001; rho = 0.59, P = 0.016; rho = 0.55, P < 0.001; rho = 0.79, P < 0.001; rho = 0.74, P < 0.001; rho = 0.71, P < 0.001; rho = 0.77, P < 0.001; rho = 0.79, P < 0.001; and rho = 0.75, P < 0.001, respectively).

Also, there was a significant positive correlation between WC and LAR (rho = 0.71, P < 0.001).



Univariate and Multivariable Cox Regression Models Predicting PVT Within 9 Years Follow-Up

The biochemical, demographic, and clinical parameters of patients with and without PVT and characteristics of PVT are listed in Supplementary Tables 1, 2.

Regarding sex, age, hypertension, BMI, smoking habits, ALT, AST, γ-GT, ALP, serum albumin, serum bilirubin, PT, APTT, serum creatinine, serum triglyceride, fibrinogen levels, serum CRP, HOMA-IR, protein C, protein S, Antithrombin III, Factor VIII, PAI-1, serum homocysteine, D-dimer, ANA, ACA-IgG, and anti-dsDNA, the difference was not significant between the two groups (all P > 0.05).

Univariate Cox regression analysis revealed that diabetes mellitus, increased WC, and LAR are significant predictors of PVT (all P < 0.05) in Table 4.


Table 4. The risk of portal vein thrombosis development in the univariate and multivariable Cox regression models in the studied patients.
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After adjusting multiple confounders, the multivariable Cox regression analysis model was re-evaluated using the formerly described baseline parameters related to PVT's occurrence during the 9 years follow-up period. This analysis revealed that WC and LAR are independent factors associated with PVT development (Table 4).

Using the ROC curve analysis, at a cutoff value of >105 cm and 7.5, WC and LAR had (98.8%, 60.5%) specificity, (87.5%, 87.5%) sensitivity, (0.894, 0.805) AUC, (87.5%, 17.1%) positive predictive value (PPV), and (98.8%, 98.1%) negative predictive value (NPV) correspondingly for prediction of PVT (P < 0.001). Combined WC and LAR were identified as the best discriminating markers in the prediction of PVT with 96.6% specificity, 100% sensitivity, 72.7% PPV, 100% NPV, and 0.993 AUC (P < 0.001), as shown in Figure 3.
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FIGURE 3. The receiver operating characteristic curves of waist circumference and leptin/adiponectin ratio in predicting portal vein thrombosis in non-cirrhotic NAFLD.




Therapeutic Findings

Enoxaparin was administered to all patients who developed PVT. All patients had a complete response after 6 months of follow-up. The median duration of the anticoagulation therapy was 3.31 ± 1.6 months (range, 1–6 months). The average interval from the onset of therapy to the first CT was 87 days. The overall recanalization rate was 100% (eight patients). Complete recanalization was achieved in seven patients (87.5%), and partial recanalization was reported in one patient (12.5%). No one showed any criteria for stable and/or progressive disease during LMWH therapy. In all patients showing complete and/or partial recanalization, none of them showed PVT relapse or progression after the end of anticoagulation therapy.

At the time of the analysis, all patients had completed the treatment with LMWH; 8 patients (100%) completed a 6-month treatment regimen. No clinically relevant bleeding was reported.

All included laboratory values and metabolic parameters are not significantly changed before and after the LMWH treatment (data not shown). All patients that reached the endpoint are still followed regularly in our outpatient clinic till the present day.

In addition, there is no bleeding or major complications reported during the LMWH therapy.




DISCUSSION

The relationship between a hypercoagulable state and NAFLD is a perpetually extending field of research. NAFLD is the hepatic manifestation of a metabolic syndrome often associated with thrombosis and hypercoagulability with NAFLD's natural history (9).

The current study reported that de novo PVT incidence within NAFLD patients during a 9-year follow-up was 8.5%.

Generally, the possible explanation may be that NAFLD's continuous and chronic inflammation leads to lipid-based oxidative injury, necrosis, and apoptosis (10, 31–33). This clarifies the stimulation of the coagulation cascade and the resultant hypercoagulable condition because procoagulant levels of factor VIII and plasminogen activator inhibitor-1 (PAI-1) have been increased, while anticoagulant levels of protein C are diminished in the late stage of NAFLD patients (34). Contrary to expectations, this study did not find a significant difference between procoagulant levels of factor VIII and PAI-1 as well as the anticoagulant level of protein C in patients with or without PVT.

In this study, multivariable Cox regression analysis revealed that increased WC and LAR were independently associated with PVT development in non-cirrhotic NAFLD patients.

It is well-known that one of the biological variations noted in metabolic syndrome is an increase in coagulation factors. Many factors known to be related to thrombosis and fat mass risk could be included, such as serum leptin or PAI-1 (35). Besides that, adipose tissue may produce an excess amount of proteins that behave in a paracrine, autocrine, or endocrine manner. The lipid accumulation is correlated with the production of inflammatory cytokines and increased macrophage infiltration of adipose tissue. In obese individuals, the inflammatory changes present in adipose tissue may induce liver inflammation and hemostatic abnormalities.

Moreover, overweight is a well-known deep vein thrombosis risk factor (12, 13). Increased WC may be considered a landmark of metabolic syndrome and obesity (36). Abdominal obesity was implicated in VTE and coronary heart disease (37, 38) through hypercoagulability via the decreased fibrinolytic process and elevated levels of factor VIII and fibrinogen (39, 40). Abdominal obesity often has a pro-inflammatory state, characterized by elevated acute-phase reactants such as fibrinogen and CRP and a pro-thrombotic condition due to increased levels of PAI-1, clotting factors, and fibrinogen (41, 42). Both pro-thrombotic and pro-inflammatory states are closely linked to VTE development. These results clinically support the hypercoagulable state of abdominal obesity related to PVT in NAFLD patients. This observation is in accordance with Bureau et al., who reported that central obesity is related to PVT and could become one of the critical risk variables for gastrointestinal thrombosis (43).

Our findings declared that increased LAR was an independent factor associated with the development of PVT in NAFLD. As we know, in diabetes mellitus, obesity, and other metabolic syndromes, the concurrence of hyperleptinemia and hypoadiponectinemia is observed. Different studies highlighted the association between LAR and cardiovascular disease markers, including pulse wave velocity and carotid intima-media thickness (44, 45). LAR correlated with HOMA-IR, WC, BMI, and TG better than any adipokine (44). In NAFLD patients, higher levels of LAR were observed. As adiponectin and leptin generally show opposite variations, leptin appeared to upregulate different vascular inflammation mediators such as ROS, IL-2, IL-6, TNF-α, MCP-1, TGF-α, and Th1-type cytokines from peripheral blood mononuclear cells and endothelial cells (46–48). Experimentally, leptin prompted increments of cellular adhesion molecules and tissue factor expression in human coronary endothelial cells, though NF-κB leads to increased leukocyte adhesion and procoagulant activity (49). These results in patients with metabolic syndrome exhibit a strong relationship with increased platelet activity and circulating leptin (50–52). The leptin receptor is expressed on endothelial cells and platelets and could enhance the formation of thrombus by inhibiting vasodilatation, stimulating platelet activation, and increasing oxidative stress (53).

It is well-known that diabetes, obesity, and lower adiponectin levels are related to the stimulation of an inflammatory signaling cascade, prompting the early development of atherosclerosis in the metabolic syndrome (54). Adiponectin suppresses the endothelium's vascular inflammatory effect to TNF-α-induced stimulation of NF-κB and enhanced expression of adhesion molecules, intercellular adhesion molecules, vascular cell adhesion molecules, and endothelial selectin. Experimentally, reversed microvascular inflammatory changes may be induced by adiponectin replacement therapy (55). Vascular effects induced by pro-inflammatory cytokines like TNF-α and different interactions with adipokines (adiponectin) greatly enhance vascular thromboembolism (56). Bureau et al. observed that PVT is associated with increased abdominal obesity and could get to be distinctly one of the critical risk factors for gastrointestinal thrombosis (43). According to these findings, we hypothesized that the LAR ratio plays a pivotal role in developing PVT in our patients.

LMWH has no impact on coagulation tests' consequences and offers the advantages of dosages proportional to body weight. Therefore, it is easy to prescribe and does not require monitoring. The risk of bleeding is the primary concern related to anticoagulation therapy for PVT. In this study, the overall recanalization rate was 100%, and all treated patients did not reveal any bleeding or significant complications. All patients that reached the endpoint are still followed up regularly.

Central obesity and NAFLD are two sides of a single coin. In addition to endothelial dysfunction and liver inflammation, it is challenging to speculate each variable's role in PVT development. However, the authors' conviction is that central obesity may play a fundamental role in PVT development through hormonal imbalance, cytokine production, and hepatic affection.

To the best of our knowledge, this study is the first to measure the incidence of PVT in patients with non-cirrhotic NAFLD.

This study had several limitations. First, it is a single-center study. Second, the follow-up period was only 9 years. Third, using non-invasive techniques like NFS and FIB-4 score cannot replace the liver biopsy, but we thought it would be unethical to subject our patients to a technique as invasive as the biopsy for the second time because nothing changed, which was indicative for the biopsy during the study period. The findings of this study have several important implications for future practice. Multicenter research is usually conducted to enroll larger numbers of participants and thus improve the validity and generalizability of the study findings.

Finally, we recommend that early distinguishing of risk variables, management, and prevention of the metabolic syndrome, including lifestyle modifications and treatment for adjusting the syndrome components, are real difficulties. The point is to avert obesity, type 2 diabetes, hyperlipidemia, cardiovascular disease, and PVT.

In conclusion, this work suggests that increased WC and LAR in NAFLD patients are associated independently with PVT development. We propose that these variables may be considered risk factors for PVT and may participate in PVT's multifactorial pathogenesis.



DATA AVAILABILITY STATEMENT

The data that support the findings of this study have restrictions and so are not publicly available. Data are however available from the authors upon reasonable request.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Mansoura Faculty of Medicine Institutional Research Board MFM-IRB (Approval no. R/17.11.84). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

AA-R, NM, WS, and AY designed the study and/or contributed to the concept and performed the statistical analysis. MA, MW, EH, and AT interpreted data critically, contributed to data acquisition, and revised the manuscript. AH drafted the manuscript. KZ and RElz critically recruited and followed up with patients and revised the manuscript. RElh analyzed, acquired, and interpreted data and revised the manuscript. AF, NE-W, and WE contributed to analyzing and interpreting data and performed the statistical analysis. All authors approved the final version of the article.



ACKNOWLEDGMENTS

The authors thank the patients and staff of the Tropical Medicine Department and the lab specialists for their significant aid.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2021.650818/full#supplementary-material



ABBREVIATIONS

NAFLD, non-alcoholic fatty liver disease; PVT, portal vein thrombosis; VTE, venous thromboembolism; LAR, leptin/adiponectin ratio; WC, waist circumference; HCC, Hepatocellular carcinoma; HOMA-IR, Homeostatic model assessment—insulin resistance; BMI, body mass index.



REFERENCES

 1. Spaander VM, van Buuren HR, Janssen HL. The management of non-cirrhotic non malignant portal vein thrombosis and concurrent portal hypertension in adults. Aliment Pharmacol Ther. (2007) 26(Suppl. 2):203–9. doi: 10.1111/j.1365-2036.2007.03488.x

 2. Valla D-C, Condat B, Lebrec D. Spectrum of portal vein thrombosis in the West. J Gastroenterol Hepatol. (2002) 17:S224–7. doi: 10.1046/j.1440-1746.17.s3.4.x

 3. Plessier A, Darwish-Murad S, Hernandez-Guerra M, Consigny Y, Fabris F, Trebicka J, et al. Acute portal vein thrombosis unrelated to cirrhosis: a prospective multicenter follow-up study. Hepatology. (2010) 51:210–8. doi: 10.1002/hep.23259

 4. Janssen HL, Wijnhoud A, Haagsma EB, van Uum SH, van Nieuwkerk CM, Adang RP, et al. Extrahepatic portal vein thrombosis: aetiology and determinants of survival. Gut. (2001) 49:720–4. doi: 10.1136/gut.49.5.720

 5. Denninger MH, Chaït Y, Casadevall N, Hillaire S, Guillin MC, Bezeaud A, et al. Cause of portal or hepatic venous thrombosis in adults: the role of multiple concurrent factors. Hepatology. (2000) 31:587–91. doi: 10.1002/hep.510310307

 6. Turon F, Cervantes F, Colomer D, Baiges A, Hernández-Gea V, Garcia-Pagán JC. Role of calreticulin mutations in the etiological diagnosis of splanchnic vein thrombosis. J Hepatol. (2015) 62:72–4. doi: 10.1016/j.jhep.2014.08.032

 7. Chawla YK, Bodh V. Portal vein thrombosis. J Clin Exp Hepatol. (2015) 5:22–40. doi: 10.1016/j.jceh.2014.12.008

 8. Cruz-Ramón V, Chinchilla-López P, Ramírez-Pérez O, Aguilar-Olivos NE, Alva-López LF, Fajardo-Ordoñez E, et al. Thrombosis of the portal venous system in cirrhotic vs. non-cirrhotic patients. Ann Hepatol. (2018) 17:476–81 doi: 10.5604/01.3001.0011.7392

 9. Brunt EM. Non-alcoholic steatohepatitis: pathologic features and differential diagnosis. Semin Diagn Pathol. (2005) 22:330–8 doi: 10.1053/j.semdp.2006.04.002

 10. Argo CK, Caldwell SH. Epidemiology and natural history of non-alcoholic steatohepatitis. Clin Liver Dis. (2009) 13:511–31. doi: 10.1016/j.cld.2009.07.005

 11. Ng M, Fleming T, Robinson M, Thomson B, Graetz N, Margono C, et al. Global, regional, and national prevalence of overweight and obesity in children and adults during 1980-2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancet. (2014) 384:766–81. doi: 10.1016/S0140-6736(14)60460-8

 12. Severinsen MT, Kristensen SR, Johnsen SP, Dethlefsen C, Tjønneland A, Overvad K. Anthropometry, body fat, and venous thromboembolism: a Danish follow-up study. Circulation. (2009) 120:1850–7. doi: 10.1161/CIRCULATIONAHA.109.863241

 13. Steffen LM, Cushman M, Peacock JM, Heckbert SR, Jacobs DR Jr, Rosamond WD, et al. Metabolic syndrome and risk of venous thromboembolism: longitudinal investigation of thromboembolism etiology. J Thromb Haemost. (2009) 7:746–51. doi: 10.1111/j.1538-7836.2009.03295.x

 14. Di Minno MN, Tufano A, Rusolillo A, Di Minno G, Tarantino G. High prevalence of non-alcoholic fatty liver in patients with idiopathic venous thromboembolism. World J Gastroenterol. (2010) 16:6119–22. doi: 10.3748/wjg.v16.i48.6119

 15. Ayala R, Grande S, Bustelos R, Ribera C, García-Sesma A, Jimenez C, et al. Obesity is an independent risk factor for pre-transplant portal vein thrombosis in liver recipients. BMC Gastroenterol. (2012) 12:114 doi: 10.1186/1471-230X-12-114

 16. Rodríguez-Castro KI, Porte RJ, Nadal E, Germani G, Burra P, Senzolo M. Management of nonneoplastic portal vein thrombosis in the setting of liver transplantation: a systematic review. Transplantation. (2012) 94:1145–53. doi: 10.1097/TP.0b013e31826e8e53

 17. Ogren M, Bergqvist D, Björck M, Acosta S, Eriksson H, Sternby NH. Portal vein thrombosis: prevalence, patient characteristics and lifetime risk: a population study based on 23,796 consecutive autopsies. World J Gastroenterol. (2006) 12:2115–9. doi: 10.3748/wjg.v12.i13.2115

 18. Lee JH, Kim D, Kim HJ, Lee CH, Yang JI, Kim W, et al. Hepatic steatosis index: a simple screening tool reflecting non-alcoholic fatty liver disease. Dig Liver Dis. (2010) 42:503–8. doi: 10.1016/j.dld.2009.08.002

 19. Kotronen A, Peltonen M, Hakkarainen A, Sevastianova K, Bergholm R, Johansson LM, et al. Prediction of non-alcoholic fatty liver disease and liver fat using metabolic and genetic factors. Gastroenterology. (2009) 137:865–72. doi: 10.1053/j.gastro.2009.06.005

 20. Pouliot MC, Després JP, Lemieux S, Moorjani S, Bouchard C, Tremblay A, et al. Waist circumference and abdominal sagittal diameter: best simple anthropometric indexes of abdominal visceral adipose tissue accumulation and related cardiovascular risk in men and women. Am J Cardiol. (1994) 73:460–8. doi: 10.1016/0002-9149(94)90676-9

 21. Ma WY, Yang CY, Shih SR, Hsieh HJ, Hung CS, Chiu FC, et al. Measurement of Waist Circumference: midabdominal or iliac crest? Diabetes Care. (2013) 36:1660–6. doi: 10.2337/dc12-1452

 22. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412–9. doi: 10.1007/BF00280883

 23. Sabbà C, Merkel C, Zoli M, Ferraioli G, Gaiani S, Sacerdoti D, et al. Interobserver and interequipment variability of echo-Doppler examination of the portal vein: effect of a cooperative training program. Hepatology. (1995) 21:428–33. doi: 10.1002/hep.1840210225

 24. Yerdel MA, Gunson B, Mirza D, Karayalçin K, Olliff S, Buckels J, et al. Portal vein thrombosis in adults undergoing liver transplantation: risk factors, screening, management, and outcome. Transplantation. (2000) 69:1873–81. doi: 10.1097/00007890-200005150-00023

 25. Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR. Non-alcoholic steatohepatitis: a proposal for grading and staging the histological lesions. Am J Gastroenterol. (1999) 94:2467–74. doi: 10.1111/j.1572-0241.1999.01377.x

 26. Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Nonalcoholic Steatohepatitis Clinical Research Network. design and validation of a histological scoring system for non-alcoholic fatty liver disease. Hepatology. (2005) 41:1313–21. doi: 10.1002/hep.20701

 27. Angulo P, Hui JM, Marchesini G, Bugianesi E, George J, Farrell GC, et al. The NAFLD fibrosis score: a non-invasive system that identifies liver fibrosis in patients with NAFLD. Hepatology. (2007) 45:846–54. doi: 10.1002/hep.21496

 28. Petroff D, Bätz O, Jedrysiak K, Kramer J, Berg T, Wiegand J. Fibrosis-4 (FIB-4) score at the primary care level: an analysis of over 160 000 blood samples. Gut. (2021) 70:219–21. doi: 10.1136/gutjnl-2020-320995

 29. Kwon J, Koh Y, Yu SJ, Yoon JH. Low molecular weight heparin treatment for portal vein thrombosis in liver cirrhosis: Efficacy and the risk of hemorrhagic complications. Thromb Res. (2018) 163:71–6. doi: 10.1016/j.thromres.2018.01.032

 30. Schulman S, Kearon C, Subcommittee on Control of Anticoagulation of the Scientific and Standardization Committee of the International Society on Thrombosis and Haemostasis. Definition of major bleeding in clinical investigations of antihemostatic medicinal products in non-surgical patients. J Thromb Haemost. (2005) 3:692–4. doi: 10.1111/j.1538-7836.2005.01204.x

 31. Targher G, Bertolini L, Rodella S, Lippi G, Franchini M, Zoppini G, et al. NASH predicts plasma inflammatory biomarkers independently of visceral fat in men. Obesity. (2008) 16:1394–9. doi: 10.1038/oby.2008.64

 32. Targher G, Zoppini G, Moghetti P, Day CP. Disorders of coagulation and hemostasis in abdominal obesity: emerging role of fatty liver. Semin Thromb Hemost. (2010) 36:41–8. doi: 10.1055/s-0030-1248723

 33. Cigolini M, Targher G, Agostino G, Tonoli M, Muggeo M, De Sandre G. Liver steatosis and its relation to plasma haemostatic factors in apparently healthy men—role of the metabolic syndrome. Thromb Haemost. (1996) 76:69–73. doi: 10.1055/s-0038-1650524

 34. Tripodi A, Fracanzani AL, Primignani M, Chantarangkul V, Clerici M, Mannucci PM, et al. Procoagulant imbalance in patients with non-alcoholic fatty liver disease. J Hepatol. (2014) 61:148–54. doi: 10.1016/j.jhep.2014.03.013

 35. Hamsten A, Wiman B, de Faire U, Blombäck M. Increased plasma levels of a rapid inhibitor of tissue plasminogen activator in young survivors of myocardial infarction. N Engl J Med. (1985) 313:1557–63. doi: 10.1056/NEJM198512193132501

 36. Reilly MP, Rader DJ. The metabolic syndrome: more than the sum of its parts? Circulation. (2003) 108:1546–51. doi: 10.1161/01.CIR.0000088846.10655.E0

 37. Hansson PO, Eriksson H, Welin L, Svardsudd K, Wilhelmsen L. Smoking and abdominal obesity: risk factors for venous thromboembolism among middle-aged men: “the study of men born in 1913”. Arch Intern Med. (1999) 159:1886–90. doi: 10.1001/archinte.159.16.1886

 38. Lakka HM, Laaksonen DE, Lakka TA, Niskanen LK, Kumpusalo E, Tuomilehto J, et al. The metabolic syndrome and total and cardiovascular disease mortality in middle aged men. JAMA. (2002) 288:2709–16. doi: 10.1001/jama.288.21.2709

 39. Yudkin JS, Juhan-Vague I, Hawe E, Humphries SE, di Minno G, Margaglione M, et al. Low-grade inflammation may play a role in the etiology of the metabolic syndrome in patients with coronary heart disease: the HIFMECH study. Metabolism. (2004) 53:852–7. doi: 10.1016/j.metabol.2004.02.004

 40. Ridker PM, Buring JE, Cook NR, Rifai N. C-reactive protein, the metabolic syndrome, and risk of incident cardiovascular events: an 8- year follow-up of 14 719 initially healthy American women. Circulation. (2003) 107:391–7. doi: 10.1161/01.CIR.0000055014.62083.05

 41. Imperatore G, Riccardi G, Iovine C, Rivellese AA, Vaccaro O. Plasma fibrinogen: a new factor of the metabolic syndrome. a population-based study. Diabetes Care. (1998) 21:649–54. doi: 10.2337/diacare.21.4.649

 42. Woodward M, Lowe GD, Rumley A, Tunstall-Pedoe H, Philippou H, Lane DA, et al. Epidemiology of coagulation factors, inhibitors and activation markers: The Third Glasgow MONICA Survey. II. relationships to cardiovascular risk factors and prevalent cardiovascular disease. Br J Haematol. (1997) 97:785–97. doi: 10.1046/j.1365-2141.1997.1232935.x

 43. Bureau C, Laurent J, Robic MA, Christol C, Guillaume M, Ruidavets JB, et al. Central obesity is associated with non-cirrhotic portal vein thrombosis. J Hepatol. (2016) 64:427–32. doi: 10.1016/j.jhep.2015.08.024

 44. Norata GD, Raselli S, Grigore L, Garlaschelli K, Dozio E, Magni P, et al. leptin: adiponectin ratio is an independent predictor of intima media thickness of the common carotid artery. Stroke. (2007) 38:2844–6. doi: 10.1161/STROKEAHA.107.485540

 45. Satoh N, Naruse M, Usui T, Tagami T, Suganami T, Yamada K, et al. Leptin-to-adiponectin ratio as a potential atherogenic index in obese type 2 diabetic patients. Diabetes Care. (2004) 27:2488–90. doi: 10.2337/diacare.27.10.2488

 46. Avogaro A, de Kreutzenberg SV. Mechanisms of endothelial dysfunction in obesity. Clinica Chimica Acta. (2005) 360:9–26. doi: 10.1016/j.cccn.2005.04.020

 47. Loffreda S, Yang SQ, Lin HZ, Karp CL, Brengman ML, Wang DJ, et al. leptin regulates pro-inflammatory immune responses. FASEB J. (1998) 12:57–65. doi: 10.1096/fasebj.12.1.57

 48. S'anchez-Margalet V, Mart'in-Romero C, Santos-Alvarez J, Goberna R, Najib S, Gonzalez-Yanes C. Role of leptin as an immunomodulator of blood mononuclear cells:mechanisms of action. Clin Exp Immunol. (2003) 133:11–19. doi: 10.1046/j.1365-2249.2003.02190.x

 49. Hsuchou H, Kastin AJ, Tu H, Joan Abbott N, Couraud PO, Pan W. Role of astrocytic leptin receptor subtypes on leptin permeation across hCMEC/D3 human brain endothelial cells. J Neurochem. (2010) 115:1288–98. doi: 10.1111/j.1471-4159.2010.07028.x

 50. Thøgersen AM, Söderberg S, Jansson JH, Dahlén G, Boman K, Nilsson TK, et al. Interactions between fibrinolysis, lipoproteins and leptin related to a first myocardial infarction. Eur J Cardiovasc Prev Rehabil. (2004) 11:33–40. doi: 10.1097/01.hjr.0000116824.84388.a2

 51. Chu N-F, Spiegelman D, Hotamisligil GS, Rifai N, Stampfer M, Rimm EB. Plasma insulin, leptin, and soluble TNF receptors levels in relation to obesity-related atherogenic and thrombogenic cardiovascular disease risk factors among men. Atherosclerosis. (2001) 157:495–503. doi: 10.1016/S0021-9150(00)00755-3

 52. Małyszko J, Wołczy'nski S, Małyszko J, My'sliwiec M. Leptin correlates with some hemostatic parameters in CAPD patients. Nephron. (2002) 92:721–4. doi: 10.1159/000064074

 53. Schäfer K, Konstantinides S. Mechanisms linking leptin to arterial and venous thrombosis: potential pharmacological targets. Curr Pharm Des. (2014) 20:635–40. doi: 10.2174/13816128113199990021

 54. Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE, et al. Hypoadiponectinemia in obesity and type 2 diabetes: close association with insulin resistance and hyperinsulinemia. J Clin Endocrinol Metab. (2001) 86:1930–5. doi: 10.1210/jcem.86.5.7463 

 55. Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, Kuriyama H, et al. Adiponectin, an adipocytederived plasma protein, inhibits endothelial NF-B signaling through a cAMP-dependent pathway. Circulation. (2000) 102:1296–301. doi: 10.1161/01.CIR.102.11.1296

 56. Adya R, Tan BK, Randeva HS. Differential effects of leptin and adiponectin in endothelial angiogenesis. J Diabetes Res. (2015) 2015:648239. doi: 10.1155/2015/648239

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 © 2021 Abdel-Razik, Mousa, Shabana, Yassen, Abdelsalam, Wahba, Helmy, Tawfik, Zalata, Hasan, Elhelaly, Elzehery, Fathy, El-Wakeel and Eldars. 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.












	
	ORIGINAL RESEARCH
published: 09 June 2021
doi: 10.3389/fmed.2021.681391






[image: image2]

Exploring the Protective Effects and Mechanism of Crocetin From Saffron Against NAFLD by Network Pharmacology and Experimental Validation

Zijin Xu1†, Susu Lin1†, Junjie Gong1, Peishi Feng1, Yifeng Cao1, Qiaoqiao Li1, Yuli Jiang1, Ya You1, Yingpeng Tong2* and Ping Wang1*


1College of Pharmaceutical Sciences, Zhejiang University of Technology, Hangzhou, China

2School of Life Sciences, Taizhou University, Taizhou, China

Edited by:
Águeda González Rodríguez, Princess University Hospital, Spain

Reviewed by:
Kunkai Su, Zhejiang University, China
 Anabel Fernández-Iglesias, Institut de Recerca Biomèdica August Pi i Sunyer (IDIBAPS), Spain

*Correspondence: Ping Wang, wangping45@aliyun.com
 Yingpeng Tong, fish166@126.com

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Gastroenterology, a section of the journal Frontiers in Medicine

Received: 25 March 2021
 Accepted: 18 May 2021
 Published: 09 June 2021

Citation: Xu Z, Lin S, Gong J, Feng P, Cao Y, Li Q, Jiang Y, You Y, Tong Y and Wang P (2021) Exploring the Protective Effects and Mechanism of Crocetin From Saffron Against NAFLD by Network Pharmacology and Experimental Validation. Front. Med. 8:681391. doi: 10.3389/fmed.2021.681391



Background: Non-alcoholic fatty liver disease (NAFLD) is a burgeoning health problem but no drug has been approved for its treatment. Animal experiments and clinical trials have demonstrated the beneficial of saffron on NAFLD. However, the bioactive ingredients and therapeutic targets of saffron on NAFLD are unclear.

Purpose: This study aimed to identify the bioactive ingredients of saffron responsible for its effects on NAFLD and explore its therapy targets through network pharmacology combined with experimental tests.

Methods: Various network databases were searched to identify bioactive ingredients of saffron and identify NAFLD-related targets. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment were conducted to enrich functions and molecular pathways of common targets and the STRING database was used to establish a protein-protein interaction network (PPI). The effect of crocetin (CCT) on NAFLD was evaluated in a mouse model of NAFLD by measuring the biomarkers of lipid, liver and renal function, oxidative stress, and inflammation. Liver histopathology was performed to evaluate liver injury. Nuclear factor erythroid-related factor (Nrf2) and hemeoxygenase-1 (HO-1) were examined to elucidate underlying mechanism for the protective effect of saffron against NAFLD.

Results: A total of nine bioactive ingredients of saffron, including CCT, with 206 common targets showed therapeutic effects on NAFLD. Oxidative stress and diabetes related signaling pathways were identified as the critical signaling pathways mediating the therapeutic effects of the active bioactive ingredients on NAFLD. Treatment with CCT significantly reduced the activities of aspartate aminotransferase (AST), alanine transaminase (ALT), and the levels of total cholesterol (TC), triglyceride (TG), malondialdehyde (MDA), blood urea nitrogen (BUN), creatinine (CR), and uric acid (UA). CCT significantly increased the activities of superoxide dismutase (SOD), and catalase (CAT). Histological analysis showed that CCT suppressed high-fat diet (HFD) induced fat accumulation, steatohepatitis, and renal dysfunctions. Results of ELISA assay showed that CCT decreased the expression of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), and increased the expression of HO-1 and Nrf2.

Conclusion: This study shows that CCT is a potential bioactive ingredient of saffron that treats NAFLD. Its mechanism of action involves suppressing of oxidative stress, mitigating inflammation, and upregulating Nrf2 and HO-1 expression.

Keywords: saffron, crocetin, NAFLD, network pharmacology, Nrf2, HO-1


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a clinical syndrome characterized by lipid accumulation in the hepatocyte, steatosis, cellular injury, and hepatic infiltration of inflammatory cells (1, 2). The global prevalence of NAFLD is estimated to be ~25% (Younossi et al., 2018). In recent years, NAFLD pathogenesis has been explained using the “one-hit,” “two-hit,” and “multiple-hit” hypotheses (3). Traditionally, a high-fat diet (HFD) was considered an important factor in NAFLD development (4). However, growing evidence has revealed that other factors such as race, ethnicity, gender, age, and genetic pre-disposition are associated with NAFLD (5–7). Further elucidation of the molecular mechanism of NAFLD has revealed that oxidative stress, endoplasmic reticulum stress, perturbation of autophagy, mitochondrial dysfunction, hepatocellular apoptosis, and inflammatory responses cause liver damage in NAFLD (8). Among them, the role of oxidative stress in the pathogenesis of NAFLD has attracted significant attention (9). Previous studies have suggested multiple molecular pathways related to oxidative stress that is involved in NAFLD, including IRs-1/Akt, CYP2E1/JNK, SIRT1/SIRT3-FOXO3a, A(10)MPK/Nrf2, Nrf2/HO-1, and AMPK signaling pathways (10–13).

Herbal medicine has been used in NAFLD treatment, specifically on multiple mechanisms underlying lipid metabolism and inflammation (14). Saffron is one of the most expensive herbs in the world, obtained from dried stigmas of Crocus sativus L. (15). Islamic traditional medicine literature introduced saffron as an astringent, resolvent, and concoctive drug, with therapeutic effects on gastro-hepatoprotective, urogenital disorders, antidepressants, ocular disorders, etc. (16). The biological activity of saffron has been widely studied, specifically focusing on its immunomodulatory, anti-inflammatory, and antioxidant activities, and in the treatment of cardiovascular and depression-anxiety (17–20). Besides, recent research demonstrates a hepatoprotective effect of saffron in diabetic rats (21). Results from clinical trials have indicated that saffron supplementation has beneficial effects on the serum levels of inflammatory, oxidative stress, and adipokines biomarkers in patients with NAFLD (22). Existing research provides evidence on the effect of saffron in the treatment of NAFLD, however, further studies are needed to better elucidate the main bioactive ingredients and signaling pathways.

In the current study, network pharmacology was used to predict the main bioactive ingredients, potential therapeutic targets, and key pathways responsible for the effect of saffron in the treatment of NAFLD. Subsequently, the effects and possible signaling pathways of CCT on NAFLD treatment were evaluated in HFD fed mice. The schematic diagram of this study is shown in Figure 1.
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FIGURE 1. The schematic diagram of the present study.




