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Background: There is a pressing need for effective and non-invasive biomarkers to track intrahepatic triglyceride (IHTG) in children at-risk for non-alcoholic fatty liver disease (NAFLD), as standard-of-care reference tools, liver biopsy and magnetic resonance imaging (MRI), are impractical to monitor the course disease.

Objective: We aimed to examine the association between serum fibroblast growth factor (FGF)-21 to adiponectin ratio (FAR) and IHTG as assessed by MRI in children with obesity.

Methods: Serum FGF21 and adiponectin levels and IHTG were measured at two time points (baseline, 6 months) in obese children enrolled in a clinical weight loss program. The association between percent change in FAR and IHTG at final visit was examined using a multiple linear regression model.

Results: At baseline, FAR was higher in the subjects with NAFLD (n = 23, 35.8 ± 41.9 pg/ng) than without NAFLD (n = 35, 19.8 ± 13.7 pg/ng; p = 0.042). Forty-eight subjects completed both visits and were divided into IHTG loss (≥1% reduction than baseline), no change (within ±1% change), and gain (≥1% increase than baseline) groups. At 6 months, the percent change in FAR was different among the three groups (p = 0.005). Multiple linear regression showed a positive relationship between percent change in FAR and the final liver fat percent in sex and pubertal stage-similar subjects with NAFLD at baseline (slope coefficient 6.18, 95% CI 1.90–10.47, P = 0.007), but not in those without NAFLD.

Conclusions: Higher value in percent increase in FAR is positively associated with higher level of IHTG percent value at 6 months in children with baseline NAFLD. FAR could be a potential biomarker to monitor the changes in IHTG in children with NAFLD.

Keywords: fibroblast growth factor-21, adiponectin, non-alcoholic fatty liver disease, childhood obesity, intrahepatic triglyceride, magnetic resonace imaging (MRI), leptin


INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common etiology of chronic liver disease in children and adults (1, 2). The estimated prevalence of NAFLD is 29 to 38% in children with obesity; however, findings vary among populations studied and diagnostic criteria used (1).

NAFLD represents a disease spectrum, ranging from simple steatosis (i.e., presence of macrovesicular fat in more than 5% of the liver volume) to non-alcoholic steatohepatitis (NASH), cirrhosis, and liver failure (3). The diagnosis of NAFLD requires a demonstration of fatty infiltration on histology or imaging. Obesity is the most important risk factor for the development of steatosis, although in rare instances, individuals with no apparent obesity may also have NAFLD (4). Factors that predict disease progression from steatosis to more advanced stages are not fully understood; however, people with one or more of the components of metabolic syndrome are at a higher risk for adverse outcomes (5). Recently, the degree of hepatic fat accumulation has been hypothesized to play an independent role in the development of NASH and fibrosis (6, 7). This notion was supported by the finding that among adult NAFLD patients with no baseline hepatic fibrosis, those with a higher baseline liver fat (≥15.7%) developed fibrosis at a much higher rate (OR 6.67, 95% CI: 1.01–44.1, p < 0.05) after a 1.75 year follow up (8). Moreover, genetic variants that are associated with NAFLD and disease progression, including PNPLA3 and others, regulate intrahepatic fat trafficking and cause increased hepatic fat accumulation (9). Routine measurements of liver fat, fibrosis, and molecular liver markers to track NAFLD and NAFLD progression are not facile or appropriate for many clinical settings. Thus, identifying biomarkers that can predict static and longitudinal changes of the hepatic fat content and, in particular, the NAFLD phenotype would have prognostic value for disease progression, and serve as a tool to monitor response interventions.

Liver biopsy and magnetic resonance-based imaging techniques are the reference standards for the diagnosis and monitoring of NAFLD (10); however, both have significant limitations for routine use, such as high cost and limited availability (11). Considering the magnitude of NAFLD in the general population, and the limitations of the currently available clinical screening tools (e.g., waist circumference, serum ALT level, liver ultrasonography), recent studies have focused on identifying biomarkers that are effective and cost-efficient for screening, diagnosis and monitoring of NAFLD. Fibroblast Growth Factor-21 (FGF21) has been recognized as an important mediator in hepatic lipid metabolism, and suggested as a biomarker for NAFLD.

Our working hypothesis is that blood analytes associated with whole-body and liver metabolic health (e.g., FGF21 and one of its downstream effectors adiponectin), either singly or in combination, can be used as adjunct predictive tools for NAFLD status and liver fat changes in children. Fibroblast Growth Factor-21 (FGF21) is a distinct metabolic regulator with pleiotropic effects on whole-body energy metabolism (12–14). FGF21 is primarily expressed in the liver and secreted in the circulation in response to starvation/amino acid deprivation and acute exercise (13, 15). An important site of action for FGF21 is adipose tissue, where it increases adiponectin synthesis and secretion (16). Animal and human studies have shown that FGF21 improves peripheral insulin sensitivity, stimulates glucose uptake and lipid oxidation, and decreases lipogenesis, at least in part through increased adiponectin (14, 17–19). Paradoxically, the circulating level of FGF21 is higher, but adiponectin level is lower in individuals with NAFLD, suggesting a state of adipose tissue FGF21 resistance (17, 20–23). Moreover, pharmacological administration of recombinant FGF21 reduced serum triglyceride (TG) and low-density lipoprotein cholesterol (LDL) while increased high-density lipoprotein cholesterol (HDL) levels, and it reversed steatosis in mouse models of obesity and diabetes (14, 17, 24). Humans with obesity and type 2 diabetes had a similar response in serum lipid profile to exogenous FGF21 (25–27). A positive dose-response relationship was observed between the dose of FGF21 administered and the concentration of serum adiponectin in these studies. Therefore, adiponectin levels could potentially reflect, in part, FGF21 actions. With this in mind, we hypothesize that monitoring both hormones has value in terms of biomarker utility in tracking liver fat content in individuals with NAFLD.

This study aims to determine the short-term longitudinal relationship between FGF21, adiponectin and liver fat and to investigate the role of FGF21-Adiponectin Ratio (FAR) as a potential marker to monitor change in liver fat percent (as assessed by MRI) in obese children and adolescents at risk for NAFLD.



MATERIALS AND METHODS


Subjects

Sixty children ages 10–17 years who were seen for weight management at the Center for Obesity And its Consequences in Health (C.O.A.C.H.) clinic at the Arkansas Children's Hospital were recruited. Inclusion criteria included body mass index (BMI) ≥95th percentile for age and sex, all ethnicities, and absence of diabetes (diabetes was defined as fasting glucose ≥126 mg/dL or an HbA1c ≥6.5%). Subjects were excluded from the study if they had a history of cardiac, pulmonary, renal, neurological diseases, and liver disease including autoimmune hepatitis, viral hepatitis, Wilson's disease, hemochromatosis, and biopsy or magnetic resonance imaging-confirmed diagnosis of NAFLD. Also, those taking any prescription medications that are known to have a direct effect on hepatic lipid metabolism (i.e., metformin, statins, fibrates, steroids, thyroid hormones, growth hormones) were excluded.

The Institutional Review Board of the University of Arkansas for Medical Sciences approved the study. Written informed consent and assent were obtained from the legal representatives of each subject and participants, respectively, before participation.



Study Design

All subjects had a complete medical history and physical exam, including determination of pubertal status by the same Endocrinologist, according to Tanner staging at the baseline visit. Participants in Tanner stage II or III of pubertal development were classified as being in the early stages of puberty, and those in Tanner stage IV or V were classified as being in late stages of puberty. At baseline, each participant received standard of care lifestyle counseling regarding weight management, including guidance about diet and physical activity by a registered dietitian and physical therapist, respectively. Final study visit took place when subjects returned to C.O.A.C.H clinic after 6 months. Adherence to recommendations was not assessed due to the observational nature of the study.



Blood Analytes

We obtained blood samples by venipuncture (typically from the antecubital vein) after an overnight fast to measure the comprehensive metabolic profile. Serum concentrations of glucose, insulin, triglyceride (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), free fatty Acid (FFA), and the level of liver enzymes [alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT)] were measured via clinical analyzer (Siemens Atellica, Malvern, PA) at the Arkansas Children's Hospital Chemistry. Serum FGF21 (Human FGF21 Quantikine), adiponectin (Human Total Adiponectin/Acrp30 Quantikine), and leptin (Human Leptin Quantikine) were measured via ELISA per manufacturer's protocols (R&D Systems, Minneapolis, MN). FGF21 to Adiponectin Ratio (FAR) was calculated simply by dividing the FGF21 concentration (pg/mL) to adiponectin concentration (ng/mL). “Percent change” in FAR was calculated by subtracting the baseline value from the final value divided by the baseline value multiplied by 100. A positive number indicates an increase while a negative number indicates a decrease in FAR. Percent change was chosen over absolute change because of the wide interindividual variation in FGF21 concentrations and non-normal distribution of the FGF21 and FAR. Similarly, Leptin to Adiponectin Ratio (LAR) was calculated simply by dividing the leptin concentration (pg/mL) to adiponectin concentration (ng/mL). Homeostatic Model Assessment for Insulin Resistance (HOMA-IR) was calculated by the following formula: fasting glucose (mg/dL) × fasting insulin (mIU/mL) divided by 405.



Body Composition

Total body adiposity was assessed via bioimpedance technique using InBody® 570 body composition analyzer (InBody USA, Cerritos, CA) according to the manufacturer's protocols. In brief, tissue impedance is measured over 60 s when a low intensity current travels between the bare feet and hands of the subjects. The total body fat (TBF) estimate was obtained from the equipment software. TBF estimate via InBody correlates well with the Dual X-Ray Absorptiometry (DXA) scan (28).



Liver Magnetic Resonance Imaging

All subjects had an estimation of intrahepatic triglyceride (IHTG) percent by magnetic resonance imaging (MRI) at baseline and final visits. Specifically, a multi-echo multi-slice gradient-echo pulse was used to acquire in/out of phase images of the whole liver using a 1.5T MRI scanner (Philips Healthcare, Best, The Netherlands). MRI method was chosen over conventional magnetic resonance spectroscopy (MRS) because MRI in principle uses the same method (Dixon method) as MRS, but can provide an evaluation of the fat concentration of the whole liver (other than one single imaging voxel by MRS that also has to be manually placed), which would be preferred for this longitudinal study. In addition, studies have shown close agreement between MRI and MRS measurements of fat fraction in children with known or suspected NAFLD (29). The triple-echo method was used to control/reduce the confounding effects of intrinsic T2/T1 relaxation in the liver fat quantification (30, 31).



Quantification of Intrahepatic Triglyceride (IHTG) Content and Percent

All raw MRI images were exported to a workstation with MATLAB software (The MathWorks Inc., Natick, MA) and customized script for post-processing and for calculation of whole liver average fat concentration. Two experienced raters (XO, KM) sketched a region-of-interests (ROI) for each subject which included the whole liver as much as possible, but avoided intrahepatic vessels and perihepatic fat as well as all edges. The average signal intensity in the selected ROI was computed, and the liver fat concentration for the subject was calculated from these signal intensities.

Subjects were classified as having NAFLD if the liver fat percent by MRI was ≥5% at baseline or final visits. Furthermore, we divided the subjects into three groups based on the “absolute change” in the IHTG percent between the baseline and final studies: (i) subjects whose final liver percent was ≥1% point lower than the baseline (Loss), (ii) subjects whose final liver fat percent was within −1% and +1% point of the baseline (No change), and (iii) subjects whose final liver fat percent was ≥1% point higher than the baseline (Gain). For instance, a subject with 5% IHTG at baseline, with a repeat MRI showing ≤4% liver fat, would be categorized in the loss group. Using this same example, if the repeat MRI shows ≥6% liver fat, then the individual would be categorized in the gain group; however, if the repeat MRI shows liver fat between 4 and 6%, then this individual will be in the no change group. In our study, 1% absolute change in IHTG corresponded to a 46% relative reduction of the liver fat in the loss group and 37% relative increase in the gain group. Patel et al. (32) utilizing paired MRI and liver biopsy data showed that a 29% relative reduction in liver fat was associated with a histological improvement in patients with NASH. As such, it is reasonable to expect the subjects in the loss vs. gain groups in our study to have a clinically relevant amount of improvement vs. worsening in their liver histology, respectively.



Statistical Analysis

Summary statistics presented are mean (SD, standard deviation) or median (Q1, Q3) for continuous variables, and count (percentages) for categorical variables. Comparative analyses between two groups (loss vs. gain, or NAFLD vs. No NAFLD) were assessed by Wilcoxon Rank-sum test for continuous variables due to small sample size or non-normality, two-sample t-test for normally distributed continuous variables, and Fisher's exact test or Chi-square test for categorical variables. Comparative analyses between three groups (loss, no change, and gain) were assessed by Kruskal–Wallis test for continuous variables due to small sample size or non-normality, and Fisher's exact test for categorical variables. Due to the wide variability of FGF21 reported in previous literature, all outlying values outside of the whiskers of the boxplots were retained in the analyses. Sensitivity analyses were conducted using different cut-off values for the definition of loss and gain groups. Finally, a multiple linear regression model predicting IHTG percent at final visit was built using percent change in FAR, baseline NAFLD status, and their interaction, and adjusting for sex and pubertal stage in order to assess the relationship between FAR and liver fat percent. A similar model was also fit using LAR in replacement of FAR. P < 0.05 were considered statistically significant. All analyses were implemented in Stata 16.1 (StataCorp, College Station, TX).




RESULTS


Subjects' Characteristics

Of the sixty subjects recruited, fifty-eight completed baseline study visit and liver MRI measurements. Twenty-three subjects (39%) had NAFLD at baseline. Ten participants were lost to follow-up (retention rate 48/58 = 83%). Overall, 48 subjects completed both study visits and MRI (baseline and 6-month), and are included in the final comparative analyses. Regardless of the baseline NAFLD status, 13 (27%) subjects had ≥1% reduction in IHTG percent (loss group), while 17 (35%) subjects had ≥1% increase in IHTG percent (gain group) than baseline level. Eighteen (38%) subjects were categorized in the no change group as they had <1% increase or decrease in IHTG percent.



Clinical and Laboratory Characteristics

Characteristics of subjects with and without NAFLD at baseline were summarized in Table 1. Comparison of the baseline characteristics of all subjects by sex and pubertal stage provided in the Supplementary Tables 1, 2. At baseline mean FAR was significantly higher in the subjects with NAFLD compared to those without NAFLD, while FGF21 and adiponectin levels were not significantly different. The difference in FAR among those with and without NAFLD was independent of total adiposity as serum leptin concentrations and percent body fat were comparable between these two groups. Subjects with NAFLD had significantly higher waist circumference, fasting insulin, HOMA-IR, and ALT levels. Weight, BMI, BMI-z, and LAR were all higher in subjects with NAFLD, but none of them reached statistical significance (Table 1). FAR at baseline was correlated with the IHTG percent on MRI (Spearman correlation coefficient r = 0.27, p = 0.0397). Among the participants with paired MRI and FAR data (n = 47), the percent change in FAR correlated significantly with the percent change in IHTG (Spearman correlation coefficient r = 0.53, p < 0.001; Supplementary Table 3).


Table 1. Summary of all subject characteristics at baseline and comparison among subjects with and without NAFLD.

[image: Table 1]


Table 2. Summary and comparison of baseline characteristics between loss, no change, and gain groups.

[image: Table 2]

Table 2 summarizes the comparison of baseline characteristics among the loss, no change and gain groups as determined by repeated MRI. To examine how changes in liver fat are associated with baseline FAR and other parameters, comparisons among all three groups, as well as between the loss and gain groups were made. The only pairwise comparison was between loss and gain groups because this was the primary comparison of interest. These two groups were comparable for sex, age, stage of puberty, race/ethnicity, baseline measurements of weight, BMI, BMI z-score, percent total body fat, fasting concentrations of glucose, insulin, triglycerides, HDL, free fatty acids, serum ALT, AST, GGT, and LAR levels, and FGF21 and adiponectin concentrations (Table 2). FAR level was higher in the loss group [median (Q1, Q3), 25.9 pg/ng (16.9, 44.7)] compared to gain group [13.7 pg/ng (11.9, 25.6)] (p = 0.057) while HOMA-IR and LAR were not different between groups. Although a higher percentage of subjects in the loss group had NAFLD at baseline compared to gain group (85 vs. 47%; p = 0.025), the median liver fat percent was not statistically different [4.8% (3.7, 7.4) vs. 7.8% (4.5, 15.2); p = 0.16] between the two groups (Table 2).



Changes in FAR and Liver Fat, and LAR and Liver Fat Are Positively Associated

Next, percent changes between two study visits were computed for all biomarkers, and those were compared among the three groups, in order to assess the relationship between change in biomarkers and the changes in the liver fat. Percent change was chosen over absolute change because of the wide between individual variation in biomarkers and non-normal distribution of certain clinical measures, such as FGF21 and FAR. The percent change in FAR was significantly different among groups [−24 (−31, 4) vs. −13 (−42, 31) vs. 75 (23, 117) in the loss vs. no change vs. gain groups, respectively; p = 0.005 by Kruskal–Wallis]. Similarly, percent change in LAR was also significantly different among groups [−17 (−34, 1) vs. −17 (−32, 1) vs. 23 (16, 55) in the loss vs. no change vs. gain groups, respectively; p = 0.014 by Kruskal–Wallis]. Importantly, there was no difference in the markers of insulin resistance (fasting glucose, insulin, or HOMA-IR) between groups (Table 3). To further appreciate the significant correlation between FAR and LAR and change in liver fat, the percent change of FGF21, adiponectin and leptin (Figure 1), and FAR and LAR (Figure 2) were plotted using a boxplot by the IHTG groups.


Table 3. Summary and comparison of percent change in biomarkers between loss, no change, and gain groups.
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FIGURE 1. Comparison of percent change in (A) FGF21, (B) Adiponectin, and (C) Leptin in the loss, no change, and gain groups.
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FIGURE 2. Comparison of percent change in (A) FGF21 to Adiponectin Ratio (FAR) and (B) Leptin to Adiponectin Ration (LAR) in the loss, no change, and gain groups.




Change in FAR, but Not LAR Predicts Final Liver Fat Percent in NAFLD Subjects

Finally, we examined the association between percent change in FAR and the IHTG percent at final visit using a multiple linear regression model including the interactions between percent change in FAR and baseline NAFLD status (Figure 3). Our data showed a significant positive relationship between percent change in FAR and the final IHTG percent in subjects with baseline NAFLD (slope coefficient 6.40, 95% CI 2.23–10.57, P = 0.005), but not in those without baseline NAFLD (slope coefficient 0.33, 95% CI −0.25–0.91, P = 0.25). Adjusting model for sex and pubertal stage gave similar results (slope coefficient 6.18, 95% CI 1.90–10.47, P = 0.007, figure not shown). This suggests that for sex and pubertal stage-similar subjects with baseline NAFLD, the higher value in percent increase in FAR is positively associated with a higher level of liver fat percent at final visit. Using the same multiple linear regression model, we also examined the association between percent change in LAR and the final IHTG percent, but did not find any significant relationship [Slope coefficient: 5.64 (95% CI −1.74, 13.03), P = 0.125 for NAFLD; slope coefficient: 0.078 (95% CI −0.27, 0.43) P = 0.65 for non-NAFLD].
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FIGURE 3. Scatterplot showing linear association between hepatic fat percent at final visit and percent change in the FAR by baseline NALFD status.





DISCUSSION

In this observational study, we investigated the relationship of FGF21, adiponectin, and FAR with IHTG percent in a clinically well-characterized pediatric cohort of pubertal children with obesity participating in a short-term (6-month) lifestyle intervention program. We provided new evidence that FAR associates with NAFLD status even before such a relationship becomes apparent between FGF21 and NAFLD, or adiponectin and NAFLD. We also showed that FAR is positively related to the changes in IHTG percent in subjects with NAFLD even in the absence of a discernable difference in routinely available clinical markers such as weight, BMI-z score, waist circumference, total body fat percent, and serum markers of insulin resistance, liver enzymes, free fatty acid, and lipid profile. Although the FAR was predictive of final liver fat percent in those with NAFLD at baseline, a cause-and-effect relationship cannot be proven in this observational study.

Obesity is generally regarded as an FGF21-resistant state, and weight loss has been shown to be associated with decreasing FGF21 levels (24, 33). Although weight loss is one of the mainstay treatments for the obesity-associated complications such as NAFLD, recent studies focusing on the effect of exercise on NAFLD had shown improved steatosis even when no weight loss was achieved (34–36). Therefore, tracking weight cannot reliably reflect the changes in liver fat. On the other hand, while available evidence seems to suggest that FGF21 patterns may have promising relevance to the assessment of NAFLD status, it alone cannot fully account for differences between no steatosis, simple steatosis, or advanced stages (20, 21, 37, 38). This is mostly related to significant interindividual variations and overlapping values of circulating FGF21 concentrations in lean or obese, and in those with or without NAFLD (20). Furthermore, Dushay et al. reported lower FGF21 levels in patients with NASH compared to simple steatosis (39), and findings of Yan et al. suggest that the lack of a positive relationship between FGF21 levels and steatosis at advanced stages (40). Therefore, FGF21 by itself has limited value as an independent, stand-alone biomarker to diagnose NAFLD or stage the disease. Surprisingly, we have not shown a substantial difference in FGF21 levels among subjects with or without NAFLD in our cohort (Table 1), which could possibly be attributed to different stages of liver disease at baseline in patients with NAFLD in this cohort. Moreover, FGF21 levels were not significantly different among the loss and gain groups matched for baseline liver fat percent.

Adiponectin, as one downstream effector of FGF21, is believed to antagonize excess hepatic lipid accumulation through stimulation of fatty acid oxidation and inhibition of fatty acid synthase activity in the liver (16, 41, 42). Interestingly, the physiological relationship between these two hormones appear to be dissociated under pathological conditions such as insulin resistance and NAFLD (17) For instance, epidemiological studies in adults showed that lower baseline serum adiponectin (40, 43, 44) and higher baseline serum FGF21 levels (38) are independent predictors of NAFLD development. However, pharmacological doses of FGF21 treatment have been shown to restore this impaired relationship even in human subjects with diabetes and NAFLD, as demonstrated in a small number of clinical trials (25–27). In a randomized, double-blinded, placebo-controlled study, Charles et al. showed a positive dose-dependent relationship between PEGylated FGF21 analog treatment and serum adiponectin levels in obese patients with type 2 diabetes and NAFLD while no significant change in HOMA-IR was observed (27) Their findings provide direct evidence that FGF21 has a substantial role in the regulation of circulating adiponectin concentrations even in the absence of a change in insulin resistance state. Although the NAFLD status was only indirectly assessed, the authors showed improvements in NAFLD-associated biomarkers, which, in part, was attributed to increased adiponectin levels (27). Rodent studies have also demonstrated a positive relationship between FGF21 and adiponectin (14, 17), while also shown that the beneficial effects of FGF21 on steatosis are ablated in adiponectin knock-out mice (12, 45). These reports provide the basis that FGF21-Adiponectin Ratio (FAR) could be a promising tool to detect the presence of steatosis and even monitor the change in liver fat given the inverse relationship between FGF21 and adiponectin levels in the circulation. Our findings support this notion, as FAR in our cohort was associated with the NAFLD status even before such association was observed between FGF21 or adiponectin as individual hormones. Besides, percent change in FAR was also related to the liver fat percent at the final visit in those with NAFLD at baseline.

The importance of these findings and the utility of FAR in clinical practice requires further investigations. Current study is not designed to identify the diagnostic role of FAR as a biomarker. Although FAR level was different between subjects with or without NAFLD, there is no recommended pediatric cut-point in the literature to test the sensitivity or specificity of our results. Also, how FAR relates to other clinical markers (e.g., HOMA-IR) and the effect of such interaction on the NAFLD outcomes are yet to be determined.

There are a few limitations to our study. Although FGF21 is a potent stimulus for adiponectin secretion, it is not the only one. Proinflammatory cytokines and oxidative stress, often upregulated in obesity, have direct regulatory roles on adiponectin secretion. Since there were no significant changes in BMI z-scores throughout the follow-up period among the loss, no change, or gain groups, it allowed us to evaluate associations of liver fat and serum hormones in a weight-independent manner. Also, a lack of difference in HOMA-IR among groups further suggests that the change in FAR is likely due to the regulatory effect of FGF21 on adiponectin and not an effect of insulin resistance on the latter. However, it is acknowledged that HOMA-IR is only an indirect measure of insulin resistance and cannot reliably assess differential insulin resistance in different body sites as do the clamps studies. Another potential limitation is that the MRI method used in this study did not assess presence of fibrosis, which could have affected the FGF21 and adiponectin levels. That said, given the characteristics of the cohort (young age, no known other risk factors such as diabetes, etc.) this may have had negligible relevance. Although we did not have histological data to compare, we strongly believe that one-percent point change in liver fat is a remarkable change to produce changes in liver histology as suggested by Patel et al. (32). Furthermore, we explored different cut off points, ranging from ± 1–± 1.5% with 0.1% increments, to define these three groups (loss, no change, gain) and the resulting distribution of percent change in liver fat content between groups was similar, while the ± 1% point provided the most balanced group assignment (Supplementary Table 4). The predictive value of the FAR might, in theory, be improved by adding more biomarker variables or methods, such as transient elastography with controlled attenuated parameter (Fibroscan®, EchoSens, Paris). FibroScan is being used with increasing frequency in adults for the diagnosis and monitoring of various liver conditions. However, its utility in the pediatric population has been under-explored. Furthermore, FibroScan provides a semi-quantitative and static assessment of the liver fat, and the diagnostic cut-off points for the controlled attenuated parameter in children are currently missing (in fact, elastography measurements to assess fibrosis in children are not fully established). Thus, longitudinal studies to compare performances of the FAR and FibroScan findings in the diagnosis and monitoring of NAFLD would be helpful only when norms are established. Finally, the lack of such an association between the FAR and change in liver fat in subjects without NAFLD at baseline requires further investigation. Unfortunately, we were unable to compare between the groups defined by a change in NAFLD status due to the small number of subjects flipping NAFLD status at the end of the study period (five children with NAFLD at baseline had resolution of the NAFLD status at 6-months, and two subjects who did not have NAFLD at baseline had developed NAFLD at the final visit). Study duration was limited to 6-months to minimize the effect of pubertal progression on results, and 6-months was previously shown to be sufficient time to achieve a meaningful decline in the weight of the subjects participating in a weight management therapy primarily focusing on lifestyle interventions.

In conclusion, the FGF21-Adiponectin Ratio was associated with NAFLD status, and there was a positive correlation between FAR and final liver fat, even after controlling for sex and pubertal stage, in those with NAFLD at baseline as determined by repeated MRI scans before and after a 6-month lifestyle intervention. These findings suggest that the monitoring the change in FAR could be a promising clinical tool to help detect a clinically meaningful change in liver fat independent of or in combination with anthropometrics or routinely used biomarkers (e.g., HOMA-IR, ALT).
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Non-alcoholic fatty liver disease (NAFLD) is a spectrum of disorders, ranging from fatty liver to a more insulin resistant, inflammatory and fibrotic state collectively termed non-alcoholic steatohepatitis (NASH). In the United States, 30%–40% of the adult population has fatty liver and 3%–12% has NASH, making it a major public health concern. Consumption of diets high in fat, obesity and Type II diabetes (T2D) are well-established risk factors; however, there is a growing body of literature suggesting a role for the gut microbiome in the development and progression of NAFLD. The gut microbiota is separated from the body by a monolayer of intestinal epithelial cells (IECs) that line the small intestine and colon. The IEC layer is exposed to luminal contents, participates in selective uptake of nutrients and acts as a barrier to passive paracellular permeability of luminal contents through the expression of tight junctions (TJs) between adjacent IECs. A dysbiotic gut microbiome also leads to decreased gut barrier function by disrupting TJs and the gut vascular barrier (GVB), thus exposing the liver to microbial endotoxins. These endotoxins activate hepatic Toll-like receptors (TLRs), further promoting the progression of fatty liver to a more inflammatory and fibrotic NASH phenotype. This review will summarize major findings pertaining to aforementioned gut-liver interactions and its role in the pathophysiology of NAFLD.
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Introduction

Non-alcoholic fatty liver disease (NAFLD), once known as the “un-named” disease, afflicts 80–100 million Americans and is currently the most common cause of chronic liver disease (1). About 20%–30% of NAFLD cases in the United States fall under the more severe category of non-alcoholic steatohepatitis (NASH) (1). With increasing prevalence over the last 20 years, NAFLD presents a burgeoning health problem. Unfortunately no therapies are currently approved for treatment or prevention of NAFLD/NASH. Development of such a therapeutic requires more in depth understanding of this disease, including answers to questions such as: What factors influence progression of steatosis to NASH, to NASH with fibrosis? What predisposes 30% of NAFLD patients to develop NASH? Can we harness pre-disposing factors and other non-invasive methods to accurately predict disease progression?


Pathophysiology of NAFLD

NAFLD covers a wide range of liver morbidities, with accumulation of lipid droplets being its mildest manifestation, and liver failure or cirrhosis being the worst. When the accumulation of lipid droplets exceeds 5% of the total liver weight, an individual may be characterized as having fatty liver, hepatic steatosis, or non-alcoholic fatty liver (NAFL) (1). About 30% of individuals with NAFL progress to NASH which is characterized by inflammation in addition to lipid accumulation (2). About 20% of NASH patients with advanced fibrosis will progress to cirrhosis, which marks an irreversible decline in liver function, in addition to being a risk factor for hepatocellular carcinoma (2).

NAFLD/NASH progression is hypothesized to be due to the combination of insults, termed the two-hit hypothesis (Figure 1) (3). This theory postulates that the “first hit” is the development of fatty liver. The “second hit” is characterized by a multitude of factors including inflammatory cytokines, oxidative stress and/or insulin resistance (IR), although the sequence of these events is unclear (3). Since a two-hit model did not sufficiently explain the complex pathophysiology of NAFLD, a more inclusive theory was proposed, the “multiple hit theory” (4). Fatty liver still remains the first hit, but the complex secondary insults reflect broader metabolic dysfunction that involves crosstalk with other organs central to metabolism such as adipose tissue, pancreas, and gut microbiota (4). However, the multiple hit model is still an oversimplification, and additional factors have yet to be fully explored, with age, obesity, and genetic pre-disposition being just a few of them.




Figure 1 | The gut microbiome contributes to both the first and second hits of NAFLD. By increasing energy harvest, monosaccharide absorption, and acetate production, the gut microbiome contributes to the first hit of NAFLD, which is the development of fatty liver. In addition to that, a dysbiotic leaky gut allows for increased passage of PAMPs to the liver. PAMPs activate hepatic TLRs to up-regulate pro-inflammatory and fibrotic pathways. By promoting the development of fatty liver to NASH, the gut microbiome contributes to the second hit of NAFLD.



On top of a complex etiology, tracking progression of NAFLD is an additional challenge. Serum ALT and fibrosis score are surrogate markers to determine liver damage; however, liver biopsy remains the gold standard for diagnosing and characterizing the different stages of NASH (5). Less invasive alternatives, such as ultrasonography and MRI, allow for visualization of fatty liver, but do not evaluate inflammation or accurately assess fibrosis (6). Limited functionality makes these techniques less viable alternatives as disease development/progression indicators. To complement imaging, biomarker research is an active area of the NAFLD/NASH field. The gut microbiome composition or associated metabolites could be one such biomarker, although additional research is needed to confirm the utility of these approaches.



Microbiome and Human NAFLD

Fecal microbiota transplant (FMT) studies have implicated the microbiome and NAFLD development in mice (7, 8). However, no particular microbial signature has emerged in human NAFLD, making it difficult to trace disease development back to any particular cluster of bacterial taxa. Sharpton et al. reviewed the reasons behind discordant results obtained from studies trying to draw correlations between the microbiome and human NAFLD (9). A number of confounders could underlie why no one signature has emerged across multiple studies, including differences in patient age, presence of other metabolic co-morbidities, and geographic location. Differences in handling of stool samples, sequencing and statistical analyses performed also could skew the results of individual studies (9). Additionally, compared to 16S ribosomal RNA sequencing, metagenomic analysis allows for a better understanding of the functional and metabolic potential of the gut microbiome (9).

Despite heterogeneity in specific taxa associated with disease, several cross-sectional studies have shown associations between an unhealthy change in the normal bacterial ecology, also known as dysbiosis, and all stages of NAFLD, including fatty liver, NASH, advanced fibrosis and also cirrhosis and hepatocellular carcinoma (10). Aron-Wisnewsky et al. divided human studies into steatosis to NASH, and NAFLD fibrosis to NASH cirrhosis signatures. In doing so, the authors found significant overlap in microbial signatures in both simple steatosis and NASH (10). In brief, steatosis and NASH patients have increased abundance of Proteobacteria (13.5%) at the phylum level, increased Enterobacteriaceae (12.02%) and decreased Rikenellaceae (0.41% in NASH versus 1.97% in healthy patients) and Ruminococcaceae (7.01% in NASH versus 18.82% in healthy patients) at the family levels, and increased Escherichia (2.36% versus 0.3% in healthy patients), Peptoniphilus (4.1% versus 0.36% in healthy patients) and decreased Anaerosporobacter (1.08% versus 2.02% in healthy patients), Coprococcus (1.03% versus 3.69% in healthy patients), Eubacterium (0.29% versus 1.18% in healthy patients), Faecalibacterium (4.27% versus 8.15% in healthy patients) and more discordant changes in Prevotella at the genera level (6, 11–24). The authors did acknowledge that despite these differences there is widespread divergence in the literature across all levels of taxonomy, with some studies even reporting trends opposite to the ones discussed above (10).

In contrast to simple steatosis, identification of microbial signatures in NASH with fibrosis is less well established, in part due to differences in the threshold for “fibrosis” between studies. For example, some human fibrosis studies have made comparisons between mild to moderate (F0-F2), versus severe fibrosis (F3-F4), while some others have compared no to little fibrosis (F0-F1) to moderate and severe fibrosis (F2-F4), which has created discrepancies in the literature (15, 17). Even then, microbial signatures associated with advanced fibrosis have emerged. In general, advanced fibrosis correlated with increased Gram-negative bacteria, increased Fusobacteria phylum, and decreased Enterobacteriaceae family and Gram-positive bacteria, Firmicutes phylum, Prevotellaceae family, and Prevotella genus (15, 17, 20). One of these studies utilized metagenomic sequencing along with serum metabolomics which allowed the authors to overlay bacterial abundance with pathway and metabolite enrichment data. This approach provided a more holistic microbial profile of patients with mild/moderate fibrosis, and severe fibrosis with NASH (17). While the gut microbiome signature was consistent with previous studies, serum metabolite analysis revealed increased nucleoside metabolism in severe fibrosis and increased amino acid and carbon metabolism related metabolites in mild/moderate fibrosis (16). In terms of pathway enrichment, mild/moderate fibrosis stool samples were enriched in nucleotide and steroid degradation pathways, while severe fibrosis stool samples were enriched in carbon metabolism and detoxification pathways (19). These data suggest the possibility of harnessing the microbiome to differentiate mild/moderate fibrosis from severe fibrosis with NASH. More studies with the same study design and larger cohort sizes are needed to confirm whether these microbiome-derived signatures can truly be used as a diagnostic tool.




Role of the Gut Microbiome in the Development and Progression of NAFLD


Changes in the Gut Microbiome Promote the Development of Fatty Liver


Microbiota and Energy Harvest

The human diet is enriched in all three macronutrients, carbohydrates, protein and fat, with carbohydrates making up a bulk of the standard diet. Dietary carbohydrates come in three forms, polysaccharides, disaccharides, and monosaccharides, as defined by the number of monomeric units. In order to be used as energy sources by the host, poly- and disaccharides must first be broken down to their monosaccharide units. Of all the enzymes required for this hydrolysis to occur, humans only encode amylase which removes monosaccharide units from starch. Other than amylase, the host depends on the gut microbiome to harvest energy from dietary polysaccharides (25). Non-starch polysaccharides such as cellulose or hemicellulose are metabolized by colonic bacteria to generate short chain fatty acids (SCFAs) such as butyrate, acetate, and propionate (25, 26). Analysis of feces originating from germ-free (GF) mice revealed significantly reduced levels of SCFAs in the intestine and cecum when compared to conventional mice, supporting the need for commensal bacteria to metabolize non-digestible carbohydrates to generate SCFAs (27). Microbial-produced monosaccharides and SCFAs are absorbed into the portal vein and serve as substrates for de novo lipogenesis (DNL) in the liver. So far, 130 families of glycoside hydrolases, 22 families of polysaccharide lyases and 16 families of carbohydrate esterases have been discovered, and a vast majority of these are encoded in microbial genomes (28). In addition, metagenomic sequencing of human gut microbiota has uncovered a vast panel of carbohydrate-active enzymes (CAZymes) including hydrolases, lyases and esterases, a great majority of which remain to be characterized (25).

In addition to SCFA generation, another mechanism by which the gut microbiome contributes to energy harvest is by increasing the absorption of dietary monosaccharides across the intestine (29). Conventionally housed mice that were given an oral bolus of glucose showed twice the monosaccharide absorption across the intestine as compared to GF mice (29). Absorbed monosaccharides were then transferred to the portal vein, thereby increasing substrate availability for hepatic DNL (Figure 2).




Figure 2 | The gut microbiome modulates the development of fatty liver. The gut microbiome increases absorption of monosaccharides from the diet, thereby promoting hepatic de novo lipogenesis (DNL) by increasing substrate availability. Upon consumption of a high fat diet, the gut microbiome increases the production of muricholic acid (MCA) in mice. MCA is a potent activator of intestinal farnesoid X-receptor (FXR), which, in turn, activates the ceramide synthesis pathway in intestinal epithelial cells (IECs). Upon reaching the liver, ceramide promotes the cleavage of Srebp-1c, and thus upregulation of the hepatic DNL program. Undigested carbohydrates and fructose are processed by the gut microbiome to generate acetate, a substrate for hepatic DNL. Lastly, secondary bile acids (BAs) generated by the gut microbiome activate the Takeda G protein-coupled receptor (TGR5) expressed in colonic L cells which, in turn, increases the secretion of glucagon-like peptide 1 (GLP-1). GLP-1 inhibits the development of fatty liver both by driving down DNL, and by increasing fatty acid oxidation in hepatocytes (Activation, indicated in yellow; Inhibition, indicated in blue).



Perhaps, the most direct link between energy harvest, availability of SCFAs and hepatic steatosis was provided in a study that investigated the role of GPR41, a receptor for acetate and propionate (30). Through bomb-calorimetric assays of feces, this study demonstrated that the efficiency of caloric extraction from a polysaccharide rich chow diet was significantly reduced in Gpr41-deficient versus wild-type mice, although the mechanism behind this was unclear. In addition, cecal levels of acetate and propionate were significantly increased in the knockouts, indicating increased excretion of SCFAs. Concomitantly, hepatic triglycerides (TGs) in the Gpr41-deficient mice were significantly reduced (30). The reason behind this phenotype might be that a lack of Gpr41 prevents uptake of dietary polysaccharide-derived SCFAs. Therefore, energy harvest in the absence of SCFA receptors is deemed redundant as this promotes DNL substrates like SCFAs to be excreted in the feces, thereby reducing hepatic steatosis.

From a translational perspective, there are limited human data on any of these mechanisms in fatty liver development. The literature suggests that obese individuals have increased intestinal glucose absorption, but this has not been tied back to the microbiome (31). Monosaccharide transporters might be potential targets, but selection will be a challenge as the GLUT family of transporters alone has 14 members. The SCFA receptors GPR41 and GPR43 show functional divergence when it comes to differentiation of adipocytes, but whether these differences also apply to their role in SCFA uptake is largely unknown (32). In addition, there are no human data on the expression of these receptors in intestinal epithelial cells (IECs) in metabolic disease. Lastly, enrichment of glycoside hydrolase metagenomic signatures in obese mice and humans unable to lose weight on a lifestyle intervention program holds translational promise, but the functional value of these signatures remains to be identified in humans (33, 34). One way to assess functionality would be to measure if microbiome-derived acetate feeds into hepatic DNL as a result of increased expression of glycoside hydrolase in obesity, but this may not be that straight-forward in humans. One potential “fix” for removing glycoside hydrolase-rich microbial populations could be to re-populate the obese gut with FMT from healthy donors. In fact, there currently are clinical trials using this technique to evaluate its impact in NAFLD (ClinicalTrials.gov Identifier: NCT02469272).



Microbiota as a Source of DNL Substrates

Hepatic DNL is the process by which excess carbohydrates in the liver are converted to neutral TGs and stored in lipid droplets. Depending on the energy state of the cell, these TGs are either packaged into very low density lipoprotein (VLDL) particles and secreted out of the liver or are hydrolyzed to undergo β-oxidation. As such, DNL has two components; synthesis of free fatty acids (FFAs) and incorporation of 3 FFAs onto 1 glycerol to form one molecule of tri-acyl glycerol (TAG). Substrates for DNL are sourced from both the host in the form of FFA flux from the adipose tissue, and also microbiome-derived metabolism of carbohydrates and fatty acids from the diet.

Microbial products like SCFAs serve as substrates for hepatic DNL, thereby accelerating the development of fatty liver. Kindt et al. integrated transcriptomic, proteomic, phosphoproteomic, and lipidomic analyses of livers from GF and specific pathogen-free (SPF) mice to provide a comprehensive, multi-OMICS based link between the microbiome and hepatic lipogenesis (35). Presence of microbiota led to a significant increase in desaturation of the FA palmitate by SCD-1, and elongation of the FA γ-linoleic acid by fatty acid elongase (ELOVL)-5. In addition, significant increases were also observed in other TAG-synthesizing enzymes such as fatty acid synthase (FAS), further promoting the development of fatty liver (35). Strikingly, oral gavage of labeled acetate led to its rapid incorporation into newly forming C16 and C18 fatty acids in the livers of SPF mice, further corroborating the idea that SCFAs produced from microbial fermentation of dietary fiber serve as substrates for hepatic DNL (35). While the SCFAs propionate and butyrate have been shown to protect against NAFLD, acetate acts as a substrate for DNL in hepatocytes (36–39) (Figure 2). So while acetate can be assigned as pro-lipogenic, the same does not apply to all SCFAs. Having said that, a recent study by Rau et al. drew correlations between SCFAs and NAFLD severity (40). Thirty-two NAFLD patients were further stratified into non-alcoholic fatty liver (NAFL) and NASH patients. Compared to healthy controls (HCs), there was a 50% increase in fecal acetate and a 100% increase in propionate levels in patients with NAFL, while no difference was observed in butyrate levels (40). A similar trend in acetate and propionate levels was observed when NASH patients were further stratified into mild (F0-F1) and moderate/severe (F2-F4) NASH in comparison to HCs. However, patients with mild NASH had modest but statistically significant higher levels of fecal acetate (~20%) and propionate (~25%) compared to patients with moderate/severe NASH. At the family level, the gut microbiome of NAFLD (NAFL/NASH) patients was enriched in Fusobacteriaceae and Prevotellaceae compared to the gut microbiome of HCs. Both bacterial families are well characterized SCFA-producers, thereby providing a functional link between the microbiome and microbial metabolites (40). There were no differences in bacterial populations at the family level between the mild and moderate/severe NASH groups, but Acadaminococcus and Prevotella were more enriched in moderate/severe NASH (40).

While the above study failed to establish any causal links in the microbiome-SCFA-NAFLD axis, it highlighted some interesting findings. For one, both fecal acetate and propionate are increased in patients with NAFLD versus HCs, but upon closer observation, it is clear that in the NAFL group, acetate levels are three times greater than propionate levels, even though acetate levels went up by only 50%, while propionate went up by 100% when compared to HCs (40). This could mean that while the two SCFAs have opposing roles in DNL, net higher levels of acetate may tip the balance in favor of a pro-lipogenic phenotype. More interestingly, both acetate and propionate levels drop modestly (around 15%) in moderate/severe NASH (F2-F4) in comparison to mild (F0-F1) NASH, which could mean that while more SCFAs are produced in the early stages of NAFL and NASH, this may not be the case when fibrosis becomes more severe. Since it is hard to predict causality in human studies, some future directions for finding a link between SCFAs and NAFLD could be carbon tracing the metabolism of microbiome-derived acetate in mouse models of fatty liver and NASH. Using oral administration of 13C-acetate, the amount of labeled carbons that are incorporated in end products of DNL can be estimated by mass-spectrometry. Another approach would be dual tracing of acetate and propionate in the same mouse models to get a more complete picture of SCFA metabolism in NAFLD. In addition to carbon tracing, another angle would be examining the effect of SCFAs on inhibition of histone deacetylases (HDACs), as it has been demonstrated that SCFAs like butyrate inhibit HDACs to activatethe transcription of activators of fatty acid oxidation such as peroxisome proliferator-activated receptor (PPAR)-α.

While these data are suggestive that gut microbiome derived metabolites contribute to hepatic DNL, they provide an incomplete picture. DNL is also heavily modulated by Srebp-1c and ChREBP transcriptionally, but there are limited data on relative contribution of the transcriptional DNL program versus gut microbiome (41). Indeed, GF mice are resistant to HFD-induced obesity and fatty liver, indicating that complete ablation of the gut microbiome suppresses the transcriptional DNL program through yet unknown mechanisms (42). Conversely, Srebp-1c and ChREBP knockouts are resistant to NAFLD development even in the presence of the microbiome (43, 44). This implies that the absence of the transcriptional DNL program either changes the microbiome composition such that there is less production of DNL substrates, or microbial lipogenic substrates fail to induce DNL by themselves. Either way, crosstalk between the two, or emergence of alternative metabolic pathways in the absence of one or the other remains to be elucidated.

In their recent paper, Zhao et al. set out to tease apart the relative contribution of these two pathways in fructose consumption-mediated increases in hepatic DNL (45). Counter to current dogma surrounding the role of dietary fructose in hepatic steatosis, Zhao et al. demonstrated that dietary fructose is converted to acetate by the gut microbiome, and can be used by the liver as a precursor for DNL (45). Prior to these data, it was believed that once in the hepatocyte, fructose enters the tricarboxylic acid (TCA) cycle and is converted to citrate. ATP citrate lyase (ACLY) converts citrate to acetyl-Coa which serves as a precursor for DNL. By knocking out ACLY, Zhao et al. demonstrated that dietary fructose can still contribute to the NAFLD phenotype by bacterial conversion to acetate, followed by transport to the liver via the portal vein. In the liver, acetate is converted to acetyl-Coa by acetyl-CoA synthetase (ACSS)-2 and is ultimately shunted into the lipogenic pathway. Finally, gene expression of ChREBP-β and other DNL genes is upregulated upon fructose feeding independently of acetyl-CoA metabolism. Collectively, these data indicate dual mechanisms for fructose-mediated hepatic lipogenesis- one via activation of the transcriptional DNL program, and another by providing DNL substrates in the form of microbiome-derived acetate.



Microbiota as a Modulator of Hepatic Lipid Homeostasis via FXR and TGR5

Clues for the role of bile acids (BA) in TG synthesis came in the 1970s when administration of chenodeoxycholic acid (CDCA) for gallstones also resulted in reduced circulating TGs (46). Conversely, patients treated with BA sequestrants were found to have elevated hepatic and serum TGs and VLDL (47). Bile acid synthesis from cholesterol which occurs exclusively in the liver is mediated by two key enzymes- CYP7A1 and CYP8B1, which through a series of reactions catalyze the production of CDCA and cholic acid (CA) respectively (48). CDCA is further converted to α, then β-muricholic acid (β-MCA) in mouse livers and into ursodeoxycholic acid (UDCA) in human livers. These primary BAs are further conjugated in the liver to the amino acids taurine or glycine to generate conjugated BAs such as taurocholic acid (TCA), tauro-alpha/beta-muricholic acid (T-α/β-MCA), etc. (49). Primary BAs are then stored in the gallbladder, wherein they are released upon meal ingestion to facilitate absorption of nutrients across the small intestine (SI). Approximately, 95% of BAs are reabsorbed in the ileum and are acted upon by gut microbiota to undergo de-conjugation by the bacterial enzyme bile acid hydrolase (BSH) and further dehydroxylation by bacterial dehydroxylases to generate the secondary BAs lithocholic acid (LCA) and deoxycholic acid (DCA) from CDCA and CA, respectively (50). Therefore, the gut microbiota plays a key role in maintaining BA composition, and will likely be impacted by any perturbations in microbiome composition.

The Farnesoid X-receptor (FXR) is a ubiquitously expressed nuclear receptor (NR), and plays a particularly important role in gut-liver signaling. Like most NRs, FXR has a N terminal ligand-independent activation function (AF1), a highly conserved DNA-binding domain (DBD), a ligand binding domain (LBD), and finally a C-terminal ligand-dependent activation function (AF2) (51). FXR forms a heterodimer with retinoid X-receptor (RXR), and when there is no ligand binding, the FXR-RXR heterodimer remains bound to FXR responsive elements (FXREs) within the promoters of FXR target genes, bound to co-repressors (52). Upon ligand-induced activation, co-repressors leave the FXR-RXR heterodimer to make way for co-activators, thus upregulating target gene transcription (52). While FXR was initially found to be weakly activated by farnesoid, an intermediate of mevalonate metabolism, it was later found that despite low affinity, BAs potently activate FXR in the order of CDCA > LCA = DCA > CA (53). BA binding to FXR in the intestine leads to the secretion of FGF15 in mice and FGF19 in humans into the hepatic portal vein (54, 55). Upon reaching the liver, FGF15/19 bind to their receptor FGF4 resulting in down-regulation of CYP7A1 and CYP8B1 to stop BA synthesis (54, 55). In this fashion, FXR tightly regulates BA production in the liver.

The role of the beneficial effects of FXR on glucose and lipid metabolism has been studied extensively across many mouse models (56–59). In brief, FXR activation reduces DNL by suppressing the transcription of Srebp-1c (60). It increases TG degradation by inducing the expression of PPARα and fibroblast growth factor (FGF) 21, both activators of fatty acid oxidation (61). Lastly, FXR promotes TG hydrolysis by increasing the expression of apolipoprotein (Apo)-CII which is an activator of lipoprotein lipase (LPL) (59). Taken together, FXR reduces hepatic steatosis by reducing DNL, increasing fatty acid oxidation, and increasing TG clearance.

To elucidate the role of the microbiome in FXR signaling, Jiang et al. treated mice with antibiotics and analyzed changes in BAs and progression of fatty liver (62). Microbiome depletion led to significant increases in the levels of T-β-MCA and TCA, as the bacterial enzyme BSH that catalyzes the conversion of T-β-MCA to MCA is missing in antibiotic treated mice. Increased levels of T-β-MCA inhibits intestinal FXR, which, in turn, reduces the transcription of ceramide synthesis-related genes, resulting in reduced levels of ceramide (62). Since ceramide regulates the cleavage and maturation of the pro-lipogenic Srebp-1c, there is a resultant reduction in HFD-induced hepatic DNL upon antibiotic treatment. Therefore, HFD-feeding leads to increased conversion of T-β-MCA to MCA by the gut microbiome, activation of intestinal FXR, followed by an increase in ceramide synthesis, which upon reaching the liver cleaves Srebp-1c to its active form, thereby increasing hepatic DNL (62) (Figure 1).

Several human studies report that both primary and secondary BAs are elevated in patients with NAFLD (63–65). Part of the explanation for this was the increased abundance of the taurine and glycine de-conjugating bacteria Escherichia and Bilophila, which catalyze the conversion of CA to the secondary BA DCA, which is antagonistic to FXR (63). Due to this inhibition of intestinal FXR, there was reduced secretion of FGF19, thus disrupting the feedback loop and maintaining elevated levels of CYP7A1 and CYP8B1 (63). As a result, there is continued production of BAs in patients with NAFLD, increasing the total primary BA pool size. In another study, NAFLD patients were found to have reduced levels of hepatic FXR, increased cleavage of Srebp1-c, and significantly higher hepatic TGs. Collectively, changes in gut microbiome composition in NAFLD contributes to disrupted primary and secondary BA production, reduced FXR signaling, and resultant fatty liver. Indeed, recent clinical trials have demonstrated that synthetic FXR agonists such as obeticholic acid have a beneficial effect in patients with NASH (66). Additional studies with a larger sample size need to be conducted to validate these findings.

Takeda G protein-coupled Receptor 5 (TGR5) is a G-protein coupled receptor which is less abundant than FXR, but is still highly expressed in the gallbladder, ileum, colon, and on hepatic macrophages known as Kupffer cells (53). As a GPCR, TGR5 activation leads to increase in cyclic AMP levels, thereby increasing the expression of protein kinase A which further mediates downstream effects. BAs activate TGR5 in the order of LCA > DCA > CDCA > CA, implying that TGR5 signaling is strongly associated with the microbiome as both LCA and DCA are products of the microbiome (53). TGR5s key role in the intestine is to facilitate secretion of the incretin hormone GLP-1 from enteroendocrine cells therefore increasing the secretion of insulin from pancreatic beta cells (67). In addition to imparting other metabolic benefits, the administration of GLP-1 agonists in ob/ob mice significantly reduced hepatic steatosis, both by driving down DNL, and up-regulating fatty acid oxidation (68) (Figure 2). Clinical trials with TGR5 agonists are currently underway for the treatment of NASH, and hold promise due to TGR5’s influence on GLP-1 signaling.




Changes in the Gut Microbiome Disrupt Gut Barrier Function

The gut barrier is the first line of defense between intestinal luminal contents and circulation, and mostly consists of the epithelial barrier and the over-laying mucus layer. The epithelial barrier consists of a monolayer of adjacently aligned epithelial cells, a vast majority of which are enterocytes/colonocytes. This layer is also interspersed with four other epithelial cell types—goblet cells, enteroendocrine cells, Paneth cells, and microfold cells (69). Underneath the epithelial cell monolayer is the lamina propria, which houses innate and adaptive immune cells such as T cells, B cells, macrophages, and dendritic cells (70). Finally, under the lamina propria lies a vascular network that eventually converges into the portal vein which, in turn, empties into the liver.

Goblets cells are specialized mucus secreting cells embedded within the epithelial monolayer (71). Secreted mucus is composed of glycosylated mucin proteins that form a gel-like layer and sit above the epithelial monolayer (71). The small intestine (SI) and colon have very distinct physiologies (72). The SI has Immunoglobulin As (IgA) and anti-microbial peptides (AMPs) which are secreted into the mucus layer by plasma cells within the lamina propria, and Paneth cells respectively, making the SI relatively less hospitable for bacterial growth (73, 74). Compared to the SI, the colon has a significantly greater number of goblet cells, and hence more mucus. Unlike the SI, the colon has two layers of mucus, with the bottom layer sitting right above the epithelial monolayer, and is more “tight” in consistency (72). A “loose” mucus layer overlays the bottom layer. This outer mucus layer serves as a habitat for colonic gut microbes (72). Since the colon has fewer Paneth cells, there is less IgA and AMP secretion, which in combination with more mucus production and thickness, makes it a more fertile ground for gut microbes (72). Owing to these differences between the SI and colon, gut microbiome composition varies along the gastrointestinal tract (GI) as well, with more aerobic and facultative anaerobes in the duodenum and jejunum, and more fiber-fermenting, bile acid-metabolizing anaerobes in the colon.

Under the mucus layer lies the intestinal epithelial monolayer. Transport of molecules between the intestinal lumen and the underlying vascular layer is regulated by junctional complexes between epithelial cells within the monolayer (71). The three most important junctional complexes are tight junctions (TJs), adherens junctions (AJs), and gap junctions (75). TJs include proteins like zona occludin-1 (ZO-1), occludin, and members of the claudin family which seal intercellular space. AJs are found below TJs, and along with gap junctions, they help maintain the integrity of the epithelial monolayer and facilitate cell-cell communication. Intracellularly, TJs and AJs are attached to actin and myosin, thereby playing important roles in cytoskeletal dynamics. It should be noted that the gut barrier is not a static organ, but is actually rather dynamic and sensitive to changes occurring in the gut (75).

Since the gut barrier serves to keep intestinal luminal contents from entering the underlying vascular network, any disruption in its integrity leads to a condition called the “leaky gut”. Under certain conditions, expression of TJPs is reduced leading to increased permeability between adjacent epithelial cells. Increased paracellular permeability gives luminal contents access to the underlying lamina propria and vascular network. Leakage of bacterial antigens into the vascular network, portal vein and liver leads to increased hepatic inflammation due to activation of immune signaling (76–78) (Figure 3). Indeed, metabolic diseases are often associated with a loss of intestinal barrier function and an increase in passive transport of microbial pathogen associated molecular patterns (PAMPs) into the body (79) (Figure 3). Emerging evidence suggests a link between a dysfunctional gut barrier and human NAFLD (80–82). A meta-analysis based on five clinical studies demonstrates a linear relationship between increased gut permeability and NAFLD progression, with stronger correlations as disease severity increases (82). Specifically, 39.1% of NAFLD patients had displayed increased intestinal permeability versus only 6.8% of HCs. In addition, it was found that patients with NASH were more likely to have this phenotype with the incidence of gut permeability in this subgroup being 49.2% higher compared to patients with NAFLD as a whole. These data suggest that inflammatory events occurring in the pathophysiology of NASH might be a function of increased gut permeability.




Figure 3 | A dysbiotic gut promotes the development of non-alcoholic steatohepatitis (NASH). In metabolic gut dysbiosis, the populations of beneficial microbes like Akkermansia muciniphila and Faecalibacterium prausnitzii decline, and the populations of harmful bacteria increase. Via various mechanisms, this results in disruption of tight junction proteins (TJPs) between adjacent epithelial cells. This allows for increased paracellular passage of pathogen-associated molecular patterns (PAMPs) into the portal vein. PAMPs are endogenous ligands for Toll-like receptors (TLRs), and their binding to hepatic TLRs results in activation of pro-inflammatory and pro-fibrotic cascades which promotes the development of NASH.



To demonstrate that increased intestinal permeability precedes NASH, Mouries et al. showed that intestinal epithelial barrier (IEB) disruption in mice occurs within 48 h of HFD-feeding (83). This was evidenced by reduced expression of ZO-1 and increased bacterial translocation into the ileum and cecum lamina propria. Plasmalemma vesicle-associated protein 1 (PV1), a marker for gut vascular barrier (GVB) damage was unchanged at 48 h. Following 1 week of HFD-feeding, PV1 expression and intestinal permeability were significantly upregulated along all sections of the gut, and stayed that way until the end of the 24-week study. In both 1-week and 6-week HFD-fed mice, disruptions in the IEB and GVB preceded signs of hepatic steatosis and IR, indicating that these are early events in the development of NASH. Impaired GVB is then maintained through development of IR and inflammatory NASH. To further support the hypothesis that a dysbiotic gut disrupts epithelial barrier integrity, when SPF mice were transplanted with fecal matter from control diet and HFD-fed mice, mice receiving FMT from HFD-fed mice had increased adipose mass and expression of PV1, suggesting that HFD-feeding induces dysbiosis, which disrupts the GVB, which, in turn, correlates with increased intestinal blood vessel permeability. Collectively, these data suggest a linear sequence of events- IEB disruption, GVB disruption, IR and hepatic steatosis, and finally NASH (83).

In contrast to the above study, Thaiss et al. absolved the gut microbiome of any culpability in IR-driven gut permeability (84). In addition to showing increased gut permeability in db/db and ob/ob mice, the authors were able to show similar gut barrier dysfunction in STZ-treated mice, therefore demonstrating that IR-driven gut barrier perturbations are associated with, but do not require obesity. To determine the consequence of barrier dysfunction, the authors used a bioluminescent variant of Citrobacter Rodentium to track infection in vivo, which mimics human enteropathogenic E. coli infections. In addition to being hyperglycemic, STZ-treated mice exhibited reduced expression of ZO-1 along with increased gut permeability. Upon receiving C. rodentium, these mice showed increased susceptibility to infection and systemic translocation, enhanced bacterial growth, epithelial adherence and systemic spread. To determine whether these gut dysfunction signals were arising from microbiome alterations upon STZ treatment, FMTs were performed with feces from STZ-untreated and treated mice. No gut barrier dysfunction and associated increase in bacterial infection was seen in mice receiving FMTs from STZ-treated mice, demonstrating that the gut barrier dysfunction observed in these mice is independent of the microbiome. RNA sequencing of IECs revealed global reprogramming of the epithelial transcriptome of STZ-treated mice. In particular, it was found that the transcription of the GLUT2 gene which is responsible for glucose uptake in IECs was significantly upregulated in STZ-treated mice. IEC specific GLUT2 knockouts did not show increased permeability, reduced TJPs or increased susceptibility to infection upon STZ treatment. Taken together, these data suggested that IR-driven gut barrier dysfunction is independent of changes in the gut microbiome, and instead is dependent on GLUT2 dependent signaling in IECs (84).

A key feature that sets the above study apart from the work of Mouries et al. is the animal model used. STZ injection  is typically representative of Type 1 (T1D), while ob/ob, db/db, and HFD-feeding models are more representative of Type 2 diabetes (T2D. In humans however, T1D, much like T2D is often accompanied by the presence of metabolic syndrome, thereby making it challenging to investigate microbiome-independent mechanisms behind gut barrier dysfunction in human T1D (85). In conclusion, in mouse models of diabetes, gut barrier dysfunction in T1D is driven by GLUT2 signaling in IECs and in T2D is driven by disruptions in the gut microbiome, and precedes the development of NASH.

Much like NAFLD/NASH, diabetes also has been linked with gut dysbiosis and barrier dysfunction. For example, examination of 345 patients microbiome samples demonstrated a reduction in butyrate producers and increase in opportunistic pathogens in the diabetic microbiome (86). Another study confirmed a significant reduction in the population of Bifidobacteria and Verrucomicrobia (87). Specifically, Akkermansia muciniphila of the Verrucomicrobia phylum has been shown to be significantly reduced in diabetes in both mouse and human studies (87–89). Indeed, oral administration of A. muciniphila resulted in marked improvements in metabolic parameters in genetic and diet-induced models of diabetes, positioning it as a beneficial microbe (89). It is most abundantly found in the loose outer mucus layer of the colon, and uses polysaccharides in the mucus as substrates to generate SCFAs like acetate and propionate (90). A. muciniphila supplementation was reported to restore the colonic mucus layer to its normal thickness in HFD-fed mice, the mechanisms behind which remain unclear (89). In another report, pasteurized A. muciniphila and Amuc_1100, the pili protein in A. muciniphila, were shown to improve gut barrier integrity by upregulating the expression of some TJ proteins (91). Perhaps, most strikingly, A. muciniphila supplementation was shown to significantly reduce circulating LPS levels, which suggests that it lead to improvements in gut barrier integrity (89, 91). In the strongest case yet for using A. muciniphila supplementation as therapy for gut-related and hepatic pathologies, a small exploratory proof-of-concept study was conducted on 40 obese male and female individuals (92). Participants were divided into three groups- placebo, pasteurized A. muciniphila and live A. muciniphila treated groups. At the 3-week end-point, in addition to demonstrating no adverse responses associated with A. muciniphila supplementation, the group receiving pasteurized A. muciniphila had modest, yet statistically significant, reductions in circulating LPS, AST and ALT levels (92). Although more studies with larger patient cohorts are required to confirm these findings, the use of A. muciniphila as a therapeutic agent still holds promise.

Another important function of A. muciniphila is its ability to support the growth of butyrate producing bacteria by a method known as cross-feeding (93). More specifically, in using mucus as a substrate, A. muciniphila produces the SCFA’s acetate and propionate, which are, in turn, utilized by bacteria such as Faecalibacterium prausnitzii, which produce butyrate (93). Much like A. muciniphila, loss of F. prausnitzii also correlates with development of T2D (94) (Figure 2). By producing butyrate, F. prausnitzii enhances mitochondrial function in colonocytes, thereby stabilizing HIF-1α in the gut (95). HIF-1α although considered “bad” in other contexts, has been shown to improve gut barrier integrity through yet unclear mechanisms. In addition to maintaining hypoxic conditions in the gut, butyrate supplementation to colonocyte and epithelial cell lines has led to increased transepithelial resistance (TEER), marking improved barrier function (96). Most importantly, one study found that F. prausnitzii supplementation in HFD-fed mice led to a significant reduction in diet induced steatosis, ALT and AST levels, thereby suggesting that increased butyrate production improves barrier integrity and consequently improves NASH (97).

While the above data paints A. muciniphila as a good player, another study showed that consuming diets depleted of fiber led to significant proliferation of A. muciniphila, correlating with a significant reduction in colonic mucus thickness and a compromised gut barrier (28, 98). While it is unclear why A. muciniphila appears to be a negative component of the microbiome in this study, it is possible that consuming a diet low in fiber deprives A. muciniphila and associated cross-feeders of classic substrates. A known mucus degrader, it is possible that A. muciniphila instead shifts its metabolism to use mucus as a substrate, thereby feeding into a cycle of mucus consumption, reduction in mucus thickness and increased proliferation. Eventually, when mucus consumption exceeds production, a scarcity of substrate availability results, and the population of A. muciniphila declines. It is possible then, that reduced A. muciniphila population size in diabetic patients is a consequence, rather than cause of compromised gut integrity. This might also be the reason why pasteurized forms of A. muciniphila show an improvement in metabolic endpoints, because this form does not have mucus degrading activity. A prospective study where A. muciniphila populations are measured from the onset to full- fledged development of diabetes might be able to answer some of these questions, but until then, the jury is out on the role of A. muciniphila in gut barrier integrity.



Changes in the Gut Microbiome Promote Progression of NAFLD

The previous section elucidates how gut microbiome dysbiosis occurring during metabolic syndromes can alter intestinal biology to make the gut more permeable. This allows passive transport of microbial PAMPs from the intestinal lumen into the portal vein, and eventually the liver (Figure 2). Before diving into how PAMPs contribute to NASH, it is first important to appreciate its pathophysiology. As mentioned, the first step of NAFLD is almost always the development of fatty liver. The second step involves multiple hits like IR, increased gut permeability, inflammation, and reactive oxygen species (ROS) production which leads to the progression of a more inflammatory, fibrotic NASH phenotype. Progression of fatty liver to fibrosis affects all liver cell types (99). While hepatocytes appear injured and undergo a form of cell death termed apoptosis, the resident liver macrophages, Kupffer cells (KCs), start secreting pro-inflammatory chemokines and cytokines. Finally, quiescent stellate cells (SCs), which are the major storage site for retinoids, are activated (99). Activation of stellate cells leads to loss of retinoids and increased expression of signaling receptors including the transforming growth factor β (TGF-β) receptor. Activated SCs proliferate and secrete extracellular matrix proteins to form a fibrous scar, which imparts a “fibrotic” phenotype to NASH (99). PAMP receptors such as the toll-like and nod-like receptors (TLRs and NLRs) are expressed on the cell surface of hepatocytes, Kupffer cells (KCs), and stellate cells (SCs), and are known to contribute to the inflammatory and fibrotic phenotype of NASH (Figure 2). While suppressed in healthy liver, TLR signaling is activated in the presence of pathogenic microorganisms and bacteria-derived molecules. Since other reports have already reviewed the role of TLRs in NAFLD in great detail, this section will briefly highlight some of the major findings (100, 101).

Of all the TLRs, TLR2, -4, -5, and -9 have been shown to contribute to the inflammatory and fibrotic signaling that characterizes NASH. In hepatocytes, LPS binding to TLR4 recruits MyD88, an adapter protein, which, in turn, leads to the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways (102). NF-κB is a transcription factor which upregulates the transcription of pro-inflammatory cytokines including interleukin (IL)-1, 2, 6, and 8 (103). In addition to its role in increasing hepatocyte inflammation, TLR4 plays a role in KC and SC crosstalk. LPS binding to TLR4 in SCs leads to increased production of adhesion molecules and chemokines like vascular cell adhesion protein (VCAM) and methyl-accepting chemotaxis protein (MCP) (104, 105). Adhesion molecules attract KCs and these recruited KCs secrete the pro-fibrogenic TGF-β which binds to TGF-β receptors on SCs (104, 105). This stimulates the secretion of collagen from SCs into hepatocytes, marking the beginning of liver fibrosis. Indeed, KC-specific knockdown of TLR4 in mice on a methionine choline-deficient (MCD) diet led to a significant reduction in hepatic TGs, reduced expression of inflammatory and fibrosis markers, and a resultant reduction in histological markers of NASH (106). Similar findings, demonstrating increased TLR4 mediated signaling contributing to NASH development, have been reported by other groups (106, 107).