MATERIALS AND METHODS


Herb Materials, Reagents, and Animals

Saffron samples were collected from Shenghuo Agricultural Development Co., Ltd (Hangzhou, China). CCT reference substance was purchased from Chengdu Desite Biotechnology Co., Ltd (the content of CCT ≥ 98%, Chengdu, China). The total cholesterol (TC) assay kit, Triglyceride (TG) assay kit, Urea (BUN) assay kit, Creatinine (Cr) assay kit, Uric acid (UA) assay kit, Malondialdehyde (MDA) assay kit, Catalase (CAT) assay kit, Superoxide Dismutase (SOD) assay kit, Oil Red O dye, Haematoxylin, and Eosin dye were purchased from Jiancheng Biotechnology Institute Company (Nanjing, China). RIPA lysis buffer, Bicinchonininc acid (BCA) protein determination kit, and Nuclear and Cytoplasmic Protein Extraction kit were purchased from Beyotime Company (Shanghai, China). Nuclear factor erythroid-related factor (Nrf2) transcription factor assay kit, Hemeoxygenase-1 (HO-1) ELISA kit, Tumor necrosis factor-α (TNF-α) ELISA kit, Interleukin-1β (IL-1β) ELISA kit and Interleukin-6 (IL-6) ELISA kit were purchased from Mlbio Biotechnology Company Limited (Shanghai, China). The HFD (saccharose 20%, lard 15%, cholesterol 1.2%, sodium cholate 0.2%) was purchased from Trophic Animal Feed High-Tech Co., Ltd. (Nantong, China). C57BL/6J mice (male, 5 months old, bodyweight 27 ± 2 g; Shanghai Slac Laboratory Animal CO., Ltd., SCXK 2012-0002) were housed individually in ventilated cages (five per cage) and controlled environmental conditions in a clean grade facility at Zhejiang University of Technology (temperature 22–25°C; relative humidity 60%). The mice had free access to standard laboratory chow and tap water and were maintained under normal conditions of a 12/12 h light/dark cycle. All experiments were conducted at the Animal experimental research Center of Zhejiang University of Technology. The study was approved by the Animal Protection Research Ethics Committee of Zhejiang University of Technology (20190603064).



Screening for Bioactive Ingredients in Saffron

The bioactive ingredients of Saffron were obtained from the following databases: the Traditional Chinese Medicine Systems Pharmacology (TCMSP, http://tcmspw.com/tcmsp.php) (23), TCM database @taiwan (http://tcm.cmu.edu.tw) (24), and Traditional Chinese Medicine Integrated Database (TCMID, (http://www.megabionet.org/tcmid/) (25). The parameters oral bioavailability (OB) ≥ 30% and drug-likeness (DL) ≥ 0.18 were set as thresholds to identify the potential bioactive ingredients in TCMSP (26). To obtain comprehensive information of bioactive ingredients, recent literature and relevant international standards such as ISO 3632-1:2011 were reviewed (27–30).



Correlation Analysis Between Saffron and NAFLD-Related Targets

The corresponding targets of the bioactive ingredients of saffron were collected from the TCMSP database and SwissTargetPrediction database (http://www.swisstargetprediction.ch/). The GeneCards database (http://www.genecards.org/) and DisGeNET database (https://www.disgenet.org/) were searched using the terms “NAFLD” or “non-alcoholic fatty liver disease” (UMLS CUI: C0400966) to identify the potential therapeutic targets of NAFLD. The UniProt database (https://www.uniprot.org/) was used to standardize gene information, and further to remove duplicate genes and pseudogenes. The common targets of the bioactive ingredients were manually screened and the interaction network was visualized using Cytoscape 3.7.2. software. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed by using the R package “clusterProfile.” The visualization and integration of enrichment results were carried out by using Enrichlot and ggplot2 R package. The above steps were completed by R software 3.6.2 (x64) (31). Data were presented using bar charts and a bubble chart. P-value < 0.05 or Q-value < 0.05 were considered statistically significant. The construction of the protein-protein interaction (PPI) network for the common targets was generated through the String database (https://string-db.org/cgi/input.pl). Subsequently, the parameters of the PPI network, including the node degree (Degree), closeness centrality (CC), and betweenness centrality (BC) were calculated using the Network Analyzer tool function of the String database, and the results presented in a bar chart and 3D scatter plot.



Extraction and Purification of CCT

The extraction and purification of CCT from saffron were performed as reported in our previous research, but with slight modifications (32). Ultrasonic technology was applied in the extraction of CCT and 65% ethanol was used as the extracting solvent. The optimal extraction parameters were as follows: extraction temperature was 50°C, a 1:14 raw material to liquid ratio and ultrasonic power of 100 W. Extraction was performed 3 times for 1 h each. The D101 macroporous resin was used in extract purification and the purification parameters were as follows: eluents were water, 25% ethanol and 60% ethanol, elution volume of 8-bed volumes. The water and 25% ethanol eluent were discarded, while the 60% ethanol eluent was collected. NaOH solution (2 M) was used to adjust the pH of the solution to about 12, and the mixture was allowed to stand at room temperature for 12 h. H2SO4 solution (1 M) was used to adjust the pH to about 2, and the mixture precipitated overnight at 4°C. The sediment, which was a crude extract of CCT was collected by centrifugation. The crude extract was washed twice using methanol and 0.5% H2SO4 and washed twice with double-distilled water. Finally, the purified CCT was obtained by centrifugation and dried overnight in a vacuum oven at 60°C. The purity and structure of CCT were elucidated using HPLC (Figures 2A,B), 1H-NMR (Figure 2C) (600 MHz) and (-) ESI-MS/MS (Figure 2D) as shown in Figure 2.
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FIGURE 2. The purity and structure analysis of CCT. (A) HPLC chromatogram of CCT reference substance. (B) HPLC chromatogram of CCT. (C) 1H-NMR of CCT. (D) (-) ESI-MS/MS of CCT.




Animal Treatment and Sample Collection

After 7 days of adaptive feeding, mice were randomly assigned to seven groups (n = 10 in each group) as follows: (1) Mice in the control group (control) were fed normal chow diets and given 0.5% sodium carboxyl methyl cellulose (CMC-Na) daily by oral gavage; (2) The high-fat diet group (HFD) mice were fed with HFD and given 0.5% CMC-Na daily by oral gavage; (3) The biphenyldimethylesterate group (DDB) mice were fed with HFD and given 200 mg/kg of biphenyldimethylesterate daily by oral gavage; (4) The Essentiale N group (Essential N) mice were fed with HFD and given 200 mg/kg of Essentiale N daily by oral gavage; (5) The Low-dose CCT group (CCT-L) mice were fed with HFD and given 10 mg/kg of CCT daily by oral gavage; (6) The Medium-dose CCT group (CCT-M) mice were fed with HFD and given 30 mg/kg of CCT daily by oral gavage; (7) The High-dose CCT group (CCT-H) mice were fed with HFD and given 50 mg/kg of CCT daily by oral gavage. DDB and Essential N, two drugs previously shown to be effective in the treatment of NAFLD and liver injury, were used as positive controls during the validation experiment (33–35).

The body weight was recorded and blood samples were collected from the mice orbit after an overnight fast at 2, 4, 6, and 10 weeks. All blood samples were centrifuged (Thermo, American) at 3,500 rpm for 15 min and the supernatant was collected and stored at −80°C for further analysis. Mice were isolated into single cages for 4 h for collection of feces 10 weeks after the last gavage dose. The mice were sacrificed to collect the liver tissues. The liver weight was measured and the liver index calculated using the following formula: liver index = liver weight/body weight ×100% (g/g). Each of the liver samples was divided in two; one portion was frozen and stored at −80°C for further analysis and the other portion was fixed in 10% neutralized formalin for subsequent paraffin embedding and histological analysis.



Biochemistry Analysis

Fasting serum AST, ALT, TC, TG, BUN, CR, and UA were analyzed using an automatic biochemical analyzer (model 7600; Hitachi Ltd., Japan). Feces and liver samples were placed in normal saline and homogenized using a tissue homogenizer (Scientz-48, Ningbo, China) for 60 s at 60 Hz. The supernatants were obtained by centrifugation for TC and TG analysis. MDA, CAT, and SOD in serum and homogenized liver tissue were analyzed using commercial assay kits according to the manufacturer's instructions.



Histological Analysis

Haematoxylin and eosin staining (H&E) and Oil Red O staining were used to evaluate liver histopathology. Briefly, liver specimens fixed in 10% neutral formalin were embedded in paraffin, sliced at 5 μm thickness, and stained with haematoxylin and eosin. The NAFLD activity score (NAS) ranged from 0 to 8 was used to evaluate histological liver damage. More specifically, NAS includes three histological scores as follows: steatosis (0–3), lobular inflammation (0–3), and ballooning degeneration (0–2) (36). Hepatic lipid accumulation was determined using Oil Red O staining. The images were captured using an inverted optical microscope (Olympus IX81, Japan, magnification, ×200). Isopropyl alcohol was used to elute Oil red O stain and quantification was performed at 535 nm to determine the degree of lipid deposition. Data were expressed as the fold change to control.



Inflammation Biochemical Assays

The levels of TNF-α, IL-1β, and IL-6 in the liver of each group were analyzed using commercial enzyme-linked immunosorbent assay (ELISA) kits according to the manufactures' instructions. The standard curve was used to calculate the concentration.

Enzyme-linked Immunosorbent Assay of Nrf2 and HO-1Nrf2 and HO-1 were determined by an enzyme-linked immunosorbent assay as described below. Part of the liver was first taken for total protein extraction by RIPA lysis buffer and the total protein concentration was determined by BCA protein determination kit. Nuclear extracts were isolated with a Nuclear and Cytoplasmic Protein Extraction kit and further used for the determination of Nrf2 and HO-1 by using commercial kits according to the manufactures' instructions. The standard curve was used to calculate the concentration.



Statistical Analysis

All data in this study were presented as means ± SEM and analyzed using SPSS 17.0 statistical software. One-way ANOVA was used to statistically analyze the data. P < 0.05 was considered to be statistically significant (37).




RESULTS


Bioactive Ingredients of Saffron

A total of 70 bioactive ingredients were retrieved from TCMSP, TCM @taiwan, and TCMID databases. However, according to the screening criteria of OB (≥30%) and DL (≥0.18), 5 bioactive ingredients were identified, including quercetin, kaempferol, isorhamnetin, CCT, and n-heptanal. Besides, another four bioactive ingredients were identified from the literature and included in the final results for subsequent analysis and included, crocin I, crocin II, safranal, and picrocrocin (27–30). Detailed information on the bioactive ingredients is listed in Table 1. n-heptanal was not included in the follow-up analysis because of its unclear structure and chemical abstracts service (CAS) number.


Table 1. The detailed information and parameters of nine bioactive ingredients of saffron.
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NAFLD-Related and Bioactive Ingredients of Saffron Targets

A total of 167 corresponding targets of the bioactive ingredients of saffron were extracted from TCMSP. However, two similar bioactive ingredients were identified as having similar targets in the SwissTargetPrediction database, so the number of targets extracted in the SwissTargetPrediction database was up to 800. A total of 485 targets of the bioactive ingredients of saffron were identified after merging and removing the duplicates using two databases. A total of 1,058 NAFLD-related targets with a cut-off value larger than 20 were obtained from the DisGeNet database, while 1,017 targets were obtained from the Genecards database. Finally, a total of 1,654 NAFLD-related targets were identified after merging and removing the duplicate records from the two databases. After the manual screening, the common targets of the bioactive ingredients of saffron and NAFLD-related were limited to 206 as shown in Figure 3A. More detailed information of 206 common targets was listed in Supplementary Table 1. Thereafter, the bioactive ingredients targets-NAFLD-related targets network was constructed as shown in Figure 3B. The bioactive ingredients of saffron were found to interfere with multiple therapeutic targets related to NAFLD. The number of NAFLD-related targets associated with quercetin, kaempferol, safranal, crocin I, crocin II, and CCT was 106, 63, 49, 41, 39, and 38, respectively, while the total number of NAFLD-related targets associated with crocin I, crocin II and CCT was 118. These findings indicated that CCT and its glucosyl ester derivatives (crocin I and crocin II) play an important role in the treatment of NAFLD.


[image: Figure 3]
FIGURE 3. (A) Venn diagram of the targets of Saffron in NAFLD. (B) A network of bioactive ingredients and NAFLD-related targets. The red node represent saffron and the eight yellow nodes represent the bioactive ingredients in saffron; the green nodes represent common targets of the bioactive ingredients of saffron and NAFLD-related. The edges denote that nodes can interact with each other.




GO and KEGG Enrichment Analysis

The GO enrichment analysis of 206 common targets was shown in Figure 4A. The key biological processes implicated in the treatment of NAFLD, included reactive oxygen species, metabolic process, response to molecules of bacterial origin, cellular response to chemical stress, response to lipopolysaccharide, response to an antibiotic, response to a steroid hormone, etc. In terms of cellular components, they were involved in membrane raft, membrane microdomain, membrane region, vesicle lumen, secretory granule lumen, and cytoplasmic vesicle lumen, etc. Additionally, nuclear receptor activity, ligand-activated transcription factor activity, steroid hormone receptor activity, heme binding, phosphatase binding, and protein phosphatase binding were associated with the molecular functions in the treatment of NAFLD. Figure 4B was a simplified bubble chart showing KEGG enrichment, which showed that the underlying mechanism of NAFLD mainly involved diabetes-related pathways, apoptosis, oxidative stress, and inflammatory pathways. For clearer presentation, the specific position and function of common targets are colored red in the signaling pathway in Figure 4C and the specific targets in signaling pathways were listed in Supplementary Table 2.


[image: Figure 4]
FIGURE 4. GO and KEGG enrichment analysis. (A) GO enrichment analysis of the 206 common targets associated with NAFLD. The X -axis represents significant enrichment in the counts of these terms; The Y-axis showing the categories of biological process (BP), cellular component (CC), and molecular function (MF) in the GO of the target genes (P < 0.05). (B) KEGG enrichment analysis. The X-axis showing the counts of the target symbols in each pathway; the Y-axis showing the main pathways (P < 0.05). (C) The specific position and function of common targets in in signaling pathways. The red region represents the specific position of these common targets in the pathways.




PPT Network of Common Targets

The PPI network was constructed based on the NAFLD-related and bioactive ingredients of saffron targets. As shown in Figure 5A, the PPI network contained 184 nodes and 1,594 edges. The light blue edges and lavender edges represent the known interactions from curated databases and experimentally determined, respectively. The green edges, red edges, and dark blue edges represent predicted interactions with the gene neighborhood, gene fusions, and gene co-occurrence, respectively. The yellow edges, black edges, and light blue edges represent predicted interactions from textmining, co-expresson, and protein homology, respectively. Figure 5B showed that the top 10 core targets were AKT1, MAPK1, STAT3, PIK3CA, PIK3R1, RELA, TNF, APP, JUN, and HSP90AA1. Details of the PPI network are shown in Supplementary Table 3.


[image: Figure 5]
FIGURE 5. (A) Protein-protein interaction network. (B) The bar plot of the protein-protein interaction network. The X-axis represents the number of neighboring proteins of the target protein. The Y-axis represents the target protein.




Effects of CCT on Body Weight, Liver Weight, and Liver Index

Compared with the control group, the body weight gain of the HDF group significantly increased at week 10. CCT was found to cause a reduction in body weight gain induced by HFD. In HFD mice, the liver weight was significantly increased. Except for the Essentiale N group, the liver index in all treatment groups significantly decreased compared with the HDF group (Figures 6A,B). The liver of the HDF group was canary yellow and its surface had a distinct white dot shape representing hepatic steatosis. In contrast, the liver of the DDB group, CCT-M group, and CCT-H group was significantly improved as shown in Figure 6C.


[image: Figure 6]
FIGURE 6. (A) Body weight and liver weight. (B) Liver index. (C) Liver photographs. ##P < 0.01 vs. Control group; *P < 0.05, **P < 0.01 vs. HFD group.




Effects of CCT on Lipid, Liver, and Renal Function Biomarkers

As shown in Figure 7, the levels of serum and liver TC and TG were significantly increased in the HFD group, while were significantly decreased in all treatment groups compared with the HDF group (Figures 7A,B). The levels of fecal TC and TG were significantly increased in three dose groups of CCT compared with the HDF group (Figure 7C). These findings indicated that CCT can increase lipid excretion to alleviate lipid accumulation caused by NAFLD. The activities of ALT and AST, two markers of liver function, were also significantly increased in the HDF group compared with the control group. The effect of CCT in reducing ALT and AST activities was observed after treatment, and also in the DBB and Essential N groups (Figure 7G). For renal function, the serum levels of BUN, CR, and UA were significantly increased in the HDF group compared with the control group. However, a significant decrease was observed in three dose groups of CCT compared with the HDF group (Figures 7D–F).


[image: Figure 7]
FIGURE 7. Effects of CCT on lipid, liver and renal function biomarkers. (A) Effects of CCT on serum TC and TG. (B) Effects of CCT on liver TC and TG. (C) Effects of CCT on fecal TC and TG. (D) Effects of CCT on BUN. (E) Effects of CCT on CR. (F) Effects of CCT on UA. (G) Effects of CCT on serum AST and ALT. ##P < 0.01 vs. Control group; **P < 0.01 vs. HFD group.




Effects of CCT on Biomarkers of Oxidative Stress

As shown in Figure 8, the serum and liver tissue MDA levels were significantly increased in the HDF group compared with the control group, and there was a significant decrease in the three-dose groups of CCT and DDB group compared with the HDF group (Figure 8A). Similar trends were observed in the activities of SOD and CAT indicating that CCT can alleviate oxidative stress induced by NAFLD (Figures 8B,C).


[image: Figure 8]
FIGURE 8. Effects of CCT on oxidative stress biomarkers. (A) Effects of CCT on serum MDA and liver TG. (B) Effects of CCT on serum SOD and liver SOD. (C) Effects of CCT on serum CAT and liver CAT.##P < 0.01 vs. Control group; *P < 0.05, **P < 0.01 vs. HFD group.




Effects of CCT on Biomarkers of Inflammation

To determine whether CCT could inhibit inflammation in an HFD-induced NAFLD-mouse model, the levels of TNF-α, IL-1β, and IL-6 were measured in the liver tissue. As shown in Figure 9, TNF-α, IL-1β, and IL-6 levels were significantly increased in the HDF group compared with the control group, but significantly decreased in CCT groups, the DDB group and Essential N group.


[image: Figure 9]
FIGURE 9. Effects of CCT on inflammation biomarkers. (A) Effects of CCT on TNF-α. (B) Effects of CCT on IL-1β. (C) Effects of CCT on IL-6. ##P < 0.01 vs. Control group; **P < 0.01 vs. HFD group.




Effects of CCT on Liver Histopathology

In the present study, 10 photomicrographs of HE-staining were selected for use in calculating the NAS score at a magnification of ×200. The NAS score in the HFD group was significantly increased compared with the control group and decreased after CCT treatment. This indicated that CCT significantly attenuated inflammation, steatosis, and ballooning (Figures 10A,B). Besides, Oil Red O staining (Figures 10C,D) showed increased accumulation of lipid droplets in the liver of the HFD group, however, CCT treatment led to a significant decrease in the lipid droplets in the liver.


[image: Figure 10]
FIGURE 10. Effects of CCT on liver histopathology. (A) Representative photomicrographs of HE staining (×200). The blue arrow represents steatosis, the green arrow represents lobular inflammation, the black arrow represents ballooning degeneration. (B) The NAS scores. (C) Representative photomicrographs of Oil Red O staining (×200). (D) The OD of Oil Red O staining(fold change). ##P < 0.01 vs. Control group; *P < 0.05, **P < 0.01 vs. HFD group.




Effects of CCT on Nrf2 and HO-1

As shown in Figure 11, the expression of Nrf2 and HO-1 significantly decreased in the HDF group compared with the control group. After CCT treatment, the expression of Nrf2 and HO-1 significantly increased in all the groups, except for the DDB group compared with the HDF group.


[image: Figure 11]
FIGURE 11. Effects of CCT on Nrf2 and HO-1. (A) Effects of CCT on Nrf2. (B) Effects of CCT on HO-1. ##P < 0.01 vs. Control group; *P < 0.05, **P < 0.01 vs. HFD group.





DISCUSSION

Network pharmacology is a newly developing interdisciplinary science based on biology, chemical informatics, and bioinformatics, and is also an effective tool used to explore bioactive ingredients from complex components (38). In recent years, network pharmacology has been widely used in traditional Chinese medicine to investigate the potential therapeutic targets and pharmacological mechanisms in different diseases, however, very few studies have used network pharmacology to study the pharmacological effects of saffron. Consistent with our results, a comparative study of the anti-thrombotic effects of saffron and carthami flos based on network pharmacology indicated that CCT was the key bioactive ingredient of saffron (39). Two other studies on systems pharmacology of saffron emphasized the importance of CCT (40, 41). CCT has various biological activities such as anti-tumor, neuroprotective, cardioprotective, hepatoprotective, antidepressant, and improves asthma, Alzheimer's, and diabetes mellitus, etc. (42). In studies of liver diseases, CCT showed comparative beneficial effects on CCL4-induced and dengue virus-induced liver damage via induction of antioxidant defense (43, 44). In this study, the therapeutic targets of crocin I, crocin II, and CCT were combined, because orally administered crocins are hydrolyzed to CCT before they are incorporated into the blood circulation, and these findings have been confirmed in several pharmacokinetic studies (45–47). As noted above, CCT was reasonable to reckon to be the critical bioactive ingredient of saffron and further used in the verification experiment.

Although several decades of NAFLD research have resulted in major scientific advancements in pathogenesis and therapeutic target, effective drugs are currently under clinical development (48). The main challenge is that the efficacy of a single target is limited because the pathogenesis and progression of NAFLD involve multiple pathogenic pathways, such as insulin resistance, lipotoxicity, oxidative stress, altered immune/cytokine/mitochondrial functioning, and apoptosis (48–50). In the current study, the possible signaling pathways of saffron intervention in NAFLD were analyzed according to the results obtained from GO, KEGG, and PPI analysis. The results of GO enrichment indicated that saffron may interfere with oxidative stress and nuclear receptor activity in the treatment of NAFLD. The results of KEGG enrichment indicated multiple signaling pathways, including AGE-RAGE signaling pathway in diabetic complications, HIF−1, TNF, adipocytokine, NF-kappa B, PPAR, and other diabetes-related signaling pathways involved in the treatment of NAFLD by using saffron. However, the PPI analysis gave very different results, incicating that AKT1, MAPK1, STAT3, PIK3CA, PIK3R1, RELA, TNF, APP, and JUN were the top 10 core targets. In view of the inconsistent results from KEGG enrichment and PPI, it is necessary to systematically analyze the targets and signaling pathways of saffron in the treatment of NAFLD. Taking into consideration that the results of oxidative stress and nuclear receptor activity from GO enrichment, the 206 common targets were reevaluated, of which NFE2L2 (Nrf2) and HMOX1 (HO-1) have attracted considerable attention. Nrf2 is a tran-scription factor that regulates the expression of several anti-oxidant genes. Previous studies show that Nrf2/HO-1-antioxidant response element (ARE)-antioxidant enzyme play a central mechanistic role in the regulation of the complex antioxidant system in the human body and are key nodes in multiple signaling pathways, including PI3K/AKT/MAPK and IL-6/JAK/STAT3 (51–54). Under normal physiological condition, Kelch-like-ECH-associated protein 1 (Keap1), an Nrf2 repressor, binds to Nrf2 to form a complex and resides in the cytoplasm. However, under stimulation with oxidative and electrophilic chemical signals, Nrf2 is released from Keap1 and transferred to the nucleus, where it binds to the ARE. Here, Keap1 plays an important role in cellular responses to chemical and oxidative stress by regulating the stability and nuclear translocation of Nrf2 protein (55, 56). As one of the key target genes of nuclear Nrf2, HO-1 is a downstream antioxidant enzyme and has a broad cytoprotective effect in various diseases (57). It can be inferred from the above results that CCT may play a role in the treatment of NAFLD by co-intervening the expression of Nrf2 and HO-1. The evidences in biomedical literature in support of this hypothesis have been identified. The antioxidant effect of scutellarin on NAFLD is dependent on PI3K/AKT activation with subsequent Nrf2 nuclear translocation, which increases the expression of HO-1 (58). Resolvin D1 mitigates non-alcoholic steatohepatitis by suppressing the TLR4-MyD88-mediated NF-kappa B and MAPK pathways and activates the Nrf2 pathway in mice (59). In view of the above considerations, Nrf2 and HO-1 were identified as key target genes of the possible signaling pathway and further validated in vivo in the current study.

In the validation experiment, HDF was used to induce NAFLD mice to further ascertain whether CCT can ameliorate NAFLD. The results showed that CCT regulates the levels (activities) of TC, TG ALT, AST, and liver index. In the diagnosis of NAFLD, pathological biopsy remains the “golden standard” (60). H&E stained liver sections revealed that CCT can ameliorate hepatocyte ballooning, steatosis, and inflammation to prevent NAFLD. Lipid droplets in the liver were stained using Oil red O, and CCT decreased the lipid droplets. Recent studies have found that NAFLD not only leads to abnormal liver function but also causes extrahepatic disease, such as renal damage (61, 62). Liver steatosis alters the gut barrier function and microbial composition to accumulate toxic metabolites resulting in renal damage (63, 64). In this study, the serum levels of BUN, CR, and UA were analyzed to determine whether CCT can ameliorate renal function caused by NAFLD. The results showed that feeding mice with HFD significantly increased the levels of BUN, CR, and UA, which is consistent with previous clinical trials (65). After CCT treatment, BUN, CR, and UA significantly decreased which was associated with efficient glomerular filtration function and improved NAFLD (66). MDA, a product of lipid oxidation, is used as a marker of oxidative stress. SOD and CAT are enzymatic antioxidant systems, which play important roles in protection against the deleterious effects of hydrogen peroxide and lipid peroxidation in diseases related to oxidative stress (67, 68). In this study, a significant increase in SOD and CAT activities, accompanied by a decrease in MDA level was observed after CCT treatment. These results indicate that CCT can reduce the levels of oxidative stress in the HFD-induced NAFLD model. There is overwhelming evidence that the release of adipocytokines like TNF-α, IL-1β, and IL-6 result in hepatocytes suffering a characteristic variation in their structure developing lobular inflammation and balloon degeneration associated with different degrees of scarring or fibrosis (69). In this study, CCT was found to significantly reduce the levels of TNF-α, IL-1β, and IL-6 which exerts a beneficial effect on NAFLD. After CCT treatment, Nrf2 and HO-1 expression was significantly increased indicating that CCT may activate multiple anti-oxidative signaling pathways to protect against liver lipid peroxidation and hepatitis.



CONCLUSION

In conclusion, this study explored, for the first time, the bioactive ingredients of saffron and their therapeutic targets in NAFLD using network pharmacology and animal experiments. CCT was identified as the bioactive compound that ameliorates HFD-induced NAFLD by decreasing level of antioxidants and proinflammatory factors. This study provides a scientific basis for further analysis of the clinical application of CCT in NAFLD.
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Background: Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease where liver biopsy remains the gold standard for diagnosis. Here we aimed to evaluate the role of circulating adiponectin, leptin, and insulin-like growth factor 1 (IGF-1) levels as non-invasive NAFLD biomarkers and assess their correlation with the metabolome.

Materials and Methods: Leptin, adiponectin, and IGF-1 serum levels were measured by ELISA in two independent cohorts of biopsy-proven obese NAFLD patients and healthy-liver controls (discovery: 38 NAFLD, 13 controls; validation: 194 NAFLD, 31 controls) and correlated with clinical data, histology, genetic parameters, and serum metabolomics.

Results: In both cohorts, leptin increased in NAFLD vs. controls (discovery: AUROC 0.88; validation: AUROC 0.83; p < 0.0001). The leptin levels were similar between obese and non-obese healthy controls, suggesting that obesity is not a confounding factor. In the discovery cohort, adiponectin was lower in non-alcoholic steatohepatitis (NASH) vs. non-alcoholic fatty liver (AUROC 0.87; p < 0.0001). For the validation cohort, significance was attained for homozygous for PNPLA3 allele c.444C (AUROC 0.63; p < 0.05). Combining adiponectin with specific serum lipids improved the assay performance (AUROC 0.80; p < 0.0001). For the validation cohort, IGF-1 was lower with advanced fibrosis (AUROC 0.67, p < 0.05), but combination with international normalized ratio (INR) and ferritin increased the assay performance (AUROC 0.81; p < 0.01).

Conclusion: Serum leptin discriminates NAFLD, and adiponectin combined with specific lipids stratifies NASH. IGF-1, INR, and ferritin distinguish advanced fibrosis.

Keywords: adiponectin, circulating biomarkers, fibrosis, IGF-1, leptin, lipid metabolism, NAFLD


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is one of the most prevalent chronic liver conditions and an important risk factor for liver cirrhosis and hepatocellular carcinoma. The NAFLD spectrum varies from simple fat accumulation to non-alcoholic steatohepatitis (NASH), characterized by hepatocellular injury, inflammation, and, eventually, fibrosis (1). In fact, the increasing prevalence of NAFLD parallels that of obesity and is accompanied by rising liver-related morbidity and mortality and, consequently, increased socio-economic burden (2). Clinical practice guidelines recommend NAFLD screening in individuals with metabolic risk factors, such as obesity, type 2 diabetes, and hypertension (metabolic syndrome) (3, 4). Most NAFLD patients are clinically asymptomatic, and when present, the symptoms are unspecific and associated with advanced disease. Furthermore, liver function tests may be within normal range or only slightly increased. Thus, panels composed by anthropometric and blood biochemistry data have been proposed to assess hepatic steatosis (fatty liver index, hepatic steatotic index, NAFLD liver fat score, SteatoTest), although with modest performance compared with imaging biomarkers. In turn, imaging techniques [ultrasonography, magnetic resonance imaging (MRI)] are not fully conclusive at identifying liver inflammation and hepatocyte injury typical of NASH or distinguishing NASH from fatty liver (3, 4). Indeed differential diagnosis between non-alcoholic fatty liver (NAFL) and NASH is an important indicator of increased risk of cirrhosis and other hepatic co-morbidities, although the stage of fibrosis is increasingly recognized as the most relevant NASH prognostic marker (5).

Caspase-3-generated cytokeratin-18 is the most studied biomarker for NASH diagnosis but has limited sensitivity for NASH stage screening (6); hence, other putative biomarkers (inflammatory markers, adipokines, and others) are emerging (7). In parallel, biomarker panels combining several blood parameters are being proposed for fibrosis staging, such as aspartate aminotransferase (AST) to alanine aminotransferase (ALT) ratio, AST/platelet ratio index (APRI), fibrosis-4 index (Fib-4), or FibroTest, but accuracy has been limited as they mostly rely on liver injury markers (8). To date, liver biopsy is the gold-standard method to accurately discriminate NAFL from NASH, to evaluate the extent of tissue damage and fibrosis, and to rule out other etiologies. However, this is an expensive and invasive procedure with potential for serious complications (9). Moreover, liver biopsy lacks the ability to provide a complete 3D liver overview and is limited by sampling variability. Hence, identification and validation of simple, specific, reproducible, and non-invasive biomarkers that accurately diagnose and monitor NAFLD patients constitute an urgent unmet medical need. NAFLD is generally regarded as a hepatic manifestation of metabolic syndrome (10). Although not yet fully understood, the disease pathogenesis involves disturbances in adipose tissue, insulin resistance, and inflammation (11). Thus, adipokines' and related cytokines' role in NAFLD pathogenesis and severity has been equated (12), and their potential as non-invasive biomarkers of diagnosis and staging deserves further investigation. Moreover, lipid and metabolite signatures in plasma and in liver tissue associated with NAFLD and/or fibrosis (13–15) may further support non-invasive NAFLD diagnosis (16).

We hypothesize that serum adipokines—leptin and adiponectin—and liver-produced insulin-like growth factor 1 (IGF-1) are useful circulating biomarkers for NAFLD diagnosis and stratification. We assessed their potential as non-invasive biomarkers in the discovery and validation cohorts of biopsy-proven NAFLD patients and evaluated their impact on the metabolome.



MATERIALS AND METHODS


Patient Cohorts

Human serum samples were collected from two independent cohorts of morbidly obese adult patients with biopsy-proven diagnosis of NAFLD, who were undergoing bariatric surgery [body mass index (BMI) ≥35 kg/m2], and healthy-liver individuals (17) (BMI <35 kg/m2) from Santa Maria Hospital (Lisbon, Portugal; discovery cohort) and Donostia University Hospital (San Sebastian, Spain; validation cohort). Up to 20% of the patients were taking statins. The patient inclusion criteria consisted in liver biopsy-proven NAFLD diagnosis and BMI ≥35 kg/m2. The exclusion criteria included alcohol consumption ≥20 (females) or ≥30 g/day (males), viral hepatitis B and C, and other causes of chronic liver disease. The liver biopsies were obtained during bariatric surgery, under standard procedures. Fibrosis was assessed from a distance >0.5 cm from the liver capsule. Blood and tissue samples were collected at a maximum of 1-week interval, while liver imaging was performed within 24 h of surgery. Sample collection was performed after receipt of the patient's informed consent and the Institutional Review Board's approval, in accordance with the Declaration of Helsinki. For histology purposes, formalin-fixed paraffin-embedded tissue sections were routinely stained with hematoxylin–eosin method and with Masson's trichrome for fibrosis evaluation. Histological evaluation was performed by experienced pathologists in a blinded fashion following agreement on the histological features of NAFLD/NASH assessment and NASH diagnosis. NAFLD activity score (NAS 0–8) and fibrosis stage (F0–4) were assigned to each biopsy according to the NASH Clinical Research Network histological scoring system (18). Fibrosis extent was dichotomized as early (F0–2) and advanced (F3–4) fibrosis. Where possible, fibrosis scores APRI (19), Fib-4 (20), and NAFLD fibrosis score (NFS) (21) were calculated. Individuals were classified as healthy non-obese controls (BMI <35 kg/m2), healthy obese controls [BMI ≥35 kg/m2, maximum NAS = 1 (if steatosis = 0) and maximum fibrosis score = 1], NAFL (NAS ≤ 4), or NASH (NAS ≥5). Liver biopsies were obtained from healthy non-obese individuals that were referred for hepatic surgery without an underlying liver disease (17).

The discovery cohort (n = 51) included three groups: healthy non-obese controls (n = 13), NAFL (n = 26), and NASH patients (n = 12). Routine biochemical parameters were available; however, detailed histological data was not fully disclosed.