In addition to TLR4, other TLRs mentioned in the paragraph above also have been implicated in NAFLD, but there are only a handful of reports elucidating their roles. TLR2 is expressed by HSCs and KCs and is a receptor for bacterial peptidoglycan. To investigate the role of TLR2 in hepatic inflammation, Miura et al. treated KCs with a synthetic TLR2 ligand Pam3CK4, and an endogenous ligand palmitic acid (PA) (108). While priming with Pam3CK4 alone was enough to increase the expression of NLRP3, IL-1β and IL-1α, caspase-1 activity was only induced when KCs were treated with PA after priming with Pam3CK3 first, indicating that both signals were required for activation of the inflammasome complex (108). This further led to the cleavage of the pro-inflammatory cytokines IL-1β and IL-1α to their active form, thereby upregulating hepatic inflammation (108). On the other hand, knock-out of TLR2 has yielded conflicting results in different mouse models, with the more conventional metabolic syndrome models suggesting that loss of TLR2 is protective against NASH (108–110). TLR5 is expressed in hepatocytes, and is a receptor for bacterial flagellin. While the exact role of TLR5 in NAFLD remains unknown, two separate studies have shown that knock-down of TLR5 accelerates hepatic steatosis, susceptibility to liver injury and NASH, thereby assigning it a more protective rather than harmful role (111, 112). Finally, TLR9 is expressed in Kupffer cells, and is a receptor for bacterial DNA. TLR9 activation signals through NF-κB to increase the expression of the cytokine IL-1β from KCs, and induces chemotaxis of macrophages and neutrophils, thereby leading to hepatic steatosis, inflammation and fibrosis (113, 114).

In conclusion, with the exception of TLR5, hepatic TLRs, upon binding by gut bacteria-derived products, set into motion a cascade of inflammatory and fibrotic signals, thereby abetting the progression of fatty liver to NASH.




Discussion

Increasingly, alterations in the gut microbiome have been correlated with NAFLD progression. This remains an important discussion in microbiome research relating to NAFLD for several reasons. Firstly, a unique microbial signature associated with the different phenotypes within NAFLD could serve as a non-invasive tool for accurately determining severity of disease. Secondly, predicting disease progression and prognosis will be easier and less invasive, in comparison to performing a liver biopsy each time an individual comes into the clinic for follow-up. Thirdly, a unique microbial profile in NAFLD overlaid with metagenomic signatures will help predict host metabolic responses, leading to more personalized interventional approaches. Lastly, therapeutically shifting a “disease promoting” microbiome to an “anti-NAFLD/NASH” microbiome remains an attractive strategy for thwarting or reversing the course of NAFLD progression.

As far as host metabolism is concerned, the microbiome may contribute to both hits of NAFLD; first by promoting development of fatty liver via DNL, then through hepatic TLR activation due to dysbiosis (Figure 1). Use of microbial-derived acetate as a substrate for hepatic DNL is a particularly striking finding, as thus far, the hepatic transcriptional lipogenic program alone was thought to play a role in DNL. The studies described in this report identified microbial populations that produce SCFAs, but there are still limited data on specific acetate producers. The modest reduction of fecal acetate levels as fatty liver progresses to NASH also is an important finding because this throws additional light on microbiome-dependent pathophysiology of NAFLD. Do acetate producing microbiome populations decline as NAFLD progresses? What are these populations and could their decline potentially predict onset of fibrosis? Many such outstanding questions remain.

This report also reviewed literature that investigated dysbiosis-induced increases in gut permeability in metabolic syndrome including NAFLD. Interestingly, T2D associated increases in gut permeability were found to be microbiome-dependent, while T1D associated increases in gut permeability relied more on glucose transport pathways in IECs. This is hardly surprising because the pathophysiologies of both are fairly independent, and their gut microbiome signatures are different as well. T2D-associated increases in gut permeability were found to be inversely correlated with A. muciniphila and F. prausnitzii populations. While the literature has painted A. muciniphila as a beneficial microbe, we are of the opinion that its reduced populations are a result, and not cause of T2D induced gut barrier perturbations, given its mucin degrading activity. Given that A. muciniphila cross feeds F. prausnitzii, a decline in the population of the former adversely affects the latter. Since F. prausnitzii is a key butyrate producer, its loss logically leads to compromised gut barrier function. Further research on the full spectrum of functions of both microbes are required before making any firm conclusions about their applicability in human disease.

Lastly, increased barrier permeability leads to leakage of luminal LPS into the portal vein and liver, leading to activation of hepatic TLRs and NASH (Figure 3). Our report described numerous studies that characterized the pro-inflammatory and fibrogenic role of different TLRs in NASH. Targeting circulating LPS and TLRs might be important therapeutic avenues for the treatment of NASH.

As far as translational application of the microbiome in the treatment of NAFLD is concerned, a clinical trial is currently underway that aims at repopulating the gut microbiome of NASH patients via FMT from lean donors (ClinicalTrials.gov Identifier: NCT02469272). The primary end-point of the study at the end of the 12-week FMT period is degree of hepatic steatosis as determined by MRI. The secondary end points are liver function tests and markers of insulin sensitivity. Data from this study will provide preliminary clues on the safety, viability, and efficacy of the use of FMT for the treatment of NASH. Follow-up large-scale studies will be required to truly validate any beneficial findings before FMT is considered as a therapeutic intervention for NASH.
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Background

An association between hypothyroidism and the risk of Non-alcoholic Fatty Liver Disease (NAFLD) has been suggested. This association remains to be elucidated in patients with morbid obesity.



Aim

To evaluate the association between thyroid function and parameters of liver function and hepatic scores in patients with morbid obesity.



Methods

Patients with morbid obesity followed in our center between January 2010 and July 2018 were included. The ones without evaluation of liver and thyroid functions were excluded. Fatty Liver Index (FLI) and BARD scores were used as predictors of hepatic steatosis and fibrosis, respectively.



Results

We observed a positive association between TSH and both BARD (OR 1.14; p = 0.035) and FLI (OR 1.19; p = 0.010) in the unadjusted analysis. We found a negative association between free triiodothyronine levels and BARD (OR 0.70; p<0.01) and a positive association between free triiodothyronine levels and FLI (OR 1.48; p = 0.022). Concerning liver function, we found a positive association between total bilirubin and free thyroxine levels (β = 0.18 [0.02 to 0.35]; p = 0.033) and a negative association between total bilirubin and free triiodothyronine levels (β = −0.07 [−0.14 to −0.002]; p = 0.042).



Conclusion

Higher levels of TSH and free triiodothyronine may be associated with a higher risk of NAFLD, particularly steatosis, in patients with morbid obesity.





Keywords: hypothyroidism, fatty liver, non-alcoholic fatty liver disease (NAFLD), obesity, thyroid function



Introduction

Non-alcoholic fatty liver disease (NAFLD) is a metabolic liver disease characterized by an extensive continuum of liver pathology, ranging from simple steatosis to steatohepatitis (NASH) and fibrosis. It can ultimately lead to cirrhosis and hepatocarcinoma (1). NAFLD comprises a massive socioeconomic burden, as it now represents the most common cause of chronic hepatic disease worldwide (2). It is becoming more prevalent and its increasing prevalence parallels the increase in metabolic syndrome and obesity. NAFLD and obesity are strongly associated and almost 80% patients with NAFLD are obese (3). Particularly, morbid obesity is believed to carry a higher risk of fibrosis and cirrhosis (3).

Even though the pathophysiology of NAFLD has been extensively studied, there is still a lot to uncover. Thyroid dysfunction, explicitly hypothyroidism, has been proposed as a possible contributory mechanism (4, 5). Indeed, it is biologically plausible for this endocrine axis to play an important role in NAFLD’s pathophysiology, as thyroid hormones (TH) are crucial in the regulation of several metabolic features such as lipid metabolism, body weight and insulin resistance (4, 6). Although many authors have been studying this hypothesis, this association in patients with morbid obesity remains to be elucidated.

In this work, we aimed to evaluate the association of thyroid function with parameters of liver function and scores predictors of hepatic steatosis and fibrosis, in patients with morbid obesity.



Methods


Study Design and Participants

We performed a cross-sectional study according to Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Statement (7). The study was performed in patients with morbid obesity, followed by a specialized multidisciplinary team in a specific appointment, before being submitted to bariatric surgery in our center, between January 2010 and July 2018. The data was gathered from the baseline evaluation (first appointment). Patients were excluded if they had missing liver function (n = 255) or thyroid function (n = 77). Of the 2,595 patients evaluated in our institution during the study period, 2,263 patients were included in this analysis, after applying the exclusion criteria. For this type of study formal consent is not required.



Clinical and Biochemical Parameters Evaluated

The following parameters were evaluated: age, sex, weight, body mass index (BMI), waist and hip circumferences, history of diabetes, dyslipidemia, hypertension and treatment with levothyroxine (LT4). Diabetes was defined by fasting plasma glucose ≥126 mg/dl, glycated hemoglobin ≥6.5%, 2 h plasma glucose after a 75-g oral glucose tolerance test ≥200 mg/dl, or the use of antihyperglycemic drugs (8). Hypertension was defined as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg or the use of antihypertensive drugs (9). Dyslipidemia was defined by the use of lipid-lowering agents, serum low-density lipoprotein (LDL) cholesterol ≥160 mg/dl, serum high-density lipoprotein (HDL) cholesterol <40 mg/dl, or serum triglycerides ≥200 mg/dl (10). We defined as euthyroid individuals with thyroid stimulating hormone (TSH) in the reference range (0.35–4.94 μIU/ml). Albumin, triglycerides, aspartate transaminase (AST), alanine transaminase (ALT), gamma-glutamyltransferase (GGT), alkaline phosphatase (ALP), total bilirubin, direct bilirubin, TSH, free triiodothyronine (FT3), and FT4 were measured on serum, obtained from blood samples during clinical evaluations, by chemiluminescence immunoassay on the Abbott Diagnostics Architect system (Abbott Diagnostics).



Predictors of Hepatic Fibrosis and Steatosis

As previously stated, we used the FLI and BARD scores as predictors of hepatic steatosis and fibrosis, respectively. These are built based on the following formulas:

1) FLI score: FLI = ey/(1+ ey) x 100, where y = 0.953 x ln(triglycerides, mg/dl) + 0.139 x BMI, kg/m2 + 0.718 x ln(GGT, U/L) + 0.053 x waist circumference, cm – 15.745. FLI scores <30 indicate low risk of hepatic steatosis, 30 to 60 intermediate risk and ≥60 high risk (11).

2) BARD score: BMI≥28 = 1 point; AST/ALT ratio≥0.8 = 2 points, presence of diabetes = 1 point. Low fibrosis risk patients are scored 0 to 1 points and higher risk patients are scored 2 to 4 points (1).



Statistical Analysis

For continuous variables, independent t tests were performed. To evaluate the association between thyroid function and liver function parameters we used linear regression models. To evaluate the association of thyroid function with the hepatic scores, FLI and BARD, we used ordered logistic regression models. We performed the analysis unadjusted, adjusted for sex and age (model 1) and adjusted for sex, age, BMI, diabetes and dyslipidemia (model 2). We performed the main analysis with the entire population and a supplementary analysis restricted to euthyroid individuals not treated with LT4 and without past history of thyroid disease individuals or taking antithyroid drugs. Results are presented as mean ± standard deviation for continuous variables and as percentages for categorical variables. Statistical analyses were performed with Stata software, version 14.1 (StataCorp). We considered a two-sided P value less than 0.05 to be statistically significant.




Results


Baseline Population Characteristics

In Table 1 we show the clinical and demographic characteristics of the population included. We included 2,263 individuals, from which 84.4% were females. The individuals were in average 42.9 ± 10.7 years old, their average weight was 115.6 ± 18.8 kg, BMI was 43.8 ± 5.7 kg/m2 and waist and hip circumferences were 123.0 ± 13.3 cm and 132.1 ± 11.9 cm, respectively. Thirty-two per cent of patients had diabetes, 44.8% had dyslipidemia and 62.7% had hypertension. Ninety-five percent of the included individuals were euthyroid. Nine percent were under LT4 treatment.


Table 1 | Clinical and demographic characteristics of the population included (n = 2,263).



Concerning missing data, FT4 and FT3 were available in 95% (n = 2,138) and 42% (n = 952) of the participants. Waist circumference was available in 75.2% (n = 1,703) of the cohort. Regarding liver biochemical parameters, more than 95% of the participants had a measurement of ALT, AST, GGT and ALP; for total and direct bilirubin, data was available in about 49% of the participants.



Association of Thyroid Function with Parameters of Liver Function

In Table 2 we show the association of thyroid function with liver function parameters. We observed a positive correlation between total bilirubin and FT4 (β = 0.18 [0.02 to 0.35]; p = 0.033) that is maintained after adjusting for both models. Additionally, we found a negative correlation between total bilirubin and FT3 (β = –0.07 [–0.14 to –0.002]; p = 0.042), maintained after adjusting for Model 2. The results of the analysis restricted to euthyroid patients not treated with LT4 showed were similar to results in the entire population (Supplementary Table 1, n = 1,954).


Table 2 | Association of thyroid function (TSH, FT4, and FT3) with parameters of liver function in the entire included population (n = 2,263).





Association of Thyroid Function with FLI and BARD Scores

In Figure 1, we show the association of thyroid function with FLI and BARD scores. We observed a positive association between TSH and both FLI (OR 1.19; p = 0.011) and BARD (OR 1.14; p = 0.033) in the unadjusted analysis. In the adjusted model 1, only FLI was significantly associated with TSH. No significant associations were observed between TSH and both scores after adjusting for model 2. We also found a negative association between FT3 levels and BARD score (OR 0.70; p<0.01) and a positive association between FT3 levels and FLI score (OR 1.48; p = 0.022). Only the association between FT3 and FLI score was maintained after adjusting for both models. No association was established between FT4 and the scores tested. The results of the analysis restricted to euthyroid patients, not treated with LT4 or antithyroid drugs and without past history of thyroid disease, were analogous to those in the entire population (Supplementary Figure 1, n = 1,954). We also performed an analysis excluding patients with diabetes and dyslipidemia, which shows non-significant results, probably due to the metabolically healthier individuals that entered this analysis (Supplementary Figure 2, n = 1,050).




Figure 1 | Association of thyroid function [TSH (A), FT4 (B), and FT3 (C)] with FLI and BARD scores in the entire included population (n = 2,263). (A) adjusted to sex and age; (B) adjusted to sex, age, BMI, dyslipidemia, and diabetes. FT3, free triiodothyronine; FT4, free thyroxine.






Discussion

In this cross-sectional study of patients with morbid obesity, we showed a positive association of TSH and FT3 levels with the risk of hepatic steatosis as assessed by the score FLI. We also showed an association of higher levels of FT4 and lower levels of FT3 with higher levels of total bilirubin.

Although many authors have evaluated this topic, previous studies have shown contradictory results (4, 12–17). In accordance with our results, Liu et al. showed that both FT3 and TSH levels were positively correlated with the risk of NAFLD in euthyroid individuals (13). Van der Bergh et al. also showed that NAFLD patients have higher FT3 and lower FT4 levels; no differences were recorded concerning TSH (12). In a recent meta-analysis, Guo et al. concluded that TSH level may be positively correlated with NAFLD, independently of TH levels (4). On the other hand, no associations were found between thyroid function and the presence of NAFLD in a meta-analysis by Jaruvongvanich V et al (17). Of note, few previous studies evaluated the association of thyroid function with hepatic steatosis and fibrosis in patients with morbid obesity as we did in this study.

It is biologically plausible that TH have an important role in the pathogenesis of NAFLD. TH have a great impact on cholesterol and lipid metabolism, circulating lipoprotein levels and intra-hepatic lipidic concentration (18). TH regulate the expression of hepatic lipogenic genes and recent studies have shown that several genes whose expression is altered in NAFLD are also regulated by TH (19, 20). Studies in rats and humans have shown that hepatic levels of TH are decreased in NAFLD and a defective intrahepatic deiodinase expression may be a hallmark of NASH (21). Also, the literature suggests that hepatic fatty acids in NAFLD may impair TH receptors activity (22). Moreover, this apparent local hypothyroid status decreases hepatic lipases activity which promotes triglyceride accumulation (23). Furthermore, animal studies have shown that both the administration of TH and TH agonists ameliorates hepatic steatosis (24–26). The central role of TH in regulation of hepatic steatosis is further supported by recent randomized clinical trials in humans. In a double-blind, randomized, placebo-controlled trial, resmetirom, a selective thyroid hormone receptor-β agonist, lead to a significant decrease in hepatic fat content in patients with NASH, after 12 and 36 weeks of treatment (27). Bruinstroop et al. also demonstrated that low-dose TH therapy was efficacious in reducing hepatic fat content in patients with NAFLD (28).

The positive associations of both TSH and FT3 with the risk of hepatic steatosis suggest that the role of TH in the pathogenesis of NAFLD is complex. This pattern of association has also been described in obesity (and adipose tissue deposition) and in metabolic syndrome for a long time (29, 30). Hypothyroidism may contribute to some components of metabolic syndrome and the dysfunction of adipose tissue, frequently present in metabolic syndrome, may impair the homeostasis of hypothalamus-pituitary-thyroid axis (31). Previous studies have reported reductions in the expression of TH receptors in visceral and subcutaneous adipose tissue in obesity (32, 33). Additionally, studies in animal models and humans suggest that worse metabolic profiles are associated with increased type 1 deiodinase (responsible for peripheral conversion of T4 to the major active form, T3) activity in peripheral tissues (34, 35). These observations suggest that obese patients have resistance to TH which leads to a compensatory increase in TSH and FT3 levels. This is in line with our results concerning the positive association of FLI and TSH and FT3 levels. On the other hand, liver stromal cells up regulate type 3 deiodinase activity in the fibrotic liver that may culminate in a mild form of consumptive local hypothyroidism, decreasing TH hepatic levels (19, 20). This may explain the negative correlation between BARD and FT3 (although not present after the adjustments).

Finally, the positive correlation of total bilirubin with FT4 and the negative correlation with FT3 is consistent with the former hypothesis. TH stimulate the generation of bilirubin, by increasing the activity of heme oxygenase, and decrease the biliary disposal of bilirubin by inhibiting the UDP-glucuronosyltransferase activity (36, 37). The inverse association of FT3 with bilirubin levels suggests that, in this population, the higher levels of T3 may be a marker of resistance to thyroid hormones and not a marker of increased TH actions. However, there was no significant associations with AST, ALT and GGT, which are known for being stronger surrogates of NAFLD. We hypothesize that, on one hand, the association between NAFLD and TH may be far beyond those biochemical makers. On the other hand, we may have missed these results due to the population included and the cross-sectional design of the study.

There are some limitations to our work that must be acknowledged. Firstly, the cross-sectional design of this study limits our ability to evaluate the causality of associations. Furthermore, we only evaluated the parameters in a single moment, not taking into account potential variations of such parameters with acute events or offending factors (such as viral infections, that could alter both thyroid function and liver parameters). Also, other causes of hepatic disorders were not evaluated (even though we believe this limitation is strongly attenuated by the fact that NAFLD is the main cause of chronic hepatic disease worldwide (2), particularly in patients with obesity, as previously stated in our introduction). Finally, our study assessed the impact of thyroid dysfunction on NAFLD defined by non-invasive methods. We believe that these limitations are overcome by the size of the studied population and by the great importance of our results in this frequently overlooked population. Future longitudinal prospective studies using direct diagnostic methods are needed in order to corroborate our results.

In conclusion, the increase in both TSH and FT3 is associated with an increased risk of NAFLD, particularly of steatosis, as assessed by the score FLI, in patients with morbid obesity. Whether this association is influenced by confounding factors or is the result of a cause-effect pathway remains to be elucidated. There was also a negative association between FT3 and BARD, not maintained after adjustments. Our study suggests that TH may have a potential therapeutic target for the treatment of NAFLD.
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Background

The data on the relationship between normal-ranged serum uric acid (SUA), β-cell function, and non-alcoholic fatty liver disease (NAFLD) are complicated and insufficient. Moreover, uric acid is excreted by kidney, and SUA levels may be affected by renal function. Thus, we introduced a renal function-normalized index [serum uric acid to creatinine ratio (SUA/Cr)] into the study and explored the association between SUA/Cr, C‐peptide and NAFLD in a Chinese population with normal SUA levels by a cross-sectional analysis.



Materials and Methods

A total of 282 individuals with normal SUA levels and different glucose tolerance status from a diabetes project were included in the study (mean age = 53.7± 10.5 years; women = 64.50%). NAFLD was diagnosed by abdominal ultrasonography (NAFLD, n=86; without NAFLD, n=196). Trapezoid formula was used to calculate area under the curve of C‐peptide (AUCCP) from 4 points (including 0, 30,60, and 120min) during 2-h oral glucose tolerance test. Spearman correlation analysis was used to explore the correlation between SUA/Cr, AUCCP and NAFLD risk factors. Multiple logistic regression analysis was used to explore the association between SUA/Cr or AUCCP and NAFLD. Mediation analysis was used to explore whether AUCCP mediated the association between SUA/Cr and NAFLD.



Results

Individuals with NAFLD had significantly higher SUA/Cr and AUCCP than those without NAFLD(P<0.05). Spearman correlation analysis showed that both SUA/Cr and AUCCP were significantly associated with many NAFLD risk factors, and SUA/Cr was positively correlated with AUCCP (P<0.05). Multiple logistic regression analysis indicated that SUA/Cr and AUCCP were positively associated with NAFLD incidence (P<0.05). Medication analysis indicated that SUA/Cr had a significant direct effect on NAFLD (β =0.5854, 95% CI: 0.3232–0.8966), and AUCCP partly mediated the indirect effect of SUA/Cr on NAFLD incidence (β =0.1311, 95% CI: 0.0168–0.4663).



Conclusions

SUA/Cr was positively associated with NAFLD incidence, and AUCCP partly mediated the association in a Chinese population with normal SUA levels. Thus, we should pay more attention to high-normal SUA and C-peptide levels due to their predictive power in NAFLD incidence.





Keywords: C‐peptide (blood), mediated effect, non-alcoholic fatty liver disease, normal-ranged uric acid, serum uric acid to creatinine ratio



Introduction

Non-alcoholic fatty liver disease (NAFLD), characterized by lipid accumulation in liver with no significant alcohol intake, is one of the most common chronic liver diseases in the world. NAFLD can develop into cirrhosis, and even hepatocellular carcinoma and liver failure (1).NAFLD is also closely associated with cardiovascular disease (2), diabetes (3), and obesity (4).Moreover, patients with NAFLD exhibited relative high mortality compared to the general population (5). Hence, finding risk factors and the mechanism of NAFLD is warranted to prevent it.

Serum uric acid (SUA), major product of purine metabolism, is independently associated with NAFLD incidence (6, 7). Moreover, the significant association between SUA and NAFLD incidence was also established even in some individuals with normal SUA levels (8, 9). SUA is excreted via kidney, and the clearance of SUA is often affected by renal function, while none of the previous studies (6–9) considered the effects from kidney. SUA to creatinine ratio (SUA/Cr) is an index of renal function-normalized SUA, reflecting endogenous UA levels more precisely than SUA. Moreover, SUA/Cr is associated with β-cell function, metabolic syndrome and incident chronic kidney disease (10–12).However, there has been no study focused on the association between SUA/Cr and NAFLD yet.

In addition to NAFLD, SUA was also associated with islet β-cell function and β-cell secretion in patients with type 2 diabetes (T2DM) and prediabetes (13, 14). Moreover, SUA, within normal range, was related to β-cell function in overweight/obesity or male T2DM patients (15). Although the causal relationship between SUA and β-cell function was not conclusive, one study indicated that elevated SUA was the precursor of T2DM (16).There were also some studies reporting the significant association between β-cell secretion and NAFLD. An American study indicated that fasting C-peptide (FCP) was associated with NAFLD (17). A Chinese study based on obese children also found that FCP is a significant indicator of NAFLD (18). C-peptide and the area under the curve of C‐peptide (AUCCP) could reflect the secretion ability of islet β-cell, while the latter is a better indicator of overall and residual islet β-cell secretion compared to FCP. However, the studies involving the association between AUCCP and NAFLD are limited.

Several clinical studies have indicated that increased SUA, within the normal range, is closely associated with many diseases (19, 20), and high-normal SUA(elevated SUA within normal range) has already hold our attention. The intrinsic relationship between SUA, β-cell function and NAFLD is complicated, and related studies involving normal-ranged SUA are insufficient. Moreover, renal function may be also a potential confounding factor of the association between SUA and NAFLD. Thus, we performed a cross-sectional study based on a Chinese population with normal SUA levels and introduced an index of renal function-normalized SUA into the study, namely, SUA/Cr, and explored the association between SUA/Cr, AUCCP, and NAFLD.



Materials and Methods


Study Population

A total of 599 individuals from a T2DM project were recruited between 2014 and 2015 (21), and 333 of them completed liver ultrasound. Participants with other liver diseases, estimated glomerular filtration rate <60 ml/min/1.73 m2, alcohol consumption >20 g/day, hyperuricemia (SUA ≥ 416 µmol/L for male or SUA ≥ 357 umol/L for female or uric acid-lowering drugs treatment) or missing data were also excluded (n=51). A total of 282 individuals with normal SUA levels and with different glucose tolerance status were included in the study (Figure 1).




Figure 1 | Flow chart of the population inclusion. NAFLD, non-alcoholic fatty liver disease; eGFR, estimated glomerular filtration rate. eGFR was calculated with the chronic kidney disease epidemiology collaboration equation.





Anthropometric and Biochemical Measurements

All participants were asked to complete a questionnaire, including gender, age, and medical history. Blood pressure, waist circumference (WC) and body mass index (BMI) were measured using standard methods. Blood samples for glucose and C-peptide were obtained at 0, 30, 60, and 120 min after a 75-g oral glucose load. Serum C peptide levels were measured by chemiluminescence immunoassay using a Siemens ADIVA Centaur XP analyzer (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, USA), while serum glucose concentrations were assayed using a glucose oxidase assay. Hemoglobin A1c (HbA1c) analysis was analyzed in whole blood using high-performance liquid chromatography. The diagnosis of diabetes and prediabetes were defined based on the1999 World Health Organization criteria after the oral glucose tolerance test (OGTT) (22). Fasting serum alanine transaminase (ALT), aspartate transaminase (AST), SUA, creatinine, and lipids were measured by an automated analyzer. Trapezoid formula was used to calculate AUC for glucose and C-peptide. Insulin resistance and insulin sensitivity was estimated using homeostasis model assessment of insulin resistance (HOMA-IR) (23).



Liver Ultrasonography Evaluation

NAFLD was diagnosed by abdominal ultrasonography. The ultrasound results were assessed by physicians who were blind to the subjects’ biochemical results. Except for individuals with significant alcohol consumption, subjects were diagnosed with NAFLD by ultrasonography if at least two of the following three ultrasonic characteristics were positive: bright liver, liver echo greater than kidney, vascular blurring, and deep attenuation of ultrasound signal (24).



Statistical Analysis

Normally distributed continuous variables were recorded as mean ± standard deviation. Non-normal distribution parameters were transformed or presented as the median (25th–75th percentile). Categorical data were presented as number and percentages (n, %). Differences between groups were compared by Student’s t test or Chi-squared test or Mann–Whitney’s U-test. Spearman correlation analysis was used to explore the association between SUA/Cr or AUCCP and potential NAFLD risk factors. Multiple logistic regression analysis was used to evaluate the association between SUA/Cr or AUCCP and NAFLD. Mediation models were established to explore whether AUCCP mediated the association between SUA/Cr and NAFLD.

Analyses were conducted using the SPSS (version 22.0). P < 0.05 (2-tailed) was considered statistically significant.




Results


Clinical Characteristics of Individuals in NAFLD and Non-NAFLD Groups

According to the liver ultrasonography, individuals were divided into a NAFLD group (n=86) and a non-NAFLD group (n=196). As recorded in Table 1, individuals with NAFLD had higher BMI, WC, total cholesterol (TC), triglycerides (TG), low- density lipoprotein cholesterol (LDL-C), HbA1c, 2-h post-load glucose(2hPG), area under the curve of glucose (AUCGlu), FCP, 2-h post-load C-peptide (2hCP), AUCCP, HOMA-IR, ALT, AST, and SUA/Cr but lower high-density lipoprotein cholesterol (HDL-C) compared to those without NAFLD(P<0.05). In addition, individuals with NAFLD were more likely to have higher prevalence of diabetes than those without NAFLD (Table 1).


Table 1 | Characteristics of the NAFLD and non-NAFLD groups in individuals with normal uric acid.





Spearman Correlation of SUA/Cr or AUCCP With Potential NAFLD Risk Factors

As shown in Table 2, Spearman correlation analysis indicated that SUA/Cr was positively correlated with BMI (r=0.208, P<0.001),WC (r=0.217, P<0.001), TG (r=0.285, P<0.001), LDL-C (r=0.151, P=0.011), HbA1c(r=0.120, P=0.045), HOMA-IR(r=0.198, P=0.001), ALT(r=0.190, P=0.001), AST(r=0.183, P=0.002) and AUCGlu (r=0.124, P=0.037) but negatively correlated with HDL-C (r=-0.176, P=0.003). Similarly, AUCCP was positively correlated with BMI (r=0.256, P<0.001),WC (r=0.197, P=0.001), TG (r=0.295, P<0.001), LDL-C (r=0.137, P=0.022), HOMA-IR(r=0.455, P<0.001), ALT(r=0.159, P=0.007), and AST(r=0.117, P=0.049) but negatively correlated with HDL-C(r=-0.251, P<0.001).There were also significant correlations between SUA/Cr and C-peptide related markers [FCP(r=0.246, P<0.001), 2hCP(r=0.190, P=0.001), AUCCP (r=0.208, P<0.001)].


Table 2 | Spearman’s correlation of SUA/Cr or AUCCP with potential risk factors of non-alcoholic fatty liver disease.





Association Between SUA/Cr and the Prevalence of NAFLD

As shown in Table 3, multiple logistic analysis indicated SUA/Cr was positively associated with the prevalence of NAFLD [Odds ratio (OR): 2.288, 95% confidence intervals (CI): 1.592–3.288, P<0.001] after adjustment for age and gender (Model 1). After further adjustment for BMI, WC, systolic blood pressure (SBP), TG, HDL-C, LDL-C, HOMA-IR, and glucose tolerance status, the association between SUA/Cr and NAFLD incidence remained significant (OR: 1.529, 95% CI: 1.011-2.310, P=0.044, Model 2). In addition, SUA/Cr still showed a significant association with NAFLD incidence after additional adjustment for ALT and AST (OR: 1.548, 95% CI: 1.018–2.352, P=0.041, Model 3).


Table 3 | Logistic regression analysis for association of SUA/Cr with non-alcoholic fatty liver disease.





Association Between AUCCP and the Prevalence of NAFLD

As shown in Table 4, multiple logistic analysis indicated a positive association between AUCCP and the prevalence of NAFLD (OR: 5.649 95% CI: 2.666-11.971, P<0.001) after adjustment for age and gender (Model 1). After further adjustment for BMI, WC, SBP, TG, HDL-C, LDL-C, HOMA-IR, and glucose tolerance status, the association between AUCCP and NAFLD incidence remained significant (OR: 3.074, 95% CI: 1.166–8.105, P=0.023, Model 2). SUA/Cr still showed a significant association with NAFLD after additional adjustment for ALT and AST (OR: 2.763, 95% CI: 1.012–7.544, P=0.047, Model 3).


Table 4 | Logistic regression analysis for association of AUCCP with non-alcoholic fatty liver disease.





Mediated Effect of AUCCP on the Association Between SUA/Cr and NAFLD

Both SUA/Cr and AUCCP were positively associated with NAFLD incidence, while SUA/Cr was positively correlated with AUCCP, suggesting a mechanistic link between SUA/Cr and NAFLD, possibly explained by AUCCP. To explore the internal relationships between AUCCP, SUA/Cr and NAFLD, we conducted mediation analysis to explore whether AUCCP mediated the association between SUA/Cr and NAFLD incidence.

As shown in Figure 2, mediation analysis indicated that SUA/Cr had a significant direct effect on NAFLD incidence (β =0.5854, 95% CI: 0.3232–0.8966), and AUCCP partly mediated the indirect effect of SUA/Cr on NAFLD incidence (β =0.1311, 95% CI: 0.0168–0.4663).




Figure 2 | Mediation of AUCCP on the association between SUA/Cr and NAFLD. Zero was not included in 95% confidence intervals representing statistical significance. SUA/Cr, serum uric acid to creatinine ratio; AUCCP, area under the curve of C-peptide; NAFLD, non-alcoholic fatty liver disease.






Discussion

This study, based on a Chinese population with normal SUA levels, indicated that individuals with NAFLD had higher SUA/Cr and AUCCP than those without NAFLD. Both SUA/Cr and AUCCP were significantly correlated with many conventional risk factors of NAFLD, and the correlation between SUA/Cr and AUCCP was positive. In addition, SUA/Cr was positively associated with NAFLD incidence, and AUCCP partly mediated the indirect effect of SUA/Cr on NAFLD incidence in a population with normal SUA levels.

The association between SUA and NAFLD has been explored for a long time. A Chinese study contained 21,798 subjects revealed that SUA was significantly associated with NAFLD incidence (25). A prospective observational study demonstrated that high SUA independently predicted 3-year’s incidence of NAFLD (26). Moreover, even in individuals with normal SUA levels, increased SUA was independently associated with NAFLD (8, 9). UA is the end product of human purine metabolism and is excreted by the kidney. SUA level will increase due to its impaired clearance in individuals with impaired renal function (27).However, many studies ignored the effect of kidney on SUA, while SUA/Cr is a renal function-normalized index and may be a more precise indicator than SUA. A Chinese study based on 713 diabetics revealed that SUA/Cr was significantly associated with β-cell function (11). Another study suggested that SUA/Cr in T2DM patients was closely linked to metabolic syndrome and its components (10). Furthermore, a longitudinal study indicated that SUA/Cr had stronger associations with chronic kidney disease than SUA alone (12). Similarly, our present study firstly demonstrated that SUA/Cr was an independent risk factor of NAFLD in individuals with normal SUA levels, and mediation analysis indicated SUA/Cr had direct effect on NAFLD. Although the detailed mechanism of NAFLD remains uncertain, many studies have indicated that there is a close association between SUA and NAFLD. SUA may function as a pro-oxidant and react with oxidants, inducing the production of free radicals and oxidative stress (28), which are critical factors in the development of NAFLD (29).Thus, SUA may have direct effect on NAFLD as a pro-oxidant.

We also found the effect of SUA/Cr on NAFLD partly via AUCCP. Several studies have indicated that FCP was independently associated with NAFLD (17, 18),while we used a more accurate index (AUCCP), which could reflect overall β-cell secretion. Equimolar amount of C-peptide is produced when insulin is secreted. However, insulin, not C-peptide, is partly cleared in liver with first-pass hepatic extraction (30). Thus, serum C-peptide was a well-established marker of the endogenous insulin secretion. We found that individuals with NAFLD had higher AUCCP and HOMA-IR, and AUCCP was significantly correlated with HOMA-IR. We also found AUCCP partly mediated the association between SUA/Cr and NAFLD. Although the causal relationship between UA and insulin resistance was not conclusive, elevated SUA may aggravate insulin resistance to some extent. A clinical study indicated that elevated SUA was the precursor of T2DM (16). SUA could induce endothelial dysfunction and inhibit nitric oxide bioavailability, which is involved in insulin resistance (31). Thus, higher AUCCP may represent higher endogenous insulin secretion and may be a compensatory of insulin resistance due to higher SUA, namely, higher AUCCP is a sign of insulin resistance, which plays important role in the progress of NAFLD (32). In other hand, many metabolic regulators such as follistatin and fibroblast growth factor (FGF21) were regulated by islet hormone (33, 34). Moreover, fold changes of C-peptide during an OGTT were inversely associated with those of FGF21 in individuals with normal glucose tolerance (35), and FGF21 related signal pathways played important roles in the progression of NAFLD (36). In addition, previous studies have indicated that C-peptide may be also a predictive marker of the severity of the cardiovascular disease (37) and mortality (38), which suggested C-peptide was a bioactive peptide with other potential physiological functions. Thus, AUCCP may partly mediate the association between SUA/Cr and NAFLD via insulin resistance and other potential physiological function.

Besides AUCCP, other mechanism may be also involved in the association between SUA and NAFLD. A previous study indicated that SUA, within normal range, was positively associated with inflammation markers (39), which may be the important mediator in the development of NAFLD (40). Basic studies showed that SUA also caused hepatic steatosis and liver fat accumulation via endoplasmic reticulum stress (41) and mitochondrial oxidative stress (42).In addition, SUA may generate from fructose metabolism, which could induce hepatic steatosis (43). Overall, high-normal SUA was positively associated with NAFLD incidence via its direct pro-oxidant effect, C-peptide, and other signal pathways. Thus, high-normal SUA and C-peptide levels are important factors in the pathological process of NAFLD, and we should pay enough attention to these indicators.

Our present study had some advantages. First, present study introduced SUA/Cr as a newer index into the study and revealed that there was a significant association between SUA/Cr and NAFLD incidence, which brought a more accurate predictor of NAFLD. Second, we explored the internal relationship between SUA/Cr, AUCCP, and NAFLD by different statistical methods, which strengthens our understanding of their internal relationship. Third, our present study based on a population with normal SUA levels and found its strong predictive ability for NAFLD, which suggested that high-normal SUA should cause our attention. Our resent study also had some limitations. First, liver biopsy has been established as the gold diagnosis standard of NAFLD, while NAFLD was determined by ultrasonography with no histologic confirmation in our present study. Nevertheless, ultrasonography is the widely-used methodology to detect NAFLD because of safety, availability, and economy. Second, the nature of the cross-sectional study and the relatively small sample size were also the limitations of the present study, and therefore larger scale and longitude studies are warranted in the future.



Conclusions

SUA/Cr was positively associated with NAFLD incidence, and AUCCP partly mediated the association between SUA/Cr and NAFLD incidence in a Chinese population with normal SUA levels. This finding indicates that we should pay more attention to high-normal SUA and C-peptide levels due to their predictive power in NAFLD incidence.
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Obesity, diabetes, insulin resistance, sedentary lifestyle, and Western diet are the key factors underlying non-alcoholic fatty liver disease (NAFLD), one of the most common liver diseases in developed countries. In many cases, NAFLD further progresses to non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and to hepatocellular carcinoma. The hepatic lipotoxicity and non-liver factors, such as adipose tissue inflammation and gastrointestinal imbalances were linked to evolution of NAFLD. Nowadays, the degree of adipose tissue inflammation was shown to directly correlate with the severity of NAFLD. Consumption of higher caloric intake is increasingly emerging as a fuel of metabolic inflammation not only in obesity-related disorders but also NAFLD. However, multiple causes of NAFLD are the reason why the mechanisms of NAFLD progression to NASH are still not well understood. In this review, we explore the role of food intake regulating peptides in NAFLD and NASH mouse models. Leptin, an anorexigenic peptide, is involved in hepatic metabolism, and has an effect on NAFLD experimental models. Glucagon-like peptide-1 (GLP-1), another anorexigenic peptide, and GLP-1 receptor agonists (GLP-1R), represent potential therapeutic agents to prevent NAFLD progression to NASH. On the other hand, the deletion of ghrelin, an orexigenic peptide, prevents age-associated hepatic steatosis in mice. Because of the increasing incidence of NAFLD and NASH worldwide, the selection of appropriate animal models is important to clarify aspects of pathogenesis and progression in this field.
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Introduction

Chronic liver diseases represent a major global health problem (1). In addition to genetic factors, various other stimuli, such as diet, metabolic diseases, etc. can alter liver function, especially the intracellular accumulation of lipids in hepatocytes. If these stimuli act for a sufficient time period, steatosis can induce inflammation resulting in non-alcoholic steatohepatitis (NASH). NASH, an extremely advanced form of non-alcoholic fatty liver disease (NAFLD), is defined as hepatic steatosis with inflammation and hepatocyte injury. NASH can eventually lead to advanced fibrosis, liver cirrhosis and liver failure (Figure 1). Over the past 20 years, the incidence of NAFLD has more than doubled, and it is now one of the most common liver diseases in Western countries (1). In the United States (US), the rates of prevalence of hepatic steatosis and NAFLD were estimated to 24.13%; however, it can vary by the ethnicity. It is reported that the highest prevalence is in the Hispanic Americans, followed by Americans of Europe descent and then African Americans (2). Moreover, only 3-5% of biopsy-proven NASH in the US population has been convincingly shown to progress to cirrhosis, liver failure and hepatocellular carcinoma (3) and NASH-associated cirrhosis is currently the third most frequent reason for liver transplantation. The epidemiological data from individual states of Europe suggested that approximately one-quarter of the European population is affected by NAFLD (2). As expected, the prevalence of NAFLD is substantially increased with type 2 diabetes mellitus (T2DM) and with increased body mass index, as demonstrated across Europe (2).




Figure 1 | Stages of NASH.



The pathogenesis of NAFLD and NASH appears to be multifactorial and many mechanisms have been proposed as possible causes of fatty liver infiltration (4). The association of steatosis with a number of different clinical conditions has been suggested. Common metabolic diseases such as central obesity, T2DM and hyperlipidemia are well-established risk factors and have been associated with both benign liver steatosis and progressive NASH (Figure 1). Moreover, it has recently been proposed that metabolic syndrome may play a causal role in the pathogenesis of NASH. Management of both NAFLD and NASH has recently become a major challenge to healthcare systems, and many different interventions have been proposed (5). In this case, one may speculate that the treatment of obesity might reduce or stop the development of NASH. The treatment of obesity is mainly related to weight reduction and improvement of eating habits. All patients with NAFLD, whether obese or normal weight, should be informed that a healthy diet has many benefits in addition to weight reduction. They should reduce the added sugar to a minimum and also minimize unhealthy fast eating and, conversely, increase fiber intake. An increase in physical activity should also be recommended. It is likely that there will not be only one right approach for all patients with NAFLD, it will be necessary to adapt the diet individually, including the inclusion of n-3 fatty acids, foods with higher monounsaturated fatty acids, fruits, vegetables and reducing the intake of saturated fats or simple carbohydrates (6, 7). Recently, it was proposed that food intake regulating peptides play a significant role in obesity regulation and may have the potential to be a drug for obesity treatment (8–11). Nevertheless, to elucidate the detailed pathophysiological mechanisms of NAFLD and NASH, appropriate experimental models need to be used. Because there are many causes of human steatohepatitis pathology, it is difficult to establish a universal experimental model. Thus, several genetic, nutritional (diet-induced) and other mouse, rat, and rabbit models have been established (12–15). Models based on overnutrition with adipose tissue enlargement and resulting metabolic complications, particularly insulin resistance, may be most useful to investigate critical etiopathogenic factors. Not only environmental factors, but also genetics play a role in the development and progression of NAFLD, as reviewed by (16). At least four genetic variants that play a role in lipid metabolism in the liver are robustly associated with the development and progression of NAFLD in humans. Patatin-like phospholipase domain-containing protein 3 (PNPLA3), involved in lipid droplet remodeling, is the most robust and replicable genetic variant associated with NAFLD. Transmembrane 6 superfamily member 2 (TM6SF2) is involved in very low-density lipoprotein (VLDL) secretion. Other genes causing the development of NASH are membrane bound O-acyltransferase domain-containing 7 (MBOAT7) and glucokinase regulator (GCKR). Additionally, other genetic variants involved in the regulation of lipid metabolism, inflammation, insulin signaling, oxidative stress and fibrogenesis in NAFLD progression have been studied (16).

This review explores the role of food intake regulating peptides in the pathology of NAFLD and NASH. Special attention will be paid to several anorexigenic peptides, such as leptin, glucagon-like peptide-1 (GLP-1), and to the orexigenic peptide ghrelin. Because anorexigenic peptides are currently promising substances in the treatment of obesity, they may also play an important role in the future treatment of liver pathology. On the other hand, the inhibition of the orexigenic peptide ghrelin could prevent age-associated hepatic steatosis. Another aim of our review is the critical view of experimental models for the study of NAFLD and NASH.



Features of NASH

The individual markers for NASH, such as biochemical markers and inflammatory or fibrogenic factors, improve our understanding of disease pathogenesis and allow therapies to be developed. Biochemical markers measured in plasma or the liver, such as alanine aminotransferase (ALT) and aspartate aminotransferase (AST), reflect nonspecific hepatocellular damage. Aminotransferase levels can be increased two to four times the upper normal limit in NASH. Other biochemical markers such as triglyceride (TG) and cholesterol levels are measured in plasma and from liver biopsies. A high content of liver hydroxyproline (originating mostly from collagen) was also observed in obese leptin‐deficient (ob/ob) mice, in both obesity and NASH mouse models (17). On the other hand, inflammatory cytokines and chemokines such as tumor necrosis factor α (TNFα), interleukin (IL)-6, chemokine CC ligand-2 (CCL2) and another inflammation marker, C-reactive protein (CRP), are among the main markers of NASH (18–20). Moreover, liver biopsy is used to verify or diagnose the stage of NASH and to monitor histopathological changes in NASH. To monitor these histopathological changes, several histological scoring systems, including the NAFLD activity score (NAS) and the fibrosis scoring system, were established. The NAS system evaluates the severity of macrovesicular and microvesicular steatosis, hepatocellular ballooning or lobular inflammation. Fibrosis is scored in 7 grades with the Laennec scoring system, in which 0 indicates no fibrosis; 1, minimal fibrosis; 2, mild fibrosis; 3, moderate fibrosis; 4A, cirrhosis, mild, definite, or probable; 4B, moderate cirrhosis; and 4C, severe cirrhosis (21). However, noninvasive approaches such as magnetic resonance spectroscopy provide a sensitive method to detect hepatic steatosis (22). Other inflammatory and fibrotic markers discovered by liver mRNA sequencing include the inflammatory marker cluster of differentiation 68 (CD68), which is highly expressed in macrophages, the cluster of differentiation molecule 11b (CD11b) marker expressed in Kupffer cells (also known as stellate macrophages located in the liver) and fibrosis markers, such as collagen type 1 α 1 chain (col1a1), collagen type 3 α 1 chain (col3a1) and α-smooth muscle actin (α-SMA) (17, 21, 23, 24).



Mouse Models of NASH

Various mouse models that mirror both the pathophysiology and the histopathology of NAFLD/NASH have been developed to elucidate the progression of NAFLD to NASH and its link to metabolic syndrome. Dietary approaches including a high-fat diet (HFD) and atherogenic and methionine- and choline-deficient (MCD) diets with many variations produce different severity of disease and are widely used (Table 1) (25). Other commonly used models are mice with genetic manipulations that allow to study different lipid pathways or glucose metabolism during the development of steatosis or fibrosis (Table 1). Toxin-induced models are not very commonly used; however, these models also develop some features of NAFLD and NASH with connection to metabolic syndrome (Table 1).


Table 1 | Number of publications in mouse models of NASH.




Nutritional (Dietary) Models


High-Fat Diet

Dietary models, including obesogenic and nutrient-deficient models, can effectively trigger the development of NAFLD/NASH. Obesogenic models imitate overnutrition and a sedentary lifestyle leading to overweight or obesity in humans; therefore, the use of diet-induced obesity (DIO) models represents the natural development of NASH. The classic HFD contains 45%–75% of total calories from fat, without any nutrient deficiencies, and represents the most commonly used model of obesity in rodents (Table 2) (62). Mice fed this diet develop obesity with an increase in adiposity and metabolic syndrome (63, 64) and display severe liver steatosis with micro- and macrovesicular lipid accumulation and increased total liver TG but without marks of fibrosis (26–28). However, the length of diet administration, the content and type of fat used, the sex, species, and genetic background of the model can play roles in adiposity and subsequent NAFLD development.


Table 2 | Mouse model and features of NAFLD/NASH.





High-Fat Diet With High-Fructose/Sucrose

To increase hepatic fibrosis and preserve steatosis, HFD with high-fructose or high-sucrose (HF/HFr or HF/Hsucrose) consumption can be used; moreover, this approach has been linked to the development of NASH (Table 2) (65, 66). The metabolism of fructose differs from that of glucose. Hepatic metabolism of fructose favors de novo lipogenesis, and fructose stimulates the synthesis of TG and free fatty acids (FFAs). Fructose overconsumption is related to the obesity epidemic (67). In addition, high fructose consumption and increased fat intake is reported to be a risk factor for the development of NAFLD (29, 68). Fructose consumption, even in the absence of obesity, causes serious changes in the liver, such as dyslipidemia, insulin resistance, and NAFLD, with areas of inflammation (30). Compared to lean controls, male mice fed a high-fat, high-fructose (HFr) diet alone or combined with a high-fat (HF/HFr) diet had increased plasma cholesterol and TG and increased homeostasis model assessment for insulin resistance (HOMA-IR). Nevertheless, a dramatic increase in body mass was observed only in the HFD and HF/HFr groups and not in the HFr group. All three groups displayed features of NAFLD, with increased lipogenesis mediated by sterol regulatory element binding protein 1c (SREBP-1c), peroxisome proliferator-activated receptor γ (PPARγ) and reduced peroxisome proliferator-activated receptor α (PPARα). Inflammation was observed in the HFr and HF/HFr groups, leading to the development of NASH (30). It was reported that mice fed a high-fat, high-carbohydrate diet and a 55% fructose and 45% sucrose solution for 16 weeks developed obesity and a NASH-like phenotype with significant fibrosis (31). Mice fed a high-fat, high-sucrose diet developed severe hepatic steatosis with low-grade inflammation and fibrosis and increased inflammatory and fibrosis marker expression (32).

Mice fed a high fat, high-fructose and high-cholesterol (FFC) diet demonstrated increased body weight, plasma cholesterol, ALT, and AST and hepatic TG. Mice presented steatosis with an NAS score of 3 and fibrosis with a score of 1–3 and increased expression of fibrillary collagens such as col1a1 and collagen type 1 α 2 chain (col1a2) (33–35, 69). These mice also exhibited leukocyte infiltration in the liver and high expression of monocyte chemotactic protein-1 and TNFα (34).

The consumption of a HFD alone or a HFD enriched with other mentioned components greatly mimics features of human obesity and steatosis. However, only low-grade fibrosis and inflammation develop with the consumption of different types of HFDs. Therefore, the addition of fructose or cholesterol could enhance all features of NASH.



Atherogenic (High-Cholesterol, High-Cholate) Diet

An atherogenic diet enriched with cholesterol and cholic acid (or sodium cholate) has been widely used to study atherosclerosis and coronary heart disease (Table 2). A diet supplemented with 1.0% cholesterol and 0.3% sodium cholate increased body weight and led to elevated AST, ALT and cholesterol in Wistar rats. The liver displayed features of increased steatosis, hepatic necrosis, macrophage infiltration and hepatic fibrosis (36). An atherogenic diet induced dyslipidemia, lipid peroxidation and stellate cell activation leading to precirrhotic steatohepatitis after 24 weeks on the diet, and in contrast to HFD, cellular ballooning, one of the features of NASH, was observed. An atherogenic diet increased the expression of genes for fatty acid (FA) synthesis, oxidative stress, inﬂammation, and ﬁbrogenesis, which were further accelerated by the addition of a HFD but did not change body weight. This model suggests the critical role of lipids in causing oxidative stress and insulin resistance leading to steatohepatitis (37). Hypercholesterolemia should be considered a risk factor for hepatic fibrosis, and it could be enhanced to develop all metabolic features when a high content of cholesterol is combined with a high content of fat in the diet.



Methionine- and Choline-Deficient Diet

Nutrient-deficient models with low contents or lacking certain nutrients could also be used for the development of NAFLD/NASH features. The MCD diet contains high sucrose (40%) and fat (10%) but lacks methionine and choline, which are essential for hepatic β-oxidation and VLDL production (Table 2). Rats fed an MCD diet develop macrovesicular steatosis, inflammation, and hepatic fibrosis (70). In mice, the MCD diet caused liver injury, which is associated with hepatic microsomal lipid peroxidation. Livers revealed macrosteatosis and inflammation, together with perivenular and pericellular fibrosis (71). In different strains and animal models, the severity of NASH induced by an MCD diet differed; however, C57BL/6 mice developed the most inflammation and necrosis and best approximated the histological features of NASH (72). Although the MCD diet causes severe inflammation, oxidative stress, mitochondrial damage, apoptosis, and fibrogenesis, the metabolic profile of the model is the opposite of that of typical human NASH (73).

Specifically, mice fed an MCD diet show weight loss, decreased fasted glucose, no insulin resistance and low insulin and leptin levels (38, 39). On the other hand, the main advantage of the MCD diet is that it is easy to obtain and use.




Genetic Models


Impairment of Leptin Function


Ob/ob Mice With Leptin Deficiency

Ob/ob mice carry a spontaneous mutation in the leptin gene (74) but do not have impaired leptin receptors. Ob/ob mice develop severe obesity due to hyperphagia and reduced energy expenditure (Table 2). Hyperinsulinemia, insulin resistance and hyperglycemia develop before obesity occurs (75, 76). Leptin-deficient mice are predisposed to develop severe steatohepatitis with macrovesicular steatosis; however, when maintained on a standard chow diet, they do not develop fibrosis (35). Ob/ob mice are protected from fibrosis because leptin is a mediator of hepatic fibrosis during chronic toxic liver injury (77). Nevertheless, leptin-deficient mice maintained on an FFC diet are more susceptible to developing features of NASH, such as steatohepatitis and fibrosis than wild-type C57BL/6J mice (33). Generally, it is believed that additional stimuli, such as an MCD diet or toxin exposure, must be added to develop inflammation and fibrosis, but interestingly, ob/ob mice fed a MCD diet develop moderate lobular inflammation and no detectable fibrosis (40, 77).

Ob/ob mice on an FFC diet displayed strong features of NASH with fibrosis, elevated plasma ALT, AST and total cholesterol, and high expression of col1a1, a marker of fibrosis, and galectin-3, a marker of inflammation (17).



Db/db Mice With Leptin Receptor Mutation

Db/db mice have a spontaneous mutation in the leptin receptor, and therefore, they are resistant to the effects of leptin (78, 79). These mice are hyperphagic, and early onset morbid obesity occurs with severe T2DM, insulin resistance, hyperglycemia and hyperleptinemia (Table 2) (80, 81). Db/db mice have macrovesicular hepatic steatosis, but they have only modestly increased liver TG compared to the control mice and do not spontaneously develop steatohepatitis or fibrosis. When db/db mice are exposed to a MCD diet, they exhibit increased inflammation and serum ALT compared with db/db mice fed a control diet and even ob/ob mice. Moreover, db/db mice fed a MCD diet revealed pericellular fibrosis (40). Interestingly, hepatic steatosis and insulin resistance, as well as body weight and adiposity, were reversed to the level of control mice in db/db mice by caloric restriction, a condition under which mice receive a restricted amount of food (2 g/day) (41).




Impairment of FA Oxidation

FA oxidation takes place in three cellular organelles: mitochondria, peroxisomes and the endoplasmic reticulum (ER) (microsomes). Mitochondrial β‐oxidation is the main route for the metabolism of FAs under normal physiological conditions (82). Deficiencies of the enzymes involved in FA oxidation have been recognized as important causes of the pathogenesis of macrovesicular and microvesicular hepatic steatosis (Table 2).


Carnitine Deficiency Leading to Juvenile Visceral Steatosis Mice

Juvenile visceral steatosis (JVS) mice have a systemic carnitine deficiency caused by mutation of the organic cation/carnitine transporter 2 gene, which encodes a plasma membrane carnitine transporter (Table 2) (42, 83). JVS mice develop severe lipid accumulation in the liver from an early age, with microvesicular swelling of hepatocytes, hypoglycemia, high levels of ammonia in serum, and growth retardation (42, 83, 84). This model can represent a model to examine changes in FA metabolism in the liver.



Deletion of Peroxisome Proliferator-Activated Receptors

Peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor transcription factor family. This class comprises three PPAR isoforms, namely, α, β/δ, and γ, which are expressed in various tissues; PPARs play a role in the transcriptional regulation of glucose and lipid metabolism (Table 2) (85, 86).

PPARα is ubiquitous, but it is most highly expressed in the liver. It has a critical role in the regulation of FA uptake, β-oxidation, ketogenesis, bile acid synthesis, and TG turnover (85). PPARα was suggested to have an anti-inflammatory role in the liver and in adipose tissue. Mice lacking PPARα are more susceptible to the negative effects of a HFD, and feeding them a HFD results in increased steatosis and oxidative stress and inflammation markers compared to their controls (43).

PPARβ/δ is highly expressed in skeletal muscle, adipose tissue, and skin. PPARβ/δ is also expressed in the liver, hepatocytes, Kupffer cells and hepatic stellate cells, suggesting a potential role in inflammation and fibrosis (85). A study with PPARβ/δ-deficient mice suggested that PPARβ/δ is hepatoprotective against chemically induced hepatotoxicity, such as carbon tetrachloride (CCl4), by downregulating the expression of proinflammatory genes (87).

PPARγ is highly expressed in adipose tissue, where it controls adipocyte differentiation, adipogenesis, and lipid metabolism, but the expression of PPARγ in the liver is very low (85). Mice with adipose tissue-specific PPARγ deficiency have increased plasma FFA and TG, fatty liver, and enhanced hepatic gluconeogenesis (88). Moreover, these mice were significantly more susceptible to HFD-induced steatosis, hyperinsulinemia, and insulin resistance than their controls. Ob/ob mice with PPARγ deficiency in the liver had increased serum TG and FFA and decreased mRNA expression of hepatic lipogenic genes compared with their controls. A deficiency in hepatic PPARγ further aggravated the severity of diabetes in ob/ob mice due to decreased insulin sensitivity in muscle and fat. Hepatic PPARγ plays a critical role in the regulation of TG content and in the homeostasis of blood glucose and insulin resistance in steatotic diabetic mice (89).

Models with PPAR deficiencies are used to study the role of PPARs in glucose and lipid metabolism, but studies on their role in the development of NASH features could be considered rather uncommon.




Mutation of Keratin 8 and Keratin 18

Keratins belong to a large family of intermediate filaments, and they are expressed in epithelial cells as specific keratin pairs. Keratin 8 (K8) and keratin 18 (K18) are expressed mainly in adult hepatocytes, and mutations of this K8/K18 pair can lead to various liver diseases (Table 2) (90–92). Mice expressing mutant K8/18 represent an animal model for human chronic hepatitis and for studying the tissue-specific function of K8/18 (93). The increased frequency of keratin K8/K18 variants in NAFLD patients was previously reported (94). Keratin phosphorylation, transamidation and glycosylation (95) are involved in rearranging the keratin cytoskeleton into cytoplasmic inclusions, known as Mallory-Denk bodies (MDBs), found in specific liver diseases such as alcoholic hepatitis and cirrhosis (90).



Mutation of Sterol Regulatory Element Binding Protein-1c

SREBP plays a key role in lipid homeostasis by regulating the expression of genes involved in lipid synthesis (96, 97). SREBP-1c is transcriptionally controlled by various factors, mainly insulin and glucose, and regulates hepatic glucose and lipid metabolism (Table 2) (98). In cultured hepatocytes, insulin and glucose activate the transcription of the SREBP-1c gene, whereas glucagon has an inhibitory effect (99, 100). SREBP-1c expression was positively correlated with fatty acid synthase (FASN) expression, and higher levels were found in the liver in NAFLD models than in controls (101). The SREBP-1 gene has a role in the genetic predisposition of metabolic diseases such as obesity, T2DM, and dyslipidemia (102).

SREBP-1c deficiency led to the reduced expression of enzymes involved in FA and TG synthesis. SREBP-1c KO mice had reduced total plasma TG and cholesterol. In contrast, the liver cholesterol content was higher in SREBP-1c KO mice than in WT mice (48). Mice with liver-specific overexpression of human SREBP-1c (alb-SREBP-1c) developed hepatic lipid accumulation featuring a fatty liver by the age of 24 weeks. Moreover, liver-specific over-expression of human SREBP-1c (alb-SREBP-1c) mice had increased liver FA levels, serum TG and FFA, and insulin levels, indicating insulin resistance (49).



Less Common Genetic Models


KKAy Mice

Yellow KKAy mice carry the yellow obese gene (Ay) and they develop spontaneous obesity due to hyperphagia with increased adiposity and diabetic symptoms. KKAy mice are characterized by insulin resistance with increased blood glucose, circulating insulin levels and increased lipogenesis in the liver and in adipose tissue (Table 2) (103). The livers of KKAy mice had microvesicular steatosis and an increased degree of hepatic steatosis (50). KKAy mice represent a model that closely resembles obesity and T2DM in humans, who develop several metabolic diseases therefore, this model is valuable for the development of potential therapeutic strategies not only for diabetes (104).



Deficiency or Overexpression of Fatty Acid Translocase (CD36)

Fatty acid translocase, or cluster of differentiation 36 (CD36), is a transmembrane glycoprotein that facilitates lipid transport (105). The circulating serum level of CD36 is increased in NAFLD and correlates with the histological grade of steatosis intrahepatic lipids, ALT and TG (106, 107). CD36-deficient mice showed a significant increase in fasting levels of cholesterol, non-esterified fatty acid (NEFA) and TG with lower fasting serum glucose levels (Table 2) (51). CD36 KO mice are resistant to hepatic steatosis when fed a high-carbohydrate liquid diet, and they do not develop alcoholic steatosis when chronically fed alcohol (108). CD36 was suggested to be a protective metabolic sensor in the liver under lipid overload and metabolic stress (52).



Mutation of Phosphatase and Tensin Homolog in the Liver

Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene mutated in many human cancers but has multiple roles in organisms. Its expression is reduced or absent in almost half of hepatoma patients (109, 110). The hepatocyte-specific null mutation of PTEN in mice (PTEN-HEP-KO) showed marked hepatomegaly and steatohepatitis with TG accumulation, a phenotype similar to that observed in human NASH (Table 1). PTEN deficiency in hepatocytes led to steatosis through increased FA uptake and de novo lipogenesis (53).





Toxin/Drug-Induced Models


Streptozotocin Diabetes Model

Streptozotocin (STZ) is a broad-spectrum antibiotic with antitumor, oncogenic, and diabetogenic properties (111). Multiple small intraperitoneal injections of STZ (40 mg/kg) in mice produce pancreatic insulitis, with the selective destruction of pancreatic β cells and diabetes mellitus (112), causing insulin deficiency, hyperglycemia, polydipsia, and polyuria, all of which mimic human type 1 diabetes mellitus (Table 2) (113). Hepatic changes, including lipid peroxidation, mitochondrial swelling, peroxisome proliferation and hepatocyte proliferation inhibition, occur before STZ induces hyperglycemia (114). In the subacute phase, intraperitoneal injection of STZ resulted in an increase in serum glucose and in serum and liver lipids and a decrease in liver glycogen (54). Neonatal male mice exposed to low-dose STZ developed liver steatosis with diabetes after one week on a HFD. With continuous HFD, neonatal STZ mice develop NASH pathology with decreased hepatic fat deposits and increased lobular inflammation and fibrosis. At older ages, mice develop hepatocellular carcinoma (55). Neonatal STZ mice demonstrated focal liver lesions and hepatocellular carcinoma. Hematoxylin-eosin staining showed macrovesicular steatosis, lobular inflammation, hepatocellular ballooning and mild fibroblast proliferation by silver impregnation (56). This model represents a model of NASH linked to diabetes and hepatocellular carcinoma without the accumulation of fat and the development of steatosis.



Monosodium Glutamate Model

Subcutaneous injections of monosodium glutamate (MSG) into newborn mice cause acute neuronal necrosis mainly in the arcuate nucleus (ARC) of the hypothalamus. MSG-treated mice display stunted growth due to impaired growth hormone production (115), marked obesity, and female sterility, but they are rather hypophagic (116). MSG mice had an 8 times higher fat-to-body mass ratio and developed hyperglycemia and hyperinsulinemia (Table 2) (117–119), which was more pronounced in males than in females. The obesity-related changes in the feeding behavior of the MSG-treated mice are possibly the result of missing leptin and insulin receptors in ARCs and consequent altered neuropeptide signaling (120). The injection of MSG in ICR mice leads to the development of significant inflammation, central obesity, and T2DM. Compared with control mice, MSG-ICR mice had increased concentrations of glucose, insulin, total cholesterol, and TG (57). MSG-ICR mice developed NAFLD and NASH-like pathology and had steatohepatitis and dysplastic nodular lesions within the fibrotic liver (121). A different strain, MSG-DIAR (ddY, Institute for Animal Reproduction, Japan) mice, revealed a similar pattern of T2DM and macrovesicular steatosis, lobular inflammation with neutrophils, and ballooning degeneration. At an older age, they developed cellular structures mimicking human hepatocellular carcinoma (58). The crucial metabolic window for studying pathophysiological events involved in NAFLD/NASH progression is considered at 4–6 months of age, the age at which MSG-treated mice also have peripheral insulin resistance (59). The MSG model develops features of NASH with obesity and steatosis, high TG, and insulin resistance; however, this model is not used frequently.



Porphyrinogen Agent as Inducer of NASH-Like Liver Lesions

Feeding with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) leads to chronic xenobiotic-induced cholangiopathy in mice (Table 2). DDC feeding results in significantly increased number of CD11b-positive cells. Moreover, mice fed DDC have a biliary type of liver fibrosis (60). DDC triggered the formation of MDBs and with that, the expression of keratins 8/18 was elevated (61).





Role of Anorexigenic Peptides in NASH

Anorexigenic peptides, of both hypothalamic and gut origin, play important roles in the pathology of NAFLD and NASH. The most studied peripheral gut hormones include cholecystokinin, leptin, amylin, GLP-1, oxyntomodulin, and bombesin, and the main hypothalamic anorexigenic peptides include cocaine- and amphetamine-regulated transcript peptide, α-melanocyte-stimulating hormone, corticotropin-releasing factor and prolactin- releasing peptide. This review is focused mainly on leptin and GLP-1 as they are the best known anorexigenic peptides involved in NAFLD and NASH pathogenesis (122, 123).


Leptin

Leptin, a product of the ob gene, is a hormone secreted by white adipose tissue that acts as a major regulator of food intake and energy homeostasis. Because leptin receptors are found in the brain and in many peripheral tissues, leptin triggers many biological effects and has the potential to affect a wide range of diseases (124–127). Obese individuals usually have high plasma leptin concentrations, and this hyperleptinemia leads to leptin resistance (128). Mutations in the ob gene are rarely responsible for obesity in humans, but several animal models with ob gene mutations exist (73).

The binding of leptin to its receptor activates Janus kinase 2 (JAK2) and phosphorylates specific tyrosine residues of the receptor and downstream proteins, including signal transducer and activation of transcription (STAT3), Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2 (SHP2), insulin receptor substrate 2 (IRS2), and phosphatidylinositol 3-kinase (PI3K), which regulate the transcription of genes involved in food intake and lipid metabolism. Leptin activates 5′ adenosine monophosphate-activated protein kinase (AMPK) and decreases acetyl-CoA carboxylase (ACC) activity in skeletal muscle while increasing mitochondrial β-oxidation. Another aspect of the metabolic activity of leptin is the inhibition of hepatic stearoyl-CoA desaturase-1 (SCD-1) activity, which regulates lipoprotein metabolism and energy consumption. On the other hand, leptin inactivates AMPK, increases ACC activity and decreases food intake in the hypothalamus (126).


Role of Leptin in NAFLD/NASH Progression to Fibrosis

Ten years ago, hepatic lipotoxicity and non-hepatic factors such as adipose tissue inflammation and gastrointestinal imbalance were linked to evolution of NAFLD (129). Nowadays, the degree of adipose tissue inflammation was shown to directly correlate with the severity of NAFLD. Consumption of higher caloric intake is increasingly emerging as a fuel for metabolic inflammation not only in obesity-related disorders but also NAFLD. Gut microbiome in NAFLD is gaining importance too (130). Characteristic features of NAFLD progression include imbalance in FA metabolism, cytokine dysregulation, and oxidative metabolic stress. Oxidative stress is mainly characterized by the excessive production of reactive oxygen species by three main mechanisms, namely, lipid peroxidation, cytokine induction, and Fas ligand (type II transmembrane protein belonging to the TNF family), and induces the progression from steatosis to steatohepatitis and to fibrosis (131). In NAFLD progression, oxidative stress causes the induction of purinergic receptor X7 expression at both the mRNA and protein levels in inflammatory cells, but the detailed mechanisms are not yet clear (132).

Circulating leptin levels primarily reflect energy stores in the body but also indicate acute changes in caloric intake. Leptin appears to exert a dual action in experimental NAFLD models; it protects against liver steatosis, at least in the early stages of the disease, but it also acts as an inflammatory and fibrogenic mediator when the disease persists or continues (133). An important role of leptin is to reduce the deposition of TG in adipocytes and at the same time to limit the storage of TG in nonadipose tissues, including the liver, and thus protect them from lipotoxicity and lipoapoptosis (Figure 2) (134). Leptin prevents liver steatosis in animal models by affecting both lipid and glucose metabolism. Under normal conditions, leptin suppresses hepatic glucose production and hepatic lipogenesis (135). Chronic central administration of leptin reduces the expression of hepatic lipogenic genes and reduces TG content by stimulating hepatic sympathetic activity; this function requires PI3K signaling because the leptin-mediated impairment of PI3K signaling leads to hepatic steatosis without inducing obesity (Figure 2) (133). For lipid accumulation in the liver, glycerol is needed. A decrease in glycerol availability might be involved in the beneficial effects of leptin on NAFLD. Integral membrane aquaglycerolporins (AQP3, AQP7, AQP9, and AQP10) form a channel across the cell membrane and thus facilitate glycerol transport. The main gateway facilitating the release of glycerol from adipocytes is AQP7; however, AQP3, AQP9, and AQP10 also aid in glycerol efflux from fat depots (Figure 2). Subsequently, circulating plasma glycerol is transferred to hepatocytes by hepatic-specific AQP9, where glycerol kinase catalyzes the initial step for its conversion to glucose (gluconeogenesis) or to TG in ob/ob mice (136). More specifically, leptin inhibits hepatic de novo lipogenesis while stimulating FA oxidation, thereby reducing lipid content in isolated livers (133, 137, 138). The steatosis observed in ob/ob mice suggests that leptin is taken up by the fatty liver, indirectly owing to central nerve pathways and directly by hepatic AMPK activation. However, the regulation of glucose production in the liver by leptin but not insulin requires hepatic AMPKα2 activity (131). On the other hand, leptin may promote hepatic fibrogenesis through the upregulation of transforming growth factor β (TGF-β) in Kupffer cells and sinusoidal endothelial cells. Leptin prevents the upregulation of col1a1 mRNA, a change associated with the fibrotic process in the liver. Fibrosis develops in the absence of leptin in ob/ob mice; therefore, liver fibrosis depends on the presence of leptin in chronic liver damage (77, 139). In Kupffer cells, leptin induces cluster of differentiation 14 (CD14) expression by activating STAT3 (140). This results in a hepatic hypersensitive response and progression from simple steatosis or liver inflammation to fibrosis (Figure 2). This points to possible therapeutic approaches for NASH by targeting leptin-dependent STAT3 and CD14 signaling. During liver fibrosis, the role of leptin and its functioning receptors, in particular in activated hematopoietic stem cells (HSCs), has been demonstrated. Increases in leptin-associated col1a2 gene expression and in leptin-enhanced col1a2 gene promoter activity were observed by ribonuclease protection analysis in vitro (141). Furthermore, leptin enhances platelet-derived growth factor-dependent proliferative responses in HSCs, most likely through actions involving the PI3K/Akt pathway (140, 141).




Figure 2 | Role of leptin in NAFDL/NASH progression.



In conclusion, it seems that in the initial stages of the disease, leptin may protect against hepatic steatosis. However, when the disease progresses, leptin may act as an inflammatory and fibrogenic agent. Leptin deficiency can lead to hepatic steatosis, and excess leptin can promote hepatitis and fibrosis.




GLP-1

The gut incretin hormones glucose-dependent insulinotropic peptide (GIP) and GLP-1 are secreted after the oral administration of nutrients and stimulate insulin secretion, which leads to a decrease in glucose concentration (142, 143). GLP-1 slows gastric motility, enhances satiety, reduces appetite and energy intake, and suppresses postprandial glucagon secretion (Figure 3) (144, 145). Glucagon-like peptide-1 receptor (GLP-1R; also termed secretin-like receptor) belongs to the G protein-coupled receptor family B. GLP-1R mRNA is found in the pancreatic islets, lungs, hypothalamus, hippocampus, cerebral cortex, brainstem, kidney, stomach, intestine, skin, and heart of rodents and humans (146, 147).




Figure 3 | Role of GLP-1 in metabolism.




GLP-1–Activated Pathways in Hepatic Lipid Metabolism

GLP-1R agonists stimulate the production of cAMP through adenylate cyclase, and cAMP activates protein kinase A (PKA) and exchange protein activated by cAMP (Epac) (148, 149). PKA and Epac induce insulin gene transcription and secretion (150). Activation of cAMP in turn activates PKA, which leads to the phosphorylation of AMPK (151). In addition, cAMP activation stimulates the epidermal growth factor receptor, pointing to the activation of the PI3K/Akt signaling pathway. These actions suppress the expression of genes that have a key role in the stimulation of insulin secretion affects the repression of hepatic gluconeogenesis and lipogenesis and reduce postprandial plasma glucose levels by elevating insulin-regulated glucose uptake (Figure 3) (148, 149). Insulin or ER stimulation is required for release SREBP-1c, which activates the expression of the lipogenic genes ACC and fatty acid synthase (FASN) and enhances glycolytic flux. The expression of lipogenic genes requires the activation of the transcription factors SREBP-1c and carbohydrate response element binding protein (ChREBP). GLP-1R agonists reduce the expression of both ChREBP and SREBP-1c genes and inhibit de novo lipogenesis in the liver (98, 152).

PPAR transcription factors are also involved in the regulation of lipid metabolism. GLP-1 analogs may have a key role in increasing the expression of PPARα and suppressing PPARγ genes (153, 154).



The Role of GLP-1 in NAFLD/NASH Progression to Fibrosis

GLP-1R agonists are approved for the treatment of T2DM, and they have great potential in the treatment of NAFLD and NASH. GLP-1R agonists enhance insulin secretion and improve glucose tolerance, which leads to a decrease in lipogenesis de novo and enhances hepatic FA oxidation and lipid export (Figure 3). Moreover, receptor activation leads to the central regulation of satiety and decreases in appetite and energy intake. GLP-1R agonists alleviate metabolic inflammation and NASH by suppressing the expression of inflammatory genes such as TNFα, IL-6, and nuclear factor NF-kappa-B (NFκB) (155, 156). Many studies in mice show improvement and the possibility of preventing hepatic steatosis using different GLP-1R agonists (35, 157–161). GLP-1R agonists directly affect Kupffer cell function and reduce the influx of macrophages into the liver (162). Together with dipeptidyl-peptidase 4 (DPP4) inhibitors, they decrease not only proinflammatory but also profibrotic mediators. Decreasing profibrotic mediators in mice occurs via the reduction of TGF-β gene expression and other profibrotic mediators through the stimulation of cAMP production (151, 159, 163). Epac and PKA activation by cAMP leads to a reduction in col1, col3, and angiotensin II expression and to smad (TGF-β superfamily member) pathway inhibition (164, 165).



GLP-1R Agonists in Experimental Models

Despite the fact that food intake-regulating peptides have great potential in the treatment of metabolic diseases and NAFLD/NASH, there is very little known about their effects on current mouse models of NASH. Only GLP-1R agonists, primarily used as antidiabetic/antiobesity drugs, are used as potential agents for NAFLD/NASH treatment, as demonstrated in several studies with mouse models. The GLP-1R agonists exenatide, liraglutide and semaglutide are already used in clinical practice for the treatment of T2DM and obesity. The available mouse models of NASH address different aspects of the disease, leading to various clinical utilities in drug discovery. The advantages and limitations of current in vivo mouse models of NASH in view of different targets for NASH treatment are summarized in the review by Hansen et al. (23). The GLP-1R agonist Exendin-4 was originally isolated from the saliva of the Gila monster. Because of the change in the amino sequence at position 8, Exendin-4 has a longer half-life and more stable interaction with DPP4 than GLP-1 (148, 157). Treatment with Exendin-4 (synthetic form is called exenatide) reduced serum glucose levels and body weight and improved serum ALT in ob/ob mice. Exendin-4 also has a positive effect on hepatocyte lipid metabolism. Treatment significantly decreased hepatic lipid content and thiobarbituric acid reactive substance concentration, which is an important parameter of hepatic oxidative stress in NASH and NAFLD. Moreover, Exedin-4 significantly reduced the mRNA levels of SREBP-1c and SCD-1, parameters regulating de novo lipogenesis in the liver, and increased the level of PPARα mRNA in ob/ob mice (157). The results from the Trevaskis et al. study in ob/ob and C57BL/6 mice on a HFD support the therapeutic potential of the exendin-4 analog AC3174 in NASH and NAFLD treatment. The analog AC3174 diminished plasma TG and ALT levels and lipid accumulation in the liver and attenuated fibrosis (35). In db/db mice fed an MCD diet, exendin-4 treatment attenuated hepatic steatosis, TG and FFA content, oxidative stress and hepatic inflammation (166).

Several studies in mice have shown that treatment with liraglutide, a long-acting palmitoylated analog of GLP-1, alleviates hepatic steatosis and has great potential to inhibit NASH or NAFLD (160, 161, 167, 168). In two different NASH mouse obesity models, an atherogenic diet model and ob/ob mice, chronic treatment with liraglutide reduced body weight, lowered steatosis scores and inhibited fibrosis (through a decreased col1a1) (17). In male C57BL/6J mice fed a western diet, liraglutide significantly improved insulin sensitivity and prevented NASH pathology. Liraglutide improved lipid flux between liver and adipose tissue, downregulated genes regulating de novo lipogenesis and increased the expression of genes associated with β-oxidation, FA uptake and VLDL transport (167). The administration of liraglutide in male C57BL/6 mice fed a HFD reduced ALT and AST serum levels and inhibited NOD-like receptor family pyrin-containing 3 inflammasome gene expression, which has a critical role in NAFLD pathogenesis (161). Another study using (C/EBP) homologous protein (CHOP) C57BL/6 KO mice fed an FFC diet significantly attenuated hepatic steatosis after 4 weeks of liraglutide treatment in WT mice and showed that CHOPs play an important role in the protection of hepatocytes from diet-induced ER stress (160).

GLP-1R and glucagon receptor (GLP-1R/GR) dual agonists also have potential in the treatment of NAFLD. DIO C57BL/6 mice treated with GLP-1R/GR dual agonists showed improved glucose metabolism and reduced food intake and weight loss. In the liver, decreases in acetyl-CoA and malonyl-CoA were observed, and ketogenesis was increased (169). Antiobesity effects were not the only effects observed in C57BL/6J mice fed a HFD treated with GLP-1R/GR dual agonists. This study showed reduced mRNA expression of hepatic SREBP-1c and SCD-1 and increased PPARα expression. Reduced levels of the inflammation factors TNFα and IL-6 in plasma and of TGF-ß, monocyte chemoattractant protein-1, matrix metalloproteinase-9 and TNFα in the liver inhibited the development of NASH and NAFLD (159). Moreover, a GLP-1R and GIP receptor dual agonist attenuated NASH in C57BL/6J mice fed an atherogenic diet, significantly decreased body and liver weight, decreased liver TG and improved NAS, showing synergistic action compared to monotherapy with GLP-1R agonist or GIP (170).





GHRELIN

Orexigenic peptides such as ghrelin, neuropeptide Y, agouti-related protein, and orexins play an important role in the mechanism of food intake (171). Ghrelin peptide is released from the stomach as the endogenous ligand for the growth hormone secretagogue receptor (GHSR), which stimulates growth hormone (GH) release from the anterior pituitary gland. Ghrelin regulates food intake, adiposity, body weight, glucose metabolism, taste sensation, sleep modulation, brown fat thermogenesis, stress and anxiety responses, muscle atrophy, gut motility, gastric acid secretion, and cardiovascular function (172–174).

Ghrelin is the only known peptide with an attached FA. The octanoylation of ghrelin is catalyzed by ghrelin-O-acyltransferase. This modification is essential for the biological activity of ghrelin (175). Ghrelin without the acyl group (des-acyl ghrelin) is biologically inactive (101, 176). Des-acyl ghrelin is also present at significant levels in both blood and stomach, but des-acyl ghrelin can neither bind to GHSR nor exhibit GH release (177).


Ghrelin-Activated Pathways in Hepatic Lipid Metabolism

Ghrelin plays a complex role in hepatic metabolism and liver diseases. On the one hand, ghrelin induces adiposity in the liver; on the other hand, ghrelin elicits a protective effect against inflammation and fibrosis. Currently, there is no clear explanation for opposite actions of ghrelin in these pathologies (178).

Central ghrelin administration leads to lipid storage in the liver, which is independent of GH. Ghrelin promotes energy storage to minimize negative effects in periods of food shortage (179).

Ghrelin has a direct peripheral effect on lipogenesis in hepatocytes. Ghrelin activates GHSR in hepatocytes, which leads to increased TG synthesis, by increasing the expression of lipogenesis-related genes in hepatocytes. These effects are mediated by mammalian target of rapamycin (mTOR) – PPARγ signaling pathway activation (180). The activation of this pathway is independent of the central stimulation of energy intake in the hypothalamus, where activated AMPK mediates the orexigenic action of ghrelin. Ghrelin stimulates the activity of AMPK in the hypothalamus but inhibits AMPK activity in the liver and adipose tissue, resulting in increased lipogenesis (181).

Other studies have shown that the tumor protein p53 is crucial for the stimulation of lipid storage in fat and the liver by ghrelin. Lack of p53 abolishes the stimulation of lipid storage induced by administered ghrelin (182).

In the gastrointestinal tract, ghrelin has potent anti-inflammatory properties. Exogenous ghrelin pretreatment augmented the release of the anti-inflammatory cytokine interleukin IL-10 (183) and inhibited the production of various pro-inflammatory cytokines, such as IL-1β, IL-6, IL-8, and TNFα (184). Furthermore, the hepatoprotective effect of ghrelin is caused by inhibition of apoptosis and proliferation stimulation in various cell types (185, 186).



The Role of Ghrelin in NAFLD/NASH Progression to Fibrosis

The activation of the gastric ghrelin-brain axis is essential to maintain biological homeostasis. The liver damage signal caused by FA infiltration is sent to the brain and stomach via autonomic nerve connections, which causes an increase in ghrelin release. These signals could slow down the progression of NAFLD. Impairment of this appetite control is necessary for NASH pathology (187).

Low levels of acylated ghrelin in plasma are found in NASH (188, 189). Moreover, decreased plasma ghrelin correlates with increased immunoglobulin production that is often observed in patients with chronic liver disease (190) and correlates with liver inflammation (191). The most likely reason for the low ghrelin levels in NAFLD patients is insulin resistance. Low ghrelin levels are observed in several diseases characterized by insulin resistance, including severe obesity (192), acromegaly (193), hypogonadism (194), and polycystic ovary syndrome (195). Nevertheless, the molecular mechanisms remain elusive (196).

Patients with NASH had a twofold higher concentration of des-acyl ghrelin compared with healthy humans. Des-acyl ghrelin also correlated with ALT, AST, TG levels, fasting glucose, MDBs, and portal fibrosis, which are strongly associated with the occurrence of NASH (197).

Oxidative stress and inflammation are key factors in the development of NAFLD/NASH. Thus, the impairment of these processes could revert the development of NASH. The administration of ghrelin during and after NAFLD development reduced inflammation, apoptosis, and oxidative stress and improved lipid metabolism in the rat liver (198). In addition to the protective effects of ghrelin mentioned above, ghrelin also exerts antifibrotic and hepatoprotective effects in the injured livers of rodents (199). Antifibrotic effects can also be seen in other tissues, such as the heart (200) and colon (201).

Exogenous and endogenous ghrelin regulates fibrogenesis in mice and humans (199). Antifibrotic effects are caused by several mechanisms. Ghrelin protects hepatocytes from cell death by reducing inflammatory cells, decreasing apoptosis, and increasing the activation of hepatoprotective signaling pathways such as Akt phosphorylation. Ghrelin modulates inflammation by downregulating the NFκB pathway (202). The wound-healing response to injury is caused by decreasing oxidative stress in livers (199). Ghrelin also reduces profibrogenic cytokine TGF-β1 and p-Smad3 expression levels that are involved in increased deposition of fibronectin, col1 and α-SMA in liver fibrosis. Ghrelin suppresses autophagy, thus reducing available energy from intracellular lipid degradation (202).




Pharmacological Therapies for NAFLD/NASH

NAFLD is associated with obesity, T2DM, dyslipidemia, and metabolic syndrome. Weight loss through dietary changes and lifestyle modifications is now the only proven effective therapy for patients with NAFLD/NASH. Nevertheless, these approaches are not sufficient for the treatment of fibrosis and even cirrhosis. Pharmaceutical companies are developing new drugs for the treatment of NASH, but no drugs have yet been approved (203, 204). The pathophysiology of NAFLD is very complex and associated with different features, such as lipotoxicity, inflammatory cytokines, apoptosis, and insulin resistance. Therefore, drugs to treat NASH could target these features (203).

In patients with T2DM, the prevalence of NAFLD is 75% (205); therefore, the use of antidiabetic drugs to improve insulin resistance could be one approach for treatment. Metformin is an insulin sensitizer used as a major therapy for T2DM because of its low cost, body weight-lowering effect and safety profile (203). Nevertheless, metformin was reported to not significantly improve liver histology and therefore is not recommended in the treatment of NASH (206).

Pioglitazone belongs to the thiazolidinedione family, agonists of PPARγ, and improves glucose and lipid metabolism. Treatment with pioglitazone improved insulin sensitivity, plasma ALT and AST levels and liver steatosis, inﬂammation, and ballooning (206, 207). Pioglitazone causes some side effects, such as body weight gain, possible bladder cancer and bone loss in women (206). Nevertheless, risks and benefits should be considered, as pioglitazone improves liver histology in patients with and without T2DM with NASH.

GLP-1R agonists and DPP4 inhibitors were also investigated as possible therapeutics for NASH treatment. Liraglutide, a stable GLP-1 analog, improved steatosis and hepatocyte ballooning and slowed fibrosis progression (205, 208). On the other hand, DPP4 inhibitors delay the quick inactivation of GLP-1 in plasma. Sitagliptin was unable to improve the fibrosis score or NAS or to reduce liver fat after 24 weeks of therapy (209, 210).



Conclusions

A large number of mouse models could be used to study NASH pathogenesis and its possible treatment. However, some approaches do not coincide with human NALFD. Currently, NASH is associated with the development of prediabetes and metabolic syndrome with elevated ALT, AST, cholesterol, and FFA levels.

Genetic models represent advantages in the time required and development of concrete metabolic features associated with NAFLD. However, these mutations are very rare in humans. Moreover, some of these models fail to induce the metabolic comorbidities typically observed in humans with NASH, such as insulin resistance, obesity and dyslipidemia.

Regarding nutritional models, a large number of different approaches, with variable fat content, glucose/fructose enrichment or other substance additions or deficiencies, create complicated decisions for researchers. The crucial advantage of nutritional models is the ability to mimic human NAFLD, both pathophysiologically and phenotypically. In contrast, a longer period is necessary for the development of NAFLD, and a lesser degree of pathology is observed. Nevertheless, this issue could be overcome by the use of high glucose/fructose levels or increased cholesterol levels in the diet.

Finally, regarding chemically induced models, toxic agents are not pathophysiologically related to NASH disease. However, those models could be used to enhance fibrosis and cirrhosis leading to liver failure.

All these models should be used with caution, and their use should be limited to clearly defining liver-specific research and to studying the pathologic features of human NAFLD/NASH.

It seems that anorexigenic and orexigenic peptides are involved in the pathology of NAFLD and NASH. Leptin may have a potential dual action in NAFLD and NASH. Leptin may protect the liver from hepatic steatosis at the initial stage of the disease but also acts as an inflammatory and fibrogenic marker when the disease progresses. Leptin deficiency can lead to hepatic steatosis, and excess leptin can promote hepatitis and fibrosis. The efficacy of NASH treatment with anorexigenic leptin is questionable, similar to potential treatment with orexigenic ghrelin. Ghrelin induces adiposity in the liver, but also ghrelin elicits a protective effect against inflammation and fibrosis.

Pharmaceutical companies are developing new drugs for the treatment of NAFLD and NASH; however, no drugs have been approved yet. Because NAFLD is associated with obesity, T2DM, dyslipidemia, and metabolic syndrome, weight loss through dietary changes and lifestyle modifications is now the only proven effective therapy for patients with NAFLD/NASH. Nevertheless, these approaches are not sufficient for the treatment of fibrosis and even cirrhosis.

Recently, GLP-1R agonists used primarily as antidiabetic or antiobesity drugs have shown the greatest potential in the possible treatment of NASH. GLP-1R agonists enhance insulin secretion and improve glucose tolerance, which leads to a decrease in lipogenesis de novo and enhances hepatic FA oxidation and lipid export. GLP-1R agonists alleviate metabolic inflammation and NASH by suppressing the expression of inflammatory genes. Nevertheless, more attention should be paid to the potential role of other anorexigenic and/or orexigenic peptides in the pathophysiology of NAFLD and NASH in the future, especially in relation to the treatment of obesity and T2DM.
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Non-alcoholic fatty liver disease (NAFLD) is one of the most common forms of liver disease, which is associated with several etiological factors, including stress and dysfunction in oxidative metabolism. However, studies showed that aerobic exercise training (AET) can combat the oxidative stress (OS) and improves mitochondrial functionality in the NAFLD. To test the hypothesis that AET improves oxidative metabolism and antioxidant defense in the liver of ob/ob mice. Male ob/ob mice with eight weeks old were separated into two groups: the sedentary group (S), n=7, and the trained group (T), n=7. The T mice were submitted to an 8-week protocol of AET at 60% of the maximum velocity achieved in the running capacity test. Before AET, no difference was observed in running test between the groups (S=10.4 ± 0.7 min vs. T= 13 ± 0.47 min). However, after AET, the running capacity was increased in the T group (12.8 ± 0.87 min) compared to the S group (7.2 ± 0.63 min). In skeletal muscle, the T group (26.91 ± 1.12 U/mg of protein) showed higher citrate synthase activity compared with the S group (19.28 ± 0.88 U/mg of protein) (p =0.006). In the analysis of BW evolution, significant reductions were seen in the T group as of the fourth week when compared to the S group. In addition, food intake was not significant different between the groups. Significant increases were observed in the activity of enzymes citrate synthase (p=0.004) and β-HAD (p=0.01) as well as in PGC-1α gene expression (p=0.002) in the liver of T group. The levels of TBARs and carbonyls, as well as SOD, CAT and GST were not different between the groups. However, in the nonenzymatic antioxidant system, we found that the T group had higher sulfhydryl (p = 0.02), GSH (p=0.001) and GSH/GSSG (p=0.02) activity. In conclusion, the AET improved body weight evolution and the aerobic capacity, increased the response of oxidative metabolism markers in the liver such as PGC-1α gene expression and citrate synthase and β-HAD enzyme activities in ob/ob mice. In addition, AET improved the non-enzymatic antioxidant defense and did not change the enzymatic defense.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is characterized by the accumulation of intrahepatic lipids, reaching an absolute level of 5% of the total hepatic content (1, 2). This pathological process is associated with etiologic factors and metabolic comorbidities, such as insulin resistance (IR), cardiovascular diseases (CVD), and type 2 diabetes (T2DM), and is responsible for the progression of clinical staging for non-alcoholic steatohepatitis (NASH), liver cirrhosis and hepatocellular carcinoma (HCC) (3). Currently, NAFLD is one of the most common causes of liver diseases and affects approximately 25%–30% of people around the world. In Western society, its prevalence reaches alarming levels of 20%–30% in overweight adults and 90% in obese adults (3). In addition, the process of industrialization, an imbalance in the intake of macronutrients and sedentarism contribute to the development and progression of this pathology (4).

The accumulation of intrahepatic lipids in NAFLD may be due to the lipid metabolism imbalance characterized by a reduction in oxidative capacity and/or an increase in lipogenic activity. In addition, metabolic imbalance provides functional overload in the mitochondria, which ultimately causes mitophagy, the process of mitochondrial degradation, and the subsequent autolysis of this organelle (5). Part of the processes involved in the hepatic metabolic response is regulated by the expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1-α) and its signaling pathway and have important repercussions for lipid and glucose metabolism control, mainly in the stabilization of energy deficits in the liver and in the whole organism that are triggered by overweight and obese phenotypes and NAFLD (6).

One of the important factors that contributes to the progression of the NAFLD spectrum and the progression to advanced disease is the excessive production of reactive oxygen species (ROS) (mainly superoxide anions and peroxides), which are responsible for the direct stimulation of the chronic inflammatory process, the deregulation of oxidative metabolism, and the promotion of fibrogenesis through the activation of hepatic stellate cells followed by the increased expression of type I collagen in the hepatic parenchyma (7, 8). Among the substances that are produced is hydrogen peroxide (H2O2), which causes the activation of macrophages and consequent production of pro-inflammatory cytokines in the intracellular environment.

Regarding pharmacological treatment, there is no FDA-approved direct therapy for NAFLD, although some medications are used to control etiological factors such as hyperinsulinemia and IR (3, 9). Nevertheless, changes in lifestyle, including adherence to regular aerobic exercise training (AET) and better dietary patterns, are recommended as the first line of treatment for NAFLD (10, 11). It has been demonstrated that AET exerts an important role in the control of NAFLD physiopathology by reducing body weight and oxidative stress, improving oxidative metabolism, and reducing steatosis, inflammation and the levels of fibrosis biomarkers, such as cytokeratin 18 (12–14). In addition, AET at a moderate-vigorous intensity increases cardiorespiratory capacity and prevents the development and progression of NAFLD (15). Moreover, studies have shown that AET may decrease the detrimental effect of ROS production in addition to increasing the rate of muscle contraction, beta-oxidation and mitochondrial biogenesis (16–18).

To better understand the role of AET for the prevention and treatment of NAFLD, our group previous studied the effect of AET in the liver of ob/ob mice. To our surprise, despite the body weight gain and physical exercise tolerance were improved in trained ob/ob mice, the AET failed to prevent NAFLD (19). The results of this study do not allow to exclude other effects of AET that could offer benefits to the liver and improve the progression of the disease. Thus, considering that the liver’s metabolic condition is a key point in the development and progression of NASH, and that there is still a knowledge gap about the role of APT on hepatic oxidative metabolism and antioxidant defense in ob/ob mice, the aim of the present study was to test the hypothesis that AET improves oxidative metabolism and antioxidant defense in the liver of ob/ob mice.



Materials and Methods


Animals

Male 8-week-old C57BL/6 ob/ob mice [From the Laboratório de Gastroenterologia Clínica e Experimental (LIM-07)], matched for body weight, were separated randomly into two groups: sedentary (S, n=7) and trained (T, n=7). The mice were housed in a temperature-controlled environment (22 ± 2°C) with a 12-h light/12-h dark cycle and free access to tap water and food (Nuvilab - Nuvital Nutrientes S/A, Brazil). The procedures were performed according to the recommendations guidelines of the Animal Experimentation Service of the Medical School of the University of São Paulo and were approved by the Ethics Committee on the Use of Animals (CEUA) of the School of Medicine of University of Sao Paulo (Number 040/17).



Running Test

The test was performed before, in the fourth and eighth weeks of AET using a progressive method without inclination described by Ferreira et al. (20) in both groups (S; T). The protocol started with a speed of 0.4 km/h and has been increased by 0.2 km/h every 3 min until mice exhaustion, which was characterized by the impossibility of maintaining the standard rate.



Aerobic Exercise Training

T mice were trained during the dark cycle on a motorized treadmill (Inbramed KT 10200, Porto Alegre, Brazil) for 1 h/day at 60% of maximal velocity, five times per week for eight weeks. The AET intensity progressively increased; it started at 0.3 km/h and was adjusted after the running capacity test performed in the fourth week. Sedentary mice were placed on the treadmill for 10 min twice weekly at 0.2 km/h to minimize treadmill stress.



Body Weight and Food Intake

Body weight was measured weekly at the same time of day using a digital balance (Gehaka, Model BK4001, São Paulo, Brazil), and 24-h food intake was determined weekly throughout the study. The mice were housed in cages containing 3-4 mice.



Death Procedure

Forty-eight hours after the end of the last training session, the mice were anesthetized with an intraperitoneal ketamine hydrochloride (0.5 ml/kg), exsanguination was performed, and liver and muscle tissues were removal. The skeletal muscle was removed for determination of citrate synthase activity. Next, the liver was harvested, weighed, and processed according to the experiments described below.



Gene Expression

After liver and skeletal muscle tissue (50 mg) pulverization at liquid nitrogen temperatures, total RNA was prepared using Trizol® (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s recommendations (8). Total RNA was dissolved in RNase-free water, and the RNA concentration was determined by spectrophotometry. RNA purification was determined based on a 260/280 nm ratio >1.8. Samples were kept at −80°C until processing by reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis.

After extracting the total RNA, the expression levels of multiple genes in the liver were measured. The genes that were measured and the primers used to measure them are as follows: sterol regulatory element-binding protein 1 (SREBP1) (5´GCG CTA CCG GTC TTC TAT CA; 3´ GGA TGT AGT CGA TGG CCT TG); peroxisome proliferator-activated receptor alpha (PPAR-α) (5´ ATG CCA GTA CTG CCG TTT TC; 3´ TTG CCC AGA GAT TTG AGG TC); 3´ TCA AAC AGT TCC ACC TGC TG); peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) (5´CTA CAG ACA CCG CAC ACA TCGC; 3´ GGA TGT AGT CGA TGG CCT TG); and endogenous control gene β-actin (5´ TGT TAC CAA CTG GGA CGA CA; 3´ GGG GTG TTG AAG GTC TCA AA). The levels were analyzed in the liver with the polymerase Rotor gene 3000 (Corbett Research, Sydney, Australia) using the Superscript™ III Platinum® One-Step Quantitative RT-PCR System (Invitro-gen Life Technologies, Carlsbad, USA) according to the instructions provided by the manufacturer. Reactions lacking reverse transcriptase were also run to generate controls for the assessment of genomic DNA contamination. Fluorescence changes were monitored after each cycle (72°C, ramping to 99°C at 0.2°C/s, with continuous fluorescence readings), and melting curve analyses were performed at the end of the cycles to verify the PCR product identity. After the experiment was performed, the relative amount of each intergroup gene was calculated by the ΔΔCt coefficient, as provided by the device software (21).



Enzyme Activity

Citrate synthase is the first enzyme in the Krebs cycle and is particularly important for the catalysis and condensation of acetyl CoA with oxaloacetate for the formation of citrate, the first product of the Krebs cycle. Moreover, this enzyme is an indicator of trainability, as described by Le Page et al. (22). Briefly, the reaction was carried out in a mixture containing Tris-HCl (pH = 8.2), magnesium chloride (MgCl), ethylenediamine-tetra-acetic acid (EDTA), 0.2–5.5 dithiobis (2-nitrobenzoic acid) (E = 13.6 μmol/(ml.cm), 3 acetyl CoA, 5 oxaloacetate and 0.3 mg/ml of homogenized hepatic and skeletal muscle tissue. The enzymatic activity was evaluated by measuring the change in the absorbance rate at 412 nm for 3 min at a temperature of 25°C. Citrate levels are expressed as U/mg of protein (23).

For the measurement of 3-hydroxyacyl-CoA dehydrogenase (β-HAD) activity in liver, the liver was homogenized in a solution containing the following (in millimolar concentrations): 20 Tris-HCl (pH 7.4 at 4°C), 50 NaCl, 50 NaF, 5 Sodium pyrophosphate, 0.25 sucrose, and dithiothreitol, with protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktail (Sigma) (24). After homogenization, the protein contents of the homogenates were determined by the Bradford protein assay. For β-HAD activity, 15 µg of protein was incubated in a reaction mixture containing the following (in millimolar concentrations): 50 imidazole (pH 7.4), 0.15 NADH, and 0.1 acetoacetyl-CoA (omitted for the control). β-HAD activity was determined at 340 nm by measuring the consumption of NADH (ϵ 6.22 µmol·ml-1·cm-1) over 5 min (in 30-s intervals), β-HAD levels are expressed as U/mg of protein. The procedures that were used were described previously by Ito et al. (25).



Oxidative Stress

In the present study, lipid peroxidation was also evaluated through substances reactive to thiobarbituric dosage. In this assay 300 μg of protein were mixed to 30% (w/v) trichloroacetic acid (TCA) and 3 mM TRIS buffer (pH 7.4) in equal volumes and stirred. This mixture was centrifuged at 2,500 g for 10 min, the supernatant was mixed with 0.73% thiobarbituric acid and boiled at 100°C for 15 min. The pink pigment yielded was measured spectrophotometrically at 535 nm at room temperature. The results were expressed as μmol of malondialdehyde (MDA/mg protein) (26, 27).

The protein oxidation was evaluated as described by Levine et al. (28). Liver samples with 300 mg of protein, 30% (w/v) TCA was added to the sample and then centrifuged for 15 min at 664 g. The pellet was resuspended in 10 mM 2,4- dinitrophenylhydrazine (DNPH) and immediately incubated in a dark room for 1 h with shaking every 15 min. The samples were washed and centrifuged three times in ethyl acetate buffer and at the end of the procedures the pellet was resuspended in 6M guanidine hydrochloride incubated for 30 min at 37 o163 C and the absorbance read at 370nm. The results were expressed as μM/mg protein (24).



Antioxidant Defense

Superoxide dismutase (SOD) activity was determined in agreement with Misra and Fridovich (29). In this way, 300 μg of protein was used with addition of 100mM of carbonate buffer with 5mM EDTA (pH 10.2). The reaction was initiated with the addition of 150 mM epinephrine and the SOD activity was determined by the inhibition of epinephrine auto-oxidation at 30°C. The decrease in absorbance was monitored for 2 min at 480 nm and the results express in U/mg protein. Catalase activity assay has been previously described Aebi (30). Liver homogenate (300 μg of the protein) was used, with the addition of 50 mM of the phosphate buffer (pH 7.0) and 0.3 M of hydrogen peroxide and its oxidation. All enzymatic kinetics was monitored at 240 nm for 3 min at 20°C, and the results expressed as U/mg protein (27).

The activity of GST was previously described by Habig et al. (31) that evaluated as follows: 200 μg protein was added to 100 mM phosphate buffer (pH 6.5) containing 1 mM EDTA. For this solution, 1 mM reduced glutathione and 1 mM 1- chloro-4,4-dinitrobenzene (CDNB) were added so that the reaction could start. The absorbance standard for this component was monitored at 340 nm for 1 min to detect the formation of 2,4-dinitrophenol-S-glutathione (DNP-SG). One enzyme unit conjugates 10 nmol of CDNB with GSH per minute. The results were expressed as U/mg protein.

To measure the REDOX state, we measured both reduced and oxidized glutathione levels. The levels of reduced glutathione (GSH) were evaluated by adding 100 mM phosphate buffer (pH 8.0) with 5 mM EDTA to the samples (0.300 mg protein), followed by a period of 15 min incubation with O-phthalaldehyde (OPT) (1 μm) at RT. Fluorescence intensity was measured at 350 nm (excitation) and 420 nm (emission) and compared with a standard GSH curve (0.5–100 μM). The oxidized glutathione (GSSG) levels were evaluated by incubation of samples with 40 mM Nethylmaleimide for a period of 30 min in RT followed by addition of 100 mM NaOH buffer. Afterwards, the same steps of the GSH assay were followed 196 to determine the GSSG levels. The REDOX state was determined by the ratio of GSH/GSSH (32).

The measurement of total thiol groups consisted of a cold extraction buffer (50 mM Tris base, pH 7.4; 1 mM EDTA; 2 mM PMSF, 10 mM sodium orthovanadate) added to the samples, followed by incubation with 10 mM 5,5′-dithiobis (2 nitrobenzoic acid) (DTNB) at RT under a dark cover for a period of 30 min. The samples were measured at 412 nm as described by Ellman (33).



Statistical Analysis

Data normality test was performed using the D’Agostino and Pearson test with Gaussian adjustment and were reported as the mean ± SEM. Differences between the two groups were analyzed using Unpaired Student’s t-test, except for body weight evolution, which was analyzed using one-way ANOVA for repeated measures. The Bonferroni post hoc test was used to determine differences between the means when a significant change was determined by ANOVA. A p value of less than 0.05 was statistically significant, and Prism V6 was used.




Results

Before AET, no difference was observed in the running capacity between the groups (S= 10.4 ± 0.7 min vs. T= 13 ± 0.47 min). However, after 8 weeks of AET, the running capacity was higher in the T group (12.8 ± 0.87 min) compared to the S group (7.2 ± 0.63 min). We analyzed the activity of citrate synthase in skeletal muscle as an indicator of AET efficiency. Our data demonstrated that the T group (26.91 ± 1.12 U/mg of protein) exhibited higher citrate synthase activity compared to that exhibited by the S mice (19.28 ± 0.88 U/mg of protein) (p =0.0006).

The body weight (BW) of the animals in both groups at the beginning of AET was evaluated, and no statistically significant differences were observed (Figure 1A). During the experimental protocol, the T mice exhibited lower body weight beginning in the fourth week of AET compared to that exhibited by the S group (Figure 1A). We also measured food intake during the experimental protocol, and as showed in Figure 1B, no significant differences were observed between groups.




Figure 1 | Body weight (A) and food intake (B) evaluation in ob/ob mice. S (n = 7) and T (n = 7).



In the liver, the T mice exhibited higher citrate synthase and β-HAD enzyme activities when compared with S mice (p=0.01 and 0.003, respectively) (Figures 2A, B). No differences were found in the mRNA levels of SREBP1 and PPAR-α (p=0.309 and p=0.615, respectively) (Figures 2C, D). In contrast, we observed a significant increase in PGC-1α mRNA expression in the T mice (p=0.002) (Figure 2E).




Figure 2 | Citrate synthase activity (A), β-hydroxyacetyl-codehydrogenase (β-HAD) activity (B) and the gene expression of sterol regulatory element-binding protein I (SREBP1) (C), peroxisome proliferator-activated receptor alpha (PPAR-α) (D), and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) (E) in the liver of ob/ob mice. *p < 0.05; **p < 0.01. S (n = 6) and T (n = 7).



Regarding oxidative stress, no difference was observed in lipid and protein peroxidation between the groups (p=0.6167 and p=0.0887) (Figures 3A, B). The activity of antioxidant enzymes (SOD, CAT and GST) in the liver of the T and S mice were also not significantly different (p=0.06, 0.11 and p=0.08, respectively) (Figures 3C–E). However, the T group showed higher levels of nonenzymatic defense [GSH levels, redox state (GSH/GSSG ratio), and the amount of sulfhydryl groups] compared to those in the S group (p=0.001, p=0.02 and p=0.02) (Figures 4A–C, respectively).




Figure 3 | TBARS (A) and carbonyl levels (B), enzymatic activity of superoxide dismutase (SOD) (C), catalase (CAT) (D) and glutathione S transferase (GST) (E) in the liver of ob/ob mice. S (n = 6) and T (n = 7).






Figure 4 | Reduced glutathione levels (GSH) (A), GSH/GSSG ratio (B) and total levels of sulfhydryls (C) evaluated in the liver of ob/ob mice. *p < 0.05; ***p < 0.001. S (n = 6) and T (n = 7).





Discussion

Our results revealed that AET was responsible for an improvement in body weight control, stimulate oxidative metabolism and non-enzymatic antioxidant activity associated with an increase in the expression of gene related to mitochondrial biogenesis in the liver of ob/ob mice with NAFLD. In the present study, variables related to AET were analyzed to determine trainability that means the adaptability of responses related to physical exercise. From this perspective, the T mice showed higher mean values of running capacity (measured as the length of time spent running in minutes) compared to those of the S mice. This result corroborates our previous study, which demonstrated greater differences in trained animals compared with sedentary mice after eight weeks of AET. Additionally, we observed higher citrate synthase activity in skeletal muscle in the T group, which confirms that AET can provide higher levels of oxidative metabolism when executed in a moderate intensity.

We analyzed the evolution of BW during the eight weeks of AET and significant differences were found between the groups after the fourth week of AET. However, no differences were observed when analyzing the evolution of food intake. Similarly, in a study carried out by our group, T mice showed better control of body weight evolution, however the differences between the groups began in the third week of AET. Recently, we also published that AET at moderate intensity (60% of running capacity) during 8 weeks was capable of promoting changes in body weight in the same animal model (34). These data confirm the efficacy and reproducibility of AET in body weight control in this animal model.

It is known that the generation of NAFLD is regulated by factors including the abnormal accumulation of intrahepatic lipids, insulin resistance, and a reduction in β-oxidation capacity, but none of these factors are as important as mitochondrial dysfunction (35). Thus, we performed analysis of citrate synthase and β-HAD activities in the liver since these elements are linked to mitochondrial function. The T animals demonstrated a significant increase in both metabolic enzymes compared with the S group, which reveal the AET efficiency to improve metabolic parameters associated with hepatic mitochondrial bioenergetics.

Regarding energetic regulation, we evaluated PGC-1α gene expression in the liver of ob/ob mice and demonstrated a significant increase in the T group compared with the S group. Consistent with our findings, Gonçalves et al. (36) showed that aerobic physical activity performed on a running wheel was able to increase the level of PGC-1α gene expression, which is a key factor in the regulation of lipid metabolism, body weight and can generate benefits for important features of NAFLD. The authors clarify that the upregulation of energy functionality markers such as PGC-1α represents an adaptive response linked to aerobic exercise, which in turn can stimulate the mitochondrial renewal used to combat more severe forms of NAFLD including NASH. Thyfault et al. (37) reported that energetic dysregulations are mediated by different levels of PGC-1α gene expression. This coactivator regulates the activation and deactivation of a signaling pathway for mitochondrial biogenesis which involves PPAR- α, mitochondrial transcription factor A (TFAM), nuclear respiratory factor-1 and 2 (NFR-1 and 2). Another recent study showed that physically inactive mice have lower levels of PGC-1α gene expression and that this has repercussions for the establishment of an obese phenotype, histological damage, oxidative stress and NAFLD (18, 38, 39).

The levels of PPAR-α, despite a trend toward higher mean values in the T mice, were not significant different. Also, we observed that AET was not able to improve marker of lipogenesis in this model, since no significant difference was observed in the expression of SREBP1 in the liver. This result was also observed in the previous study by Evangelista et al. (19) suggesting that AET can improve hepatic energetic metabolism without change in lipogenesis.

In the investigation of the redox balance, we firstly found no significant differences in the levels of lipid peroxidation (TBARS) and protein oxidation (carbonyl assay) markers after the AET. Differently, Sun et al. demonstrated that 4 weeks of AET at a high intensity and for a short duration were able to increase the production of TBARs and ROS in the rat liver, whereas trained rats that received supplements of b-complex vitamins and creatine exhibited greater activity of mitochondrial complexes I, IV and V. Differences in the exercise protocol structure including type (aerobic or strength exercise), effort duration (seconds, minutes or hours), intensity (low, moderate or high), and volume associated with exposure to different diets can explain distinct results between ours and the other study.

In our study there was no difference in antioxidant defense according to the results of SOD, CAT and GST in the T group. De Sousa et al. demonstrated that AET increased SOD, CAT and GST activity in the liver and skeletal muscle in mice (40). Also Jinho Ko, Kijin Kim, 2013 demonstrated the effectiveness of an aerobic exercise protocol on a treadmill lasting 35–65 min per day, during 5 days per week in the gene expression of manganese containing superoxide dismutase (MnSOD) in the white adipose tissue of mice with obesity induced by high-fat diet (41). Again, it is possible that differences in the results are associated with the animal model since we used genetically modified mice with leptin deficiency. Furthermore, the duration of AET intervention may not have been long enough to promote these adaptations in the antioxidant enzymes.

Reducing oxidative stress is fundamental for improving not only the progression of NAFLD but also obesity and IR (10, 15, 42). Due to the results we found related to enzymatic defense, we decided to analyze some molecules related to nonenzymatic defense such as reduced and oxidized glutathione levels and the total amount of thiol groups. The functioning of this non-enzymatic antioxidant pathway is mainly mediated by tissue levels of reduced glutathione and the action of the enzyme glutathione reductase (GSH reductase). This enzyme is associated with the plasma membrane allowing the conversion of GSSG to GSH through the oxidation of electron carriers including nicotinamide adenine dinucleotide phosphate in its oxidized and reduced form (NADP+ and NADPH). These reactions are essential for attenuation of lipid peroxidation, protein oxidation and damage to macromolecules of cellular components, participating in the removal of reactive oxidant species with potential antioxidant activity (43, 44). Our data showed that the T animals presented significantly higher levels of all the components of nonenzymatic defense compared to those exhibited by the S mice. The increase in the redox levels in response to AET may be effective in reducing the intracellular amount of peroxide and hydroxyl peroxide, which can decrease the proinflammatory response, fibrosis and cellular apoptosis commonly found in NAFLD/NASH (32, 45). These results are of paramount importance in the spectrum of NAFLD since the activation of the action-dependent pathway of the redox state complex guarantees the liver’s protective effect against the production of bioactive compounds related to oxidative stress (45).

In conclusion, the AET improved body weight evolution and the aerobic capacity, increased the response of oxidative metabolism markers in the liver such as PGC-1α gene expression and citrate synthase and β-HAD enzyme activities in ob/ob mice. In addition, AET improved the non-enzymatic antioxidant defense and did not change the enzymatic defense.
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The rising global prevalence of obesity, metabolic syndrome, and type 2 diabetes has driven a sharp increase in non-alcoholic fatty liver disease (NAFLD), characterized by excessive fat accumulation in the liver. Approximately one-sixth of the NAFLD population progresses to non-alcoholic steatohepatitis (NASH) with liver inflammation, hepatocyte injury and cell death, liver fibrosis and cirrhosis. NASH is one of the leading causes of liver transplant, and an increasingly common cause of hepatocellular carcinoma (HCC), underscoring the need for intervention. The complex pathophysiology of NASH, and a predicted prevalence of 3–5% of the adult population worldwide, has prompted drug development programs aimed at multiple targets across all stages of the disease. Currently, there are no approved therapeutics. Liver-related morbidity and mortality are highest in more advanced fibrotic NASH, which has led to an early focus on anti-fibrotic approaches to prevent progression to cirrhosis and HCC. Due to limited clinical efficacy, anti-fibrotic approaches have been superseded by mechanisms that target the underlying driver of NASH pathogenesis, namely steatosis, which drives hepatocyte injury and downstream inflammation and fibrosis. Among this wave of therapeutic mechanisms targeting the underlying pathogenesis of NASH, the hormone fibroblast growth factor 21 (FGF21) holds considerable promise; it decreases liver fat and hepatocyte injury while suppressing inflammation and fibrosis across multiple preclinical studies. In this review, we summarize preclinical and clinical data from studies with FGF21 and FGF21 analogs, in the context of the pathophysiology of NASH and underlying metabolic diseases.




Keywords: non-alcoholic steatohepatitis, nonalcoholic fatty liver disease, obesity, insulin resistance, metabolic syndrome, metabolic disease, fibroblast growth factor 21



Introduction

A marked rise in the global prevalence of obesity and associated metabolic pathologies has been observed over the past 30 years (1). The burden of managing a chronic excess of energy over demand falls on the metabolic organs, including adipose tissue, pancreas, and liver. Ultimately the capacity of these organs to manage the surfeit of energy is exceeded, manifesting as hyperlipidemia/dyslipidemia, type 2 diabetes, and nonalcoholic fatty liver disease (NAFLD), defined as >5% liver fat content not attributable to other chronic liver conditions.

Globally, more than 1 billion people are estimated to have NAFLD, including 83 million patients in the United States, making NAFLD the most common chronic liver disease in the US (2, 3). Fifteen to twenty percent of patients with NAFLD progress to the more severe nonalcoholic steatohepatitis (NASH) (4), characterized by hepatocyte stress, injury and apoptosis, inflammation and fibrosis (5). Scarring of the liver (i.e., fibrosis) occurs in response to chronic injury and inflammation. Left unaddressed, NASH fibrosis may advance to cirrhosis, which in turn may cause end-stage liver disease or hepatocellular carcinoma (HCC) (6). The prevalence of NASH, and in particular severe F3 and F4 fibrosis, is rapidly increasing in the US and globally (7). By 2030, there are predicted to be 27 million NASH patients in the US, including 3 million with NASH cirrhosis (8). As fibrosis progresses, the risk of liver-related morbidity and mortality increases (9). NASH-related liver failure and HCC have become leading causes of liver transplantation (10, 11), particularly with the emergence of effective treatment for hepatitis C. Besides the widely recognized morbidities, pre-cirrhotic NAFLD and NASH also negatively impact health-related quality of life, further underscoring the need for effective treatments (12).

NASH is diagnosed histologically, based on the extent of steatosis, hepatocyte stress and damage (hepatocyte ballooning), immune infiltration (lobular inflammation), and degree of fibrosis (13). Within the liver, lipotoxicity-induced endoplasmic reticulum (ER) stress- and oxidative stress-induced tissue injury (14) release pro-inflammatory damage-associated molecular patterns (DAMPs) that recruit and activate Kupffer cells, liver-resident macrophages (15). Kupffer cells amplify the cycle of necroinflammation (16) while directly and indirectly activating hepatic stellate cells (HSCs) to differentiate and proliferate to a myofibroblast-like, collagen-producing phenotype that promotes fibrogenesis in NASH (17). Liver damage and ensuing inflammation may also contribute, at a whole-body level, to metabolic dysfunction in other organs and tissues (18). An ideal disease-modifying therapeutic agent needs to target the primary driver of NASH: elevated intrahepatocyte fat deposition. By removing the underlying pathogenic insult, hepatocyte oxidative and ER stress and lipotoxicity will diminish, resulting in less activation of pathways driving hepatocyte dedifferentiation and death, in turn allowing the downstream sequelae of liver inflammation and fibrosis to resolve.

While late-stage NASH greatly increases the risk of liver-related morbidity, NAFLD and NASH with less advanced fibrosis (i.e., F0–F2) are associated with greatly increased risk of cardiovascular disease and related mortality (19). Indeed, the leading cause of death among patients with NASH is cardiovascular disease, even after correcting for the contribution of other known CV risk factors and metabolic comorbidities (20–22). These highly prevalent metabolic comorbidities, including hypertriglyceridemia (83% of NASH patients), obesity (82%), dyslipidemia (72%), metabolic syndrome (71%), and type 2 diabetes (44%), underscore the critical need to holistically address the imbalanced metabolic state underlying NASH (23).

Despite the unmet medical need, there is currently no approved therapy for NASH. Lifestyle modifications, including diet and exercise, that lead to significant weight loss have demonstrated clinical benefit, but long-term compliance is poor (24, 25). The first wave of therapeutic approaches in NASH targeted downstream pathologies, specifically necroinflammation and fibrosis, either inadequately addressing or in some cases exacerbating the underlying drivers of NASH pathology: steatosis, insulin resistance, and lipotoxicity. Among numerous mid-to-late-stage failures across a variety of mechanisms of action (26–29), the only positive interim phase 3 readout in the last decade has been a trial of the bile acid analog, obeticholic acid (30), implying therapeutic target selection has been suboptimal. Moreover, none of the therapeutics in development has demonstrated both fibrosis improvement and resolution of NASH in a phase 3 clinical study, the two histological endpoints accepted by the FDA and EMA as sufficient to support accelerated or expedited regulatory approval. While the shift to address the underlying drivers of NASH holds promise, many of the mechanisms under investigation are limited to the liver as their site of action, because of safety constraints arising from systemic exposure (Table 1). As a consequence, these mechanisms have not improved whole-body metabolism, and in some cases have been associated with adverse effects such as increases in serum low-density lipoprotein (LDL)-cholesterol (30–32), serum triglycerides (33, 34), and body weight (35, 36).


Table 1 | Safety and tolerability across various mechanisms of action under investigation in NASH.



On the other hand, endocrine fibroblast growth factor (FGF) analogs have emerged as a promising class because of their ability to not only act directly on liver, but also to shift whole-body metabolism to a healthier state. The FGF19 subfamily of FGFs, consisting of FGF19, FGF21, and FGF23, is characterized by reduced affinity for heparan sulfate (HS) (37). In the absence of HS binding, these FGFs may diffuse from their site of secretion, enabling endocrine actions via the systemic circulation, as well as canonical FGF paracrine signaling on their cell of origin or nearby cells (38). Whereas HS in extracellular matrix serves as a coreceptor for autocrine and paracrine FGFs, the endocrine FGFs rely on high-affinity interactions with either α-Klotho (FGF23) or β-Klotho (FGF19 and FGF21) for recruitment and localization to the cell surface, where they engage canonical FGF receptors (FGFRs) (39–42). Dysregulation of endocrine FGF signaling, particularly FGF19 and FGF21, has been implicated in metabolic disease, suggesting their potential as therapeutic mechanisms (43–46). While gut-secreted FGF19 and liver-secreted FGF21 (47) share some overlapping physiological roles, including regulation of glucose and lipid metabolism (48), significant differences exists between them, primarily in the ability of FGF19 to stimulate hepatocyte proliferation and to suppress bile acid synthesis (49). These divergent actions result from different agonist profiles across the FGFRs: whereas the FGF19/β-Klotho receptor complex is able to bind and activate FGFR1c, FGFR2c, FGFR3c, and FGFR4, the FGF21/β-Klotho complex signals only through FGFR1c, FGFR2c, and FGFR3c (41).

This review examines the unique physiology of FGF21 signaling at the cellular, tissue, and whole-body level, presenting preclinical and clinical evidence that FGF21-based therapeutics exert a broad set of metabolic actions and also suppress inflammation and fibrosis. In particular, the discussion focuses on the promise of FGF21 analogs as foundational treatments for NASH.



Metabolic Dysregulation Underlying Early Steatohepatitis Pathology

Insulin resistance, obesity, and dyslipidemia are the clinical manifestations of a chronic excess of energy. To reduce energy uptake, peripheral organs including adipose tissue and skeletal muscle respond by reducing sensitivity to insulin. As a result, dietary energy is diverted to the liver, leading to excessive accumulation of lipid droplets (LD) in hepatocytes (hepatic fat fraction of up to 20–30%, vs <5% in healthy liver) (5), and hyperlipidemia (50). In NASH patients, the sources of hepatic fatty acid flux are presented in Figure 1A: 45–55% is accounted for by adipose tissue lipolysis; 25–35% by de novo lipogenesis (DNL) in the liver; and 10–20% by dietary fat (51, 52). Impaired peripheral insulin sensitivity (52) contributes substantially to the increased flux of fatty acid in liver. Post prandial suppression of adipose tissue lipolysis by insulin is impaired (48), while uptake by adipose tissue of dietary fat as chylomicrons is also attenuated. Insulin-dependent glucose uptake by adipose tissue and skeletal muscle is likewise reduced, redirecting glucose to the liver where it fuels DNL by activating the carbohydrate response element-binding protein (ChREBP), a master transcriptional regulator of lipogenic pathway proteins (53). ChREBP is also induced in liver by dietary fructose, a major source of calories in “Western” obesogenic diets (54, 55). Increased esterification of fatty acid by liver is associated with higher secretion of triglyceride into the circulation as VLDL. Accumulation of fat in the circulation manifests as elevated serum triglyceride and LDL-cholesterol, in combination with low levels of high-density lipoprotein (HDL), characteristic of the dyslipidemia prevalent in NASH patients (56).




Figure 1 | NASH pathology and pathophysiology. (A) Increased adipose tissue lipolysis-derived fatty acid flux and increased hepatic DNL drive hepatic steatosis in NASH, which increases both liver-related mortality and cardiovascular mortality. (B) Increased intrahepatic fat drives pathophysiological processes across the hepatocyte, inflammatory Kupffer cell, and collagen-producing hepatic stellate cell. Ultimately, continuous exposure to the underlying stressors (metabolic dysregulation, lipotoxicity) sustain the inflammatory and fibrotic phenotype leading to progressive fibrosis and cirrhosis.



Chronic accumulation of triglyceride in liver elevates the basal rate of fatty acid β-oxidation in hepatocytes. Conditions in which energy supply from fat oxidation exceeds energy demand lead to formation of reactive oxygen species, in turn causing oxidative stress (57, 58). This stress, which damages hepatocytes, also induces transcription and secretion of FGF21, which appears able to act directly on hepatocytes as a paracrine or autocrine hormone (59, 60).

Preclinical characterization of FGF21 in rodents and primates has established its role in restoring metabolic homeostasis in obese or metabolically challenged animals, reducing body weight, liver and circulating triglycerides, fasting plasma insulin and glucose, and increasing energy expenditure (43, 61). Consistent with a protective role, endogenous FGF21 serum concentration may be elevated by up to 10–20-fold in patients with NAFLD (62, 63), NASH (64), obesity (64–66), type 2 diabetes (67), chronic kidney disease (68), diabetic nephropathy (69), atherosclerosis (70, 71), or coronary heart disease (72). However, this elevation of FGF21 observed in chronic, pathological metabolic states in humans does not appear sufficient to ameliorate disease.

While decreased FGF21 receptor expression has been proposed to underlie this “FGF21-resistant state,” (73), the dramatic upregulation of fibroblast activation protein (FAP), an endopeptidase that cleaves and inactivates endogenous FGF21 (74), has been reported in liver and serum of patients with metabolic liver disease (75–77). Together, these observations have guided the design and development of FGF21 analogs that may restore metabolic homeostasis. The physiology and dysregulation of FGF21 signaling in NASH is discussed in detail below, particularly in the context of FGF21 resolving discrete aspects of NASH pathology.



Fibroblast Growth Factor 21 Physiology

FGF21 relies on its obligate co-receptor, β-Klotho, for recruitment to the extracellular surface of plasma membrane (78). The β-Klotho/FGF21 receptor complex interacts specifically with the cognate receptors: FGFR1c, FGFR2c, or FGFR3c (40, 41), enabling downstream FGFR signaling via pathways including the mitogen-activated protein kinase (MAPK) and AKT signaling networks (79).


Endocrine Role of Fibroblast Growth Factor 21 Physiology

Because FGF21 enters the systemic circulation, it is able to integrate metabolism across liver, adipose tissue, skeletal muscle, pancreas, and other metabolic organs (Figure 2), by controlling expression of transcriptional programs that shape cellular phenotype and tissue metabolic function, ultimately exerting anti-obesity, anti-diabetic, and anti-hyperlipidemic effects in rodents and primates (43, 44).




Figure 2 | Predicted effects of FGF21 signaling in different human tissues and cell types in vivo. FGF21 binds -Klotho on the cell surface, enabling interaction of the ligand/receptor complex with the FGFR isoform present on that cell type. FGF21 signaling appears to be primarily mediated by FGFR1c in adipose tissue, FGFR2c in liver, and FGFR1c or FGFR3c in pancreas. The contribution of FGFR1c signaling in the brain to the metabolic effects of FGF21 in humans remains to be elucidated.



Expression of FGF21 is regulated by metabolic cues. Changes in organismal nutritional state, such as those induced by fasting or starvation (80), high-carbohydrate diets (81, 82) or low-protein diets (83–86) activate FGF21 expression. These diverse states activate transcription from the FGF21 locus via well-characterized nutritional and metabolite-responsive transcription factors, including fatty acid-responsive nuclear hormone receptors peroxisome proliferator-actived receptor- (PPAR)α and PPARγ (87–92), and the glucose and lipid homeostasis-controlling transcription factor CREBH (93, 94).

FGF21 appears to be mainly synthesized in the liver (95), with dynamic contributions from the pancreas, adipose tissue, and skeletal muscle (96). The target tissues of FGF21’s endocrine actions are determined by overlapping tissue expression patterns for β-Klotho and cognate FGFRs.

In mice, β-Klotho is primarily expressed across metabolic tissues including liver, pancreas, and adipose tissue (96, 97). FGFR1c is much more highly expressed than other FGFR isoforms in adipose tissue and pancreas (41, 73, 96, 98, 99). FGFR2c is more highly expressed than FGFR1c or FGFR3c in liver (96, 100). FGFR2c and KLB (the gene encoding β-Klotho) are induced upon exposure to FGF21 or an FGF21 analog, consistent with enhanced sensitivity to FGF21’s metabolic effects (101).

In humans, FGFR1c is also the predominantly expressed receptor in adipose tissue, with mRNA levels up to two orders of magnitude higher than for FGFR2c or FGFR3c (99, 102). FGF21, FGFR1c, FGFR2c, and FGFR3c are also expressed in skeletal muscle (103, 104). FGFR2c and, to a lesser extent, FGFR3c are expressed basally in liver (102), and FGFR2c is more highly expressed in NAFLD relative to healthy liver (99). Obesity increases expression of FGF21, KLB, FGFR1c, and FGFR3c in the liver, although FGFR2c remains the most highly expressed of FGF21’s receptors in the liver. In contrast, obesity reduces the expression of KLB in subcutaneous and visceral adipose tissue (102).

As an endocrine factor, FGF21 has been shown in preclinical models to exert effects in diverse tissues beyond liver, including adipose tissue, pancreas, skeletal muscle, and the central nervous system. These diverse extrahepatic actions provide broad metabolic benefits and help to resolve hepatic steatosis in patients with NASH. In particular, agonism of FGFR1c appears essential to mediating FGF21’s suppression of fatty acid flux from adipose tissue to liver. On the other hand, direct modulation of metabolism and mediation of FGF21’s cytoprotective effects in liver, described below, likely requires agonism of FGFR2c and possibly FGFR3c. Consequently, analogs of FGF21 designed for treating NASH should posess balanced agonism across FGFR1c, FGFR2c, and FGFR3c.



Integration of Endocrine Actions With Other Hormones

The interaction of FGF21 with other hormones that regulate metabolism is complex. On one hand, FGF21 appears to increase peripheral anabolic signaling, for example through muscle and adipose tissue insulin sensitization, under conditions of adequate or excessive energy intake, as described in detail below. On the other hand, FGF21 appears to augment catabolic hormone signalling under conditions of inadequate energy intake, for example by increasing adrenal gland sensitivity to adrenocorticotropic hormone by upregulating levels of steroidogenic proteins (105). FGF21 also appears to mediate some of the effects of hepatic glucagon and thyroid hormone signaling, since both activation of glucagon receptor (GCGR) (106) and thyroid hormone receptor-β (TR-β) (107) induce secretion of FGF21 by hepatocytes. The cooperative interaction between FGF21, glucagon and thyroid hormone would be expected to increase glucose output and oxidation of fat by liver (108, 109). In the setting of NASH, increasing liver fat oxidation should help reduce steatosis, while exporting energy from the liver as glucose aids in unburdening the liver of excess energy. Simultaneously, the released glucose is taken up more effectively by peripheral organs due to FGF21-enhanced insulin sensitivity, described in detail below.



Autocrine/Paracrine Role of Fibroblast Growth Factor 21 Physiology

Expression and secretion of FGF21 is activated in many cell types experiencing ER stress and oxidative stress. FGF21 induces a number of pathways that serve to protect cells against these stressors, while simultaneously inhibiting pro-cell death pathways. Mitochondrial dysfunction leading to oxidative stress also induces FGF21 expression in preclinical disease models (110), while levels of FGF21 are elevated in the circulation and skeletal muscle of patients with myopathies caused by mutations in components of the mitochondrial oxidative phosphorylation machinery (111).

Enhanced secretory load, imbalances in redox homeostasis, or perturbations in protein homeostasis triggered by lysosomal or autophagosomal dysfunction may all cause ER stress and trigger the unfolded protein response (UPR). Across multiple tissues, FGF21 appears to counteract ER stress (101, 112, 113).




Potential of Fibroblast Growth Factor 21 Physiology as A Therapy For Non-Alcoholic Steatohepatitis


Steatosis and Lipotoxicity in Non-Alcoholic Steatohepatitis

Steatosis in hepatocytes is characterized microscopically by accumulation of triglyceride in numerous cytosolic LDs. Recent studies of human genetic associations with NAFLD and NASH have confirmed the central role of aberrant LD biology in disease etiology. Three risk alleles uncovered in genome-wide association studies on NASH patients include polymorphisms in the LD-associated genes HSD17B13 (114), PNPLA3 (115), and TM6SF2 (116). These risk alleles correlate with increased rates of liver injury, fibrosis, HCC, and liver-related mortality. How these genotypes influence LD homeostasis is the subject of considerable ongoing research. The pathogenic variant of TM6SF2 increases the risk and severity of NASH but reduces cardiovascular disease, seemingly by reducing triglyceride secretion from the liver as VLDL (117). While accumulation of esterified triglyceride in hepatocyte LDs are not directly lipotoxic, their constant turnover releases lipotoxic species including fatty acids, diacylglycerol, free cholesterol and ceramide (118–120). Saturated fatty acids liberated from LDs, or taken up from circulation into the liver, may directly promote tissue injury, leading to additional macrophage recruitment and activation (121). Unesterified fatty acids also destabilize lysosomes leading to activation of NF-κB-dependent tumor necrosis factor α (TNF-α) expression which potentiates lipotoxicity-driven inflammation (122). Palmitate, a major saturated fatty acid, has also been reported to contribute directly and indirectly to proteotoxic stress and ER stress (123). Unsaturated fatty acids under conditions of oxidative stress form highly reactive epoxides resulting in formation of protein adducts (124), which also increase ER stress (125).


Fibroblast Growth Factor 21 Reduces Hepatic Steatosis and Lipotoxicity

Administration of FGF21, FGF21 analogs or adenoviral delivery of FGF21 reduces hepatic steatosis in diverse rodent models of NAFLD and NASH (101, 126–129). The reduction in liver fat results from pleiotropic actions of FGF21, particularly suppressing caloric burden in the liver, reducing de novo lipogenesis, and increasing fat oxidation in the liver. In diet-induced obese (101, 129) or non-obese (130) mice, FGF21 or an FGF21 analog reduces expression of lipogenic genes, including SCD1, FASN, and/or SREBF1, a master regulator of the lipogenic transcriptional network that is overexpressed on a high-fat diet. The reduction in lipogenic gene expression appears attributable to both weight loss and mechanisms independent of weight loss, since a similar magnitude of weight loss induced by a low-calorie diet elicited a smaller reduction in lipogenic gene expression than FGF21 (101). Conversely, an FGF21 analog increases expression of genes involved in mitochondrial β-oxidation of fatty acids (131). The reduction in hepatic steatosis by FGF21 is independent of AMPK-dependent inhibition of acetyl CoA carboxylase (ACC) (132).




Oxidative and Endoplasmic Reticulum Stress in Non-Alcoholic Steatohepatitis

Another of the genetic variants associated strongly with NASH, the I148M variant of patatin-like phospholipase domain-containing protein 3 (PNPLA3) appears to disrupt release of mono-unsaturated fatty acids (MUFAs), which activate peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC1α) and nuclear factor erythroid 2-related factor 2 (NRF2). These transcription factors mediate increases in fatty acid oxidation capacity and pathways protective against oxidative stress (86–88). NADPH oxidase 4 (NOX4), a ROS-producing enzyme, is highly expressed in the livers of NASH patients and contributes to pathological inflammation and fibrosis in a mouse model of diet-induced NASH (94). Chronic oxidative stress may exacerbate LD accumulation as a means to regenerate NAD from NADH under conditions of excess energy supply (Figure 1B), as observed in cultured mouse hepatocytes in which expression of fatty acid synthase (FASN) and sterol response element-binding protein 1c (SREBF1) are induced (133). Moreover in vivo knockout of genes encoding antioxidant enzymes SOD1 or GPX1 induces hepatic expression of SREBP1c and SREBP2, and increases liver triglyceride content by over 50% (134).

An increase in oxidative species and altered redox leads to an accumulation of misfolded or damaged proteins and in turn ER stress (135). In healthy hepatocytes, autophagy degrades damaged proteins, but this pathway appears disrupted in liver of patients with NAFLD (98). Stabilization and activation of mammalian target of rapamycin complex 1 (mTORC1) by acetyl CoA, the product of fatty acid oxidation, may contribute to disruption of autophagy (136).

The UPR has three canonical branches (PERK/ATF4, IRE1a/XBP1, and ATF6), which play a central role in mitigating cellular stress by enhancing protein folding capacity and secretion, activating the oxidative stress response, and inducing autophagy, thereby restoring protein homeostasis (137). In preclinical studies, UPR dysregulation contributes to oxidative damage and hepatocyte death in a mouse model of fructose-induced NAFLD (138). UPR function also appears compromised in maintaining redox balance within hepatocytes in NAFLD and NASH patients (139). Two branches of the UPR appear, at least in part, to suppress steatosis in animal models (140). Loss of either the ATF6 or the IRE1α pathways sensitizes animals to ER stress-induced liver steatosis, metabolic dysregulation and mortality (140). Ablation of either of these branches increases hepatic lipogenic gene expression and steatosis while leading to unresolved ER stress, characterized by sustained UPR activation and, in particular, elevated ATF4/CHOP signaling. One potential mechanism underlying this steatosis may be upregulation of hepatic VLDL receptor expression by PERK/eIF2α signaling, thereby enhancing hepatocyte triglyceride uptake (141). In addition to contributing to the steatotic drive associated with sustained UPR signaling (140), CHOP mediates the pro-apoptotic effects of the UPR in the post-adaptive phase (137).