The validation cohort (n = 225) encompassed four groups: healthy non-obese controls (n = 20), healthy obese controls (n = 11), NAFL (n = 100), and NASH patients (n = 94). Routine biochemical parameters were available, and detailed histological data is described in Supplementary Table 1. Information on co-morbidities (arterial hypertension, diabetes, dyslipidemia, and cholelithiasis), genetic polymorphisms [PNPLA3 rs738409 (c.444C>G, p.I148M), MBOAT7 rs641738 (c.50G>A, p.G17E), and TM6SF2 rs58542926 (c.449C>T, p.E167K)], liver hepatic triglyceride (TG) content evaluation by Folch method (17) (n = 140), and imaging assessment of liver steatosis (MRI; n = 122) were also available.



Serum Hormones and Data Analysis

The serum levels of leptin, adiponectin, and IGF-1 were measured in single determination using specific enzyme-linked immunosorbent assay kits according to the manufacturer's instructions (Mediagnost GmbH, Reutlingen, Germany) and correlated with NAFLD activity score, fibrosis stage, biochemical parameters, genotypes, imaging data, and co-morbidities. Data analysis was first performed in the discovery cohort and then expanded to the validation cohort. The normality of values distribution was tested with Kolmogorov–Smirnov (n ≥ 50) or Shapiro–Wilk (n < 50) tests. According to the normality of values distribution, one-way ANOVA or Kruskal–Wallis test followed by Bonferroni or Dunn's multiple-comparison test were used to determine differences between sample groups according to NAS score, steatosis, lobular inflammation and ballooning stages, and genotypes. Differences according to fibrosis dichotomy and presence of co-morbidities were determined with unpaired t-test or Mann–Whitney U-test. To correlate hormone serum levels and biochemical parameters or imaging data, Pearson or Spearman correlation coefficient and linear regression analysis were applied. Uniparameter receiver operating characteristic (ROC) curve analysis tested the hormones' discriminatory power. Cutoff values were retrieved from Youden index. Variables presenting an area under the ROC curve (AUROC) value superior to 0.60 and p < 0.05 were selected for binomial logistic regression analysis. Multi-parameter ROC curves were established for relevant parameter combinations, where an AUROC value >0.80 was considered a very good assay performance. Associated sensitivity, specificity, and positive predictive value (PPV) and negative predictive value (NPV) were estimated. A p-value <0.05 was considered significant. All statistical analysis were performed using GraphPad Prism, version 8.0.2 (La Jolla, California, USA) and IBM SPSS Statistics, version 26 (Armonk, New York, USA).



Metabolomic Analysis

Serum samples from 198 patients in the validation cohort were randomly selected for metabolomic analysis by liquid chromatography–time of flight–mass spectrometry. Two separate liquid chromatography–time of flight–mass spectrometry-based platforms were used: platform 1 to analyze methanol lipid extracts [including fatty acids (FA), acyl carnitines, bile acids, lysoglycerophospholipids, N-acyl ethanolamines, and oxidized FA] and platform 2 for methanol/chloroform lipid extracts (including glycerolipids, cholesterol esters, sphingolipids, and glycerophospholipids) (22). Quality control calibration and validation samples were used to assess data quality. The spectra were mass-corrected by reference to leucine enkephalin. System control and data pre-processing were performed using Masslynx 4.1 software and TargetLynx application manager (Waters Corp., Milford, USA). Peak detection, noise reduction, and data normalization were performed as previously described (23). For univariate analyses, the samples were grouped according to the median serum level of each hormone (leptin = 39.61 ng/ml; adiponectin = 4.84 μg/ml; IGF-1 = 103.65 ng/ml). Log2 fold change for metabolite levels between higher than median vs. lower than median hormone level groups was determined and compared using unpaired Student's t-test (p < 0.05) using R v.3.4.1 (R Development Core Team, 2017; http://cran.r-project.org). A p-value <0.05 was considered significant.




RESULTS


Clinical and Biochemical Features of Patient Cohorts

In both cohorts, the NAFL and NASH patients were similar with respecting to age, gender, BMI, gamma-glutamyl transferase (GGT), serum glucose, triglycerides, and cholesterol [total, high-density lipoprotein (HDL) or low-density lipoprotein (LDL)] concentrations (Tables 1, 2). While in the discovery cohort the NAFL and NASH patients had similar circulating AST and ALT, in the validation cohort these liver injury markers and liver fat content evaluated by magnetic resonance imaging and Folch method were increased in NASH vs. NAFL (p < 0.05). The prevalence of co-morbidities was similar between NAFL and NASH patients, except for dyslipidemia (higher in NASH vs. NAFL; p < 0.05). PNPLA3 risk allele c.444G frequency vs. wild-type allele was lower in both controls (12.5 vs. 87.5%) and NAFLD (23.7 vs. 76.3%), consistent with previous reports (24). Similarly to previous literature (25), in NAFLD patients, TM6SF2 risk allele c.499T showed a frequency of 5.7%, while MBOAT7 risk allele c.50>A presented a frequency of 45.7%.


Table 1. Patient demographic and clinical and laboratory data for the discovery cohort.
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Table 2. Patient demographic, clinical and laboratory data for validation cohort.
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Leptin Predicts NAFLD and Correlates With Serum Content

The impact of BMI on leptin and its influence on liver fibrosis remain controversial (26). We observed lower leptin levels in men than in women (discovery cohort: 20.63 ± 3.57 vs. 40.63 ± 4.00 ng/ml, p < 0.01; validation cohort: 25.8 ± 2.03 vs. 49.55 ± 1.99 ng/ml, p < 0.0001) as reported before (27). In the discovery cohort, serum leptin was higher in NAFL (31.43 ± 3.59 ng/ml, p < 0.01) and NASH (37.62 ± 5.12 ng/ml, p < 0.001) vs. in non-obese controls (8.92 ± 2.88 ng/ml), showing a good performance when distinguishing non-obese controls from NAFLD patients, with AUROC = 0.88 (95% CI, 0.77–0.98; p < 0.0001) and an overall accuracy of 0.81 (95% CI, 0.68–0.91), considering 25% disease prevalence (Figure 1A). By applying a leptin cutoff value >9.33 ng/ml for NAFLD inclusion, the assay sensitivity and specificity were 94 and 77%, respectively, and the NPV for ruling out NAFLD diagnosis was 98% (Figure 1A). No correlations were found between serum leptin and BMI or any biochemical parameter.
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FIGURE 1. Leptin serum levels allow to distinguish NAFLD. (A) In the discovery cohort, leptin levels were significantly higher in NAFL and NASH patients compared with non-obese, healthy-liver controls, presenting an AUROC value of 0.88 when distinguishing controls (n = 13) from NAFLD patients (n = 36), with very high general accuracy and NPV. (B) In the validation cohort, the leptin levels did not show differences among healthy controls, non-obese or obese, and confirmed increased levels in NAFL and NASH. Leptin presented good performance assay results when distinguishing healthy controls (n = 31) from NAFLD (n = 194), with an AUROC value of 0.83 and overall accuracy of 0.60 when applied the cutoff value of >9.33 ng/ml leptin for NAFLD diagnosis established in the discovery cohort. (C) Main correlations found between leptin and other parameters in the validation cohort: BMI values (n = 199), hepatic TG evaluated by Folch method (n = 140; mg TG/g liver tissue), glucose (n = 198), HDL (n = 167), platelets (n = 172), and total bilirubin (n = 171). (D) Leptin levels increased with steatosis severity in the validation cohort. The x-axis represents the histological grade of steatosis, ranging from 0 to 3. There was a significant difference between grade 0 vs. 3 (n = 28, grade 0; n = 80, grade 1; n = 49, grade 2; n = 48, grade 3). Leptin levels depicted as mean ± SEM. BMI, body mass index; CI, confidence interval; HDL, high-density lipoprotein; NAFL, non-alcoholic fatty liver; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NPV, negative predictive value; PPV, positive predictive value. *p < 0.05; ***p < 0.001; ****p < 0.0001.


In the validation cohort, leptin was higher again in NAFL (39.74 ± 2.25 ng/ml) and NASH (43.72 ± 2.70 ng/ml) vs. non-obese controls (6.21 ± 0.97 ng/ml; p < 0.0001) (Figure 1B). Although a positive correlation was found between serum leptin levels and BMI (p < 0.0001) (Figure 1C), no significant differences were evident between non-obese and obese controls (26.52 ± 5.82 ng/ml), suggesting that obesity might not be a confounding factor (Figure 1B). Serum leptin showed a good performance again when distinguishing controls (both non-obese and obese) from NAFLD patients (both NAFL and NASH), with AUROC = 0.83 (95%, CI 0.74–0.91; p < 0.0001). Considering 25% disease prevalence and by applying the cutoff value >9.33 ng/ml for NAFLD inclusion determined in the discovery cohort, an overall accuracy of 0.60 (95% CI, 0.53–0.67) was achieved, with sensitivity of 95% and specificity of 48% (Figure 1B). Serum leptin positively correlated with hepatic TG content (p < 0.05), HDL (p < 0.01), platelets (p < 0.01), and total bilirubin (p < 0.01) (Figure 1C). Curiously, diabetic NAFLD patients had significantly lower leptin compared with those who were non-diabetic (34.90 ± 2.87 vs. 45.39 ± 2.17 ng/ml; p < 0.01; Supplementary Figure 1), supported by the negative correlation between leptin and fasting glucose (p < 0.05; Figure 1C). Leptin was increased in patients with severe liver steatosis (stage 0 vs. 3, p < 0.05) (Figure 1D) and tended to increase with lobular inflammation and hepatic ballooning, while no significant differences were found with other co-morbidities, fibrosis stage, or NAFLD-associated polymorphisms (Supplementary Figure 1).

Given leptin's association with hepatic fat accumulation, its impact on the serum metabolic signatures of NAFLD patients was further evaluated. Levels of circulating lipids and other metabolites in NAFLD patients were compared between high/low levels of circulating leptin. Higher serum leptin was associated with a general increase in serum lipids, namely, FA (p < 0.05), monounsaturated FA (p < 0.05), and FA containing palmitoleic acid (16:1; p < 0.01) and linolenic acid (18:3; p < 0.001), while diglycerides (DG) and TG were decreased (for TG, p < 0.05) (Figure 2). Other lipid classes such as phosphatidylcholines (PC), lysophosphatiylcholines, phosphatidylinositols (p < 0.05), lysophosphatidylinositols, phosphatidylethanolamines (PE), lysophosphatidylethanolamines (LPE), or sphingomyelin (SM; p < 0.01) were increased in the serum of NAFLD patients with high circulating leptin levels (Figure 2).
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FIGURE 2. Serum lipidomic signatures associated with higher circulating levels of leptin (dark gray) and adiponectin (light gray). Data presented as log2 of the lipid level fold change between patients with hormone levels higher than the median vs. lower than the median. Leptin median level = 39.61 ng/ml; higher, n = 99; lower, n = 99. Adiponectin median level = 4.84 μg/ml; higher, n = 95; lower, n = 99. Cer, ceramide; ChoE, cholesteryl ester; DG, diglyceride; FA, fatty acid; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; LPI, lysophosphatidylinositols; MUFA, monounsaturated FA; PC, phosphatidylcholines; PE, phosphatidylethanolamines; PI, phosphatidylinositols; PUFA, polyunsaturated FA; SFA, saturated FA; SM, sphingomyelins; ST, steroids; TG, triglycerides; 16:0, palmitic acid; 18:3, linolenic acid; 20:4, arachidonic acid; 22:6n-3, docosahexaenoic acid (DHA). *p < 0.05; **p < 0.01; ***p < 0.001.


Overall, serum leptin predicts NAFLD, correlates with serum lipid changes, and is a potentially valuable tool for NAFLD diagnosis.



Adiponectin and Specific Lipid Species Distinguish NASH

In the discovery cohort, adiponectin was similar among men and women (6.55 ± 0.98 vs. 7.79 ± 1.04 μg/ml) and significantly lower in NASH vs. NAFL (non-obese controls: 8.51 ± 1.94 μg/ml; NAFL: 9.23 ± 0.85 μg/ml; NASH: 4.45 ± 0.58 μg/ml; p < 0.01) (Figure 3A). Serum adiponectin showed a good assay performance when distinguishing NAFL vs. NASH (AUROC = 0.87; 95% CI, 0.77–0.99; p < 0.0001). This allowed us to establish a cutoff value <7.32 μg/ml for diagnosing NASH, with an overall accuracy of 77%, sensitivity of 100%, and NPV (Figure 3A). Additionally, the adiponectin serum levels negatively correlated with the serum markers of liver injury ALT (Spearman r = −0.46, p < 0.01) and GGT (Spearman r = −0.42, p < 0.05).
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FIGURE 3. Adiponectin serum levels differentiate NAFL and NASH, but PNPLA3 genotype may be a confounding factor. (A) In the discovery cohort, the adiponectin serum levels were significantly lower in NASH when compared to NAFL, presenting an AUROC value of 0.87 and very high sensitivity and NPV (non-obese control, n = 8; NAFL, n = 19; NASH, n = 12). (B) In the validation cohort, adiponectin distinguishes NAFL from NASH only within PNPLA3 CC allele carriers, with an AUROC value superior to 0.6 obese controls, n = 7; NAFL, n = 59, NASH, n = 47). (C) In the validation cohort, NAFLD patients with PNPLA3 GG genotype also showed increased levels of adiponectin. The x-axis represents the three possible genotypes for rs738409 polymorphism: CC allele, n = 117; CG allele, n = 55; GG allele, n = 16). (D) Correlations between adiponectin serum levels and several parameters: AST and ALT serum levels (both n = 199), HDL and LDL serum levels (both n = 167), total cholesterol levels (n = 168), and triglyceride serum levels (n = 168). (E) The adiponectin levels decreased with higher grades of steatosis. The x-axis represents the histological grade of steatosis, ranging from 0 to 3. There was a significant difference between grade 2 vs. grade 1 and vs. grade 0 (n = 28, grade 0; n = 80, grade 1; n = 49, grade 2; n = 48, grade 3). Adiponectin levels depicted as mean ± SEM. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CI, confidence interval; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NAFL, non-alcoholic fatty liver; NASH, non-alcoholic steatohepatitis. *p < 0.05; **p < 0.01; ***p < 0.001.


In the validation cohort, adiponectin was lower in men (4.4 ± 0.32 vs. 6.07 ± 0.29 μg/ml, p < 0.0001) and, although not significant, were lower in NASH (4.94 ± 0.27 μg/ml) vs. both non-obese (6.21 ± 0.97 μg/ml) and obese (6.56 ± 0.93 μg/ml) controls or NAFL (6.22 ± 0.45 μg/ml). In this cohort, serum adiponectin was only able to distinguish NAFL vs. NASH when NAFLD patients homozygous for PNPLA3 wild-type allele c.444C were considered, even though with a suboptimal performance (AUROC = 0.63; p < 0.05) (Figure 3B). By applying the previously established cutoff value of adiponectin <7.32 μg/ml for NASH diagnosis, the PPV and NPV were 49 and 71%, respectively. This AUROC value was paralleled by AST/ALT ratio and only overcome by MRI or Folch method AUROCs, however with lower specificity values (Table 3). Curiously, NAFLD patients homozygous for PNPLA3 risk allele c.444G presented significantly higher adiponectin (GG vs. CC, p < 0.05; GG vs. CG, p < 0.0001; Figure 3C). In the validation cohort, no differences were found between adiponectin and fibrosis stage and ballooning and lobular inflammation, neither for the presence/absence of co-morbidities nor for the other NAFLD risk-associated polymorphisms (Supplementary Figure 2). Adiponectin still negatively correlated with AST (p < 0.01) and ALT (p < 0.001) and positively correlated with total cholesterol (p < 0.05), HDL (p < 0.001), and LDL (p < 0.01), regardless of PNPLA3 genotype (Figure 3D). Adiponectin decreased with severity of steatosis and negatively correlated with serum TG (p < 0.05; Figures 3D,E).


Table 3. Performance of serum adiponectin in the differential diagnosis of NAFL vs. NASH in patients homozygous for the wild-type allele CC in the PNPLA3 rs738409 polymorphism.
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Although not significant, higher serum adiponectin positively correlated with serum lipid classes, except for DG, TG, and steroids (Figure 2). Both PE and PC containing arachidonic (20:4) or docosahexaenoic (DHA; 22:6n-3) acids were increased in patients with high circulating adiponectin (p < 0.05 and p < 0.01). Moreover, the serum levels of 147 metabolites were significantly different between NAFL and NASH, of which 35 were highly correlated with serum adiponectin (Supplementary Table 2). Among those, nine TG were already described as capable of distinguishing NAFL from NASH (16). Sixty-five out of the 147 metabolites presented AUROC >0.60 and were considered for binomial regression analysis. This allowed establishing a panel combining adiponectin and nine serum lipids (mainly TG, PC, and SM), reaching an AUROC value of ~0.80 and an overall accuracy of 74% in distinguishing NAFL from NASH in all patients, regardless of PNPLA3 genotype. When this panel was applied to homozygous carriers of the PNPLA3 c.444C allele, the AUROC value increased to 0.83 and the accuracy to 80% (Table 4).


Table 4. Performance of serum lipids and combination panel with serum adiponectin in the differential diagnosis of NAFL vs. NASH.
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Overall, serum adiponectin inversely correlated with liver injury markers and, when combined with nine specific lipids, distinguished NAFL from NASH patients with high accuracy.



IGF-1 Predicts Advanced Fibrosis in NAFLD

IGF-1 was higher in men in both cohorts (discovery cohort: 152.08 ± 20.78 vs. 81.04 ± 12.24 ng/ml, p < 0.01; validation cohort: 126.5 ± 6.78 vs. 103.4 ± 3.87 ng/ml, p < 0.01). In the discovery cohort, the IGF-1 levels decreased in NAFL (109.95 ± 16.55 ng/ml) and NASH (113.19 ± 17.39 ng/ml) when compared to non-obese controls (167.42 ± 17.55 ng/ml), although not significantly. In the validation cohort, there were no significant changes in IGF-1 between non-obese controls (115.75 ± 15.69 ng/ml), obese controls (105.83 ± 15.62 ng/ml), NAFL (122.30 ± 6.05 ng/ml), and NASH (103.50 ± 3.98 ng/ml), although an inverse correlation with BMI was observed (n = 199; Spearman r = −0.1647; 95% CI, 0.30-−0.02; p < 0.05) (Figures 4A,B). In agreement, in the validation cohort, there were also no significant differences in IGF-1 relating to liver steatosis, lobular inflammation, or hepatocyte ballooning severity (Supplementary Figure 3), yet IGF-1 was significantly lower in NAFLD patients with advanced fibrosis (F3–4; p < 0.05) (Figure 4C). By establishing a cutoff value of IGF-1 inferior to 98.83 ng/ml for the presence of advanced fibrosis, 70% sensitivity, 61% specificity, and 63% overall accuracy were obtained (Figure 4C and Table 5). Overall, IGF-1, as well as the pre-established biomarker fibrosis panels APRI, Fib-4, and NFS, displayed a suboptimal performance in F0–2 vs. F3–4 discrimination. However, by combining serum IGF-1, ferritin, and INR, the discriminatory power was significantly improved, resulting in AUROC value of 0.81 and overall accuracy of 93%, considering the ~10% prevalence of advanced fibrosis in this cohort (Table 5). Importantly, besides a robust NPV, this panel displayed 71% PPV value, contrasting with the low PPV values from APRI, Fib-4, and NFS. Circulating IGF-1 did not correlate with other parameters or co-morbidities (Supplementary Figure 3).
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FIGURE 4. IGF-1 serum levels correlated with liver fibrosis score. (A) In the discovery cohort, the IGF-1 serum levels were slightly lower in NASH patients compared to NAFL and non-obese contros. (B) No significant differences in IGF-1 levels were found among controls and patients with NAFLD in the validation cohort. (C) In the validation cohort, NAFLD patients with advanced fibrosis presented significantly lower levels of IGF-1. The x-axis represents fibrosis score dichotomy: none to moderate fibrosis (F0-2; n = 184) and advanced fibrosis to cirrhosis (F3-4; n = 19). IGF-1 alone presents an AUROC value of 0.67 when distinguishing F0-2 vs. F3-4. (D) Serum lipidomic signature associated with higher IGF-1 circulating levels. Data presented as log2 of the fold change between higher vs. lower than the median IGF-1 level (103.65 ng/ml). Higher, n = 97; lower, n = 97. IGF-1 levels depicted as mean ± SEM. Cer, ceramide; ChoE, cholesteryl ester; CI, confidence interval; DAPC, diacylglycerophosphocholine; DG, diglyceride; FA, fatty acid; IGF-1, insulin-like growth factor 1; LPC, lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; LPI, lysophosphatidylinositols; MAPE, monoacylglycerophosphoethanolamine; MUFA, monounsaturated FA; NAFL, non-alcoholic fatty liver; NASH, non-alcoholic steatohepatitis; NPV, negative predictive value; PPV, positive predictive value; PC, phosphatidylcholines; PE, phosphatidylethanolamines; PI, phosphatidylinositols; PUFA, polyunsaturated FA; SFA, saturated FA; SM, sphingomyelins; ST, steroids; TG, triglycerides; 20:4, arachidonic acid. *p < 0.05.



Table 5. Performance of IGF-1, alone or in a combination panel, and classical fibrosis scores in distinguishing F0-2 vs. F3-4 grades of fibrosis.
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Serum metabolomic analysis showed that higher IGF-1 was associated with an overall increase in main lipid classes, significant for LPE (p < 0.05), PC containing arachidonic acid (20:4; p < 0.05), diacylglycerophosphocholine (p < 0.05), and monoacylglycerophosphoethanolamine (p < 0.05) (Figure 4D). Moreover, 26 specific serum metabolites were able to distinguish advanced fibrosis, with several bile acids increased in advanced fibrosis, and both cholic acid and PC (17:0/18:2) positively correlated with IGF-1 (Supplementary Table 3).

IGF-1 altogether could identify advanced fibrosis, particularly in combination with INR and ferritin, and correlates with serum lipid changes associated with fibrosis.




DISCUSSION

The strong association between obesity and NAFLD, parallel with the continuous rise in the prevalence of obesity, prompts a more detailed study of the role of adipokines and other hormones as potential non-invasive biomarkers for NAFLD (1). Therefore, we measured serum leptin, adiponectin, and IGF-1 in two independent cohorts, comprising both biopsy-proven healthy-liver controls as well as obese NAFL and NASH patients. In the discovery cohort, the serum hormones were correlated with clinical and histological information, including NAS, fibrosis stage, and biochemical parameters. Results were then validated in a second cohort, which further allowed us to explore the role of obesity as a confounding factor by including a control group of obese healthy-liver individuals. Additionally, in this validation cohort, hormone serum levels were correlated with liver imaging, co-morbidities, and NAFLD risk-associated polymorphisms. For a subset of patients, serum metabolomic analysis was also performed. This strategy showed that particularly leptin and adiponectin can be potential diagnosis and stratification biomarkers in NAFLD. The role of these two adipokines in NAFLD pathophysiology, diagnosis, and even treatment has attracted significant attention despite the controversial results.

Leptin is a 16-kDa pro-inflammatory adipokine produced by adipocytes. Serum leptin levels reflect total body mass. Leptin may exert an anti-steatotic action in early NAFLD by promoting FA oxidation and decreased lipogenesis and a pro-inflammatory and pro-fibrotic action at later disease stages by increasing hepatic reactive oxygen species generation, pro-inflammatory cytokine release, and enhanced fibrinogenesis (28, 29). Previous reports have generally found increased serum leptin in NAFLD patients (12, 29, 30). Still the role of obesity as a bias remains poorly explored. Our results in the discovery cohort showed that leptin accurately identified NAFLD patients, where there was no correlation with BMI. Moreover, in the validation cohort, although leptin levels positively correlated with BMI, they were higher in NAFL and NASH compared with both non-obese and obese controls, suggesting that the association between NAFLD and leptin is more robust than the effect of obesity on leptin levels. In this cohort, serum leptin showed again a very good performance as a potential biomarker to distinguish NAFLD patients from healthy individuals. After applying the cutoff value of leptin at >9.33 ng/ml for diagnosing NAFLD in the validation cohort, despite having a lower general accuracy, it still presented sensitivity, specificity, and NPV values far superior than those previously reported (31, 32).

In turn, adiponectin, a 30-kDa protein mainly secreted by adipose tissue, is the most well-studied adipokine in the pathogenesis of NAFLD (30, 33). It is considered to have anti-inflammatory, anti-steatotic, and anti-fibrotic effects. In the liver, adiponectin prevents lipid accumulation by promoting FA oxidation via peroxisome proliferator-activated receptor alpha (33). Adiponectin also downregulates pro-inflammatory cytokines produced by Kupffer cells and hepatic stellate cells, thus inhibiting their transformation into myofibroblasts and consequently decreasing liver fibrosis (30, 34–36). Several reports have shown a reverse relation between adiponectin circulating levels and body fat mass and its decrease in obesity, type 2 diabetes, insulin resistance, and dyslipidemia (30, 34). A meta-analysis showed that adiponectin decreases in healthy controls compared to NAFL, and in the latter compared to NASH (37). However, there is significant heterogeneity among studies, and the importance of including biopsy-proven healthy controls is underlined; most differences in adiponectin between individuals with NAFLD and controls were observed when the controls were not subjected to liver biopsy (37). In the discovery cohort, adiponectin presented a very promising performance in distinguishing NAFL vs. NASH. However, when tested in the larger validation cohort, adiponectin only presented a fair discriminatory power in this stratification when homozygous carriers of the PNPLA3 c.444C allele were considered. Importantly, the discriminatory power of adiponectin regarding NAFL vs. NASH patients was improved when combined with nine specific lipids. Previously, others have shown that combining adiponectin with homeostatic model assessment for insulin resistance and type IV collagen 7S increased the assay sensitivity from 68 to 94% in early-stage NASH prediction (38), while combining adiponectin, resistin, and cleaved cytokeratin-18 predicted NASH with an AUROC of 0.90 (39). Similar approaches combining adiponectin serum levels with a panel of serum lipids, mainly PC species, have been shown to discriminate between healthy individuals, NAFL, and NASH with high accuracy (40). Curiously, previous observations showed that NAFLD patients homozygous for the c.444G allele presented decreased adiponectin (41); however, the opposite was observed here. Nonetheless, these results could explain how this subgroup of NAFLD patients has an improved response to treatment and lifestyle interventions, including bariatric surgery, when compared to CG and CC carriers (42). Additionally, we showed that lower levels of serum adiponectin associated with higher AST and ALT, thus suggesting a role of adiponectin in preventing liver damage. Overall, our observations suggest that adiponectin might be a valuable tool in NAFL vs. NASH stratification; however, its role as a biomarker in NAFLD can be challenged by risk-conferring genetic variants, such as the PNPLA3 c.444G allele, and can benefit from combination panels, such as the one presented comprising serum lipids.

In fact, NAFLD has been associated with increased lipids in both liver tissue and plasma. Here we observed that higher circulating leptin associated with increased serum lipid profile and increased hepatic steatosis as assessed by histology and imaging. Similarly, higher circulating adiponectin associated with an increased serum lipid profile. The fact that adiponectin is inversely correlated with liver fat contents, as evaluated by MRI, might suggest a protective action for adiponectin by promoting lipid removal from the liver into circulation. For instance, higher adiponectin associated with higher serum PE containing arachidonic acid (C20:4n-6), while lower liver levels of this acid have been observed in NAFLD due to active conversion into pro-inflammatory prostaglandins (13). Furthermore, increased serum PE containing DHA also followed higher adiponectin. DHA, whose lower levels have been associated with both NAFL and NASH, is believed to have anti-inflammatory and metabolic effects and to be able to lower liver TG (13, 14, 43, 44). This might also explain why higher adiponectin inversely correlates with TG as measured by blood biochemistry and serum metabolomics.

In turn, IGF-1, mainly produced in the liver in response to growth hormone stimulation, is known to regulate insulin sensitivity and decrease hepatic TG accumulation in the liver (45). While a few clinical studies have associated low serum IGF-1 with increased severity of steatosis (46, 47) or lobular inflammation (48), our results and those of others (49) failed to show any association. On the other hand, clinical studies are consensual when reporting low serum IGF-1 association with the severity of fibrosis (46, 48–50). In fact, in vitro and in vivo studies showed that IGF-1 can induce cellular senescence and hepatic stellate cell inactivation through a p53-dependent manner, thus improving experimental fibrosis (51). Accordingly, here we showed that patients with NAFLD and advanced fibrosis presented significantly lower serum IGF-1. More importantly, we found that the 63% accuracy of serum IGF-1 alone in distinguishing low/mild fibrosis from advanced fibrosis is further improved to 93% if IGF-1 is combined with ferritin and INR. These results are very similar to those determined for the Enhanced Liver Fibrosis (ELF) test, recommended by the NICE guidelines for the evaluation of fibrosis in NAFLD (9). A poor PPV value has still been reported for the generality of fibrosis tests, including ELF (52). The panel here proposed displayed high PPV value, being matched by the recent Hepamet fibrosis scoring system where a PPV of 76% was achieved (53). Recent reports suggest that IGF-1 biodisponibility might be decreased during disease progression toward NASH and liver fibrosis and advance IGF-1/intact IGFBP3 ratio as a fibrosis predictor (54). Moreover, IGF-1 might associate with a fibrosis-specific serum metabolite profile, where many bile acids were found increased in advanced fibrosis, namely, cholic acid, which also correlated with serum IGF-1. Increased levels of many bile acids, including cholic acid, have already been associated with liver fibrosis (55).

Inclusion of a patient group comprising lean-NAFLD would allow further inquiries on adipokines as NAFLD biomarkers, particularly for leptin. It is also recognized that the number of healthy non-obese controls is relatively small, mostly due to the difficulty in obtaining biopsies from healthy-liver individuals. Lastly, the performance of the proposed biomarker panels comprising serum adiponectin and lipids for NAFL vs. NASH stratification and serum IGF-1 with INR and ferritin for identification of advanced fibrosis should be prospectively tested in a different cohort.



CONCLUSION

In conclusion, we suggest that serum leptin can identify NAFLD without obesity as a confounding factor, whereas adiponectin combined with specific serum lipids might be advantageous for NAFL vs. NASH stratification. In turn, IGF-1, together with ferritin and INR, could embody a valuable biomarker panel to identify advanced fibrosis, which could be easily implemented in clinics and presents a better PPV than the regularly used algorithms. Serum metabolomics correlate with hormone levels and offer new opportunities for improved non-invasive biomarker panels.
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Background and Aims: Both non-alcoholic fatty liver disease (NAFLD) and depression have a high global prevalence which is projected to increase further. While studies exploring the association have been done, there are conflicting data. This study aims to assess the prevalence and association between depression and NAFLD.

Methods: Medline and Embase were searched from inception to March 3, 2020. Meta-analysis of proportions using the generalized linear mix model was conducted to analyze the pooled prevalence of depression in NAFLD patients. Risk factors for depression in NAFLD patients were evaluated in conventional pairwise meta-analysis.

Results: Ten studies involving 2,041,752 NAFLD patients were included. Pooled prevalence of depression was 18.21% (CI: 11.12–28.38%) in patients with NAFLD and 40.68% (CI: 25.11–58.37%) in patients with non-alcoholic steatohepatitis (NASH). NAFLD resulted in significantly higher risk of development of depression (OR: 1.29, CI: 1.02–1.64, p = 0.03). NASH patients had a significantly higher risk of depression compared with NAFLD patients (RR: 2.83, CI: 2.41–3.32, p < 0.001). Diabetes, body mass index (BMI), female sex, smoking, and history of pulmonary disease were significant risk factors for depression in NAFLD patients.

Conclusion: This study demonstrated a high prevalence of depression in NAFLD patients and a significant association between both conditions. Furthermore, patients with NASH had a significantly higher risk of depression compared with those with NAFLD. Diabetes, BMI, history of lung disease or smoking, and female gender were significant risk factors. Further studies investigating the pathophysiological mechanism underlying depression and NAFLD are needed.

Keywords: mood disorder, metabolic disease, fatty liver, evidence-based practice, mental health


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease, with an estimated global prevalence of 25%. This is further projected to increase in conjunction with the rising rates of metabolic syndrome and obesity (1–4). However, the influence of depression on NAFLD has yet to be well-described. The Global Burden of Disease study from 1990 to 2017 reported a 49.86% increase in the incidence of depression (5), with at least one in five people experiencing depression in their lifetime (6–8). Depression is often comorbid of many chronic diseases and incrementally worsens health outcomes (9, 10). Multiple community- and population-based studies have reported that patients with depression have a 2-fold increased risk of developing metabolic syndrome (11–13). Depression is also highly prevalent in the diabetic population, affecting more than one-quarter of both type 1 and type 2 diabetics (14). A meta-analysis of longitudinal studies also confirmed the reciprocal relationship between obesity and depression (15) and increased cardiac mortality in patients with this comorbidity (16).

While studies have been conducted to describe the relationship between depression and NAFLD, previous literature has reported conflicting results, varying from a strong association (17, 18) to no association (19, 20). A study involving a database of 567 patients with biopsy-proven NAFLD estimated that 67.5% of patients had depressive symptoms and showed that they were associated with histological severity of NAFLD (21). It is unclear if depression affects NAFLD due to underlying risk factors or if depression is independently associated with NAFLD (22). Thus, this meta-analysis and systematic review aims to assess the prevalence, associations, risk factors, and outcomes between depression and NAFLD.



METHODS


Search Strategy

This review was synthesized with reference to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRSIMA) guidelines (23). A search was conducted on Medline and Embase databases to identify relevant articles from inception up to March 3, 2020. Keywords and MeSH terms synonymous to “NAFLD” and “depression” were applied in the search strategy to identify relevant articles. The full search used was as follows: (depress*.tw. or exp Depression/or MDD.tw.) AND (NAFLD or NASH or ((liver or hepatic) AND (fatty or steatosis or steatoses))).tw. or (exp Fatty Liver/or steatohepat*tw.). In addition, a sieve was conducted on the references of included articles. Abstracts were imported into EndNote X9 for removal of duplicates and for the initial sieve.