Unresolved lipotoxicity, oxidative stress, and ER stress ultimately trigger apoptosis of hepatocytes (Figure 1B). Apoptotic cell death is observed both in liver and in peripheral tissues in NAFLD patients (142, 143). CHOP drives hepatocyte apoptosis in part via transcriptional regulation of autophagy (144). Toxic lipids may themselves stimulate apoptosis via IRE1α-dependent activation of the pro-apoptotic c-Jun N-terminal kinase, JNK1, a MAPK (145). Intracellular free cholesterol levels, which trigger apoptosis of hepatocytes in a JNK1-dependent manner, are elevated in NAFLD patients, correlating with degree of histological disease activity (146). Pro-apoptotic signaling of JNK1 is mediated by the upstream MAP3K apoptosis signal-regulating kinase (ASK1) cascade (147). Apoptotic and lipo-apoptotic cell death is dependent on mitochondrial disruption by pro-apoptotic mediators (e.g., BAX, BAD, etc) that in turn release molecules that activate caspase-mediated degradation and cell death. Upon cell death, hepatocytes release DAMPs, the degradation products of endogenous subcellular structures and proteins that recruit and activate Kupffer cells, thereby initiating and progressing inflammatory liver disease (148).


Fibroblast Growth Factor 21 Reduces Oxidative Stress and Endoplasmic Reticulum Stress

Expression and secretion of FGF21 is induced by oxidative stress. For example, blocking hepatic oxidation of long-chain fatty acids induces oxidative stress and expression of FGF21 (149). Furthermore, acute oxidative stress induced by acetaminophen markedly upregulates expression of FGF21, β-Klotho and antioxidant enzymes in hepatocytes (150). Acting as an autocrine agent, FGF21 activates pathways that protect against oxidative stress. Consistent with potent antioxidant effects in liver, FGF21 protects mouse liver from acetaminophen-induced oxidative damage (150). In wild-type mice, FGF21 treatment increases hepatic transcription of the canonical oxidative stress response and antioxidant genes Sod2 (superoxide dismutase 2), Cat (catalase), Gpx1 (glutathione peroxidase 1), Sirt1 (sirtuin), and Foxo3 (forkhead box transcription factor 3) (151). In liver of obese diabetic mice, FGF21 reduces oxidative damage and lipid peroxidation (152).

FGF21 is also induced by the UPR. In diet-induced obese mice and in NAFLD patients, activation of all three branches of the UPR is observed, with increased nuclear ATF4, ATF6, and XBP1 protein levels along with increased whole-lysate phosphorylated eIF2α, phosphorylated IRE1α, and FGF21 (153). In mice, this induction of FGF21 expression requires IRE1-XBP1 signaling. Acting as an autocrine or paracrine hormone, FGF21 appears both to induce pathways that restore protein homeostasis, for example by enhancing TFEB-dependent lysosomal biogenesis to enable turnover of damaged proteins (154, 155); and also to act as a negative feedback loop to suppress chronic activation of the ATF4/CHOP-mediated, pro-steatotic and pro-apoptotic pathway. The eIF2α/PERK/ATF4 branch of the UPR also activates FGF21 under different conditions of ER stress, including change in ER redox state upon dithiothreitol treatment, or perturbation of ER calcium homeostasis with thapsigargin (156). Because lipid accumulation, lipotoxicity, oxidative stress, and ER stress all appear to be fundamental drivers of NASH pathogenesis, FGF21-based therapies may be broadly useful in a potentially heterogeneous NASH patient population.



Fibroblast Growth Factor 21 Reprograms Hepatocyte Gene Expression

FGF21 signaling in hepatocytes may promote epigenetic reprogramming to a healthier metabolic phenotype. In mice, fasting-induced FGF21 signaling leads to PKA-dependent recruitment of a histone demethylase, JMJD3, to the promoters of autophagy genes (157). JMJD3 demethylation of these promoters de-represses target autophagy genes, which in turn restores functional autophagy and lipid catabolism in obese animals. In fibrotic and cirrhotic liver tissue from patients with NASH (158, 159), reduced expression of HNF4α, a master regulator of mature hepatocyte cell fate, has been observed. In high-fat diet-induced obese mice, FGF21 treatment increases hepatocyte HNF4α by a weight loss-independent mechanism (101). Moreover, transgenic overexpression of FGF21 rescues rats from liver failure by restoring a mature hepatocyte transcriptional profile to dedifferentiated hepatocytes, in turn improving their function (160).




Inflammation and Inflammatory Signaling in Non-Alcoholic Steatohepatitis

Liver resident macrophages, known as Kupffer cells, are activated by DAMPs and pro-inflammatory cytokines released by stressed and apoptotic hepatocytes (15). DAMPs bind and activate pattern recognition receptors (PRRs) on Kupffer cells, including Toll-like receptor 4 (TLR4), which is upregulated in NASH livers, leading to nuclear translocation of a master transcriptional regulator of inflammation, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) (161). Mitochondrial DNA released from damaged or dying hepatocytes also activates Kupffer cells via TLR9 receptors (117). Transcription of NF-κB target genes activates Kupffer cells, leading to secretion of pro-inflammatory cytokines and chemokines including TNFα (162), IL-1β (163), IL-6 (164), monocyte chemoattractant protein-1 (MCP-1)/CCL2 (165), and C-X-C motif chemokine ligand-10 CXCL10 (166). These signals serve to recruit monocyte-derived macrophages, neutrophils, and T-helper cells (Th1 and Th17) to the inflammatory niche (167, 168). The resulting, locally elevated concentration of pro-inflammatory molecules directly causes hepatocyte injury and apoptosis, for example via TNFα-mediated death receptor activation (169), initiating and perpetuating a “vicious cycle” of necroinflammation leading to loss of hepatocytes and of the liver’s functional capacity (170).

In addition to release of PRR ligands, hepatocyte stress and death are associated with release of pro-inflammatory cytokines, including inflammasome-mediated interleukin-1β (IL-1β), which further contributes to NASH-associated hepatitis (171). Components of the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome are more highly expressed in liver samples from NASH patients than those without NASH (172). The NLRP3 inflammasome cleaves and activates caspase 1, which not only activates IL-1β but also IL-18 (171). In mice, inactivation of NLRP3 or inflammasome signaling suppresses inflammation and fibrosis in models of NASH (173, 174) and alcoholic steatohepatitis (175) by reducing recruitment and activation of Kupffer cells (174). NLRP3 activation in hepatocytes can also lead to caspase 1-mediated pyroptosis, or inflammasome-mediated lytic cell death, amplifying the release of DAMPs beyond just apoptotis-associated DAMP release (176).


Fibroblast Growth Factor-21 Exerts Direct Anti-Inflammatory Effects

FGF21 suppresses inflammation in NASH models, as well as in models of other inflammatory diseases. Consistent with a direct anti-inflammatory effect in multiple cell types, FGF21 inhibits macrophage expression of the pro-inflammatory cytokines TNFα, IL-6, IL-1β, and IFN-γ by inducing NRF2 nuclear translocation, thereby blocking NF-κB activation (177). FGF21 also reduces fatty acid-induced hepatocyte expression of TNFα and the NF-κB subunit p65, and LPS-induced hepatocyte expression of IL-6 in vitro (178). The broad anti-inflammatory effects of FGF21 have also been demonstrated in cell-based models of inflammatory cytokine secretion by pulmonary endothelial cells (179) and human lung cells (180).

These same inflammatory pathways are suppressed in vivo upon FGF21 administration in animal models of NASH and other metabolic diseases. In obese diabetic mice with elevated inflammatory signaling in liver, administration of an FGF21 analog reduces hepatic activation of NF-κB and JNK1/2, inhibiting TNFα expression and consequent macrophage recruitment (152). Conversely, loss of FGF21 increases both liver and plasma cytokine levels in mice, including TNFα, IL-6, and MCP-1, upon chronic alcohol exposure (181). Loss of FGF21 also potentiates fructose-induced hepatic expression of the inflammatory genes MCP-1/CCL2, MIP1α/CCL3, and CD68, suggesting that FGF21 maintains liver health during chronic fructose exposure (182). In liver tissue of high-fat diet-induced obese mice, FGF21 treatment augments expression of the immunosuppressive gene IKBKE and reduces expression of the pro-inflammatory gene IL-18, independent of FGF21-induced weight loss (101). Additionally, an FGF21 analog reduces expression of pro-inflammatory and increases expression of anti-inflammatory genes in non-human primate adipose tissue (183). Finally, FGF21 reduces expression and activation of the NLRP3 inflammasome in vascular endothelial cells in diabetic mice (184), which both protects the cells themselves and reduces further inflammatory damage by suppressing pyroptosis and immune cell recruitment (185).

Consistent with its suppression of pro-inflammatory gene expression, FGF21 inhibits immune cell recruitment and activation in vivo. An FGF21 analog reduces neutrophil and macrophage infiltration in the liver of obese non-human primates with NAFLD (186). Adenovirus-mediated long-term overexpression of FGF21 in high-fat diet-induced obese mice suppresses hepatic and adipose inflammatory cell infiltration and activation (187). FGF21 also indirectly suppresses recruitment of CD4+ Th17 cells and secretion of IL-17 in a choline-deficient, high-fat diet model of NASH, by enhancing adiponectin release from adipose tissue (128). Consistent with suppression of the Th17/IL-17 axis in NASH models, FGF21 reduces the expression of IL-17 and the expansion of Th17 cells in a mouse model of rheumatoid arthritis (188). FGF21 significantly suppresses immune infiltration and inflammatory gene expression in cerulein-induced pancreatitis in mice (189), protects against high-fat diet-induced pancreatic lymphocytic inflammation and islet dysfunction (190), and reduces macrophage infiltration in murine pancreatic ductal adenocarcinoma (191).

In summary, FGF21’s anti-inflammatory actions likely arise from both direct suppression of proinflammatory signalling, by innate and possibly adaptive immune cell types as well as attenuation of immune-effector cell infiltration into the liver, and its indirect inhibition of pro-inflammatory signals released by injured hepatocytes. Because inflammation is a core component and driver of NASH pathology, the anti-inflammatory actions of FGF21-based therapies are likely to benefit the general NASH patient population.




Fibrosis in Non-Alcoholic Steatohepatitis

In addition to exacerbating hepatocyte injury and apoptosis, activation of Kupffer cells and expansion of the inflammatory niche stimulates differentiation of liver-resident HSCs into pro-fibrogenic myofibroblasts (192) (Figure 1B). In particular, hepatocyte- or Kupffer cell-derived TGF-β, platelet-derived growth factor (PDGF) and TNFα stimulate and sustain proliferation and differentiation of HSCs. HSC activation initially promotes wound healing and liver regeneration (193), including elevated production of type I and type III collagen, as well as proteases and cytokines that drive remodeling of extracellular matrix (ECM). However, chronic inflammation sustains this fibrogenic signaling in the HSC niche, leading to progressive liver fibrosis and ultimately cirrhosis (193–196). HSCs are also activated by increased attachment to the ECM, mediated by integrin/focal adhesion kinase signaling, suggesting a self-sustaining program of collagen deposition and HSC activation (197). By secreting inflammatory cytokines and cell adhesion molecules (198), activated HSCs in turn further amplify and perpetuate the inflammatory cycle by promoting macrophage activation and infiltration.

Inflammation is not the only pathogenic mechanism underlying fibrosis in livers of NASH patients, as dysregulation of a number of developmental and metabolic pathways also contributes to fibrosis (199). Notch ligands NOTCH1 and NOTCH2 and their corresponding receptors are upregulated in liver of patients with type 2 diabetes or NASH (200) compared to those without (201). Hepatocytes in particular demonstrate marked upregulation of the canonical Notch target gene, HES1, compared to nonparenchymal cells, correlating with disease severity (132). In a mouse model of diet-induced NASH, Notch signaling in hepatocytes induces osteopontin secretion, paracrine HSC activation and hepatic fibrosis, which are abrogated by Notch inhibition (132). Like Notch signaling components, levels of osteopontin protein and gene expression are positively correlated with NAFLD disease severity and extent of fibrosis (202).

Hepatocyte triglyceride accumulation and cholesterol dysregulation also directly drive HSC activation via induction of the Hippo pathway (146, 199). Marked upregulation of the Hippo pathway transcriptional activator, TAZ, is evident in liver samples from NASH patients, but not from patients with simple steatosis (149). Elevated levels of hepatocyte free cholesterol in NASH (203) stabilize TAZ, which is constitutively degraded (204). Stabilized TAZ directly activates transcription of the Hedgehog pathway ligand, Indian Hedgehog (IHH), which is secreted from hepatocytes and activates HSCs, thereby promoting collagen secretion and fibrogenesis (149). In mice, overexpression of hepatocyte TAZ is sufficient to drive NASH progression, whereas TAZ silencing attenuates inflammation and fibrosis (149). Hepatocyte Hippo pathway activity also upregulates expression of the pro-inflammatory and pro-fibrotic gene, Cyr61/CCN1, which is highly expressed in livers of NASH patients (205).

Stressed and injured NASH hepatocytes express and secrete a second Hedgehog ligand, Sonic Hedgehog (SHH), which is positively correlated with hepatocyte ballooning, steatosis, pericellular fibrosis, and fibrosis stage in liver samples from NASH patients (206, 207). Hepatocytes that highly express SHH appear colocalized within fibrotic areas in livers of NASH patients (208), and are proximal to areas of hepatic progenitor cells (209), consistent with the observation that SHH signaling promotes and maintains a de-differentiated liver cell state (210). SHH-positive livers from NASH patients express higher levels of fibrogenic and immunomodulatory genes compared to SHH-negative NASH liver samples, whose transcriptomes resemble steatotic, non-NASH livers (209). Decreases in SHH expression are significantly associated with improvement in histological features of NASH and reduced prevalence of hepatic progenitor cells in patients treated with vitamin E in the PIVENS trial (211). These data are consistent with a clear pro-fibrotic paracrine signal originating from the injured, ballooned hepatocyte.

In summary, the reprogramming of hepatocytes associated with a profibrotic milieu results in loss of mature parenchymal cells, characterized by loss of the master hepatocyte transcription factor HNF4α (158, 212) and upregulation of the developmental Notch, Hippo (213), and Hedgehog (214) signaling pathways. In addition to accelerating the loss of metabolically competent hepatocytes and liver function, advanced fibrosis and cirrhosis restrict hepatic blood flow, increasing the risk of acute liver failure, HCC, and liver-related mortality (215). The extensive cross-talk between liver cell types during NASH pathogenesis and progression underscores the importance of targeting multiple aspects of liver physiology and pathophysiology in treating this complex disease.


Fibroblast Growth Factor 21 Exerts Direct Anti-Fibrotic Effects

FGF21 and its analogs have demonstrated consistent anti-fibrotic effects in cell culture systems and animal models of NASH, liver injury, or metabolic disease. An FGF21 analog reduces expression of fibrogenic type I collagen and α-SMA in the LX-2 human HSC line induced by either succinate, palmitate, or culture medium devoid of methionine and choline (216). Consistent with these gene expression changes, FGF21 significantly reduces HSC activation and proliferation in vitro (216). FGF21 also inhibits ethanol- or PDGF-induced expression of type I collagen and α-SMA in the T6 rat HSC line (217).

Examining hepatic gene expression and histology in vivo corroborates FGF21’s direct inhibition of fibrosis arising from liver injury induced by diverse insults. For example, in obese diabetic mice fed a methionine and choline-deficient diet (MCD), an FGF21 analog significantly reduces fibrogenic expression and inhibits hepatic fibrosis (152). In the same model, FGF21 also reduces the cholesterol level in the liver, thereby suppressing activation of the Hippo pathway, which in turn attenuates Indian Hedgehog (IHH)-dependent activation of HSCs (204). In contrast, loss of FGF21 potentiates MCD-induced liver injury and fibrosis, which is prevented by administering exogenous FGF21 (218). Similarly, in an alcohol-induced model of hepatic fibrosis, loss of FGF21 exacerbates liver injury and fibrosis (219). FGF21 also inhibits fibrogenesis in two mouse models of chemically-induced liver injury, dimethylnitrosamine- (217) or thioacetamide-induced fibrogenesis (220), by blocking TGF-β expression and signaling, and NF-κB activation.

Additional evidence for FGF21’s direct anti-fibrotic action is provided by multiple models of tissue injury. FGF21 reduces cerulein-induced exocrine pancreatitis in mice by activating FGFR signaling in pancreatic acini and suppressing fibrogenic gene expression (221). Administration or overexpression of FGF21 reduces murine renal fibrosis in a diabetic model (222) and a ureteral obstruction model (223). Likewise, FGF21 administration inhibits formation of bleomycin-induced pulmonary fibrosis in vivo by suppressing oxidative stress via NRF2 activation, and inhibiting TGF-β-induced activation of pulmonary myofibroblasts (224).

FGF21’s breadth of antifibrotic effects are likely mediated both by direct suppression of HSC activation, and by reductions in expression and secretion of pro-fibrotic factors derived from Kupffer cells and injured hepatocytes. With these diverse anti-fibrotic effects, FGF21-based therapies may deliver clinically meaningful histologic improvements independent of the extent of fibrosis at baseline.





Fibroblast Growth Factor 21 Improves Whole-Body Metabolic Health

In contrast to many candidates being clinically tested as potential NASH therapeutics, FGF21 not only exerts direct effects on the liver to improve its metabolic state, but also acts on whole body metabolism to lighten the metabolic load on the liver.


Fibroblast Growth Factor 21 Improves Peripheral Insulin Sensitivity and Promotes Uptake of Energy by Adipose Tissue and Skeletal Muscle

FGF21 stimulates insulin-mediated glucose uptake into adipose tissue (43, 95, 225) in part by increasing expression of the glucose transporter GLUT1 (43, 226). In cultured skeletal muscle myotubes, elevated insulin stimulated FGF21 expression, and FGF21 facilitated insulin-dependent energy uptake by upregulating GLUT1 (227). FGF21 also stimulates adipose tissue uptake of fatty acids derived from lipoproteins (i.e., VLDL and chylomicron) (228), which together with increased glucose uptake functions to direct energy to adipose tissue and effectively redirect calories away from the liver. FGF21 signaling suppresses adipose tissue lipolysis (94, 229), particularly in the fed state (230), and promotes adipocyte lipid homeostasis by ameliorating lipogenesis-associated ER stress (231). FGF21 also increases energy expenditure in mice via UCP1-dependent (232) and UCP1-independent (233) mechanisms, which include browning of white adipose tissue by upregulating PGC1α (234). Together, these effects on adipose tissue and skeletal muscle contribute to the role of FGF21 in mediating protection against metabolic disease in numerous models (230, 235). In diet-induced obese mice, exogenous FGF21 decreases body weight and adiposity while improving whole-body insulin sensitivity and lowering serum glucose, insulin, triglycerides, and cholesterol (129, 235, 236). Similar improvements of insulin sensitivity and glycemic control, have been observed in obese non-diabetic, or diabetic non-human primates (44, 183, 237–239). Consistent with these beneficial effects being mediated through adipose tissue, lipodystrophic mice with severely depleted adiposity, or mice with adipose-specific deletion of FGFR1 have blunted glycemic responses to FGF21 (240, 241).

In addition to directly enhancing energy uptake in adipose tissue, FGF21 potently stimulates secretion of adiponectin from adipocytes (44, 100, 225, 236, 242, 243). Increased levels of adiponectin in non-human primates and humans with metabolic disease (type 2 diabetes, obesity and NASH) have been consistently observed following treatment with various FGF21 analogs (183, 244–246). As an adipokine, adiponectin signals from adipose tissue to distal tissues including liver (247). Adiponectin has demonstrated antidiabetic and insulin sensitizing actions (248), in part by suppressing endogenous glucose production (249) and enhancing peripheral fat uptake (250) by increasing lipoprotein lipase activity and enhancing VLDL catabolism (251).

Consistent with improving uptake of energy by peripheral tissues, adiponectin suppresses hepatic steatosis (252) and inflammation (253) in animal models. Based on in vitro models of NASH, adiponectin may also exert beneficial effects by acting directly on the liver to reduce hepatic stellate cell activation and migration (254–256). Adiponectin’s biological effects in the liver of NASH patients may be reduced, since expression of its receptors is lower than in liver of patients with simple steatosis (257). In summary, FGF21 enhances peripheral uptake of energy both directly through FGFR-mediated pathways, and indirectly via increased adiponectin.



Fibroblast Growth Factor 21 Ameliorates Dyslipidemia

The earliest and most consistent preclinical observation with FG21 was its amelioration of dyslipidemia. Elevations in plasma LDL-cholesterol, non-HDL-cholesterol, ApoB, and triglycerides are well-established, independent, causal risk factors for cardiovascular disease and major adverse cardiovascular events (258). In diabetic, obese or MCD-induced NAFLD non-human primates, FGF21 (44) or FGF21 analogs (237) robustly reduce serum triglycerides, LDL-cholesterol, and VLDL-cholesterol while increasing HDL-cholesterol. Conversely, knockdown of FGF21 in mice fed a ketogenic diet significantly increases serum lipemia and cholesterolemia (87). The consistent, robust effects of FGF21 analogs are described in greater detail below.




Fibroblast Growth Factor 21 Protects Other Organs Stressed by Chronic Energy Excess and Metabolic Dysfunction


Pancreas

By sensitizing adipose tissue and skeletal muscle to insulin, FGF21 reduces demand for insulin secretion, in turn lessening demand for energy generation by β cells. FGF21 also improves β cell homeostasis by promoting autophagy and resistance to ER stress (259, 260). In obese or diabetic mice, FGF21 restores the insulin secretion capacity of β cells in vivo (261) via several pathways: first, by activating AMPK signaling and autophagy (262); second, by reducing the accumulation of lipotoxic lipids in the pancreas by upregulating expression of CPT1 (which facilitates oxidation of long-chain fatty acids) and downregulating the expression of lipogenic genes SREBF1 and FASN (263); third, by restoring the expression of core pancreatic genes including PDX1, INS (insulin), and MafA (264); and finally, by reducing immune cell infiltration and activation within islets (190).

FGF21 also protects the exocrine pancreas from pancreatitis induced by cerulein, associated with accumulation of reactive oxygen species, immune infiltration, and exocrine dysfunction (265). FGF21 mRNA and protein expression is induced within hours of cerulein-induced supraphysiological exocrine secretion, consistent with an adaptive stress response program (221). Transgenic expression of FGF21 in pancreatic acini reduces tissue damage, lipid accumulation, and fibrosis induced by cerulein, all of which were exacerbated in animals lacking FGF21 (221, 266). Further, because the functional cells of the pancreas (both exocrine acini and endocrine islets) are highly secretory, FGF21 plays a protective role by enhancing the response to ER stress via activation of the UPR (189, 259). By restoring protein folding homeostasis and secretory enzyme trafficking, FGF21 enhances digestive enzyme secretion without increasing protein synthesis (259). These protective responses are not limited to cerulein-induced pancreatitis, but are also observed in mouse models of alcohol-induced pancreatitis and obstructive pancreatitis (189). Together, these stress-responsive, anti-inflammatory, and anti-fibrotic actions of FGF21 preserve endocrine and exocrine function.



Cardiac and Skeletal Muscle

As with other cell types, FGF21 protects myocytes under cell stress, particularly ER stress and oxidative stress. Because protein chaperone function requires maintenance of intracellular calcium homeostasis, overloaded myocytes are susceptible to ER stress (267). Increased cytoplasmic calcium levels in cardiomyocytes, arising from chronic overloading or mitochondrial dysfunction, are associated with altered protein folding, ER stress, and induction of FGF21 (113).

By mediating expression of the oxidative stress response genes, FGF21 also protects cardiomyocytes from ischemic cell death (268) and oxidative injury caused by LPS-induced inflammation (269). In addition, FGF21 has been reported to protect the heart from inflammation and fibrosis caused by high-fat diet-induced cardiac steatosis (154). Consistent with this, FGF21 is induced by lipid accumulation in cardiomyocytes (112).



Nervous System

The cytoprotective effects of FGF21, whether direct or indirect, are also evident in the nervous system, where FGF21 treatment attenuates neuroinflammation, neuronal oxidative stress, and neurodegeneration and preserves cognitive function in diabetic mice and high fat fed rats (270, 271). As in other tissues, FGF21 exerts anti-inflammatory effects by suppressing microglial NF-κB signaling, thereby attenuating LPS-induced inflammatory cytokine expression (272). FGF21 also reduces mitochondrial stress in neurons in vitro (273) and in vivo (271), and improves pathology in mouse models of Parkinson’s (274) and Alzheimer’s disease (275).




Fibroblast Growth Factor 21 Modulates Food Preference and Fuel Utilization

FGF21 acts via three distinct mechanisms to modulate whole-body metabolism. It modifies dietary preferences, regulates metabolism at the level of individual organs, and integrates whole-body metabolism of different substrates.

Firstly, modification of dietary preferences by FGF21 are mediated by behavioral changes consistent with altered taste preference in preclinical models and in humans. Consumption of sucrose by both mice and humans induces FGF21, which serves as a negative feedback mechanism to inhibit consumption (82, 276). In mice, FGF21 deletion increases sucrose intake, whereas FGF21 administration or overexpression suppresses consumption of sweetened food and beverages (276, 277). These actions appear to be mediated by β-Klotho-expressing glutamatergic neurons in the ventromedial hypothalamus (276) and paraventricular nucleus (278). FGF21 administration to non-human primates also reduces sweet preference, demonstrating a conserved effect on macronutrient preference (277). FGF21 reduces murine preference for ethanol while suppressing dopamine signaling (277). Conversely, a putative loss-of-function FGF21 allele in humans is associated with greater intake of alcohol (82), preference for sweet foods (279), and altered macronutrient intake (280), but has no effect on total caloric consumption. Additionally, a genome-wide meta-analysis also linked a KLB genetic variant with altered alcohol consumption (281).

Secondly, FGF21 appears to modulate substrate utilization by individual organs. For example, it appears to switch cardiomyocyte energy production from glucose utilization to fatty acid oxidation in mice, dependent on UCP2 induction (282). In myocytes isolated from myopathy patients with an iron-sulfur cluster deficiency, elevated FGF21 expression and secretion correlate with increased expression of ketogenic enzymes (111).

Thirdly, protein restriction in humans (283) and rodents (84), particularly with concomitant high-carbohydrate dietary content (284), increases circulating FGF21. Protein restriction may contribute to perturbations in cellular protein homeostasis, resulting in GCN2-mediated, ATF4-dependent activation of FGF21 expression (84). Higher levels of FGF21 may help to rebalance amino acid availability by enhancing TFEB-dependent lysosomal biogenesis, thereby enabling turnover of proteins within tissues and organs. On a high-fat diet, expression of FGF21 increases whole-body energy expenditure and increases carbohydrate, relative to fatty acid, catabolism (223). Similarly, in diabetic mice, a PEGylated FGF21 analog increases the contribution of glucose to whole-body energy consumption, potentiating glycemic control without affecting body weight (285). On the other hand, mice on a control diet with transgenic overexpression of FGF21 significantly increase ketogenesis in the fed state, consistent with enhanced fat oxidation (89, 286).

In mice, FGF21 appears to improve glycemic control and lipid homeostasis via centrally-mediated pathways (287, 288). For example, selective knock out of β-Klotho in regions of the central nervous system abolishes induction of adipose tissue browning, while central infusion of FGF21 increased energy expenditure (289). While endogenous FGF21 is detectable in human cerebrospinal fluid at much lower concentrations than plasma FGF21, it is positively correlated with adiposity (290). However, the extent of FGF21’s centrally mediated effects remains to be determined in humans. For example, while FGF21 stimulates sympathetic activation in mice, elevations in cortisol that would suggest hypothalamic-pituitary-adrenal activation have not been observed in monkeys (239). In mice, the bulk of the metabolic improvement seen upon FGF21 treatment derives from centrally mediated weight loss, whereas FGF21 analogs elicit limited weight loss in humans. Overall, these differences suggest the contributions of FGF21’s diverse metabolic effects vary across species.

In summary, suppression of dietary intake of fructose and sucrose by FGF21 could both reduce liver fat and maintain it at a lower level. In addition, rebalancing of substrate utilization at both organ and whole body level by FGF21 should contribute to improving and maintaining whole body metabolic homeostasis.



Fibroblast Growth Factor 21 Analogs: Clinical Experience in Patients with Metabolic Disease

In humans, FGF21 analogs have recapitulated many of the lipid effects and some of the glycemic effects observed in preclinical species, though notably not with all compounds tested (Figure 3B). A glycosylated FGF21 variant, LY2405319, maintains the molecular size of endogenous FGF21 but improves its thermal stability and reduces aggregation by engineering an additional disulfide bond and a small number of point mutations into the molecule (291). While the half-life of LY2405319 was not reported, the fact that it was administered daily, coupled with the lack of half-life-extending modifications, suggest a short half-life. Notably, the C-terminal FAP cleavage site remains unmodified, suggesting that LY2405319 is likely susceptible to cleavage and inactivation in human serum via loss affinity for KLB (Figure 3A). Daily administration of LY2405319 to type 2 diabetes patients for 4 weeks significantly reduced triglycerides by about 45% and LDL-cholesterol by 20–30% from baseline, while increasing HDL-cholesterol by 15–20% and adiponectin by up to 80% (244). LY2405319 administration also reduced levels of ApoB from baseline by up to 20% and ApoC-III by up to 35%, consistent with a shift to a less atherogenic lipoprotein profile. There were slight but not statistically significant decreases in body weight, fasting insulin, and fasting glucose from baseline compared to placebo.




Figure 3 | FGF21 analogs demonstrate non-overlapping pharmacological effects in humans. (A) FGF21’s C-terminal domain binds -Klotho, enabling N-terminal residues to interact with the c-isoform of the cognate FGFR. (B) The clinical pharmacodynamic profile of an FGF21 analog is determined by intrinsic potency as an agonist of FGFR1c/2c/3c, pattern of expression of FGFRs in target tissues, and concentration of intact FGF21 analog at each target tissue/FGFR.



Another analog, PF-05231023, is a 190 kDa molecule consisting of human FGF21 covalently linked to each Fab region of a humanized IgG1κ mAb scaffold, resulting in a 2:1 stoichiometry of FGF21 molecules per scaffold (292). In type 2 diabetes patients, twice-weekly administration of PF-05231023 for 4 weeks reduced body weight by about 5%, triglycerides by about 50%, and LDL-cholesterol by about 20% from baseline, while increasing HDL-cholesterol by about 15% and adiponectin 15- to 20-fold (183). However, modest decreases in glucose, insulin, and HOMA-IR (homeostatic model assessment for insulin resistance) did not reach statistical significance (183). Weekly administration of the same molecule for 4 weeks in a second study with obese hypertriglyceridemic subjects demonstrated similar effects on triglycerides, HDL- and non-HDL cholesterol, and adiponectin, but without affecting body weight (293). Although PF-05231023 demonstrated pharmacodynamic effects when dosed weekly or twice-weekly in humans, the unmodified N- and C-termini of the FGF21 moities resulted in a short (approximately 8 h) half-life for the intact C-terminal domain of FGF21 (183). As with LY2405319, it appears unlikely that a high level of agonism of FGF21’s receptors was sustained between doses.

A PEGylated FGF21, pegbelfermin (formerly BMS-986036), consists of a 30 kDa PEG moiety attached to residue 108 of FGF21, yielding a 50 kDa analog (285). One of only two FGF21 analogs tested in a study of biopsy-confirmed NASH patients, pegbelfermin administered daily or weekly for 16 weeks reduced triglycerides by 5% and LDL-cholesterol by about 10% from baseline, while increasing HDL-cholesterol by about 12% and adiponectin by 15% (245). No effects on body weight or glycemic control were reported in this study. While the changes in lipid parameters are smaller compared to those elicited by LY2405319 or PF-05231023, pegbelfermin is the first FGF21 analog to demonstrate beneficial hepatic effects in NASH patients, with daily administration yielding approximately a 30% relative reduction in liver fat content. Pegbelfermin additionally reduced levels of serum alanine aminotransferase (ALT) and Pro-C3 (a marker of fibrogenesis) by up to 30%, consistent with improved hepatic health. Notably, daily dosing of 10 mg pegbelfermin delivered stronger improvements in clinical parameters than weekly dosing of 20 mg pegbelfermin, consistent with a reported intact C-terminal half-life of 1–1.5 days in humans (294). Daily or weekly administration of pegbelfermin for 12 weeks in type 2 diabetes patients recapitulated these modest effects on lipid parameters without altering body weight, and did not elicit clinically or statistically significant changes in markers of glycemic control (295). Because of the location of the PEG moiety and absence of additional modifications at the C-terminus of the FGF21 moiety, pegbelfermin remains susceptible to FAP cleavage and inactivation.

Efruxifermin (formerly AKR-001, AMG 876), the only other FGF21 analog studied in a clinical trial of biopsy-confirmed NASH patients, is a 92 kDa Fc-FGF21fusion protein with a 3–3.5 day half-life (based on intact C-terminal domain of the FGF21 moiety), which is substantially extended relative to the FGF21 analogs described above. This longer half-life results both from endosomal recycling mediated by the neonatal Fc receptor, and from stabilization of the N- and C-termini of the FGF21 moiety. Because the Fc domain is translated directly upstream of a peptide linker and N-terminus of the FGF21 variant, the N-terminus is protected from degradation by dipeptidyl peptidase (DPP) enzymes (296). Protection of the C-terminus is achieved via substitution of a glycine for the native proline at residue 171 (P171G) relative to mature (i.e., signal peptide removed) human FGF21, preventing degradation by FAP. In the context of a potential therapy for NASH, stabilization against FAP degradation is noteworthy because expression of FAP is greatly elevated in liver from NASH patients compared to appropriate control liver (297). Two additional substitutions further enhance the in vivo activity of efruxifermin: A180E, which increases affinity for KLB, and L98R, which decreases aggregation (238). Efruxifermin retains in vitro balanced potency as an agonist of FGFR1c, FGFR2c, and FGFR3c, a characteristic that may be required to elicit maximal effects on liver and extra-hepatic tissues. In a 4-week study in type 2 diabetes patients, weekly administration of up to 70 mg efruxifermin reduced triglycerides by 60–70%, non-HDL-cholesterol by about 35%, fasting insulin about 50%, and fasting glucose about 20% compared to baseline, while increasing HDL-cholesterol by 60% and adiponectin by about 95% (246). Efruxifermin did not significantly alter body weight over this 4-week trial but did significantly reduce the atherogenic lipoproteins ApoB and ApoC-III to a greater extent than did LY2405319 over the same period. Intriguingly, weekly but not every-other-weekly administration of efruxifermin demonstrated for the first time that an FGF21 analog could deliver improved glycemic control in humans, suggesting that the limitations of previous molecules may have been rooted in inadequate exposure. In a subsequent, 16-week study in biopsy-confirmed F1–F3 NASH patients, approximately half of whom were type 2 diabetes patients, efruxifermin improved glycemic control with significant reductions in HbA1c at doses up to 70 mg weekly. Improvements in lipid and lipoprotein profile were also observed, consistent with those seen after 4 weeks’ treatment. Efruxifermin reduced liver fat content by over 70% after 12 weeks dosing. For the first time, an FGF21 analog induced a strong reduction in liver fat that appeared to be associated with resolution of histological features of NASH, including fibrosis (298). An observed rapid and sustained 30% reduction in serum Pro-C3 levels is consistent with preclinical literature demonstrating FGF21’s antifibrotic activity, and with the reduction in Pro-C3 observed upon pegbelfermin treatment. Finally, the longer 16-week dosing revealed efruxifermin-associated weight loss.

A second PEGylated FGF21, BIO89-100, prevents C-terminal degradation by attachment of a PEG moiety to the amino acid residue adjacent to the FAP cleavage site, resulting in a 2.5–4 day half-life in healthy volunteers. This analog retains balanced in vitro potency at FGFR1c, FGFR2c, and FGFR3c (299). In a multiple-ascending dose study in NAFLD subjects, about 20% of whom had biopsy-confirmed NASH, weekly or every-other-weekly administration of BIO89-100 for 12 weeks reduced serum triglycerides by 18–28%, reduced liver fat by 36–60%, and increased adiponectin by 23–61% relative to baseline (299). Notably, only the highest dose of BIO89-100 administered weekly appeared to elicit strong pharmacodynamic effects mediated via FGFR1c activity in adipose tissue, i.e., significantly increasing systemic levels of adiponectin. Every-other-weekly administration of BIO89-100 did not improve markers of glycemic control, with only the highest once-weekly dose showing a trend towards improvements (299). The smaller magnitude of effect on liver fat, HbA1c and lipoprotein profile for BIO89-100 with every-other-weekly dosing appears to limit the value of extending the dosing regimen (299).

Two antibody-based approaches have been developed to mimic FGF21 signaling through FGFR1c only. BFKB8488A is a humanized bispecific antibody that specifically activates the FGFR1/β-Klotho complex (300). In a 12-week study in NAFLD patients, every-other-weekly administration of up to 100 mg BFKB8488A, the highest adequately tolerated dose, reduced liver fat by about 40%, serum triglycerides and Pro-C3 by up to 25 to 30% from baseline, while increasing adiponectin by up to 40% and HDL-cholesterol by up to 20% (301). A parallel study of BFKB8488A in type 2 diabetes patients recapitulated improvements in HDL-cholesterol, triglycerides, and adiponectin, but did not demonstrate improvements in HbA1c, fasting glucose, or fasting insulin (302). Changes in body weight were not reported in either study.

Another monoclonal antibody targeted to β-Klotho and FGFR1c, MK-3655 (formerly NGM313), has been tested in a single-dose study by comparison with pioglitazone (303). It has an extended half-life, and appeared to improve glycemic control in obese, non-diabetic subjects. Liver fat content was reduced by 30–35% relative to baseline at day 36 after administration, while serum triglycerides and LDL-cholesterol were reduced and HDL-cholesterol increased (303). As observed with pioglitazone, MK-3655 was associated with statistically significant weight gain from baseline to day 36. Based on these data, monthly dosing may be achievable with MK3655.


Factors Underlying Differences Between Fibroblast Growth Factor 21 Analogs

While LY2405319 (244), PF-05231023 (183), efruxifermin (246), BFKB8488A (301), and MK-3655 (303) were observed to ameliorate dyslipidemia, with strong reductions in triglycerides and increases in HDL-cholesterol, only efruxifermin and MK-3655 have so far demonstrated the potential to increase insulin sensitivity and to improve glycemic control. Further, while pegbelfermin (245), BFKB8488A (301), BIO89-100 (299), MK-3655 (303), and efruxifermin (298) have all been associated with reductions in ALT, Pro-C3, and hepatic fat fraction, the observed magnitude of liver fat reduction was greatest following efruxifermin treatment. Several structural parameters differentiate these molecules that may explain the different clinical profiles (Figure 3B).

Maximal reduction of liver fat appears to require both inhibition of hepatic de novo lipogenesis and suppression of adipose tissue lipolysis (51, 52). For FGF21 analogs, this is likely to require balanced agonism of FGFR1c, FGFR2c and possibly FGFR3c. The almost 2-fold greater reduction in liver fat with efruxifermin than with FGFR1-selective BFKB8488A is consistent with this argument, as FGFR1c agonism would mainly reduce steatosis by suppressing adipose tissue lipolysis. While the in vitro potency of pegbelfermin as an agonist of FGFR1c, FGFR2c and FGFR3c has not been reported, the modest induction of adiponectin in humans suggests that it exerts minimal action through adipose tissue FGFR1c in humans. As a result, suppression of adipose tissue lipolysis by pegbelfermin is likely limited. Consistent with this, pegbelfermin reduced liver fat by about half the extent of efruxifermin, and serum triglyceride by about 10%, compared to about 30–50% for other FGF21 analogs, including FGFR1c selective antibodies. BIO89-100, on the other hand, appears to deliver relative hepatic fat loss in between efruxifermin and pegbelfermin, with the highest dose reducing fat content by 60% in NAFLD patients, and all other doses reducing fat content by 36–50% (299). While BIO89-100 has been reported to be a balanced agonist of FGF21’s receptors in vitro, the smaller magnitude of effect on adiponectin compared to efruxifermin suggest that BIO89-100 may not have maximally stimulated FGFR1c signaling in adipose tissue at the doses tested in humans (Figure 3B). Notably, comparisons of these analogs are limited because efruxifermin and pegbelfermin have been evaluated in patients with confirmed NASH, while BIO89-100 has been studied in patients with less severe NAFLD.

FGF21’s effects on glycemic control and insulin sensitivity are likely mediated predominantly by FGFR1c signaling in adipose tissue, which should normally serve as one of the body’s main depots for excess calories in response to post-meal insulin. To enhance insulin sensitivity and improve glycemic control, it appears that FGF21 analogs must maintain FGFR1c activation in adipose tissue above a threshold level throughout the inter-dose interval. For example, 70 mg efruxifermin dosed weekly, corresponding to two pharmacokinetic half-lives, appeared to improve HOMA-IR, fasting glucose, and fasting insulin in type 2 diabetes patients (246). By comparison, every-other-weekly dosing of 140 mg achieved equivalent total exposure over 4 weeks, but with four pharmacokinetic half-lives between doses, did not appear to improve glycemic control, despite comparable effects on serum triglycerides and lipoproteins. Consistent with this, the FGR1c-selective MK-3655, with the long half-life of a monoclonal antibody, is the only other FGF21 analog that appears to improve glycemic control, though repeat-dose data has not been reported. The β-Klotho/FGFR1 bispecific agonist antibody, BFKB8488A, failed to improve glycemic control, suggesting that there may have been insufficient agonism of FGFR1c throughout the every-other-weekly dosing interval.



Differentiation Between Analogs of Fibroblast Growth Factor 21 and Fibroblast Growth Factor 19

An FGF19 analog, aldafermin (formerly NGM282, M70) has a five-amino acid deletion and three amino acid substitutions in the N-terminal region of human FGF19 (304). This engineering was necessary to reduce the proliferative effect of native FGF19 on hepatocytes, mediated via signaling through FGFR4—the only FGF receptor at which FGF19 and FGF21 differ in agonist activity (305). When administered to patients with NASH for 12 weeks, aldafermin (up to 6 mg daily) reduced liver fat content by up to 60% relative to baseline, reduced ALT by about 50%, and decreased Pro-C3 by about 20–25% (31). However, consistent with FGFR4-mediated suppression of CYP7A1, which catalyzes the rate limiting step of cholesterol metabolism to bile acid, aldafermin significantly increased LDL-cholesterol and non-HDL cholesterol without exerting a consistent effect on insulin, glucose, or HbA1c. In a longer-term 24-week study in NASH patients, daily administration of 1 mg aldafermin led to an approximately 30% placebo-adjusted relative reduction in liver fat while reducing ALT by about 45% from baseline. However, statin co-administration was required in more than 95% of treated subjects to mitigate the increase in LDL-cholesterol, which was also observed previously at higher doses (306). This study confirmed that aldafermin treatment did not improve glycemic control. The lack of effect of FGF19 on glycemic control is consistent with preclinical studies. For example, selective FGFR4 agonism, either peripherally or in liver, does not affect fasting glucose in obese diabetic mice, but increases triglycerides and total cholesterol (307, 308). Conversely, either germline knockout or antisense oligonucleotide knockdown of FGFR4 expression in mice enhances hepatic fat oxidation, glucose metabolism, and insulin sensitivity (308–310) while reducing hepatic steatosis (308, 309). While these metabolic effects were likely to have been mediated by compensatory upregulation of FGF19 and/or FGF21 (308), they were clearly independent of FGFR4 agonism, instead being mediated by agonism of FGFR1c, 2c or 3c.

As elevated bile acids are associated with fibrotic liver disease, and FGF19–FGFR4 signaling suppresses bile acid synthesis, it has been posited that reducing bile acids may deliver anti-fibrotic actions (311). However, anti-fibrotic actions of FGF19 signaling do not appear to depend on FGFR4 signaling, based on three lines of evidence. First, both FGF21 (216, 217) and FGF19 (312) directly inhibit HSC activation and proliferation in vitro. Second, FGF21 suppresses TGF-β release from pro-inflammatory macrophages in vitro (177), which would be expected to reduce Kupffer cell activation of HSCs in vivo. While a similar effect does not appear to have been reported for FGF19, this indirect anti-fibrotic effect of FGF21 suggests that FGFR4 is unnecessary for inhibition of Kupffer cell-HSC signaling. Third, analogs of FGF21 and FGF19 appear to reduce markers of liver injury (ALT) and fibrosis (Pro-C3) to a similar extent in humans (245, 306), consistent with FGFR4 agonism not being required in vivo, while being associated with an undesirable increase in LDL-C.



Safety and Tolerability of Fibroblast Growth Factor 21 Analogs in Clinical Trials

Preclinical studies have suggested that FGF21 increases tone of the hypothalamic-pituitary-adrenal (HPA) axis (287, 288). However, whether FGF21 analogs modulate the HPA axis in humans remains incompletely characterized. Increased levels of corticotropin-releasing hormone or corticosterone/cortisol with FGF21 or FGF21 analog treatment have been reported in rodents, but not in non-human primates nor in any human studies (183, 293, 313). Likewise, reports of FGF21 increasing water intake and blood pressure in rodents, potentially by stimulating sympathetic pathways (313, 314) do not appear to translate consistently to humans, with one study (293) but no others (183, 244–246, 315) suggesting an effect. The lack of effect is consistent with blood pressure phenotypes of humans with FGF21 genetic variants. The minor A allele of rs838133 corresponds to a putative FGF21 loss-of-function allele, which is associated with 0.29 mmHg higher systolic blood pressure per allele (279). This study also identified a rare variant encoding a truncated, putatitive loss-of-function FGF21 protein, associated with 7.5 mmHg higher blood pressure. Additionally, administration or overexpression of FGF21 reduces blood pressure in various preclinical models of hypertension (316–318). Overall, the preclinical and clinical data do not support a likely hypertensive effect of FGF21 analogs downstream of increased sympathetic tone in humans.

The apparent differences between rodents and primates may reflect differences in blood-brain barrier permeability across species (319). Mice in particular (320) may be more sensitive to systemically administered FGF21 and FGF21 analogs than humans. Larger molecules based on antibody scaffolds and fragments, including PF-05231023 (190 kDa), BFKB8488A and MK-3655 (150 kDa), and efruxifermin (92 kDa) may be less likely to cross the blood-brain barrier at therapeutic doses, but their tissue distribution has not been described. Emerging clinical observations with smaller FGF21 analogs including pegbelfermin (50 kDa) and BIO89-100 (40 kDa), may provide insights into effects possibly mediated via the central nervous system.

While some preclinical studies with FGF21 and FGF21 analogs have suggested effects on bone turnover, clinical data have not demonstrated a consistent effect. One group demonstrated that FGF21 increased bone resorption and decreased bone mass in mice (321), in part via induction of hepatic insulin-like growth factor binding protein-1 (IGFBP1) (322). However, a more recent preclinical study did not find evidence of FGF21-induced bone loss in a diet-induced model of obesity (323). While the first clinical trial of PF-05231023 demonstrated a decrease in markers of bone formation and an increase in markers of bone resorption, this was accompanied by a significant reduction in body weight. A subsequent study of PF-05231023 did not demonstrate weight loss, and there were no changes observed in markers of bone formation or resorption, IGFBP1–3, or free IGF1 (293). No subsequent clinical studies of FGF21 analogs in adults have demonstrated a significant effect on bone density or markers of bone resorption and formation in adults (245, 246, 295). Notably, while markers of type I collagen synthesis and degradation are frequently used to indicate changes in bone turnover, they may also reflect changes in liver fibrogenesis or fibrinolysis (324, 325). Overall, the weight of evidence to date does not support a role for FGF21 in mediating bone remodeling in adult humans.

The most prevalent and consistent dose-limiting side effects observed across studies of FGF21 analogs in patients with metabolic disease are gastrointestinal (GI), including mild-to-moderate nausea and diarrhea (183, 245, 246, 298, 301). These side effects were also seen in trials of the FGF19 analog, aldafermin (31, 306). However, preclinical studies of these various endocrine FGF analogs in rodents and monkeys did not reveal GI symptoms, therefore the potential mechanisms underlying adverse GI effects have not been investigated (Table 2). It is possible that FGF21 exerts some direct or indirect effect on the GI tract, but experiments directly testing this hypothesis have not been reported to date.


Table 2 | Readthrough from preclinical to clinical safety and tolerability for FGF21 analogs.



Whether GI tolerability affects patient adherence to or uptake of FGF21-based therapies in NASH remains to be seen. However, precedent suggests that mild to moderate adverse GI events are not a major barrier to uptake of a promising metabolic therapy. While GLP-1 analogs for treatment of type 2 diabetes cause mild-to-moderate nausea and vomiting in a significant proportion of patients, their benefits in terms of weight loss and improved glycemic control have allowed the class to overcome these tolerability concerns and become one of the most-prescribed classes of type 2 diabetes medications in the US and Europe (326). Second, up-titration regimens for GLP-1 analogs have mitigated adverse GI side effects, reducing their prevalence and severity in both clinical trials and post-marketing surveillance (327). FGF21 analogs have not so far employed up-titration, but given the reportedly mild-to-moderate as well as the transient nature of the nausea and diarrhea, such an approach could reasonably be expected to mitigate the GI side effects.




Conclusions and Outlook

Despite uninspiring outcomes in clinical trials of the first wave of potential NASH therapies, a spate of promising mid-to-late stage clinical trials has provided a needed morale boost to NASH patients, endocrinologists and hepatologists, and caregivers. The complex pathophysiology of NASH mandates a holistic approach to treating patients, focusing not only on liver histology but also cardiovascular risk and glycemic control, which has proven to be a high bar (Table 1).

An FXR agonist, obeticholic acid, is the first molecule to deliver a statistically significant improvement in one of the FDA’s surrogate endpoints for accelerated approval of a treatment for NASH. However, it is associated with a risk of liver injury in patients with primary biliary cholangitis (328), and significantly elevates LDL-cholesterol (30, 32). FGF19, like FXR agonists, has demonstrated potential to improve liver histology, but also exacerbates dyslipidemia already common in NASH patients (306). Inhibitors of acetyl-CoA carboxylase demonstrate a reduction in hepatic fat fraction, but significantly increase serum triglyceride levels (34). PPAR agonists have demonstrated insulin sensitizing effects and some liver-specific improvements, but are associated with increased body weight (329). The GLP-1 analog semaglutide demonstrated a strong ability to resolve NASH, and is associated with weight loss and improved cardiovascular health, but did not statistically significantly improve fibrosis (326). TR-β agonists have demonstrated improvements in liver fat and biomarkers of cardiovascular disease along with significant resolution of NASH, but have not demonstrated a strong anti-fibrotic effect (330). Across the field of potential NASH drugs, each mechanistic class appears to deliver improvements in a subset of liver histology, whole-body metabolism, or cardiovascular risk profile, but not all three. Moreover, some mechanisms worsen cardiovascular risk profile despite improving liver health, which appears incompatible with long-term use in patients with increased cardiovascular risk.

FGF21 analogs therefore represent a promising emerging class of NASH therapeutics, as a number of them have demonstrated pleiotropic effects consistent with improved liver health and whole-body metabolism. Because of an elevated risk of cardiovascular morbidity and mortality in NASH patients prior to advanced fibrosis, as well as hepatic decompensation, HCC, and/or liver failure, therapeutic options must address the complex pathophysiology of this disease. Analogs of FGF21 that are able to maintain balanced and sustained agonism of FGFR1c, FGFR2c, and FGFR3c throughout the inter-dose interval appear to show the most promising pharmacological profiles, with among the largest reported decreases in liver fat of any therapeutic mechanism tested in NASH patients, and with encouraging signs of resolving NASH histology and fibrosis after relatively short-term treatment. FGF21 analogs with balanced receptor agonism and sustained exposure have also been shown to improve glycemic control, ameliorate dyslipidemia and reduce body weight. Should this pharmacological profile be confirmed in late-stage clinical studies, optimized FGF21 analogs have the potential to not only resolve liver pathology, but also to reduce risk of cardiovascular morbidity and mortality, and incidence of organ damage associated with inadequate glycemic control.
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Non-Alcoholic Steatohepatitis (NASH) is the progressive form of Non-Alcoholic Fatty Liver Disease (NAFLD), the main cause of chronic liver complications. The development of NASH is the consequence of aberrant activation of hepatic conventional immune, parenchymal, and endothelial cells in response to inflammatory mediators from the liver, adipose tissue, and gut. Hepatocytes, Kupffer cells and liver sinusoidal endothelial cells contribute to the significant accumulation of bone-marrow derived-macrophages and neutrophils in the liver, a hallmark of NASH. The aberrant activation of these immune cells elicits harmful inflammation and liver injury, leading to NASH progression. In this review, we highlight the processes triggering the recruitment and/or activation of hepatic innate immune cells, with a focus on macrophages, neutrophils, and innate lymphoid cells as well as the contribution of hepatocytes and endothelial cells in driving liver inflammation/fibrosis. On-going studies and preliminary results from global and specific therapeutic strategies to manage this NASH-related inflammation will also be discussed.




Keywords: NAFLD, NASH, inflammation, liver injury, macrophages, ILCs, hepatocytes, therapy



Introduction

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




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



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

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



Liver Cells That Promote the Immunological Responses Associated With NASH

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




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




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




Hepatocytes Have an Important Role in Local Inflammation

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

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

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



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

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



Liver Macrophages are Important Drivers of Hepatic Inflammation

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

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



Innate Lymphoid Cells Are New Participants in NASH

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

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

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



Involvement of Neutrophils in NAFLD Pathogenesis

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

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




Global Approaches Against NAFLD/NASH

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

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



Pharmacological Targets Against NASH

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




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




Targeting the Liver Injury (Hepatocyte Death)

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



Inhibition of Monocyte-Derived Macrophage Recruitment

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



When Metabolism Meets Inflammation

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

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

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

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




Conclusion

Our understanding of the pathogenesis of NAFLD with global and specific outcomes is in constant progress. The advances in in vitro and in vivo approaches are also important issues. With their own limitations, these complementary approaches allow to better highlight novel actors and mechanisms involved in the onset and progression of liver complications. Novel animal models and specific cell isolation combined with single-cell RNA sequencing are examples (146). Liver organoids also emerge as alternative system with multiple hepatic cell types which mimic liver structure and diseases (147). For example, liver organoids from human pluripotent stem cells could be used as model of NAFLD liver when stimulated with free-fatty acids (148). Primary liver organoids according to the severity of NASH have also been successfully generated from mice. These different NASH organoids also display the upregulation of TNFα and IL1β at the early stage of NASH, for example (149). Pre-clinical studies and some clinical trials demonstrate promising results but also underline the complex nature of these chronic liver diseases. Combined metabolic improvement with the regulation of specific inflammatory responses are important clues. The impacts on NAFLD of targeting the GLP1 and hepatic thyroid hormone (thyroid hormone receptor-β) pathways are under clinical evaluation. Promising investigations are currently deciphering the pathways that regulate both hepatocyte death (more specifically lytic cell death) and metabolism but also control inflammation (necroptosis). In addition, the development of new strategies to regulate the immune system and gut microbiota interactions are also promising therapeutic strategies.
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FGF19 and FGF21 analogues are currently in clinical development for the potential treatment of NASH. In Phase 2 clinical trials analogues of FGF19 and FGF21 decrease hepatic steatosis with up to 70% (MRI-PDFF) after 12 weeks and as early as 12–16 weeks of treatment an improvement in NASH resolution and fibrosis has been observed. Therefore, this class of compounds is currently of great interest in the field of NASH. FGF19 and FGF21 belong to the endocrine FGF19 subfamily and both require the co-receptor beta-klotho for binding and signalling through the FGF receptors. FGF19 is expressed in the ileal enterocytes and is released into the enterohepatic circulation in response to bile acids stimuli and in the liver FGF19 inhibits hepatic bile acids synthesis by transcriptional regulation of Cyp7A1, which is the rate limiting enzyme. FGF21 is, on the other hand, highly expressed in the liver and is released in response to high glucose, high free-fatty acids and low amino-acid supply and regulates energy, glucose and lipid homeostasis by actions in the CNS and in the adipose tissue. FGF19 and FGF21 are differentially expressed, have distinct target tissues and separate physiological functions. It is therefore of peculiar interest to understand why treatment with both FGF19 and FGF21 analogues have strong beneficial effects on NASH parameters in mice and human and whether the mode of action is overlapping This review will highlight the physiological and pharmacological effects of FGF19 and FGF21. The potential mode of action behind the anti-steatotic, anti-inflammatory and anti-fibrotic effects of FGF19 and FGF21 will be discussed. Finally, development of drugs is always a risk benefit analysis and the human relevance of adverse effects observed in pre-clinical species as well as findings in humans will be discussed. The aim is to provide a comprehensive overview of the current understanding of this drug class for the potential treatment of NASH.
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Introduction


NAFLD

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver disease ranging from simple steatosis to non-alcoholic steatohepatitis (NASH) and cirrhosis. NAFLD is the most common chronic liver disorder in Western countries and in the USA 30% of the adult population suffers from NAFLD (1). Simple steatosis can if not treated progress to NASH, which is defined by the presence of steatosis, lobular inflammation, cellular ballooning and varying degrees of fibrosis (2). Eventually, NASH can lead to cirrhosis and hepatocellular carcinoma (HCC) (3) and NASH is expected to be the leading cause of liver transplantations by 2030 (4). Obesity is associated with an increased risk of NAFLD and the risk is increasing with increasing BMI (4). Furthermore, the risk of NASH is increased 2–3-fold in patients with Type 2 Diabetes (T2D). It is also well established that genetic factors predispose individuals to NAFLD and around 25% of people diagnosed with NAFLD have polymorphisms in adiponutrin (PNPLA3) (5, 6). Patients with NASH have an overall higher mortality rate compared to age-matched controls and the primary cause of death in the early stages of NASH is cardiovascular diseases, while the cause of death in patients with late stage fibrosis is liver related (7). There is currently no treatment for NASH (8) and with the discouraging outlook of the amount of future liver transplantations, there is a large unmet medical need to identify and develop effective treatment options for the benefit of the patients.

NAFLD is an integral component of the complex metabolic disturbances observed in patients with type 2 diabetes and obesity (7) and hepatic steatosis is an imbalance between free fatty acid (FFA) influx, FFA utilization and very low-density lipoprotein (VLDL) secretion. In addition, the de novo lipogenesis (DNL) is increased secondary to hyperinsulinemia and an excessive intake of simple sugars. The increasing quantity of fructose in the Western diet may therefore be a major contributor to the development of NAFLD (5, 7). The insult caused by lipid accumulation in the hepatocyte induces mitochondrial dysfunction, oxidative stress, dysregulated apoptosis, activation of proinflammatory cytokines and profibrogenic factors, which in turn active the hepatic stellate cell and cause fibrosis. Furthermore, dysregulation of adipokines (like low adiponectin) (6) and increase in gut-derived proinflammatory signals such as lipopolysaccharides (LPS) by microbiota (9) may also contribute to the development of NASH. The spectrum of NAFLD is shown in Figure 1.




Figure 1 | The spectrum of NAFLD. Non-alcoholic fatty liver disease (NAFLD) is a spectrum of diseases, now recognized as the most common liver disease worldwide. It ranges from simple steatosis (NAFL) to non-alcoholic steatohepatitis (NASH), cirrhosis, and its complications. NAFL is defined as the presence of at least 5% hepatic steatosis without evidence of hepatocellular injury. NASH is characterized histologically by presence of steatosis (> 5%), lobular inflammation and ballooning hepatocytes, and can be present with or without fibrosis. Fibrosis is graded from 0–4 based on histological appearance, where stage 4 often is referred to as cirrhosis and can be further divided into compensated or de-compensated cirrhosis.





Treatment for NASH

No treatment has been approved for NASH and non-pharmacologic treatment of NAFLD/NASH aiming to reduce fatty liver by body weight (BW) loss and exercise is recommended. This is often found to be challenging for the majority and experimental therapies may be initiated with insulin-sensitizing agents (pioglitazone) and anti-oxidative compounds (vitamin E) which demonstrate improvements in steatosis, inflammation and fibrosis to some extent (10). However, the effects of these therapies are not well established and safety concerns makes pioglitazone less attractive in clinical practise (11) leaving a large medical gap. Despite numerous drug candidates in clinical development for NASH (12) there has been a few setbacks in the field due failure of several clinical candidates [simtuzumab (13), selonsertib (14), elafibranor (15)] which were unable to show any significant effect on the resolution of NASH or lowering of fibrosis in phase 3, while treatment with obeticholic acid (OCA) led to a small but significant reduction in fibrosis (16). However, an accelerated approval has not been granted by the FDA as the observed efficacy of OCA potentially does not outweigh the potential risks. Many other compounds are in clinical development (17) but most of these have not yet reached phase 3. The drug candidates can on a top level be divided into three main categories 1) metabolic compounds with effect on steatosis (PPAR agonists, ACC inhibitors, Ketohexokinase inhibitors, DGAT2 inhibitors, SCD1 inhibitors, SGTL2 inhibitors, GLP-1 receptor agonist or derivates thereof, THRb agonists, FGF19, and FGF21 analogues etc.); 2) compounds that target inflammation (AOC3 inhibitors, CCR2/5 inhibitors, Gal3 inhibitors); and 3) compounds with anti-fibrotic effect (FXR agonist, FGF19, and FGF21 analogues, ASK-1 inhibitors, Loxl2 inhibitors).

By removing the insults (steatosis and inflammation) a positive effect on fibrosis is expected. It is well established that bariatric surgery resolves fibrosis over time (18, 19). Thus, the duration of the trials may be of critical importance to reach significant effect on fibrosis. It is therefore of great interest to note that both FGF19 and FGF21 analogues which often have been categorized as metabolic compounds, show NASH resolution and lower fibrosis in trials of relative short duration.



The endocrine FGFs

FGF19 (FGF15 in rodents) and FGF21 belong to the FGF19 subfamily of endocrine FGFs based on their atypical structure. Members of this subfamily lack the heparin binding domain and have no or very low affinity for heparan sulphate (HS). This enables the endocrine FGFs to escape the cellular matrix and enter the circulation to act as hormonal-like messengers (20). FGF15/FGF19 and FGF21 cannot bind the FGF receptors without the presence of a non-signalling transmembrane co-receptor beta-klotho (KLB) (8, 21–24). In contrast to the FGF receptors, which are ubiquitously expressed (11), KLB expression is limited to a few tissues/cells including liver, gallbladder, exocrine pancreas, white adipose tissue (WAT), brown adipose tissue (BAT) and in very specific regions of the central nervous system (CNS), (suprachiasmatic nucleus/paraventricular nucleus in the hypothalamus and dorsal vagal complex of the hindbrain) (11, 25, 26). In the presence of KLB, FGF19, and FGF21 bind and signal through the short isoforms (c-isoform) of the FGFR 1, 2, and 3 (22, 23) while FGF19 also signals through FGFR4 (27). FGF21 has the highest affinity for the FGFR1c/KLB complex followed by the FGFR3c/KLB (22) while FGF19 has highest affinity for FGFR4/KLB followed by the FGFR1c/KBL (23, 28). FGF19 has, moreover, been reported to induce FGFR4 signalling in the absence of KLB but in presence of HS (26, 29, 30). KLB is co-expressed with FGFR1c in the CNS and in adipocytes, while FGFR4 and KLB are co-expressed in hepatocytes (11, 23). Thus, the primary target tissue of FGF21 is the CNS and the adipose tissue, while FGF19 acts on the hepatocytes.


FGF15/FGF19

The FGF19 gene was cloned in 1999 by homology to the mouse orthologue Fgf15 from retina (31, 32). The rodent FGF15 and human FGF19 are orthologues but only share 52% amino acid identity. FGF15/FGF19 is expressed in the ileal enterocytes (11) and is released into the enterohepatic circulation postprandially in response to bile acids via activation of the farnesoid X receptor (FXR) (33, 34). FGF19/FGF15 regulates hepatic bile acids synthesis by activation of the hepatic FGFR4/KLB complex which decreases the expression of the rate limiting enzyme [cholesterol 7 alpha-hydroxylase (CYP7A1)] in bile acids synthesis (32, 35, 36). However, hepatic Cyp7a1 expression is also regulated directly by FXR through the small heterodimer partner (SHP)-and the pregnane X receptor (PXR) (37–40). Bile acids are strong detergents and thus their synthesis is tightly regulated to prevent enterohepatic damage (41). FGF19/FGF15 also controls refilling of bile acids into the gall bladder after a meal (42, 43), and has been described to be a postprandial activator of hepatic protein and glycogen synthesis and to inhibit hepatic gluconeogenesis (42, 44). Global deletion of the Fgf15 or Klb in mice increases hepatic Cyp7a1 mRNA expression, plasma bile acids and increases fecal bile acids excretion (32, 45).

FGF19 is also highly expressed in liver in HCC and has been suggested to be responsible for growth and invasion of tumors through its interactions with FGFR4/KLB (46). (46, 47) Furthermore, FGF15 knockout (ko) mice display an impairment in liver regeneration after partial hepatectomy (48) and FGF15 ko mice have less and smaller tumours and fewer histological neoplastic lesions in response to diethylnitrosamine-(DEN)-induced HCC compared to wild type-mice (49). Oppositely, FGF15 overexpressing transgenic (tg) mice have very low bile acids and an increase in hepatocyte proliferation suggesting that FGF15 plays a critical role in liver regeneration (50). Other authors, however, claim that in contrast to FGF19, FGF15 is not carcinogenic in several murine models (51) and that fundamental species-associated differences between FGF19 and FGF15 restrict the relevance of mouse models for the study of carcinogenic effect of the FXR/FGF19 pathway.



FGF21

The mouse and human Fgf21/FGF21 genes were cloned by Nishimura et al. in 2000 (52). FGF21 is highly expressed in liver and pancreas while lower expression is observed in adipose tissue and skeletal muscle across species (11, 52–56). In mice, FGF21 is released from the liver in response to fasting and FFA (57, 58) by activation of peroxisome proliferator-activated receptors (PPAR)α receptor (59). The increase in plasma FGF21 in response to PPARα stimulation has been suggested to be involved in a negative feedback loop to inhibit lipolysis (60). Hepatic FGF21 is also increased in response to high glucose via activation of Carbohydrate-response element-binding protein (ChREBP) (61) and FGF21 lowers the preference for glucose intake (62) by stimulation of glutamatergic neurons in the ventromedial hypothalamus (VMH) (63). Moreover, FGF21 facilitates glucose (64), lipid uptake (65) and adipogenesis in the adipose tissue (66), which prevent ectopic lipid accumulation in liver and skeletal muscle (67). Importantly, FGF21 is also released in response to insufficient amino acid supply triggered by the integrated stress response which activates the general control nonderepressible 2 (GCN2) (68) and induces FGF21 transcription. In response to protein restriction FGF21 is required to increase food intake (in order to meet the protein demand) and energy expenditure (EE) (68). Moreover, FGF21-treated mice are hyperphagic to overcome the increase in EE and the mice prefer protein over carbohydrate (69, 70). The FGF21 ko mice (71–74) have decreased thermogenic ability (decreased BAT activity) (75, 76) and lack the ability to expand subcutaneous fat (77) potentially due to decreased PPARγ expression in the adipose tissue (71). The FGF21 ko mice are furthermore insulin resistant (78) and the glucose excursion rate in response to an intraperitoneal glucose tolerance test is increased (71). A simplified overview of the physiological role of FGF19 and FGF21 is shown in Figure 2.




Figure 2 | Regulation and effect on FGF19 and FGF21. FGF19 is released from the enterocytes in response to bile acids and suppresses bile acids synthesis in hepatocytes. FGF21 is mainly expressed in hepatocytes in response to FFA, glucose and lack of amino acids. FGF21 acts in the CNS and in the adipose tissue to control glucose, lipid and energy metabolism, by increasing glucose and TG uptake into the adipose tissue, by increasing EE and altering food preferences.






Overlapping and distinct effect of FGF19 and FGF21 in mice

As FGF19 is not expressed in rodents it is important to notice that FGF19 and FGF15 despite being orthologues display different mitogenic and metabolic functions in mice (28, 51) and interestingly the FGF19 overexpressing tg mice (79) display overlapping phenotype with the FGF21 tg mice. Both genetic models have increased EE, increased brown adipose tissue, decreased BW, lower fat mass, lower liver fat, and lower plasma IGF-1 (64, 76, 80). Also, treatment with FGF19 ameliorate the metabolic phenotype in high fat fed mice (81). However, unlike FGF19, FGF15 does not lower blood glucose (BG) in diabetic mice (28, 51) indicating that FGF19 display a differential receptor selectivity compared to FGF15. Notably, FGF15 does not activate down-stream signaling of the mouse FGFR1c/KLB receptor complex despite binding (28). The inability of FGF15 to lower BG in diabetic mice may be associated with the lack of FGFR1c/KLB activity (28, 51). This is in agreement with data showing that a FGFR4/KLB selective variant of FGF19 lowers bile acids and induces hepatic proliferation while it does not decrease BG in diabetic mice, while a FGFR1c selective FGF19 variant (FGF19dCTD) maintains the ability to lower BG but does not regulate bile acids in mice (24, 30).

The extracellular domain of KLB is approx. 80% conserved between mouse and human, but species differences have been observed and FGF15 does for example not bind human KLB (28). Oppositely, FGF19 and FGF21 bind mouse KLB with higher affinity than human KLB (28, 82). FGF19 is furthermore a potent activator of both FGFR4/mouse and human KLB complex (28) and is approximately 1000-fold more potent than FGF21 in inhibiting CYP7A1 mRNA expression in primary human hepatocytes (28, 83, 84). FGF19 also binds FGFR1c/KLB complex and binds FGFR1c/mouse KLB with approx. 25 higher potency than the FGFR1c/human KLB (28). FGF21 binds the FGFR1c/human KLB complex with 2-fold higher affinity than FGF19. The ability of FGF19 to activate FGFR1c in presence of both mice and human KLB is of high importance in order to understand the metabolic actions of FGF19 in mice and humans as FGF19 therefore has overlapping effect with FGF21 which primarily use FGFR1c/KLB as its major receptor complex. However, in contrast to FGF21 which decreases plasma triglycerides (TG) and cholesterol (28, 85) FGF19 increases plasma TG and cholesterol (86, 87) in mice. As the FGFR4 selective FGF19 variant (FGF19dCTD) retains its ability to lower bile acids synthesis and increases plasma TG and total cholesterol levels the negative effects of FGF19 on plasma lipids is mediated by FGFR4/KLB activation (30). An overview of FGF15, FGF21, and FGF19 with respect to protein size, expression, order of receptors affinity, metabolic, and mitogenic effects is shown in Table 1.


Table 1 | Overview of FGF15, FGF19 and FGF21.






Preclinical models and mode of actions


Tissue specific actions of FGF19 and FGF21

The insulin sensitizing, BG and BW lowering effects of FGF21 are lost when co-receptor KLB is globally deleted (88). Nevertheless, the global KLB ko mice are surprisingly resistant toward HFD-induced obesity (89). However, KLB is, as described, also a co-receptor for the FGF19/FGF15 system, and therefore mice lacking FGF15 activity have increased plasma bile acids (24, 90). The high plasma bile acids found in the global KLB ko mice may increase EE by activation of G-protein-coupled bile acids receptor (TGR5), which increases EE and GLP-1 release (89). Therefore, tissue-specific silencing of KLB is required to study the contribution of KLB-expressing tissues to the metabolic actions of FGF21. Disruption of KLB, using the Calcium/calmodulin-dependent protein kinase type II subunit alpha (Camk2a) Cre recombinase expressed in neurons, abolishes the beneficial effects of FGF19 and FGF21 on BW loss, glucose, and insulin levels (91). However, KLB in the adipose tissue has been shown to contribute to the insulin-sensitizing effect of FGF19 and FGF21 (88, 91) and mice lacking adipose tissue and mice with adipose-specific deletion of FGFR1 are moreover, refractory to the metabolic benefit of FGF21 (92, 93). FGF19 requires KLB expression in the liver to regulate Cyp7a1 expression in mice (91), while the positive effect of FGF19 and FGF21 on hepatic steatosis was unaffected by adipose and liver specific KLB deletion (91). It is therefore, clear that activation of the receptor complex in the CNS is required for metabolic activity, but unclear if FGF21 has any direct effect on hepatocytes that contributes to amelioration of NASH.


Liver Phenotype in FGF21 Knockout Mice

In response to fasting (94), ketogenic diet (71), high fat diet (95), alcohol (96), and protein restriction (97) the FGF21 ko mice develop liver steatosis. Furthermore, liver weight is already increased in the basal state in the FGF21 ko mice (98). This indicate that FGF21 plays an important role in maintenance of hepatic lipid metabolism. The accumulation of hepatic fat in the FGF21 ko may be linked to an increased flux of FFA from the adipose tissue (98) but may also be caused by a reduction in hepatic β-oxidation due to higher plasma insulin (99) and reduced TG uptake (65) and storage in the adipose tissue. Lack of FGF21 also reduces hepatic FA oxidation in ko mice fed a methionine-choline deficient (MCD) diet which is accompanied with more severe steatosis, peroxidative damage, inflammation, endoplasmic reticulum stress, and fibrosis when compared to wild-type mice (100). FGF21 ko mice are, furthermore, very sensitive to LPS-induced (101) and acetaminophen (APAP)-induced hepatotoxicity compared to wild-type littermates. Finally, FGF21 seems to protect against HCC development, as FGF21 ko mice are found more prone to develop HCC when fed a long term obesogenic diet (95) and mice overexpressing FGF21 are protected toward DEN-induced liver tumors (102).



Liver phenotype in FGF15 Knockout mice

Ablation of the Fgf15 gene in mice increases hepatic Cyp7a1 mRNA expression the total bile acids pool and faecal bile acids (32). Due to increase bile acids, colon tumour carcinomas are commonly observed in FGF15-deficient mice (103). FGF15 ko mice are like FGF21 ko mice more susceptible to APAP-induced liver injury (104). Interestingly, FGF15 ko mice fed a high fat diet have decreased liver fibrosis while lack of FGF15 had no effect on the severity of liver steatosis or inflammation (105). FGF15 ko mice display an impairment in liver regeneration after partial hepatectomy (48) and have less and smaller tumours and fewer histological neoplastic lesions in response to DEN-induced HCC (49). On the contrary, FGF15 tg mice has increased hepatocyte proliferation suggesting that FGF15 plays a critical role in liver regeneration (50). Other authors, however, claim that in contrast to FGF19, FGF15 does not induce HCC in mice as previously discussed (51).

Taken together, worsening of fibrosis and even earlier development of pre-stage HCC are seen in the mice lacking FGF21. The opposite has been observed in mice lacking FGF15 where a decrease in fibrosis (105) and a decrease in progression to HCC is observed (49). This is distinct from the actions observed by pharmacological dosing, where a decrease in fibrosis is observed in response to both FGF21 (106) and a FGF19 variant (107). FGF19 is however, also a strong inducer of liver carcinomas in mice (108) and it is of high importance to mitigate the mitogenic, FGFR4-mediated effect of FGF19 to allow human therapy, even though species difference may indicate that FGF19 is less mitogenic in human cellular systems (109, 110).




Pre-clinical Effects of FGF19 and FGF21 and Analogues Thereof in Murine Models of NASH

Predictive pre-clinical models are essential to early drug discovery and with several clinical failures the predictive value of mouse NASH models must be carefully considered. Within NASH several murine models are commonly being used. The models can be divided into 1) dietary/metabolic models like high fructose, high fat, high cholesterol fed mice (DIO NASH) and mechanistic models deficient of essential amino acids like the MCD and choline-deficient (CDA) model; 2) chemical-induced mouse models like streptozotocin for diabetes, carbon tetrachloride (CCl4) (liver toxicity), and DEN-induced models for hepatocarcinogenesis (111). Overall, the more metabolic models develop mild inflammation and fibrosis, whilst the mechanistic and toxin-induced models need to be used in a very hypothesis-driven approach with regards to inflammation and fibrosis as they lack most metabolic aspects and are thereby not representative for NASH, but rather a tool to study inflammation and fibrosis in the liver.

The main features of NASH pathology in metabolic models, i.e., steatosis, mild inflammation, and mild fibrosis have all been found to be improved by treatments with FGF21, as well as FGF19 and analogues thereof (86, 87, 107, 112) which may partly be driven by a decrease in BW. However, in the lipotoxic mechanistic models (MCD, CDA-HFD) with a higher degree of inflammation and fibrosis, FGF21 treatment improved all parameters of importance in NASH, without lowering BW in the MCD model (97, 106, 112, 113). Interestingly, an improvement in steatosis was observed in response to FGF21 although the deficiency to hepatic lipids in these models often limits treatment effects on steatosis. The effect of FGF21 on steatosis in the MCD and CDA-HFD models may be linked to FGF21’s ability to increase FA oxidation or to decrease DNL (97, 113). However, it has to be stressed that the MCD model is a very harsh model with significant BW loss induced by the diet. Therefore, the CDA-HFD fed mice which are more BW stable is the preferred mechanistic model of the two (114).

In addition to the anti-inflammatory and anti-fibrotic effects of FGF21 and FGF19 in the metabolic as well as more mechanistic models of liver disease, several studies support a role in resolving fibrosis independent of BW loss. Administration of FGF21 improves inflammation and fibrosis in diabetic nephropathy (115, 116), pulmonary fibrosis induced by bleomycin (115), cardiac fibrosis (117, 118), as well as pancreatic fibrosis (119). FGF19 has also shown beneficial effects in diabetic cardiomyopathy improving both cardiac function and decreasing fibrosis (120). Finally, FGF21 has been shown to attenuate dimethylnitrosamine (DMN)-induced hepatic fibrogenesis in mice by inhibition of hepatic stellate cells (HSC) activation via down-regulating the expression of transforming growth factor (TGF)β (121).

In summary, both FGF21 and FGF19 analogues decrease steatosis, inflammation and fibrosis in various NASH models. Furthermore, FGF21 prevents fibrosis in numerous tissues (lung, heart, and pancreas) in mice, while less data is available for FGF19.



Mode of Action


Anti-Steatotic Effects

Reversal of hepatic steatosis is of crucial importance to improve liver health and several pharmacological approaches to lower DNL or to increase lipid oxidation are in development (17). FGF19 and FGF21 both depend on KLB expression in the CNS to lower hepatic steatosis (91). The effect on steatosis is likely independent of the FGFR4/KLB complex as a FGF19 variant lacking FGFR1c/KLB activity lack metabolic activity (24, 30). Both FGF21 (64) and FGF19 (79) increase EE in mice causing BW loss by inducing corticotropin-releasing factor (CRF) and sympathetic nerve activity (122) but beside that, there are several means by which FGF19 and FGF21 decrease steatosis. First of all, FGF21 has been described to inhibit lipolysis from the adipose tissue (60, 123) preventing flux of FFA to accumulate in the liver. Furthermore, FGF21 has been shown to increase TG uptake in the adipose tissue by induction of LPL’ase activity (65). A decrease in the delivery of triglyceride-enriched very low-density lipoprotein (VLDL) to the liver by downregulating VLDL receptor expression has also been described as a mechanism by which FGF21 treatment lowers hepatic steatosis (124) (125). Interestingly, FGF21 has also been shown to increase hydrogen sulfide (H2S) (125) which is a potent stimulator of autophagic flux which plays an important role in liver triglyceride clearance (126).

Another important contributor to the observed improvement in steatosis is the reduction in plasma insulin which decreases de novo lipogenesis by lowering sterol regulatory element-binding protein 1 (SREBP-1) activity (127) and increases beta-oxidation (59, 86, 87). Inhibition of hepatic mTOR by FGF21 (128, 129) may also be part of the lipid lowering mechanism as mTOR is a major regulator of lipid metabolism (130) and likely contribute to the effect of FGF19 and FGF21 on hepatic lipid metabolism. It is still not fully understood if a direct action on hepatocytes contribute to the positive effect of FGF19 and FGF21 on steatosis, but overexpression of an inactive KLB mutant interestingly induces intracellular lipid accumulation in HepG2 and Huh7 cells in vitro (131).



Regulation of Oxidative Stress and Autophagy

It is well described that metabolic stress in hepatocytes, as induced by excess FFA, free cholesterol, and TG, will lead to increased reactive oxygen species (ROS), endoplasmic reticulum (ER) stress and oxidative stress, as well as impaired autophagy (132). When the antioxidant capacity of the hepatocytes is surpassed, DNA damage and oxidation occur, eventually resulting in cell death, either via apoptosis or necroptosis, which in turn triggers hepatic inflammation.

The MCD model, treated with FGF21 have enhanced hepatic mitochondrial function which has been shown to attenuate hepatic ER stress (112). Both FGF21 (120) and FGF19 (133) have furthermore in heart and liver, respectively, been shown to active the nuclear factor erythroid-2 related factor 2 (Nrf2) pathway. Activation of Nrf2 increases the expression of antioxidant proteins which protects the cells toward oxidative damage. FGF21 has been shown to activate AMP-activated protein kinase (AMPK) in adipocytes (134) and hepatocytes (135) which prevents hepatocyte apoptosis (136) and reduces ER-stress in NASH (137). Likewise, FGF19 has been shown to activate the AMPK pathway and promote antioxidant response in muscle and heart (120). It is still not fully understood if FGF21 activates AMPK through direct effects on hepatocytes, but interestingly adiponectin which is induced by FGF21 in several species (64, 138–140) is an activator of AMPK release (141). Adiponectin ko mice are also refractory to increase insulin sensitivity in response to FGF21 treatment (142). More data are needed to understand if the beneficial effect of FGF21 on NASH is dependent of adiponectin. It is not clear if FGF19 also increases the expression of adiponectin as one study shows that FGF19 does not increase plasma adiponectin (91), while another study found that mice deficient in FGF15 have lower adiponectin levels (143).



Anti-Inflammatory Effects

The anti-inflammatory effect following administration of a FGF21 analogue has been shown to be mediated via inhibition of interleukin (IL)-17A expression in pro-inflammatory T helper 17 (Th17) (113) and the effect seems to be mediated via increases in adiponectin (113). Furthermore, in ob/ob mice, FGF21 treatment reduces the phosphorylation of hepatic nuclear factor kappa B (NF-kB), the main inflammatory signaling pathway activated by proinflammatory cytokines, which also indicate an anti-inflammatory action of FGF21 (144). Interestingly, NF-kB is also a downstream target of AMPK activation (145). Moreover, as FGF21 has been shown to increase the HPA axis in mice (122, 146) an increase in plasma corticosterone may also contribute to the anti-inflammatory effect.



Anti-Fibrotic Effects

During liver injury, HSCs become activated and trans-differentiate into myofibroblasts. The effect is mediated by connective tissue growth factor (CTGF) and Transforming growth factor beta (TGFβ) which increase proliferation and fibrogenesis augmented by inflammation and immunoregulation, as well as altered matrix degradation. Oxidative stress is one of the important drivers of fibrogenesis through activation of TGFβ in several pathological conditions (147). FGF21 and FGF19 may exert anti-fibrotic effects by resolving lipotoxicity and activating the oxidative stress defence as described above. Whether some of the anti-fibrotic effects of FGF21 are mediated via adiponectin actions cannot be excluded (148). Furthermore, the reduced bile acids toxicity is believed to play a role in the FXR- and FGF19-mediated anti-fibrotic effect (107).

Surprisingly, direct anti-fibrotic actions by FGF19 and FGF21 have been described in human LX-2 cells (106, 149, 150). It is, however, unclear if these myofibroblast express KLB and more data required to understand if FGF19 and FGF21 act direct on HSC. In vivo, FGF21 has been shown to decrease the expressions of G-protein coupled receptor (GPR)91 and markers of fibrosis (alpha-smooth muscle actin (α-SMA) and collagen type 1) in the liver of MCD fed mice (106) but it is unknown if this is mediated by a direct effect in the liver. Finally, FGF21 is upregulated in response to protein restriction (68) and downstream actions of FGF21 may therefore also involve regulation of protein synthesis and catabolism which may affect the novo synthesis of collagen, but more data are required to support this hypothesis. FGF15/FGF19 has on the other hand been shown to increase hepatic protein synthesis (44).



Regulation of Bile Acids

Bile acids are toxic (41) and are tightly regulated by several mechanisms and excessive amount of bile acids is known to cause liver damage (41). The decrease in bile acids synthesis observed in response to NGM282 and FXR agonist treatment have a beneficial effect on the liver especially in cholestatic liver diseases (151, 152). Therefore, FGF19 may also promote liver health by reducing the bile acids levels in NASH (49, 153). The effect of FGF21 in bile acids metabolism is less well described but supraphysiological doses of FGF21 may interact with the FGFR4/KLB system and FGF21 has been shown to decrease Cyp7A1 and bile acids in pre-clinical species (83).



Regulation of Plasma Lipids

In contrast to FGF19 and analogues thereof, which increase plasma cholesterol and TG (28, 85) FGF21 lowers plasma cholesterol and TG (86, 87). Based on receptor specific FGF19 analogues it is well established that the negative impact on plasma cholesterol and TG by FGF19 treatment is mediated via FGFR4/KLB activation (85). Inhibition of Cyp7a1 decreases bile acids synthesis from cholesterol hence plasma cholesterol is likely to increase. The increase in plasma TG induced by FGF19 in mice (28, 85) may be linked to a decrease in FXR activity as FXR KO mice have increased plasma TG (152) but the high plasma cholesterol may also activate hepatic liver x receptor (LXR)a causing an increase in plasma TG (154). The positive effect of FGF21 on plasma lipids is mediated by FGFR1c/KLB (91) and as FGF19 can activate both FGFR1c/KLB and FGFR4/KLB the effect of FGF19 on plasma lipid is a mixture of FGFR1/KLB lipid lowering effect and the negative impact of FGFR4/KLB activation on plasma lipids.



Summary

FGF21 clearly lowers hepatic steatosis in mice and multiple mechanisms ranging from decreases in BW, increases in beta-oxidation to increases in autophagy may play important roles. The mode of action behind the anti-inflammatory and anti-fibrotic effects are less elucidated. A strong increase in adiponectin may link the positive effect of FGF21 to the observed anti-inflammatory and anti-fibrotic effects. As FGF19 also activates the FGFR1c/KLB receptor complex (28) and requires CNS receptor action for metabolic activity (91) it is likely that FGF19 resembles FGF21 in the regulation of adiponectin. The contribution of bile acids lowering to the anti-fibrotic action is another topic of interest and therefore the effect of FGFR4-selective FGF19 analogues on NASH outcome in mice will be of great interest. Increased knowledge of the receptor complex expression in healthy and diseased murine and human liver cells (hepatocytes, immune cells, and myofibroblasts) with validated cell specific markers will furthermore help elucidate if direct effect of FGF19 or FGF21 on immune and/or HSC can be expected.





Clinical Findings


Regulation of Endogenous FGF19 and FGF21 in NASH

Plasma FGF21 is mainly liver derived (155) and is as described previously regulated by high FFA (57–59), high glucose (61) and lack of amino acids (68). Plasma FGF21 displays a circadian regulation with peak levels around 3-6 am (156, 157). Plasma FGF21 is positively correlated to BMI and insulin resistance in humans (158–162) which has resulted in discussion of FGF21 resistance (163). However, other authors found no evidence of FGF21 resistance in obese mice (164) and as described below FGF21 analogues are able to lower BW, plasma lipids and improve insulin sensitivity in obese humans indicating lack of overt FGF21 resistance in obese humans (165–167). Furthermore, liver fat is also positively correlated to plasma FGF21 (168, 169) and plasma FGF21 is increased in patients with NAFLD (170–173) and NASH (158, 174–176). Liver fat is the strongest BMI-independent marker of hepatic FGF21 expression and plasma FGF21 (174, 175). FGF21 has, therefore, been suggested to be a potential diagnostic biomarker of NAFLD (177). It is, however, important to note that fibroblast activating protein (Fap) which has been found to inactivate FGF21 (178) is increased in NASH patients (179) and future studies are needed to distinguish between total and active plasma FGF21 in NASH. The increase in plasma FGF21 in response to metabolic impairment and NAFLD may represent an adaptive protective response where increases in FGF21 may act to increase insulin sensitivity and decrease liver fat. Reduction of liver fat by tesamorelin treatment in HIV patients or by GLP-1 receptor agonist treatment in T2D lead to reductions in liver fat content which has been associated with a decrease in plasma FGF21. The regulation of plasma FGF21 in health and disease has recently nicely been reviewed by Keuper, et al (180).

FGF19 is expressed in the intestinal enterocytes and is as described increased in response to bile acids by activation of the FXR (181). FGF19 displays a diurnal rhythm with two major peaks at 3 and 9 pm (182). Fasting FGF19 has been shown to be increased in response to bariatric surgery (183, 184) where bile acids are known to be increased (185). Opposite to plasma FGF21, fasted serum FGF19 levels are reduced in individuals with overweight, obesity (186) and NAFLD (187, 188). FGF19 has therefore also been suggested as a diagnostic biomarker in NASH where a decrease should indicate increases in steatosis (187). The reduced serum FGF19 levels in children with NASH is, however, not statistically associated with paediatric NAFLD histological score (187, 189). Furthermore, hepatic response to FGF19 seemed to be impaired in humans with NAFLD (190) and lack of FGF19 and decreased FGF19 activity may worsening NASH due to accumulation of toxic bile acids. As expected, serum FGF19 correlates with severity of cholestatic liver disease (191) where increases in serum FGF19 is associated with a decrease in CYP7A1 expression (191). The differential regulation of plasma FGF21 and FGF19 in humans further support distinct physiological roles of the two endocrine FGFs. Plasma FGF21 is increased in NASH while FGF19 seem to be downregulated, thus it is of high interest that pharmacological intervention with analogues of the two hormones improves NASH resolution and decrease fibrosis in humans as described below.



Genetic Evidence

Human genetics are important to understand the relevance of a given gene in a specific disease. Within the last few years polymorphisms in the FGF21 and KLB gene have revealed important phenotypic information supporting findings in gene modified animal models.


Polymorphisms in FGF21

Two independent studies in humans have shown that single nucleotide polymorphism (SNPs) in the FGF21 locus are associated with changes in intake of macronutrients. The two alleles rs838133 and rs838145 are both associated with higher carbohydrate intake and therefore, potentially, also with a loss of FGF21 function. In the Danish Inter99 cohort, rs838133 was furthermore linked to an increased consumption of candy and decreased fat and protein intake (192, 193). The effect of FGF21 on food preference was later confirmed in a meta-analysis including up to 123,000 individuals (194). A GWAS from the UK Biobank (>450,000 individuals) showed that the common rs838133 allele also is associated with insulin resistance, higher blood pressure (PB) and a higher waist-to-hip ratio despite a lower total body-fat percentage (195). Nevertheless, the effect of the rs838133 allele on these parameters is extremely small (0.33 mm Hg in PB and a 1 mm difference in hip circumference), but the effect sizes of common genetic variants does not always predict the potential efficacy of a target in response to pharmacological intervention. Notably, subjects with a high hip-to-waist ratio have low plasma adiponectin (196) and subjects with high hip-to-waist ratio are also prone to develop NASH (197, 198). The inverse correlation between adiponectin and fasting insulin, HOMA-IR, triglyceride, systolic and diastolic BP (196, 199) potentially links adiponectin to FGF21 biology (142). The FGF21 rs838133 allele is, however, not associated with fasting plasma glucose, but is interestingly, associated with higher plasma low-density lipoprotein cholesterol (LDLc) and higher gamma-glutamyl transpeptidase (GGT) levels (195).



Polymorphisms in FGF19

FGF19 loss of function in humans is expected to increase bile acids to a toxic level and we have not been able to identify any GWAS on FGF19 loss of function. Two common SNPs (rs948992 and rs1789170) in the FGF19 gene were not found to be associated with bile acids diarrhea (BAD) (200), however, reduced plasma FGF19 levels have been correlated to BAD (201). On the other hand, increased FGF19 copy number is frequently detected in HCC (202).



Polymorphisms in KLB

Loss of KLB function will of course affect both FGF19 and FGF21 activity in humans. A SNP (rs17618244) in KLB has been associated with colonic transit in patients with diarrhea-predominant irritable bowel (203) which presumably is due to change in bile acids metabolism caused by a decrease in FGF19 activity. Furthermore, in a meta-analysis including more than 105,000 individuals, a locus in KLB was associated with increased alcohol consumption (204). A common SNP in the KLB gene (rs2608819) has also been associated with a reduction of KLB expression in the adipose tissue and a higher body mass index (BMI) potentially linking FGF21 activity to EE in humans (205). It is therefore, of interest to note that rs17618244 SNP is associated with increased risk of ballooning and lobular inflammation in children with NAFLD (131). It is, however, unknown if loss of KLB function prone children to NASH due to lack of FGF19 or FGF21 activity or both.




FGF19 and FGF21 Analogues in Clinical Development for NASH


FGF19 Analogues

While a handful of FXR agonist are in late stage clinical trials (17) there is currently only one FGF19 analogue in clinical development and as described previously it is important to separate the mitogenic signaling from the metabolic action of FGF19.


Aldafermin

NGM282 (Aldafermin) is a non-mitogenic FGF19 analogue with 5-amino acid deletion (P24-S28) and 3 amino acids substitutions at critical positions (A30S, G31S, H33L) within the amino terminus (183, 206). The analogue is not protracted, and once daily subcutaneous dosing is required. These mutations prevent Aldafermin to activate signal transducer and activator of transcription 3 (STAT3), a signaling pathway essential for FGF19-mediated HCC, while Aldafermin retains its ability to inhibit CYP7A1 (107, 110, 151, 207). Aldafermin is thereby designed to be non-mitogenic and does not induce liver proliferation in mice (208). Aldafermin decreases serum levels of 7α-hydroxy-4-cholesteb-3-one (C4) by inhibition of hepatic CYP7A1 transcription in humans (151). In a randomized, double-blind, placebo-controlled study in patients with type 2 diabetes 2, 5, 10 mg NGM282 (sc injection once daily for 12 weeks) did not correct hyperglycemia while a significant improvement in insulin sensitivity was observed at the high dose at the end of the study (183). In a phase 2 trial in patients with primary biliary cholangitis, a devastating liver disease caused by hepatic accumulation of toxic bile acids (209), once daily administration of Aldafermin for 28 days lowered plasma bile acids and improved liver function (210). Furthermore, in a phase 2 study in patients with NASH 12 weeks of Aldafermin treatment reduced absolute liver fat by 5% measured by magnetic resonance imaging proton density fat fraction (MRI-PDFF) in 80% of the patients (207). A significant decrease in plasma liver enzymes alanine aminotransferase (ALT) and aspartate amino transferase (AST) was also observed in response to Aldafermin treatment (207). Furthermore, plasma C4 was decreased by more than 95% within the first day of treatment and a significant increase in plasma LDLc was observed while plasma TG was decreased (207). A significant decrease in BW was observed in the highest dose group (207). Co-administration with statins was later shown to be able to normalize the Aldafermin-induced increases in plasma LDLc (211). Aldafermin also improves histological endpoints after 12 weeks of treatment in patients with biopsy-confirmed NASH (212). Of the 43 patients who received subcutaneous Aldafermin (1 mg, n=24; 3 mg, n=19) once daily for 12 weeks a significant improvement in NAS score by 2 or more points without worsening of fibrosis was observed in more than 50% of the patients. Furthermore, liver fibrosis was improved by one stage or more without worsening of NASH in 25% and 41% of patients who received Aldafermin 1 or 3 mg, respectively (212). Aldafermin, furthermore, reduced pro-peptide type III collagen (Pro-C3), a biomarker of fibrogenesis (140, 213), in plasma with 22% and 33% in response to 1 and 3 mg respectively (212). However, no placebo group was included in the trial and the significance of these effect needs to be confirmed. The data was recently confirmed in a 24 weeks trial (78 patients with F2/F3) where fibrosis improvement (>1) and no worsening of NASH was observed in 38% of patients treated with Aldafermin versus only 18% in the placebo group (214). NASH resolution with no worsening of fibrosis was observed in 24% of patients receiving Aldafermin compared to 9% in the placebo group (214). It is therefore, of interest to note that the effect of OCA, which is a upstream regulator of FGF19, had limited on the regulatory endpoints in the phase 3 trial (REGENERATE), but the endogenous levels of FGF19 induced by OCA (215) may not be high enough to induce the metabolic response mediated by FGFR1c/KLB interaction.



Adverse Effects

Aldafermin is in general well tolerated, but dosing of Aldafermin is associated with dose-related abdominal cramping and diarrhea (207, 210, 212, 216). Approximately, 10% of the patients receiving Aldafermin were discontinued due to gastrointestinal (GI) side effect such as high frequencies of diarrhea, abdominal pain and nausea. In a follow up study Aldafermin was shown to alter bowel function and accelerates gastric and colonic transit (216) which is likely caused by changes in bile acids metabolism. Furthermore, 14% of subjects dosed with 3 mg Aldafermin reported an increase in appetite (216) similar to observations in clinical trial with FGF21 analogues (166, 217, 218), thus overlapping effects on regulation of appetite may appear. The increase in LDLc is furthermore, a major concern as most patients with NASH have an increased risk of cardiovascular diseases (7, 219) and hence counterregulatory treatment with, i.e., statins is required.




FGF21 Analogues

Native FGF21 has a short half-life (t½) (220) and analogues with protracted action have been designed. A variety of approaches (polyethylene glycol-modified (pegylation) (221–224), Fc-fusions (225–227) and immunoglobulin-fusion (228) have been applied to increase the half-life. The N- and C-terminals of FGF21 are furthermore important to maintain potency (229, 230) and FGF21 analogues with stabilized N- and C-terminal have been designed (231, 232). In this review we only include the two most advanced FGF21 analogues (Pegbelfermin and Efruxifermin) as these have clinical data in NASH. For more specific review of other FGF21 analogues see (233).


Pegbelfermin

Pegbelfermin is a PEGylated FGF21 analogue (224), however, no amino acids are substituted in the C-terminal to protect toward C-terminal degradation (82). In a double blinded, placebo controlled study in obese patients with T2DM an increase in plasma high-density lipoprotein cholesterol (HDLc) and a decrease in plasma TG was observed in response to Pegbelfermin treatment (1, 5, or 20 mg once daily or 20 mg once weekly for 12 weeks) while no effect on glycemic control or BW was observed (167). A dose dependent increase in plasma adiponectin was observed (167). In a Phase 2 clinical trial, 16 weeks of Pegbelfermin treatment (10 mg once daily or 20 mg once weekly) decreased absolute hepatic lipid content by 6.8% measured by MRI-PDFF in the 10 mg once daily group while 20 mg once weekly induced a decrease of 5.2% compared to placebo (140). As observed in the phase 1b trial, Pegbelfermin increased plasma adiponectin and HDLc while fasting plasma LDLc and TG were decreased (140). Liver stiffness, measured by magnetic resonance elastography (MRE), was also decreased as well as plasma Pro-C3. Currently, two clinical phase 2b trials (NCT03486899 and NCT03486912) of 24- and 48-weeks duration are ongoing in patient with NASH F2-F3 and F4, respectively and the result is expected to support further development of Pegbelfermin for the treatment of NASH.



Efruxifermin

Efruxifermin is a FcFGF21 analogue with N- and C-terminal modification to prevent degradation and increase potency (82). In mice as well as monkeys FcFGF21RG outperform native FGF21 (82). The t½ of Efruxifermin is 2-4 days in humans supporting a once weekly dosing. In a Phase 1b trial of 4 weeks duration 7–140 mg of Efruxifermin lowered plasma TG and LDLc and increased HDLc. Postprandial decrease in FFA was also observed in subjects treated with Efruxifermin (206). Efruxifermin also lowered BG and glycosylated HbA1c and an increase in insulin sensitivity was observed at the 70 mg once weekly dosing. As seen for other FGF21 analogues, a dose-dependent increase in adiponectin was observed. Recently, data from a phase 2 study in patients with biopsy confirmed NASH has been published (www.akerotx.com). In response to 12 weeks of Efruxifermin treatment (28, 50, and 70 mg once weekly) liver steatosis was reduced up to 70% (MRI-PDFF) in all patients. No significant dose response was observed indicating that the tested doses of 27, 50, and 70 mg once weekly were on the upper flat curve of the dose response. Patients with more than 30% reduction in liver fat were eligible for a liver biopsy post treatment and thus, unfortunately, only a couple of biopsies were taken from the placebo treated subjects. Nevertheless, a significant effect on NASH resolution and a decrease in fibrosis of >1 stage was observed in 39% of the subjects treated with 50 mg Efruxifermin. A dose dependent increase in plasma adiponectin was observed in all dose levels. The pronounced and significant effect of Efruxifermin make this compound a promising treatment option for NASH and recently Efruxifermin obtained European Medicines Agency Priority Medicines (PRIME) Designation in NASH.



Adverse Effects

Both Pegbelfermin and Efruxifermin are well tolerated. The most common side effect is GI related with increased frequency of diarrhea and nausea, but also an increase in appetite have been reported (140, 206). Interestingly, incidence of diarrhea is increasing with increasing doses which may indicate an interaction with bile acids synthesis and thereby FGFR4/KLB activity. Finally, anti-drug antibodies (ADA) will have to be carefully evaluated as, e.g., Pegbelfermin induces ADA, which may cross-react with the endogenous FGF21.

The FGF21 tg mice have reduced female fertility (25), increased plasma corticosterone (76) and lower bone mineral density (234). In the clinical setting bone markers have been shown to change in response to treatment with an FGF21 analogue (PF05231023) in obese subjects, however a decrease in BW was also observed in response to PF05231023 (166, 235) and therefore, it is impossible to conclude whether the change in plasma bone marker was related to FGF21 treatment or BW loss per se (236). Moreover, no apparent effect on bone density (assessed by bone densitometry) was observed in patients receiving Pegbelfermin for 16 weeks (140). However, based on previous data with PAPRγ agonists (Thiazolidinediones) which decrease BMD (237), future studies of longer duration are required to understand the impact of FGF21 on bone health in humans. The negative effect on female fertility of FGF21 also needs to be closely monitored but in the lean tg mice the adverse effect of FGF21 on fertility may be linked to lack of energy due to a large decrease in BW (86). It is well established that low leptin decreases fertility (238) and in the tg mice the decrease in fertility cause by FGF21 can be overcome by feeding the mice a high fat diet (239). As FGF21 have overlapping activities with FGF21 in mice by activation of the FGFR1c/KLB complex (28), it is of great interest to understand if similar adverse findings were observed in rodents or NHPs treated with Aldafermin.





Overlapping and Distinct Effect of FGF19 and FGF21 in Humans

A summary of the pharmacological effects of FGF21 and FGF19 analogues in humans is shown in Table 2, highlighting that both FGF19 and FGF21 analogues lower hepatic steatosis and fibrotic biomarkers in humans. However, differential effect on plasma cholesterol is observed. The FGF21 analogues have strong effect on the FGFR1c/KLB complex and potential also a slight effect on the FGFR4/KLB complex, however, as plasma C4 and total bile acids have not been measured in response to FGF21 treatment in humans, it is not possible to conclude on this. As FGF19 also binds with high potency to the human FGFR1c/KLB complex overlapping effect with FGF21 analogues is expected. As adiponectin may be involved in the anti-inflammatory and anti-fibrotic actions of FGF21 it will be of interest to understand if also Aldafermin increases plasma adiponectin in humans. Future clinical studies are required to determine which approach is more beneficial for patients with NASH and if blockage of bile acids synthesis, which may increase plasma LDLc and increase bowel movement, is advantageous in NASH and hence acceptable.


Table 2 | Summary of observations in clinical trials of FGF19 and FGF21 analogues.





Conclusion

FGF19 and FGF21 analogues have overlapping effect on steatosis, inflammation and fibrosis in mice and human subjects. The suggested mode of action studied in pre-clinical models are therefore likely also presented in humans emphasizing that BW loss is not the major driver of NASH resolution and decrease in fibrosis. Whether the effects are direct or indirect actions on the liver is still to be confirmed. However, while FGF21 analogues lower plasma lipids, FGF19, and Aldafermin have been shown to increase plasma cholesterol and decrease plasma bile acids in mouse and human. The beneficial effect on NASH is likely mediated by the FGFR1c/KLB complex, while the contribution of the FGFR4/KLB complex and lowering of bile acids preventing hepatocyte damage and subsequent fibrosis is not fully established in NASH. The results from phase 2b trials (e.g., NCT04171765) where administration of FGFR1c/KLB specific antibodies (240) are subjected to NASH patients will reveal more details on the contribution from the FGFR4/KLB complex to NASH resolution and lowering of fibrosis. It is furthermore, to be established if Aldafermin is non-mitogenic or even protective toward HCC by inhibiting actions of endogenous FGF19 in humans. FGF21 has been shown to protect toward development of HCC in mice and long-term outcome studies are required to show a decrease in HCC progression of potentially both Aldafermin and FGF21 analogues. Future research questions related to FGF19 and FGF21 within the NASH field are summarize in Table 3. The metabolic effects of FGF19 and FGF21 is summarized in Figure 3. In conclusion, FGF19 and FGF21 analogues have significant effect on NASH resolution and fibrosis in small, short term clinical trials. Thus, much is to expect of these classes of compounds for future treatment of NASH if long term safety is acceptable.


Table 3 | Future research questions for FGF19 and FGF21 with the NASH field.






Figure 3 | FGF19 and FGF21 treatment of NASH. The effect on hepatic steatosis, inflammation and fibrosis seem to be mediated via activation of the FGFR1c/KLB complex in the CNS and in the adipose tissue. FGF21 has been shown to decrease insulin release which will increase hepatic beta-oxidation and decrease DNL. FGF21 is furthermore a strong inducer of adiponectin release which has been shown to have several beneficial effects on NASH. FGF21 also increases the antioxidant capacity of the liver and increase the mitochondrial function. In addition, FGF21 lowers plasma TG, LDLc, and increases plasma HDLc. FGF19 has also been shown to activate the FGFR1c/KLB pathway but in addition FGF19 decreases bile acids synthesis via FGFR4/KLB activation, which has beneficial effect on NASH. It is unknown, if FGF21 activates the FGFR4/KLB complex and if other FGFRs (FGFR2c and FGFR3c) expressed in liver are involved in direct action of FGF19 or FGF21.
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Non-alcoholic fatty liver disease (NAFLD) has reached epidemic proportions, affecting an estimated one-quarter of the world’s adult population. Multiple organ systems have been implicated in the pathophysiology of NAFLD; however, the role of skeletal muscle has until recently been largely overlooked. A growing body of evidence places skeletal muscle—via its impact on insulin resistance and systemic inflammation—and the muscle-liver axis at the center of the NAFLD pathogenic cascade. Population-based studies suggest that sarcopenia is an effect-modifier across the NAFLD spectrum in that it is tightly linked to an increased risk of non-alcoholic fatty liver, non-alcoholic steatohepatitis (NASH), and advanced liver fibrosis, all independent of obesity and insulin resistance. Longitudinal studies suggest that increases in skeletal muscle mass over time may both reduce the incidence of NAFLD and improve preexisting NAFLD. Adverse muscle composition, comprising both low muscle volume and high muscle fat infiltration (myosteatosis), is highly prevalent in patients with NAFLD. The risk of functional disability conferred by low muscle volume in NAFLD is further exacerbated by the presence of myosteatosis, which is twice as common in NAFLD as in other chronic liver diseases. Crosstalk between muscle and liver is influenced by several factors, including obesity, physical inactivity, ectopic fat deposition, oxidative stress, and proinflammatory mediators. In this perspective review, we discuss key pathophysiological processes driving sarcopenia in NAFLD: anabolic resistance, insulin resistance, metabolic inflexibility and systemic inflammation. Interventions that modify muscle quantity (mass), muscle quality (fat), and physical function by simultaneously engaging multiple targets and pathways implicated in muscle-liver crosstalk may be required to address the multifactorial pathogenesis of NAFLD/NASH and provide effective and durable therapies.
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Introduction

Tremendous progress has been made in our understanding of the mechanisms underlying non-alcoholic fatty liver disease (NAFLD) (1–3), including the identification of several molecular pathways impacting a number of cell types (hepatocytes, macrophages, stellate cells) and organ systems, ranging from the liver to adipose tissue, the gut, immune system, and kidney (4, 5). Yet, few if any of these pathways explicitly involve skeletal muscle, the principal organ responsible for glucose disposal (6) and energy homeostasis (7), key processes that can impact the core pathogenesis of a systemic metabolic disease such as NAFLD (8).

Over the past few decades, the epidemics of obesity and type 2 diabetes (T2D) have continued unabated (9). Given the known bidirectional nature of the metabolic impact of obesity/T2D and NAFLD (10), the trajectory of NAFLD has likewise increased significantly, reaching epidemic proportions, with nearly a quarter of the globe afflicted with the condition (11). Non-alcoholic steatohepatitis (NASH), the more severe form of NAFLD, with manifestations of fibroinflammatory change (12), has a global prevalence as high as 37.3% among individuals with T2D (13), contributes to increasing rates of cirrhosis (14, 15), and is rapidly emerging as the leading cause of liver transplantation (16, 17). Global prevalence rates of cirrhosis continue to increase (18) along with the proportion of cirrhotic subjects with obesity (19). Sarcopenia is common in subjects with cirrhosis, with an estimated prevalence of 40%–70%, as well as in obese individuals (20, 21). In a Korean nationwide survey, more than 12% of all patients diagnosed with NAFLD had sarcopenia independent of obesity and insulin resistance (22), and up to 30% of sarcopenic subjects without metabolic syndrome and obesity had NAFLD (23). Thus, it appears that the bidirectional muscle-liver axis could play a significant pathophysiological role across the full spectrum of chronic liver disease.

In this perspective review, we discuss three main topics: (i) current clinical evidence linking sarcopenia and NAFLD/NASH; (ii) the clinical relevance of muscle composition to physical function in NAFLD; and (iii) key pathophysiological processes and molecular mediators underpinning the muscle-liver axis in NAFLD/NASH. Among these latter processes, the review explores two key physiological concepts, anabolic resistance and metabolic inflexibility, as potential avenues for novel therapeutic strategies to address the complex and multifactorial pathogenesis of NAFLD/NASH.



Sarcopenia—Definitions and Measurements


Definitions

The term “sarcopenia” was first introduced by Irwin Rosenberg in 1989 to describe the age-related decline in muscle mass among the elderly (24). Muscle mass accounts for ~45% of body mass, and once people reach 50 years of age, they lose ~1%–2% of their muscle mass per year (25). The European Working Group on Sarcopenia in Older People (EWGSOP) defines sarcopenia as generalized and progressive loss of three parameters: (i) muscle strength, (ii) muscle quantity/quality, and (iii) physical performance (26). Loss of muscle quality, for example as a result of myosteatosis, has also been directly linked to low physical function, poor clinical outcomes, and mortality (27).

Sarcopenia is clinically meaningful as it results in functional impairment with loss of strength, disability, frailty, loss of autonomy, and increased risk of falls and mortality, and therefore fundamentally affects how an individual feels and functions (Figure 1) (28–30). Although sarcopenia was once regarded as part of normal aging (31), nowadays, it is increasingly recognized as a progressive disease that is associated with increased risk of several common chronic metabolic disorders, including obesity, type 2 diabetes, metabolic syndrome, osteoporosis, cardiovascular disease, and cancer (Figure 1) (32–37). Sarcopenia is also acknowledged as a common complication and mortality risk factor in patients with cirrhosis and end-stage liver disease (ESLD) (38, 39). However, there are limited data directly linking sarcopenia to outcomes in NASH.




Figure 1 | Definition, sequelae, and related comorbidities of sarcopenia. Diagnosis includes assessment of both muscle mass and strength with functional impairments seen across multiple domains; sarcopenia is associated with nearly every major chronic disease.





Measurements

The Foundation for the National Institutes of Health Sarcopenia Project, comprising a pooled sample of 26,625 participants [57% women, mean age in men 75.2 (± 6.1 standard deviation) and in women 78.6 (± 5.9) years], recommended the following cutoff points for weakness and low lean mass: handgrip strength <26 kg for men and <16 kg for women, and appendicular lean body mass [measured by dual-energy X-ray absorptiometry (DXA) and adjusted for body mass index (BMI)] <0.789 for men and <0.512 for women (40). Recommendations from the EWGSOP (26) to assess for evidence of sarcopenia include strength assessments with the use of handgrip strength (<27 kg for men, <16 kg for women) and chair stand (>15 s for 5 rises); to confirm sarcopenia by detection of low muscle quantity and quality, DXA is advised in clinical practice, and DXA, bioelectrical impedance analysis, computerized tomography (CT), or magnetic resonance imaging (MRI) in research studies with appendicular skeletal muscle mass <20 kg (<7.0 kg/m2) for men and <15 kg (<5.5 kg/m2) for women. To determine severity of sarcopenia, recommendations include physical performance measures of gait speed (≤0.8 m/s), short performance physical battery (≤8 point score), timed-up-and-go test (≥20 s), and 400-m walk test (non-completion or ≥6 min for completion). While these are the current EWGSOP recommendations, it is important to acknowledge that some of these assessments (e.g., gait speed, 400-m walk) may also depend on cardiopulmonary fitness. In addition, assessment of strength by hand grip and chair stand as proposed addresses two distinct muscle groups, and consequently, could impact prognosis differently. Thus, additional studies are likely needed to further delineate the contribution of cardiopulmonary fitness to these tests designed to measure sarcopenia per se, as well as when to use one strength test or the other.




Clinical Evidence Linking Sarcopenia and Non-Alcoholic Fatty Liver Disease/Non-Alcoholic Steatohepatitis


Meta-Analyses

Four large meta-analyses (N ranging from 3,000 to ~30,000) estimated that individuals with sarcopenia were at ~1.3- to 1.5-fold increased risk of NAFLD compared to those without sarcopenia (41–44). In the few studies that examined the association between sarcopenia and NASH/fibrosis, the odds ratio (OR) for NASH was ~2.4, and for advanced liver fibrosis the OR ranged from ~1.6 to ~2.4 across the various studies (41, 42, 44). Conversely, skeletal muscle index (SMI) (skeletal muscle mass divided by height squared or weight) in NAFLD patients was ~1.8-fold lower (95% CI: 1.15–2.39) than that in healthy controls (42). However, there was generally high heterogeneity among the studies (I2 range 61%–98%).



Population-Based Studies

High-quality population studies have emerged over recent years to explore the relationship between sarcopenia and the presence and severity of NAFLD (25, 45). In studies conducted in Chinese and European individuals, SMI was inversely associated (OR 0.1–0.48), and intramuscular fat was positively associated (OR ~2–10), with NAFLD (46, 47). Several cohort and cross-sectional studies have indicated that SMI may be closely associated with the incidence of NAFLD (48–51), and that a low SMI is associated with metabolic dysregulation and NAFLD progression (52, 53). Among patients with NAFLD, the presence of sarcopenia was associated with a 2.5-fold increase in the risk of NASH (52). Advanced liver fibrosis was seen more often in those with sarcopenia (7.8%) compared to those without (1.6%), and sarcopenia was associated with advanced liver fibrosis (OR 1.8), independent of other metabolic risk factors (54).

The impact of skeletal muscle mass and its changes over time on the development of incident NAFLD or the resolution of baseline NAFLD were studied in a cohort of 12,624 subjects without baseline NAFLD and 2,943 subjects with baseline NAFLD (49). In this study, NAFLD was assessed by hepatic steatosis index, and SMI was estimated by bioimpedance analysis. Over a 7-year follow-up period, ~15% of the total population without baseline NAFLD developed NAFLD. Increased SMI was associated with reduced incidence of NAFLD [adjusted hazard ratio (AHR): 0.84 (95% CI: 0.79–0.90) per percent increase in SMI over 1 year]. Similarly, participants in the highest tertile of change in SMI over 1 year (compared with the lowest tertile) had both a lower likelihood of incident NAFLD [AHR: 0.69 (95% CI: 0.59–0.82)] and a higher likelihood of resolution of baseline NAFLD [AHR: 4.17 (95% CI: 1.90–6.17)] even after adjustment for multiple covariates, including baseline SMI (Figure 2) (49). Subjects in the highest tertile of change in SMI over 1 year also showed the greatest reductions in BMI, alanine aminotransferase and aspartate aminotransferase, fasting glucose, homeostatic model assessment of insulin resistance, lipid parameters, and hepatic steatosis index score (49). These findings suggest that increases in skeletal muscle mass over time may slow, halt, or reverse NAFLD development and facilitate resolution of existing NAFLD.




Figure 2 | The role of the muscle-liver axis in sarcopenia and non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH). Recent evidence in the context of NAFLD and NASH, such as that from Kim et al (49). offers compelling associations between changes in skeletal muscle index (SMI) and both NAFLD incidence and resolution of existing NAFLD. In this longitudinal study, these marked associations persisted for the highest tertile of SMI change over 1 year, relative to the lowest tertile, even after full adjustments for multiple covariates including baseline SMI.



In the prospective, observational Korean Sarcopenic Obesity cohort study of 452 apparently healthy adults (25), individuals with lower skeletal muscle mass (as measured by DXA to estimate SMI) exhibited increased risk of NAFLD (defined by the liver attenuation index measured using abdominal CT). In a multiple logistic regression analysis, the OR for NAFLD was 5.16 (95% CI: 1.63–16.33) in the lowest quartile of SMI compared to the highest quartile after adjusting for age and gender; this association remained independent of insulin resistance (25). A subsequent population-based nationwide survey (Korea National Health and Nutrition Examination Survey 2008–2011) corroborated these findings by demonstrating that sarcopenia was associated with NAFLD independent of obesity and insulin resistance (23). There was also a strong graded response with disease severity for NASH and fibrosis stage, both independent of obesity (52, 55).



A Few Limitations of Current Clinical Evidence

In most of these studies, both skeletal muscle mass and liver fat assessments were based on a variety of methods without a uniform reference standard. The most commonly used techniques were bioelectrical impedance analysis and DXA to estimate muscle mass. Previous studies have shown that both techniques are fraught with accuracy, sensitivity, and reproducibility issues (56–60). Cross sectional imaging (e.g., by CT or MRI) are considered to be gold standards, but do not lend themselves readily to use in large trial settings (61). In addition, while CT is sensitive for detecting moderate to advanced hepatic steatosis, it has limited diagnostic performance to assess mild steatosis (62). In almost all of the population studies, there was limited to no information on function (strength or muscle quality). Most studies used surrogate indices for NASH diagnosis, and only 2 studies used liver biopsy (52, 55). There were also large differences in the populations studied, with Asian populations predominating, and limited evidence from other ethnic groups. Although adjustment for common confounders such as age and gender was usually performed, there was less frequent adjustment for other known confounders such as inflammation and physical activity. Finally, most studies were cross-sectional in nature, complicating attempts to establish a cause-effect relationship.




Muscle Composition and Physical Function in Non-Alcoholic Fatty Liver Disease

Muscle composition is a major determinant of global muscle metabolic function, strength, and physical performance (63). Detailed measurement of muscle composition includes not only muscle mass, but also quantification of fat-free muscle volume and muscle fat infiltration (myosteatosis) (64). Myosteatosis has been linked to metabolic, functional, and clinical outcomes (65), a higher risk for cirrhosis-related complications such as hepatic encephalopathy (66), and overall mortality in patients with cirrhosis (67). The UK-Biobank (UKBB), a large and detailed prospective study following 500,000 healthy volunteers in the UK, gathered extensive datasets based on physical examinations, blood and urine samples, genetic profiles, patient health-related quality-of-life questionnaires, functional performance measures such as handgrip strength, walking pace, stair climbing, and falls, and health outcomes such as hospitalization and death (64, 68). Data from approximately 10,000 UKBB participants demonstrated that muscle composition (based on fat-free muscle volume and myosteatosis by water-fat separated neck-to-knee MRI), even after adjustment for age, gender and BMI, was more strongly associated with physical function, activities of daily living, and hospitalization than muscle volume alone, enabling an objective and improved definition of sarcopenia that is unaffected by body size (64).

Recent evidence shows that muscle composition also plays a significant role in NAFLD and related comorbidities. The UKBB resource was investigated for the impact of MRI-measured adverse muscle composition (AMC), defined as the presence of low muscle volume (i.e., <25th percentile of the UKBB population) in conjunction with high muscle fat infiltration (i.e., >75th percentile of the UKBB population) in 1,204 participants (women: 46.4%; mean age: 62.9 years; mean BMI: 30.1 kg/m2) with NAFLD (defined as MRI-proton density fat fraction, PDFF >5%), and low alcohol consumption (less than 14 and 21 units/week for females and males, respectively) and those without NAFLD (n = 4,122; MRI-PDFF </=5% with low alcohol consumption). In this study, muscle fat was significantly elevated in those with NAFLD vs. those without (8.03 ± 2.08% vs. 7.21 ± 1.82%; p < 0.001), and muscle fat infiltration above the 75th percentile was present in 37.8% of those 1,204 individuals with NAFLD (69). AMC was found to be highly prevalent, with 14.0% of the participants with NAFLD having both low muscle volume and high muscle fat (69). In NAFLD subjects, those with AMC as compared to those with low muscle volume alone had a higher prevalence of T2D (23.7% vs. 16.8%) and coronary heart disease (19.5% vs. 7.6%), as well as poor activities and function of daily living, as indicated by higher prevalence of decreased handgrip strength (10.7% vs. 8.4%), slow walking pace (16.6% vs. 7.6%), inability to climb stairs (15.4% vs. 9.2%), and more than one fall in the preceding year (12.4% vs. 3.4%) (69) (Figure 3). Interestingly, NAFLD participants presenting with normal muscle composition had similar background metabolic and functional risk as the control (low liver fat and alcohol consumption) population (Figure 3), with the exception of a higher T2D prevalence (69).




Figure 3 | The role of muscle composition in non-alcoholic fatty liver disease (NAFLD) and related comorbidities. A recent analysis of the UK-BioBank (UKBB) resource by Linge et al (69). revealed that participants with NAFLD and normal muscle composition had generally similar metabolic and functional characteristics to those with normal liver and muscle composition. Interestingly, participants with NAFLD combined with adverse muscle composition (AMC), defined as the presence of both low muscle volume (i.e., <25th percentile of the UKBB population) and high muscle fat infiltration (i.e., >75th percentile of the UKBB population), exhibited a larger “footprint” (higher prevalence) of relevant comorbidities and functional impairment when compared with the other groups evaluated. Numbers on axes represent prevalence (%) of each indicated comorbidity/functional impairment.



The advent of high-precision volumetric measurements in tomographic images such as MRI and CT has also allowed detailed quantification of myosteatosis in those with NAFLD. In a general cohort of 6,021 participants, median muscle fat infiltration was 7.19% (IQR: 6.18–8.42) (70). In the cohort with NAFLD, muscle fat infiltration in those with normal muscle composition was 6.78 ± 1.05%, similar to that of the general population; however, in NAFLD subjects with adverse muscle composition, muscle fat content was 10.10± 2.11% (p < 0.001) (69). The observation of higher myosteatosis in NAFLD subjects is not just restricted to the quadriceps. MRI-based muscle fat infiltration of the spinal erector muscle group (iliocostalis, longissimus, and spinalis) showed an absolute increase of 2.3 percentage points in subjects with NAFLD (10.9%) as compared to those with other chronic liver diseases (8.6%), and this number increased further with liver fibrosis stage [absolute increase of 5.0 percentage points in those with F3/F4 (14.9%) vs. F0 to F2 fibrosis (9.9%)] (71). Using a CT-based evaluation, another group (72) independently demonstrated higher fat accumulation within the psoas muscle (indicated by 15%–20% lower muscle density) in subjects with NASH with or without fibrosis compared to those with only fatty liver (NAFL); there was no graded response of muscle fat accumulation with fibrosis stage, as NASH subjects with either fibrosis F0/F1 or F2–F4 had similarly decreased muscle density. In a multivariate analysis, only relative muscle density and alanine transaminase emerged as independent predictors of NASH (72). Cumulatively, although these provocative results seem to suggest that myosteatosis by itself could be both a diagnostic and prognostic marker in NAFLD, additional prospective studies would be needed to confirm these initial observations. It also remains to be determined if there is a differential metabolic response to muscle composition changes within peripheral (thigh) and central (spinal erector) muscle groups.

Taken together, abnormal muscle composition in NAFLD, namely low mass with increased myosteatosis, was independently associated with low physical function and was largely under-diagnosed (69). These findings suggest that highly vulnerable populations may not be detected using current sarcopenia measurement tools and that more advanced imaging may help to identify those at risk of impaired physical function (64). Although low muscle volume alone confers greater risk of functional disability in those with NAFLD as compared to age-, gender-, and BMI-matched controls, the current evidence suggests that the presence of both low muscle volume and high muscle fat may amplify this risk (Figure 3). Thus, assessing muscle composition in NAFLD using a non-ionizing radiation technique such as MRI that can reliably and reproducibly assess longitudinal changes in muscle composition over time (test-retest repeatability coefficient was 0.53 percentage points for muscle fat infiltration) (73), enables its utilization in clinical trial settings to more robustly characterize both pathophysiology and prognosis: the ability to differentiate between vulnerable and normal sub-groups would aid in selecting a more appropriate (and homogenous) NAFLD population for clinical trials, and in tailoring appropriate therapeutic interventions. The availability of objective and highly reliable biomarkers of overall body composition, including muscle quantity and quality (73), would also enable tracking of muscle health, sarcopenic processes, and comorbidities at a much earlier stage and before onset of physical dysfunction. With proper adjustment for body size, these biomarkers avoid known confounding factors unrelated to muscle health or patient fitness (70).



Key Mechanisms and Molecular Factors at the Nexus of Non-Alcoholic Fatty Liver Disease/Non-Alcoholic Steatohepatitis And Sarcopenia


Muscle-Liver Axis

The relationship between ESLD and sarcopenia is well established (66, 74, 75). Recent studies, as summarized in Section 2, also highlight an important association between sarcopenia and NAFLD, even among patients who have not yet progressed to ESLD, highlighting the central role of the muscle-liver axis. NAFLD is considered both as a precursor of the metabolic syndrome (76) and as the hepatic manifestation of the metabolic syndrome (77), and therefore likely shares common key mechanisms that link sarcopenia and the metabolic syndrome. Interorgan crosstalk between muscle and liver is influenced by several factors, including underlying obesity, low physical activity, vitamin D deficiency, oxidative stress, a proinflammatory milieu, and insulin resistance. Lipotoxicity induced by fatty acid (FA) overload can also lead to ectopic fat deposition in multiple organs, including liver (hepatic steatosis) and skeletal muscle (myosteatosis), and is likely mediated by hepatokines and myokines (Figure 4) (78, 79). In this sense, skeletal muscle could play a causative role in NAFLD through dysregulated secretion of various myokines against the background of sarcopenia. Figure 4 summarizes the proposed mechanisms linking sarcopenia and NAFLD/NASH.




Figure 4 | Key mechanisms and molecular signals that link sarcopenia and non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH). The complex interorgan crosstalk between liver and muscle likely shares a number of key underlying mechanisms, many of which relate both sarcopenia and NAFLD/NASH to metabolic stress, cascading to biochemical pathways that impact systemic insulin resistance, inflammation/oxidative stress, and anabolic resistance. Among these mechanisms are a number of existing or emergent predisposing factors and the release of multidirectional molecular signals consisting of myokines, hepatokines, and adipokines. In the context of sarcopenia, skeletal muscle could exert dysregulated influence on the muscle-liver axis to potentially play a causative role in NAFLD incidence or progression. DNL, de novo lipogenesis; FABP, fatty acid-binding protein; FAO, fatty acid oxidation; FFA, free fatty acid; FGF21, fibroblast growth factor 21; HPS, hepassocin; IL-6, interleukin-6; LECT2, leukocyte cell-derived chemotaxin-2; ROS, reactive oxygen species; TNF-α, tumor necrosis factor-alpha.





Key Mechanisms


Anabolic Resistance

Dysregulated nitrogen homeostasis underpins impaired hepatic metabolism (80), whereby an imbalance between muscle protein synthesis and muscle protein breakdown ultimately contributes to the decreased muscle mass that accompanies liver disease (81). Protein synthesis in skeletal muscle is activated by anabolic factors such as amino acids (AAs), hormones (insulin, growth hormone, and insulin-like growth factor 1), and mechanical stimulus (muscle contraction) (82). In contrast, protein catabolism is activated by energy deficiency and systemic inflammatory processes (83). Thus, maintenance of muscle mass requires that skeletal muscles are responsive to AA provision, hormonal stimulation, and/or muscle contraction. Consequently, anabolic resistance, the inability of an anabolic stimulus to provide adequate stimulation of muscle protein synthesis, could constitute a key unifying mechanism for the muscle mass loss commonly seen in the setting of NAFLD (Figure 4).

In the fasted state, protein balance is negative since protein synthesis falls below protein catabolism. In contrast, after a meal, protein balance normally becomes positive as protein synthesis increases and proteolysis diminishes, particularly if the meal is high in protein. In the setting of disease (such as NASH, cirrhosis, and post-liver transplantation) or aging, the ability to synthesize protein in response to various nutritional factors (dietary protein, AAs, and insulin) appears to be blunted (82). The result is a negative protein balance with a steady and progressive decline in protein stores. Furthermore, optimal activation of protein synthesis after a meal also depends on the availability of specific signaling AAs (84, 85) such as leucine [via its potent activation of mammalian target of rapamycin (mTOR) complex 1] (86) and arginine (via its synthesis of nitric oxide to increase muscle blood flow for substrate supply) (87). Taken together, anabolic resistance may be attributed to inadequate AA availability/delivery, insulin resistance, and/or systemic inflammation, all of which may be further exacerbated in obese older adults.

By taking a rational approach to provide an optimal AA composition, these defects could potentially be overcome. As one example, in a study of prefrail (but not malnourished) subjects with compensated cirrhosis (Child-Pugh Class A and B) largely due to NASH, a defined composition of 8 AAs (leucine, isoleucine, valine, histidine, lysine, threonine, ornithine, and aspartate) in specific ratios (AXA1665; Axcella Health Inc., Cambridge, MA) resulted in leaner body composition (higher % lean mass with lower % body fat mass) coupled with significant improvement in the Liver Frailty Index, a composite physical function assessment of handgrip strength, timed chair stands, and balance (88). Anabolic resistance may also be overcome with exercise. In an individualized web-based exercise program that combined endurance and strength training with bidirectional feedback carried out over 8 weeks in a prescribed sequence to stimulate muscular strength in patients with histologically confirmed NASH, improvements in markers of steatosis (decreased fatty liver index), fibrogenesis (decreased ProC3) and fibrinolysis (increased C4M2) were demonstrated (89). Together, such interventional studies suggest that modulation of muscle physiology to overcome anabolic resistance could be a core pathway to impact body composition, physical function, and hepatic fibrosis remodeling in subjects with NASH.



Insulin Resistance

Skeletal muscle is the principal organ in energy metabolism and is responsible for insulin-mediated glucose uptake, which occurs via glucose transporter 4. Animal models with muscle-specific glucose transporter 4 knockouts develop severe insulin resistance (90). In addition to stimulating uptake of glucose, insulin also enhances protein synthesis, inhibits proteolysis, and stimulates AA transport in skeletal muscle (91, 92). Insulin also increases the supply of nutrients to muscles through its vasodilatory properties and, consequently, plays an important role in the physiological coupling between hemodynamic and metabolic homeostasis (93). Insulin, via its activation of p38 mitogen-activated protein kinase (MAPK) and mTOR, stimulates mRNA translation of genes responsible for muscle proliferation and hypertrophy (94). These effects of insulin on muscle are blunted in the state of insulin resistance, and could lead to anabolic resistance, characterized by reduced protein synthesis and reduced insulin-mediated suppression of protein catabolism (95–97). Impaired insulin-stimulated glucose uptake into muscle leads to further deterioration of whole-body glucose homeostasis and worsening sarcopenia. Thus, insulin resistance, which is also an underlying driver of NAFLD pathogenesis (98, 99), directly links NAFLD and sarcopenia (Figure 4).

In NAFLD, weight gain is associated with visceral adipose tissue expansion and infiltration of adipose tissue by macrophages and adipose tissue inflammation (100). This local inflammatory milieu promotes development of insulin resistance at the level of adipose tissue (101). Furthermore, insulin and other effectors of skeletal muscle anabolism (i.e., resistance exercise and essential AAs) are less effective at inducing skeletal muscle protein synthesis in the presence of increased adiposity (102, 103). Thus, loss of muscle mass can lead to significant whole-body metabolic disturbances that include decline in basal metabolic rate, and loss of mitochondrial volume, density, and oxidative capacity, with further exacerbation of muscle loss (Figure 4) (104, 105). Conversely, improving skeletal muscle oxidative capacity as exemplified by exercise training (both resistance and aerobic training) has been shown to significantly reduce intrahepatic fat content independent of weight loss in subjects with fatty liver and type 2 diabetes (106, 107).

Normal energy metabolism is characterized by periodic shifts between glucose and FA oxidation depending on fuel availability (108). Skeletal muscle is a major contributor to whole-body energy expenditure and thus is a key organ in energy homeostasis (7). The ability to preferentially use the appropriate fuel substrates (i.e., FAs during fasting and carbohydrate in fed states) for energy generation is referred to as metabolic flexibility (109). In the normal fasted state, serum insulin levels decrease, thereby releasing insulin-mediated suppression of lipolysis of adipose tissue. This results in a steady supply of FAs to be used as the major fuel source during fasting (110). In the postprandial state, meal-induced insulin secretion facilitates the transport of glucose into intracellular compartments, where it is used as the preferred fuel source. When the body is unable to preferentially utilize the appropriate fuel sources at the appropriate energy state, the result is metabolic inflexibility, which is associated with weight gain, diabetes, and NASH (1, 111–113).

In a metabolically inflexible state, normal pulsatile insulin release in response to the level of satiety is impaired such that basal insulin levels remain high even in the fasted state (109). Despite hyperinsulinemia, insulin resistance at the level of adipose tissue results in adipose tissue lipolysis, and increased generation of circulating FAs that are not utilized for oxidation (114). Thus, a hallmark of metabolic inflexibility is the impaired ability of skeletal muscle both to oxidize FAs in the fasted state and to switch to carbohydrate utilization in the fed or insulin stimulated state (115). This concept was recently demonstrated using whole-room calorimetry with continuous 18-hour monitoring in a cohort of patients undergoing liver transplantation for NASH- and non-NASH-related cirrhosis (116). The cellular rate of carbon dioxide production relative to oxygen consumption [respiratory quotient (RQ)] is used to quantify whole-body fuel utilization: an RQ value of 0.7 is indicative of pure FA oxidation, whereas an RQ of 1.0 is indicative of pure carbohydrate oxidation. After a standardized meal, patients undergoing transplantation for NASH-related cirrhosis took longer to switch to carbohydrate metabolism than those with non-NASH-related cirrhosis (514 vs. 430 min; p = 0.03), indicating less efficient biofuel switching in the fed state (Figure 5). Patients from both cohorts had similar peak RQ values, indicating that although it took patients with NASH-related cirrhosis longer to switch to carbohydrate metabolism, they were still able to reach the same magnitude of carbohydrate metabolism as patients with non-NASH-related cirrhosis. Similarly, in the fasted state, patients with NASH-related cirrhosis took longer to reach the lowest RQ, again reflecting less efficient switching of biofuel utilization toward fat oxidation (Figure 5). Finally, patients with NASH-related cirrhosis had significantly higher RQ values even during prolonged fasting, indicating continued reliance on carbohydrates, even under low carbohydrate conditions (Figure 5). Due to the impaired ability to oxidize FAs in this metabolically inflexible state, excess FAs are stored within the muscle leading to accumulation of intramyocellular lipid (myosteatosis). This relationship was also confirmed in the above-mentioned study, where an inverse relationship between myosteatosis and metabolic flexibility was demonstrated (116). Furthermore, myosteatosis has been associated with reduced muscle protein synthesis, linking insulin resistance to sarcopenia (117).




Figure 5 | Metabolic inflexibility in non-alcoholic steatohepatitis (NASH). Continuous respiratory quotient (RQ) evaluations in a whole-room calorimetry study revealed less efficient biofuel switching, i.e., metabolic inflexibility, among subjects with NASH cirrhosis compared with non-NASH cirrhosis, manifesting as a delayed time to peak RQ in a fed state, and an inability to switch to lower RQ in a fasted state. These findings reflect an impaired ability of skeletal muscle to utilize fatty acids for oxidation in the fasted state in subjects with NASH cirrhosis. [Adapted from Siddiqui et al (116). Copyright 2019, with permission from Wiley.].