Study Selection and Data Extraction

Two authors (XJL and LLKE) were involved in the screening of abstracts to check the eligibility for inclusion, with disputes being resolved through consensus from a third independent author. Retrospective and prospective cohort studies, case–control, and cross-sectional studies were considered for inclusion, while editorials, systematic reviews, meta-analyses, and commentaries were excluded. Additionally, only English language articles were considered for inclusion. Studies were included according to the following criteria: i) studies regarding the prevalence, risk factors, and outcomes of depression and ii) studies where patients had a diagnosis of NAFLD made via liver biopsy, imaging techniques (radiologic testing and abdominal ultrasound), or International Classification of Diseases. Studies relating to the diagnosis of non-alcoholic steatohepatitis (NASH) by self-reported physician diagnosis were also included. Since NASH is a subgroup of NAFLD, a definitive diagnosis of NASH would equate to the presence of NAFLD. As with a previous article, the diagnosis of depression was subclassified into self-reported, self-rated, and clinician-rated (24). Self-reported diagnosis includes identification of depression through self-reporting of medical history, while self-rated diagnosis of depression comprises of patient responses from the Patient Health Questionnaire-9 (PHQ-9), Hospital Anxiety and Depression Scale (HADS), Korean Center for Epidemiological Studies-Depression Scale (CES-D), and Beck's Depression Inventory scale. Clinician-rated diagnosis comprises of depression diagnosed by a psychiatrist according to the criteria of the Diagnostic and Statistical Manual of Mental Disorders, 4th edition, text revision (DSM-IV-TR) and International Classification of Disease, Ninth Revision (ICD-9) and Tenth Revision (ICD-10) codes. Pediatrics studies were excluded from the analysis.

Relevant data from each article were extracted by a pair of independent authors onto a structured proforma. Baseline demographics, including but not limited to author, year, sample size, country, mean age, percentage of diabetes, and prevalence of depression, were extracted. The main outcomes of interest were the prevalence of depression in NAFLD and NASH patients and risk factors including gender, diabetes mellitus, body mass index (BMI), hypertension, hyperlipidemia, history of smoking, history of lung disease, history of cancer, history of heart diseases, history of neurologic diseases, and race.



Statistical Analysis and Quality Assessment

All analysis was done in R studio (Version 1.3.1093) and RevMan 5.4. Statistical significance was considered for outcomes with a p-value < 0.05. A single-arm analysis of binary outcomes was pooled in the form of proportions using the generalized linear mixed model (GLMM) with Clopper–Pearson intervals to stabilize the variance (25, 26). Simulation studies have found that the GLLM model provides the most accurate estimate in single-arm meta-analysis (25). A sensitivity analysis was done to include only studies from biopsy-proven NAFLD. Next, a subgroup analysis was conducted to account for the differences in the rate of depression between clinician-diagnosed, self-reported, and self-rated diagnosis. Based on the pooled proportions of single-arm studies, the respective relative risks (RR) of depression in NASH (p1) vs. NAFLD (p2) patients was calculated as the ratio of the pooled proportions [image: image] of patients with depression in each subgroup (27). The lower (LCL) and upper (UCL) bounds for the 95% confidence intervals were estimated using the Katz-logarithmic method, wherein n1 and n2 represent the respective number of patients receiving transplanted allografts fixated using each of the three methods. Additionally, the p-value was calculated after a natural log transformation of the relative risk z-score (28).
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In the analysis of risk factors, a conventional pairwise analysis was done using odds ratios (OR) and mean difference (MD) with the Mantel–Haenszel and inverse variance, respectively (29, 30). For outcomes with insufficient articles for a meta-analysis, a systematic synthesis of literature was used to represent available data. Statistical heterogeneity was assessed via I2 and Cochran Q test values, where an I2 value of 0 to 40% indicates low heterogeneity, while values of 30–60, 50–90, and 75–100% were classified as moderate, substantial, and considerable heterogeneity, respectively (29, 31). A Cochran Q test with p-value of ≤ 0.10 was considered significant for heterogeneity. A random effects model was used in all analysis regardless of heterogeneity as recent evidence suggests that it provides more robust outcome measures compared with the alternative fixed effects models. Publication bias was not assessed with the lack of a suitable tool in single-arm meta-analysis to assess publication bias and small quantity of included studies (32, 33). Quality assessment of the included articles was done with the Joanna Briggs Institute (JBI) Critical Appraisal Tool (34). The JBI assessment rates the risk of bias of cohort studies on the premises of appropriateness of sample frame, sampling method, adequacy of sample size, data analysis, methods for identification and measurement of relevant conditions, statistical analysis, and response rate adequacy and is the most widely used tool in prevalence meta-analysis.




RESULTS


Summary of Included Articles

In the initial search strategy, 1,766 references were identified, of which 1,315 references were screened after the removal of duplicates. After initial screening, a full-text review was done for 50 articles, and finally, 10 articles involving 2,041,752 NAFLD patients were included in the analysis (Figure 1). Of the included studies, one is a prospective study (35), while the remainder are retrospective studies (17, 21, 22, 36–41). Depression was identified through clinician-rated scales [National Institute of Mental Health Diagnostic Interview Schedule (DIS), Version III (36); DSM-IV-TR (35) and International Classification of Disease, Ninth Revision (ICD-9) and Tenth Revision (ICD-10) (41, 42)], self-rated scales [HADS (21), CES-D (38), Beck Depression Inventory scale (22)], and self-reported physician diagnosis (17, 37, 40). NAFLD was diagnosed through liver biopsy in four studies (17, 21, 35, 40) and imaging techniques in four studies (17, 22, 38, 40) and identified through ICD-9 and ICD-10 codes in two studies (41, 42). NASH was diagnosed through liver biopsy in one study (36) and identified through self-reported physician diagnosis in another study (37). A summary of the included articles and quality assessment can be found in Supplementary Tables 1, 2, respectively.


[image: Figure 1]
FIGURE 1. PRISMA flowchart of the included studies.




Development of Depression in NAFLD

Five studies assessed the association of depression with NAFLD (21, 22, 36, 38, 42). In the pooled analysis of the four retrospective studies involving 38,407 patients, NAFLD resulted in a significant increase in the risk of depression (OR: 1.29, 95% CI: 1.02–1.64, p = 0.03, Figure 2). A retrospective follow-up study by Labenz et al. assessed the incidence of depression in 19,871 NAFLD patients over 10 years. The 10-year incidence of depression was 21.2% in patients with NAFLD compared with 18.2% of individuals without NAFLD. The hazard ratio was 1.21 (95% CI: 1.14–1.26, p < 0.001) risk increase in development depression in NALFD patients after adjusting for confounders including diabetes mellitus, cardiovascular diseases, asthma, chronic obstructive pulmonary disease (COPD), and cancer (42).


[image: Figure 2]
FIGURE 2. Forest plot of depression in non-alcoholic fatty liver disease (NAFLD).




Prevalence of Depression in NAFLD

The overall pooled prevalence of depression in patients with NAFLD was 18.21% (CI: 11.12–28.38%, Figure 3) in 2,041,752 individuals. The pooled prevalence of depression in biopsy-proven NAFLD was 22.68% (CI: 8.93–46.75%).


[image: Figure 3]
FIGURE 3. Pooled prevalence of depression in NAFLD patients.


A subgroup analysis was conducted to compare between NASH and NAFLD. The prevalence of depression in NASH patients is 40.68% (CI: 25.11–58.37%), significantly higher than the pooled prevalence of depression in NAFLD patients at 14.39% (CI: 8.89–22.45%). Compared with patients with NAFLD, patients with NASH had a significantly higher risk of depression (RR: 2.83, CI: 2.41–3.32, p < 0.001).

To account for differences in the diagnosis of depression as a potential source for heterogeneity, estimates were stratified by diagnostic criteria of depression. Prevalence of depression in NAFLD patients in four studies where depression was identified through clinician-rated scales was 20.26% (CI: 9.38–38.42%) (35, 36, 41, 42), which was lower than self-reported diagnosis used in three studies where prevalence was 32.43% (CI: 27.03–38.33%) (17, 37, 40) and higher than self-rated depression reported in three studies where prevalence was 8.19% (CI: 4.66–14.01%) (21, 22, 38).



Factors Associated With Depression in NAFLD

When comparisons were made between NAFLD patients with depression and NAFLD patients without depression, diabetes (OR: 1.71, CI: 1.15–2.55, p = 0.007), BMI (MD: 1.89, CI: 0.97–2.80, p < 0.0001), and female sex (OR: 0.57, CI: 0.35–0.93, p = 0.02) were significant risk factors associated with depression in NAFLD patients. However, hypertension (OR: 1.54, CI: 1.00–2.37, p = 0.05) and hyperlipidemia (OR: 1.18, CI: 0.61–2.28, p = 0.623) were not significant risk factors for depression in NAFLD patients.

In addition, Weinstein et al. (17) reported history of smoking and history of lung disease as statistically significant risk factors independently associated with depressions in NAFLD patients (OR: 4.132, CI: 1.224–13.95, p = 0.0096 and OR: 4.621, CI: 1.346–15.92, p = 0.0087, respectively). A previous history of cancer (OR: 1.370, CI: 0.394–4.765, p = 0.621), heart diseases (OR: 2.750, CI: 0.377–20.07, p = 0.319), or neurologic disease (OR: 2.787, CI: 0.544–14.29, p = 0.219) had no significant association with depression. African American descent was not associated with the development of depression (OR: 0.198, CI: 0.024–1.629, p = 0.147).



Outcomes of NAFLD With Depression

Two studies, Tomeno et al. and Sayiner et al. reported on the outcomes of NAFLD patients comorbid with depression. Tomeno et al. compared the clinical response of 32 NAFLD patients with major depressive disorder (MDD) and 226 NAFLD patients without MDD after 48 weeks of standard care involving basic education, lifestyle change counseling, and medication control. Parameters used in the calculation of hepatic steatosis index and fatty liver index such as body weight, serum AST, ALT, and GGT levels were significantly improved in NAFLD patients without MDD after 48 weeks of standard care. In contrast, there were no statistically significant improvements in these parameters for NAFLD patients with MDD (35). Sayiner et al. analyzed depression as an independent predictor of overall 1-year mortality in NAFLD patients in both inpatient and outpatient settings. The odds for overall 1-year mortality of NAFLD patients with depression was statistically significant in both inpatient (OR: 1.07, CI: 1.05–1.09) and outpatient settings (OR: 1.21, CI: 1.18–1.25) (41).




DISCUSSION

The projected rise in the incidence of NAFLD mirrors the obesity epidemic, which at present affects at least one-third of the world (43). This systematic review and meta-analysis reports 15.76% prevalence of depression in NAFLD patients. The risk of development of depression was significantly increased in patients with NAFLD (OR: 1.29, 95% CI: 1.02–1.64, p = 0.03). A 10-year follow-up by Labenz et al. also showed a significant association between depression and NAFLD (HR: 1.21, 95% CI: 1.14–1.26, p < 0.001). Female sex, diabetes, BMI, history of smoking, and history of lung disease were associated with the development of depression. The relative risk of depression between NASH and NAFLD patients was RR: 2.83 (CI: 2.41–3.32, p < 0.001, Figure 4). In truth, the actual prevalence of clinically diagnosed depression is likely to be higher than that reported, especially among Asians where traditional screening methods for depression have been reported to have a poorer detection rate (44).


[image: Figure 4]
FIGURE 4. Summary of prevalence, risk factors, and clinical outcomes of depression in NAFLD patients. Image created with Biorender.com.


The incidence of depression is likely to be higher in patients with NAFLD as compared with those without, as shown by Labenz et al. in their large population-based study (42). Importantly, the authors controlled for variables including diabetes and obesity, demonstrating increased incidence of depression in patients with NAFLD independent of these comorbidities. While the studies included in our manuscript are unable to show causality, there is emerging evidence, which may shed light on the associations between depression and NAFLD. Systemic inflammation plays a putative role in the pathogenesis of NAFLD and depression, and the progression of both diseases is seen in states of increased oxidative stress (45). Increased levels of proinflammatory cytokines such as interleukin-6, interleukin-1 beta, and tumor necrosis factor alpha may contribute to systemic inflammation leading to depression in NAFLD patients (42, 46, 47). Another plausible association between NAFLD and depression would be the role of serotonin in the pathogenesis of depression as there is increased expression of serotonin catalyzing enzymes in patients with NASH (22).

In our study, diabetes was a significant risk factor for the development of depression (OR: 1.71, CI: 1.15–2.55, p = 0.007). Egede et al. reported diabetic patients to be almost twice as likely to be diagnosed with depression compared with the general population (48). BMI was identified as a significant risk factor for the development of depression (MD: 1.89, CI: 0.97–2.80, p < 0.0001). There are also several studies reporting an increased prevalence of depression with higher BMI (49, 50). Luppino et al. in their meta-analysis of obesity and depression showed that obesity at baseline had increased the risk of onset of depression at follow-up, with OR 1.55 (95% CI 1.22–1.98, p < 0.001) (15).

The risk factors of depression in NAFLD patients were associated with increased systemic inflammation as observed in smokers and patients with chronic lung disease. Female gender was also associated with increased odds of depression in NAFLD patients. It is known that females are at higher risk of depression than males, and a study in 2015 by Moieni suggested that during an induced state of inflammation, women encountered greater increases in depression (51). Smoking has also been identified as a risk factor for depression, possibly due to the role of nicotine receptors as neuromodulators of various neurotransmitter pathways to the brain, including those involved in depression (52). This in turn may have contributed to history of lung disease being a risk factor for depression as corroborated by Goodwin et al. (53).

Interestingly, the prevalence of depression is markedly higher in patients with NASH as compared with patients with simple hepatic steatosis. NASH with or without fibrosis is a more severe disease compared with simple steatosis. It occurs at a rate of about 25% in 3 years in patients in the simple steatosis stage (54). This would not come as a surprise given that an increase in circulating inflammatory cytokines is seen in steatohepatitis compared with simple steatosis, and patients with depression similarly see an increase in peripheral and central inflammation. In fact, the bidirectional relationship between depression and obesity, which is also closely related to NAFLD, has already been elucidated in animal studies (55). Therefore, it is likely that dietary initiatives protective toward NAFLD progression may also improve mental health in patients with depression (56). Evidently, depression and NAFLD share multiple upstream hits in the pathophysiology of the disease; thus, it is no wonder that they are gradiently associated.

In a study by Tomeno et al. the presence of depression was associated with a decreased effect of lifestyle intervention on weight loss, resulting in an increased challenge for clinical management (35). Although there are multiple pharmacotherapies with promising results in phase 3 trials for NASH, at present, weight loss and lifestyle change are the cornerstones of NAFLD treatment. Furthermore, overall weight loss has been shown to be beneficial for associated comorbidities such as diabetes and hypertension (57, 58). Yet, many antidepressant classes result in weight gain, and thus, the possibility of successful treatment outcome may be grim in the coexistence of depression and NAFLD (59).

It may be tempting to consider bariatric surgery for this subgroup of patients with both NAFLD and depression. After all, bariatric surgery has shown promising results in improvement in NASH as seen in several studies (60–62). Furthermore, weight loss following bariatric surgery may be associated with improvements in mood, at least initially. However, it is not without adverse outcomes. For example, a 10-year cohort study in Sweden reported an increase in suicides among obese patients following surgery compared with the general population (OR: 2.85, 95% CI: 2.40–3.39) in addition to alcohol and substance abuse (63). Several reasons for increased suicide rates post-bariatric surgery have been suggested, such as genetic susceptibility and changes in gut peptide release. It has also been theorized that addiction transfer could explain this phenomenon. In this theory, binge eating is hypothesized to serve as a coping mechanism to ameliorate negative emotional states (64). Consequently, in the post-bariatric group, this behavior is substituted by alcohol consumption due to the patient's inability to regulate emotions through overeating. However, this model has neither been adequately developed nor empirically validated and should be explored in future research (65).

Depression in NAFLD is associated with poorer outcomes such as decreased response to medical treatment and is even an independent predictor of all-cause mortality at 1 year. It is unclear if treatment of depression (be it pharmacological or behavioral) would positively influence NAFLD progression. Nevertheless, physicians should be cognizant of the fact that the prevalence and incidence of depression in NAFLD patients is higher and may consider adopting a low threshold in the use of screening scores for mood disorders in these patients as clinically required.


Strengths and Limitations

To our best knowledge, this is the first meta-analysis of the prevalence, associative risk factors, and outcomes of depression in NAFLD patients. The limitation of this study is the heterogeneity in the included studies. However, we circumvented the issue by reclassification of depression diagnosis into clinician-rated, self-reported, and self-rated scales (66). Of note, the prevalence of depression was higher in self-reported and self-rated studies. Moreover, larger sample sizes are often associated with an increased I2 in simulation studies (67, 68). Thus, large I2 value (>90%) in prevalence meta-analysis may be attributed to the larger sample sizes involved (69, 70). Secondly, while the prevalence of NAFLD in Asia is similar to the Western population, only three out of the 10 studies were conducted in Asia. Thus, this meta-analysis may not adequately represent Asian NAFLD patients. Lastly, while our study reports factors associated with depression in NAFLD patients, more confirmatory studies are needed to show causation through further understanding of the pathogenesis and bidirectional relationship between the two conditions.




CONCLUSION

In summary, this meta-analysis and systematic review assesses the association between depression and NAFLD. The analysis demonstrates the high prevalence of depression in NAFLD in spite of heterogeneity due to differences in diagnostic criteria of depression. Furthermore, patients with NASH were found to have a significantly higher risk of depression compared with those with NAFLD. Diabetes, BMI, history of smoking, history of lung disease, and being female were also identified as significant risk factors. NAFLD comorbid with depression has serious complications as evident in reduced clinical response after standard care and increased all-cause 1-year mortality. This paper, thus, highlights the significant clinical implications of NAFLD and depression as public health concerns. Further studies to validate the findings and explore potential pathophysiological mechanism underlying the association between depression and NAFLD are needed.
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Non-alcoholic fatty liver disease (NAFLD) is currently the most common cause of chronic liver disorder worldwide. The pathological spectrum of NAFLD ranges from simple steatosis to non-alcoholic steatohepatitis (NASH) that induces progressive liver cirrhosis and eventually hepatocellular carcinoma (HCC). However, the molecular mechanisms driving the transformation of NASH are obscure. There is a compelling need for understanding the pathogenic mechanisms of NASH, and thereby providing new insight into mechanism-based therapy. Currently, several studies reported that complement system, an innate immune system, played an important role in the pathogenesis of NAFLD, which was also proved by our recent study. Complement component 3 (C3), a protein of the innate immune system, plays a hub role in the complement system. Herein, we present a review on the role and molecular mechanism of C3 in NASH as well as its implication in NASH diagnosis and treatment.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) has become a very common liver disease worldwide. The disease spectrum includes non-alcoholic fatty liver (NAFL), non-alcoholic steatohepatitis(NASH), nutritional fibrosis and hepatocellular carcinoma Cancer (HCC). Epidemiological investigations show that the prevalence of NAFLD is 25–30% in western countries (1). With the change of diet structure and lifestyle, the prevalence of NAFLD is 17–46% in China (2). Notably, the prevalence of NAFLD in young children is currently increasing year by year, and the high prevalence rate is alarming (3). Among NAFLD patients, the prevalence of NASH is about 20% (4). However, the diagnosis of NASH relies on liver biopsy and the non-invasive diagnostic methods are limited. To date, there's no Food and Drug Administration (FDA)-approved drug for NAFLD and NASH treatment. Therefore, there is an unmet clinical need for the diagnosis, prevention and treatment of NAFLD and NASH. In recent years, innate immunity is thought to play an important role in the development of NAFLD. Therefore, we summarized previous studies and provided a holistic framework concerning the relationship between complement and NAFLD.



THE OVERVIEW OF COMPLEMENTS SYSTEM

In the early stage of NAFLD, bacterial endotoxin, free fatty acid (FFA), cholesterol and many other substances in the body can activate the complement system through danger associated molecular patterns (DAMPs) or pathogen associated molecular pattern (PAMPs) (5, 6). Complement system, which is considered as an important innate immunity (7–10), has been confirmed to be cascade-activated through the following three pathways: classical, lectin and alternative, all of which converge in the formation of fraction C3. Briefly, in the activated complement signaling pathway, complement component C3 is cleaved into C3a and C3b through C3 converting enzyme, in which C3b binds with C3 converting enzyme complex to form C4bC2aC3b complex in classical pathway and lectin pathway and C3bBbC3b complex in alternative pathway. Both complexes are converting enzymes of complement molecule C5, and then further activate the downstream molecules of Complement system to form membrane attack complex (MAC/C5b-9). Furthermore, the classical activation pathway mainly involves the binding of antigen with immunoglobulin (IgM or IgG) or C-reactive protein. In the lectin pathway, Complement activation is triggered by the interaction complex carbohydrate residues with the surface of pathogens to circulating mannose binding lectins (MBL) or ficolins. The alternative pathway is activated by the direct combination of hydrolyzed C3b and bacterial membrane surface (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic diagram of complement system activation.




COMPLEMENT C3 AND NAFLD

Currently, the role of Complement system in NAFLD disorders has been extensively investigated in clinical epidemiological studies (11). Serum complement C3 levels are positively associated with the severity of NAFLD. A Turkish case-control study involving 46 NAFLD patients demonstrated that the level of Complement component C3 was significantly higher in peripheral blood of NAFLD patients than that of healthy control group and chronic hepatitis B control group (12). Moreover, a Dutch cross-sectional study involving 523 middle-aged and elderly patients with NAFLD found that the level of C3a, the active product of complement C3, was closely related to liver fat content (13). Consistently, two large sample epidemiological studies recruited thousands of cases in China showed that the level of serum complement C3 was an independent risk factor for the diagnosis of NAFLD and related to the prevalence and the severity of NAFLD (14, 15). Apart from the serum, the deposition of C3 is also identified in the liver tissue of NAFLD patients accompanied with the deposition of MAC-C9 (16). The deposition of C3 was proved to be mainly located around the hepatocytes with macrovesicular steatosis. Subsequently, clinicopathological examination confirmed that a large number of hepatic parenchymal cells were apoptotic in the liver tissue with complement C3 activation. Complement C3 activation could lead to a large number of neutrophils infiltration and abnormal increase of IL-8 and IL-6 expression in liver tissue, while C9 deposition could lead to increased IL-1β expression in liver cells. Additionally, in other patients with NAFLD, there was a close correlation between serum C3 level and NAFLD. For example, Pan et al. demonstrated that C3 was the only highly predictive factor in diagnosing NAFLD from 648 recruited patients with chronic kidney disease by Logistic regression analysis (17). Ursini et al. recruited 164 patients with rheumatoid arthritis, of which 25% (41/164) were complicated with NAFLD. Further logistic regression analysis also confirmed the high correlation between C3 and NAFLD analysis (18). Most importantly, Himoto et al. found that the increased serum C3 levels are closely related to the abnormal metabolism of the body including obesity, insulin resistance, and/or hepatic steatosis in those patients with chronic hepatitis C, which had nothing to do with chronic HCV infection (19). Collectively, the complement system is closely related to NAFLD. It is speculated that the complement system is largely activated to regulate the immune inflammatory response in the pathogenesis of NAFLD, which directly participates in the occurrence, development and prognosis of NAFLD.



THE PATHOGENIC C3 ACTIVATION IN NAFLD PROGRESSION

NAFLD severity was closely associated with accumulation of activation products of C3 around steatotic hepatocytes. However, the underlying mechanism by which complement C3 in NAFLD remained elusive. Hepatocytes are confirmed to be the predominant origin of complement components including C3 protein. Because C3 is the key molecule in the pathway of complement system activation (7), several hypotheses are proposed that C3 plays an important role in lipid metabolism in the pathogenesis of NAFLD (Figure 2): Firstly, C3 is mainly synthesized by hepatocytes and identified to appear in lipoprotein particles such as high density lipoprotein and chylomicron (20, 21). When complement C3 gene was knocked out in mice, serum triglyceride levels increased 58% higher compared with wild-type mice, and the increased lipoprotein profile is mainly low-density lipoprotein and very low-density lipoprotein (21), indicating a potential role of C3 in lipid metabolism regulation (22). Secondly, Complement system directly regulates the oxidative stress in hepatocytes with excessive fat accumulation. It is well-known that multiple-hit hypothesis has been widely accepted in the pathogenesis of NAFLD. The first hit is closely linked with insulin resistance under fat accumulation. With the response of hepatocytes to oxidative stress, a large number of inflammatory cytokines are secreted in the liver, which further cause the second hit in hepatocytes (23). Complement component C3, as a major player in innate immune response, might be activated by the first hit and forming the second hit in NAFLD pathogenesis (24). Thirdly, the phenomenon of apoptosis is a typical pathological feature in the liver with NAFL and NASH. Due to the accumulated fat droplets in hepatocytes, a variety of apoptotic cascade pathways are activated including caspases 3 and 7 or cleavage of cytokeratin 18, resulting in a large number of hepatocytes apoptosis. Complement system was found to be quickly activated by the apoptotic hepatocyte debris. Furthermore, the activated Complement system immediately recognized and cleaned the apoptotic pathological liver cells, thus maintaining the homostasis in liver (25). Thus, elevation of serum complement C3 might act as a protective response in NAFLD mediated by apoptosis. Finally, Complement activation is indicated to be involved of novel molecular mechanism in the pathogenesis of NAFLD. Acylation-stimulating protein (ASP), a C3 derivative involved in adipocyte lipid metabolism by stimulating triglyceride synthesis, was reported to be increased in NAFLD patients (26). A vicious cycle has been further confirmed in the pathogenesis of NAFLD. ASP can promote the fat accumulation in liver cells to exacerbates hepatic steatosis. On the other hand, the fatty liver promotes the activation of complement system to increase ASP synthesis (12). In brief, there is a potential balance in the pathogenesis of NAFLD between complement system activation and hepatocyte lipid metabolism signaling, which maintains the stability of liver internal environment. Once the balance is broken, the process of hepatocyte lipid metabolism will enter a vicious circle, which exacerbates irreversibly hepatic steatosis as a consequence.


[image: Figure 2]
FIGURE 2. The pathogenic mechanism of C3 activation in NAFLD progression through lipid accumulation, immune response and apoptosis.




C3A/C3AR ACTIVATION AND METABOLIC FUNCTION

Recently, increased evidence showed that C3a can change the storage, transportation and utilization of glycolipids in adipocytes and directly affect adipogenesis, glucose uptake and lipolysis in the pathogenesis of NAFLD. Oral administration of selective C3aR antagonist for 8 weeks can significantly improve the typical symptoms of metabolic syndrome in diet-induced obese rats, including weight loss, visceral fat reduction, glucose and insulin intolerance improvement, adipose tissue inflammation relief, blood lipid concentration dropping, etc. The above research results innovatively provide two novel mechanisms of C3a involved in energy metabolism on theoretical and experimental basis, that is, C3a can not only promote the uptake of fatty acids and glucose by adipocytes, but also inhibit fat burn-off by inhibiting cAMP synthesis and lipolysis in adipocytes (27). These studies fully elucidate the important correlation between complement C3a/C3aR signaling pathway and energetic metabolism, and further reveal the molecular mechanism of abnormal immune response aggravating obesity and metabolic dysfunction. More importantly, antagonists targeting C3a/C3aR signaling pathway is considered as a novel strategy for the treatment of metabolic dysfunction, including NAFLD. Consistently, our recent result also found that C3a/C3aR signal pathway was closely related to the development of NASH-fibrosis. In C3aR−/− mice model, we also demonstrated that C3aR depletion significantly reduced the progression of NASH related liver fibrosis (28).Studies have confirmed that C3a is an important derivative produced by C3 cleavage when complement system is activated. C3a has significant biological characteristics of anaphylactic toxin and is an important pro-inflammatory molecule in the body. It can directly trigger mast cells degranulation, inflammatory reaction, chemotaxis effect, granulocyte activation as well increasing vascular permeability, promoting smooth muscle contraction and clearing away the immune complexes, etc (29). In other words, C3a plays an important role in the pathogenesis of a variety of clinical diseases, including organ ischemia-reperfusion injury, sepsis and metabolic inflammation (27, 30–37). Structurally, C3a is composed of 77-aa polypeptide containing three to four helical regions. A series of irregular amino acid residues is also proved in the C-terminal of C3a protein, which is flexible in spatial conformation. There is evidence that these flexible C-terminal residues are necessary to stabilize the conformation on binding C3aR by the upstream a helix (38–40). It has been demonstrated that C3a exerts its biological effect mainly by binding to its receptor C3aR, which belongs to G protein-coupled receptor containing seven trans-membrane regions. C3a/C3aR interaction is generally regulated by G protein-coupled receptor kinase-mediated receptor phosphorylation (41). In the past, it has been considered that C3aR is the only specific receptor of C3a. It shares close homology with C5a specific receptors C5aR1 and C5aR2. However, recent studies have showed that the interaction of C3a/C3aR seems to be more complex than expected. For example, C3aR has been found to be able to couple with heterotrimeric G proteins depending on different cell types (42–44). In human granulocytes, C5a can inhibit the activity of C3aR. Ruan et al. confirmed that C3a can form a complex with CpG oligonucleotides to improve the release of IFN-a in monocytes (45). Neuropeptide TLQP-21 (a cleaved fragment of VGL propeptide) was found to specifically binds on C3aR and fully activate the biological function of C3aR in mice, which completely comply with the conformational change of ligand/receptor interaction (46, 47). Additionally, recent studies have demonstrated that C3a can bind to the receptor of advanced glycation end products (RAGE) with very high affinity, but this high affinity interaction cannot be explained by a simple ligand upon receptor binding (45, 48).



C3A/C3AR AXIS AND IMMUNE RESPONSE IN NAFLD


Kupffer Cells/Macrophages and C3a/C3aR Axis in NAFLD

Liver is the largest reservoir of macrophages in the body, and macrophages in liver play a key role in the pathogenesis of NAFLD (23, 49, 50). According to different origin, macrophages in liver can be divided into two types, one is Kupffer cells fixed in liver, the other is monocytes/macrophages derived from bone marrow. They mainly play the role of innate immunity such as phagocytosis and secretion of inflammatory cytokines. At the early stage of NAFLD, Kupffer/macrophage cells are the first defense lines against the accumulation of excessive lipid metabolites in the liver. Firstly, steatotic hepatocytes disturb hepatic sinusoidal perfusion because of the “gap occupying” effect and Kupffer cells are subsequently attracted by neutrophils to the sinusoidal gap to participate inflammation. Secondly, free fatty acids (FFA) excessively interact with the FFA specific receptors on Kupffer/macrophage cells surface to regulate inflammatory response. Thirdly, Kupffer/macrophage cells mistakenly attribute the abnormal hepatocytes full of excessive lipid accumulation to the harmful substances and immediately phagocytize and destroy them, which further aggravate hepatocyte damage (51). Under the above conditions, these overactivated Kupffer/macrophage cells secrete a large number of inflammatory cytokines (such as TNFα, IL-6, IL-1β) as well as inflammatory chemokines (such as CCL2, CCL3, CCL5, CXCL16, CX3CL1,). In addition, Kupffer cells also recruit a large number of bone marrow-derived monocytes/macrophages into the liver to expand the inflammatory response and accelerate the liver from simple steatosis to NASH (52). CCL2/CCR2 interaction is proved to be the first signal pathway in Kupffer/macrophage recruiting monocytes from bone marrow (53). Afterwards, some other chemokines signal pathways are also confirmed through Kuppfer cells mechanisms such as CXCL10/CXCR3, CCL5/CCR1, and CCL1/CCR8 (11). In recent years, a number of research groups have got the highly consistent results by various ways to delete macrophages in NAFLD mice model (54–56). Namely, knocking-out monocytes/macrophages can reduce significantly the severity of liver steatosis and inflammation and further delay the process of NAFLD. However, so far, there is no systematic and in-depth study on the specific molecular mechanism of regulating macrophage activation in the whole pathogenesis of NAFLD.

As mentioned above, hepatocytes are the main origin to synthesize C3a molecules, and C3aR is predominantly located in the cell membrane of monocytes/macrophages. In the chronic phase of liver inflammation, C3a/C3aR signaling activity is showed more significant in monocytes/macrophages than that of neutrophils (57, 58). Under this condition, C3a can activate the signal pathway of peripheral blood monocytes with the co-stimulation of TLR-4, and further induce the secretion of various proinflammatory factors such as IL-1 β, TNF-α, IL-6 and PGE2 (59–63). This view is supported by evidence that liver steatosis have modest pathology reductions in C3aR1−/− mice models (57). Therefore, we speculate that the C3a/C3aR interaction may be a novel signaling pathway by activating macrophages to regulate the occurrence and development of NAFLD. In the early stage of NAFLD, a large amount of fat accumulates in hepatocytes, resulting in the broken balance between complement system activation and hepatocyte lipid metabolism. Subsequently, Complement cascades enter into an overactivated state and excessive amount of C3 molecular is cleaved to release C3a. Through the specific interaction of C3a/C3aR, Kupffer/macrophages cells in the liver are directly activated to secrete inflammatory chemokines to recruit monocytes from peripheral blood into the liver, which further expand the inflammatory response in the steatotic liver (24) (Figure 2).



Hepatic Stellate Cell and C3a/C3aR Axis in NAFLD

Under normal physiological conditions, component C3 is mainly expressed in hepatic parenchymal cells. However, recent evidence has demonstrated that C3 is also slightly expressed in other type cells such as bone marrow cells, lymphocytes, fibroblasts and endothelial like cells (64). Activated hepatic stellate cells, as the initiating factor of hepatic fibrogenesis, have obvious characteristics of fibroblasts. Up to now, there are relatively few reports about complement C3 directly involved in the activation of hepatic stellate cells (HSCs) about NAFLD. A recent study showed that activated hepatic stellate cells could promote the hepatocarcinogenesis through C3 signaling pathway by inhibiting the proliferation of CD4 + and CD8 + cells, promoting the exhausting anti-tumor T lymphocytes as well as improving the differentiation of bone marrow-derived suppressor cells (MDSC) (65). Consistently, our recent results demonstrated that C3a/C3aR signaling pathway was activated in the mouse model of nutritional fibrosis. The related mechanism is being further explored in C3aR−/− mice (28). However, Component cascade activated C5 molecular is found to be a key factor that contributes to hepatic fibrosisgenesis by enhancing the migration ability of hepatic stellate cells. Furthermore, the C5a/C5aR axis was shown to directly mediate inflammatory, chemotactic and anaphylatoxic properties in innate and adaptive immunity as well as to modulate activation and migration of HSCs (66).



T Cell and C3a/C3aR Axis in NAFLD

It has been confirmed that T cells play an important regulatory role in the pathogenesis of NAFLD. The balance has a directly effect in the pathogenesis of NAFLD between Th1-secreted pro-inflammatory cytokines and Th2-secreted anti-inflammatory cytokines (67). The number of CD4+ helper T cell 17 (Th17) subsets was significantly higher than that of regulatory T cells (Treg) in the pathogenesis of NAFLD (68–72). With the development from simple steatosis to NASH, the number of Th17 cells in liver and peripheral blood increased continuously in a clinical epidemiological study of 104 human subjects (including 30 patients with NASH, 31 patients with simple steatosis and 43 healthy controls), resulting in a significant increase in Th17/resting T regulatory cell ratio (70). There is no doubt that C3a molecule directly participates in T cells proliferation and differentiation as well as regulates the biological function, but the mechanism is complex (73, 74). It is still controversial whether C3aR is widely expressed in T cells (75). When C3aR gene was knocked-out as a target, the number of T cells was significantly reduced in C3aR−/− mice model (73, 76). Further studies confirmed that increasing the intracellular expression of C3a in T cells can significantly prolong their survival (77, 78). TCR stimulation can significantly up-regulate the expression of C3aR mRNA in T cells (79). Therefore, it is speculated that C3a further regulates T cells proliferation, differentiation and biological functions through a potential autocrine way. Recent studies have shown that C3a can promote T cell proliferation, enhance T cell reaction and prolong inflammatory response by inhibiting Treg production (73, 76). After adoptive transfer of C3aR−/− T cells into wild-type animals, the immunological function of Treg was seriously changed (76). In addition, there is evidence that C3aR activation in antigen-presenting cells (APCs) can inhibit Th2 polarization and further block IL-4 secretion (80). Under the synergistic effect of C5aR1 signaling pathway, C3aR can suppress the production of TGF -β1 by dendritic cells, reduce the stimulation of Treg differentiation, and then eliminate the inhibitory response to Th1 (76).



Neutrophil and C3a/C3aR Axis in NAFLD

Neutrophil infiltration is usually observed in the liver of NAFLD patients, and the severity of infiltration is closely related to disease progression (81, 82). The excessive fat accumulation overloads the normal metabolic capacity of hepatocytes. Subsequently, the abnormal metabolic injury results in neutrophils to be overactivated and recruited to the steatosic liver. After administration the neutrophil-specific antibody 1A8 into mice, hepatic lipid accumulation and inflammation were significantly attenuated in HFD diet induced NAFLD models, which further slowed down the progress of NASH (83). Currently, neutrophil to lymphocyte ratio (NLR) has been clinically used as an effective biomarker to predict the severity of NAFLD (84–86). Accumulating evidence shows that NLR is positively correlated with NAFLD activity score (NAS) and an independent predictor of NAFLD prognosis. The higher the NLR value, the higher the severity of the disease, and the worse the prognosis of NAFLD. In the study of 101 NASH patients, the NLR value was significantly higher than that of controls without NAFLD (mean 2.5 vs. 1.6, P < 0.001) (87). In the stage of NASH related fibrosis, the NLR value in advanced fibrosis stage (f3-4) was significantly higher than that of patients with early fibrosis stage (f1-2) (median: 2.9 and 1.8, P < 0.001) (87). So far, it has been controversial for C3a/C3aR interaction in neutrophils because the pure neutrophils was isolated difficultly over a long period in the past, which resulted in the doubt that C3a induced neutrophil activation may be contaminated by non-neutrophils (88). At present, C3aR is definitely identified to express with high level on the surface of neutrophils. Curiously, although C3a/C3aR interaction can activate downstream ERK1/2/Akt signaling pathway, C3a alone does not play chemotactic function as well as stimulate neutrophil degranulation. Recent study suggested that the signaling produced by C3a stimulation of neutrophils was found to be dependent under the synergistic effect of C5aR2 (89). Another study demonstrated that C3a directly prevents neutrophils migration from bone marrow to peripheral circulation by antagonizing neutrophils migration factors (such as G-CSF) (72). Altogether, the specific mechanism of C3a/C3aR in neutrophils in the pathogenesis of NAFLD needs to further explore in the coming future.




C3A AS A BIOMARKER FOR NON-INVASIVE NASH DIAGNOSIS

Although NASH is increasingly prevalent, it's hard to be diagnosed. Yet liver biopsy is recognized as the gold standard, but it is limited by its sampling bias, poor acceptability, and severe complications. Therefore, non-invasive methods are urgently needed to avoid biopsy for diagnosing NAFLD. Currently, some serum biomarkers have been widely accepted for the diagnosis of NASH such as the circulating serum levels of CK-18, the single nucleotide polymorphisms located in PNPLA3 as well as the non-coding RNAs, etc. (90). Especially, the most recent efforts concentrating on “omics” approaches (lipidomics, proteomics, and metabolomics) using high-throughput technologies have shown promising results to identify novel biomarkers of NAFLD, NASH, and advanced fibrosis (91). However, those diagnostic accuracy need to be further improved by combining other different approaches.

Complement system activation has been demonstrated in liver biopsies from patients with NAFLD compared to healthy controls. It has been confirmed that complement C3 levels increased in patients with NASH, but not in those with viral liver disease. More recently, circulating C3 levels have been demonstrated to predict the presence of NAFLD in a large cohort from general population independently of the most plausible confounders such as the presence of metabolic syndrome and obesity. In addition, some similar evidence was also confirmed in the other disease combined with NAFLD. Ursini et al. provide an important evidence for the potential role of complement C3 as a surrogate biomarker of NAFLD in a large cohort of Rheumatoid arthritis (RA) patients at the best cut-off value of 1.23 g/l for complement C3 with a sensitivity of 76% and a specificity of 64% (18). Pan et al. demonstrated the predictive role of complement C3 as a candidate biomarker for diagnosing NAFLD in chronic kidney disease (CKD) patients at the best cut-off value of 993.5 mg/L for complement C3 with a sensitivity of 63.9% and a specificity of 70.1% (17). Therefore, serum C3 may be fully used as a non-invasive diagnostic marker in the coming clinical diagnosis of NASH.



THE POTENTIAL BENEFIT FROM ANTAGONIZING C3AR IN NASH THERAPY

With the increasing incidence of global NAFLD, more and more strategies are explored to prevent effectively NASH in medical treatment nowadays. It is of great significance to find the specific signal pathway leading to the occurrence of NAFLD. Intriguingly, C3aR was indicated to be a remarkable gene closely related to obesity and potential insulin resistance in the mice model intercrossed among different strains by integrated genomic analysis (92). On this base, it is speculated to be a very promising treatment through targeting C3a/C3aR in the pathogenesis of NAFLD. So far, researchers have designed a variety of small molecule antagonists for C3a/C3aR signaling pathway and verified their pharmacological effects. For example, a series of diaminoisoindoline compounds can play a significant role as C3a antagonist at the micromolar level (93). A new oral selective antagonist of C3a receptor, discovered by heterocyclic hinge control conformation, can significantly block the recruitment and activation of macrophages and neutrophils and then play the role of inhibiting the expression of inflammatory mediators (94). Also known is FLTChaAR (IC50 240 nM, Ca2+, macrophages), a significant hexapeptide C3a antagonist, which provide an important reference for the coming antagonist design (95). As C3aR antagonist obtained through high-throughput screening, Sb290157 is thought as the most promising drug for the treatment of metabolic syndrome including NAFLD in the clinical future (88, 96). In the obese rat models fed by high carbohydrate and saturated fat diet, SB 290157 can attenuate the inflammatory response by mainly controlling macrophages into adipose or liver tissue (97), which significantly reduce the obesity and body weight by effectively improving liver metabolism (27). Subsequently, it was further confirmed that the IC50s of sb290157 were 27.7 nm in RBL-C3aR cells and 28 nm human neutrophils, respectively. Most importantly, sb290157 is found to acts selectively on C3aR not C5aR or other six chemotactic G protein coupled receptors, which indicates very potential effect in the clinical application (96).

Recent evidence has elucidated C3 as a potent lipogenic hormone in the pathogenesis of NAFLD according to preclinical and translational evidence. Theoretically, initial discussions primarily relied on considerations of C3 deficiency which often leads to a broader range of susceptibilities to infections. As a matter of factor, it can be effectively avoided by developing therapies targeting C3a/C3aR, which participates in inflammatory responses such as anti COVID-19 and anti-HCC treatment (97–102). Complement C3 activation may interfere with NAFLD with at least two distinct mechanisms by enhancing adipose tissue inflammation via the local engagement of C3a and C5a receptors as well as by providing the substrate for the conversion of C3a into ASP that may exerts its effects systemically (103). Regretfully, no clinical registered trial is found to target C3a or C3aR in NASH therapy so far. Our previous studies have shown that C3a/C3aR participates in the pathogenesis of NASH even fibrosis by regulating various signaling pathways and mentioned the protective function in the C3aR−/− mice model (28). Therefore, in-depth investigations and awareness of the roles of C3a/C3aR in NASH are urgently needed that will lead to a further expansion of potential indications for complement treatments in the future.

Traditionally, C3a/C3aR signaling axis plays a pro-inflammatory role in the pathogenesis of NAFLD. However, recent studies have found that in the early stage of NAFLD, C3a plays an anti-inflammatory role by preventing neutrophils from accumulating in liver tissue (58). In fact, whether C3a is pro-inflammatory or anti-inflammatory is not mutually exclusive in the pathogenesis of NAFLD, but depends on the balance between pro-inflammatory and anti-inflammatory effects of C3a, which determines the final outcome of the disease (Figure 3). For example, C3a plays a pro-inflammatory role in the NASH stage of NAFLD by activating Kupffer cells under the effect of neutrophil elastase. If neutrophils were deleted at that time, the activation of Kupffer cells was significantly delayed (104). Therefore, the dual role of C3a/C3aR signaling axis should be considered for the rational designing therapeutic strategies targeting C3a/C3aR in the effective treatment of NAFLD.


[image: Figure 3]
FIGURE 3. The balance of C3a actions determines the disease phenotype.




CONCLUSION

Complement system is one of the most important innate immune barriers in the body, among which complement C3 is the critical component in complement cascade activation. Clinically, increased epidemiological evidence has shown that C3 is closely related to the pathogenesis of NAFLD. Serum fatty acids, adipose tissue-derived cytokines and gut derived endotoxin can take part in complement activation. After complement activation, C3 interacts with different types of liver innate immune cells, and ultimately participates in the pathogenesis of NAFLD. C3a is an important derivative from C3 when complement cascades are activated. Accumulating studies indicate that C3a plays an important role in the pathogenesis of NAFLD by interacting with its receptor C3aR. Targeted inhibition of C3aR activation is a potential strategy for the prevention and treatment of NAFLD. Although SB 290157 is an effective and selective C3aR antagonist in some experimental animal models, the preclinical and clinical evidence of SB 290157 needs to be explored to prevent dietary obesity, metabolic dysfunction and NAFLD in the coming future.
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Carnitine is an amino acid-derived substance that coordinates a wide range of biological processes. Such functions include transport of long-chain fatty acids from the cytoplasm to the mitochondrial matrix, regulation of acetyl-CoA/CoA, control of inter-organellar acyl traffic, and protection against oxidative stress. Recent studies have found that carnitine plays an important role in several diseases, including non-alcoholic fatty liver disease (NAFLD). However, its effect is still controversial, and its mechanism is not clear. Herein, this review provides current knowledge on the biological functions of carnitine, the “multiple hit” impact of carnitine on the NAFLD progression, and the downstream mechanisms. Based on the “multiple hit” hypothesis, carnitine inhibits β-oxidation, improves mitochondrial dysfunction, and reduces insulin resistance to ameliorate NAFLD. L-carnitine may have therapeutic role in liver diseases including non-alcoholic steatohepatitis, cirrhosis, hepatocellular carcinoma, alcoholic fatty liver disease, and viral hepatitis. We also discuss the prospects of L-carnitine supplementation as a therapeutic strategy in NAFLD and related diseases, and the factors limiting its widespread use.
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INTRODUCTION

Carnitine (3-hydroxy-4-N-trimethylammoniobutanoate) is an essential water-soluble molecule with multiple functions in the human body (1). Examples of such functions include reducing oxidative stress, increasing expression of pro-inflammatory cytokines (2–4), and improving mitochondrial dysfunction (5) and insulin resistance (IR) (6, 7). Moreover, it plays an important role in the development of many metabolic diseases, such as hypertension, diabetes, polycystic ovary syndrome (8), and osteoarthritis (9). Besides, carnitine has been reported to be closely associated with the development of non-alcoholic fatty liver diseases (NAFLD). Numerous studies have shown that NAFLD has become a major healthcare concern and economic burden worldwide (10); therefore, its prevention and treatment have gained increased attention among researchers. In this review, we summarize and discuss the relationship between carnitine and NAFLD, effects of L-carnitine (the biologically active form of carnitine) supplementation in NAFLD, and related diseases, including non-alcoholic steatohepatitis (NASH), cirrhosis, hepatic cellular cancer (HCC), alcoholic fatty liver disease, and viral hepatitis.



BIOLOGICAL CHARACTERISTICS OF CARNITINE


Classification and Distribution in Human Body

Carnitine is an amino acid belonging to a quaternary ammonium cationic complex. It has two stereoisomers: bioactive L-carnitine and abiotic enantiomeric isomer D-carnitine. L-carnitine is the predominant carnitine used in biological and medical fields and is commonly referred to as “carnitine.” The human body contains about 300 mg/kg of L-carnitine, 98% of which is intracellular, with 80% present in the muscles, 5–10% in the gastrointestinal tract, and 3% in the liver (11). Although D-carnitine has no biological activity in humans, it adversely impacts biochemical processes by inhibiting the carnitine acetyltransferase (12). D-carnitine supplementation has been found to induce liver inflammation, oxidative stress, and apoptosis in animal studies (13). In addition, D-carnitine can cause secondary carnitine deficiency (SCD), so researchers often use D-carnitine supplements to feed mice to establish carnitine lack animal models (14, 15). For these reasons, D-carnitine has been rarely studied in humans.



Endogenous Synthesis and Exogenous Sources

In the average adult diet, it is estimated that about 75% of the daily carnitine requirement mainly comes from meat, fish, and dairy products (16), while the remaining 25% is derived from endogenous synthesis (1). In strict vegetarians, more than 90% of the daily carnitine requirement is obtained by endogenous synthesis (17–19), whereby humans can synthesize ~1–2 μmol carnitine/kg/day (20). The synthesized carnitine is formed when 6-N-trimethyl-lysine (TML) is released during protein degradation (Figure 1) (21). After release, TML is hydroxylated into 3-hydroxyl-6-N-trimethyl-lysine (HTML) by trimethyl dioxygenase (TMLD), which is then broken down into 4-N-trimethyl-butylaldehyde (TMABA) and glycine by HTML aldolase (HTMLA) (1). TMABA produces 4-N-trimethylaminobutyrate (γ-butyrobetaine) under the action of dehydrogenase (11). Finally, γ-butyrobetaine dioxygenase (BBD) is used to hydroxylate γ-butyrobetaine to produce endogenous carnitine (Figure 1) (22, 23). BBD is confined to the human liver, kidneys, testis and brain, thus the biosynthesis of carnitine occurs only at these locations (24). Other tissues, such as skeletal muscle, obtain carnitine from the blood (25).


[image: Figure 1]
FIGURE 1. The endogenous synthesis of carnitine.


The distribution and homeostasis of carnitine within the body is controlled by organic cationic transporters (OCTN) (26). OCTN act on intestinal absorption and renal reabsorption of carnitine, and plays an important role in tissue distribution by catalyzing carnitine to enter cells in vivo (27). Among these, OCTN2 is the most important physiologically transporter of carnitine due to its high affinity and wide expression (27). OCTN2 plays a crucial role in carnitine homeostasis. Notably, BB, a direct precursor of carnitine, is also a good substrate for OCTN2. The liver and kidneys have a strong ability to convert BB to carnitine. Loss or mutation of OCTN2 function results in primary systemic carnitine deficiency (PCD) with severe clinical consequences such as cardiac and skeletal myopathy, cardiac hypertrophy and NAFLD (28).



Biological Functions


Transport of Long-Chain Fatty Acids Into the Mitochondrial Matrix

The essential function of carnitine is to transport LCFAs from the cytoplasm to the mitochondrial matrix for subsequent degradation by β-oxidation, known as “carnitine shuttle” (5). LCFA activation occurs in the cytosol, but the enzymes required to catalyze LCFA oxidation exist in the mitochondrial matrix (29). In this process, LCFA must be first activated into lipoyl-CoA via acyl-CoA synthetase (ACS) (30). Then, lipoyl-CoA is transported into the mitochondria. Since the inner mitochondrial membrane is impermeable to lipoyl-CoA (29), the entry of lipoyl-CoA relies on a shuttle system, which requires carnitine.

The carnitine shuttle has three main steps. First, CoA must be transferred from lipoyl-CoA to the hydroxyl group of carnitine to form lipoyl-carnitine. This transesterification is catalyzed by carnitine palmitoyl transferase I (CPT I) in the outer membrane (1). Second, the lipoyl-carnitine ester enters the matrix by facilitated diffusion through carnitine-acylcarnitine translocase (CACT) located in the inner mitochondrial membrane (31). In the final step, lipoyl-CoA is enzymatically transferred from carnitine to intramitochondrial CoA by carnitine palmitoyl transferase II (CPT II) (32). This isozyme, located on the inner face of the inner mitochondrial membrane, regenerates lipoyl-CoA and releases free carnitine into the matrix. Carnitine enters the intermembrane space again via CACT (Figure 2).


[image: Figure 2]
FIGURE 2. The mechanism by which long-chain fatty acids enter the mitochondria. CPT I, carnitine palmitoyltransferase I; CPT II, carnitine palmitoyltransferase II; ACS, acyl-CoA synthetase; CACT, carnitine-acylcarnitine translocase; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane.




Regulation of Acetyl-CoA/CoA Ratio

Under physiological conditions, carnitine can buffer excess acetyl-CoA in the mitochondria via the formation of acetyl-carnitine (33), which requires the presence of carnitine acyltransferase and carnitine acylcarnitine translocase. Acetyl-CoA is either metabolized through the tricarboxylic acid cycle (TCA cycle) or exported as acetyl-carnitine by carnitine. When there is persistent excess or underutilization of certain fatty acids, non-metabolizable acyl-CoAs accumulate. In such situations, carnitine acts as a receiver for these acyl groups by removing them from the tissues and excreting them in the urine (20), or they get separated from carnitine and reused (34). Carnitine regulation of acetyl-CoA/CoA reduces the inhibition of many intramitochondrial enzymes involved in glucose and amino acid catabolism (35).



Inter-organellar Acyl Transfer

Long-chain fatty acids (LCFA) and branched chain fatty acids are oxidized in peroxisomes. In contrast to mitochondrial β-oxidation, incomplete peroxisomal oxidation of fatty acids yields acetyl-CoA and shortened medium-chain acyl-CoAs. In order to completely oxidize these substances into CO2, the products of peroxisome fatty acid oxidation must be transported to the mitochondria (20). Since CoA and CoA esters cannot penetrate the cell membrane, they must be converted into their respective carnitine esters by catalase and carnitine octyltransferase (COT) in peroxisomes. Therefore, the carnitine esters are transported from peroxisomes to mitochondria through peroxisome and mitochondrial carnitine-acylcarnitine translocase (CACT), then reconverted into CoA esters by mitochondrial CPT II in the mitochondrial matrix (20). These are then oxidized into CO2 and H2O through mitochondrial β-oxidation, TCA cycle, and electron transfer.



Reduction of Oxidative Stress

Carnitine has several protective effects on oxidative stress. These include direct scavenging of free radicals, such as 2,2-diphenyl-1-picrylhydrazyl (DPPH), superoxide dismutase and hydrogen peroxide, and metal chelation to catalyze free radical formation, such as Fe2+; inhibition of reactive oxygen species-producing enzymes such as xanthine oxidase (XO) and nicotinamide adenine dinucleotide phosphate oxidase (NOX); upregulation of antioxidant enzymes like catalase (CAT), superoxide dismutase (SOD), glutathione reductase (GR) glutathione peroxidase (GPx), heme oxygenase, endothelial nitric oxide synthase, and other protective proteins (5).

In addition to the above biological functions, carnitine also plays an important role in anti-apoptosis and protection of mitochondrial biogenesis and integrity, which are beyond the scope of this study (5).




Application in Diseases

Carnitine, a natural compound closely related to the above-mentioned functions, has recently been found to alter the underlying disease pathology with fewer side effects (5, 36). It has been reported that L-carnitine as a supplement can be useful in the treatment of hypertension (37), diabetes mellitus (6, 7), NAFLD (34), heart failure (38), coronary artery disease (39), liver cirrhosis (40), muscle injury (41), dyslipidemia (42), migraine (43), Alzheimer's disease (44), and other chronic diseases.




ROLE OF CARNITINE IN THE PATHOGENESIS OF NAFLD AND ASSOCIATED DISEASES


Carnitine and “Multiple Hit” Hypothesis in the Pathogenesis of NAFLD

The prevalence of NAFLD is increasing at a tremendous rate, currently affecting about 24% of the world's population. It has been pinpointed as the most common cause of liver disease globally (45). In the last decade, the clinical burden of NAFLD has been associated to liver-related morbidity and mortality and also to the extra-hepatic manifestations involving other organs and regulatory pathways. The pathogenesis of NAFLD is multifactorial and only partially understood (46). At present, the highly recognized pathogenic mechanism is a “multiple hit” hypothesis, which considers the combined effects of multiple insults on genetically susceptible subjects to induce NAFLD and provides a reasonable explanation for the development of NAFLD (47). The first hit is the accumulation of fat in the liver, followed by the development of necrotic inflammation and fibrosis. In addition, nutritional factors, intestinal microflora, and genetic and epigenetic factors exhibit significant influence (48). Inhibition of β-oxidation, mitochondrial dysfunction, and insulin resistance (IR) are the three most important links in these “hits” as well as targets for carnitine to ameliorate NAFLD. Herein, we attempt to explain the role of carnitine in the pathogenesis of NAFLD, as shown in Figure 3.
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FIGURE 3. Pictorial representation of the (A) pathophysiological mechanism of NAFLD based on the “multiple hit” hypothesis and (B) inhibitory effects of carnitine on NAFLD and its progression. As shown in (A), dietary and environmental factors, together with obesity, lead to the proliferation and dysfunction of adipocytes. Insulin resistance acts on adipose tissue and worsens adipocyte dysfunction, which in turn worsens lipolysis. In the liver, insulin resistance inhibits β-oxidation. Under the dual attack of increased lipolysis and weakened β-oxidation, the influx FFAs to hepatocytes is increased greatly, leading to the synthesis and accumulation of TG and enhanced liver lipotoxicity. Excessive TG eventually induces NAFLD. Increased lipotoxicity leads to mitochondrial dysfunction and oxidative stress on endoplasmic reticulum (ER) by the activation of ROS, which leads to liver inflammation and fibrosis. At the same time, mitochondrial dysfunction promotes insulin resistance, exacerbating above process in a vicious circle. These pathological processes can cause the liver to persist in the stable stage of disease (NAFLD) or develop in to NASH. In the late stage of disease progression, NASH can progress to fibrosis or even HCC under the stimulation of certain factors. As shown in (B), carnitine supplementation reduces insulin resistance, promotes β-oxidation and improves mitochondrial function. Subsequently, the cellular concentration of FFAs and TG in hepatocytes get reduced and lipotoxicity is alleviated. The level of ROS is restrained to a certain extent, and inflammation and apoptosis were also improved. These above interlocking effects could alleviate NAFLD and NASH, and they may even have positive therapeutic effects on liver fibrosis and HCC. FFAs, free fatty acids; TG, triglycerides; ER, endoplasmic reticulum; UPR, unfolded protein response; ROS, reactive oxygen species; NASH, non-alcoholic steatohepatitis; HCC, hepatocellular carcinoma.


Supplementation with carnitine may have a positive effect on the β-oxidation of fatty acids in mitochondria, thereby promoting lipid metabolism by boosting the uptake of fatty acids and eventually reducing fat accumulation in hepatocytes. It is known that NAFLD is associated with an imbalance in a variety of metabolic networks, among which abnormal lipid metabolism is the core pathological metabolic process (49). The immediate cause of NAFLD is high levels of triglycerides (TG) and serum free fatty acids (FFAs). Excess TG comes from hepatic fat production and dietary fat supply, while FFAs accumulate due to lipolysis of visceral adipose tissues (50). The most important strategy to reduce NAFLD is to decrease dietary fat consumption and promote the catabolism of FFAs. β-oxidation is the core process of FFA decomposition, and carnitine acts as an FFA transporter. Carnitine plays an extremely important role in β-oxidation through the “carnitine shuttle,” as described above (51). The carnitine-mediated entry process is a rate-limiting step for mitochondrial LCFA oxidation and, thus, a major regulating point. Increased levels of carnitine may improve the originally inhibited β-oxidation, which is a great way to reduce fat accumulation in the liver (34). Recent studies have emphasized the key role of mitochondrial dysfunction in the occurrence and development of NAFLD (52). The effect of carnitine on mitochondrial dysfunction has been confirmed by various experiments (5). Increased FFAs can lead to hepatic lipotoxicity, generation of reactive oxygen, and damage to the mitochondrial membrane (52). Carnitine treatment could increase the mRNA expression of carnitine palmitoyltransferase 1A and peroxisome proliferator-activated receptor-γ (PPAR-γ), while preventing lipid membrane peroxidation and ROS. This further leads to the reversal of mitochondrial dysfunction, thereby increasing mitochondrial β-oxidation and reducing intracellular oxidative stress to prevent hepatic lipotoxicity (53, 54).

An important mechanism by which carnitine improves IR is enhancing the oxidation of mitochondrial long-chain acyl-CoAs (Figure 2) (55). Accumulation of long-chain acyl-CoAs and other FA metabolites impairs insulin signaling and leads to the development of IR, a crucial pathophysiological factor for carbohydrate metabolism disorders consistent with the development of NAFLD (49). Since abnormal mitochondrial function is associated with IR (56), carnitine therapy can also reduce IR by improving mitochondrial function (56).

Other possible mechanisms to improve insulin sensitivity in NAFLD reported in the literature include the regulation of the acetyl-CoA/CoA ratio in mitochondria, modulation of the pyruvate dehydrogenase complex (PDHC) activity, altering the expression of glycolytic and gluconeogenic enzymes as well as the expression of genes associated with the insulin signaling cascade, and stimulation of the insulin-like growth factor-1 (IGF-1) axis and IGF-1 signaling cascade (34, 55). As mentioned above, carnitine improves the glucose metabolism by reducing acetyl-CoA/CoA and reduces IR. Both insulin and IGF-1 act through their homologous receptor tyrosine kinases to coordinate metabolism and cellular responses to nutrient supply (57). When IGF-1 axis is activated, multiple signaling pathways corresponding to its kinase domain are also activated, including PI3K/Akt pathway and Raf/MEK/ERK level linkage pathway, which can ultimately reduce IR and prevent cell apoptosis (58, 59), thereby improving NAFLD.



Role of Carnitine in NAFLD Progression and Development of Associated Diseases

The liver is the main organ responsible for detoxification and metabolism of various compounds that produce reactive oxygen species (ROS). As such, liver disease may lead to increased ROS production and, subsequently, increased peroxidation of lipid membranes and inflammatory factors production, leading to hepatocyte injury and cell death (60–63). Injury or death of hepatocytes results in increased release of liver enzymes (64). Patients with chronic liver disease, especially liver cirrhosis, usually suffer from secondary carnitine deficiency (65, 66). Because the liver is one of the main sites for carnitine synthesis, liver disease can impair carnitine synthesis, which further aggravates the above-mentioned pathological processes and promotes disease progression. A recent meta-analysis showed that L-carnitine supplementation improves liver function by reducing histological steatosis and NAS scores in patients with NASH (67). In addition, Okabayashi et al. demonstrated that L-carnitine could improve postoperative liver function in hepatectomized patients (68). L-carnitine reduces inflammatory response via the transfer of β-oxidized long-chain fatty acids in mitochondria and the excretion of toxic substances in fatty acid metabolism (69). It also plays the role of free radical scavenger by reducing the production of ROS (70). Hence, L-carnitine may contribute by reducing oxidative stress, decreasing inflammatory response, and activating enzymes involved in the defense against oxidative damage, thereby reducing elevated serum liver enzymes in patients with liver disease.

Primary carnitine deficiency (PCD) is an autosomal recessive FA oxidation disease (34). Both serum and intracellular carnitine levels are very low in PCD patients. Therefore, FAs cannot be accumulated as an energy source (71), leading to increased ROS production (72). Different from PCD, secondary carnitine deficiency (SCD) is mostly caused by drugs (such as valproic acid, anticancer drugs, omeprazole, amphoteric drugs, etc.) or diseases (such as fatty acid oxidation disorder, organic acidemia, etc.) (1). These drugs or diseases increase the excretion of carnitine in the form of acylcarnitine in urine, reduce renal tubule reabsorption and endogenous biosynthesis, and inhibit carnitine transporters, resulting in increased carnitine consumption (73, 74). Carnitine deficiency impairs the mitochondrial β-oxidation of FAs, leading to acute metabolic decompensation, elevated aminotransferase, and hepatic encephalopathy similar to NAFLD (75). It has been reported that long-term oral carnitine treatment for 6 months in a patient with carnitine deficiency resulted in increased muscle strength, significant reduction in heart size, relief from cardiomyopathy, and partial repletion of carnitine levels in plasma and muscle with complete repletion of liver functions (71). L-carnitine has been approved by the US Food and Drug Administration for the treatment of PCD and SCD (76).

Alcoholic fatty liver disease is another major cause of fatty liver disease, for which carnitine supplementation may also be beneficial for improvement (77). The endogenous biosynthesis of FAs is the main cause of hepatic steatosis in chronic alcoholism (78). Hepatic steatosis is further aggravated by impaired fatty acid oxidation in an ethanol-impaired liver (79). Sachan et al. evaluated the lipid-lowering effects of carnitine and its precursors (lysine and methionine) in rats with chronic alcoholism and concluded that carnitine effectively prevented alcohol-induced hyperlipidemia and liver fat accumulation. Carnitine was also found to be more effective than its precursors (77).

The efficacy of L-carnitine supplements in the treatment of chronic hepatitis B (CHB) remains controversial. A Korean study compared the combination of entecavir and carnitine with entecavir alone to determine their therapeutic effects in CHB. Results indicated that the ALT normalization rate in the combination group was higher than that in the entecavir group, but the HBV-DNA normalization rate and change in serum HBV-DNA levels were similar (80). However, a recent trial showed that besifovir dipivoxil maleate combined with L-carnitine did not lead to any improvement in hepatic steatosis in CHB patients (81). On the other hand, carnitine has a higher recognition for the therapeutic effect in chronic hepatitis C (CHC). A recent meta-analysis showed that long-term use of low-dose (≤2,000 mg/day) L-carnitine could reduce TC and TG in overweight patients with liver disease, especially those with chronic hepatitis C (82). Another study also suggested that L-carnitine may be an effective adjuvant for anti-HCV therapy, because it reduces the oxidative stress induced by JFH-1 infection, inhibits HCV assembly, and exhibits anti-HCV activity through its anti-adipogenic activity in HCV-infected cells (83).




DOWNSTREAM MECHANISM OF CARNITINE IN NAFLD AND RELATED DISEASES

The molecular regulation mechanism of the role of carnitine in fatty acid metabolism has been preliminarily clarified. Typical genes, such as OCTN2 (encoded by SLC22A5) and /or BBD (encoded by BBOX1), regulated by PPARα play regulatory roles in the cellular fatty acid uptake, fatty acid activation, intracellular fatty acid transport, and β-oxidation of mitochondrial and peroxisomal fatty acids (84). With the increase of FFA oxidation, PPARα is activated, and the expression of BBD and OCTN2 in oxidative tissue is simulated to facilitate disposal (85). At the same time, increased expression of BBD and OCTN2 also plays a role in regulating carnitine homeostasis by stimulating the intake and biosynthesis of the carnitine, thus increasing the concentration of carnitine (86). The transcriptional regulation of PPARα on carnitine homeostasis related genes is consistent with their basic role in fatty acid catabolism (85).

Many experimental studies have been conducted to understand the impact of carnitine supplementation in NAFLD. For instance, one study employed a mouse model to demonstrate that L-carnitine supplementation could oppose the NAFLD progression. Results revealed a reduction in hepatic lipid accumulation and oxidative stress, hepatic fibrosis via modulation of α-smooth muscle actin (αSMA), peroxisome-activated receptor gamma (PPARγ), and nuclear factor kappa B (Nf-κB) expression (87). Among them, PPARγ may regulate cell apoptosis through the p21, p53 and p27 pathways, and exert an inhibitory effect on the progression of HCC (88). Another research using a mouse model showed that L-carnitine supplementation can inhibit the NAFLD development by decreasing TNF (receptor superfamily member 9 or CD137), CCL23 (C-C motif chemokine 23), MMP1 (matrix metalloproteinase 1), and FGF21 (fibroblast growth factor 21) in the plasma (89). Another study on hepatoma HepG2 cells revealed the distinct benefits of L-carnitine in fructose-mediated lipid accumulation through adenosine monophosphate-activated protein kinase (AMPK) activation (90). L-carnitine was found to increase PGC1α expression and ameliorate mitochondrial damage (90). Numerous works have revealed that the combination of L-carnitine and nicotinamide nucleoside can enhance the transfer of fatty acids across mitochondrial inner membrane and increase the content of nicotinamide adenine nucleotide (NAD +), which is necessary for β-oxidation and the TCA cycle. It can also reverse the harmful effects of a high-fat diet on liver metabolic pathways and related regulators, such as ACOX, SCAP, SREBF, PPARGC1B, and INSR (91). These mechanisms support the administration of L-carnitine as a novel drug to reduce NAFLD.