Systemic Inflammation

Recent studies recognize both NAFLD and obesity as subclinical inflammatory states (118, 119). Indeed, metabolic inflammation emanating from the fatty liver is postulated as a key driver of downstream cellular dysfunction, cell death, and deleterious remodeling within various body tissues, possibly including skeletal muscle (120). In obesity, increased adipose tissue secretes adipokines and other proinflammatory cytokines (Figure 4), which promote infiltration of inflammatory cells, including macrophages (100). The infiltrating macrophages change their phenotype from M2 to M1 and release proinflammatory cytokines such as interleukin (IL)-6, tumor necrosis factor (TNF)-α, and IL-1β (121, 122). These cytokines negatively impact skeletal muscle by upregulating proteasomal decay of filament proteins and promoting apoptosis (123). Incremental release of IL-6 under normal physiological conditions (e.g., muscle contractile activity) improves insulin signaling by enhancing glucose uptake and increasing FA oxidation in myocytes via phosphoinositide 3-kinase (PI3K) and AMP-activated protein kinase (AMPK) (124), while also inducing anti-inflammatory cytokines (i.e., IL-10) (125). However, in chronic inflammatory states such as those that may occur in obesity and NAFLD, IL-6 acts as a proinflammatory cytokine, reducing myogenesis by inhibiting insulin-like growth factor (IGF)-1 activity via activation of suppressor of cytokine signaling-3 (SOCS-3) (126, 127).




Other Key Molecular Factors

Other reviews have extensively covered molecular mediators underlying both sarcopenia and NAFLD (78, 128, 129). Here, we focus primarily on three key factors that can significantly influence muscle-liver crosstalk by modulating glucose homeostasis and insulin resistance to impact NAFLD pathogenesis and disease progression.


Myostatin

Myostatin is a well-established myokine that plays a central role in inhibiting skeletal muscle growth and mass (130). In patients with ESLD, four-fold elevated serum myostatin levels are reported (131). Myostatin has both local and endocrine effects that can link sarcopenia and NAFLD via a complex signal transduction process involving downregulation of genes controlling myogenesis and muscle protein synthesis, while simultaneously activating proteasome–ubiquitin ligases (132). Metabolically, myostatin regulates glucose disposal and adiposity, including increased browning of adipose tissue (133). Deletion of myostatin in mouse models produces dramatic improvements in insulin sensitivity and glucose uptake, and a reduction in adiposity (134). Inactivation or absence of functional myostatin increased lipolysis and FA oxidation in peripheral tissues, increased muscle mass (135, 136), and ameliorated fatty liver in mice (137). Although the exact mechanism is not entirely clear, a myostatin receptor has been reported on hepatic stellate cells (138, 139). It has recently been demonstrated that myostatin reduced human stellate cell proliferation, induced cell migration, and increased expression of procollagen type 1, tissue inhibitor of metalloproteinase-1, and transforming growth factor-β1 (139), further implicating myostatin as a key molecular mediator of muscle-liver crosstalk.



Irisin

Insulin resistance also impacts the myokine profile of skeletal muscle, promoting impaired skeletal muscle growth and proliferation. Irisin, a myokine, acts on skeletal muscle, resulting in increased energy expenditure and oxidative metabolism via regulation of cellular energetics (140, 141) and is a critical mediator of hepatic glucose and lipid metabolism (142). Irisin expression in skeletal muscle is reduced in obesity and is related to insulin sensitivity (143). Irisin improves glucose homeostasis, increases adipocyte energy expenditure, and modulates the expression of enzymes that inhibit lipid accumulation and reduces weight (144, 145). In adipocytes, irisin promotes differentiation of white adipose tissue to brown adipocytes, thereby underscoring the beneficial pleiotropic effects of irisin in improving adipocyte metabolism (140). Thus, it is plausible that decreased skeletal muscle could be a causative factor of NAFLD incidence due to reduced secretion of various salutary myokines.



Vitamin D

Vitamin D deficiency has been implicated as a potential contributor to both muscle- and liver-related metabolic derangements (146). Vitamin D regulates expression of insulin receptors in pancreatic β-cells (147, 148) and peripheral target tissues (149). Vitamin D receptor is expressed within the liver (150) and may mediate hepatic injury via modulation of systemic inflammation and oxidative stress (151). Clinically, patients with NAFLD have lower levels of vitamin D (152). Furthermore, vitamin D receptor expression on hepatocytes inversely correlates with severity of liver disease, while accounting for traditional metabolic risk factors (153). In the Longitudinal Aging Study Amsterdam, vitamin D deficiency (25-hydroxyvitamin D level <25 nmol/L at baseline) was associated with 2.1- and 2.6-fold increased risk of low appendicular muscle mass and grip strength, respectively, during a 3-year follow-up period (154). Muscle-specific vitamin D receptor knockout mice have reduced muscle size, impaired motor activity, and abnormal muscle development (155, 156). Vitamin D deficiency also adversely affected skeletal muscle insulin sensitivity, thereby contributing to reduced metabolic flexibility (157). Taken together, these data indicate that vitamin D deficiency and/or its impaired signaling is a critical mediator at the nexus of NAFLD and sarcopenia. Data to support the critical role of vitamin D in directly improving muscle strength and function is provided from several large placebo-controlled randomized controlled trials (RCTs) that demonstrated the effect of vitamin D supplementation on increasing quadriceps strength (158, 159), improving mobility in 6 minute walk (160), jump velocity (161), timed-up-and go (159) tests, and in reducing the incidence of falls (162). Two large meta-analyses which pooled results from 13 RCTs in >60-year-old subjects (163) and another that pooled 17 RCTs in all age groups, including younger subjects (164), suggested that daily vitamin D supplementation (800 IU to 1000 IU per day) was beneficial for muscle strength and balance, especially in those with a baseline serum vitamin D level <25 nmol/L.





Summary and Future Directions

Multiple factors have been delineated in the pathogenesis of NAFLD/NASH, including immune regulation, lipolysis, leaky gut and bile acid homeostasis, among others. There is close overlap between the pathophysiology of sarcopenia and NASH. This makes it challenging to determine whether sarcopenia is a risk factor for NASH, or if it is a complication of NASH, as the presence of either one may increase the risk for the other. Nonetheless, the current data squarely place skeletal muscle, insulin resistance, and inflammation in the center of the NAFLD/NASH pathogenic cascade. Sarcopenia is widely prevalent and appears to be an effect modifier across the NAFLD spectrum—NAFL, NASH, and fibrosis. Emerging data suggest that it could also potentially be a “causative” factor, although additional studies are needed. Body composition can provide additional insight into the understanding of NAFLD. Interventions that can impact muscle composition, while simultaneously engaging multiple targets/pathways in the muscle-liver axis, would need to be considered to adequately address the complex multifactorial pathogenesis of NAFLD/NASH, and consequently achieve highly effective and durable therapies.

Toward that end, there is a need for deeper understanding of the biology of sarcopenia and its impact on NAFLD. For example, which component of muscle (fat-free muscle volume, or intramuscular fat, or both) impacts more on NAFLD progression and on clinical outcomes? Does myosteatosis still drive NAFLD after adjustment of visceral adiposity? Additional studies are also warranted to better understand various clinical assessment tools, including the prognostic impact of how strength is measured, since handgrip and chair-stand involve two distinct muscle groups, and some of the physical performance test measures are closely related to cardiopulmonary fitness. Dissecting these aspects would be critical to bring forward future individualized recommendations on when to use one test versus the other, which patients differ strongly in hand grip versus chair-stand test, how large is the overlap, and consequently, identify relevant confounders with regard to NAFLD. There is also a need to validate the definitions and cutoff values for muscle mass and function endpoints in clinical trials, which could inform on how to stratify patients in interventional studies, thereby providing better understanding of the magnitude and relevant thresholds of change in those measures associated with clinically meaningful outcomes. Finally, establishing experimental models of sarcopenia and fatty liver disease to elucidate a direct cause-effect relationship between muscle mass and liver lipids would be helpful. Routine measurements of muscle composition and function should also be considered in controlled prospective interventional NASH trials to establish cause-effect relationships in the clinical setting with adjustment for confounding factors such as obesity, physical activity, and inflammation that can influence clinical outcomes.
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The hormones amylin and calcitonin interact with receptors within the same family to exert their effects on the human organism. Calcitonin, derived from thyroid C cells, is known for its inhibitory effect on osteoclasts. Calcitonin of mammalian origin promotes insulin sensitivity, while the more potent calcitonin extracted from salmon additionally inhibits gastric emptying, promotes gallbladder relaxation, increases energy expenditure and induces satiety as well as weight loss. Amylin, derived from pancreatic beta cells, regulates plasma glucose by delaying gastric emptying after meal ingestion, and modulates glucagon secretion and central satiety signals in the brain. Thus, both hormones seem to have metabolic effects of relevance in the context of non-alcoholic fatty liver disease (NAFLD) and other metabolic diseases. In rats, studies with dual amylin and calcitonin receptor agonists have demonstrated robust body weight loss, improved glucose tolerance and a decreased deposition of fat in liver tissue beyond what is observed after a body weight loss. The translational aspects of these preclinical data currently remain unknown. Here, we describe the physiology, pathophysiology, and pharmacological effects of amylin and calcitonin and review preclinical and clinical findings alluding to the future potential of amylin and calcitonin-based drugs for the treatment of obesity and NAFLD.
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Introduction

Hepatic steatosis is widely regarded the hepatic manifestation of the metabolic syndrome (1). In parallel with the increasing prevalence of obesity and its related diseases, non-alcoholic fatty liver disease (NAFLD) is currently the most widespread liver disease in the world (2–4). Body weight loss is currently the most effective strategy to improve both measures of steatosis and NAFLD outcomes (5) and several anti-obesity medications in clinical development have demonstrated improvements with regards to liver fat content (6, 7). Recent preclinical studies have demonstrated body weight loss, reduced hepatic steatosis and metabolic improvements in rats following administration of novel dual amylin and calcitonin receptor agonists (DACRAs) (8–13).

NAFLD is defined by increased liver fat content (>5%) without significant alcohol consumption or steatosis caused by any other mechanism (e.g., medications, hepatitis, autoimmunity or inheritable diseases) (14, 15). NAFLD covers a spectrum of stages, ranging from simple accumulation of liver fat to non-alcoholic steatohepatitis (NASH) with inflammation and ultimately to hepatic fibrosis and cirrhosis (1). Recently, the term “metabolic-associated fatty liver disease (MASH)” has been proposed as a unifying definition of hepatic steatosis in individuals with overweight/obesity, metabolic dysregulation and/or manifest type 2 diabetes (16). This definition recognizes the importance of obesity and insulin resistance, rather than the absence of excessive alcohol consumption, as a causal factor for the development of hepatic steatosis. Resonating with this, the prevalence of NAFLD increases dramatically with the number of metabolic syndrome criteria present in a population (17). Furthermore, the well-established association between NAFLD and type 2 diabetes highlights a potential casual relationship between impaired glucose metabolism with insulin resistance and hepatic steatosis (18). Even in prediabetes, increased liver fat content is a central characteristic (19). Hepatic lipid accumulation may facilitate resistance to both insulin (20) and glucagon (21), which are important pathophysiological characteristics of type 2 diabetes (22, 23). Insulin resistance is regarded a driver of hepatic steatosis through increased hepatic lipogenesis and exaggerated tissue lipolysis, ultimately increasing accumulation of fatty acids in the liver (24).

Currently, bariatric surgery is the most effective weight loss therapy, but it is costly, associates with a non-negligible risk of complications and not all patients are eligible for surgery (25). Therefore, pharmacotherapies to reduce body weight are being vigorously pursued, and amylin as well as DACRAs are emerging as potential novel anti-obesity drug candidates, especially in combination with other body weight-lowering gastrointestinal peptides.

This review summarises amylin and calcitonin physiology and pathophysiology in obesity and NAFLD and provides insight into the potential therapeutic role of pharmacological doses of amylin and calcitonin of relevance to metabolic diseases including obesity and NAFLD.



Amylin

Amylin is a 37-amino acid peptide hormone (Table 1) mainly produced in the pancreatic beta cells and co-secreted with insulin in response to ingested nutrients (Figure 1) (28, 29). The hormone has a well-established role as a satiety signal; an effect that is mediated via direct action on amylin receptors in specific areas of the brain, i.e., area postrema and the nucleus of the solitary tract (30, 31). Amylin is also an efficacious inhibitor of gastric emptying, which further facilitates satiation (32–34), and may suppress glucagon secretion via central mechanisms (35, 36). There are several isotypes of the amylin receptor (37) which all are G protein-coupled receptors consisting of two units; a core unit constituted by the calcitonin receptor (7-transmembrane receptor) and one of three receptor activity-modifying proteins (RAMP1-3) (37). Stimulating the amylin receptor complex increases the production of intracellular cyclic adenosine monophosphate (38, 39). The tissue distribution of the amylin receptor complex is difficult to describe for a number of reasons: 1) the calcitonin receptor (the core unit) has two subtypes which interact with RAMPs, 2) RAMPs are associated with other receptors than the amylin receptor complex, and 3) there is a lack of selective pharmacological tools and antibodies to target specific amylin (RAMP/calcitonin) receptor complexes (26). Current data indicate that several brain regions including the area postrema and hypothalamus are important sites for amylin action (40, 41). In a knock-out mouse model, lack of the calcitonin receptor specifically in proopiomelanocortin-expressing neurons in the hypothalamus lead to increased adiposity, glucose intolerance and decreased energy expenditure (41). Furthermore, amylin receptors are not selectively activated by amylin alone and interact indiscriminately with other hormones of similar structure (i.e., calcitonin, calcitonin gene-related peptide, and adrenomedullin) (42). Calcitonin, for instance, has been shown to activate several subtypes of the amylin receptor (42). In a similar manner, it has been shown that amylin has affinity for both calcitonin and amylin receptors (43). Several amylin receptor antagonists have been identified, but as alluded to above, these compounds also have selectivity issues, and do not distinguish between amylin receptor subtypes (26). Therefore, the importance of the individual receptor in mediating the endogenous actions of amylin is difficult to establish.


Table 1 | Amino acid sequences of amylin, calcitonin and related peptides.






Figure 1 | Proposed physiological actions of amylin and calcitonin receptor activation. DACRA, dual amylin and calcitonin receptor agonist; CT, calcitonin; blue arrows indicates effects related to amylin; green arrows indicates effects related to calcitonin; orange arrows indicates effects related to insulin. Figure elements from smart.servier.com under CC BY 3.0.





The Role of Amylin in Obesity

Several studies point to a role of amylin in the hormonal regulation of food intake and body weight. Amylin has several characteristics of a satiating hormone: 1) it is released after food ingestion (28, 29), 2) it has a short half-life (~13 min) with rapid onset of action (44, 45), and 3) it dose-dependently decreases food intake when administered to rats mainly in supraphysiological doses (40, 45, 46). This effect also translates into human trials with amylin receptor agonism (see further details below). The role of endogenous amylin as a satiating agent is supported by the observation that injection of the amylin receptor antagonist AC187 intravenously or directly into the area postrema acutely increases food intake in rats (47, 48). In addition to its effect on satiety, preclinical studies suggest that endogenous amylin also has the characteristics of an adiposity signal (i.e., a body weight-regulatory hormonal factor circulating in proportion with body fat mass), much like insulin and leptin, namely the ability to increase energy expenditure and lower body weight via central mechanisms (49, 50). In rats, chronic intravenous administration of amylin leads to body weight loss and diminished fat deposition, whereas centrally administered amylin, in addition to lowering body weight, also seems to reduce the target body weight set by the brain (49–52). Supporting its role as an endogenous adiposity signal, acute and chronic amylin antagonism with AC187 has the opposing effect and increases food intake and body weight of rats (50). As an adiposity signal, amylin enhances the satiating effect of cholecystokinin (CCK). This is evidenced by the synergistic acute effect of co-administered CCK and amylin on food intake when infused intraperitoneally in mice (53) and further supported by the diminished action of CCK in mice models of amylin deficiency (54) and in rats after infusion of amylin receptor antagonists (55, 56). Chronic intraperitoneal infusion of CCK decreases food intake in rats, but has little effect on body weight due to a compensatory increase in meal frequency (57). Contrary to this, chronic subcutaneous infusion of amylin reduces both meal size and frequency with concomitant body weight loss in rats (46). Interestingly, amylin also interacts with leptin in the control of energy metabolism in a number of preclinical studies, supporting its combined role as a satiety and adiposity signal (58–61). In rats with obesity or functional leptin resistance, the effect of amylin agonism on eating behaviour is still observed for 24 h after injection of an amylin agonist (58). Furthermore, intraventricular administration of leptin seems to enhance the inhibitory effect of amylin on short-term eating, suggesting synergism in the actions of these hormones (59). Additionally, amylin re-sensitizes obese rats to leptin when co-administered with a leptin agonist for 14 days (60). As opposed to leptin, amylin show a preserved anorectic response when investigating obese and hyperamylinaemic rats (61). In fact, several rodent studies suggest a well-preserved anorectic response to acute amylin administration in otherwise obese and leptin-resistant states (26, 60, 61), thus making amylin a promising candidate for pharmaceutical weight loss therapy. Furthermore, an additive effect on weight loss is also observed in obese individuals when amylin and leptin agonists are chronically co-administered, adding further evidence to the interaction between leptin and amylin (60). The chemical properties of human amylin predisposes the hormone to aggregate and form amyloid fibrils, which are often found in pancreatic islets of individuals with type 2 diabetes and possibly contribute to beta cell destruction (62). For this reason, infusions of human amylin are difficult to perform, often requiring highly supraphysiological dosages to elicit little or no effect (63, 64). However, several stable amylin analogues with the ability to induce body weight loss have been developed (further details below).

Taken together, amylin has acute effects as a satiety signal combined with homeostatic effects of an adiposity signal on body weight, suggesting an important role of amylin in the regulation of body mass. In clinical trials, circulating amylin levels seem to tightly correlate with fat mass. Studies indicate that basal and glucose or meal-stimulated levels of amylin are elevated in individuals with obesity (65–74). This may relate to the role of amylin as a regulator of body mass but could also be a manifestation of the increased beta cell secretory activity often found in obesity. These studies are generally limited by their sample size and contrasting reports have been published (75). Preclinical studies support the notion of elevated amylin levels in rats with obesity (76, 77). This might be a result of decreased amylin sensitivity following prolonged hyperamylinaemia, but there is currently no evidence of this in humans. More studies designed to specifically evaluate amylin secretion and sensitivity in individuals with obesity compared to individuals with normal weight are needed.



Calcitonin

Calcitonin is a 32-amino acid peptide hormone (Table 1) derived from the 116-amino acid precursor pro-calcitonin and secreted from the C cells of the thyroid gland. As alluded to above, calcitonin mediates its effects via the 7-transmembrane calcitonin receptor and a subsequent increase in intracellular cAMP (38). Due to the interaction with RAMPs, the tissue distribution of the monomeric calcitonin receptor is challenging to elaborate, but well-known target organs of calcitonin include bones and kidneys (78, 79). In humans the secretion of calcitonin is stimulated by ingestion of calcium (80). Calcitonin has a strong hypocalcaemic effect via inhibition of osteoclasts (Figure 1) (79) and promotion of renal excretion of calcium, presumably by inhibiting tubular reabsorption of calcium (79). Since the discovery of calcitonin in 1962 (81), great effort has been put into the description of its inhibitory effect on osteoclasts and the increased calcium excretion in humans whereas any other physiological effects have not been described. Human calcitonin is often considered a rudimentary hormone, mainly due to the fact that hypersecretion or deficiency of calcitonin (as seen in patients with thyroid medullary cancer) is not associated with bone abnormalities (82). Furthermore, the more potent form of calcitonin originating from salmon has been the preferred choice of treatment for chronic conditions with hypercalcaemia until better antiresorptive drugs emerged (e.g., bisphosphonates, denosumab and raloxifen) (83).



Calcitonin in Metabolic Disease

It is difficult to evaluate the role of endogenous calcitonin in metabolic diseases for a number of reasons: 1) only few studies have applied human calcitonin in humans, 2) there are currently no antagonists available which selectively target the monomeric calcitonin receptor (26), and 3) studies applying the more potent salmon calcitonin reveal effects attributable to amylin receptor activity as well (84). As reviewed in the following sections, the actions of salmon and human calcitonin are not directly comparable. A few studies have used mammalian calcitonin to investigate effects beyond those related to calcium and bone metabolism. Interestingly, both human and porcine calcitonin infusions inhibit the insulin response to acute glucose administration in humans (85–87). But whether this effect has physiological relevance remains to be determined. In a study with 26 subjects, who were mainly overweight but with normal glucose tolerance, there was an increase in serum calcitonin levels after a 75-g oral glucose tolerance test which correlated with insulin levels, suggesting a possible relationship between insulin and calcitonin (88). This is in concert with the observation that insulin directly stimulates calcitonin release in the perfused pig thyroid gland (89). Additionally, higher endogenous calcitonin levels in individuals with obesity has been reported (90). Finally, procalcitonin is expressed in adipose tissue and its expression associates with obesity, insulin resistance and metabolic syndrome (91). Taken together, research thus far gives some indication that a correlation between calcitonin and insulin might exist in man, but studies designed specifically to affirm this are warranted.



Amylin and Calcitonin-Based Pharmacotherapies


Pramlintide

Pramlintide is a Food and Drug Administration (FDA)-approved amylin analogue, developed for individuals with type 1 diabetes or insulin-treated type 2 diabetes as an adjunct therapy to mealtime insulin (92). Pramlintide has pharmacological properties comparable to human amylin, but with enhanced stability, thus making it suitable for subcutaneous administration in humans (44). It is a relatively short-lived peptide with a half-life of ~20–45 min in humans, thus requiring administration with every meal to diminish postprandial plasma glucose excursions (44, 93). Inspired by rat amylin, which is less prone to dimerize, the enhanced stability of pramlintide compared to human amylin was achieved by introducing three amino acid substitutions (pro25,28,29) into the sequence of human amylin (26) (Table 1). In addition to reducing postprandial plasma glucose excursions, pramlintide has demonstrated body weight-lowering capabilities in several clinical trials (94–112). In a 6-week randomised, blinded, placebo-controlled multicentre trial, 60 obese individuals (average body mass index (BMI) = 35.3 kg/m2) were titrated to 180 µg pramlintide injected subcutaneously before each meal to test the translatability of the body weight loss observed in trials with pramlintide in individuals with diabetes (94). After 6 weeks, the mean change in body weight from baseline was -2.04 kg, corresponding to a weight loss of roughly 2%. This was highly significant compared to the placebo group. In a 4-month trial of similar design, the majority (88%) of 108 obese individuals (average BMI = 37.9 kg/m2) were titrated to 240 µg meal time pramlintide injected subcutaneously three times daily (95). The resulting average body weight loss of 3.7% was highly significant compared to the placebo group. To evaluate the sustainability of these results, a 12-month randomised, double-blinded, placebo-controlled multicentre trial with 146 obese subjects (average BMI ~ 37 kg/m2) evaluated the effect of pramlintide combined with life-style intervention on long-term body weight loss (96). An initial 4-month dose escalation period evaluated different doses (120, 240, and 360 µg) and administration frequencies (two or three times daily) for pramlintide and was followed by an 8-month extension of the pre-assigned pramlintide treatment regime. At 4 months, body weight reduction was comparable to previous pramlintide trials, ranging from 3.8 to 6.1 kg depending on pramlintide dose. Interestingly, after 12 months, the body weight loss was sustained across all pramlintide treatment regimens except for those treated with 120 µg twice daily. This is encouraging, as gradual body weight regain is a common observation following lifestyle-induced weight loss (97, 113, 114). In obese individuals with insulin-treated type 2 diabetes, pramlintide dose-dependently reduces body weight (98–104). The body weight-lowering effect of pramlintide is also seen in individuals with type 1 diabetes (105–112).

As outlined above, pramlintide treatment is associated with 2%–6% reductions in body weight across several patient categories, including individuals with obesity and type 2 diabetes, who are prone to develop hepatic steatosis. This makes amylin-based pharmacology a promising candidate for the treatment of obesity and NAFLD. However, long-term pramlintide treatment is limited by low bioavailability and the short half-life of the drug, which makes it less suitable for chronic therapy due to the high administration frequency (two to three times daily) and therefore high compliance-related demands. Additionally, pramlintide monotherapy only has a modest effect on body weight loss compared to for example glucagon-like peptide 1 (GLP-1) receptor agonists (115) or the more dramatic changes observed after bariatric surgery (116). Pharmacotherapies targeting several mechanisms are currently being extensively explored as potential weight loss strategies (117). In preclinical and clinical settings, amylin has been combined with several other compounds with weight regulatory abilities to elicit beneficial effects on body weight. These include agents based on peptide YY (PYY), CCK, melanocortins, leptin, and GLP-1 as well as small molecule anorectics (phentermine/sibutramine) (54, 118–123). Only the GLP-1/amylin combination is currently being developed for obesity treatment in clinical trials (124). Later in this section, we review the effect of targeting multiple receptors in the calcitonin receptor family via novel unimolecular dual agonists, but first we briefly consider results from studies with other amylin-based agents.



Davalintide

Davalintide is a 32-amino acid peptide amylin receptor agonist (Table 1) with enhanced potency, efficacy and duration of action compared to amylin in rats (125). Davalintide was developed in response to the low bioavailability and short half-life which rendered pramlintide therapy for obesity inefficient. The peptide is a chimera of amylin and salmon calcitonin and shares 49% of the amino acid sequence of rat amylin and pramlintide (26, 125). The half-life of davalintide is 26 min, and thus, comparable to rat amylin (126). However, davalintide reduces food consumption in rats for up to 23 h, compared to only 6 h with rat amylin (125). Further, davalintide dose-dependently reduces body weight and fat mass in rats with approximately 2-fold greater efficacy than rat amylin (125). The prolonged duration is likely explained by slow receptor disassociation of the salmon calcitonin portion of davalintide (38, 127). Indeed, receptor binding analysis revealed very limited receptor disassociation of davalintide in the rat nucleus accumbens (126). As of now, these preclinical studies with davalintide represent the only available literature on davalintide and further development of davalintide in humans trials have been discontinued due to lack of superiority to pramlintide on weight loss (128). Nevertheless, these few trials with davalintide illustrate how the calcitonin receptor system may constitute a target for the treatment of obesity and associated metabolic conditions such as NAFLD.



Long-Acting Amylin Agonists

Amylin has been modified by various methods (e.g., by adding a polyethylene glycol (PEG), glycosylation, or albumin binding motif to the molecule) to extend its half-life and reduce the frequency of administration, thus making it more suitable for chronic use in body weight loss therapy (129–135). In mice, subcutaneous administration of PEGylated amylin acutely reduces glycaemia with prolonged action compared to unmodified amylin (129). In rat models of type 1 diabetes, a PEGylated amylin analogue prevented meal-induced hyperglycaemia and promoted sustained normoglycaemia up to 8 h after injection of the amylin analogue (132). Importantly, acute and chronic studies show that long-acting amylin analogues decrease body weight and energy intake in rats (136, 137). Given the convenience of a once-daily injection compared to several daily injections, long-acting amylin agonists are attractive to develop and are currently being pursued as novel anti-obesity and anti-diabetes drug candidates by multiple pharmaceutical companies. Novo Nordisk is currently testing a long-acting amylin analogue, AM833, in overweight and obese individuals in phase I and II clinical trials (138, 139). In a recently published phase II trial, the effect of life style interventions along with increasing doses (0.3, 0.6, 1.2, 2.4 and 4.5 mg) of AM833 once weekly on body weight was investigated 706 individuals with obesity/overweight (140). At 26 weeks, body weight had decreased progressively and dose-dependently without plateau, with reductions ranging from 6%–10.8%. Compared to placebo and 3 mg liraglutide once daily, the observed weight loss amongst participants receiving AM833 was significantly greater for all doses of AM833 versus placebo and for 4.5 mg once weekly versus liraglutide. AM833 has also been evaluated for use in combination with the GLP-1 analogue semaglutide in a phase I clinical trial (124, 141). A total of 80 participants with obesity or overweight were treated with ascending doses of AM833 in combination with 2.4 mg semaglutide once-weekly (141). After 20 weeks, the participants receiving the highest dose of AM833 with semaglutide lost an average of 17.1% body weight from baseline (141). Also, Zealand Pharma is developing long-acting amylin analogues for treatment of obesity and diabetes (142, 143). Preclinical data from diabetic and obese rats models have been released for the compounds ZP4982 and ZP5461; both molecules are potent activators of calcitonin and amylin receptors and effectively lower blood glucose and body weight (142, 143). Compared to twice-daily preclinical dosing with the GLP-1 analogue liraglutide, once-weekly dosing of ZP4982 at almost equimolar doses was superior in terms of body weight loss in an obese rat model (143). A phase I clinical trial was conducted with a long-acting amylin analogue developed by Zealand Pharma in cooperation with Boehringer Ingelheim in 2018, but the collaboration on this analogue was terminated in 2020 (144, 145).



Salmon Calcitonin

Calcitonin extracted from salmon displays prolonged receptor activation and binding in humans compared with human calcitonin (38). It is also superior to mammalian calcitonin with regards to its hypocalcaemic effects in rats and humans (146). Interestingly, salmon calcitonin has effects beyond those related to bone metabolism. In human studies, salmon calcitonin inhibits gastric emptying and gastrin release following a meal while evoking a dose-dependent relaxation of the gallbladder both in the postprandial and fasting state (147, 148). In mice and monkeys, salmon calcitonin acts anorectically and causes weight loss after a single administration (149, 150). In chronic studies, oral preparations of salmon calcitonin also reduce food intake and body weight in rat models of obesity and diabetes (151, 152). Furthermore, salmon calcitonin acutely stimulates energy expenditure during food restriction in rats (153). Human and salmon calcitonin only have a 50% amino acid sequence homology (38) (Table 1), and rodent studies applying amylin receptor antagonists suggest that the anorectic effect of salmon calcitonin results at least partially from amylin receptor activation (84). In vitro, salmon calcitonin displays superior binding affinity at amylin receptors with no discrimination between amylin and calcitonin receptors (154). Compared to human calcitonin, salmon calcitonin also displays prolonged activation of human calcitonin receptors when tested in mammalian cell lines expressing the calcitonin receptor (38). This suggests that salmon calcitonin is a dual agonist with potency at amylin and calcitonin receptors, highlighting the possibility of targeting these receptors using a single molecule with dual-receptor agonistic properties.



Dual Amylin and Calcitonin Receptor Agonists

Inspired by the pharmacology of salmon calcitonin, DACRAs for the treatment of obesity and diabetes have been developed (8–13). DACRAs display equal affinity and enhanced potency at amylin and calcitonin receptors compared to salmon calcitonin (8). In Zucker diabetic fatty rats, 4-week treatment with the DACRA KBP-042 from Nordic Bioscience was compared with salmon calcitonin and vehicle in a pair-fed design; showing significant weight loss and improved glucose tolerance compared to both vehicle and salmon calcitonin (8). In other studies, subcutaneous injections with KBP-042 lead to substantial body weight loss with alleviation of leptin and insulin resistance in rats on high-fat diet compared to rats on normal diet (11, 12). Interestingly, after a 7-week treatment period, a reduction in liver fat deposition was observed in the KBP-042-treated rats, but not in a pair-fed control group of rats (12). The ability to reduce hepatic lipid accumulation has also been demonstrated with another DACRA, KBP-089 (10). In rats subjected to a high-fat diet without therapy for 10 weeks and subsequently to subcutaneous peptide therapy for 8 weeks, KBP-089 completely abolished the hepatic steatosis achieved by the initial high-fat feeding (10). Importantly, this effect was not observed in a pair-fed group of rats, suggesting that DACRA therapy has beneficial effects on hepatic steatosis beyond those related to reduced food intake and weight loss. These peptides show promise in terms of their effects on body weight and several physiological parameters related to energy homeostasis and glucose metabolism in rodent models of obesity and diabetes. From the available literature, it is not clear to which degree the amylin and calcitonin receptor mediates the beneficial results obtained in preclinical DACRA studies. In a rodent study comparing the activity of a DACRA molecule to native amylin, calcitonin and the combination amylin/calcitonin, calcitonin receptor activation did not appear to be important for the weight lowering and satiating abilities of the DACRA molecule, which were primarily mediated by the amylin receptor (155). On the other hand, calcitonin and amylin had additive effects on fasting glycaemia, suggesting that calcitonin receptor activity may facilitate some of the metabolic improvements of DACRA molecules after all (155).

A 12-week phase II placebo-controlled clinical trial with 255 patients with type 2 diabetes receiving KBP-042 has been completed (156), but further development of KBP-042 has been terminated by Eli Lilly and Nordic Bioscience to focus on the development of KBP-089, which is reportedly superior to KBP-042 (157, 158). KBP-089 is currently being tested in a phase I clinical trial in patients with type 2 diabetes (159). As of now, no results from clinical trials with DACRA molecules have been published. Thus, it remains to be established whether the promising preclinical results obtained with DACRA peptides will translate into possible treatment strategies for metabolic diseases such as obesity and NAFLD.




Conclusions

A substantial amount of literature describes beneficial metabolic effects of compounds activating amylin and calcitonin receptors separately or in combination. These effects include body weight loss and reduced hepatic lipid accumulation, which are important cornerstones in the treatment of obesity and NAFLD. Pharmaceutical companies are pursuing strategies based on amylin and calcitonin as viable alternatives to bariatric surgery, the currently most effective treatment option for obesity.

Preclinical and clinical data support amylin as an anti-obesity hormone, whereas the role of calcitonin in obesity remains more uncertain. Nevertheless, salmon calcitonin, like new compounds such as long-acting amylin analogues and DACRAs, demonstrates a potential for combined amylin and calcitonin receptor agonism as a future treatment strategy for obesity and related conditions such as NAFLD. Disentangling the effects of these dual agonists through specific amylin and calcitonin pathways may prove to be difficult without specific receptor antagonists. Nevertheless, it is relevant to evaluate from a clinical perspective in order to optimize the effects of pharmacotherapy targeting amylin and calcitonin receptors. Data from the clinical programs investigating the new amylin and DACRA compounds will be very interesting to follow since long-acting agonists with greater selectivity at amylin or calcitonin receptors may help elucidate this. However, dedicated studies are needed to test the translatability of the preclinical data of amylin and calcitonin dual agonism and to delineate the separate and combined physiological effects of amylin and/or calcitonin receptor activity in humans.
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Introduction

Late stage clinical trials in non-alcoholic steatohepatitis (NASH) are currently required by the FDA to use liver biopsy as a primary endpoint. The well-reported limitations with biopsy, such as associated risks and sampling error, coupled with patient preference, are driving investigation into non-invasive alternatives. MRI-derived biomarkers proton density fat fraction (PDFF) and iron-corrected T1 mapping (cT1) are gaining traction as emerging alternatives to biopsy for NASH. Our aim was to explore the correlations between cT1 and PDFF (from LiverMultiScan®), with the histological components on the NAFLD-NASH spectrum in a large cohort of cross-sectional data, in order to calibrate the measurement to histology, and to infer what might constitute a clinically meaningful change when related to the FDA’s criteria.



Materials and Methods

In a retrospective analysis of data combined from three previously published observational NASH studies, in which adult participants who underwent liver biopsy on suspicion of NAFLD or NASH and had an MRI scan measuring cT1 and PDFF (LiverMultiScan®, Perspectum Ltd, UK), associations between imaging biomarkers and histology were tested using Spearman’s rank correlation coefficient (rs), and further exploration of the relationships between the imaging variables and histology were performed using linear regression.



Results

N = 264 patients with mean age of 54 (SD:9.9), 39% female, and 69% with BMI ≥ 30kg.m−2 were included in the analysis. cT1 and PDFF both correlated with all features of the NAFLD activity score (NAS). cT1 was also positively correlated with Kleiner-Brunt fibrosis. Partial correlations, adjusting for steatosis, revealed cT1 correlated with inflammation and fibrosis, whereas PDFF did not, and both were still associated with the NAS, but correlation was weaker with PDFF than cT1. An estimated difference of 88 ms in cT1, or 21% relative difference in PDFF was related to a two-point difference in overall NAS.



Conclusion

The correlations between cT1 and PDFF with the histopathological hallmarks of NASH demonstrate the potential utility of both cT1 and PDFF as non-invasive biomarkers to detect a pharmacodynamic change in NASH, with cT1 showing superiority for detecting changes in inflammation and fibrosis, rather than liver fat alone.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) and its progressive form non-alcoholic steatohepatitis (NASH) have complex histological signatures reflecting coexisting fat deposition, inflammation, hepatocellular injury (ballooning) and fibrosis, that are each subject to time-dependent and reversible changes. NASH results when fat accumulation in the liver triggers inflammatory signals and reactive oxygen species that can amplify liver injury and stimulate fibrosis (1). NAFLD is the most common cause of chronic liver disease in the world, affecting approximately 25% of the global population (2), with a quarter of those having NASH, or approximately 6% of the general population worldwide (3). NASH is now the second most common cause for liver transplantation in the US overall (4) and is the leading cause in females (5). This clinical burden has driven a rapid increase in the number of clinical trials evaluating pharmacotherapies. Liver biopsy is the current gold standard measurement for both clinical diagnosis and as endpoints in clinical trials, a method that is expensive, invasive, and suffers from high discordance rate among pathologists (6), likely related to the uneven distribution of the disease (7). This has driven the need to identify alternative, non-invasive, endpoints which the FDA has strongly encouraged (8). Vendor-neutral and scalable MRI-derived measurements of proton density fat fraction (PDFF) and iron corrected T1 mapping (cT1) are emerging as promising quantitative imaging biomarkers (QIBs) for NASH.

PDFF has an excellent correlation with histologically graded steatosis across the clinical range seen in NASH (9–11) and high diagnostic accuracy in stratifying all grades of liver steatosis (12–14), although it decreases with advanced fibrosis (9). PDFF is a more robust method of measuring liver fat than histology (7, 15), has been shown to be a repeatable and reproducible metric (16–18) that is sensitive to small changes (15), and as such it is considered to be the most superior non-invasive test for liver fat (19). cT1 mapping is an indicator of regional tissue water content. Each of the key histopathological features of NASH is known to have an influence on the cT1 signal when measured using the T1 “shMOLLI” sequence (20–22); as such, is it has been reported to correlate with ballooning (23, 24), fibrosis (22, 23, 25, 26), and NAS (24), and has also been shown to predict clinical outcomes (27). Liver cT1 has also been shown to be significantly elevated in patients with clinically significant portal hypertension with low liver fat (28), and has also been reported to be repeatable and reproducible across MRI manufacturers and field strengths (17).

A number of phase II trials are already employing the non-invasive QIBs PDFF and cT1 as diagnostic screening biomarkers and as secondary or exploratory endpoints (29–31). In order for QIBs to be adopted as primary endpoints in pivotal trials, they must demonstrate agreement with liver biopsy and ability to measure a clinically meaningful response. Meaningful responses are being classified as those demonstrating either (i) a resolution of steatohepatitis as defined by a ballooning score of 0 and an inflammation score of 0–1 and no worsening of liver fibrosis, (ii) improvement in liver fibrosis greater than or equal to one stage and no worsening of steatohepatitis, or (iii) both resolution of steatohepatitis and improvement in fibrosis (8), often expressed as a two-point change in the NAFLD activity score (NAS) with no worsening in fibrosis. Analysis of a trial of ezetimibe in NASH showed that PDFF could distinguish histological responders from non-responders (32), which was later characterized as a relative reduction of ~30% liver fat corresponding to a two-point change in NAS (33, 34). Equally, data on the ability of cT1 to measure changes in fibroinflammatory disease have recently been published (30, 31). In a trial exploring the efficacy of an FGF-19 (fibroblast growth factor) analog in patients with NASH (NCT02443116), patients showed significant drops in both PDFF and cT1, with greater reductions in cT1 (as well as in circulating biomarkers of fibrosis, ELF, and Pro-C3) (30). Specifically, it was observed that a reduction in cT1 of 78 and 82 ms in the 1- and 3-mg treatment groups, respectively, accompanied the regulatory accepted histological response. Furthermore, analysis comparing histological responders from non-responders showed greater reductions in cT1 than in PDFF following 12 weeks of therapy (30).

In order to inform what drives change in cT1 and PDFF, and also to estimate what might constitute a meaningful change in both biomarkers when compared to biopsy, we set out to explore the relationships between both QIBs and the histological features of NASH in a cross-sectional analysis of a large cohort of NAFLD patients with paired biopsies and MRI scans.



Experimental Procedures


Study Design and Setting

This was a retrospective analysis of a subset of data combined from three prospective, cross-sectional studies on the utility of MR methods to evaluate liver disease. The RIAL (NCT01543646)/NICOLA study enrolled adult patients scheduled for a standard-of-care liver biopsy to investigate known or suspected liver disease from two large tertiary UK liver centres (Oxford and Reading) between March 2011 to May 2015. Similarly, the CALM study (ISCRTN39463479) invited adult patients scheduled for a standard-of-care liver biopsy to investigate known or suspected liver disease from two large tertiary UK liver centres (Queen Elizabeth Hospital Birmingham and Royal Infirmary of Edinburgh) between February 2014 and September 2015 (26). Patient exclusion criteria for both RIAL/NICOLA and CALM studies were the same: inability or unwillingness to give fully informed consent, any contraindication to MRI, and liver biopsy targeted at a focal liver lesion. Full details have been published elsewhere (25, 26). For the purpose of this analysis, only those patients from both studies with a histological diagnosis of NAFLD were included (Figure 1). The Prevalence study (NCT03142867) invited adults who were being screened for colon cancer to participate in a trial to investigate the prevalence of NAFLD at Brooke Army Medical Center in San Antonio, Texas, between August 2015 and December 2017. Participants had no prior history of liver disease or alcohol abuse. LiverMultiScan®, FibroScan® liver stiffness measurement (LSM) with controlled attenuation parameter (CAP) and MR Elastography (MRE) were acquired as part of the screening protocol. Participants were invited to undergo core liver biopsy if evidence of steatosis (PDFF ≥ 5%) or fibro-inflammation (from one of LSM ≥ 7.0 kPa, evidence of fibrosis on MRE, elevated cT1 ≥ 780ms). Full details have been described elsewhere (35). All studies were conducted in accordance with the ethical principles of the Declaration of Helsinki 2013, were approved by local (all) and or national (RIAL: 11/H0504/2 and CALM 14/WM/0010 ethics review services), and all participants gave written informed consent.




Figure 1 | Flow diagram of patient inclusion from the three trials RIAL/NICOLA, CALM, and PREVALENCE.





Histological Analysis of Liver Biopsy Samples

All biopsies were reported by at least two liver histopathologists, and adequacy assessed using the definition of the Royal College of Pathologists, UK. Histology was graded according to the NASH-CRN for Kleiner-Brunt fibrosis, hepatocellular ballooning, lobular inflammation, steatosis, and the composite NAS. All pathologists were blinded to patient characteristics and non-invasive assessment data. Discordance was adjudicated by a third blinded observer. Biopsy scores used for the analysis were those collected as part of the three independent studies and were not re-read centrally.



Magnetic Resonance Protocol and Analysis

The LiverMultiScan® MRI scanning protocol was installed, calibrated, and phantom tested on all the MRI systems in these trials in a standard way (17). Patients underwent their MRI having fasted for at least 4 h. The average scan time for this protocol was 10 min. The MRI protocol included a multi-echo spoiled-gradient-echo chemical shift encoded acquisition to calculate T2* and PDFF maps in most cases, although some PDFF values were generated using in vivo proton magnetic resonance spectroscopy (MRS), a specialized magnetic resonance technique that measures fat by quantifying the overall volume fraction of lipids in the liver parenchyma. A ShMOLLI sequence was used to derive T1-relaxation. Iron was calculated from the T2* relaxation. To generate cT1 maps, the acquired MOLLI image data were fit using a Bloch equation simulation approach. The resultant cT1 maps were generated according to the latest LiverMultiScan® post-processing algorithms that reflect a measurement that would be expected if the patient had been scanned with a heart rate of 60 bpm, with normal liver iron and on a Siemens 3T scanner. This general approach has been found to yield accurate fitting to MOLLI data in previous work [as described by Mozes et al. (21)] and has been shown to improve standardization across vendors and field strengths by standardizing the contribution from fat. As a result a higher proportion of MRI scans from the older trials did not pass the required data quality checks for this processing and thus were excluded from further analysis (Figure 1).

Four single transverse slices were captured through the liver centred on the porta hepatis. Anonymized MR data were analyzed off-site using LiverMultiScan® software by image analysts trained in abdominal anatomy and artifact detection, who were blinded to the clinical data and risk grouping. For T2* (measured in milliseconds, ms) and PDFF (measured in %), three 15-mm diameter circular regions of interest (ROIs) were selected on the transverse maps to cover a representative sample of the liver parenchyma. For cT1 (ms), ROIs were placed on the central slice within the typical percutaneous biopsy region. Median values from all pixels within the ROIs were calculated and used as the representative score. Example images are presented in Figure 2.




Figure 2 | Example PDFF and cT1 parametric maps for patients with NAS = 1 (A) cT1 = 684ms, PDFF = 6.5%; NAS = 3 (B) cT1 = 833ms, PDFF = 16.9%; and NAS = 5 (C) cT1 = 916ms, PDFF = 18.5%.





Statistical Analysis

Descriptive statistics were used to summarize baseline participant characteristics. Mean and standard deviation (SD) were used to describe normally distributed continuous variables, median with interquartile range for non-normally distributed, and frequency and percentage for categorical variables. The distribution of the QIB data and the categorical histological data was investigated using box plots.

Associations between both QIBs and histology were tested using the Spearman’s rank correlation coefficient (rs), both with and without adjusting for steatosis as a covariate. A p-value less than 0.05 was considered statistically significant.

Further exploration of the relationships between the dependent QIB variables and histological scores for NAS, fibrosis and ballooning as the explanatory variables were performed with linear regression analysis, following confirmation of assumptions of normality in the residuals (and log transforming parameters that did not meet these assumptions). Extraction of the difference in imaging biomarkers associated with the histological endpoints (i) two-point difference in NAS and (ii) 1 stage difference in ballooning (in order to predict level required per patient to return to stage 0 depending on ballooning at baseline) were performed by applying the equation for each linear model.

Case-wise deletion was employed to include only complete cases for NAS, Kleiner-Brunt Fibrosis score and cT1 and PDFF data, and to exclude NAS groups with less than five data points. All statistical analysis was performed using R software version 3.6.0.




Results

Following case-wise deletion, a total of 264 biopsy and MRI paired datasets were included in the analysis (N = 187 from prevalence study, N = 40 from CALM, and N = 37 from RIAL/NICOLA). The mean (SD) age was 54 years (9.7) and patients had a median Body Mass Index (BMI) of 32.6 kg.m−2 (IQR 29.7–36.3). The majority of the patients were male (n = 161; 61%). The participant characteristics of the whole cohort (demographics, histology and MR data) are presented in Table 1.


Table 1 | Baseline patient characteristics.




Correlations Between Variables

Box plots (Figure 3) showing the relationships between NAS and fibrosis with both cT1 and PDFF indicate a positive linear relationship between cT1 and both NAS and fibrosis, and between PDFF and NAS. However, the relationship between PDFF and fibrosis showed a more parabolic distribution, reflecting the common observation that patients with severe fibrosis often have lower liver fat, and thus preventing meaningful interpretation of linear associations.




Figure 3 | Box plots showing relationships between cT1 and PDFF with NAS (top row) and fibrosis (bottom row).



The correlations between all imaging and histological variables are shown in Table 2. All histological parameters were correlated with each other.


Table 2 | Spearman’s correlation coefficients for all variables.



There was a moderate association between cT1 and histological steatosis (rs = 0.54, P <.001), and a strong association between PDFF and steatosis (rs = 0.68, P <.001); both cT1 and PDFF correlated with the overall NAS (cT1: rs = 0.59, P <.001; PDFF: rs = 0.61, P <.001). There was a moderate correlation between cT1 and PDFF with ballooning grade (cT1: rs = 0.47, P <.001; PDFF: rs = 0.38, P < 0.01), inflammation (cT1: rs = 0.31, P <.001; PDFF: rs = 0.28, P <.001), and for cT1 with fibrosis (cT1: rs = 0.43; P <.0001). There was also a strong association between cT1 and PDFF (rs = 0.66, P <.001).

Given the co-linearity between all variables and the potential for steatosis to dominate the signal, correlations were repeated controlling for steatosis. The resulting partial correlation between both cT1 and PDFF with ballooning indicated that the correlation with cT1 remained (rs = 0.36, P <.001) but the correlation with PDFF was weaker (rs = 0.21, P = 0.03). After correction for steatosis, the correlation with inflammation remained significant for cT1 (rs = 0.17, P <.05) but the correlation with PDFF was no longer significant (rs = 0.13, P = 0.07). Both remained significantly correlated with NAS, although the correlation with PDFF was weaker than for cT1 (cT1: rs = 0.36, P <.001; PDFF: rs = 0.20, P <.001, respectively). Fibrosis remained moderately correlated with cT1 (rs = 0.33; P <.001).



Difference in cT1 and PDFF Relating to the NAFLD Activity Score and Ballooning


cT1

The univariable analysis to predict cT1 adjusting for NAS resulted in a regression model [F(1,262) = 142.2, P <.001] with an adjusted R2 suggesting that NAS explained 35% of cT1 variability; the residuals of the model satisfied assumptions of the normal distribution. The coefficient of NAS in the linear regression model suggests that a 2-unit increase in NAS score, has a significant increase in cT1 of 88ms. By way of illustration, an 88ms change in cT1 for a patient moving from NAS 5 to NAS 3 would be equivalent to a drop from 921 to 833 ms.

The above analysis was repeated controlling for liver fat measured using PDFF. The multivariable analysis to predict cT1 from NAS, adjusted for PDFF, resulted in a regression model [F(1,262) = 129.9, P <.001] with an R2 suggesting that NAS explained 49% of cT1 variability. Predicted cT1 using the effect estimates of the resultant model indicated an average 44-ms difference in cT1 between two stages of NAS when adjusted for PDFF.

A multivariable analysis was performed with ballooning as the independent variable and revealed a model to predict cT1 [F(1,262) = 73.3, P <.001], with an R2 suggesting that ballooning explained 22% of cT1 variability. The coefficient of ballooning in the linear regression model suggested that a 1 unit increase in ballooning has a significant increase in cT1 of 81 ms. This remained significant, but the estimated coefficient was reduced to 44 ms if the model was adjusted for PDFF.



PDFF

The univariable analysis to predict PDFF from NAS resulted in a regression model [F(1,262) = 157, P <.001]; however, the residuals of the model did not satisfy assumptions of the normal distribution and thus PDFF data were log-transformed and the model repeated. This resulted in a model [F(1,261) = 123, P <.001] with an R2 suggesting that NAS explained 32% of PDFF variability. The coefficient of NAS in the linear regression model suggests that a 2-unit increase in NAS score has a significant relative increase in PDFF of 21.1%. By way of illustration, a 21.1% relative change in PDFF for a patient moving from NAS 5 to NAS 3 would be equivalent to a drop from 15.6% to 12.4%.

A univariable analysis was performed with ballooning as the independent variable and revealed a model to predict PDFF [F(1,261) = 39, P <.001] with an R2 suggesting that ballooning explained 13% of PDFF variability. The coefficient of ballooning in the linear regression model suggests that a 1 unit increase in ballooning score, has a significant relative increase in PDFF of 16%.





Discussion

Our results show positive correlations between the quantitative image–derived biomarkers (QIBs) of cT1 and PDFF, with all histopathological hallmarks of NASH, and between these histological features themselves. This serves to demonstrate the complex interactions between the nature and timing of the pathology in NAFL and NASH, and to demonstrate how increasing levels of hepatic steatosis are associated with more profound hepatocyte injury, that can ultimately result in fibrosis (37), the downstream consequence of NASH linked to poor clinical outcomes (38). Steatosis is the dominant feature for both NAFL and NASH and has the potential to dominate or confound imaging derived metrics. While a change in PDFF is a common endpoint in proof-of-concept Phase 2 NASH studies (31, 32), our study revealed an interesting observation when controlling for steatosis in the correlation analyses. In these analyses, the relationships between the QIBs and histology metrics were all weakened highlighting the contribution of fat to the signal for both cT1 and PDFF. Despite this cT1 still correlated significantly with inflammation, ballooning, and fibrosis; PDFF however was only weakly associated with ballooning and was not linearly related to either inflammation or fibrosis. In order to explore how a difference in disease severity (defined by NAS) relates to a difference in QIBs, we performed linear regression modeling. NAS was able to significantly predict cT1 and PDFF, with parameter estimates for a difference between two points in the NAS equivalent to 88 ms in cT1 and a 21% relative difference in PDFF. These results are in reasonably close agreement with observations from two previous longitudinal NASH clinical trials (30, 33). Given the resolution of NASH is another commonly used endpoint in clinical trials, which is defined as the absence of fatty liver disease and a score of 0–1 for inflammation and 0 for ballooning, we set out to explore the estimate change in QIB related to a one-point change in ballooning. The results suggested an 81 ms difference in cT1 or a 16% relative difference in PDFF was equivalent to the difference between one point in ballooning.

While PDFF is not strongly associated with disease activity and has an inverted-u shaped relationship with fibrosis, the positive associations between the histopathological measures in non-cirrhotic NASH translate into patients with more steatosis being more likely to exhibit characteristics of advanced features of NASH (39); and thus, changes in hepatic steatosis may be correlated with changes in other histological endpoints. This phenomenon has recently been observed in a trial of resmetirom, a highly selective thyroid hormone receptor β (THR-β) agonist [(40), NCT03900429] where it was observed that fat reduction, as measured by week 12 MRI-PDFF, predicted NASH resolution on biopsy in 64% of cases at week 36. In addition, the authors also reported that higher fat reduction (>50%) was correlated with a greater than 60% likelihood of NASH resolution with fibrosis reduction. It is likely that the sensitivity of PDFF to change in NASH status is driven more by the indirect and complex interplay between the mechanisms that result in a downstream change in disease activity when liver fat is reduced, rather than the change in activity itself. Regardless, the above results demonstrate the potential utility for both QIBs to detect a meaningful change in NAS and ballooning and confirm the observation regarding the relative difference in PDFF of around 30% for a two-point change in NAS. Furthermore, it demonstrates the added value of the cT1 measurement as a biomarker of disease activity and fibrosis. This relationship is highlighted when steatosis is controlled for in the partial correlations.

Any interpretation of what constitutes a meaningful change in a biomarker must of course also consider the intended use population and the technical performance, in particular the variability expected across repeated measures with no change in underlying pathology. Both QIBs have been used in variety of NAFLD and NASH studies (e.g., Regenerate, NCT02548351; NGM282, NCT02443116, Maestro-Nash, NCT03900429) and subjected to rigorous test-retest performance testing (17, 18), the performance of particular metrics reported in this analysis were published previously (17). The repeatability coefficients for test-retest of the LiverMultiScan reported QIBs, which represent the variation that may be expected across repeated measures were 46 ms for cT1 and 0.8% (absolute) for PDFF. This is lower variation than has been reported previously for PDFF (18) likely due to standardization of acquisition methods and advances in post-processing employed in LiverMultiScan software. Techniques that have continued to develop since the data acquisition used in this analysis, are the implementation of LiverMultiScan® IDEAL (Iterative Decomposition of water and fat with Echo Asymmetry and Least-squares estimation) (41) and magnitude only reconstruction (MAGO) (42) post-processing techniques. By comparison, while the financial and human costs of liver biopsy in clinical trials are high, the biggest problem is the lack of precision. There is considerable discordance between even expert pathology readers in NASH clinical trials, with expert inter-rater agreement for steatohepatitis diagnosis reported as 0.66 and 0.52 for the NAS (43). While there is an abundance of data emerging for the utility and interpretation of both QIBs in NAFLD and NASH, it should be acknowledged that as part of the metabolic syndrome, other factors such as gender may be contributing to the signal. The overall effect of age and gender on cT1 values has been evaluated previously using data from the UK biobank imaging study with results revealing these effects are minimal. This study reported a trend for cT1 to be lower in women, although not significantly, and also lower in older compared to younger women, again not significant (44).

In terms of the different utility of the QIBs for detecting clinically meaningful change with pharmacological interventions, both the correlation analysis and the literature suggests PDFF (15) and cT1 (21) are both sensitive to modulation of liver fat. However, steatosis is also closely associated with the other histopathological hallmarks of the disease and it is very difficult to dissociate them. cT1 may offer an advantage over PDFF as an endpoint in NASH clinical trials due to the fact that it is also independently associated with inflammation and fibrosis. These are often the features of greatest interest to the physician and healthcare communities because they correlate the most to clinical outcomes, thus are driving research into emerging pharmacotherapies regarding these specific mechanisms of action [e.g., Farnesoid X receptor (FXR) agonists, FG19, and FG21 analogs, THRb and PPARδ agonists]. Thus, combining the information from both PDFF and cT1 is likely to be superior to either on their own for understanding the treatment response dynamics, particularly when interested in more than the movement of fat from the liver.

Limitations of this study were that the estimates for the difference in biomarker measurement related to histological changes were derived from cross-sectional rather than longitudinal data and that the histological data were obtained independently, without central reads. Given the known large inter-rater variability for granular histologic data such as inflammation and ballooning, there is a possibility for discordance between readers. This however was mitigated to some extent as each study had at least dual read with consensus review. Also, while the combined sample size is substantial, it does not cover all possible combinations of the NAS and fibrosis scores meaning the linear relationships may not be accurately reflected. Despite these limitations, it is encouraging that these data closely reflect the observations from prospective interventional clinical trials using PDFF (32, 45) and cT1 (30, 31, 46). The availability of longitudinal data from ongoing clinical trials will be extremely valuable in validating the conclusions drawn in this study and will hopefully be made available by large research consortia in the USA and Europe [e.g., the Non-Invasive Biomarkers of Metabolic Liver Disease (NIMBLE) project and the Liver Investigation: Testing Marker Utility in Steatohepatitis (LITMUS) project]. Furthermore, the inherent difficulties with the histopathological interpretation of liver tissue may also be addressed in the future by emerging digital pathology techniques.



Conclusions

In summary, both cT1 and PDFF show correlations with the histopathological features of NASH and show potential as non-invasive endpoints in NASH trials to detect a relevant pharmacodynamic response. A cT1 difference of 88 or 81 ms is related to a two-point change in NAS and a one-point decrease in ballooning, respectively. Similarly, a relative difference of 21% in PDFF is related to a two-point change in NAS, and a relative difference of >16% to a one-point change in ballooning. As PDFF is largely dominated by steatosis, cT1 shows superiority when the focus is on changes in inflammation and/or fibrosis, and thus using both in combination may provide more granularity for distinguishing specific treatment effects.
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Toll-Like Receptor 9 (TLR9) is an ancient receptor integral to the primordial functions of inflammation and metabolism. TLR9 functions to regulate homeostasis in a healthy system under acute stress. The literature supports that overactivation of TLR9 under the chronic stress of obesity is a critical driver of the pathogenesis of NASH and NASH-associated fibrosis. Research has focused on the core contributions of the parenchymal and non-parenchymal cells in the liver, adipose, and gut compartments. TLR9 is activated by endogenous circulating mitochondrial DNA (mtDNA). Chronically elevated circulating levels of mtDNA, caused by the stress of overnutrition, are observed in obesity, metabolic dysfunction-associated fatty liver disease (MAFLD), and NASH. Clinical evidence is supportive of TLR9 overactivation as a driver of disease. The role of TLR9 in metabolism and energy regulation may have an underappreciated contribution in the pathogenesis of NASH. Antagonism of TLR9 in NASH and NASH-associated fibrosis could be an effective therapeutic strategy to target both the inflammatory and metabolic components of such a complex disease.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of liver disease worldwide (1). NAFLD is a progressive condition most closely associated with overnutrition. Obesity is an overwhelming condition for normal biological processes. The simplest distillation is that when lipid input exceeds the body’s ability for lipid disposal, a number of physiological stresses are put on the organs under metabolic overload: including the liver, the adipose compartment, and the gut. How the physiological stresses manifest disease is acknowledged as complex, and recently the term metabolic dysfunction-associated fatty liver disease (MAFLD) was recommended instead of NAFLD as a more appropriate overarching term for a disease that is a multifaceted confluence of metabolic and inflammatory processes (2, 3).

Non-alcoholic steatohepatitis (NASH) is the more progressive form of the disease that includes hepatocellular injury in addition to hepatic steatosis and mild inflammation. NASH may progress to hepatic fibrosis, which is, by far, the most critical determinant outcome for a course of disease at risk of progression to cirrhosis and hepatocellular cancer. NASH is an unmet medical need still lacking any approved therapeutics (4–6).

Toll-Like Receptor 9 (TLR9) is a pattern recognition receptor, so-called because this family of receptors is activated by recognizing common structures or motifs across biological molecules (7). There are at least ten TLRs present in mammals responsible for cell-extrinsic and -intrinsic activities (8, 9). Characterization of the common motifs and their physiological association have spawned several names and their associated acronyms, such as pathogen-associated molecular patterns (PAMPs), associated with microorganisms; damage-associated molecular patterns (DAMPs), associated with endogenous molecules released from damaged cells; and metabolism-associated molecular patters (MAMPS), associated with danger molecules resulting from metabolic overload (10, 11).

TLR9 detects the “CpG” motif, unmethylated cytosine-phosphate-guanine (CpG) dinucleotides. CpG is a common motif in bacterial and viral DNA, but uncommon in the vertebrate genome. However, mitochondria, the energy center of every vertebrate cell, is an organelle of bacterial origin and has its own mitochondrial DNA (mtDNA). Mitochondria are the source for endogenous molecules that activate TLR9 (12). Upon cell stress or damage, mtDNA is ejected from the mitochondria and into the cell’s surrounding environment to activate TLR9 as paracrine or endocrine signals for danger or stress.



Discovery of TLR9 and the Trajectory of Subsequent Research

The breadcrumbs that led to the discovery of TLR function, and eventually TLR9, are relevant because they are important in the evaluation of TLR9 in NASH. O’Neill et al. have conducted comprehensive work in summarizing the research history of TLRs (13), of which a small slice will be focused on here to uncover the core biological functions of TLR9.

The discovery of the interleukin-1 (IL-1) family of molecules, called necrosin by Menkin in his original characterization in 1943 because of the observed inflammatory tissue injury (14), opened the door to the signaling of the innate immune system. By 1975, the connection between innate immunity and metabolism had been made with the molecular players still needing to be identified (15). Infection of rabbits with various bacterial pathogens caused marked changes in lipid levels (16), and carbohydrate-regulating hormones triggered by the host response were associated with biochemical and ultrastructural changes in the liver (17).

The soluble signaling molecules of the IL-1 family were characterized in seminal work at Harvard Medical School by Dayer, Krane and Robinson et al. and Mizel and Mergenhagen at the National Institutes of Health in the last years of the 1970s (18, 19). The receptor for those signaling molecules, IL-1R, was cloned in 1988 by Sims et al. while at Immunex, a private biotechnology company eventually acquired by Amgen. In that 1988 report, the authors write, “How the cytoplasmic domain functions in signal transduction is unknown. Computer searches of the 1987 edition of Genbank [and other databases] have no revealed significant similarity to any currently available sequences” (20). Research on the role of IL-1 signaling in inflammation continued concurrently with investigations into the effects on energy balance. Particularly prescient was a report by Kitade et al. in 1996 that IL-1b regulates metabolism in hepatocytes (21).

The discovery that launched the dissection of TLR signaling in mammals was catalyzed by a short communication in Nature in 1991 from the Department of Biochemistry at the University of Cambridge that the cytoplasmic domain of IL-1R was homologous to the cytoplasmic domain of the D. melanogaster Toll protein, which was only studied at the time in the development of dorsoventral polarity in fruit flies (22, 23). The shared domain came to be known as the Toll/interleukin-1 receptor (TIR) domain.

In 1996, when it was discovered that Drosophila does use Toll for immunity, a kind of parallax was created that moved Toll’s involvement in immunity to the forefront of research (24). Discovery of the human TLR homologs starting in 1997 occurred on this backdrop, and although no function was yet ascribed to the mammalian TLR, immunity seemed the most likely function (25). Recentered efforts by researchers on innate immunity minimized research efforts devoted to TLR’s potential involvement in energy balance. Relative to functioning in immune processes, TLR’s role as a mediator of metabolism became largely overlooked. TLR4 was identified as the signaling receptor for LPS in 1998 (26). TLR9, including its sub-family members TLR7 and TLR8, were cloned in 2000 with CpG-DNA identified as a ligand for TLR9 in the same year (27–30). The next decade of research swiftly confirmed the TLR family’s undoubted importance in immunity, inflammation, and involvement in autoimmune diseases.

It was not until 2009 that the connection was made in Drosophila that Toll pathway activation in the insect compartment analogous to the human liver leads to inhibition of insulin signaling that results in decreased triglyceride storage (31). In the human system, only a handful of publications in the intervening years have focused on the relationship between TLR9’s signaling, metabolism, and energy expenditure.

In the mid-2000s, IL-1b and TLR9 adaptor protein MyD88 were implicated in weight loss-associated activation of the innate immune receptors independent from the inflammatory cascade and associated inflammatory pathology, however the mechanism was unknown (32). A seminal paper on TLR9 signaling was published in 2010 that reported the bifurcation of TLR9’s signaling pathway into pro-inflammatory and non-inflammatory pathways (33). Three years later, TLR9 was directly implicated in modulating energy metabolism independent of its proinflammatory function (34). It was not until 2020 that TLR9 was found upstream of a master regulator of energy homeostasis, AMPK activation (35), a topic to which this review will later return. The observations of TLR9’s importance in regulating metabolism are consistent with the discoveries that the signature signaling domain of TLR9, TIR, is a primordial metabolic regulatory enzyme (36, 37).

The role of TLRs as the gateway to the innate immune system is certain, and many articles summarize the history of this research in detail (13, 24, 38, 39). The slice of history presented here illustrates that TLR9’s role in metabolism is a relatively recent discovery, and perhaps underappreciated. The majority of research on TLR9 has investigated its function as an immune receptor (Figure 1). In the next section, we will find that TLR9 is an ancient protein. There is only one other primordial function as important as immunity, and that is metabolism.




Figure 1 | Historical developments in the TLR9 field. IL-1R’s role in immunity was known during the same period as Toll’s role in Drosophila development. The homology of their common signaling domain, TIR, was discovered in 1991. In 1996, a role for hepatocyte metabolic regulation for IL-1R and Toll’s role for immunity was discovered in Drosophila. TLR9 was cloned and identified as the immunological pattern recognition sensor for CpG oligonucleotides in 2000. It was not until 2009 that Toll and TLR9 were found to have direct roles in metabolism and energy homeostasis. Adapted from a figure by Beutler (38). Immun, Immunity; Dev, Development; Metab, Metabolism.





TLR9 Is an Ancient Receptor That Is Part of a System of Tiered DNA Sensing

TLR9 is one component of a tiered system of DNA pattern sensing by the cell (40). Emming and Schroder do an excellent job of offering a unifying hypothesis of the tiered structure that includes the endosomal TLR9, cytosolic or nuclear cGAS-STING, and cytosolic AIM2, all of which transduce inflammatory signals according to the level of threat. TLR9 functions as the canary—the leading signaling component for what is happening in the environment outside the cell. This system, or at least components of the system, appears throughout the tree of life (41). It is suspected that non-TLR9 elements evolved the ability to sense DNA relatively recently (42). The metabolic effects of DNA sensing are also a common feature even by extracellular sensing of DNA in protozoa and insects (43).

TLR9 has the lowest genetic drift of any of the components of the nucleic acid-sensing system and any TLR in mammals (41, 44–47). It is speculated that more intense selective pressures on other pattern recognition receptors may have left TLR9 intact (48).

All of this is to say that the extracellular sensing of DNA by TLR9 is a primordial program in response to danger. The group that initially characterized TLR9 as a sensor of bacterial DNA hypothesized that its specific action was to distinguish bacterial DNA from self-DNA (27). Polly Matzinger at the NIH urged the research community to change their point of view: she hypothesized that the primary driving force of the immune system is not to discriminate between self and non-self, but rather to protect and detect against danger (49). That TLR9 expression and upregulation are reported in nonimmune cells, including cardiomyocytes, neurons, hepatocytes, adipocytes, endothelial and epithelial, is suggestive of a critical role beyond immunity (50–55).

One of the foremost dangers of the 21st century to population health is overnutrition that disturbs metabolic homeostasis. The clinical manifestation is the epidemic of obesity and the metabolic syndrome. On the physiological level, it is the insult of chronic positive energy balance that stresses those metabolic organs most involved in nutrient handling: the liver, adipose tissue, and gut. Connor et al. describe the blurred line in obesity between pathological and protective mechanisms in the cell (56). It has been known that diets enriched with lard prime the immune system (including TLRs) for response (57).

In TLR9’s role as a metabolic regulator, and more generally as a sensor of danger, surely overnutrition was not a selection pressure in its evolution in man. The remaining content of this article will review the investigation into TLR9 in MAFLD and NASH.



TLR9 Expression

TLR9 is expressed in a broad range of immune cells with varying ability across tissues in the normal physiological state to respond to CpG nucleotides (58, 59). There is some evidence of differential expression of TLR9 isoforms across healthy immune-cell rich tissues and peripheral blood cell types with limited data that the isoforms may differ in cellular localization (60). The classical pro-inflammatory role of TLR9 is through the activation of NF-κB. Results from clinical survey studies and more focused basic research investigations suggest that TLR9 drives expansion of resident and patrolling monocytes and monocyte-derived dendritic cells in inflammatory diseases.

TLR9 expression in non-immune cell types is curious. Non-immune cells, such as hepatocytes and adipocytes, can produce inflammatory molecules, but not at similar levels to immune cells (61, 62). Similarly, the tissue cell-type-specific responses to TLR9 agonists is also conserved in non-immune cells. For example, in a rodent model of renal-ischemia reperfusion that produces mtDNA release from stressed cells, TLR9 on hepatocytes respond to the CpG mtDNA, while proximal tubular epithelial cells do not—despite both having increased TLR9 expression (52). These cell and tissue regulatory systems make sense, as it could result in a catastrophic inflammatory response if tubular epithelial cells responded to stress and danger signals the same as immune cells. TLR expression in non-immune cells could be serving another purpose—TLR activation in adipose tissue and liver in inflammatory states leads to the downregulation of metabolism-related genes (63).

TLR9 is normally expressed in organs of the alimentary tract, including the liver and intestines. Expression is higher in the small and large intestine than in the liver, a pattern that exists across normal human, conventional CD-1 mice, and C57BL/6 germ-free mice (64). There is a degree of tolerance in TLR9 signaling in the intestinal epithelium, which one would anticipate given the organ’s constant exposure to bacterial products. The tolerance is maintained through differential apical and basolateral signaling of TLR9 (65, 66). When intestinal epithelial cells are exposed to pathogenic DNA in vitro, TLR9 mRNA is upregulated and increases in surface localization (67). The resulting transient increase in TLR9 signaling until the danger has passed likely maintains cellular and physiological homeostasis. For example, that intestinal FXR is modulated by TLR9 should not be a surprise, but more studies are needed to resolve regulation in normal physiological conditions versus TLR9-mediated FXR downregulation in chronic inflammation (68, 69).

TLR9 is also expressed in two less obvious compartments important to the innate immune system: adipose tissue and the liver. Several observations were made in the early 2000s about the involvement of macrophages in adipose tissue [a good summary of the studies from this period is contained in the introduction in Cinti et al. (70)]. In lean populations of both rodents and humans, adipose tissue macrophages are M2-polarized (71, 72). It was a surprise in 2007 when TLR9 was also detected on cultured adipocytes (55), though at the time it was already known to be a functional immunological organ, secreting a variety of proinflammatory cytokines and modulating monocyte and macrophage function through adipokines (73).

The liver is a metabolic organ, and also the first line of defense against infection (74–76). Not only does one need to consider the functional cells of the liver, hepatocytes, but also the supporting architecture (sinusoidal endothelial cells) and the mix of resident immune cells (Kupffer, the resident macrophage of the liver; dendritic, and stellate cells). Hepatocytes have low TLR9 protein expression levels compared with the other resident immune cells of the liver (52). Functional TLR9 is undoubtedly expressed in the nonparenchymal cells of the liver, which comprise around 40% of the organ’s cells (77–80). TLR9 expression is similar in the livers of conventional (CD-1) mice and humans, with germ-free (C57BL/6 strain) mice having lower levels of expression (64). Interesting is the significantly greater expression of TLR7, a TLR9 family member that is both an RNA and CpG DNA pattern recognition sensor, in the mouse liver compared with humans. The minimal sequence requirement for activation of mouse-TLR9 and human-TLR9 is also slightly different, but the physiological consequence, if any, is unclear (81). Such species-specific differences are important in translating TLR-focused biology to humans.

TLR9 protein expression is dynamic. In resting cells, TLR9 is localized to the endoplasmic reticulum, and the shuttling to initiate signal transduction is complex (82). In cells stimulated with bacterial DNA, TLR9 mRNA expression increases and endosomal TLR9 protein is shuttled toward the surface (67). The upregulation in TLR9 gene expression also occurs with cell exposure to LPS (83).

TLR9 upregulation in organs with relatively low basal levels is also observed in systems stressed with chronic obesity. TLR9 is significantly increased in visceral compared to subcutaneous adipose tissue in non-diabetic obese patients (84). It should be noted that most of the expression comes from the stroma-vascular cell fractions of the compartment (e.g., adipose tissue macrophages), not the adipocytes. In liver, Geoffrey Farrell’s lab at the Australian National University found that TLR9 expression is significantly upregulated in patients with biopsy-verified NASH, but not in liver with bland steatosis (85). This result was similar to the upregulation of TLR9 in two other mouse models of NASH: atherogenic-diet fed and foz/foz mice. TLR9 expression was observed primarily in aggregates of inflammatory cells, but expression was also observed in binucleate cells that were most likely hepatocytes.

In the severely obese, the chaperone protein UNC93B, required for successful TLR9 trafficking, is also upregulated (86, 87). The upregulation of TLR9 and its chaperones in concert in obesity suggests an organized effort by the cell for increased TLR9 signaling.



Signal 0 in NASH

Charles Janeway coined the term “Signal 0” in 1989 to describe non-antigen stimuli outside the sequence of steps (“Signals 1, 2, and 3”) that lead to adaptive immunity (88). Sterile inflammation, which occurs when DAMPs are released into the microenvironment, is a Signal 0 and prototypically underlies NASH.

Circulating mitochondrial DNA (mtDNA) is the principal suspect for sterile inflammation in NASH, allowing these danger signals to reach remote organs through the circulation. Various biological features contribute to normal basal fluctuations of circulating cell-free DNA in humans (89). While acute trauma, liver injury, or even strenuous exercise can significantly raise levels of circulating mtDNA temporarily (89–94), significant chronically elevated levels of circulating mtDNA exist in patients with obesity and T2DM (95, 96).

mtDNA copy numbers in subjects with metabolic dysfunction are also significantly increased in adipose tissue compared with patients with normal BMIs (97). Bariatric surgery significantly reduced elevated urinary mtDNA copy number in patients with obesity (96). The elevated levels of circulating mtDNA in patients with metabolic dysfunction is biologically meaningful. Elevated mtDNA levels were associated with IL-1b levels in patients with T2DM in two different studies (98, 99). Plasma concentration of cell-free DNA was significantly higher in patients with visceral adiposity and positively correlated with visceral fat area and insulin resistance (100).

Obese patients with liver dysfunction or patients with biopsy-confirmed NASH have elevated levels of circulating mtDNA. The observation of elevated circulating levels of mtDNA in obese patients who also had elevated ALT as a marker of chronic liver injury was first made by Wajahat Mehal’s group at Yale in 2016 (101) with preliminary data reported at the meeting of the American Association for the Study of Liver Diseases two years earlier (102). They reported that obese patients with ALT elevations had a greater percentage of mitochondria inside microparticles than lean subjects, and the fraction of microparticles containing mitochondria was also larger in obese subjects with ALT elevations. They determined that the microparticles were of hepatocyte origin.

Mehal’s group linked their observations with a previous finding that oxidized DNA increases the CpG motif-dependent response of TLR9 (103). They found a significantly larger fraction of oxidized DNA in the microparticles from plasma of obese subjects with ALT elevations. In circulating mitochondria not contained in microparticles, a fraction with an origin that could not be traced, they did not see similarly elevated levels of oxidized DNA. The group noted that the hepatocyte origin of the fraction of plasma microparticles containing mitochondria with increased oxidation is consistent with the observation of increased oxidation of hepatocyte DNA in NASH (104). Indeed, the microparticles could activate TLR9 in a reporter cell line.

In a different study, it was also demonstrated that in vitro treatment of hepatocytes with palmitic acid, to model lipotoxic overload, causes the release of mtDNA into the cytosol (105). Incubating the cultured hepatocytes with a superoxide scavenger prevented the release of mtDNA. Lipotoxic overload in hepatocytes is also known to impair autophagy, which may function in the progression from bland steatosis to NASH (106). shRNA-mediated knockdown of a master regulator of autophagy, BECN1, enhanced release of mtDNA into hepatocyte cytosol. Similarly, rapamycin, an inducer of autophagy, attenuated mtDNA release. Bafilomycin A1, an inhibitor of autophagy, enhanced mtDNA release. Therefore, mtDNA is intimately connected to hepatocyte fate.

The presence of elevated circulating mtDNA levels in NASH was validated in a later study by Yury Popov’s group at Harvard in 2020, who reported preliminary results at the meeting of the American Association for the Study of Liver Diseases three years earlier (107, 108). Rather than the relative fold-induction qPCR technique Mehal previously used to determine elevated levels of circulating mtDNA in cases of presumptive NASH, Popov determined absolute circulating mtDNA copy number in patients with biopsy-proven NASH and NASH-fibrosis. In separate pilot and validation cohorts, the group demonstrated that patients with biopsy-confirmed NASH had significantly elevated circulating mtDNA levels compared with healthy control patients. In the larger validation cohort of 114 samples, the group reported statistically significant elevations in mtDNA copy number in patients with NAS of 4 or greater compared with patients with NAS of less than 4 (p = 0.0334). With respect to fibrosis stage, patients with F2-4 had significantly elevated mtDNA compared with F0-1 patients (p = 0.0003). Based on the means and standard deviations from Popov’s source data, only about 20% of NASH patients (patients with NAS of 4 or higher) have levels of circulating mtDNA that are less than the 99th percentile of circulating mtDNA in healthy patients.

Mehal and Popov’s results were further validated in a report from China, also in 2020 (105). This report is a valuable addition to the literature, as it has been shown that Chinese individuals have higher body fat percentages than Caucasians controls for any given BMI, with attendant increased visceral adiposity. Compared with other ethnic backgrounds, Chinese patients are affected by NAFLD at a lower BMI (109, 110). If chronic mtDNA elevation is a product of adipose tissue stress from overnutrition, one should see elevated circulating mtDNA levels in this population at lower BMIs. Indeed, Gao et al. observed elevated plasma levels of mtDNA in patients with BMIs in the lower 20s, consistent with healthcare professionals adopting a lower BMI threshold for clinical assessment and referral of NAFLD/NASH in these patients (111). In this relatively small report of 61 patients, divided into healthy control, NAFL, borderline-NASH (not defined in the paper, but generally defined as patients with an NAS of 3 (112)), and NASH, Chinese patients with borderline-NASH and NASH had significantly higher levels of mtDNA compared to healthy controls and non-NASH subjects.

Other diseases associated with elevated circulating mtDNA and NASH, independent from obesity, are intriguing. Sarcopenia, a muscle-wasting disorder associated with myocyte-specific mitochondrial dysfunction and circulating mtDNA, is associated with NAFLD independently of obesity and insulin resistance (113–116). The skeletal muscle compartment’s putative involvement in NASH disease deserves further exploration, as the inflammatory paracrine loop involving TLR9 in the sarcopenic muscle compartment may have analogs in other metabolic compartments (117–119). A similar pattern of NASH without metabolic risk factors exists in patients with HIV infection independent of combination antiretroviral therapy that causes liver damage (120, 121). Elevated adipose mtDNA levels are observed in HIV patients not on antiretroviral therapy, and elevated circulating mtDNA in HIV infected patients is a common observation (122, 123). One could hypothesize the presence of elevated circulating mtDNA levels links sarcopenia and HIV to attendant cases of NASH without the observation of obesity or metabolic dysfunction.



TLR9 Drives NASH Pathogenesis Across Multiple Organ Systems


Gut

The gut supplies the liver with the majority of its blood, which is likely a source for TLR9-activating molecules into the portal circulation. Richard Flavell’s laboratory tested the hypothesis that gut microbiota has a central role in the pathogenesis of NASH (124). They demonstrated that TLR9 is necessary for mice to be susceptible to NASH when they are co-housed with mice that harbor transmissible colitogenic gut microbiota. In contrast, TLR5, a receptor for bacterial flagellin, did not have an effect in mediating disease severity. In the same rodent model, they found that TLR9 agonist influx into the portal circulation increased the severity of NASH. Finally, they demonstrated that microbiota-dependent, subclinical inflammation of the colon caused by the induction and secretion of CCL5 by the colonic epithelium was significantly associated with the influx of TLR9 agonist into the portal circulation.

In contrast, there was no difference in the amount of TLR2 agonists, which encompass a wide range of microbial cell wall components from Gram-positive and Gram-negative bacteria, in the portal circulation of mice with colonic inflammation. That TLR9 agonists are elevated, but not TLR2 agonists, is consistent with the immune system killing and disintegrating microbes with the release of microbial nucleic acids (125–129). The data indicate that bacterial products derived from the intestine, most likely microbial cell-free DNA, enter the hepatic portal circulation and trigger TLR9 activation.

Translocation of bacterial contents from the gut may only be relevant in a subset of NASH patients. A meta-analysis of 128 NAFLD patients across five single-center studies employing the same intestinal permeability assay found that 39.1% of NAFLD patients had evidence of increased intestinal permeability compared with 6.8% of healthy controls (130). In the same meta-analysis, it was found that 49.2% of patients with NASH had increased intestinal permeability. The data in total suggest that alterations in intestinal permeability in at least a significant subset of NAFLD and NASH patients may contribute to liver injury via TLR9 activation.



Liver

In a collaboration between Akita University and UCSD with Bernd Schnabl, Jerrold Olefsky, David Brenner, and Ekihiro Seki, Miura et al. first published on NASH in TLR9 knockouts (KOs) motivated by their interest in the TLR-MyD88 pathway in 2010 (131). They reported that TLR9-/- mice showed less steatohepatitis and liver fibrosis than wild-type (WT) mice when both were fed a choline-deficient, L-amino acid-defined (CDAA) diet. Later studies revealed that mice on a CDAA diet display a significantly different metabolic profile from human NASH, and therefore this diet model is not suitable as the surrogate for human disease (132). Nonetheless, the severity of the inflammatory profile produced by this diet yields intriguing insights into the inflammation-related biology associated with NASH pathogenesis

The group demonstrated that Kupffer cells produced the inflammatory cytokine IL-1β in response to CpG oligonucleotides. IL-1β increased apoptosis and necrosis in lipid-accumulated hepatocytes isolated from mice fed the CDAA diet, while CpG-mediated TLR9 signaling had little effect on cell death in either normal or lipid-accumulated hepatocytes. They next examined IL-1β’s effect on the fibrogenic response of hepatic stellate cells (HSC). While numerical increases in the levels of molecular markers of fibrogenic activation when HSC were treated with CpG DNA were observed, IL-1β increased the same markers by a significantly larger fraction. Employing experiments with conditioned media from Kupffer cells, their conclusion was TLR9-mediated IL-1β release from Kupffer cells was essential for HSC activation. They also found that a knockout of MyD88, the adaptor molecule shared by TLR9 and the IL-1β receptor IL-1R, is crucial for signaling that promotes NASH and fibrosis. TLR9 knockout mice on the CDAA diet, unlike the IL-1R and My88 knockout mice on the same diet, had a significant reduction on HOMA-IR.

Therefore, Miura et al.’s model involves the TLR9-dependent activation of Kupffer cells through endogenous TLR9 ligands, which in turn stimulates IL-1β release that acts on both hepatocytes and stellate cells. The model is consistent with observation of increased IL-1β in patients with NASH and fibrosis (133, 134); increased number of IL-1β positive liver cells in mice fed a high fat and cholesterol diet (135); that the lack of IL-1β inhibits the transformation of steatosis to steatohepatitis (136); and that deficiency of hepatic- rather than bone marrow-derived IL-1β protected mice against development of steatohepatitis and liver fibrosis on an atherogenic diet (136). Also consistent with Miura et al.’s model is interventional data in humans with the IL-1β neutralizing antibody canakinumab in a population with high cardiovascular risk who were borderline obese. Canakinumab tempered metabolic-related inflammation, but it did not affect plasma lipoprotein levels or new-onset diabetes (137, 138). Therefore, while IL-1β therapy in NASH subjects has yet to be tested, the data suggests it may not be a node that significantly impacts both the inflammatory and dysfunctional metabolic components of the disease.

Wajahat Mehal’s group at Yale continued the investigation into the identities of the TLR9 ligands and NASH pathogenesis with a report in 2016 (101). Mehal’s group used a high-fat diet (HFD) model (45% fat), which results in a metabolic and histological profile similar to human NASH (139). Mehal’s work with a HFD was key to bridging previous work to produce results considered more translationally relevant in humans. The group’s experiments that led them to focus on hepatocyte mtDNA as the critical TLR9 ligand in this system was described in the Section titled Signal 0 in NASH. The determination of whether TLR9 is signaling to NF-κB or IRF-7 dependent type 1 IFN is key to determining TLR9’s role in the pathogenesis of NASH. While the paths are not mutually exclusive, the NF-κB pathway results in the production of proinflammatory cytokines, while the IRF-7 pathway can upregulate the anti-inflammatory IL-1 receptor antagonist (IL-1RA). mtDNA from hepatocytes fed a HFD, when cultured with primary murine macrophages, resulted in selective upregulation of pro-inflammatory cytokines, but not type 1 IFN. The group confirmed hepatic macrophage (Kupffer cell) NF-κB activation in vivo using an NF-κB reporter mouse. HFD for twelve weeks induced the upregulation of NF-κB on cells excised from liver tissue with macrophage markers.

The group generated mice in which TLR9 was selectively removed from lysozyme producing cells (Lysm-Cre Tlr9fl/fl), including neutrophils, monocytes, and tissue macrophages. WT, Lysm-Cre Tlr9fl/fl mice, and total TLR9 knockout mice were placed on a HFD. The three groups had no difference in food intake as determined by paired-feeding experiment. The wild type mice on a 12-week HFD developed hepatosteatosis, balloon cells, and inflammation with elevated ALT, while both the Lysm-Cre Tlr9fl/fl mice and TLR9 KO mice exhibited NASH component histology that was significantly less severe.

Pharmacological inhibition of TLR9 with a TLR7/9 oligonucleotide antagonist was tested next by Mehal’s group (101). Treatment with the TLR9 antagonist at 5mg/kg once weekly prevented NASH component histology, ALT elevations, and cytokine transcript levels when the treatment was administered concurrently with the HFD. The TLR9 antagonist also reversed NASH component histology, ALT elevations, and cytokine transcript levels (pro-Il1b, Il6, Tnfa) when administered after eight weeks of HFD once weekly for four weeks at the same dose while the mice remained on the HFD. The treatment had no effect on food intake.

Geoffrey Farrell’s lab in 2017 determined the effects of TLR9 deletion in NASH pathogenesis in mice fed an atherosclerotic diet (23% fat, 0.2% cholesterol w/w) (85). This diet contained a much lower level of cholesterol than the typical 1–1.25% cholesterol often used in atherosclerotic diets and no cholate. Therefore, this diet is also translationally relevant to human NASH. TLR9 KO mice fed an atherosclerotic diet gained weight proportionally, including visceral fat mass, to WT mice. There were no differences in serum insulin between WT and TLR9 KO, and fasting blood glucose in response to atherosclerotic diet feeding was similarly elevated. Serum total cholesterol and hepatic free cholesterol were lower than WT mice after atherosclerotic diet feeding. Intriguingly, ALT values failed to increase when the TLR9 knockouts were fed the atherosclerotic diet. WT mice fed the atherosclerotic diet had a significant decrease in serum adiponectin that was not observed in TLR9 KO mice.

The decrease in adiponectin in the diet-fed WT, but not the TLR9 KO mice, is fascinating because it immediately draws attention to dysfunctional TLR9 signaling in the primary compartment from which adipokine signaling originates, the adipose tissue. Adiponectin is an incredibly unique pleiotropic signaling molecule that modulates insulin target tissues (140, 141). In the liver, adiponectin decreases fat accumulation, glucose output, and inflammation; in adipose tissue, it functions to decrease inflammation and increase insulin-stimulated glucose uptake; and, in skeletal muscle, decreases fat accumulation, increases glucose uptake and energy expenditure. Adiponectin is not secreted by fat cells alone—hepatic stellate cells secrete adiponectin in the resting state, and activated stellate cells produce apoptosis when treated with adiponectin (142). Therefore, normally elevated adiponectin levels are a systemic regulator of inflammatory and metabolic intra- and inter-organ homeostasis (143). More on the relationship between TLR9 and adiponectin is discussed in the Sections titled Adipose Tissue and Cutting the Endocrine Brakes on TLR9 Signaling.

The group next looked at liver histological features of inflammation and fibrosis. Despite exhibiting equivalent levels of steatosis, hardly any inflammation was observed in the TLR9 KOs fed the atherosclerotic diet. Abundant inflammation was present in the diet-fed wild-type mice, a difference that was also supported by markers for matrix deposition and activated hepatic stellate cells.

On the molecular level, NF-κB and JNK activation was evident in hepatic nuclei, including hepatocyte nuclei, in WT atherosclerotic-diet fed mice. Similar activation in the TLR9 KO mice was absent. The observation of significantly less inflammatory recruitment (macrophages and neutrophils) in the diet-fed TLR9 KOs was consistent. The fatty livers of TLR9 KO mice expressed less MCP-1 and Th1 cytokines (Mcp1, Tnf, iNos, Il-6). Markers for Th2 cytokines (Il-4, Ym1, Arg, circulating IL-10) increased in both groups similarly, but the authors noted that the imbalance in Th1 cytokines shifted the cytokine balance to one of protection in the TLR9 KO mice.

Isolation of bone marrow macrophages and neutrophils from WT and TLR9 KO mice confirmed their findings. Macrophages from TLR9 KO mice lost the ability to generate TNF when cultured with necrotic hepatocyte media, and neutrophils exhibited less chemotaxis. Isolated macrophages from TLR9 KO mice did not lose the ability to respond to the M2 stimulatory IL-4.

To further investigate if TLR9 expressed on bone marrow-derived cells was essential for NASH pathogenesis in this model, they created chimeric WT mice with TLR9-/- myeloid cells. When fed an atherosclerotic diet, the chimeric mice with TLR9-/- myeloid cells had impaired levels of circulating pro-inflammatory cytokines compared with chimeric WT mice with WT-TLR9+/+ myeloid cells.

The group also found decreased cytochrome c in the liver lysates of atherosclerotic diet-fed TLR9 KO mice compared with WT mice. The explanation for the observation was unclear at the time, but now makes sense with the discovery three years later that an AMPK-caspase-6 regulated mechanism activates a feed-forward loop fueled by cytochrome c release resulting in hepatocyte death (139).



Adipose Tissue

Nishimoto first reported that genetic ablation of TLR9 improves insulin resistance through decreased macrophage accumulation in adipose tissue at the European Society of Cardiology in 2013 (144). In the publication that followed, the group demonstrated in C57BL/6 mice on a HFD that obesity-related adipocyte degeneration causes the release of cell-free DNA (cfDNA) in the visceral adipocyte compartment (100). The release of cfDNA was associated with increased visceral adipose tissue (VAT) weight, but not liver weight. Compared with lean mice, the HFD enhanced adipocyte degeneration. Concurrently, TLR9 transcript by RT-PCR increased in the VAT and was dominant in the macrophage population of the VAT. Using transwell co-culture experiments, the group established that TLR9 activation by cfDNA released from degenerated adipocytes increased monocyte chemoattractant protein-1 (MCP-1) expression.

To determine if TLR9 promoted adipose tissue inflammation by accelerating macrophage infiltration into the tissue, they used WT and TLR9 KO mice. After 12 weeks of feeding, body weight, VAT weight, and food intake were similar between the two groups. Compared with the WT mice, the TLR9 knockouts showed reduced macrophage infiltration and reduced expression of MCP-1 and TNF-α. In epididymal fat tissue of TLR9 KO mice, data suggested the macrophages were M2 polarized, while in the WT mice, the macrophages were M1 polarized. Additionally, the VAT of the TLR9 KOs showed less NF-κB activation and better insulin sensitivity. Both adiponectin and PPARγ were significantly higher in the VAT of the TLR9 KO mice fed a HFD than the WT counterparts. The observations on adiponectin in this HFD model were consistent with the TLR9-KO mice fed the atherosclerotic diet mentioned in the previous section (85).

The creation of chimeric TLR9 knockout mice with the bone marrow of wild-type (Tlr+/+) mice demonstrated that chimeric mice have more macrophage infiltration into adipose tissue, higher levels of inflammatory molecules, higher NF-κB activation, and more insulin resistance compared with control animals on the same diet without TLR9 expressing bone marrow.

Administration of a TLR9 inhibitory oligonucleotide at approximately 5 mg/kg, three times a week, resulted in reduced accumulation of macrophages in adipose tissue and improved insulin resistance. The treatment also decreased the level of plasma triglycerides with no difference in food intake.

A group from the Diabetes Research Group at the Toronto General Research Institute observed that the adipocytes in the VAT compartment may not be the only source of TLR9-activating molecules (145). VAT macrophages were also observed to expel extracellular traps (ETs) composed of nucleic acids. HFD-fed mice had increased formation of ETs in VAT, and TLR9 KOs had fewer M1 macrophages, fewer crown-like structures, and improved glucose homeostasis and insulin signaling during HFD feeding. Despite no difference in body weight to WT controls, the TLR9 KO mice fed a HFD showed decreased liver weights and decreased hepatic steatosis. Detailed metabolic profiling demonstrated that TLR9 KO mice also had similar food intake, oxygen consumption, CO2 output, respiratory exchange ratio, and energy expenditure to WT control mice.

Plasmacytoid dendritic cells (pDCs) are nearly absent in VAT but are present in the liver, where they can lead to prolonged inflammation and hepatocyte damage. TLR9 KO mice fed a HFD had decreased numbers of pDCs in the liver. They identified IFNα as a possible agent of hepatic insulin resistance and noted the number of IFNα-positive pDCs was consistently decreased in TLR9 KO mice fed a HFD compared with wild type mice fed a HFD. Exogenous introduction of TLR9 agonist in 20-week-old NCD mice worsened glucose tolerance, increased the number of hepatic pDCs, and decreased the number of tolerogenic pDCs.

Finally, obese mice treated for three weeks with ~3.3 mg/kg/week TLR9 oligonucleotide antagonist had improved glucose tolerance and a tendency for lower fasting insulin compared with PBS-injected controls.

Unlike other reports of TLR9 KOs, Hong et al. reported that TLR9 deficiency accelerates HFD-induced weight gain, insulin resistance, and adipocyte dysfunction (146). The observation of similar food intake between the control and knockout group was the same as previous studies. It is unknown why this study is an outlier. However, one possible reason is that it is the one report employing TLR9 knockouts initially developed on a 129P2 background before being backcrossed to B6 [as the difference in weight between WT and TLR9 KO employing the same transgenic model was seemingly replicated in the recovery phase of a study performed by a different lab (147)]. In normal physiological conditions, TLR9 certainly has a protective role. The results of this TLR9 KO study may be more illustrative of the importance of TLR9’s protective function in normal physiology, but it is difficult to know without an investigation into how the methods differed between studies.




Exacerbation of TLR9 Activation From Other Sources in NASH Pathogenesis

The stressed parenchyma of the liver and adipose compartments along with possible gut leakage are not the only source for TLR9-activating molecules. It was observed that lymphocytes (B cells, T cells, NK cells), as well as monocytes and neutrophils, can secrete mtDNA webs in response to CpG oligonucleotides (148). mtDNA webs are distinct from neutrophil extracellular traps, which are expelled genomic DNA complexed with antibacterial proteins (149). The secretion of mtDNA webs upon stimulus with CpG oligonucleotides was not dependent on TLR9, as targeted TLR9 inhibition or other techniques to prevent TLR9 endosomal signaling did not impact mtDNA secretion. This result seems to indicate the existence of at least one feed-forward loop to increase the amount of mtDNA present in the hepatic milieu, independent of TLR9.

A different group documented a TLR9-dependent negative feedback loop that limited neutrophil overactivation upon stimulation with mtDNA, which could putatively function in the same system as the feed-forward loop (150). TLR9 activation upregulated the main actor of the negative feedback loop, miR-223. miR-233 knockout mice were more susceptible to activation of inflammatory mediators and NF-κB by TLR9 agonists. The same group later observed that miR-223 is initially elevated in the hepatocytes of rodents on a HFD and in human NASH samples indicative of a protective function, but that expression levels likely deteriorate as NASH disease worsens and progresses to cirrhosis and hepatocellular cancer (151). Therefore, NASH disease progression could be modulated by the concurrent downregulation of miR-233 that allows TLR9-ligand-activated signals to increase (152–154).

Last, hepatic free cholesterol accumulation in the liver alters normal transport of cellular cargo, including endosomal TLR9. The association between the accumulation of hepatic free cholesterol and NAFLD and fibrosis is well characterized (155, 156). In hepatic sinusoidal endothelial cells, free cholesterol accumulation exacerbated TLR9 signaling in a model of acetaminophen (APAP)-induced liver injury in obese animals (157). APAP injury is directly tied to the release of mtDNA in mice and humans (158). The authors observed that elevated free cholesterol levels in endolysosomes impaired the trafficking of TLR9 from late endosomes to lysosomes via Rab7. TLR9 escaped degradation and accumulated, thus enhancing TLR9 signaling. In Tlr9-/- mice, the effects of increased intake of cholesterol on APAP injury disappeared. Treatment of mice with ~3.3 mg/kg of oligonucleotide TLR9 antagonist 4 h after APAP treatment significantly ameliorated cholesterol-loading induced TLR9 signaling.

Free cholesterol accumulation in hepatocytes is also a likely source for TLR9 activation. In free cholesterol loaded hepatocytes, HMGB1 was released into the culture medium (158). It had already been reported that HMGB1 is an important modulator of TLR9 activation by CpG containing DNA (159–161). Extracellular HMGB1 accelerates the formation of the CpG-DNA–TLR9 complex to lower the effective concentration of CpG DNA necessary for activating cellular responses.

In addition to the core function of sensing danger signals in the cell’s environment, TLR9 also senses mtDNA that originates from its own cell. In an in vivo model of mitochondrial dysfunction caused by deficiency of Opa1, a regulator of mitochondrial fusion and functional compartment formation (162), Opa-1 deficiency driven inflammation required mtDNA and was independent of cGAS. mtDNA ejected from the mitochondria was not present in the cytosol and was detected by TLR9 in the endosome. Incubation of the cells with a TLR9 oligonucleotide antagonist attenuated the expression of NF-κB genes. The exact mechanism of how TLR9 interacts with mtDNA from its own cell needs to be clarified. The authors speculate that the interaction could occur via mitochondrial-derived vesicles under conditions of stress.



Evidence of TLR9 Activation and Integral Involvement in Human NASH Disease

The strongest data that ties TLR9 activation to NASH disease is data from the Sanyal lab that directly associates TLR9 activation with NASH and fibrosis disease severity in human patients. The authors analyzed hepatic gene expression and coordinately regulated pathways in disease and control cohorts characterized by biopsy across the full histological spectrum of NASH disease (163). Incredibly valuable was the availability of the supplementary data from this study on the Gene Set Variation Analysis (GSVA). The GSVA analysis allowed identifying specific pathways differentially regulated with increasing histological severity in NASH and NASH-associated fibrosis. In the GSVA analysis, most of the identified pathways that appear within the first several hundred pathways that meet the statistical threshold for discoveries by the false discovery rate approach are too broadly described to be specifically druggable (e.g., “Intrinsic Pathway for Apoptosis”, “Cellular Responses to External Stimuli”). Of the handful of pathways listed that are directly targetable, differential activation of TLR9 and TLR9 signaling and adaptor proteins are all significantly associated with NASH disease severity, all with adjusted p-values of <0.0001. The TLR9 cascade is also significantly associated with NASH-fibrosis severity with an adjusted p-value of 0.01. The GSVA analysis cannot distinguish between pathways that are drivers of progressive disease and pathways activated as secondary to disease severity. Therefore, the results must be placed in the appropriate context with interventional studies. In combination with the interventional studies described in the previous section titled Liver the GSVA offers compelling evidence from human biopsies that TLR9 signaling is directly associated with the severity of NASH disease.

There are naturally occurring loss-of-function variants of TLR9 (164). However, the variants may be too rare (< 1%) to test the hypothesis that they are protective in NASH. As the only known subjects of this rare variant have been detected in North-Western Europe, it may be worthwhile to investigate further the specific hypothesis in NASH and control databases that intersect with that geography (165).

Instead of investigating a loss-of-function population, Alegre et al. took the approach of identifying patients with matched parameters of metabolic dysfunction (including BMI, HOMA-IR, lipids), but who were diagnosed by biopsy with either simple steatosis or NASH (166). They focused on TLR9 expression in T cells, as intrahepatic T cells’ role in NASH progression was confirmed in several studies. They also investigated the T cell production of IFN-γ via activation of TLR9 in cells from the matched patient cohorts. T cell production of IFN-γ is critical for the differentiation of proinflammatory macrophages. They found that reduced expression of TLR9 in T cells, both hepatic and peripheral, was associated with lower liver necroinflammatory activity and fibrosis. When they co-stimulated T-cells via TLR9, the cells from the patients with simple steatosis produced a limited number of IFN-γ producing CD8+ T cells compared with the T cells from patients with NASH. They concluded that limited expression, or active downregulation, of TLR9 on T cells is protective. In turn, this would also favor the differentiation of anti-inflammatory (M2-polarized) Kupffer cells. Patients with NASH may have limited endogenous expression of TLR9 or failure of the downregulation mechanism. The observation is strikingly similar to TLR9 expression in surgical lung biopsies differentiating rapidly from slowly progressing forms of idiopathic pulmonary fibrosis (167). This single study does not parse correlation versus causation with a high enough level of evidence for generalization, but the results are intriguing. The study certainly supports the role of TLR9 activation on yet another type of immune cell that could be driving NASH disease.



A Unified Theory: TLR9 Is More Than an Innocent Bystander in the Progression of NASH and NASH-Fibrosis

Evidence suggests that two factors simultaneously contribute to NASH progression: elevations in circulating TLR9 agonists in response to organ stress because of overnutrition; and upregulation of the TLR9 receptor in both immune and non-immune cells. Most likely, the time-integrated exposure of chronic TLR9 activation across the liver, adipose, and gut drives progression of the disease over a period of years (Figure 2).




Figure 2 | Unification of the theory of TLR9’s integral role in NASH pathogenesis. Three critical tissue compartments to NASH pathogenesis are pictured at the top of each frame, the adipose, gut, and liver. Endocrine and paracrine signals work at the compartment level and the level of the individual cell, pictured at the bottom. (A) The adipose, gut, and liver tissues are healthy and unstressed in a lean individual. Adiponectin levels are normally elevated. Transient elevations in mtDNA may occur in the course of normal physiology. PPAR is functioning normally, which dampens any transient TLR9 activation. TLR9 and AMPK are coupled so the cell can appropriately regulate energy expenditure if TLR9 is transiently activated, but in the resting state, most of the TLR9 is localized to the ER. NF-κB is not activated. (B) The adipose, gut, and liver tissues become increasingly stressed with overnutrition. Hepatosteatosis is evident. The secretion of mtDNA as response to the stress causes TLR9 upregulation. TLR9-dependent adipose infiltration and activation of macrophages and Kupffer cells occurs in the hepatic compartment. Gut leakage may allow bacterial product translocation into the portal circulation, either priming or activating TLR9 in the liver. A pro-inflammatory positive feedback paracrine loop forms between the infiltrating immune cells and the parenchyma. mtDNA levels increase in the systemic circulation. As adipocytes become more stressed, the levels of adiponectin decrease, causing AMPK activation to also decrease. Concurrently, increased TLR9 activation dampens PPAR activity. TLR9 activates pro-inflammatory NF-κB. (C) The various tissue compartments are even more stressed, and the TLR9-dependent pro-inflammatory positive feedback loop is robust. There are high levels of circulating mtDNA, and adiponectin levels are low. TLR9 activation may actively be suppressing PPAR activation, and adiponectin levels are too low to dampen TLR9 signaling. Free cholesterol present in the cell may further amplify TLR9 signaling. Stellate cells are activated in the liver, and hepatic fibrosis begins. (D) TLR9 antagonism prevents the inflammatory paracrine loop in the tissue compartments. Fibrosis is attenuated by TLR9 antagonism of stellate cell activation. PPAR signaling rises to dampen TLR9 activation as the system regains homeostatic function. Adiponectin works systemically to increase energy expenditure, decrease fat accumulation, and decrease inflammation and fibrosis.




A Healthy System

In normal physiology, TLR9 is expressed in both immune and non-immune cells to varying degrees and is localized to the endoplasmic reticulum on resting cells. In the liver, Kupffer cells are M2 polarized, which TLR9 may even facilitate in normal physiological states in conjunction with normal PPAR functioning (168, 169). Hepatic dendritic cells are tolerogenic and immature. Other surveilling immune cells, such as neutrophils and lymphocytes (liver natural killer cells) are ready to respond if attracted from the periphery or in the early defense against pathogens (170).

Outside the liver, the gut is healthy and under TLR9 homeostatic control. The visceral adipose tissue surrounding the liver is healthy and circulating adiponectin levels act on the liver and systemically to control the metabolism of glucose and lipids by stimulating AMPK and PPARα (171). In hepatocytes, AMPK activity is acting to sustain a healthy hepatic parenchyma (139).



Primed for NASH by the Stresses of Overnutrition

In states of obesity and overnutrition, the liver is under a considerable amount of immune stress even if hepatosteatosis is not harmful per se. Liver fat flux is relatively fast, hepatic steatosis is often self-limited, and hepatic energy metabolism in patients newly diagnosed with fatty liver is not different than controls (172, 173). However, there is evidence that the complement system is activated in obese patients with steatosis without NASH (174, 175). NASH may play out on the stage of the liver by virtue of being a first-pass organ. The liver is exposed to the highest concentration of TLR9 agonists from the portal circulation. NAFLD, in its subclinical phase in states of obesity, is thought to condition hepatic cells for the transition from a normal physiological state to a disease state.

It could be that TLR9 activation in Kupffer cells and other hepatic cells are primed by LPS leakage from the gut. In vitro, it was demonstrated that LPS-pretreated mouse bone marrow-derived macrophages produced significantly more TNF and IL-6 when stimulated with CpG DNA (176). The effects were still evident 12 h post-LPS treatment, meaning it was not a requirement that the LPS and CpG signals be administered at the same time for the signal amplification to occur. The levels of LPS used in the in vitro study were consistent with levels observed in NASH subjects (177, 178). Recent evidence even supports intrahepatic residence of bacteria that could also be priming TLR9 in the liver (179).

These studies are consistent with LPS’ downregulating effects on IL-1R8, an IL-1 receptor family member that can put the brakes on TLR9 signaling (180). It is unclear in what subset of patients LPS may incrementally contribute to TLR9 priming. In a study of pediatric patients who were either obese or had biopsy-proven NASH, endotoxin levels were increased in only 42.1% (8 of 19) in the NASH group (181). The reports on the association of endotoxemia with NASH histological severity is mixed (182, 183).

Gao et al. reported that mtDNA from mice fed a HFD, when combined with LPS stimulation, caused the release of significantly higher amounts of pro-inflammatory IL-33 from cultured bone-marrow-derived macrophages than LPS alone (105). The amount of IL-33 released into the media when mtDNA from mice on a chow diet was combined with LPS stimulus was no greater than LPS stimulus alone. Production of IL-33 was reduced by more than 50% by treatment with either a TLR9 oligonucleotide antagonist or TLR9 knockdown with siRNA.

By the time hepatosteatosis is evident, the visceral adipose tissue surrounding the liver is surely stressed and in a state of metainflammation (184). Circulating adiponectin levels are reduced (185). As the adipose inflammation worsens, adipocytes exhibit necrotic-like abnormalities that trigger the recruitment of inflammatory cells such as macrophages. mtDNA is released by the stressed adipocytes as a damage-associated molecule pattern (DAMP), which not only exacerbates inflammation at the local tissue level but is released into the circulation. TLR9 expression increases in the visceral adipose tissue (84).

At the same time TLR9 activation priming is occurring, subclinical conditioning during NAFLD may also be tipping the balance towards favoring greater levels of TLR9 activation. One of those regulatory mechanisms involves the peroxisome proliferators-activated receptors (PPARs). The PPARs act as fatty acid sensors and act as master regulators of metabolism, energy homeostasis, and inflammation (186, 187). Regulation of the various PPAR subfamilies is complex, but PPAR silencing is a common observation in obesity (188–193). In a morbidly obese population, a high fat meal resulted in a significant decrease of PPARγ mRNA expression (194). The ratio of a naturally occurring dominant-negative splice isoform PPARγΔ5 to PPARγ in humans correlates with BMI in overweight or obese and diabetic patients (195). PPARα transcription and immunofluorescence staining in liver tissue were significantly reduced in a cohort of Chinese NAFLD patients that was height- and weight-matched to a healthy cohort (196).

The significance of normal PPAR functioning is that it inhibits TLR9 signaling. The PPARγ-activating thiazolidinedione (TZD) troglitazone, when added to cultured peripheral blood adhering monocytes stimulated with a TLR9 family member ligand, prevented IL-6 release and decreased stimulatory capacity (197). TLR9 family member-associated MAPK signaling (p38 and p42) is significantly blunted when treated with PPARγ’s natural ligand, 15-deoxy- PGJ2. In fact, the connection between PPARs and TLRs is well documented (198). This is also consistent with the transrepression of TLR9 signaling by a different member of the nuclear-receptor family, the glucocorticoid receptor (199). NAFLD has been associated with signaling changes that reduce glucocorticoid receptor signaling (200, 201). Indeed, impairment of glucocorticoid receptor signaling causes steatosis, and if restored, reverses NAFLD in mice (202, 203). That the glucocorticoid receptor transrepresses TLR9 signaling is consistent with a model wherein nuclear receptor families, like PPARs, are silenced, which removes the brakes from and augments TLR9 signaling.

TLR4, which functions through a common adaptor protein with TLR9 and similarly activates NF-κB, inhibits PPARγ mRNA synthesis when activated via a negative feedback loop involving NF-κB (204). It seems likely that TLR9-mediated NF-κB activation also inhibits PPAR mRNA synthesis.

Augmented TLR9 signaling has consequences in both immune and non-immune cells. In both the liver and adipose compartments, TLR9 activation on immune cells causes the release of cytokines and chemokines (205). TLR9 dependent overactivation of the immune component, particularly the activation of hepatic stellate cells, potentiates fibrosis (78). On non-immune cells, such as parenchymal hepatocytes and adipocytes, dysfunctional TLR9 signaling may be directly tied to disturbed energy homeostasis.

TLR9 signaling is directly coupled to the master regulator of energy homeostasis, AMPK (206). In the context of exercise and glucose starvation under normal physiological conditions, TLR9 is required to activate AMPK via an association with beclin1 and simultaneous TLR9 binding to endogenous mtDNA (35). They found that TLR9 expression is also required for AMPK-regulated effects on glucose metabolism during the stress of acute exercise. Therefore, the data suggest that under normal physiological conditions, transient TLR9 activation by mtDNA to activate AMPK is part of a normal physiological process. A biological mechanism that controls the transient activation of AMPK in normal physiology may be important, as it was demonstrated that a constitutively activated AMPK in mice induced obesity and reduced beta cell function (207).

The connection between beclin1, a regulator of autophagy, and TLR9 was the result of a screen to identify proteins that interacted with a region of beclin1 that is sufficient to promote autophagy when introduced exogenously (208). Beclin1 is a key part of phosphatidylinositol 3-kinase complex (PI3KC3) signaling in the endosome (209). The association with beclin1 led the group to find that TLR9 is also required for the association of beclin1 and UVRAG. UVRAG is another key component of the Class II phosphatidylinositol 3-kinase complex (PI3KC3-C2) crucial for endosomal signaling. The conclusion was that TLR9 regulates the assembly of PI3KC3-C2, which in turn regulates AMPK activity.

In a separate stream of work, Nemazanyy et al. found that a PI3KC3 complex containing UVRAG was a key node in the negative feedback inhibition of metabolic signaling (210). The PI3KC3 complex they investigated contained UVRAG, beclin1, and Vps15, common core components to Class II and Class III PI3KC3 (211). Vps15 acts as the regulatory subunit of PI3KC3. Through experiments that interfered with the expression of Vps15, they made the novel finding that PI3KC3 containing UVRAG and beclin1 had a previously unappreciated role in whole body nutrient homeostasis and control of metabolic adaptation. In vivo¸ hepatic downregulation of Vps15 significantly improved glucose tolerance in ob/ob mice, decreased liver steatosis, and decreased hepatic triglyceride levels without the observation of a change in plasma metabolite levels. The findings were consistent with reports that established Vps15 as part of a complex thought to integrate environmental cues through an AMPK-dependent mechanism (212). Changing AMPK cellular localization, ordinarily present in both the cytoplasm and nucleus but in periods of stress (including cellular oxidants) shifts to the nucleus, is surely a part of this story (213). That TLR9 is a likely component, even rate-limiting component, of the PI3KC3 complex puts the receptor front and center in metabolic regulation through environmental cues.

One possibility is that chronic stimulation of TLR9 by endogenous mtDNA in states of overnutrition leads to the constitutive negative feedback of metabolic or autophagy signals through TLR9’s regulation of PI3KC3 assembly. This is consistent with AMPK downregulation and its role in liver damage in NASH (139, 214, 215). The regulation of expression of the TLR9-interacting protein beclin1 is significantly different in lean and obese states. When HFD-fed obese and lean mice are maintained on a 15 day 40% caloric restriction, then returned to ad libitum feeding on their original diets, refeeding led to a greater than 2-fold increase in beclin1 in the visceral adipose tissue in the obese mice whereas an 80% reduction in beclin1 was observed in the lean mice (216). Similarly, in humans, beclin expression was significantly higher in the adipose tissue of both non-diabetic and diabetic obese subjects than lean controls. Following gastric bypass, a significant drop in the expression of beclin was observed in both the obese groups. It is unknown how Vps15 responds in states of overnutrition. However, the discoveries that deficiency in other adaptor protein components of the Beclin1-Vps15 complexes in the AMPK pathway leads to lipid accumulation in the liver echoes the importance of this regulatory system to which TLR9 belongs (217). The two-way regulation of PI3KC3 complexes by AMPK is complex (212), and more investigation into the role TLR9 and TLR9 stimulation in both lean and obese states play in this pathway is needed.

Other mechanisms that modulate TLR9’s involvement between inflammation and energy modulation in non-immune cells have also been reported. In normal physiological systems, it was reported that TLR9 reduces energy substrates (intracellular ATP) in stressed cardiomyocytes by activating AMPK (34). AMPK activation may be turned off in disease-state TLR9 activation by the pivotal switch, Unc93b1. The shRNA-mediated knockdown of Unc93b1 in macrophages could replicate the AMPK activation observed in the cardiomyocytes instead of observing the more prototypical inflammatory response. Conversely, overexpression of Unc93b1 in cardiomyocytes reduced TLR9-induced AMPK activation and activated inflammatory signaling. Unc93b1 overexpression also transformed the trafficking of both TLR9 and endocytosed CpG DNA so the agonist and cognate receptor could successfully meet in the endosome. They validated the results in a completely different kind of non-immune neuroblastoma cell line. Therefore, Unc93b1 may be an additional regulatory component in the switch from TLR9 activation of AMPK out of self-protection, to AMPK silencing in a disease state. Indeed, in the severely obese, UNC93B is upregulated (Lawless and Greene 2012, Clayton 2016). While there is no reported direct interaction between UNC93B1 and regulation of the PI3KC3 complex, they have shared involvement in TLR9 stabilization, endosomal transport, and modulation of AMPK (218). The possible decoupling of TLR9 and AMPK through TLR9 overaction needs to be investigated.



Cutting the Endocrine Brakes on TLR9 Signaling

Impaired AMPK activation is intimately tied to another impaired global signaling system in NASH, the adipokine adiponectin. Adiponectin receptor activation increases AMPK and PPARs, resulting in increased fatty acid oxidation and glucose utilization (219, 220). Adiponectin also has anti-inflammatory properties targeted toward both hepatic and immune cells (221). The hormone targets the key organs involved in metabolic regulation, including the liver, heart, pancreatic β cells, kidney, and skeletal muscle. Scherer’s landmark discovery in 1995 of adiponectin marked the beginning of understanding the hormone’s intimate ties to the metabolic syndrome (222–224). Metabolic syndrome is strongly associated with decreased levels of circulating adiponectin, “hypoadiponectinemia”. A number of studies, too many for inclusive citation here, have demonstrated the strong association between NASH and decreased levels of circulating adiponectin in both adults and pediatrics (225–228). NASH patients have lower circulating adiponectin levels than patients with NAFLD (229).

Adiponectin is an inhibitor of TLR9 signaling. Yamaguchi et al. found that pretreatment of macrophages with globular adiponectin significantly inhibited NF-κB activation after CpG DNA stimulation (230). The adiponectin levels that suppressed TLR9 activation in vitro were consistent with those observed in metabolically healthy, non-obese Caucasian subjects and also Asian subjects without NAFLD (231, 232). Therefore, adiponectin is yet another braking mechanism for TLR9 activation that is removed in subjects with NASH. Studies to determine a direct association between circulating adiponectin levels, TLR9 activation and the severity of NASH and fibrosis should be pursued.



Convergence to NASH and NASH-Associated Fibrosis

By this moment in time, the totality of the literature suggests a robust positive feedback loop exists between the liver, gut, and adipose compartments involving circulating mtDNA triggering TLR9-dependent inflammatory activation in immune cells and upregulation of TLR9 in non-immune cells. The putative decoupling of TLR9 from AMPK may further dysregulate macrophage polarization in adipose tissue, further amplifying the paracrine loop between adipocytes and infiltrating macrophages (233, 234). Outside the liver-VAT-gut axis, TLR9 overactivation may induce podocyte apoptosis, accelerating insulin resistance and leading to the metabolic syndrome (235, 236).

Concurrent with the upregulation of TLR9 across various tissues, the molecular brakes tempering TLR9 activation have been removed, such as PPAR signaling, which forms a feed-forward loop with aberrant TLR9 trafficking to result in TLR9 signal amplification. The inflammatory milieu attracts neutrophils into the liver, and subsequent neutrophil overaction leads to the secretion of mtDNA webs.

The positive feedback loop continues to exacerbate hepatocyte cell degeneration with aberrant AMPK signaling leading to hepatocyte cell death (237, 238). Apoptotic hepatocyte DNA provides both a stop signal and stationary phenotype‐associated up‐regulation of collagen, both dependent on TLR9, in stellate cells (239). Gabele demonstrated that CpG stimulation of both human and murine hepatic stellate cells increases levels of the profibrogenic chemokine monocyte chemotactic protein 1 (MCP-1) and that TLR9-/- rodents had significantly less MCP-1 and α1(I) collagen mRNA expression, and less fibrosis by histology when challenged with bile duct ligation (78). Hypoadiponectinemia makes stellate cells more susceptible to activation (240).

Evidence supports that mtDNA from degenerated, injured, or apoptotic hepatocytes leads to hepatic fibrosis. Ballooned hepatocyte cells are independently associated with both sinusoidal fibrosis and perivenular fibrosis in NASH patients (241). Popov demonstrated that the failure to clear dead hepatocytes by persistent macrophage infiltrates (impaired efferocytosis) led to fibrosis in a thioacetamide (TAA)-induced model of fibrosis in mice (107). In the TAA model, they observed a 3-fold elevation of circulating mtDNA in serum levels post-TAA treatment in a mouse strain that was particularly susceptible to fibrosis because of impaired efferocytosis. The same elevation in circulating mtDNA post-treatment was not observed in a mouse strain resistant to TAA-induced fibrosis that also had functioning efferocytosis. The group could recapitulate the severity of fibrosis of the susceptible mice in the resistant mice by injecting the resistant mice with mtDNA post-TAA treatment. The injection of mtDNA in the resistant mice mimicked the prolonged exposure by susceptible mice to circulating mtDNA. The “resistant” mice developed significant liver fibrosis.

When Popov isolated hepatic stellate cells in vitro and treated them with increasing doses of purified mtDNA from hepatocytes, dose-dependent changes were observed in morphology characteristic of activation, increased proliferation, and profibrogenic gene expression. Therefore, stellate cell fibrogenesis seems directly linked to circulating mtDNA. TLR9 on stellate cells may be the primary receptor for detecting the prolonged elevations in circulating mtDNA in progressive NASH, and hepatic fibrogenesis advances.




Therapeutic Perspective

The cumulative data supports that TLR9 antagonism is a promising therapeutic approach to treating NASH. TLR9’s place at the intersection of metabolism and inflammation is an important node for promising therapeutic intervention. Any therapy developed for this indication needs to be safe and well-tolerated across a broad population of people, and the safety database for TLR9 antagonism is supportive (242).

The most promising cornerstone strategies for NASH are likely those with comprehensive biological activity that match the multifactorial pathogenesis of NASH disease. Advances in FGF21 and GLP-1 analogs with clinical action on body weight, lipids, and adipokines are particularly interesting (243, 244). Both strategies fall under the category of metabolic agonists. Other late-stage pipeline candidates address narrower biology and disease nodes less proximal to positive energy balance, such as inflammation and cellular stress (ASK1 and CCR2/5 antagonists), lipid metabolism (thyroid hormone analogs), and de novo lipogenesis (FXR agonists) (245). The landscape covers the various therapeutic hypotheses of the main pathogenic mechanisms of NASH and NASH-associated fibrosis. The question remains what level of information exists to indicate that a patient will have a superior benefit-risk to a prescribed therapy.

The multi-factorial nature of NASH pathogenesis has made the afflicted population difficult to subset. The clinical interest in finding subsets of a disease population is in selecting patients more likely to respond to a therapeutic strategy, one component of precision medicine (246). That patients more likely to respond to TLR9 antagonism may be identified by measurement of circulating levels of TLR9 agonist or by observation of TLR9 (over)-expression in hepatic or adipose tissue, or by a combination of both, could allow for a degree of precision medicine in such a complex disease.

However, the data supports that circulating mtDNA levels are significantly elevated in the vast majority of NASH and NASH-fibrosis patients who are obese, and TLR9 activation is significantly associated with disease severity in unenriched cohorts of NASH and NASH-fibrosis patients. There may not be a bright line separating minimal and maximal responders—it may be more of a “ragged edge,” as Fleck calls it (247). The existing data suggest that TLR9 antagonism would benefit the broad majority of patients with NASH and NASH-fibrosis. The hypothesis merits clinical testing.

One of the primary advantages of TLR9 antagonism in NASH may be in the therapeutic index. Upon reviewing the research, we see that many of the molecular players coupled to TLR9 signaling are therapeutic targets in the current pipeline for NASH and NASH-fibrosis (248, 249). PPAR and AMPK signaling are compelling targets. While targeting those pathways with molecular agonists have shown effectiveness, they come with questionable safety profiles for use in broad populations (250, 251). Further, these molecular agonists are small molecules with systemic bioavailability, and therefore have pharmacologic (and potentially toxicologic) effects on critical organs not fundamental to NASH and NASH-fibrosis pathogenesis. The TLR9 antagonists used most often in the studies described here are oligonucleotide antagonists. The liver-gut-adipose-centric bioavailability of this mode of delivering TLR9 antagonism would seem to have an advantage in keeping the highest free drug concentrations limited to those organs most involved in the pathogenesis of NASH disease (252).

While adiponectin is a tempting target, there is no current strategy that allows for the direct drugging for adiponectin elevation (253). Adiponectin elevations secondary to other drug targets have proven clinically impactful. Observations of adiponectin elevations upon pharmacological PPARγ activation go back to 2002 (254). Merck Research Laboratories was quick to use adiponectin elevations as an example of a “putative biomarker” for PPARγ activity even in the nascent stage of biomarker application to drug development (255). Later, Cusi and colleagues demonstrated in clinical trials of the PPARγ activator pioglitazone that adiponectin elevation is the best predictor of histologic response in NASH and fibrosis (256, 257). Clinically relevant adiponectin elevations secondary to TLR9 antagonism would be a significant therapeutic advance.

Finally, TLR9 antagonism is compelling as a therapeutic strategy in NASH because it targets a positive feedback loop dependent on a chronic disease-specific signal, circulating mtDNA. Allowing the system to reset by pharmacologically returning to a more homeostatic state of inflammation and metabolism, one without chronic activation of TLR9 by mtDNA, is a plausible strategy for efficacious therapy. Antagonizing a disease-specific signal limits the safety liabilities associated with metabolic agonists.



Conclusion

The critical mass of research supporting TLR9’s importance in the pathogenesis of NASH and NASH-associated fibrosis includes an integral role in the inflammatory process that fuels NASH, as well as a metabolic one. Elevated levels of circulating mtDNA in patients with NASH and NASH-associated fibrosis, along with the association between TLR9 pathway activation and NASH disease severity, is strongly suggestive when combined with the mechanistic animal models of disease. TLR9’s role in hypoadiponectinemia has implications for insulin sensitive tissues throughout the body. The evidence suggests that TLR9 functions as a critical node that modulates at least three master regulators of NASH pathogenesis: AMPK, PPAR, and NF-κB.

Much more is known about TLR9’s role in the inflammatory process than in dysregulated metabolism. There are undoubtedly unexplored research areas in how TLR9 coordinates the PI3KC complex that could prove valuable in elucidating new therapeutic targets or strategies to target TLR9 signaling. The evidence supports that TLR9 is an important node in the inflammatory and dysfunctional metabolic components of NASH and NASH-associated fibrosis. Targeting TLR9 in NASH may prove an efficacious clinical strategy for a disease that is still an unmet medical need for a large fraction of the population.
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Non-alcoholic fatty liver disease (NAFLD) or metabolic (dysfunction) associated liver disease (MAFLD), is, with a global prevalence of 25%, the most common liver disorder worldwide. NAFLD comprises a spectrum of liver disorders ranging from simple steatosis to steatohepatitis, fibrosis, cirrhosis and eventually end-stage liver disease. The cause of NAFLD is multifactorial with genetic susceptibility and an unhealthy lifestyle playing a crucial role in its development. Disrupted hepatic lipid homeostasis resulting in hepatic triglyceride accumulation is an hallmark of NAFLD. This disruption is commonly described based on four pathways concerning 1) increased fatty acid influx, 2) increased de novo lipogenesis, 3) reduced triglyceride secretion, and 4) reduced fatty acid oxidation. More recently, lipophagy has also emerged as pathway affecting NAFLD development and progression. Lipophagy is a form of autophagy (i.e. controlled autolysosomal degradation and recycling of cellular components), that controls the breakdown of lipid droplets in the liver. Here we address the role of hepatic lipid homeostasis in NAFLD and specifically review the current literature on lipophagy, describing its underlying mechanism, its role in pathophysiology and its potential as a therapeutic target.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) comprises a spectrum of liver diseases that is characterized by an increased hepatic triglyceride (TG) content (i.e. steatosis) in the absence of excessive alcohol use. The NAFLD disease spectrum ranges from simple steatosis via non-alcoholic steatohepatitis (NASH) with or without fibrosis, to advanced irreversible scarring (cirrhosis), hepatocellular carcinoma and ultimately end stage liver disease (1, 2). Recently, it has been suggested to change the terminology of NAFLD/NASH to metabolic (dysfunction) associated liver disease (MAFLD) to more adequately reflect current knowledge and pathophysiology of the disease (3, 4). For clarity, we will use the term NAFLD in this review.

Hepatic steatosis is generally benign and is considered the primary step in the pathogenesis of NAFLD. Progressive stages of NAFLD, e.g. steatohepatitis and hepatic fibrosis, occur when excessive lipid accumulation overwhelms the capacity of the liver to store, secrete and oxidize fatty acids (5). In this lipotoxic environment, necroinflammation and fibrogenesis can occur. Various lipid species may drive this lipotoxicity, especially lysophospholipids and diacylglycerol (6). Therefore, controlling general hepatic lipid accumulation is essential to prevent or reverse progression of NAFLD.

Driven by an unhealthy diet and sedentary lifestyle, NAFLD is considered to be the hepatic manifestation of the metabolic syndrome (MetS), a condition that is defined by the presence of a combination of cardiovascular risk factors including abdominal obesity, insulin resistance, hypertension and atherogenic dyslipidemia (7–10). Parallel to the rise in obesity, the prevalence of NAFLD is increasing worldwide and a recent study suggests that about 25% of the worldwide population has some stage of NAFLD (11, 12). The proportion of NAFLD patients that develops steatohepatitis is around 40%, contributing to liver-specific and overall mortality among NAFLD patients (12). This renders NAFLD not only as a clinical, but also an economic burden. NAFLD is estimated to account for more than 35 billion euro of medical costs annually in the United Kingdom, France, Germany and Italy combined and more than 100 billion dollars per year in the United States (12). While there are great efforts towards development of drugs to treat NAFLD (13), clinical applicability is still rather limited and current NAFLD therapy is mainly centered around lifestyle changes (8, 14).

Four main pathways relating to hepatic lipid metabolism have been identified to contribute to hepatic TG accumulation (Figure 1), namely 1) uptake of circulating fatty acids derived from the diet or adipose tissue; 2) hepatic fatty acid synthesis also known as de novo lipogenesis (DNL); 3) secretion of TGs in the form of very low density lipoprotein (VLDL) particles; and 4) fatty acid oxidation (FAO) (15). Recently, turnover of lipid droplets (LDs) by lipophagy, a form of autophagy specifically involved in the degradation of LDs has been identified as a novel pathway that also contributes to NAFLD.




Figure 1 | Overview of the main pathways contributing to TG accumulation in NAFLD. 1) fatty acid uptake, 2) de novo lipogenesis, 3) TG secretion, and 4) fatty acid oxidation. ATP, adenosine triphosphate; TG, triglyceride; VLDL, very-low-density lipoprotein.



Several reviews have discussed the role of lipophagy in NAFLD (16–18). However, these studies did not provide a complete overview of lipophagy in the context of hepatic lipid homeostasis and lacked recent insight and assessment of the potential of lipophagy as a therapeutic target to prevent or treat NAFLD. The aim of this review is, therefore, to provide an expert opinion on the role of lipophagy in NAFLD development and progression as well as its potential in treatment. We searched the PubMed database for “(NAFLD OR liver) AND (lipophagy OR autophagy)” and selected studies published in the English language between 2005 and mid 2020 in peer-reviewed journals. Here, we will discuss the studies we deemed relevant and of sufficient quality. To establish the role of lipophagy in NAFLD in an adequate context, we describe the four established pathways contributing to hepatic TG accumulation in section The Four Established Pathways That Result in Excessive Hepatic TG Accumulation and provide general information on autophagy and lipophagy in sections Autophagy and Lipophagy: the Fifth Pathway Involved in NAFLD, respectively. The last two sections discuss the pre-clinical (section Pre-Clinical Studies on the Role of Lipophagy in NAFLD) and clinical (section Clinical Studies) studies that specifically addressed the role of lipophagy in NAFLD.



The Four Established Pathways that Result in Excessive Hepatic Triglyceride Accumulation

Although a healthy liver normally does not store large amounts of neutral lipids, it plays a central and crucial role in whole body lipid homeostasis, as it is the main site for fatty acid synthesis, metabolism and transport. Disturbances in any one of these processes can contribute to NAFLD development and progression.


Hepatic Incorporation of FFA Into Triglyceride: A Link With Adipose Tissue

The adipose tissue (AT) depots are the main sites of TG storage in the mammalian body. Upon increased energy demand, e.g. during fasting or exercise, TGs stored in the AT will be liberated as fatty acids through lipolysis and transported in the circulation as free fatty acids (FFA) bound to albumin. Dietary lipids are released by the intestinal tract into the circulation as components of chylomicrons. Upon TG hydrolysis by lipoprotein lipase (LPL), fatty acids from the chylomicrons can also be taken up by the liver. In general, the liver takes up around 25% of all FFAs that pass it, and this is primarily mediated by the fatty acid transporter Cluster of differentiation 36 (CD36) (19, 20). Insulin plays an important role in regulating FFA levels by inhibiting AT lipolysis. In this way insulin favors fat storage after a meal, whereas energy is liberated from fat stores during fasting. During insulin resistance (IR), insulin is no longer able to suppress lipolysis and this results in a chronically high flux of FFAs to the liver and this is considered to be one of the main drivers of NAFLD (21–24). Stable isotope studies have shown that AT-derived fatty acids are indeed the dominant source of hepatic TG accumulation in NAFLD (25, 26). In addition, lipodystrophic disorders in which a patient is incapable of storing fatty acids in the AT depots are also associated with ectopic lipid accumulation, i.e. (severely) elevated TG concentrations in the liver and to a lesser extent in the muscles (27), underlining the important connection between AT and liver TG accumulation.

Various rodent as well as human studies demonstrated that inflammation of AT, i.e. accumulation of activated macrophages, exacerbates or is associated with more severe NAFLD and steatohepatitis (28–32). The AT derived hormone adiponectin has been proposed to be the crucial link in this association. Adiponectin can enhance hepatic fatty acid oxidation (33, 34) and suppresses hepatic DNL (35). Macrophages in the AT secrete proinflammatory factors such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) that suppress the production of adiponectin by adipocytes (36, 37). Therefore, lower adiponectin levels due to increased AT inflammation can contribute to hepatic TG accumulation, NAFLD development, and progression.



Increased De Novo Lipogenesis

Aside from TG synthesis from externally derived fatty acids, the liver also synthesizes fatty acids de novo which are subsequently esterified into TGs. While DNL is not very abundant in a healthy liver, it contributes up to 26% of hepatic TG concentrations in patients with NAFLD (26). Dietary carbohydrates are the most important source of TGs derived by DNL and this process is stimulated by insulin. Under insulin sensitive conditions, insulin directs carbohydrates to the peripheral tissues (e.g. muscle and AT) and stimulates storage of hepatic glucose as glycogen as well as DNL. Under insulin resistant conditions, insulin is not able to direct carbohydrates away from the liver resulting in increased hepatic TG storage, glycogenesis and DNL. Altogether, the excess hepatic carbohydrate concentrations in concert with the elevated DNL will result in more TGs in the liver. As such, hepatic insulin resistance contributes to the elevated hepatic TG concentrations, partly by higher DNL (38).



Disturbances in Hepatic Triglyceride Secretion

Hepatic TGs can be secreted by the liver as part of VLDL particles. These lipoprotein particles, which consist of lipidated Apolipoprotein B (ApoB) carry TGs to peripheral tissues where they are hydrolyzed by LPL and the released fatty acids provide fuel for the generation of energy. Although reduced VLDL secretion can contribute to excessive hepatic TG accumulation, this occurs only in rare, genetically affected patients. Examples are hypobetalipoproteinemia caused by mutations in the gene encoding ApoB and in abetalipoproteinemia due to mutations in the gene encoding microsomal TG transport protein (MTP) that is responsible for the lipidation of ApoB (39, 40). More commonly, NAFLD is associated with increased VLDL secretion due to elevated TG availability for the intrahepatic ApoB lipidation process (23), resulting in the characteristic mixed hyperlipidemia in which both VLDL and low-density lipoprotein (LDL) are increased that is often observed in insulin resistant and diabetic patients with NAFLD. Indeed, since insulin has been shown to suppress VLDL secretion (41, 42), insulin resistance coinciding with NAFLD also enhances VLDL secretion.



Disturbances in Hepatic Fatty Acid Oxidation

Hepatic fatty acid oxidation (FAO) encompasses fatty acid breakdown into shorter chains by a series of dehydrogenases in mitochondria and, for very long chain fatty acids, the peroxisomes (43). For this, the fatty acids first pass the mitochondrial membrane by the aid of carnitine palmitoyltransferase-1 (CPT1) and CPT2, enzymes localized in the outer and inner mitochondrial membrane, respectively. While CPT1 adds carnitine to the fatty acyl-CoA molecule to facilitate mitochondrial transport, CPT2 removes carnitine (44). FAO disorders have been shown to result in steatosis, especially in the fasted state (45). Pharmacological blockade of CPT1 for example resulted in severe hepatic steatosis in fasted mice (46), while mice that lack peroxisome proliferator-activated receptor α (PPARα), a nuclear receptor controlling expression of almost all FAO genes, also develop hepatic steatosis along with high plasma FFA concentrations, hypoglycemia and hypoketonemia when fasted (47, 48). In humans, FAO defects are also associated with hepatic steatosis and hepatomegaly (49).