TREATMENT OF NAFLD WITH L-CARNITINE SUPPLEMENTATION

Since the effects of NAFLD are reversible, it is important to control the disease in its early stages (92). Unfortunately, there are no drugs specifically approved for the treatment of NAFLD at present (93). Available treatments for NAFLD mainly focus on changing lifestyle habits and encouraging weight loss. In addition, several molecules have been studied as an adjuvant therapy, including L-carnitine, CoQ10, vitamin E, vine tea polyphenol, cytoprotective agents (ursodeoxycholic acid), and insulin sensitizers (pioglitazone and metformin) (94).

L-carnitine, the only biologically active form of carnitine, has been one of the most widely studied molecules for the treatment of NAFLD. Several meta-analyses showed that L-carnitine supplementation improved steatosis and NASH (67) and carnitine supplementation in NAFLD patients could reduce AST, ALT, TG, and HOMA-IR (95). In yet another meta-analysis, L-carnitine supplementation was found to significantly improve the circulating levels of ALT, AST, and gamma-glutamyl transpeptidase (γ-GT), which may have a positive impact on liver function (96).

The research trials conducted to study the effects of L-carnitine supplements in NAFLD, its progression, and the associated diseases are summarized in Tables 1, 2. Most of these studies reported that L-carnitine supplementation can normalize or reduce the serum levels of liver enzymes (94, 97, 98, 101–104). Some have confirmed that L-carnitine supplementation could reduce the incidence and severity of NAFLD (103) and, thus, improve liver attenuation index on CT (101), NAFLD sonographic grade (97), and histological scores (104). Other studies propose that L-carnitine supplementation could improve blood glucose (including FBG and HbA1c) and IR (including HOMA-IR) (103), blood lipid profile (104), and mitochondrial function (98, 102) in NAFLD patients with diabetes. Two studies demonstrated that L-carnitine can improve liver function and prognosis in patients with liver cancer after surgery (68, 106). Several randomized controlled clinical trials conducted by Malaguarnera et al. in patients with cirrhosis and hepatic encephalopathy (ranging from mild hepatic encephalopathy to coma) confirmed that L-carnitine supplementation significantly improved hepatic encephalopathy parameters (107–111). The results of these trials suggest that L-carnitine supplementation is advantageous for the treatment of cirrhosis with hepatic encephalopathy. Experimental trials in animals further conclude that L-carnitine supplementation can reduce lipid deposition and increase the metabolites related to β-oxidation, which confirm the importance of L-carnitine in controlling oxidative stress, steatosis, and fibrosis in the liver (87, 99).


Table 1. Studies reporting the outcomes of L-carnitine supplementation on NAFLD.
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Table 2. Studies reporting the effects of L-carnitine supplementation on NAFLD progression and related diseases.
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At least 11 studies reported no obvious adverse reactions in humans (112–122) and support the use of L-carnitine as an ingredient in dietary supplements. As recognized by several experiments, L-carnitine has also attracted widespread attention since it can be easily obtained from meat at a low-cost.

The recommended dose of L-carnitine is 15 g/day for healthy individuals (123) and 100–400 mg/kg/day for patients with carnitine deficiency (96). Some side effects have been observed after high-dose supplementation of L-carnitine, such as diarrhea, intestinal problems, and trimethylamine production that causes a fishy odor. However, these can be effectively addressed by appropriately reducing the supplemental dosage (124). Hence, it is important to measure the plasma L-carnitine levels to determine the optimal dose of L-carnitine for each patient.



LIMITATIONS AND PROSPECTS OF CARNITINE FOR THE TREATMENT OF NAFLD

Despite promising results, the studies on the role of L-carnitine in NAFLD, listed in Tables 1, 2, face many limitations. First, most trials used the compound preparation of L-carnitine and other substances in the intervention group. The presence of other substances can influence the outcomes of L-carnitine, making it difficult to assess its role in isolation. Second, the bioavailability of L-carnitine was not assessed in the reported studies, so there is no clear reference value for the amount of L-carnitine present in the blood after ingestion. Third, the sample sizes of the reported trials were small, which affects the credibility of the results.

In fact, there are still many unclear aspects of L-carnitine supplementation. For instance, the suggested improvement of metabolism by L-carnitine supplements is based primarily on short-term supplementation (125). A meta-analysis reported that the body weight of obese patients decreased significantly after supplementation with L-carnitine (126). However, in the subgroup analysis, it was found that L-carnitine had no effect on the body weight of subjects whose BMI was <25 kg/m2 or when L-carnitine supplementation was administered for more than 24 weeks (126). Thus, it is not explicit whether the effects of L-carnitine supplementation on NAFLD will result in similar time-dependent effects. Although carnitine supplementation was given orally in most of the studies (Tables 1, 2), some trials administered carnitine intravenously (127, 128). Therefore, the optimal route to administer L-carnitine supplements for NAFLD remains unclear. While many substances can be used as dietary supplements to improve NAFLD, no studies have directly compared them to determine which is most effective. Furthermore, the studies on the effects of L-carnitine supplements in NAFLD have yielded conflicting results. Bruls et al. showed that L-carnitine infusion could neither alleviate lipid-induced insulin resistance and metabolic inflexibility nor change the availability of skeletal muscle carnitine (129). Fujiwara et al. found that high-fat diet feeding and L-carnitine supplementation increased STAT3 phosphorylation in HCC tissues and could synergistically promote the development of liver cancer (130).

To improve the accuracy of future studies on the effects of L-carnitine supplementation in NAFLD treatment, the following aspects could be considered: use of L-carnitine in isolation in the intervention group; assessment of the bioavailability of L-carnitine; multicenter trials with larger sample size; longer follow-up to evaluate time-dependent effects; and use of intravenous L-carnitine supplementation. In addition, experimental studies are recommended to compare the effects of other substances that have been proven effective in enhancing NAFLD via L-carnitine and to understand the downstream mechanism.



CONCLUSION

Carnitine plays an important role in transporting FAs to the mitochondrial matrix for β-oxidation, regulating acetyl-CoA/CoA, exporting acetyl- and chain-shortened acyl products from peroxisomes, and reducing oxidative stress. L-carnitine supplementation can normalize or reduce serum levels of liver enzymes, decrease the incidence and severity of NAFLD, and improve both the lipid profile and mitochondrial function. L-carnitine may have therapeutic effects on liver diseases, including NASH, cirrhosis, HCC, alcoholic fatty liver disease, and viral hepatitis. In addition, L-carnitine supplementation is safe, low cost, and easy to administer. Due to the limited and inadequate studies on the effects of L-carnitine supplementation on NAFLD, future research should aim to determine the exact role of L-carnitine for the treatment of NAFLD.



AUTHOR CONTRIBUTIONS

NL: study design and drafting. HZ: study design and critical review/revision. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the United Fund of the Second Hospital of Dalian Medical University and Dalian Institute of Chemical Physics, Chinese Academy of Sciences (UF-ZD-202011) and Project of Education Department of Liaoning Province (LZ2020009).



ABBREVIATIONS
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Parameters Patient group Control group P-value

(n=294) (n=294)

Age (years) 48 (39-68) 48 (30-67) 0772
Sex (fomale/male) 65/29 64/30 096
Smoking habits

Current smoker 42 (45) 40(43) 0783

Ex-smoker 18(19) 19 (20) 0863

Never smoked 34 (36) 35(37) 0887
Hypertension 23(24) - -
DM 32(34) - -
BMI (kg/m?) 27335 238 1.1 <0001
ALT (UIL) 68 (47-95) 29 (20-36) <0001
AST (UAL) 54 (46-75) 21 (18-82) <0.001
¥-GT (U 39(30-54) 34 (30-50) 0216
ALP (U/L) 96 (83-110) 89 (78-101) 0.024
Albumin (g/dl) 44£13 43+1.1 0.57
Bilirubin (mg/d) 11503 1£02 0.18
PT(s) 12+08 11.8£0.7 0.07
APTT (5) 35,1 +5.1 34148 0.13
Serum creatinine (mg/d) 08(0.6-1.39) 074 (0.6-1.2) 0502
Waist circumference (cm) 91643 82219 <0001
Weaist circumference, cm men >102, women >88 54(57) = .
Serum total cholesterol (mg/di) 197 + 62 185 & 22 0079
Serum triglyceride (mg/d) 139 (90-184) 93 (80-113) <0.001
Fibrinogen levels (mg/dl) 269 (227-847) 182 (141-214) <0.001
Protein G (U/cl) 82548 80578 0.084
Protein S (1U/d) 85975 83872 0052
Antithrombin lll 825+54 791561 <0.001
Factor VIl (ng/m) 1017 £95 99588 0.101
PAI-1 (ng/ml) 224437 105+£23 <0.001
Homocysteine (umolL) 183£07 129+06 <0.001
D-dimer (ng/mi) 656 (370-826) 425 (244-624) <0001
ANA positive (n) (positive =1.2) 3 - -
Anti-dsDNA positive (1) (positive >20 1U/mi) 0 - -
ACA-IgG positive (1) (positive = 10 U/mi) 0 - -
CRP (mg/L) 66 (40-79) 9.0 (4.7-11.6) <0.001
HOMA-IR 32(1.4-4.1) 1.8(1.2-2.4) <0001
Leptin (ng/mi) 180.2 +8.1 9654453 <0.001
Adiponectin (g/m) 2056 +1.2 256418 <0001
LAR 634043 38051 <0.001
Portal how velocity (cm/s) 23844 2545 0.066

The statistics presented are means  SD, N (%), or median and interquartie range. DM, diabetes mellitus; BMI, basal metabolic index; ALT, alanine aminotransferase; AST, aspertate
aminotransferase; y-GT, y-glutamyl transpepticase; ALP. alkaline phosphatase; PT, prothrombin time; APTT, activated partial thromboplastin time; ANA, anti-nuciear antibody; Anti-
dsDNA, anti-double-strand DNA; ACA-IgG, anti-cardolipin [9G antibody; CRR, C-reactive protein; HOMA-IR, homeostasis model assessment-insuli resistance; LAR, leptin/adiponectin
ratio; NAS, non-alcoholic fatty liver disease activity score; NASH, non-alcoholic steatohepatitis.
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Histopathological characteristics

Degree of inflammation

No (minimalymilc/moderate/severe 0/12/52/30
Grades of steatosis

Non/Grade 1/Grade 2/Grade 3 0/24/43/27
Ballooning

None/Few/Many 0/63/31
Stages of fiorosis

o1/2/3/4 3/9/50/32/0
NAS (non-alcoholic fatty liver disease activity score)

0-2 (simple steatosis) 21

3-4 (borderline NASH) 29

5-8 (NASH) 44
Non-invasive fibrosis scores
NAFLD fibrosis score (NFS) 0.18(~1.45100.37)

Fibrosis-4 (FIB-4) 2(1.38-3.36)
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Pooled population NAFLD- (n = 214) NAFLD+ (n = 47) P-value (NAFLD- vs.

(n =261) Mean (SD) Mean (SD) Mean (SD) NAFLD-+)
Age (years) 66 (10) 67 (10) 63(9) 0.004
Height (cm) 168 (10) 168 (10) 169 (9) 063
Weight (k) 84 (19) 80(16) 100 (24) <0.001
BMI (kg/m?) 295 (63) 282(5.1) 35.1(8.0) <0001
Total cholesterol (mmol/) 4.35 (1.09) 4.33(1.04) 4.44(1.31) 064
HDL cholesterol (mmol/) 1.31(0.40) 1.34(0.41) 1.13(0.29) 0.002
LDL cholesterol (mmol) 2.40(0.93) 2.38(0.90) 251(1.04) 047
Triglycerides (mmol/) 1.57 (0.98) 1.43(0.76) 220 (1.50) 0,003
Glucose (mmol/) 6.64(1.81) 6.49 (1.64) 7.33231) 0,029
Systolic BP (supine, mmHg) 145 (23) 145 (23) 147 @1) 050
Diastolic BP (supine, mmHg) 76 (1) 75 (10) 80 (11) 0.004

NAFLD-, subjects without non-alcoholic fatty ver disease; NAFLD-+, subjects with non-alcoholic fetty iver disease; BMI, body mass index; HOL, high-censity lipoprotein; LDL, low-density
lipoprotein; BP. blood pressure.
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CTscan 1

Mean (SD)
Spleen (HU) 439(3.3)
Liver right lobe (posterion) (HU) ~ 49.3 (9.5)
Liver right lobe (anterior) (HU) 51.3(9.7)
Liver left lobe (HU) 56.3(10.4)
LS (pooled population) 1.15 (0.24)
LS (NAFLD-) 1.24(0.13)
LS (NAFLD+) 0.76(0.22)

CTscan 2
Mean (SD)

437 3.5)
48.4(9.3)
50.6(9.8)
567 (10.3)
1.14(0.24)
1.23(0.19)

075 (0.21)

cce

0.512
0.920
0.923
0.911
0.877
0.552
0911

1CC (95% CI)

0.513* (0.418-0.597)
0.920" (0.895-0.939)
0.923* (0.902-0.940)
0.912* (0.889-0.930)
0.878" (0.847-0.903)
0553 (0.453-0.640)
0.913* (0.849-0.950)

CV%

53
53
5.1
53
70
49
341

95% limits of

agreement

-69t06.4
-8.1106.3
-8.1106.7
-8.1t088
-0.24100.22
-0.25t00.23
-0.19t00.17

CT scan 2 - 1 difference

Mean (SD)

-02(3.4)
-09@37)
-0738)
0.443)
~0.01(0.12)
~0.01(0.12)
~0.01 (0.09)

CT, computed tomography; CCC, Concordance correlation coefficient; ICC, intraclass correlation coefficient; 95% CI, 95% confidence interval; CV%, coefficient of variation; HU,
Hounsfield unit; L/S, average HU value of the liver right lobe/HU value of the spleen; NAFLD-, subjects without non-alcoholic fatty liver disease; NAFLD+, subjects with non-alcoholic

fatty liver disease. Significances: P < 0.001.
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Cutoff

1GF-1 <08.83ng/ml
APRI >031
Fib-4 >0.75
NFS >-0.96
Ferritin >118ng/ml
INR >103

IGF-1 + ferritin + INR -

AAUROC (95% CI)

067" (0.56-0.78)
0,62 (0.43-0.81)
0.66 (0.49-0.82)
074 (0.52-0.89)
0.68" (0.49-0.87)
0.78" (0.64-0.99)
0.81* (n.d.)

Sensitivity (95% CI)

0.70(0.35-0.93)
0.60(0.26-0.88)
0.90(0.56-0.99)
0.43(0.10-0.82)
0.8 (0.44-0.97)
070 0.35-0.93)
050 (0.19-081)

Specificity (95% CI)

061 (0.51-0.72)
0.71 (0.61-0.80)
0.47 (0.37-0.58)
088 (0.77-0.94)
0.65 (0.55-0.74)
085 (0.76-091)
0.98 (0.93-0.99)

Accuracy (95% Cl)

0.63(0.53-0.72)
0.70 (0.60-0.79)
0.51(0.42-0.61)
083 (0.72-091)
0.66 (0.57-0.75)
0.83 (0.75-0.90)
0.93 (0.87-097)

PPV (95% CI)

0.17(0.11-0.25)
0.18(0.11-0.28)
0.15(0.12-0.19)
0.28(0.12-053)
0.19 (0.13-0.26)
0.32 (0.20-0.46)
0.71 (0.37-091)

NPV (95% Cl)

0.95 (0.88-0.98)
0.95 (0.89-0.97)
0.98(0.88-0.99)
0.93 (0.88-0.96)
0.97 (0.90-0.99)
0.96(0.91-0.99)
0.5 (0.91-097)

™

o N O e oo~

™

60
69
3

56
63
82
95

FP

37
28
51
8
34
15
2

LIRS SR N

Applied in the validation cohort. NSF, n = 71; others, n = 107. F3-4 is considered as positive if the levels of each parameter are superior or inferior to the cutoff value as indicated. p-values corrected with Benjamini-Hochberg procedure,

assuming 5% false discovery rate.

APRY, aspartate aminotransferase-to-platelet ratio; Cl, confidence interval; FN, false negative; FF, false positive; IGF-1, insulin-like growth factor 1; INR, international normalized ratio; NFS, NAFLD fibrosis score; NPV, negative predictive
value; PPV, positive predctive value; TN, true negative; TP, true positive; n.d., ot determined due to the low number of F3-4 patients.

*p < 0.05.
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TG(44:0)

TG(49:2)

TG(51:3)

TG(52:1)

TG(58:1)

TG(54:0)

TG(E0:3)
PC(0:0/14:0)
SM(38:0)

Adiponectin + 9 lipids

Adiponectin + 9 lipids
(PNPLAB 15738409 CC)

Applied in the validation cohort,

Cutoff

>0.25
>0.71
>1.02
>0.85
>0.48
>0.38
>0.58
>0.22
>1.16

AUROC (95% CI)

072" (0.65-0.79)
0.70 (0.63-0.78)
061" (054-0.69)
075" (0.68-0.82)
0.74* (0.67-0.81)
068" (0.61-0.76)

0.60 (0.50-0.66)

070 (0.62-0.77)

071+ (0.63-0.78)
0.796™ (0.73-0.86)

0832 (0.75-0.91)

Sensitivity (95% Cl)

060 (0.49-0.70)
071 (0.61-080)
0.61 (0.50-0.71)
0.79 (0.69-0.87)
0.89 (0.81-0.95)
072 (0.62-081)
0.70 (0.569-0.79)
080 (0.70-0.88)
0.74 0.64-0.83)
071 (0.61-080)
0.70 (0.55-0.83)

p-values corrected with Benjamini-Hochberg procedure, assuming 5% false discovery rate.
Cl, confidence interval: FN, false negative; FR. false positive; NAFL, nonalcoholic fatty fiver; NASH, nonalcoholic steatohepatits; NPV, negative predictive value; PC, phosphatiaylcholine; PPV positive predictive value; TG, trigiyceride;
TN, true negative; TF, true positive; SM, sphingomyelin.

*p < 0.05; *'p < 0.01.

Specificity (95% CI)

0.75 (0.65-0.83)
058 (0.47-0.69)
056 (0.45-0.66)
059 (0.49-0.70)
0.49 (0.39-0.60)
057 (0.46-0.67)
0.47 (0.37-0.58)
051(0.40-061)
064 (0.53-0.74)
0.77 (0.67-0.85)
088 (0.77-0.95)

Accuracy (95% Cl)

0.67 (0.60-0.74)
0.65 (0.57-0.72)
059 (0.51-0.66)
0.69 (0.62-0.76)
0.69 (0.62-0.76)
0.65 (0.57-0.72)
059 (0.51-0.66)
0.65 (0.58-0.72)
0.69 (0.62-0.76)
0.74 (0.67-0.80)
0802 (0.71-0.87)

PPV (95% CI)

0.70(0.61-0.77)
0.63 (0.56-0.69)
058 (0.51-0.65)
0.66(0.59-0.72)
0.63(0.58-0.68)
0,63 (0.56-0.69)
057 (0.51-0.62)
062 (0.56-0.67)
0.67 (0.60-0.7)
075 (0.67-0.82)
083 (0.70-091)

NPV (95% CI)

0.65 (0.59-0.71)
0.67 (0.59-0.75)
059 (0.52-0.67)
0.74 (0.65-0.81)
0.82(0.71-0.89)
0.68 (0.59-0.75)
0.61(0.52-0.70)
0.72 (0.62-0.80)
0.72 (0.63-0.79)
073 (0.66-0.79)
0.79 (0.70-0.85)

™

82AIIB &8

™

68
53
51
54
45
52
43
46
58
70
52

P

23
38
40
37
46
39
48
45
33
21

14

= 181; PNPLA3 rs738409 CC carriers, n = 106. NASH is considered as positive if the levels of each parameter are superior or inferior to the cutoff value as indicated; for adiponectin, <7.32ug/ml.
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Cutoff

Adiponectin <7.82ug/ml
AST/ALT <096
MRI >0.15
Hepatic TG content >42.85 mglg
evaluated by Folch

method

AUROC (95% Cl)

063" (0.52-0.7)
065" (0.55-0.76)

0.90"*** (0.69-0.91)

0.75" (0.63-0.87)

Sensitivity (95% Cl)

0.85 (0.72-0.94)
0.89 (0.77-0.96)
0.85 (0.68-0.95)
083 (0.67-0.94)

Specificity (95% CI)

0.29(0.18-0.42)
0.49 (0.36-0.63)
0.68 (0.50-0.89)
059 (0.42-0.74)

Accuracy (95% CI)

054 (0.44-0.64)
067 (0.75-0.76)
0.76 (0.64-0.86)
0.70 (0.59-0.80)

PPV (95% CI)

0.49 (0.44-0.54)
059 (0.52-0.66)
0.72 (061-081)
0.64 (054-0.72)

NPV (95% Cl)

0.71(052-084)
0.85 (0.70-0.99)
0.82 (0.67-091)
0.80 (0.65-0.90)

T

40
42
28
30

™

17
28
"
24

P

42
29

17

FN

23

Applied in validation cohort. Adiponectin; n = 106; AST/ALT, n = 104; MRI, n = 67; hepatic TG content evaluated by Folch method, n = 77. NASH is considered positive if the levels of each parameter are superior or inferior to the

cutoff value as indicated.

AST/ALT, aspartate aminotransferase to alanine aminotransferase ratio; C, confidence interval; FN, false negative; FR, false positive; MR, magnetic resonance imaging; NAFL, nonalcoholic fatty liver; NASH, nonalcoholic steatohepatits;
NPV, negative precictive value; PPV, positive predictive value; TN, true negative; T true positive.

*p < 0.05; *'p < 0.0

**p < 0.001; ***p < 0.0001.
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Parameter Obese controls

Number 1"
Age (years) 48.10+2.86
Gender (M/F) 4/6

BMI (kg/m?) 46.03 + 1.87
Hematology and biochemistry

AST (UL 23.78+5.93
ALT (UAL) 22,67 343
GGT (UA) 2114352
Glucose (mg/d) 108.30 £ 6.77
Triglycerides 127.00 £ 32.44
(mg/mi)

Total cholesterol 198.25 + 491
(mg/ml)

HDL-cholesterol 51.50+4.84
(mg/mi)

LDL-cholesterol 131.30 + 8.31
(mmol/di)

Total bilirubin 054£0.10
(mg/dl)

Platelets (10%/L) 281.00 + 33.57
Hemoglobin 12.40 £ 061
(grd)

Ferritin (ng/mi) 166.87 £ 31.14
Alburnin (g/dl) 3964027
INR 1014002
Liver steatosis

MRI (fat fraction) n/a
Hepatic TG n/a
content

evaluated by

Folch method

(mg/g)

NAFLD-associated polymorphisms
PNPLA3 7/01
(CC/0a/GE)

TMBSF2 8/0/0
(ccreT)

MBOAT? 4/4/0
(GG/GA/AA)

Co-morbidities

Arterial 6/4
hypertension

(no/yes)

Diabetes 5/5
(nofyes)

Dyslipidemia a1
(no/yes)

Choleithiasis a1
(no/yes)

NAFL

100
4520 £ 1.27
26/66
44.60 = 0.67

20.71 £0.92
25.68 + 1.70
37.20+4.78
113.65 + 3.44
14222 £9.98

195.75 £+ 4.08

48.58 + 1.47

118.38+ 3.65

0.65 £ 0.09

267.78 +7.09
13.73+£0.13

114.15 % 15.91
4.28 £0.05
0.97 +£0.01

0.15+£0.01
57.49 + 547

59/24/6

83/5/3

21/50/18

46/45

66/26

56/23

52/23

NASH

94
48.96 £ 1.67
34/56
45.89 £0.73

26.24 + 1.49*
36.18 £ 2.212
4227 +4.45
120.22 + 3.39
158.79 + 8.43

208.79 £ 5.41

50.24 % 1.45

125.69 + 4.12

0.48 £ 0.03

251.79 £ 6.22
13.76 £ 021

134.34 + 19.79
4.28 £ 0.06
0.98 +0.01

0.26 +0.01*
103.13 + 6.42°

47/28/9

65/5/0

27/42/15

31/59

56/34

417412

60/19

Data are expressed as mean = SEM. Information not available for non-obese controls.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BM), body mass index;
C, cytosine; F, female; G, guanine; GGT, y-glutamy! transferase; HDL, high-density
lipoprotein; INR, intemational normalizedratio; LDL, low-density ipoprotein; M, male; MR,
magnetic resonance imaging; /a, not available; NAFL, nonalcoholic fatty liver; NASH,

nonalcoholic steatohepatits; T, thymine.
ap <0.05 vs. NAFL.
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Parameter

Number
Age (years)

Gender (M/F)

BMI (kg/m?)

Hematology and biochemistry
AST (UL)

ALT (UA)

GGT ()

Glucose (mg/d))

Trigiyoerides (mg/mi)

Total cholesterol (mg/m)
HDL-cholesterol (mg/mi)
LDL-cholesterol (mmol/di)

Total bilirubin (mg/cl)

Platelets (10°/L)

INR

NAFL

26
38.38 &+ 1.99
10/16
44.68 = 1.32

2719+ 265
39.62 + 6.96
29.36 + 4.22
93.68 +2.13
118.44 £5.82
10127 £7.41
46.27 = 2.69
125.00 £ 7.61
0.69 +0.08
280.42 £ 17.32
0.97+0.01

NASH

12
44.83 £ 2,68
4/8
41.56 4+ 1.27

30.92 +£3.16
45.08 + 5.38
37.58 +3.42
100.68 + 3.68
155.91 £20.63
197.67 £ 10.83
44.08 +2.57
126.73 £10.11
0.74 £0.08
300.82 £ 11.70
0.94 £0.02

Data are expressed as mean & SEM. Information not avaiable for non-obese controls.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index;
F, female; GGT, y-glutamy transferase; HDL, high-density lipoprotein; INR, international
normalized ratio; LDL, low-censity fipoprotein; M, male; NAFL, nonalcoholic fatty liver;

NASH, nonalcoholic steatohepatitis.
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NAFLD stage  Vesicle source ~ Species Sample Biomarker References

Protein-based biomarkers Liver damage  ND Human Serum, plasma 1 SPTPRG 72
NASH ND Mice Plasma 1 ASGPR1 (73)
ND Mice Plasma 4 CXCL10 (50)
ND Mice Serum 1 CYP2E1 (33,50)
Hepatocytes Mice Plasma 1 UNN-1 (65)
Hepatocytes Mice Plasma + ASGR1, CYP2E1 (74)
Macrophages  Mice Plasma 1 Gal3 (74)
Neutrophis Mice Plasma 1 Ly6G (74)
Leukocytes Human Serum, plasma  t CD14, iNKT (75, 76)
Cirhosis. Hepatocytes Human Plasma 1 CK18 (@)
HCe Hepatocytes. Human Plasma + Hep Par 1 (78, 79)
ND Human Serum 1 EpCAM, CD133, ASGR1 (80)
ND Human Plasma PANXA2 @®1)
ND Human Serum +PIGR ©2)
ND Human Serum 1 LG3BP ©2)
Nucleic acid-based biomarkers ~ NASH Hepatocytes Rat,human  Serum + miR-192-5p (54)
Hepatocytes Mice Plasma + miR-122, miR192 73)
Hepatocytes Human Serum + miR-122, miR192 ©3)
Hepatocytes Mice, human  Plasma + MitoDNA ©3)
Fibrosis ND Mice Serum 1 miR-214 ({Twist1 1CON2) 84)
Hce ND Human Serum + miR-21 (®5)
ND Human Serum 1 miR-718 86)
ND Human Serum 4 miR-18a, miR-221, miR-222, miR-224 ©7)
ND Human Serum 1 miR-101, miR-106b, miR-122, miR-195 ©7)
ND Human Serum 1 miR-939, MiR-595, and miR-519d ©9)
Lipic-based biomarkers NASH ND Mice, human  Plasma + Ceramide and S1P 1)

ANXA2, annexin A2; ASGR1, asialoglycoprotein receptor 1; CCN2, connective tissue growth factor; CD133, cluster of diferentiation 133; CD14, cluster of differentiation 14; CK18,
cytokeratin 18; CXCL10, C-X-C mottif chemokine ligand 10; CYP2ET, cytochrome P450 family 2 subfemily £ member 1; EXCAM, epithelial cell adhesion molecule; Gal3, galectin
HCC, hepatocelluler carcinoma; Hep Per 1, hepatocyte parattin 1; iNKT, invariant natural kiler T; LG3BR, galectin-3-binding protein; Ly6G, lymphocyte antigen 6 complex locus G; miR,
mature form of the miRNA; NAFLD, nonaicoholic fatty lver disease; NASH, nonalcoholic steatohepatitis ND, not defined; PIGR, polymeric immunoglobulin receptor; S1P, sphingosine
1 phosphate; sPTPRG, soluble protein tyrosine phosphatase receptor gamma; VNN, vanin-1.
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NCD CDAHFD + Veh  CDAHFD + Myr

N=9 N=8) N=8)
Body weight (g) 2695+065 2031£0.420  21.65%056°
185006  1.34+£004 1.36 + 0,09

Liver weight (q)
Liver/body weight ratio (%) 4.98 +0.12 6.31 £0.15% 6.74 £ 0.32°

Serum ALT (U/L) 101£22 2811 £7.7° 188.6 + 14.9%°
Serum AST (U/L) 1856+24 137.7 £10.8* 88.7 £9.4%°

Mice were fed a normal chow diet (NCD) or the choline-deficient, L-amino acid-defined,
high-fat diet (CDAHFD) for 8 weeks and concomitantly treated with myricetin (100 mg/kg)
or vehicle by daly gavage. Values are expressed as the mean  SEM. ALT, alanine
transaminase; AST, aspartate transaminase; Myr, myricefin; Veh, vehicle; N, sample size.
2p < 0,001 vs. NCD; PP < 0.01, °P < 0.001 vs. CDAHFD + Veh.
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Patient No. we LAR
Baseline 3years 6 years 9years Baseline 3years 6 years 9years
4 20 91 93 98 6.8 74 76 86
11 115 17 118 121 6.9 7 71 74
27 115 116 17 122 73 75 79 8.4
32 114 116 118 120 74 7.6 78 8.1
49 119 120 121 125 75 7.7 8.1 85
63 17 119 120 125 69 74 72 76
74 123 125 126 130 65 68 69 76
85 11 113 115 118 74 73 75 8
Patients with PVT 11310 115102 116£9.9 120496 744034 73£032 754042 8405
=8
P1=07 P2=085 P3=043 P1=025 P2=03 P3=0048
P4=0.18 P4 < 0.001
Patients without VT 87.6 £ 4.1 939438 95152 988586  63£043 66£05 69055 73£06
(n=86)
P1* < 0.001 P2 =012 P3" < 0.001 P1" < 0.001 P2 <0001 P3" < 0.001
P4 <0001 P4 <0001
Non-invasive fibrosis scores
Baseline 3years 6 years 9years
NFS in PVT 0.22 023 0.24 027 P1, P2, P3,and P4 > 0.05
(-1.45-0.55)  (-1.47-0.56)  (-1.49-059)  (-1.51-0.62)
FIB-4 in PVT 245 247 251 2.52 P1, P2, P3.and P4 > 0.05
(1.23-333)  (1.26-836)  (1.28-339)  (1.31-3.42)
NFS in non-PVT 0175 0.182 0184 0.191 P1", P2',P3', and P4" > 0.05
(-145-037)  (-1.41-038)  (-1.38-039)  (-1.35-0.41)
FIB-4 in non-PUT 1.88 192 1.94 195 PI*, P2, P3", and P4" > 0.05
(1.4-3.36) (1.4-3.38) (1.5-3.41) (1.5-3.41)

WC, Waist circumference; LAR, leptin/adiponectin ratio; PVT, portal vein thrombosis; NFS, NAFLD fibrosis score; FIB-4, Fibrosis-4.
P1: 3 years vs. baseline in patients with PVT. PT': 3 years vs. baseline in patients without PVT.
P2: 6 years vs. 3 years in patients with PVT. P2': 6 years vs. 3 years in patients without PVT.
P3: 9 years vs. 6 years in patients with PVT. P3': 9 years vs. 6 years in paients without PVT.
P4: 9 years vs. baseline in patients with PVT. P4': 9 years vs. baseline in patients without PVT.
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Parameters

DM

Waist circumference
LAR

NFS

FIB-4

Univariate Cox regression

HR (95% CI)

634 (1.20-31.19)
1.16 (1.09-1.24)
7.44.(1.93-28.87)
0.97 (0.45-2.09)
1.08 (0.52-2.050)

P-value

0.013
<0.001
0.002

0.83
0.92

Multivariable Cox regression

HR (95% CI)

1.23(0.15-10.32)
1.18 (1.09-1.28)
8,04 (1.62-39.9)

DM, diabetes meliitus; LAR, leptin/adiponectin ratio; Cl, confidence interval: HR, hazard ratio; NFS, NAFLD fibrosis score; FIB-4, Fibrosis-4.

P-value

0.85
<0.001
0.011
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P-value
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Multivariate analysis adjusted for age, sex, diabetes, systolic and diastolic blood pressure,
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Alcohol, n (%)

Diabetes, n %

BMI (kg/m?)

WC (em)

SBP (mmHg)

DBP (mmHg)

AST (UA)

ALT (UL

Total cholesterol (mg/dlL)
Triglyceride (mg/dL)
HDL-cholesterol(mg/dL)
Depression, n (%)
State_anxiety, n (%)
Trait_anxiety, n (%)

Data are shown as the mean = SD.

No NAFLD
(N =8,067)

475117
5,820 (72.1)
7,081(87.8)
347 (4.3)
28.4+23
84366
1168+ 18.1
766 £ 105
224%104
284211
19174325
1059+ 61.5
528+ 11.3
208(3.7)
442 (5.5)
129(1.6)

NAFLD
N =6,169)

484 £10.1
4,758 (77.1)
5,223 84.7)
537 8.7)
258+26
90.7+66
1207 + 180
799+ 105
2734134
371+£242
200.8+34.7
1558 +92.3
474 +923
198 (3.2)
363(5.9)
86(1.4)

Mild
v = 2,449)

489+ 10.2
1,902 (77.7)
2,106 (86.0)
167 (6.8)
25422
89.1%58
1193+ 12.9
788+ 103
245+ 100
302+ 169
199.4 £ 34.0
1458 + 83.6
480+ 93
74(30)
145 (5.9)
35(1.4)

Moderate
(N =3,263)

483+ 99
2512(77.0)
2,749 (84.2)
310(95)
260+ 25
912£65
1213+ 180
803+ 10.6
282+ 13.1
39.5+247
201.3+348
159.4 + 939
46.7 £93
105 (32)
190 (5.8)
45(1.4)

Severe
(N =457)

462+ 10.9
344(75.3)
368 (80.5%)
60(13.1)
27882
95.4£85
1289+ 119
821+ 100
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204.9£87.2
1837+ 115.4
44976
19(4.2)
28(6.1)
6(13)

*P-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.130

0317

0.355

NAFLD, nonalcoholic fatty liver cisease; BMI, body mess index; WC, waist circumference; SBF, systolic blood pressure; DBR, diastolic blood pressure; AST, aspartate aminotransferase;
ALT, alanine aminotransferase; HDL, high-density lipid-cholesterol.

*Comparison of subjects with absence and presence of NAFLD.
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Depression, n (%)
State_anxiety, n (%)
Trait_anxiety, n (%)

Data are shown as the mean = SD.

No NAFLD
(N = 9420)
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898 (0.5)
4,283 (45.5)
133 (1.4)
21.2+24
77.7+£68
1085 + 138
68.1 %103
199105
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190.7 £ 33.1
765+ 419
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609 (6.5)
1,085 (11.2)
465 (4.9)

NAFLD
(N =1677)

53.1+£9.8
92(55)
528(31.5)
135 8.1)
249+3.1
87273
1193+ 143
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248+ 13.1
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1267 709
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137 (8.2
178 (10.6)
76 (4.5)

Mild
(N =839)

58097
40 (4.8)
274 (32.7)
57(68)
20.4%28
86,1638
1189 £ 14.6
744£105
227+ 10.4
230+ 122
2052+ 36.4
1187 £ 63.2
540+ 112
64.(7.6)
86 (10.3)
36(4.9)

Moderate
(N =759)

53299
4458
233 (30.7)
66(8.7)
252+32
87.7+73
119.2 £ 138
746+ 103
263+ 15.0
306 +222
20694366
131.1£737
528+ 108
65(8.6)
79(10.4)
32(4.2)

Severe

=79

534+98
8(10.4)
21(26.6)
12(15.2)
27.7 8.4
93573
1246+ 145
775+ 11.9
315+ 146
418225
204.6+38.4
1688+ 97.8
493+ 10.2
8(10.1)
13(16.5)
8(10.1)

*P-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0012

0.509

0518

NAFLD, nonalcoholic fatty liver cisease; BMI, body mess index; WC, waist circumference; SBP. systolic blood pressure; DBR, diastolic blood pressure; AST, aspartate aminotransferase;
ALT, alanine aminotransferase; HDL, high-density liid-cholesterol.

*Comparison of subjects with absence and presence of NAFLD.
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Type of study
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study
Randomized
double blind pilot
study
Randomized
double biind pilot
study

Prospective
case-control
interventional

study

Randomized
double blind pilot
study

Randomized
control trial

Randomized
control trial

Randomized
control trial

Randomized
control trial
Randomized
control trial

Subject

Humans

Humans

Humans

Humans

Humans

Mice

Humans

Humans

Humans

Humans

Disease

NAFLD +
Diabetes

NAFLD +
Diabetes

NAFLD +\
Diabetes

Obesity
(suspected
NAFLD)

NASH

NASH

liver cancer
(after
hepatectorny)

liver cancer
(after TACE)

Girthosis +
HE
hepatic
cinthosis

Sample size

54 (28 vs. 26)

78 (39 vs. 39)

52 (26 vs. 26)

50

74 (36 vs. 38)

unclear

208 (102 vs.
106)

50 (24 vs. 26)

120 (60 vs. 60)

27 (16 vs. 11)

Duration

12 weeks

12 weeks

12 weeks

24 weeks

24 weeks

4 weeks

2 weeks

12 weeks

60 days

4 weeks

Intervention group

L-Carnitine (750 mg
tic)
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Control
group
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Metformin
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Gomparison before and after
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High-fat diet +
L-camitine

L-camitine (30
mg/kg) (oral before
Iiver resection)

L-Carnitine (300mg
bid)
L-Carnitine (2g bid)

L-Caritine (3g bid)

Placebo (1g
bid) +
1,600-calorie
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high-fat diet

Usual intake

Usual intake

Placebo 29
bic)
Placebo (3g
bic)

Results*

L AST, ALT

1:ALT, liver attenuation
index on GT, HbA;c

12 ALT, urinary 8-hydroxy-
2"-deoxyguanosine
: MIDNA copy number

1 AST, ALT, Liver span,
WC, HC, waist/hip ratio,
FBG, Chemerin, HOMA
index, incidence and
severity of NAFLD (after LG
therapy)

1:AST, ALT, y-GT, TC,
LDL-G, TG, FBG, HOMA-IR,
CRP, TNF-a, histological
scores

1:HDL-C

1: TNF-e: mRNA, NAFLD
activity score

1:CPTIl

1: hospital stay, ammonia
levels,
neutrophil/lymphocyte ratio,
post-hepatic liver failure
1:PT

1: Child-Pugh score, TB

41 PT, serum albumin

1:NH}; NCTA

JENHE

*Only show indicators that have statistically significant changes after L-carnitine intervention.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GT, y-glutamyl transpepticse; HDL-C, high dense lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol;
FBG, fasting blood glucose; T8, total bilubin; TG, triglyceride; TC, cholesterol: WC, waistine circumierence; HC, hip circumference; CRR. C-reactive protein; TNF-a, tumor necrosis
factor-a; HOMA, homeostatic model assessment; HbA+c, glycosylated hemoglobin; TACE, transarterial chemoembolization; PT, prothrombin time; HE, hepatic encephalopathy; NCT-A,
number connection test-A.
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control trial
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control trial
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control trial
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control trial
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control trial
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Humans

Humans

Mice
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Sample size

80 (40 vs. 40)

45 (29 vs. 16)

30(10vs. 10
vs. 10)

80(20vs. 20
vs.20 vs. 20)

40 (10vs. 10
vs. 10vs. 10)

Duration

24 weeks

12 weeks

6 weeks

6 weeks

24 weeks

Intervention group

L-Carnitine (250 mg bid)

Carnitine (600 mg/d)

Group 1:
methionine-choline-deficient
diet (6 weeks) + L-carnitine
(200 mg/kg each day) (last 3
weeks); Group 2
methionine-choline-deficient
diet (6 weeks)

Group 1: regular diet (4
weeks) + L-carnitine (1 mM)
(2 weeks)

Group 3: high-fat diet (4
weeks) + L-canitine (1 mM)
(2 weeks)

Group 1: high-fat diet
Group 2: high-fat diet +
ALC +1A

Control group

Without
treatment

Without
treatment

Regular diet (6
weeks)

Group 2: regular
diet (4 weeks)
Group 4: high-fat
diet (4 weeks)

Group 8:
standard diet
Group 4:
standard diet +
ALC + LA

Results*

1: AST, ALT, BMI, weight,
NAFLD sonographic
grade

1:AST,ALT, TB

+: peripheral
mitochondrial DNA

copy number

LG treatment ameliorated
hepatic fat accumulation,
limited ROS production,
improved the fibrosis
progression of NAFLD,
significantly reduced the
NF-KB proteiin content

ipid accumulation
he expression of
SOD2, acetyl-CoA, ATP

1: size of the mitochondria
in liver; ALT; AST

+: carbamoyl phosphate
synthase 1

ALT, alanine aminotransferase; AST, aspartate aminotransferase; T8, total biliubin; BMI, body mass index; ROS, reactive oxygen species; SOD2, superoxide dismutase 2.
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Gender

DEMOGRAPHIC FACTORS [NUMBER, (%)]
Age group (years)
20-29
30-89
40-49
50-59
60-69
>70
ANTHROPOMETRIC FACTORS [MEAN, (SD)]
Height (cm)
Weight (kg)
Waist circumference (cm)
Body mass index (kg/m?)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
LABORATORY RESULTS [MEAN, (SD)]
Hemoglobin (g/dl)
Fasting glucose (mg/dL)
Total cholesterol (mg/dL)
Triglycerides (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dlL)
Serum creatinine (mg/dL)
AST (UL)
ALT (UIL)
GGT (UL)
FAMILY HISTORY* [NUMBER, (%)]
Hypertension
Stroke
Cardiovascular disease
Diabetes mellitus
LIFE STYLE FACTORS [NUMBER, (%)]
Smoke
No
Current smoker
Alcohol consumption (days/a week)
0:0
1-2:1
3-4:2
>5:3
Exercise
No
Yes (at least little physical activity)

NAFLD
N =470)

35(7.4)
128 (27.2)
152 (32.9)
91(19.4)
51(10.9)
13 (2.8)

1705 (6.4)
786(9.7)
90.1(7.2)
270 2.8)

1271 (13.3)
80.2(9.3)

153 (1.2)
103.7 (26.7)
2023 (36.8)
196.4 (125.6)
49.0 (11.1)
115.1(46.6)
1.4(20)
33.1(16.3)
50.8 (32.7)
71.0 (67.4)

74 (22.6)
44 (135)
16(4.9)
59(18.0)

261 (65.5)
209 (44.5)

152 (32.9)

220 (46.8)
77 (16.4)
21(45)

90 (19.1)
380 (80.9)

Male

Normal
(N =470)

35(7.4)
128 (27.2)
152 (32.9)
91 (19.4)
51(10.9)
13(2.8)

1700 (5.8)
66.2(7.7)
80.5(6.1)
229(2.1)

123.6(13.0)
77.2(9.0)

149 (1.4)
957 (202)
192.1(34.0)
134.7 (101.9)
55.1(22.5)
11.1(31.4)
1.4(20)
24.8(196)
21.8(9.7)
36,0 (20.2)

27 8.3)
30(0.9)
72
31(0.6)

270 (57.4)
200 (42.6)

137 (29.1)

244 (51.9)
61(13.0)
28(6.0)

74(15.7)
396 (84.9)

“Participants with family history information available were only included in the analysis.
NAFLD, Non-alcoholic fatty liver disease; SD, standard deviation; HDL, high-densiy lipoprotein; LDL, low-density lipoprotein; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; GGT, gamma-glutamyl transferase.

p-value

0.2408
<.0001
<.0001
<.0001
<.0001
<.0001

<.0001
<.0001
<.0001
<.0001
<.0001
0.1302
0.8944
<.0001
<.0001
<.0001

<.0001

0.0917
0.069

0.0018

0.6538

0.1812

0.1691

NAFLD
(N =267)

1(0.4)
10@3.7)
56 (21.0)
115 (43.1)
64(24.0)
21(7.9

155.0(5.6)
645(7.7)
84.9(7.9)
268(2.7)

1268 (14.5)
779(92)

13.0(13)
101.1(25.2)
2080 (41.9)
1437 (81.2)
585 (61.9)
1255 (37.2)
09(08)
30.2(30.6)
37.3(44.7)
362 (53.8)

36(21.6)
24(14.4)
14.(8.4)
30(18.0)

264 (98.9)
3(1.1)

218 (81.6)
44 (16.5)
5(1.9
0(0.0)

73(27.9)
104 (72.7)

Female

Normal
(N =267)

1(0.4)

10@.7)
56(21.0)
115 (43.1)
64(24.0)
21(7.9

1553 (5.9)
54.1(5.4)
75.0(6.4)
2255(2.0)

122.5(16.0)
75.2(9.5)

128(1.0)
93.6(15.9)
199.4(36.9)
108.4 (67.8)
60.6(43.7)
1193 (33.9)
09(0.7)
23.4(13.1)
17.48.7)
18.3(102)

34/(20.7)
24(14.8)
7(43)
22(13.5)

258 (96.6)
9(3.4)

202 (83.1)
39(14.6)
4(15)
2(07)

85(31.8)
182 (68.2)

p-value

1.00

0.6560
<.0001
<.0001
<.0001
0.0012
0.0008

0.0302
<.0001
0.0127
<.0001
0.6575
0.0456
08474
0.001
<.0001
<.0001

0.8542
0.9093
0.1318
0.2655

0.0798

0.4846

0.2562
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Gender
Period

Group

LIFE STYLE FACTORS
Current smoker, %p
Alcohol consumption score
No exercise, %p

From 2009 to 2011 (first period)

NAFLD Normal
Group1  Group2  (N=470)
(N=228) (N=242)

-1.32 -458 -3.40
011 004 -0.02
-8.33 124 4.04

NAFLD, Non-alcoholic fatty liver disease.

Male

From 2011 to 2013 (second period)

NAFLD Normal
Group1  Group 2 (N = 470)
(N=228) (N=242)
-8.89 —2.92 —1.92
-0.10 -002 001
088 1.24 -235

From 2009 to 2011 (first period)

NAFLD Normal
Group1 Group2 (N =267)
(N=130) (N=137)
0.00 0.00 0.00
009 -001 0.02
077 1.46 -752

Female

From 2011 to 2013 (second period)

NAFLD Normal
Group1  Group2 (N =267)
(N=130) (N=137)
077 0.00 0.00
—0.11 —001 -002
077 -1.46 038
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1. Regulation of the inflammatory response
Il. Gene expression

lll. Membrane-bound enzymes

V. Cellular signaling

V. Cell proliferation

VI. Regulation of several enzymes involved in signal transduction:
Protein kinase C (PKC), protein phosphate 2A (PP2A), 5-lipoxygenase,
cyclooxygenase 2 (COX-2), and monocyte chemoattractant protein 1 (MCP-1)

VIl. Regulation of several factors in the mitogen-activated protein kinase (MAPK)
signal transduction pathway
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Enzymatic
antioxidants

Superoxide dismutase

(soD)

Catalase (CAT)

Glutathione peroxidase

Paraoxonase 1 (PON 1)

Non-enzymatic antioxidants

Low-molecular-weight compounds
Glutathione, thioredoxin, lactoferrin
Endogenous substances

Lipoic acid, melatonin, albumin, bilirubin, uric acid,
polyunsaturated fatty acids omega 3

Flavonoid polyphenols

Silymarin (104, 105)

Blueberry leaf, bergamot polyphenols (115, 116)
Stilbenes

Resveratrol (106, 107)

Herbs

Erchen decoction, danshen, berberine (108)

Carotenoids

B-Carotene, astaxanthin, lycopene, B-
cryptoxanthin, lutein, fucoxanthin, crocetin
(109, 110)

Phenolic compounds

Agai (111)

Vitamins.
Ascorbic acid (vitamin C), a-tocopherol [vitamin E,
vitamin A, vitamin D (112-114)]
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Variables

Significant fibrosis

Sex

Total depression BDI-II

PCs

Total anxioty HADS

MCS

Coefficient

-0.693

—0.694

—-0.277

0.160

—0.154

0.070

SE

0.347

0.344

0.070

0.023

0.063

0.02

Total CLDQ-NAFLD

Auc
©n

0616
(0.566-0.666)
0614
(0.564-0.664)
0.887
(0.858-0.916)
0.789
(0.747-0.831)
0.785
(0.745-0.825)
0768
(0.724-0.811)

P

0.04

0.04

<0.001

<0.001

0.01

0.004

OR

0.500

0.500

0.758

1174

0.858

1.073

Lower

0.253

0.254

0.661

1.123

0.768

1.022

95% Cl

Upper

0.987

0.981

0.869

1.227

0.971

1.125

SE, standard error; AUC, area under the ROC curve; OR, odds ratio; CI, confidence interval; PCS, physical component summary; MCS, mental component summary; CLDQ-NAFLD,
Chronic Liver Disease Questionnaire—Non-alcoholic Fatty Liver Disease; BDI-ll, Beck Depression Inventory —Ill: HADS, Hospital Anxiety and Depression Scale.





OPS/images/fmed-07-578001/crossmark.jpg
©

2

i

|





OPS/images/fmed-07-578001/fmed-07-578001-g001.gif





OPS/images/fmed-07-578001/fmed-07-578001-t001.jpg
Study
Minville et al. (35)
Sundaram et al.
(38)

Gakmak etal. (37)

Benotti et al. (38)

Julian-Desayes et
al. (39)

Trzepizur et al. (40)

Asfari et al. (41)

Jinetal. (42)

Kim et al. (43)

Sundaram et al.
(@4)

Schwenger et al.
(45)

Sample size (patients/controls)

226 adult OSA patients/O controls

25 adolescent NAFLD patients (15
with OSA/10 without OSA)

118 adult OSA patients/19 without
OsA

269 obese adults with OSA/93
obese adults without OSA

108 adult OSA patients treated with
effective CPAP vs. sham CPAP

1,170 adult OSA patients/115
adults without OSA

1,490,160 hospitalized OSA
patients/29,222,374 non-OSA
hospitalized patients

2,272 adult OSA patients
(2007-2017)

351 adult OSA patients on GPAP
therapy

Nine adolescent OSA patients on
‘CPAP therapy/23 adolescent
untreated OSA patients

49 obese adults with NAFLD/12
obese adllts with norml fiver

Study design

Cross-sectional
study
Cross-sectional
study
Cross-sectional
study
Cross-sectional
study

Randormized
controlied clinical
trial

Cross-sectional
study

USA database study

Meta-analysis and
systematic review
Institutional

prospective
database study

Observational
longitudinal study

Gross-sectional
study

Primary endpoints

NAFL and NASH by non-invasive
tools and OSA by polysomnography
NAFLD by liver histology and OSA
by polysomnography

NAFLD by ultrasonography and
OSA by polysomnography

NAFLD by liver histology and OSA
by polysomnography

NAFLD by non-invasive tools and
OSA by lung function parameters

NAFLD by non-invasive tools and
OSA by respiratory recordings

‘OSA and NASH diagnosis by ICD-9
code in clinical records

NAFLD by liver histology and OSA
by polysomnography

NAFLD by transaminases and APRI
index and OSA by
polysomnography

NAFLD by transaminases and OSA
by polysomnography

NAFLD by liver histology and OSA
by polysomnography

Main findings

Te90% was significantly associated with
NAFL, but not with NASH,

OSAwas significantly associated with
NAFL, NAS score, and fibrosis stage.
AHI and ODI were significantly higher in
NAFLD than in controls.

OSA severity was associated with
NAFLD only in patients without
metabolic syndrome.

NAFLD did ot improve after 6-12
weeks of effective CPAP treatment.

OSA severity correlated with
hepatosteatosis, but not with fibrosis.
NASH diagnosis was 3-fold more
frequent among OSA patients than in
non-OSA patients.

OSA positively correlated with
hepatosteatosis, ballooning, and fibrosis.
OSA patients with good adherence to 3
months CPAP therapy improved
transaminases and APRI index (iver
fibrosis).

Effective 3 months CPAP therapy
improved ALT.

AHI positively correlated with liver
inflammation.

OSA, obstructive slesp apnea; NAFLD, non-alcoholic fatty liver disease; NAFL, non-alcoholic fatty iver or hepatosteatosis; NASH, non-aicoholic steatohepatitis; NAS, NAFLD activity
score; AH, apnea/hypopnea index; ODI, oxygen desaturation index; Tc90%, percentage of sleep time with oxygen saturation <90%; GPAR, continuous positive airway pressure; APRI,
aspartate aminotransferase-to-platelet ratio index.
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CLDQ-NAFLD

Abdominal symptoms

Activity

Emotional

Fatigue

Systemic symptoms

Worry

Total

Games-Howell post hoc painwise analysis was applied.

GaGi?
P

0.006
(0.3589)
<0001
(0.679M)
<0001
©517M)
<0.001
(0.736M)
<0001
(0.750M)
<0.001
(0.573M)
<0.001
(0.769M)

Ga=Ge:
P )

073
(0.2298)
008
(0.575M)
0.94
©111N)
0.03
©671M)
0.15
0.514M)
014
(0.537M)
o1
(0.546M)

Ga-Ga:
P )

037
(-0.186N)
091
0.083N)
1.00
0.010N)
085
(0.095N)
067
©431N)
094
(~0.066N)
1.00
(0.000N)

Gp-Go:
P

093
(-0.134N)
091
(~0.138N)
0.15
(-0.4285)
099
(~0.056N)
086
(~0.166N)
1.00
(~0.008N)
085
(-0.178N)

Gp-Ga:
P )

<0001
(~0550M)
<0001
(~0.633M)
<0001
(-0521M)
<0.001
(-0.651M)
<0001
(-0.638M)
<0.001
(~0.633M)
<0.001
(-0.804L)

Ge-Ga:
P @)

030
(-0.4128)
0.12
(-0.523M)
096
(~0.104N)
006
(~0.586M)
033
(~0.4095)
0.10
(-0.594M)
0.12
(-0.570M)

Ga, no-NASH without significant fibrosis; Gy, NASH with significant fibrosis; Ge, no-NASH with significant fibrosis; G, NASH without significant fibrosis; CLDQ-NAFLD, Chronic Liver

Disease Questionnaire—Non-alcoholic Fatty Liver Disease.
aEffect sizes: N, null: S, small: M, medium; L, large.
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HADS

BDHI

HADS

BDI-II

Total anxiety
Total depression

Total depression

Total anxiety
Total depression

Total depression

No-NASH without
significant fibrosis
(Ga):n =175

M2 (SD)

3.19
@37
209
.94

5.75
@11

Ga=Gy: p ()

0.02
(-0.3275)
<0.001
(-0531M)
<0.001
(~0.501 M)

NASH with
significant
fibrosis
(Gu):n =159

M (SD)

439
(3.95)
4.09
(4.44)
9.89
(©.28)

Ga-Ge: p (d°)

1.00
(0.019N)
0.70
(-02615)
0.49
(-03175)

No-NASH with
significant
fibrosis
(G):n=26

M (SD)

3.12
8.94)
3.08
(4.49)
8.19
(8.26)

NASH without
significant
fibrosis
(Ga):n =132

M (SD)

314
3.41)
2.00
(2.62)
5.08
6.57)

Post hoc comparisons

Ga-Ga: p (d°)

1.00
(0.015N)
099
(0.032N)
078
(0.105N)

A one-way ANOVA (Weich's U) with Games-Howell post hoc pairwise analysis were applied.

HADS, Hospital Anxiety and Depression Scale; BDI-II, Beck Depression Inventory—Il.

*Higher scores show worse mental health.
bEffect sizes: N, null: S, small: M, medium.

Gb-Ge: p (d?)

0.43
(0.3229)
1.74
(0.2269)
077
(0.193N)

Statistic

Ug.0s09 =372
Ugs, 106161 = 9.46

Ugs,i0a.308 = 10.73

Gp-Ga: p (d°)

0.02
(0.3398)
<0001
(0573M)
<0001
(0.628M)

0.01
<0.001

<0.001

Ge—Ga: p (d)

1.00
(~0.005N)
064
(02845)
027
(0.4415)
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COPE-28

Active coping

Planning

Instrumental support

Emotional support

Self-distraction

Venting

Disengagement

Positive reframing

Denial

Acceptance

Religion

Substance use

Humor

Self-blame

No-NASH without
significant fibrosis
(Ga):n =175

M (SD)

1.99
©.77)
127
(1.10)
1.20
(0.99)
1.05
(.01
068
(0.98)
1.01
(1.02)
027
©051)
138
(1.01)
047
(©37)
207
(©.75)
082
(1.13)
0.00
©.07)
1.14
(1.10)
054
(0.65)

NASH with significant
fibrosis
(Gb):n =159

M (SD)

166
©0.87)
147
(1.08)
103
(0.99)
098
0.99)
075
(1.02)
1.06
(1.08)
045
(0.63)
097
(1.06)
034
(0.54)
177
(0.90)
1.01
(1.19)
0.00
0.04)
083
(1.01)
063
(0.76)

No-NASH with significant
fibrosis
(Ge):n=26

M? (D)

188
©.78)
1.50
(1.00)
088
(0.96)
094
0.93)
058
(0.66)
086
(0.98)
0.42
(0.66)
117
(1.47)
023
(051)
1.90
©081)
096
(1.08)
000
(0.00)
096
(1.02)
0.54
(0.56)

NASH without
significant fibrosis
(Ga):n = 132

M? (D)

210
0.67)
1.52
0.99)
1.25
(1.08)
1.22
(1.04)
090
(.97
096
(1.00)
0.15
0.35)
1.36
(1.00)
0.14
(0.36)
223
(0.65)
098
(1.29)
000
(0.00)
1.18
(1.09)
036
(0.63)

A one-way ANOVA (Snedecor’s F or Welch's U) was applied depending on whether or not they met the assumption of homoscedsticity.

COPE-28, Brief COPE.

aHigher scores show more use of the coping strategy.

Statistic

Ug.110.482 = 7.99
Faaas =3.02
Floasy =198
Fouse =153

Ug,t20760 = 1.88
Faaa9 = 0.37

Ug,ios617) = 9.24
Foase = 5.35

Ug,to7.109 = 4.74

Ug, 100615 = 9.05
Fease = 0.79
Faase = 0.35
Foaas =3.42

Ug,120760) = 1.88

<0.001

0.08

0.12

021

0.14

0.77

<0.001

0.001

0.004

<0.001

0.50

0.78

0.02

0.14
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COPE-28

Active coping

Planning

Instrumental support

Emotional support

Self-distraction

Venting

Disengagement

Positive reframing

Denial

Acceptance

Religion

Substance use

Humor

Self-blame

Ga=Git
P(d)

0002
(0.4028)
082
(0.093N)
0.41
0.472N)
091
(0.060N)
093
(~0.070N)
097
(-0.048N)
0.02
(-0.3148)
0002
(0.3965)
0008
(-0.3675)
0,005
(0.3625)
0.49
(-0.164N)
097
(0.000N)
004
(0.2948)
0.07
(-0.127N)

Ga-Go?
P

0.92
(0.142N)
074
(-02195)
0.45
0.3289)
095
0.113N)
0.89
(0.120N)
091
(0.150N)
068
(-0.2545)
076
(0.192N)
0.94
(-0.135N)
075
0:2189)
0.94
(-0.127N)
0.95
(0.000N)
084
(0.170N)
1.00
(0.000N)

Gy-Ga:
P )

054
(-0.152N)
017
(-0.2395)
097
(-0.049N)
049
(-0.166N)
022
(~0.2268)
098
(0.049N)
0.08
(0.2748)
1.00
(0.020N)
091
(0.082N)
019
(-0.2285)
065
(-0.135N)
076
(0.000N)
099
(-0.037N)
009
(0.281)

Gp-Ge?
P )

056
(-0.266)
0.46
(-03228)
091
0.154N)
1.00
(0.042N)
0.68
(0.198N)
081
(0.198N)
1.00
(0.046N)
0.79
(-0.479N)
077
0.2098)
0.86
(-0.152N)
1.00
0.044N)
099
(0.000N)
094
(-0.128N)
088
(0.135N)

Gp=Ga:
pd)

<0.001
(~0.567M)
003
(-0.343)
024
(-0.2168)
0.19
(-0.2365)
058
(~0.151N)
087
(0.097N)
<0.001
(0.589M)
0.008
(-0.3788)
0.002
(0.4365)
<0.001
(-0.586M)
100
(0.025N)
095
(0.000N)
003
(-0.3438)
0.005
(0.3875)

Ge-Gg?
P )

056
(-0.3035)
1.00
(~0.020N)
033
(-0.3685)
058
(-0.2845)
017
(-03865)
097
(~0.101N)
021
0511M)
083
(-0.175N)
084
(0.2048)
022
(-0.4495)
1.00
(-0.017N)
1.00
(0.000N)
0.77
(-02155)
048
0:3028)

Tukey's honestly significant difference or Games-Howell for post hoc multiple comparisons was applied depending on whether or not they met the assumption of homoscedasticity.
Ga, no-NASH without significant fibrosis; G, NASH with significant fibrosis; Ge, no-NASH with significant fibrosis; G, NASH without significant fibrosis; COPE-28, Brief COPE.
afffect sizes: N, null: S, small: M, medium.
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Social support level

NASH

High-low

Absence-presence

Vitality (SF-12) Activity (CLDQ-NAFLD)

p Cohen's d* p Cohen's d*
Absence NASH (Gi): n = 201

<0.001 0.505M 0.05 0.2838
Presence NASH (Gp): n = 291

<0001 0.873L <0001 0.805L
High social support (Ge): n = 245

008 02238 056 0.075N

Low social support (Ga): n = 247

<0001 0.590M <0001 0.600M

Anxiety (HADS) Denial (COPE-28)

p Cohen’s d* p Cohen's d*
0.004 -0.4108 0.09 -02508
<0001 -0.786M <0001  -0.638M
088 0.020N 077 0.045N
0,007 -03528 001 -0395S

SF-12, 12-ltem Short-Form Health Survey; CLDQ-NAFLD, Chronic Liver Disease Questionnaire—Non-alcoholic Fatty Liver Disease; HADS, Hospital Anxiety and Depression Scale;

COPE-28, Brief COPE.

aCohen'’s d: N, null effect size; S, small effect size; M, medium effect size; L, large effect size.
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SF-12

Physical functioning

Role-physical

Bodily pain

General health

Vitality

Social functioning

Role-emotional

Mental health

PCS

MCS

Ga-Gi:
pd)

<0.001
(0.660M)
<0.001
(0.603M)
<0.001
(0.566M)
<0.001
(0.4808)
<0.001
(0.638M)
001
(0.3355)
001
(0.3365)
0.001
(0.4108)
<0.001
(0.647M)
003
(0.2995)

Gy-Ge:
P (@)

004
(0.610M)
026
(0.4228)
057
0.2978)
032
(0.3739)
026
(0.3629)
043
(0.143N)
097
(0.093N)
098
(0.085N)
006
(0.574M)
1.00
(0.029N)

Ga-Ga:
P )

0.69
0.127N)
099
(0.034N)
0.79
(0.108N)
099
(0.036N)
014
(02579)
098
(0.012N)
1.00
(0.010N)
096
(0.058N)
081
(0.102N)
095
(0.066N)

Gp-Ge:
P ()

098
(-0.082N)
079
(~0.189N)
068
(-0.2385)
094
(~0.124N)
065
(-02208)
1.00
(0.013N)
058
(-0.2555)
038
(-02208)
097
(~0.094N)
055
(-0.2675)

Gp—Ga:
P

<0001
(~0.547 M)
<0001
(-0.579M)
0,001
(-0.4475)
0,001
(~0.4395)
0.007
(-03755)
005
(~0.2965)
002
(~0.346'S)
001
(~0.360S)
<0001
(-0.542M)
0.16
(~0.2395)

Tukey's honestly significant difference or Games-Howell was applied depending on whether or not they met the assumption of homoscedasticity.
Ga, no-NASH without significant fibrosis; Gy, NASH with significant fibrosis; Ge, no-NASH with significant fibrosis; Gy, NASH without significant fibrosis; PCS, physical component

summary; MCS, mentel component summery; SF-12, 12-tem Short-Form Health Survey.

afffect sizes: N, null: S, small: M, medium.

Ge-Gyt
P )

0.14
(-0.4895)
033
(-03955)
083
(-0.190N)
043
(-03325)
092
(=0.125N)
054
(-03145)
098
(-0.08N)
1.00
(~0.026N)
017
(-0.4655)
1.00
(0.035N)
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Smoking status
Never smoke
Former smoke
Current smoke
Age (years)
Body mass index (kg/m?)
Alcohol intake
Regular exercise
Cerebrovascular disease
Cardiovascular disease
Hypertension
Diabetes
Metabolic syndrome
LDL-C (mgrclL)
HDL-C (mg/dL)
Triglycerides (mg/dL)
Handgrip strength (kg)

Men

Adjusted HR (95% CI)

Reference
1.31(0.93-1.85)
1.41(0.96-2.08)
1.05 (1.08-1.07)
1.00(0.94-1.07)
069 (0.37-1.29)
1.44 (0.85-2.43)
1.43 (0.55-3.67)
1.71(0.88-3.33)
1,52 (0.93-2.50)
1,65 (1.13-2.41)
086 (0.52-1.42)
1.00 (0.99-1.01)
097 (0.94-1.01)
1.00 (0.99-1.002)
095 (0.91-0.99)

p-value

0.113
0.077
<0.001
0.875
0.227
0.163
0.442
0.107
0.092
0.012
0.545
0.052
0.064
0.423
0.018

Women

Adjusted HR (95% CI)

Reference
1.33(0.84-2.11)
200 (1.18-3.71)
1.04(0.99-1.08)
099 (0.93-1.05)
0.77 (0.29-2.09)
0.70(0.43-1.14)
098 (0.44-2.16)
1,67 (0.89-3.14)
1.39 (1.07-1.80)
2.09 (1.43-3.04)
1.06 (0.75-1.49)
1.00 (0.99-1.01)
099 (0.98-1.02)

1,001 (1.0001-1.002)
0.96 (0.93-0.99)

p-value

0215
0.014
0.058
0619
0.597
0.143
0.948
0.108
0.018
0.001
0.742
0626
0.874
0.039
0.024

Cl, confidence interval: LDL-C, low-density lipoprotein cholesterol; HDL-

), high-density lipoprotein cholesterol; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease.
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Variables Person-years Deaths Deaths per 1,000 person-years Age-adjusted HR (95% C)  Multivariable-adjusted HR (95% CI)

Model 1 Model 2
MEN WITHOUT DIABETES (n = 1,894)
Smoking status
Never smoker (1 = 694) 5938.6 75 126 Reference Reference Reference
Former smoker (n = 609) 51248 101 197 1.22 (0.82-1.81) 129(000-1.86)  1.36 (0.95-1.98)
Current smoker (1 = 59) 5027.7 75 149 1.32 (0.75-2.32) 1.42(083-2.42)  1.30 (0.84-2.00)
Pack-years
0(n=694) 5938.6 75 126 Reference Reference Reference
<10(1=101) 858.7 9 105 1.92 (0.65-5.66) 219(0.75-6.36)  1.38(0.49-3.86)
>10(n = 186) 1599.6 21 131 1.22 (0.55-2.71) 1.14(0.41-3.15) 1.12 (0.40-3.16)
MEN WITH DIABETES (n = 421)
Smoking status
Never smoker (1 = 148) 1192.7 38 31.9 Reference Reference Reference
Former smoker (n = 171) 1301.1 50 384 1.04 (0.66-1.64) 1.18(072-177) 121 (0.75-1.96)
Current smoker (n = 102) 784.8 32 408 1.48 (0.67-3.28) 1.69 (0.81-3.57) 1.76 (1.09-2.84)
Pack-years
0(n=148) 1192.7 38 319 Reference Reference Reference
<10(1=9 69.9 3 429 1.94(0.34-11.2) 6.07(1.06-349)  9.98(1.57-633)
>10(1=37) 3113 10 32.4 1.63 (0.44-6.11) 232(038-142)  273(0.47-159)
WOMEN WITHOUT DIABETES (n = 4,297)
Smoking status
Never smoker (1=3993) 345004 989 342 Reference Reference Reference
Former smoker (n = 160) 1820.9 24.98 330 1.31 (0.80-2.14) 1.32 0.78-2.21) 1.33 (0.81-2.19)
Current smoker (n = 144) 1204.2 19.93 240 2.06 (1.09-3.90) 1.96 (1.01-3.82) 2.07 (1.07-4.08)
Pack-years
0(1=3998) 34500.4 342 29 Reference Reference Reference
<10 (n=20) 1736 3 173 0.49 (0.17-1.45) 037(0.06-198) 044 (0.08-2.31)
>10(1=16) 1368 2 146 6.11(2.85-13.0) 6.48(280-14.6) 684 (2.71-172)
WOMEN WITH DIABETES (n = 917)
Smoking status
Never smoker (1 = 846) 7055.8 19.84 140 Reference Reference Reference
Former smoker (n = 44) 366.9 2453 90 1.46 (0.69-3.09) 156(0.76-8327)  1.54 (0.73-3.26)
Current smoker (n = 27) 209.1 43.05 9.0 1.81(0.93-3.52) 1.78 (0.71-4.50) 1.61(0.71-3.65)
Pack-years
0 (1 =846) 7055.8 140 19.8 Reference Reference Reference
<10(1=4) 306 1 327 066 (0.27-1.58) NA NA
>10(n="5) 40.1 1 249 1.70 (0.18-15.7) 223(026-19.0)  186(0.37-9.33)

NA, not assessed: NAFLD, nonalcoholic fatty lver disease; HR, hazerd ratio; Cl, confidence interval.
Multivariable-acjusted model 1 was adjusted for age, body mass index, alcohol intake, regular exercise, hypertension, history of cardiovasculer disease, and history of
cerebrovascular disease:

Multivariable-adjusted model 2 was adjusted for the parameters in model 1 plus low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, and
handgrip strength.
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Characteristics

Number (%)

Age (years)

Body mass index (kg/m?)
Waist circumference (crm)
Obesity, 1 (%)

Alcohol intake, 1 (%)

Regular exercise, 1 (%)
Cardiovascular disease, n (%)
Cerebrovascular disease, (%)
Metabolic syndrome, n (%)
Diabetes melitus, n (%)
Hypertension, n (%)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Glucose (mg/dl)

Total cholesterol (mg/dL)
LDL-C (mg/dl)

HDL-C (mg/dL)

Non-HDL-C (mg/dlL)

Total cholesterol to HDL-C ratio
Triglycerides (mg/dL)

Handgrip strength (kg)

Overall

2,315 (100%)
491 +132
266+ 358
90.7 92

1,354 (62.8%)
747 (38.7%)

1,729 (78.7%)

93 (2.2%)
83(2.6%)

1,548 (59.29%)
421 (11.2%)

1,131 (33.6%)

130+ 18
80+ 10
96+ 31
220 + 44
133 £ 40
40+89
180 + 42
5713
245+ 130
386+ 86

A p-value < 0.05 indicates statistical significance.
Data presented as number and percentage or mean = standard deviation. LDL-C, low-density lpoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; NAFLD, nonalcoholic

fatty liver disease.

Smoking status

Never smoker (a)

842 (36.4%)
47.7 £132
27.0+338
91.8+93
541 (66.9%)
219 (20.7%)
619 (77.8%)
31 (1.5%)
30 (4.0%)
582 (62.2%)
148 (9.4%)
421 (34.7%)
131+ 19
81+ 10
96+ 31
221+ 42
135 + 40
40+84
180 + 39
56%12
226+ 115
38791

Former smoker (b)

780 (33.7%)
550+ 125
26436
91.0+92
432 (60.3%)
242 (41.0%)
615 (81.8%)
44.(4.2%)
42(3.6%)
556 (60.2%)
171 (13.2%)
447 (41.6%)
133+ 18
8110
98432
215+ 45
129438
4083
175 + 42
55412
246 + 132
36882

Current smoker (c)

693 (29.9%)
465+ 12.3
263+38
89.6+9.0
381 (60.5%)
286 (45.5%)
495 (77.6%)
18 (1.5%)
11(0.6%)
410 (55.7%)
102 (11.7%)
263 (27.2%)
127+ 15
80+ 10
95429
223+ 45
134 & 42
3896
184+ 43
60+ 1.4
2614 140
397 +8.1

p-value

<0.001
<0.001
<0.001
0.063
<0.001
0.506
0.031
0.011
0.273
0.073
<0.001
<0.001
<0.001
<0.001
0.179
0.184
<0.001
0.031
<0.001
<0.001
<0.001

Multiple comparison

a#bzc
a#ba#c
agbzoc

a#bazc

a# bb#oc
a#ob#c

a#b#c
a#cb#c
a#ob#o
a#cb#c

a#cb#c
b# ¢
a#ob#c
a#ob#c
a#b#c

Chi-square test and one-way analysis of variance (ANOVA) were used to compare the baseline characteristics of study participants among the smoking status categories. Post hoc
multiple comparison analysis was performed with Bonferroni correction.

a# b# c: Statisticall significant difference among never smoker (a), former smoker (b), and current smoker (c).

a# b,a# c: Statisticall significant diference between never smoker (e) and former smoker (b), and between never smoker (&) and current smoker (c); however, there wes no significant

difference between former smoker (b) and current smoker (c).

b # c: Statistically significant difference between former smoker (b) and current smoker (c).
a# b, b# o Statisticaly significant difference between never smoker (2) and former smoker (b), and between former smoker (b) and current smoker (c); however, there was no
significant difference between never smoker (a) and current smoker (c).
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Characteristics

Number (%)

Age (years)

Body mass index (kg/m?)
Waist circumference (cm)
Obesity, n (%)

Alcohol intake, 1 (%)

Regular exercise, 1 (%)
Cardiovascular disease, n (%)
Cerebrovascular disease, n (%)
Metabolic syndrome, n (%)
Diabetes melitus, n (%)
Hypertension, n (%)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Glucose (mg/dL)

Total cholesterol (mg/dL)
LDL-C (mg/dL)

HDL-C (mg/dL)

Non-HDL-C (mg/dL)

Total cholesterol to HDL-C ratio
Trighycerides (mg/dL)

Handgrip strength (kg)

Overall

5,214 (100%)
49.6 +13.6
268+43
859+93
3,181 (64.3%)
619 (15.6%)
3,743 (81.1%)
169 (2.2%)
127 (2.0%)
2,228 (36.4%)
917 (18.2%)
2,330 (33.1%)
127 & 19
77+ 10
9534
219+ 45
138+ 41
45+ 10
174443
50£13
179 £ 101
24958

A p-value < 0.05 indicates statistical significance.
Data presented as number and percentage or mean = stendard deviation. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lpoprotein cholesterol; NAFLD, nonalcoholic

fatty liver disease.

Never smoker (a)

4,839 (92.8%)
492 +135
269+ 43
86.0+ 93

3,004 (65.1%)
563 (15.6%)

3,490 (81.1%)
153 (2.2%)
118 (2.0%)

2,056 (36.4%)
846 (13.2%)

2,154 (382.7%)

127+ 18
77410

95434

219+ 45
138+ 41

46+ 10

173+ 43
50+£13
179 % 101
25.0+56.7

Smoking status

Former smoker (b)

204 (3.9%)
599+ 125
25445
84.7+9.1

101 (85.4%)
28(17.1%)
131 (75.7%)

9(2.4%)

7 2.0%)
106 (58.3%)
44(16.1%)
104 (45.7%)

132+ 18

79410

104433
228 + 49

144 £ 45

44+ 10

185 + 46

54+13
206 £ 107
222455

Current smoker (c)

171 (3.3%)
56.7 £ 13.1
24837
829488
76 (41.6%)
28 (15.1%)
122 (83.9%)
7(1.9%)
2(0.6%)
66 (37.7%)
27 (11.4%)
72(36.1%)
125+ 21
%1
99428
220+ 47
140+ 41
44+ 11
176+ 44
52+13
180+ 91
28067

p-value

<0.001
<0.001
<0.001
0.001
0.879
0.391
0.873
0.135
0.010
0.678
0171
0.009
0.083
0.101
0.634
0.961
0.023
0.432
0.062
0.024
<0.001

Multiple comparison

a#bzc

aZba#c

a%oc

azc

azb

az bb#oc

a%c

a#b
a# bazc

Chi-square test and one-way analysis of variance (ANOVA) were used to compare the baseline characteristics of study participants among the smoking status categories. Post hoc
multiple comparison analysis was performed with Bonferroni correction.

a# b# c: Statistically significant difference among never smoker (a), former smoker (b), and current smoker (c).

a# b, a# c Statisticall significant difference between never smoker (a) and former smoker (b), and between never smoker (&) and current smoker (c); however, there was no significant

difference between former smoker (b) and current smoker (c).

b # c: Statisticaly significant difference between former smoker (b) and current smoker (c).
a# b b# o Sttisticaly significant difference between never smoker (2) and former smoker (b), and between former smoker (b) and current smoker (c); however, there was no
significant difference between never smoker () and current smoker (c).
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Variables

MEN (n = 2,315)
Smoking status

Never smoker (1 = 842)
Former smoker (n = 780)
Current smoker (1 = 693)
Pack-years

0(n=842)
<10(n=116)

10-19.9 (1 = 93)

220 (0 = 124)

WOMEN (n = 5,214)
Smoking status

Never smoker (1 = 4,839)
Former smoker (1 = 204)
Current smoker (1= 171)
Pack-years
0(n=4839)

<10 (n =24)
210(=21)

Person-years Deaths

7,131.2
64259
58124

7,131.2
982.4
805.4

1,051.7

41,646.1
1,687.9
1,413.3

41,646.1
2042
176.9

113
151
107

113
12
1
20

482
42
33

482
3
3

Deaths per 1,000 person-years  Age-adjusted HR (95% Cl)

158
235
18.4

158
122
187
19.0

16
249
233

1.6
196
17.0

NAFLD, nonalcoholic fatty iver disease; HR, hazerd ratio; Ci, confidence interval.
Multivariable-acjusted model 1 was adjusted for age, body mess index, alcohol intake, regular exercise, diabetes, hypertension, metabolic syndrome, history of cardiovesculer disease,
and history of cerebrovasculer disease.
Multivariable-adjusted model 2 was adjusted for the parameters in model 1 plus low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, trighcerides, and

handgrip strength.

Reference
1.16 (0.82-1.64)
135 (0.94-1.95)

Reference
1.79 (0.86-3.74)
1.50 (0.54-4.19)
1.35 (0.72-2.62)

Reference
1.31(0.80-2.15)
1.90 (1.13-3.20)

Reference
064 (0.24-1.76)
4.60 (2.31-9.15)

Multivariable-adjusted HR (95% CI)

Model 1

Reference
1.27 (0.90-1.79)
1,52 (0.98-2.33)

Reference
210 (0.90-4.88)
1.64 (0.44-6.04)
1.20 (051-2.81)

Reference
1.34(0.86-2.10)
1.99 (1.11-3.54)

Reference
0.17 (0.03-1.10)
525 (2.26-12.2)

Model 2

Reference
1.31(0.98-1.85)
1.41(0.96-2.08)

Reference
1.46 (0.65-3.25)
1.73 (0.58-5.64)
1,09 (0.53-2.23)

Reference
1,32 (0.84-2.11)
2.00(1.18-3.71)

Reference
0.19/0.03-1.19)
5.40 (2.19-13.4)
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D

MOL001389
MOL001406
MOLO00354
MOL000422
MOL000098
MOL001409
MOL001405
MOL001407
MOLO00720

Compound

n-heptanal
Crocatin
Isorhamnetin
Kaempferol
Quercetin
Picrocrocin
Crocin |
Crocin I
Safranal

OB(%)

7974
36.30
49.60
41.88
46.43
33.71
2.54
1.65
39.56

DL

0.59
0.26
031
0.24
0.28
0.04
0.12
0.21
0.04

Molecular weight

352.42
328.44
316.28
286.25
302.26
168.26
977.08
814.92
150.24
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Description

105 patients who underwent bariatric surgery (cross-sectional
cohort study). Alcohol intake was studied by questionnaire and
liver disease by biopsy

1,177 male subjects, 5 years of follow-up (cross-sectional and
prospective study). Alcohol intake assessment by questionnaire
and liver disease by elevation of ALT

7,211 subjects none alcohol intake and 945 wine drinkers
(cross-sectional study). Alcohol consumption assessment by
questionnaire and liver disease by raised ALT

5,599 Japanese men with regular medical survey (cross-sectional
study). Aloohol intake defined by Questionnaire and fatty liver
detected by US

1,138 Japanese men (>40 years) (cross-sectional study). Alcohol
intake assessment by questionnaires and fatty liver by CT

9,836 males on regular health check-ups (cross-sectional cohort).
Alcohol intake studied by questionnaire and liver disease by US

4,957 men and 2,155 women without liver disease
(cross-sectional study). Alcohol intake assessment by
questionnaire and fatty iver by US and raised ALT

8,571 Japanese men and women (cross-sectional study). Mean
BMI, 22.6 kg/m? alcohol consumption assessment by
questionnaires and fatty liver by US

251 modest drinkers and 331 non-drinkers (cross-sectional cohort
study). Alcohol intake studied by questionnaires (AUDIT test) and
fatty liver by biopsy

120 subjests with demonstrated NAFLD by biopsy
(cross-sectional, cohort study). Alcohol intake assessment by
questionnaires for lifetime alcohol intake and phosphatidylethanol
(PEth) for recent alcohol consumption

77 subjects with NAFLD demonstrated by biopsy (cross-sectional
cohort study). Alcohol intake assessment by retrospective
questionnaire and liver disease by biopsy

3,778 men and 1,524 women (prospective analysis). Alcohol
consumption defined by questionnaire and fatty liver by US

187 NAFLD patients (cross-sectional, cohort study).
Questionnaires for previous and actual alcohol intake and Liver
biopsy

4,568 subjects follow-up of 70 months (prospective study).
Questionnaire for amount and type of alcohol drinking and Hepatic
Steatosis Index for determinate the liver disease

Meta-analysis. Included 43,175 individuals of 8 studies with high
heterogeneity

Critical review of 7 observational studies

13,285 men and wormen (prospective cohort studly). Follow-up of
12 years. The alcohol intake assessment by a self-administered
questionnaire. Alcohol-induced liver disease by death
certificates/hospital registers

6,917 subjects of the general population (community-based
study). The alcohol intake assessment by questionnaire and fiver
disease by blood test and ciinical

257 participants (Dionysos Study, Cross-sectional, Gohort).
Validated questionnaire for alcohol intake and NAFLD by US

144 subjects without and 336 with fatty iver (cohort study).
Follow-up of 8.5 years. Questionnaire for amount of alcohol intake

71 patients with NAFLD by biopsy (cohort study). Follow-up of
13.8 years. Alcohol intake assessment by validated questionnaire
and oral interview. The outcome was fibrosis progression by
biopsy

6,732 subjects without liver disease, follow-up of 11.4 years
(cohort study). Alcohol intake studied by questionnaire and
outcome was liver disease progression, HCG, liver-related death
58,927 Korean adlts with NAFLD and low fibrosis (cohort study).
Followed for a median of 4.9 years. Fibrosis was assessed using
non-invasive indices including NAFLD fibrosis score (NFS) and
Fibrosis-4 Index (FIB-4)

4,264 individuals with hepatic steatosis (retrospective cohort
study). Mean age, 45.9 years; 51% male; 76% white; 46% with
MetS; 6.2% with excessive alcohol use. Steatosis determined by
US and alcohol intake by questionnaire

285 participants were modest alcohol users and 117 were
abstinent (Longitudinal study). Follow-up period of 47 months.
Liver was studied by biopsies and alcohol intake by questionnaire

100 patients with biopsy-proven alcohol-induced liver cirthosis
(retrospective study)

AMendelian randornization study using a vaiidated genetic variant
(rs1229984 A;G) in the alcohol dehydrogenase (ADH1B) gene as a
proxy of long-term alcohol exposure

504,646 Korean subjects in health maintenance visits (Cohort
study). Follow-up of 10.5 years. Questionnaires for alcohol
consumption, ICD-X codes for liver disease

55,917 subjects (between 50 and 64-year-old), Danish study
(1993-2011). Alcohol consumption and pattern from
questionnaire. Follow-up 14.9 years

Findings

Moderate alcohol consumption was associated with a decreased
incidence of NASH (OR, 0.35; 95% Cl, 0.12-1.00)

Alcohol consumption was negatively associated with elevated ALT
(HR 0.4; 95% C10.1-0.9)

Mid wine consumption was associated with 50% reduced risk of
elevated ALT (OR 0.51; 95% Cl 0.33-0.79) without effect in beer
orliquor intake

Mid (40-140g per week) and moderate (140-280 per week)
alcohol intake reduced the risk of steatosis (OR 0.82; 95% CI
0.68-0.99 and OR 0.75; 0.61-0.93)

Alcohol consumption was associated with a reduced risk of
steatosis. This reduction was independently of MetS and physical
activity

Fatty liver increased with obesity and decreased with alcohol
intake (ight, OR 0.71, 95% Cl 0.59-0.86; moderate, OR 0.55, CI
0.45-0.67; heavy, OR 0.4, C1 0.32-0.62)

The prevalence of steatosis was lower in drinkers than in
non-drinkers’ men and women (o < 0.001 for both). NAFLD was
inversely associated with both amount and frequency of alcohol
intake

Light and moderate alcohol intake was inversely associated with
fatty lver in men (OR 0.69, 95% CI 0.60-0.79 and OR 0.72, 95%
C10.63-0.83) and women (OR 0.54, 95% Cl 0.34-0.88 and OR
0.43, 95% C1 0.21-0.88)

Modest dinking reduced the oclds of NASH (OR 0.56, 95% Cl
0.39-0.84), fibrosis (OR 0.56; 95% Cl 0.41-0.77) and ballooning
(OR 0.66, 95% C1 0.48-0.92) vs. lifetime non-drinking habits
Alcohol intake (up to 13U per week) was associated with reduced
risk of fibrosis (OR 0.86 95% C1 0.76-0.97), but high PEth was
associated with increased risk of fibrosis (OR 2.77, 95% CI
1.01-7.59)

Lifetime alcohol intake =24 g-years was associated with less
severe disease (OR 0.26, 95% C10.07-0.97)

Modest alcohol intake was associated lower incidence of steatosis
in men and woman. In men, steatosis was also reduced by alcohol
intake in the range =280g per week, after adjustment for
confounders (OR 0.68; 95% G 0.58-0.79)

Mild alcohol consumption was associated with a decreased risk of
advanced fibrosis (OR 0.33, 95% Cl 0.14-0.78). Wine intake (not
beer drinking) was negatively associated with advanced fibrosis
(OR 0.20, 95% C1 0.06-0.69), compared with patients without
aloohol intake

Mild alcohol (0.5-1.5 U per day) consumption was associated with
decreased overall mortality (HR 0.64, 95% Cl 0.42-0.97).
However, in NAFLD alcohol consumption = 1.5U per day had a
harmul effect on mortality (HR 1.45, 95% CI 1.01-2.10)

Modest alcohol consumption was associated with a protective
effect in NASH (fixed models: OR 0.69, 95% C1 0.65-0.73;
random models: OR 0.68; 95% C1 0.58-0.81)

Concluded a positive association between moderate alcohol use
and decreased NASH and fibrosis. Heavy episodic drinking may
accelerate fibrosis progression and moderate alcohol intake may
increase the risk of HCG (in patients with advanced fibrosis)

Alcohol intake associated with lower isk of iver disease (up to
1-6U per week). The relative risk was significantly >1 at 7-13U
per week for women and 14-27 for men

Increased risk of chronic liver disease and cirthosis with alcohol
intake above 30 g/day

Fatty liver risk 2.8-fold higher in drinkers ©5% Cl, 1.4-7.1) and
4.6-fold higher in obese persons (95% Cl, 2.5-11.0). In subjects
obese and alcohol intake was 5.8-fold higher (95% Cl, 3.2-12.3)
The alcohol intake increases the incident steatosis by 17%,
steatosis remission decreased by 10%, and mortality increased by
10%

Episodic and continuous heavy drinking was more common
among those with fibrosis progression. Binge drinking predicted
fibrosis progression

Alcohol intake (below the risk threshold) remained as a significant
independent predictor of iver disease progression and HCG

Non-heavy alcohol consumption, especially moderate alcohol
consumption, was significantly and independently associated with
worsening of non-invasive markers of fiorosis

The presence of MetS [adjusted hazard ratio (aHR), 1.43; 95% CI,
1.12-1.83] and excessive alcohol consumption (aHR, 1.79; 95%
Cl, 1.21-2.66) were independently associated with an increased
tisk of death in individuals with hepatic steatosis; any lower
average amount of alcohol consumption was not associated with
mortalty (all P > 0.60)

Modest alcohol use was associated with less improvement in
steatosis (adjusted odds ratio, 0.32; 95% Cl, 0.11-0.92; p = 0.04)
and level of aspartate transaminase, as well as lower odds of
NASH resolution, compared with no use of alcohol

Abstinence from alcohol at 1 month after diagnosis of cirthosis
was the more important factor determining survival with a 7-year
survival of 72% for the abstinent patients vs. 44% for the patients
continuing to drink. Early drinking status is the most important
factor determining long-term sunvival in alcohol-related cirthosis
The analysis of association with the disease severity showed that
cartiers of the A-allele had lower degree of histological steatosis
(1.76.4 0.83 vs. 2.19  0.78, P = 0.03) and lower scores of lobular
inflammation (0.54  0.65 vs. 0.95 & 0.92, P = 0.02) and NAFLD-
Activity Score (2.9 £ 1.4 vs. 3.7 £ 1.4, P = 0.015) compared with
non-carriers.

The analysis suggests no beneficial effect of moderate alcohol
consumption on NAFLD disease severity

HCC risk increases with age and alcohol consumption (for any
20g per day)

Recent daily drinking associated with an increased risk of ALD
cirthosis in men (HR, 3.65; 95% Cl, 2.39-5.56), compared to
drinking 2-4 days per week
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Feature Patients Patients p-value
without OSA  with OSA

(n=11) h=9

Age (years) 309+96  546:£106 0.004
BMI 1kg/m2) 265+6.7 286+5.1 0.201
Waist circunference (cm) 918144 1055+ 116 0.034
Glucose (mg/dL) 22+93  962+119 0.359
Insulin (WU/L) 72£29 92:£45 0245
HOMA-R 16£07 24%1 0.192
Triglycerides (mg/dL) 111245642  136.4 +68.9 0.467
Total Cholesterol (mg/dL) 2074323  210£295 0.832
HDL-cholesterol (mg/dL) 535+ 128 46.9+95 0.212
ALT (IULL) 246174 2724193 0.489
AST (UL) 221493 213156 0.808
YyGT (VL) 334+24.4 28.4£145 0.601
Alkaline phosphatase (U) 703227 61+ 136 0.359
Bilirubin (mg/dL) 07+£036  063+032 0.780
Average oxygen saturation 94 £1.7 933+1.4 0225
(%)
Minimum oxygen saturation 88242  837%59 0,073
(%)
AHI (events/hour) 0941 10492 0.002
ODI fevents/hour) 06406 92£95 <0001
690 (%) 75+ 169 6488 0,053
NAS Score (%)

0 222%

1 18.2% 222%

2 18.2% 222%

3 11.2%

4 222%
Steatosis (%)

Grade 0 63.6% 222%

Grade 1 27.3% 22.2%

Grade 2 9.1% 44.5%

Grade 3 11.1%
Lobular Inflammation (%)

Grade 0 91% 77.8%

Grade 1 9% 222%

Grade 2
Ballooning (%)

Grade 0 100% 77.8%

Grade 1 222%

Grade 2
Fibrosis (%)

Stage 0 100% 100%

Data are shown as mean = standard deviation.
OSA, obstructive sleep apnea; BMI, body mass index; HOMA-IR, homeostatic
model  assessment-insulin  resistance; HDL, high density lpoprotein; ALT,
alanine  aminotransterase;  AST, aspartate  aminotransferass;  yGT, gamma-
glutamiltranspeptidase; AHI, apnea-hipopnea index; ODI, oxygen desatutaion
index; Tc90, sleep time with oxygen saturation <90%.
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COPE-28 NASH: Social support level: Main effects Interaction
M (SD) M? (SD) effects
Absence (Gi):  Presence (Gz): High (Gs):  Low (Ga): NASH: Fis  Social support level: Ft.ae0) (0)
n=201 n=291 n=245 n=247 p ) Ftasn)
P (@)
Active coping 196 1.87 221 162 195 7435 0.10
©.71) 0.68) 078 078 0.6 <0001 092)
©.129N) (0.756M)
Planning 129 1.34 168 101 027 4520 1.35
©0.99) (1.02) 0.94) (1.10) 060 <0001 (025)
(-0.050N) (0.606M)
Instrumental support 1.15 1.14 1.40 088 002 3380 033
0.99) (1.02) (0.94) (0.94) 088 <0.001 (056)
©0010N) (0.553M)
Emotional support 108 1.10 138 079 056 35.66 0.10
0.99) (1.02) (0.94) (0.94) 045 <0.001 0.75)
(-0070N) (0574M)
Self-distraction 067 082 068 080 253 188 128
©0.99) (1.02) 0.94) (0.94) 011 018 027)
(-0.149N) (~0.128N)
Venting 098 1.02 1.47 083 015 18.55 075
©0.99) (1.02) (1.09) (1.10) 070 <0.001 039)
(-0.040N) 03108)
Disengagement 030 031 0.14 047 011 50.74 0.19
(057) 051 (0.47) (047) 074 <0.001 (0.66)
(-0018N) (-0.702M)
Positive reframing 135 1.16 158 093 433 52.02 047
0.99) (1.02) (0.94) (0.94) 004 <0.001 (0.49)
©.189N) (0.691M)
Denial 0.18 024 0.12 030 263 21.32 414
(0.42) (0:34) (0.47) 047) 0.10 <0001 (0.04)
(-0.157N) (-0.3838)
Acceptance 204 1.99 229 175 064 61.92 1.44
©.71) (069 078 078 0.42 <0.001 023
©0072N) (0.692M)
Religion 084 099 090 094 2000.16 0.117 001
(1.19) (1.19) (1.25) (1.26) (-0.129N) 073 (0.94)
(-0.032N)
Humor 111 1.00 120 082 145 24.21 002
099 (1.02) (1.09) (0.94) 023 <0.001 (089)
0.109N) (0.4625)
Self-blame 055 0.50 039 066 043 18.35 194
©71) (0.69) ©078) 078 051 <0.001 0.16)
©0072N) (-0.3465)

A2 x 2 factorial ANOVA (Snedecor's F) was applied.
“Higher scores show more use of the coping strategy.
bEffect sizes: N, null: S, small: M, medium.
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SF-12 NASH: M (SD) Social support level: M (SD) Main effects

Absence (Gi)  Presence (Gz)  High(Gs):  Low (Ga): NASH: Social support level:

n=201 n=201 n=245 n=247 Ftde8) Fg9
P @) P
Physical functioning 7685 65.71 81.73 60.83 1353 4755
(33.03) (33.09) (33.34) (33.79) <0.001 <0.001

(0337 (0.623M)
Role-physical 8153 73.21 86.67 68.08 1047 50.76
(28.50) (28.49) (28.80) (29.07) 0.002 <0.001

(02925) (0.642M)
Bodily pain 79.18 7086 81.43 68.61 11.09 26.33
(7.22) (7.29) (27.56) (7.82) 0.001 <0.001

(0.304'8) (0.4639)
General health 52.06 46.72 56.77 42 574 43.97
(24.24) (24.22) (24.57) (24.89) 002 <0.001

(0:2208) (0.598M)
Vitaiity 62.71 52.24 66.35 4859 19.62 56.45
(25.80) (25.76) (25.98) (26.40) <0.001 <0.001

(0.406') (0.678M)
Social functioning 83.85 8557 94.43 79.99 263 51.01
@1.97) (22.00) (22.29) (@2.47) 0.11 <0.001

(0.149N) (0.646M)
Role-emotional 83.02 7874 89.31 7245 3.65 56.45
(24.53) (24.39) (24.73) (24.99) 0.06 <0.001

(0175 N) (0.678M)
Mental health 73.00 6801 77.60 63.41 657 53.07
@1.27) @1.15) (21.44) (21.69) 001 <0.001

(0235°9) (0.658M)
PCS 48.89 45.67 49.94 44.63 1198 3257
(10.21) (10.08) (10.17) (10.37) 0.001 <0.001

(03185) ©517M)
McS 5226 5057 5461 4821 3.86 55.44
9.36) (9.38) (955) 9.59) 0.05 <0.001

(0.180N) (0.669M)

A 2 x 2 factorial ANOVA (Snedecor's F) was applied.
SF-12, 12-ltem Short-Form Health Survey; PCS, physical component summary; MCS, mental component summary.
*Higher scores show better qualty of Ife.

bEffect sizes: N, null: S, small: M, medium.

Interaction effects

Fuaee) (o)

373
(0.06)

207
(0.09)

136
(0.24)

1.73
0.19)

398
(0.05)

1.80
©.18)

1.36
(0.24)

2.35
0.13)

251
©.11)

1.64
(0.20)
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CLDQ-NAFLD

Abdominal symptoms

Activty

Emotional

Fatigue

Systemic symptoms

Worry

Total

NASH:

M2 (sD)
Absence (G1):  Presence (Gz):
n =201 n=291
564 551
(1.42) (1.58)
586 5.45
(1.28) (1.19)
590 562
0.99) (1.02)
555 5.13
(1.13) (1.19)
5.98 5.64
(0.85) (0:85)
6.30 6.10
0.99) (1.02)
587 558
(0.85) (0.:85)

A2 x 2 factorial ANOVA (Snedecor's F) was applied.
“Higher scores show better quality of lfe.
bEffect sizes: N, null: S, small: M, medium; L, large.

Social support level:

M (SD)

High (Ga):  Low (Ga):
n=245  n=247
588 528
(1.41) (1.57)
599 533
(1.25) (1.26)
6.17 535
0.94) 0.94)
586 482
(1.25) (1.26)
6.10 5.52
0.94) 0.94)
6.39 6.00
0.94) ©.94)
6.06 538
0.78) 0.78)

Main effects

NASH:  Social support level:

Fias9) Fita89)
P @) p ()
091 19.36
034 <0.001
(0.088 N) (0.4025)
1332 33.92
<0.001 <0.001
(0.332) (0.526M)
9.14 82.23
0.003 <0.001
©0.279) 08721
14.60 89.58
<0.001 <0.001
(0.3629) (0.8291)
17.60 a1.72
<0.001 <0.001
(0.4008) ©617M)
522 19.42
0.02 <0.001
(0199 N) (0.4158)
1454 75.10
<0.001 <0.001
(0.3419) 08721

Interaction effects

Fuaee (P)

0201
(0.65)

797
(0.005)

334
©0.07)

261
©.11)

1.04
©0:31)

0012
©91)

304
008)
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HADS
Total anxiety

Total depression

BDI-II
Total depression

NASH:
M2 (sD)

Absence (Gy): Presence (Gz):
n=291

n=201

320
(3.40)

226
(3.26)

6.17
(6.95)

378
@.41)

3.00
@824

758
6.99)

A2 x 2 factorial ANOVA (Snedecors F) was applied.
Higher scores show worse mental health.

bEffect sizes: N, null: S, small: M, medium; L, large.

Social support level:

M2 (SD)

High (Go):
n=245

246
@8.44)

1.22
(329

3.38
(7.04)

Low (Ga):
n=247

452
(3.46)

413
(8.30)

1038
(7.07)

Main effects
NASH: Social support level:
Fi1,488 Fudss
P (@) P )

329 42552
007 <0001
(0470 N) (~0.597 M)
766 94.63
0.006 <0.001
(-0255) (-0883L)
489 12.69
003 <0001
(-02028) (-0.9921)

Interaction effects

Fuas9 (P)

4079
0.04)

2916
0.09)

2272
©.13)
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