Autophagy

Autophagy is the dedicated process by which cells dispose of and recycle unwanted, abnormal or malfunctional structures such as cytosolic organelles and macromolecules. It clears these structures by directing them to the lysosomes for degradation. The term autophagy (self-eating) was already coined in the 19th century to describe survival in periods of starvation (50). However, it was the Belgian biochemist De Duve who was the first to use autophagy in its present cellular context (51), i.e. the dynamic recycling system essential for cellular renovation and homeostasis (52).

Autophagy can be classified into three subcategories; macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (53). Macroautophagy is the most active and common form in mammalian cells and is therefore almost synonymously used with autophagy. Crucial in autophagy is the formation of autophagosomes from membranes that isolate cell structure(s) that need to be degraded. These structures (or cargo) are recognized by the autophagosome membrane-bound microtubule-associated protein 1 light chain 3 (LC3-1, the mammalian homologue of the yeast protein ATG8). Subsequently, autophagy related cargo adaptors p62, NDP52, Optineurin, and NBR1 are involved in the adherence of the cargo to the autophagosome membrane (54). Upon the capture of the cargo, late endosomes and lysosomes fuse with the autophagosome to form the autolysosome in order to complete the degradation process for further metabolism through the ER (52, 53). In the process of autolysosome formation, members of the lysosome associated membrane protein (LAMP) family are crucial, especially LAMP2 (55). The Vacuolar H+-ATPase (V-ATPase) is a large multi-subunit protein complex that is required for acidification, an essential step in the autophagic process because an acidic environment activates enzymes essential to degrade biological materials (56).

A large number of proteins encoded by autophagy-related genes (ATGs) play crucial roles in controlling the autophagy process. For instance, ATG9 is a transmembrane protein that cycles between the trans-Golgi network and endosomes that carry membranes required for expansion of the autophagosomal membrane (57). Among other proteins that play important roles in the elongation of the autophagosomal membrane are ATG5, ATG7, ATG10, ATG12 and ATG16L1 (58, 59).

As mentioned, LC3 is crucial in the autophagic process. The LC3 precursor is cleaved by ATG4 which results in the cytosolic isoform LC3-I (60). In a reaction that involves ATG7 and ATG3, LC3-I can be conjugated to phosphatidylethanolamine (PE) to form LC3-II (61, 62), a protein that targets to the elongated autophagosome membrane. This association of LC3-II with the autophagosome makes it an excellent protein marker to investigate autophagy (63).

Autophagosome formation is negatively regulated by the (mammalian) target of rapamycin (mTOR) (64) which activity is inhibited under starvation conditions (65).



Lipophagy: The Fifth Pathway Involved in Non-Alcoholic Fatty Liver Disease

A specific form of autophagy is lipophagy which mediates the liberation of lipids stored in LDs. Lipophagy is a relatively recent discovery compared to the four pathways described above. However, disturbances in lipophagy have been linked to NAFLD and hepatic TG accumulation (66–68) and this process can therefore be considered the fifth pathway controlling NAFLD development.


Lipid Droplets

In order to protect against lipotoxicity, several organs including the liver store neutral lipids such as TGs in specialized single membrane vacuoles known as LDs (69). LDs are predominantly generated at the ER and increase in size by lipid transfer from the ER (70) or by fusion with other LDs (71). LDs consist of a single phospholipid membrane filled with neutral lipids and harbor a variety of lipolytic enzymes and other LD regulatory proteins. Adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), di- and monoglyceride lipase (DGL and MGL, respectively) facilitate the hydrolysis of TGs into fatty acids (71, 72). Additionally, members of the perilipin family (PLIN1-PLIN5) are colocalized on the LD-membrane where they serve a regulatory function for lipolysis. PLIN2 and PLIN5 are highly expressed in the liver and contribute to the formation and regulation of lipolytic activity at the LDs membrane (73). The regulatory role of PLIN2 was demonstrated when Plin2 knockout mice did not develop hepatic steatosis in response to a high-fat diet (74). Their regulatory role was associated to an occupational function on the LDs, reducing the special availability for lipolytic enzymes (75). Hepatic PLIN5 protein synthesis and activity were both induced in mice by fasting, and signals via sirtuin-1 (SIRT1) to promote autophagy and reduce hepatic inflammatory injury under starvation (76). In addition, PLIN5 was shown to regulated the phosphorolytic state of lipolytic enzymes (ATGL, HSL, and MGL), and thereby altering their lipolytic activity (75). These examples of dysfunction of LD-associated proteins elegantly illustrate the regulatory and inducible axis between LDs, cytosolic lipolysis, and lipophagy.

Another class of proteins found on the LD membrane are the members of the cell death-inducing DFFA-like effector (CIDE) protein family of which CIDEB is constitutively expressed in the liver where it is thought to control VLDL secretion (77). Livers of Cideb deficient mice contained less TGs and had smaller LDs than their wild type littermates when challenged with a high-fat diet (78).



Lipophagy and Liquid Droplet Turnover

LDs and their content are among the structures that are degraded in the lipophagic process. As such, lipophagy is important to liberate fatty acids from the TGs stored in the LDs. A recent study reported that lipophagy-derived fatty acids undergo a cycle of efflux followed by reuptake before a subsequent reincorporation into cellular LDs (79). However, if lipophagy is associated with reduced hepatic lipid content, it is likely that some of the liberated fatty acids will be directed towards FAO. In general it is considered that lysosomal acid lipase (LAL) hydrolyzes the TGs to generate fatty acids (80, 81). The presence of a second lipolytic enzyme, e.g. ATGL, necessarily contributes to the degradation of the LD (82, 83).



A Role of Lipophagy in Non-Alcoholic Fatty Liver Disease?

Several studies have investigated the role of genes/proteins involved lipophagy and its association with NAFLD development and progression (summarized in Table 1). In this section, we provide a general overview of the evidence on the role of lipophagy in NAFLD and in the following paragraphs we discuss the pre-clinical and clinical studies, respectively, in more detail.


Table 1 | Lipophagy (associated) genes/proteins that are associated with NAFLD.



Mechanistic studies assessing lipophagy to modulate disease progression in NAFLD are still limited. Several human association studies have demonstrated that mutations in autophagy-related genes increase the risk of NAFLD development. A recent study using both pre-clinical models and patient material demonstrated that advanced stage NAFLD is associated with greater impairments of hepatic autophagy (66) and an association was also found between the autophagy-related GTPase family M (IRGM) gene and increased susceptibility of NAFLD in obese children (84). In vitro experiments in HepG2 cells revealed that IRGM knockdown inhibited the autophagic flux and increased LD content while overexpression of IRGM decreased LD content, highlighting its role in lipophagy.

Another example of dysfunctioning lipophagic proteins leading to NAFLD are assembly factors of the V-ATPase complex, which is involved in acidification of organelles. Although mutations in four V-ATPase genes, ATP6AP1, ATP6AP2, TMEM199, and CCDC115, present with different clinical characteristics, steatosis—ranging from mild to severe steatohepatitis including liver failure - is an important hallmark of this group of inborn errors of metabolism (93–95). A recent study on VMA21, a gene important to V-ATPase assembly, showed that mutations leading to V-ATPase dysfunction presented as an autophagic myopathy (96). Additional in vitro and in vivo experiments confirmed that these mutations lead to LD accumulation in autolysosomes and subsequently steatohepatitis and elevated transaminases.

It has been suggested that in some patients with severe NAFLD, decreased expression of the enzyme glycine N-methyltransferase (GNMT) results in an increased serum concentration of methionine and its metabolite S-adenosylmethionine (SAMe), both known inactivators of autophagy which might lead to impaired lipophagy (97). Alternatively, elevated levels of Rubicon, a negative regulator of autophagosome-lysosome fusion, were found in liver samples taken from patients with NAFLD (86). Taken together, these results demonstrate the role of autophagic genes and thus lipophagy in (hereditary predisposition to) NAFLD.




Pre-Clinical Studies on the Role of Lipophagy in Non-Alcoholic Fatty Liver Disease

Several murine models have been used to investigate the mechanistic role of specific autophagic proteins in NAFLD development. The first study that described mechanistic involvement of lipophagy in NAFLD showed that pharmacological inhibition of autophagy with 3-methyladenine or knockdown of either one of the autophagy genes ATG5 or ATG7 increased hepatic TG concentrations (98). While Liu et al. (99) already demonstrated that hepatic autophagy is suppressed in conditions associated with NAFLD, i.e. insulin resistance and hyperinsulinemia, Yang et al. (100) addressed the role of liver specific autophagy in obesity, insulin resistance and NAFLD more comprehensively using several models. In the latter study, downregulation of hepatic Atg7 was found in high-fat diet induced obese mice as well as in genetic models of obesity (ob/ob and db/db mice). Hyperinsulinemia was not causal as treatment of ob/ob mice with streptozotocin reduced insulin concentrations by 5-fold but did not restore hepatic Atg7 expression. In ob/ob mice, restoration of Atg7 expression improved the metabolic phenotype which could be completely prevented by blocking the downstream autophagy mediator Atg5. Knockdown of Atg14 produced similar results on hepatic TG accumulation in mice (101).

Several genes have been shown to affect both hepatic lipid content and lipophagy. When mice were fed a high-fat diet they developed NAFLD with a reduced hepatic lipophagic rate as well as an elevated hepatic expression of the fatty acid transporter CD36 (87). This was supported by the observation that knocking down Cd36 increased lipophagy in vitro and in vivo while overexpression of CD36 in HepG2 and Huh7 cells reduced lipophagy. Phospholipase D1 (PLD1) is an enzyme that hydrolyzes phosphatidylcholine to produce phosphatic acid species that play a role in mTOR signaling (109). Pld1 knockout mice display an impairment in autophagic flux and have increased NAFLD development when placed on a high-fat diet (102). Knockdown of superoxide dismutase (SOD) 1, an enzyme involved in protection against oxidative stress, in mice resulted in increased hepatic TG accumulation despite low visceral adiposity (103). This effect was attributed to reduced lipophagy because hepatic levels of p62 were increased. While p62 is essential for autophagy and lipophagy as it connects cargo with autophagosomes, elevated levels usually represent accumulation/aggregation due decreased autophagy (110).

In line with reduced lipophagy in NAFLD, a series of pre-clinical studies demonstrated that induction of lipophagy can attenuate NAFLD. Various interventions have been reported to stimulate autophagy/lipophagy and thereby attenuate or reduce development of NAFLD in mice (summarized in Table 2). In high-fat diet-induced NAFLD in mice, 4 week caffeine treatment not only enhanced the autophagic pathway but also significantly reduced hepatosteatosis (111). Similar effects have been reported with several herbal extracts [e.g. resveratrol, dioscin, capsaicin, (-)-Epigallocatechin-3-gallate] that have been suggested as novel therapeutic approaches to manage NAFLD (112–114). Also quercetin, a flavonoid found in various fruits and vegetables, anthocyanins from sweet cherries, and trehalose, a naturally occurring disaccharide derived from cocoons, have been reported to activate hepatic autophagy and reduce hepatic lipid content (115, 116, 124, 125). In mice, long-term exercise protects against high-fat diet-induced hepatic lipid accumulation at least partly by increasing the autophagic flux (117). Fasting, intermittent fasting, caloric restriction and caloric restriction mimetic drugs all induce autophagy in various tissues including the liver and could therefore also be used as a strategy to reduce hepatic steatosis (118–120).


Table 2 | Pharmacological and other interventions that stimulate autophagy/lipophagy and reduced NAFLD development in mice.



Direct pharmacological induction of hepatic autophagy using rapamycin and carbamazepine was shown to be protective in high-fat diet-induced NAFLD in mice (121). Direct evidence of the role of autophagy in controlling NAFLD comes from the studies of Wang et al. (104) who developed three potent agonists for Transcription Factor EB (TFEB), a master regulator of lysosomal biogenesis and autophagy. When mice on a high-fat diet were treated with these agonists, both hepatic steatosis and features of the MetS decreased. Another compound, referred to as MSL, that activates TFEB, also lowered hepatic TG concentrations of ob/ob and diet-induced obese mice (105). The importance of TFEB was also demonstrated by the observation that ezetimibe, a Niemann-Pick C1-Like 1 (NPC1L1) inhibitor reducing cholesterol absorption, improved steatohepatitis in vitro and in vivo via AMPK activation and TFEB nuclear translocation (106). Celecoxib, a nonsteroidal anti-inflammatory drug (NSAID), reduced development of diet-induced hepatic steatosis and inflammation in rodent models, potentially via restoring autophagic flux through increased LC3 II/I (107, 108). Thyroid hormone, an important regulator of metabolism, increases hepatic lipid catabolism at least partially through stimulation of autophagy (122). Reduced thyroid hormone secretion or sensitivity could therefore also contribute to NAFLD pathophysiology.

Despite the large number of studies describing a link between lipophagy and NAFLD, some debate still exists on the exact role of (members of) the autophagic and lipophagic pathway in NAFLD (126, 127). One study showed that in high-fat diet fed rats, treatment with a c-Jun N-terminal kinase (JNK) inhibitor (SP600125) decreased expression of autophagy-associated genes and reduced insulin resistance and NAFLD development (123). Ma et al. (88) argued that not autophagy impairment in the liver per se induces or attenuates NAFLD development but that it sensitizes the liver to other damaging triggers. They found that mice with a liver-specific deficiency of focal adhesion kinase family kinase-interacting protein 200 kDa (FIP200, also known as Rb1cc1), a core subunit of the mammalian autophagy related 1 complex, were actually protected from high-fat diet-induced liver TG accumulation. However, stimulation of liver autophagy by exposure to lipopolysaccharides, sensitized the FIP200 hepatic deficient mice to liver injury.



Clinical Studies

Although the link between NAFLD and lipophagy/autophagy has been explored extensively in pre-clinical studies, not much human data are available. Lin et al. (84) genotyped 832 obese children (aged 6–18 years) of East Asian descent and found that a variant in the lipophagy associated gene IRGM increased the chance to develop NAFLD, diagnosed using an ultrasonography based scoring pattern described by Chan et al. (85), by approximately 2-fold. When comparing biopsies from NAFL (n=2), steatohepatitis (n=3) and healthy (n=4) livers, Lee et al. (89) found that protein levels of LC3A/B-II and ATG16L1 were increased in NAFLD livers with steatohepatitis while other autophagic factors such as LC3A/B-I and p62 were not different. None of the measured autophagy proteins were different between NAFLD and healthy livers. However, other studies did find significant differences in other autophagic proteins in liver biopsies of NAFLD patients, especially increased p62 levels. Fukuo et al. (90) found accumulation of p62 in 65% of liver biopsies of 22 NAFLD patients. Fukushima et al. (67) investigated liver biopsies of 31 NAFLD patients with NAFLD activity scores (NAS) ranging from 2 to 8 and fibrosis scores from 0 to 4 and compared these to five healthy control liver biopsies. Aggregation of p62 was found in about 88% of the NAFLD biopsies while it was undetectable in healthy controls. The number of hepatocytes with p62 aggregation correlated positively with the number of autophagic vesicles and various NAFLD severity outcomes (including NAS, fibrosis, and serum alanine aminotransferase levels). An even more recent study confirmed this finding by immunohistochemistry staining of liver biopsies of 59 patients with steatohepatitis, In these biopsies, there was increased accumulation of p62 clusters and alterations in autophagy-related gene expression that correlated with NAS and fibrosis stage (66).

Nuclear expression of the master regulator of autophagy TFEB was lower in human liver samples with both simple steatosis (n=11) and steatohepatitis (n=9) compared to healthy controls (n=12) (106). Combined with the previously described pre-clinical data (128), TFEB could be a promising therapeutic target for NAFLD. While not prescribed as a TFEB modulator, ezetimibe has been studied as a potential treatment for NAFLD. There are some human studies that show improvements in some NAFLD (surrogate) outcomes upon ezetimibe treatment (129). However, more and larger trials are needed to substantiate these effects. Additionally, whether the potential beneficial effects of ezetimibe are the result of its effect on lipophagy or (intestinal) cholesterol absorption also remains elusive.

The LAMP family plays a critical role in the autolysosome fusion process (55). Recently it was found that LAMP3 protein expression was higher in the livers of patients with NAFLD (n=4) compared to healthy controls (n=3) (91). Further in vitro experiments revealed that LAMP3 overexpression resulted in higher expression of lipogenic genes. More evidence for a link between LAMP and NAFLD was demonstrated in livers of 24 NAFLD patients with varying degrees of steatosis (mild, moderate, severe) where a reduction of LAMP2A expression and other positive regulators of autophagy such as PLIN5 was found (92).

Altogether, we conclude that although clinical studies on lipophagy and NAFLD are limited and observational in nature, current evidence suggests a similar link as has been reported in pre-clinical studies. A reduction in various genes and proteins involved lipophagy correlates with the presence of steatosis and potentially NAFLD severity.



Conclusions and Future Perspectives

In this review we have described the four classical pathways that contribute to hepatic TG accumulation in NAFLD (Figure 1) and specifically addressed a recently discovered novel pathway that concerns the lysosomal turnover of LDs, known as lipophagy (Figure 2). We have summarized data from numerous in vitro, in vivo and observational human studies that demonstrate that lipophagy is an important pathway contributing to disrupted hepatic lipid homeostasis in NAFLD. Lipophagy is a complex process and impediments at various stages can contribute to NAFLD development. In turn, NAFLD itself might lead to impairments in lipophagy, resulting in a vicious cycle promoting disease progression.




Figure 2 | The process of lipophagy. Lipophagy – Key regulator mTOR inhibits TFEB in autophagy induction. MSL induces TFEB that upregulates autophagy. LC3-I assembles at the autophagosome envelope elongating the bi-layer. P62 secures ‘chunks’ of the LD as lipid-cargo in the lumen of the autophagosome. After LC3-I is spliced by ATG4 to LC3-II, the autophagosome closes carrying its cargo. Upon fusion with the acidic lysosome (LAMP and V-ATPase driven), LAL can hydrolyze TG and CE into FFA and free cholesterol, respectively. FFA are directed towards either beta-oxidation or to the ER for further metabolism. Cytosolic Lipolysis – At basal conditions, LDs are covered in PLIN2 molecules that regulate the accessibility for lipolytic enzymes. When stimulated PLIN2 releases and grants access at the membrane for ATGL and HSL (bound to PLIN5), which activate under phosphorylation. When stimulated, SIRT1 activates CMA to release PLIN2 and replace PLIN5 at the LD membrane, thereby mediating the lipolytic activity through autophagy. ATP, adenosine triphosphate; ATG4, autophagy-regulating protease 4; ATGL, adipose triglyceride lipase; CE, cholesteryl esters; CMA, chaperone mediated autophagy; ER, endoplasmic reticulum; FFA, free fatty acid; HSL, hormone sensitive lipase; LAL, lysosome acid lipase; LAMP, lysosomal-associated membrane protein; LD, lipid droplet; mTOR, mammalian target of rapamycin; PLIN, perilipin; TFEB, transcription factor EB; TG, triglyceride; V-ATPase, Vacuolar-type-H+-ATPase.



Despite its potential to reduce TG accumulation and lipotoxicity, relatively little of the enormous drug development effort for NAFLD is focused on lipophagy (13). There are two main explanations for this. Firstly, lipophagy is a recent discovery and while the number of studies assessing it have dramatically increased over the last few years, the exact role of lipophagy in the pathophysiology of NAFLD and as a therapeutic target are still incompletely understood. While recent insights from genetic disorders such as IRGM deficiency and the V-ATPase assembly factor defects show promising results on the role of lipophagy in (certain) NAFLD patients, human evidence for the relevance of lipophagy in NAFLD is scarce and observational. Secondly, specific and targetable regulators and chaperones need to be identified in order to reduce chances of undesired autophagic side-effects.

When these caveats are addressed, selective de-repression or stimulation of lipophagy may turn out to be an effective and important treatment option in the growing global epidemic of NAFLD and its complications.
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Background

As the incidence of nonalcoholic fatty liver disease (NAFLD) increases globally, nonalcoholic steatohepatitis (NASH) has become the second common cause of liver transplantation for liver diseases. Recent evidence shows that Roux-en-Y gastric bypass (RYGB) surgery obviously alleviates NASH. However, the mechanism underlying RYGB induced NASH improvement is still elusive.



Methods

We obtained datasets, including hepatic gene expression data and histologic NASH status, at baseline and 1 year after RYGB surgery. Differentially expressed genes (DEGs) were identified comparing gene expression before and after RYGB surgery in each dataset. Common DEGs were obtained between both datasets and further subjected to functional and pathway enrichment analysis. Protein–protein interaction (PPI) network was constructed, and key modules and hub genes were also identified.



Results

In the present study, GSE106737 and GSE83452 datasets were included. One hundred thirty common DEGs (29 up-regulated and 101 down-regulated) were identified between GSE106737 and GSE83452 datasets. KEGG analysis showed that mineral absorption, IL-17 signaling pathway, osteoclast differentiation, and TNF signaling pathway were significantly enriched. Based on the PPI network, IGF1, JUN, FOS, LDLR, TYROBP, DUSP1, CXCR4, ATF3, CXCL2, EGR1, SAA1, CTSS, and PPARA were identified as hub genes, and three functional modules were also extracted.



Conclusion

This study identifies the global gene expression change in the liver of NASH patients before and after RYGB surgery in a bioinformatic method. Our findings will contribute to the understanding of molecular biological changes underlying NASH improvement after RYGB surgery.





Keywords: bariatric surgery, gastric bypass, nonalcoholic steatohepatitis, nonalcoholic fatty liver disease, microarray, differentially expressed genes 



Introduction

In the past few decades, obesity and its comorbidities are becoming the leading causes of death around the world (1). Meanwhile, nonalcoholic fatty liver disease (NAFLD) has become the most prevalent chronic liver disease in the United States (2). NAFLD consists of a spectrum of pathological states ranging from simple steatosis to nonalcoholic steatohepatitis (NASH) (2). Epidemiological studies show that 59.1% of biopsy-proven NAFLD patients progress to NASH (2, 3). As the incidence of advanced liver diseases such as cirrhosis and hepatocarcinoma are significantly increased in NASH patients, NASH becomes the second common cause of liver transplantation for liver diseases and is still growing (2).

So far, bariatric surgery is the most effective approach to treat obesity, which can also alleviate its comorbidities, such as type II diabetes mellitus (T2DM), hypertension, and hyperlipidemia (4). Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG) serve as the most prevalent bariatric procedures in the world (5). Now, RYGB is recognized as the gold standard bariatric procedure worldwide (6). Recently, a study showed that all NAFLD parameters improved after bariatric surgery. This effect is more significant in patients undergoing RYGB surgery than patients who undergo adjustable gastric banding (AGB) surgery (7). Evidence from the liver biopsy showed that hepatic steatosis, hepatocellular ballooning, lobular inflammation, fibrosis, and NAFLD score obviously improved 1 year after bariatric surgery (8). The remission rate of NASH is over 85% after bariatric surgery (8). However, the mechanism of bariatric surgery in NASH alleviation is still elusive.

RYGB surgery is thought to be the malabsorptive procedure that bypasses a great portion of the intestine leading to nutrient malabsorption and weight loss (9). In the past few decades, evidence shows that bariatric surgery contributes to weight loss at least partially through energy balance regulation, peripheral and central nervous system regulation, gastrointestinal absorption and secretion, and microbiota alteration (10). Although the therapeutic effect of bariatric surgery on NASH has been confirmed recently, the underlying mechanism is almost unknown.

Microarray technology is an essential tool to illustrate gene expression patterns in multiple diseases, which can help us understand the biology and molecular mechanisms of diseases more efficiently. Microarray technology has also been used in the liver of NASH patients and animal models to detect differentially expressed genes (DEGs), screen disease biomarkers, or find new therapeutic targets (11, 12). By searching the Gene Expression Omnibus (GEO), there exists only two human datasets comparing DEGs in the liver tissue of NASH patients before and after bariatric surgery (13, 14). As the bioinformation in these datasets have not been thoroughly mined. Thus, we performed a global transcriptome analysis using a bioinformatic approach to find pivotal genes which might mediate RYGB surgery induced NASH improvement. In addition, hub genes and functional modules were identified in the DEGs, and biological function and pathway annotation were also performed.



Material and Methods


Microarray Datasets Collection

The gene expression datasets were obtained from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo). Datasets must meet the main inclusion criteria: 1) Datasets assessed transcriptome information in the liver specimen of patients who undergone RYGB surgery; 2) Datasets included liver specimens during RYGB surgery and paired liver specimens collected through liver biopsy 1-year post-operation; 3) All cases should be pathological proven NASH before RYGB surgery and NASH regression 1 year post-operation; 4) Datasets must contain at least 10 cases and paired follow-ups. In the GSE106737 dataset, 21 cases matched the inclusion criteria. In the GSE83452 dataset, 16 cases matched the inclusion criteria. All microarray analysis in the GSE106737 and the GSE83452 were performed on the GPL16686 platform. All gene expression patterns were originated from the open-access GEO database, so our study did not require Ethics Committee approval.



Datasets Analysis

The Gene expression matrix and attached annotation document for GSE106737 and GSE83452 datasets were downloaded from the GEO database. GSE files were divided into Baseline (patients with pathological proven NASH during RYGB surgery) and Follow-up (same patients with NASH improvement 1 year after RYGB surgery) groups. All microarray data had already been corrected and normalized by the RMA method. Gene IDs in the matrix were annotated with gene symbols by R package through related annotation documents. Mean values were preserved if the gene symbols matched with multiple probes. The DEGs were detected between liver biopsies at baseline and 1 year after RYGB surgery in each microarray by limma (linear models for microarray) R package. In each dataset, |log fold change (FC)| > 0.5 and P-value < 0.05 were regarded as the threshold value to determine DEGs. Then, DEGs in each dataset were upload to Venn software online (http://bioinformatics.psb.ugent.be/webtools/Venn/) to get the common DEGs.



GO and KEGG Enrichment Analysis

Gene Ontology (GO) is a recognized method to annotate the function of genes detected through high throughput transcriptomic or genomic data. Kyoto Encyclopedia of Genes and Genomes (KEGG) is a database resource including genomes, diseases, biological pathways, and other bioinformation. In this study, Bioconductor clusterProfiler package was used to carried out GO and KEGG analysis for common DEGs (15). Biological process (BP), cellular component (CC), molecular function (MF), and pathways that were significantly enriched were screened out when the P-value < 0.05.



PPI Network Construction and Module Analysis

The Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, https://string-db.org/) (version 11) is a frequently used software online to predict the interaction between proteins and proteins (16). In this study, the PPI network was predicted by STRING online database setting the cut-off value 0.04. Then, the PPI networks were visualized and analyzed with Cytoscape software (version 3.8.0). Hub genes were identified using CytoHubba plug-in APP in Cytoscape with the cut-off value degree value >10. Vital modules in the PPI network were clustered using the Molecular Complex Detection (MCODE) plug-in APP in Cytoscape (17). The cut-off value was MCODE score ≥ 5.




Results


Information of Selected Cases

Initially, GSE106737 and GSE83452 were included according to the inclusion criteria. However, to obtain high-quality data, we further screen both datasets to get cases that match inclusion criteria (details described in “Material and Methods”). There existed 37 Baseline (patients with pathological proven NASH during RYGB surgery) and 37 paired Follow-up (same patients with NASH improvement 1 year after RYGB surgery) for further analysis. The detailed information of included cases was shown in Table 1 and Supplementary Tables 1 and 2.


Table 1 | Characteristics of the included microarray datasets.





Identification of DEGs Between Baseline and Follow-Up

All selected cases in GSE106737 and GSE83452 datasets were standardized to eliminate individual differences. Each dataset was homogeneous after standardization. We screened out 132 DEGs in GSE106737. Among these DEGs, 31 genes were up-regulated, and 101 genes were down-regulated. In GSE83452, we identified 206 DEGs in which 38 genes were up-regulated, and 168 genes were down-regulated. The volcano plots and heatmaps of both GSE106737 and GSE83452 were shown in Figures 1 and 2, respectively.




Figure 1 | Volcano plots of gene expression in GSE106737 (A) and GSE83452 (B), with the threshold of P<0.05 and |log FC| > 0.5. Blue points represented down-regulated genes, red points represented up-regulated genes, and gray points represented genes with on significant difference.






Figure 2 | Heatmaps of top 50 genes expression in GSE106737 (A) and GSE83452 (B). Blue square represented down-regulated genes and red square represented up-regulated genes. The green bar represented baseline gene expression and the purple bar represented follow-up gene expression.





Identification of Common DEGs Between GSE106737 and GSE83452

DEGs in both GSE106737 and GSE83452 datasets were analyzed using the Venn diagram. We obtain 130 common DEGs between two datasets, in which 29 DEGs were up-regulated (logFC > 0) and 101 DEGs were down-regulated (logFC < 0). Venn diagram was shown in Figure 3, and the details of common DEGs were shown in Table 2.




Figure 3 | Identification of common DEGs from GSE106737 and GSE83452 using the Venn diagram. The cross section represented the common DEGs. DOWN, down-regulated DEGs; UP, up-regulated DEGs.




Table 2 | 130 common DEGs in NASH patients with paired liver specimens at baseline and 1-year post-operation.





GO and KEGG Enrichment Analysis

All common DEGs were analyzed by the clusterProfiler package to illustrate the biological functions and pathways related to DEGs. The results demonstrated that cellular zinc ion homeostasis process (P-value= 5.97E-13) was the most significantly enriched biological process (BP), followed by cellular response to cadmium ion process (P-value= 7.84E-13), zinc ion homeostasis process (P-value= 1.02E-12), and so on. Cell component (CC) and metabolic function (MF) of DEGs were mainly related to lipoprotein homeostasis and inflammatory signaling pathway, respectively. The detailed information of GO analysis was shown in Figure 4. KEGG pathway analysis indicated that DEGs are mainly related to mineral absorption pathway (P-value= 3.75E-08), followed by IL-17 signaling pathway (P-value= 1.11E-07), osteoclast differentiation (P-value= 1.23E-04), etc. The top 10 pathways of KEGG analysis were shown in Figure 4.




Figure 4 | GO and KEGG enrichment analysis of the common DEGs. (A) Significant enriched biological process (BP) in GO terms. (B) Significant enriched cell component (CC) in GO terms. (C) Significant enriched molecular function (MF) in GO terms. (D) Significant enriched KEGG pathway in common DEGs.





PPI Network Construction and Hub Genes Identification

The PPI network of the common DEGs was constructed using the STRING online database and further analyzed and visualized using Cytoscape software. In the PPI network, there existed 93nodes, including 12 up-regulated genes and 81 down-regulated genes. Among 130 common DEGs, 37 genes including 17 up-regulated genes and 20 down-regulated genes were excluded from the PPI network. The term “degree” calculated using CytoHubba plug-in APP in Cytoscape indicated the number of interactions between genes or nodes. The PPI network was shown in Figure 5, the color depth positively correlated with the degree value. Setting the cut-off value of degree>10, IGF1, JUN, FOS, LDLR, ATF3, TYROBP, DUSP1, CXCR4, CXCL2, EGR1, SAA1, PPARA, and CTSS were identified as the hub genes. Among 13 hub genes, IGF1 and PPARA were up-regulated, and other genes were down-regulated.




Figure 5 | PPI network of the common DEGs and module exhibition. (A) The PPI network consisted of 93 genes. (B–D) Modules 1–3 which were extracted from the PPI network. The circle represented down-regulated genes, while the square with black border represented up-regulated genes. The depth of color correlated with the number of connections between nodes. In (B–D), the size of the circle correlated with the number of connections between nodes in each module.





Module Analysis of the PPI Network

Modules were extracted using MCODE plug-in APP in Cytoscape. Setting the threshold MCODE score ≥ 5, we obtained 3 modules from the PPI network, including Module 1 (MCODE Score=8.875, Nodes=17), Module 2 (MCODE Score=6.444, Nodes=10), and Module 3 (MCODE Score=5, Nodes=5). All genes belonged to these three modules were down-regulated common DEGs. Modules were shown in Figure 5. The genes in each module were analyzed using the clusterProfiler package to identify their GO and KEGG enrichment. Module 1 was mainly enriched in the IL-17 signaling pathway, osteoclast differentiation pathway, and chemokine signaling pathway. Module 2 was mainly involved in the lysosome pathway, IL-17 signaling pathway, and antigen processing and presentation pathway. Module 3 take part in the mineral absorption pathway. The detailed information was shown in Table 3.


Table 3 | Characteristic of each module and GO and KEGG pathway analysis of genes in each module.






Discussion

In the past few decades, NAFLD has become the most common chronic liver disease around the world (18, 19). Although NAFLD is a benign disease, NASH (a progressive stage of NAFLD) is the second common cause for liver transplantation and increases hepatocarcinoma progression (2). So far, bariatric surgery seems to be the most long-lasting effective method to treat NASH (7, 8). However, due to the safety issue, the American Association for the Study of Liver Diseases has not recommended bariatric surgery to specifically treat NASH (20). However, it can serve as an option for obese patients (BMI ≥35 kg/m2) with one or more complications remediable by weight loss, including NAFLD and NASH (21). Nowadays, less invasive and safer modern interventions are needed to replace invasive bariatric procedures. So, it is urgently needed to illustrate the mechanism underlying bariatric surgery in NASH improvement. Microarray technology is an efficient method to get transcriptomic bioinformation under various diseases. In this study, we included two microarray studies comparing gene expression profiles between Baseline (liver specimens obtained during RYGB surgery) and Follow-up (liver specimens obtained 1 year after RYGB surgery) to get DEGs. Furthermore, we perform functional annotation and construct PPI network to illustrate the biological function and involved pathways of the DEGs.

Although the GSE106737 dataset had been already used by others, their research was focused on the function of CD8 T cells in the progression and remission process in NASH (14). The study using the GSE83452 dataset included a wide range of patients with NASH or fibrosis and focused on single gene interpretation (13). The present research strictly selected cases which verified NASH improvement after RYGB surgery to interpret the hepatic global transcriptomic change underlying this process. In the present study, we obtained 130 common DEGs between GSE106737 and GSE83452 datasets (cases selected strictly matched inclusion criteria). Among these DEGs, 29 genes were up-regulated, and 101 genes were down-regulated. PPI network included 93 genes and most of them belonged to the down-regulated DEGs. In the PPI network, IGF1, JUN, FOS, LDLR, TYROBP, DUSP1, CXCR4, ATF3, CXCL2, EGR1, SAA1, CTSS, and PPARA were identified as the hub genes and ranked by the degree value using CytoHubba plug-in APP in Cytoscape. Among 13 hub genes, only IGF1 and PPARA were up-regulated, while others were down-regulated. In consistence with this conclusion, a previous study had demonstrated that PPARα activation might be the mechanism underlying NASH improvement after RYGB surgery (13, 22).

Furthermore, using the MCODE plug-in APP in Cytoscape, we got three modules in the PPI network. Seventeen genes were included in Module 1, among which, JUN, FOS, DUSP1, CXCR4, ATF3, CXCL2, EGR1, and SAA1 severed as hub genes. These genes participated in the IL-17 signaling pathway, osteoclast differentiation pathway, chemokine signaling pathway, viral protein interaction with cytokine and cytokine receptor pathway, etc. Activator protein 1 (AP-1), which was combined with Jun (c-Jun, JunB, and JunD), Fos (c-Fos, FosB, Fra-1, and Fra-2), activating transcription factor (Atf) and musculoaponeurotic fibrosarcoma (Maf) proteins to form homodimer or heterodimer is a dimeric leucine zipper (bZIP) transcription factor (23). Generally, the AP-1 complex played a pivotal role in acute stress response in the liver (24). Recent evidence showed that c-Jun/AP-1 overexpression might mediate the hepatic pathological alteration in NASH patients (25). Furthermore, AP-1 correlated with hepatic lipid metabolism and NASH progression through regulating PPARγ expression (26). CXCL and CCL are chemokines with chemotactic properties and CXCR is one type of G protein-coupled chemokine receptors (27). Chemokines participate in homeostatic or inflammatory regulation which mediates physiological or pathophysiological alteration in disease progression through binding corresponding receptors (28). CXCL2 and CXCL8 chemokines were mainly originated from activated Kupffer cells (29). CXCL2 and CXCL8 with neutrophil chemotactic properties recruit neutrophils, releasing reactive oxygen species (ROS) and proteases and therefore initiating hepatocyte necrosis (30). CXCL9, CXCL10, and CXCL 16 attract lymphocytes or natural killer (NK) cells involved in hepatic inflammatory pathogenesis and accelerate hepatic fibrosis progression (31). CXCR4 is the corresponding receptor of CXCL12. In the liver of NASH patients, the affinity of CXCR4 significantly increased which increased CD4+ T-cells deposition (32). DUSPs, namely, dual-specificity protein tyrosine phosphatases served as mitogen-activated protein kinases (MAPK) inactivator (33). DUSPs as MAPK phosphatases (MKPs) dephosphorylated the threonine and tyrosine residues of MAPK and played a pivotal role in hepatic metabolic regulation (34). MKP-1, a negative regulator of p38 MAPK and c-Jun NH2-terminal kinase 1/2 (JNK1/2), activated transcription factors regulating hepatic lipid homeostasis (35). Studies showed that MKP-1 deficient protected mice from diet-induced obesity and diet or gene induced hepatic steatosis (35, 36).EGR1, namely, early growth response 1, played an essential role in the pathophysiological process of inflammation and tissue repairment (37). A previous bioinformatic study identified that the lower expression of hepatic EGR1 might promote NAFLD development (38). Evidence from both in vivo and in vitro experiments also confirmed the function of EGR1 in hepatic insulin response and hepatic lipid metabolic regulation (37). SAA1, namely, serum amyloid A-1 protein belongs to the SAA family (39). As a classical acute-phase protein produced by hepatocytes, SAA mediated infection, injury, and inflammation response and could regulate toll-like receptor 4 (TLR4), which participated in obesity-induced insulin resistance (40). In progressive liver diseases, including NASH, the serum level of SAA could serve as a biomarker for inflammatory status (41). Moreover, SAA1 had the ability to stimulate NF-κBp65 protein transportation from the cytoplasm to the nucleus and activate the NF-κB pathway which mediated NASH progression (40).

Module 2 included TYROBP, CD68, THEMIS2, MNDA, S100A9, S100A8, LAPTM5, CD53, SRGN, and CTSS, among which TYROBP and CTSS served as the hub genes in the PPI network. TYROBP, namely, Tyrosine kinase binding protein could activate NK cells through binding a variety of receptors (42). Studies showed that TYROBP could synthesize lipopolysaccharide and activated pro-inflammatory cytokines production (43). After TYROBP gene deletion, the pro-inflammatory cytokines decreased obviously, which indicated that TYROBP might be involved in NASH progression (44). In Module 2, CTSS, LAPTM5, and CD68 were involved in the lysosome pathway. CTSS and CD68 were both recognized as the molecular biomarker of macrophages (45). Moreover, CTSS and CD68 positively correlated with hepatic macrophage infiltration in NAFLD mice (45). Meanwhile, a recent bioinformatic study identified hepatic CTSS and CD68 as major genes contributing to NAFLD (46). Furthermore, we identified S100A9 and S100A8 genes in Module 2, which were involved in the IL-17 signaling pathway. As members of the S100 proteins, S100A8 and S100A9 could be secreted by either neutrophils or monocytes (47). S100A8, S100A9, and S100A8/S100A9 (heterodimer formed by S100A8 and S100A9) were implicated in various inflammatory diseases and could serve as the biomarker for inflammatory activity monitoring (48). It was worth noting that S100A8 and S100A9 had a direct link with inflammatory and fibrotic status in NASH patients (47).

Module 3 included MT1E, MT1F, MT1G, MT1H, and MT1M. Though none of them was identified as the hub gene, they were involved in the mineral absorption pathway. Metallothioneins (MTs), including MT1, MT2, MT3, and MT4 isoforms, played a pivotal role in heavy metal toxicity protection, metal homeostasis, and oxidative stress regulation (49). In MT1, there existed MT1A, MT1B, MT1E, MT1F, MT1G, MT1H, MT1M, and MT1X isoforms (49). These proteins mainly regulated copper and zinc homeostasis in the liver and protected hepatocytes from oxidative damage (50). Thus, MT1 expression negatively correlated with the damage status of chronic liver diseases (51). Moreover, MT1 could stimulate damaged hepatocyte repair and regeneration (52). However, we could not ignore the fact that mineral deficiency was a common complication after RYGB surgery. Data from the American Society for Metabolic and Bariatric Surgery (ASMBS) Integrated Health Nutritional Guidelines showed that the prevalence of zinc deficiency occurred in 40% post-RYGB patients and copper deficiency occurred in 10%–20% post-RYGB patients (53). Thus, we speculated that copper and zinc deficiency might be caused by the low hepatic MT1 expression after RYGB surgery. On the contrary, as MT1 protein expression was positively regulated by zinc and copper, the zinc and copper deficiency further suppressed MT1 expression and formed a vicious circle (54, 55). So, the mineral condition should be inspected strictly and supplements should be administrated if necessary after RYGB surgery.

Though we got much transcriptomic bioinformation underlying RYGB induced NASH improvement, the causes of these hepatic changes had not been fully clarified. Due to the lack of conclusive evidence, we speculated about the reason for inflammatory related genes alteration after RYGB surgery: 1) The gastrointestinal anatomy was altered after RYGB surgery, so more bile acid (BA) reach ileum and stimulate enteric GLP-1 and PYY release through activating the local L-cells (56). Furthermore, the increased BA also stimulated TGR5 expression in Kupffer cells (57). These BA induced metabolic change may lead to a reduction in hepatic pro-inflammatory genes expression after RYGB surgery. 2) RYGB surgery manipulate a variety of adipocyte derived adipocytokines (adiponectin, leptin, TNFα, IL-6, and etc.), which have been proven to be involved in the hepatic inflammatory process (58). For instance, RYGB surgery could significantly increase adiponectin levels, which suppress Kupffer cells and hepatic stellate cells (HSC) activation and decrease hepatic inflammatory genes expression (58, 59). 3) The gut microbiota composition obviously shifted after RYGB surgery, as the rearrangement of the gastrointestinal tract created a more acidic and oxygen-rich environment (60). Recent evidence showed that specific gut microbiota was independently associated with the severity of NAFLD (61). We speculated that gut microbiota shift after RYGB surgery might alleviate NASH through modulating hepatic inflammatory gene expression.

There existed several limitations of the present study, which should be noted. First and foremost, due to the difficulty in collecting the hepatic specimens after RYGB surgery, we did not validate the genes in the pathway highlighted by the present study. This limited the strength of our results in interpreting the mechanism underlying RYGB surgery induced NASH alleviation. Second, we could not get enough demographic and clinical information for the patients included in our study. Considering body weight, body mass index (BMI), and obesity related comorbidities such as type 2 diabetes mellitus were all risk factors for NASH. There existed confounding factors in the analysis in the present study. Third, hepatic tissue was the heterogeneous mixture of hepatocytes and mesenchymal cells, and the cell composition might be influenced during specimen collection. Finally, the metabolic change in the liver after bariatric surgery is a dynamic process. Analysis at a single time point after surgery ignored the full picture of the hepatic remodeling process.



Conclusion

In conclusion, in the present study, we exhibit the global profile of DEGs and corresponding signaling pathways, which may mediate RYGB surgery induced NASH improvement. In the process of RYGB surgery induced NASH improvement, the possible key genes are IGF1, JUN, FOS, LDLR, TYROBP, DUSP1, CXCR4, ATF3, CXCL2, EGR1, SAA1, CTSS, and PPARA, and the possible involved pathways are IL-17 signaling pathway, osteoclast differentiation pathway, chemokine signaling pathway, viral protein interaction with cytokine and cytokine receptor pathway, Toll-like receptor signaling pathway, TNF signaling pathway and mineral absorption pathway. Most DEGs and enriched signaling pathways are involved in the inflammatory response, immunoreaction, and lipid homeostatic regulation. These results provide pivotal transcriptome information underlying RYGB surgery induced NASH alleviation.
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Aims

Metabolic associated fatty liver disease (MAFLD) is the most common cause of chronic liver disease and is a major health and economic burden in society. New drugs are urgently needed to treat MAFLD. This systematic review and meta-analysis was conducted to evaluate the efficacy of glucagon-like peptide-1 receptor agonists (GLP-1RAs) in patients with MAFLD.



Method

We searched PubMed, Embase, Cochrane Library database, and Web of Science since 1977. We selected all randomized controlled trials which met the inclusion and exclusion criteria and evaluated the quality of evidence. A random-effects meta-analysis was performed to assess all the primary and second outcomes.



Results

Eight randomized controlled trials, including 396 patients, of which 265 patients had type 2 diabetes mellitus, met the inclusion criteria. Compared with the placebo or active agents group, the GLP-RA group showed a significant reduction in the liver fat content [weight mean difference (WMD) -3.17%, 95%CI -5.30 to -1.03, P < 0.0001], body weight (WMD -4.58 kg, 95%CI -8.07 to -1.10, P = 0.010), waist circumference (WMD -3.74 cm, 95%CI -6.73 to -0.74, P = 0.010), alanine aminotransferase (WMD -10.73 U/L, 95%CI -20.94 to -0.52, P = 0.04), γ- glutamyl transferase (WMD -12.25 U/L,95% -18.85 to -5.66, P = 0.0003, with I²=23%), fasting blood glucose (MD, -0.36 mmol/L; 95%CI, -0.69 to -0.03, P = 0.030), and hemoglobin A1c (WMD -0.36%, 95%CI -0.52 to -0.19, P < 0.0001). The reported adverse events were gastrointestinal complications with no serious adverse events, and most symptoms were relieved within 1–2 weeks after dose titration.



Conclusion

GLP-RAs may improve liver injury and metabolic disorder in patients with MAFLD, regardless of the presence of type 2 diabetes mellitus. The benefits of GLP-RAs treatment outweigh the adverse effects of drugs in patients with MAFLD.
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Introduction

Metabolic associated fatty liver disease (MAFLD) is the most common cause of chronic liver disease worldwide a common factor resulting in the requirement for liver transplantation to treat end-stage liver disease (1). According to a recent study, MALFD affects about a quarter of the world’s adult population, creating a major health and economic burden on society (2). In April of 2020, experts from 22 countries reached a consensus to define the diagnostic criteria for MAFLD based on the possible causes of the disease. The criteria are based on evidence of hepatic steatosis, in addition to one of the following three criteria, overweight/obesity, type 2 diabetes mellitus, or evidence of metabolic dysregulation (3). MAFLD exhibits a wide spectrum of histologic abnormalities ranging from hepatic steatosis to nonalcoholic steatohepatitis (NASH), which may progress to cirrhosis and even hepatocellular carcinoma.

The incidence of MAFLD is increasing along with its common comorbidities, including type 2 diabetes, obesity, dyslipidemia, and hyperuricemia (4–6). The first-line treatment is lifestyle intervention (7), with weight loss of 5%–10% beneficial for patients with MAFLD (8). However, most patients do not achieve or maintain dietary goals or their ideal body weight. In a meta-analysis of the treatment of MAFLD, more than 50% of patients failed to achieve their weight loss targets (9). Additionally, no pharmacotherapy for MAFLD has been approved. Many researchers have explored the drug treatment of MAFLD and found that various agents can help relieve the disease progression, such as thiazolidinone, vitamin E (PIVENS trial) (10), bile acid, obeticholic acid (FLINT trial) (11), and lipid-lowering drugs and other antioxidants. The differences between two or three therapies have also been evaluated (10).

It has been suggested that patients with MAFLD have lower concentrations of biologically active incretin hormones compared to healthy individuals (12), which may results from increased degradation by dipeptidyl peptidase-4 or a decreased production of the incretin hormones (13). GLP-1 can increase insulin synthesis and secretion in a glucose-dependent manner, and GLP-1 receptors have been found in various tissues of the human body (14). Recent animal studies confirmed that GLP-1RAs, in addition to weight loss and hypoglycemic effects, can reduce liver inflammatory lesions and even slow the process of steatosis change into fibrosis. As a newly hypoglycemic drug, researchers have observed that GLP-1RA can improve liver function and lipid metabolism in patients with diabetes showing elevated liver enzymes (15). GLP-1RAs suppress glucagon release from pancreatic alpha cells, delay gastric emptying, and enhance satiety. GLP-RAs can improve metabolic dysfunction, insulin resistance and lipotoxicity in key metabolic organs in the pathogenesis of MAFLD (16). Insulin resistance and lipotoxicity are pathognomonic features of MAFLD. Studies have shown that one of the diagnostic criteria for MAFLD is the presence of metabolic syndrome (3). Liraglutide, a GLP-1RA, has significant effects on glycemic control and can be used as a sub-treatment for patients with obesity with metabolic disorders to induce weight loss and insulin sensitivity (8). Various doses of GLP-1RAs have been used, and several randomized controlled trials (RCTs) have assessed the efficacy and safety of GLP-1RAs with other active agents or placebo.

A meta-analysis of the LEAD program (17) demonstrated that 26 weeks of liraglutide (1.8 mg) is safe, well-tolerated, and improves liver enzymes in patients with type 2 diabetes. This effect appears to be mediated by its action on weight loss and glycemic control. Meta-analysis is an essential method for estimating the comparative effectiveness of different treatments; therefore, we performed meta-analysis of studies conducted in the last 10 years to evaluate the effectiveness of GLP-1RAs for treating MAFLD.



Material and Methods

The protocol for this systematic review was registered with PROSPERO (CRD42020187053). This systematic review and meta-analysis were conducted following the PRISMA guidelines.


Search Strategy

Our search strategy was consist of entry terms and MeSH terms. We searched the Cochrane Library, Embase, PubMed and Web of Science for relevant articles published through April 20, 2020. We set no restrictions on the language of the articles. Clinical trial registry websites and conference abstracts were included in our search strategy, and we scanned the reference lists of eligible articles for additional eligible studies.

For example, in PubMed, we searched (“Non-alcoholic Fatty Liver Disease” OR “Fatty Liver*” OR “Nonalcoholic Fatty Liver Disease” OR “Nonalcoholic Fatty Liver*” OR “Nonalcoholic steatohepatitis*” OR “Non-alcoholic steatohepatitis” OR “NASH”) AND (“Glucagon-Like Peptide 1” OR “GLP-1” OR “Liraglutide” OR “Albiglutide” OR “Dulaglutide” OR “Semaglutide” OR “Lixisenatide” OR “Taspoglutide” OR “Exenatide” OR “Elsiglutide” OR “Teduglutide”). Eligible records were limited to RCTs. The details of the search strategy was shown in the supplementary material.



Inclusion Criteria and Exclusion Criteria

Studies were considered as eligible if they met the following inclusion criteria. First, the populations were adult patients(aged>18 years) with MAFLD, with or without diabetes. MAFLD was diagnosed based on liver histology biopsy or imaging examination (ultrasonography, computed tomography, magnetic resonance imaging, magnetic resonance spectroscopy, and others). Included patients satisfied the following criteria: 1) alcohol intake not exceeding 21 standard drinks per week in men and 14 standard drinks per week in women over a 2‐year period preceding baseline liver histology or imaging examination (10); and 2) exclusion of secondary causes of liver diseases (e.g., autoimmune, viral hepatitis, Wilson’s disease or exposure to drugs that could induce steatosis). Second, the treatment intervention was GLP-1RAs (with no restriction on the GLP-RAs types). Third, the primary outcome was reduced severity of MAFLD or reduction in the liver fat fraction (LFF) or liver fat content (LFC) from baseline. The secondary outcomes were the change in body weight, waist circumference, liver enzyme levels [alanine aminotransferase (ALT), aspartate aminotransferase (AST), and/or γ-glutamyl transferase(γ-GGT)], and fasting blood glucose (FBG) from baseline. Fourth, the study design must be an RCT.

We excluded case reports, case series, cross-sectional, retrospective studies and observational studies. We also excluded conference abstracts for which full-text or complete data were not available.



Studies Selection and Data Extraction

Trials from the database were managed using EndNote X9 software to remove duplicate articles. The titles and abstracts were independently screened by two reviewers (YD and ZL) and then independently screened the full-text articles. If any discrepancy between the two reviewers was found, the article would be resolved after discussion.

Two reviewers (YD and ZL) independently extracted the following information from eligible studies: study characteristics (first author, year of publication, sample size, intervention, the comparison group, follow-up time and patient age composition), and clinical outcomes (LFF/LFC, body weight, waist circumference, ALT, AST, γ-GGT, and FBG). All data were recorded in standard forms. Then the extraction results were checked by another reviewer (LY) and discussed to resolve any disagreements.



Assessment of Risk of Bias of Included Studies

The quality of eligible studies was assessed with Cochrane Risk of Bias Tools (18), and included the following step: 1) random sequence generation (selection bias); 2) allocation concealment (selection bias); 3) blinding of participants and personnel (performance bias); 4) blinding of outcome assessment (detection bias); 5) incomplete outcome data (attrition bias); 6) selective reporting (reporting bias); 7) other bias; there were some biases that were not mentioned, which were closely related to the results. Each study was considered to have a “high risk of bias”, “low risk of bias”, or “unclear risk of bias”. Two authors (YD and ZL) independently assessed and checked the quality evaluation of RCTs. Any disagreement was discussed among these researchers or judged by another researcher (LY).



Statistical Analysis

All statistical analyses were performed using Review Manager version 5.4.1. A Chi-square test was used to determine heterogeneity across studies (α=0.1). The I2 statistic was applied to quantitatively evaluate the heterogeneity of studies. Studies with an I2 statistic of 25%–50% were considered to have low heterogeneity, those with an I2 of 50%–75%were considered to have moderate heterogeneity and those with an I2 > 75% were considered to have high heterogeneity. A random effects model was applied regardless of heterogeneity. According to the characteristics of the studies, we conducted subgroup analyses and sensitivity analyses to explain the possible source of heterogeneity. Normally distributed continuous variables are described as the mean ± standard deviation. In some studies, the levels of changes in the outcomes were not reported. We requested this information from the corresponding author or used the conversion formulas recommended in the Cochrane Handbook Version 5.0.2 to calculate the changes in outcomes. Differences were expressed as the weight mean difference (WMD) with the 95% confidence interval (CI) for continuous outcomes. Results were considered as significant when P < 0.05.




Results


Study Flow and Characteristic of Studies

Through database searches, 366 records (PubMed 56; Embase 92; Cochrane Library 105; Web of Science 113) were found. After removing duplicates, 357 records remained; 66 records were selected for full-text assessment after screening the title and abstract, and 58 studies were excluded for the following reasons: 1) full-text content duplication (n=25); 2) only RCT registration information or trial in progress (n=13); 3) inadequate data on outcomes of interest (n=12); and 4) unclear or unsuitable in terms of PICOS (n=8). Only eight full-text articles, involving a number of 396 adult patients met the inclusion. The flow chart is shown in Figure 1.




Figure 1 | Flow diagram of study selection.



The RCTs were published from 2014 to 2020 and the characteristics of the eight included studies are shown in Table 1. The 396 adult patients were involved in 6 trials of liraglutide (265 patients) and 2 trials of exenatide (131 patients). In these studies, fatty liver was diagnosed by either biopsy confirmation or imaging examination. Only Armstrong et al. (19) used histology biopsy to estimate the severity of MAFLD. We found that methods for non-invasively assessing liver fat content varied by study, with magnetic resonance imaging (MRI) used by Khoo (21, 22) and Yan (25), whereas Zhang and Liu (23, 26) used 1H-MRS. Shao (24) and Feng (20) used ultrasound imaging to assess liver fat content and stiffness. In addition, in control group, one study used liraglutide-placebo, one study used gliclazide, two studies used lifestyle modification, three studies used insulin therapy (both intensive insulin therapy or insulin plus metformin) and one study used pioglitazone plus metformin. A summary of the approaches used for liver steatosis assessment is shown in Table 2.


Table 1 | Characteristics of included studies.




Table 2 | Summary of technology of liver steatosis assessment.





Quality Assessment of the Evidence

We evaluated the risk of bias of the included studies using Cochrane Risk of Bias Tools. We found that only the study by Armstrong et al. (19) had a low risk of bias. Seven of the eight studies lacked participant blinding, which means they were open-label RCTs. No participants drop out in three studies, whereas participants were lost to follow-up in five studies. Only one study did not report the reason for participant drop out and the solution to lost follow-up data. Based on these limitations, the quality of evidence for our assessment of the combined effects was downgraded. For the remaining bias, most studies were moderate or low risk and the details are shown in Figures 2 and 3.




Figure 2 | Risk of bias summary: review authors’ judgements about each risk of bias item for each included study.






Figure 3 | Risk of bias graph: review authors’ judgements about each risk of bias item presented as percentages across all included studies.





Effects of Interventions

The included eight studies consisted of six liraglutide therapy studies and two exenatide therapy studies. Subgroup analysis was conducted when necessary.



Primary Outcome

Only one study used biopsy to measure improvement in liver fibrosis and steatosis from baseline to the end of treatment [Armstrong et al. (19)]. In this trial, 9 (39%) of 23 patients in the liraglutide group shown resolution of definite non-alcoholic steatohepatitis compared with 2 (2%) of 22 patients in the placebo group (RR, 4.3; 95%CI, 1.0 to 17.7; P =0.019). Fewer patients in the liraglutide group exhibited progression of fibrosis compared with placebo group and a greater proportion of patients in the liraglutide group showed improvement in steatosis and hepatocyte ballooning compared with the placebo group.

We conducted a meta-analysis of LFC or LFF among 6 studies (20–23, 25, 26), which included 291 participants. A heterogeneity test showed that the result had low heterogeneity, with I2 = 31%. GLP-RAs significantly improved the LFC (WMD -3.17%, 95%CI -5.30 to -1.03, P < 0.0001) (Figure 4). Shao et al. (24) used ultrasound to divide the LFC into four levels: absent, mild, moderate, and severe. They measured degrees of severity of fatty liver (FL) from baseline to the end of treatment in the exenatide and intensive insulin therapy groups. After the study, they observed a regression from a greater to lower degree of FL in both groups. The reversal rate in the exenatide group was 93.3% versus 66.7% in the intensive insulin therapy group, with a significant difference between groups (P < 0.01). Although the methods used in each study varied, GLP-RAs groups were more likely to demonstrate significant improvements in LFC compared to the control groups.




Figure 4 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; liver fat fraction or liver fat content (%).





Secondary Outcomes


Effect of GLP-RAs on Anthropometric Measuring

All eight studies (396 patients) that met the requirements reported changes in body weight and waist circumference before and after treatment. For body weight, heterogeneity was measured as an I² of 94% (P < 0.00001). In contrast to the control group, GLP-RAs significantly reduced body weight (WMD -4.58kg, 95%CI -8.07 to -1.10, P=0.010) (Figure 5) compared with the control group. The measurements of waist circumference also shown high heterogeneity (I² = 91%). According to a random-effect model, there were significant differences in the GLP-1RA group to in compared with the control group (WMD -3.74 cm, 95%CI -6.73 to -0.74, P = 0.010) (Figure 6). We then performed subgroup analysis between liraglutide and exenatide treatment. Both liraglutide and exenatide therapy significantly reduced body weight (WMD, -3.25 kg; 95%CI, -6.73 to -0.74; P = 0.03 vs. WMD, -7.40 kg; 95%CI, -14.55 to -0.26; P = 0.04) and waist circumference (WMD, -2.61 cm; 95%CI, -5.35 to 0.13; P = 0.06 vs. WMD, -6.74 cm; 95%CI, -11.11 to -2.36; P = 0.003).




Figure 5 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; body weight (kg).






Figure 6 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; waist circumference (cm).





Effect of GLP-RAs on Serum Liver Enzyme

Eight studies reported the effects of GLP-RAs on ALT and AST. Particularly, Zhang (26) found that the statistics of ALT, AST, and γ-GGT had skewed distributions, and logarithmic transformation shown that the data had a lognormal distribution. Considering these differences in statistics distributions, we temporarily removed the data from the study by Zhang to evaluate the effects of ALT, AST, and γ-GGT levels.

After treatment, ALT levels of the GLP-RAs groups were significantly decreased compared to those in the control group. The GLP-RAs improved ALT compared with the control group (WMD -10.73 U/L, 95%CI -20.94 to -0.52, P = 0.04), showing high heterogeneity (I ²= 74%) (Figure 7). Subgroup analysis of the different therapies revealed a significant difference in the reduction of ALT in the exenatide group (WMD -22.16 U/L,95%CI -38.44 to -5.88, P = 0.008, I2 = 84%) compared to in the control group. However, this effect was not observed for the liraglutide group (WMD -5.21 U/L,95%CI -12.93 to 2.51, P = 0.19). We found that GLP-1RAs did not significantly affect AST compared with the control group (WMD -0.17 U/L, 95%CI -0.44 to 0.09, P = 0.15, I² = 29%) (Figure 8). Only four studies (19, 23, 24, 26) reported results for γ-GGT; we chose three of these studies to evaluate the combined effects. The random-effect model shown that GLP-1RAs had a significant effect on γ-GGT (WMD -12.25 U/L,95% -18.85 to -5.66, P = 0.0003, with I² = 23%) (Figure 9).




Figure 7 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; alanine transaminase (ALT).






Figure 8 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; aspartate aminotransferase (AST, U/L).






Figure 9 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; gamma-glutamyl transpeptidase (γ-GGT, U/L).





Effect of GLP-RAs on Glucose Metabolism

All eight trials reported changes in FBG; the heterogeneity was 39%, which was assessed by I². A random-effects model demonstrated a significant difference between the GLP-1RAs group and control group (WMD -0.36 mmol/L, 95%CI -0.69 to -0.03, P = 0.030) (Figure 10). HbA1c was reported in six trials (342 patients) with low heterogeneity (I²=0%). The meta-analysis showed a significant reduction in Hb1Ac in patients treated with GLP-1RAs compared to those in the control group (WMD -0.36%, 95%CI -0.52 to -0.19, P < 0.0001) (Figure 11).




Figure 10 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; fasting blood-glucose (FBG, mmol/L).






Figure 11 | Mean difference or standard mean difference in change from baseline between glucagon-like peptide-1 receptor agonists (GLP-1RAs) vs. control. SD, Standard deviation; CI, confidence interval; IV, inverse variance; HbA1c (%).






Safety

All studies recorded adverse events (AEs), which were mostly gastrointestinal complications with no serious AEs, such as serious hypoglycemia or acute pancreatitis. The main AEs involved nausea, vomiting, diarrhea, decreased appetite, flatulence, and abdominal pain. Adverse gastrointestinal reactions mainly occur during the dose increase period, and most AE symptoms are relieved within 1–2 weeks after dose titration. The incidence of adverse reactions was related to the drug dose used in the study. Particularly, in two studies by Khoo et al. (21, 22), patients were administered 3 mg liraglutide per day, increasing the incidence of adverse reactions.



Sensitivity Analysis

We carried out sensitivity analysis to test for heterogeneity. Removing each article from the analysis individually, suggested that the study by Shao et al. was the source of heterogeneity. For ALT, after deleting the article, the I2-value changed from 74% to 28%, and the P-value changed slightly (from 0.03 to 0.04). While the effect of ALT levels changed from (WMD -10.73 U/L, 95%CI -20.94 to -0.52) to (WMD -7.69 U/L, 95%CI -14.57 to -0.80). We did not observe the same change in body weight or waist circumference. These changes may be related to the patients’ baseline ALT level, which was higher in the study by Shao et al. (patients with ALT >2.5-fold and <5-fold the upper limit of normal were included). However, most of these patients were excluded from other studies.

Based on the differences between control groups, we temporarily excluded the two studies by Khoo et al. because of the large clinical heterogeneity in the trial design of these studies. After removing these studies, we conducted the combined analysis again and found that the ALT level in the GLP-RAS group was significantly improved compared with that in the control group (WMD, -15.21; 95%CI, -25.45 to -4.98; P = 0.004). Other outcomes, such as AST, FBG, and HbA1c, showed low heterogeneity, and thus we did not perform further tests.



Publication Bias

As the number of studies included was <10, we did not carry out a test of publication bias or draw funnel plots.




Discussion

In our systematic review and meta-analysis, we evaluated the efficacy and safety of GLP-1 RAs for patients with MAFLD. However, only liraglutide and exenatide therapy were included in our assessment of the effects of MAFLD treatment. For meta-analysis of LFC or LFF among six studies, we used the fixed-effect model and standard mean differences, which showed that GLP-RAs significantly improved the LFC (WMD -3.17%, 95%CI -5.30 to -1.03, P < 0.0001).

Heterogeneity existed in the trial designs of the included studies, Khoo et al. mainly selected patients with MAFLD without diabetes. In the current consensus of MAFLD, type 2 diabetes is one of the three auxiliary diagnostic criteria (3). Therefore, there may be differences in the baseline characteristics and outcome indicators, such as FBG levels. Moreover, in Khoo et al.’s study, the maximum dose of liraglutide was 3 mg per day rather than the more common 1.8 mg per day. According to previous studies (19), the adverse effects of GLP-RAs were related to its dosage, and the authors also reported a higher probability of gastrointestinal adverse events. In contrast, large doses of liraglutide (3 mg per day) have been approved for weight management in obesity, and studies confirmed the dose-dependent weight loss effect (27). However, whether its direct effect on the liver is increased requires further analysis. Notably, in the study by Khoo et al. in 2019 (22), at the end of 26 weeks of intervention, the treatment effects were equivalent in the two groups. After stopping liraglutide and continuing follow-up for another 26 weeks, they found that the GLP-RAs group did not maintain the same level of improvement as the control group. This information may facilitate analysis of the optimal dosage and treatment course for GLP-RAs, and may help promote research on the after-effects of these new drugs.

The gold standard of the MAFLD diagnostic method is histological biopsy, which is an invasive method. Because of objective problems such as the difficulty of the puncture biopsy technique, difficulty in obtaining pathological samples, and patients’ refusal of invasive examination, many doctors tend to choose non-invasive tests (NITs) in clinical practice. As a result, researchers may choose NITs rather than pathological biopsy as the primary outcome indicator to estimate liver disease. In October, the Asia Pacific Association for the Study of the Liver (APASL) recommended the use of NITs for the diagnosis of MAFLD, disease severity assessment, disease progression and treatment response monitoring (28). However, liver biopsy remains the gold standard for the diagnosis and staging of steatohepatitis and fibrosis, particularly in patients with uncertain clinical manifestations, critical NIT results or inconsistent with clinical manifestations. Armstrong et al. conducted the first randomized controlled study to evaluate liver histology both at baseline and at the end of the study, ensuring that all patients included in the study were diagnosed using the gold-standard method for MAFLD. In this study, a greater proportion of patients administered liraglutide showed improvements in steatosis and hepatocyte ballooning (19). Liraglutide also improves weight and glycemic control may help improve the risk of future cardiovascular disease and premature death in patients with nonalcoholic steatohepatitis.

The efficient and safe drug for treating MAFLD is a complex problem, and there is no recommended drug treatment plan for MAFLD. Most treatment methods are based on weight loss, glucose metabolism improvement, and anti-oxidative stress methods, such as vitamin E, thiazolidinediones, statins, and dipeptidyl peptidase-4 inhibitors. Sanyal (10) designed a three-arm study showing that for non-diabetic patients with NASH, vitamin E and pioglitazone have a better effect on liver function, but the long-term effectiveness and safety require further research. Furthermore, GLP-1R expression has been identified in the hepatocytes of both rodents and humans (29). Previous studies suggested that the effects of GLP-1RAs on the liver cannot be fully explained by weight loss and hypoglycemic effects. It has been confirmed in animal studies that liraglutide can alleviate liver steatosis, insulin resistance and endoplasmic reticulum oxidative stress in mice without weight loss (30, 31). A recent animal study showed that liraglutide can modulate the expression and activity of the hepatic renin-angiotensin system through the GLP-1/RAS axis and ameliorate MAFLD (32). Research on GLP-1 in patients with liver injury has gradually increased; but is still mainly based on retrospective studies, case reports or cohort studies.

In the past decade, there have been some meta-analyses for GLP-RA treatment of MAFLD (33, 34). Dong et al. (33) evaluated three RCTs and three observational studies (a total of 329 people), among which one RCT and two observational trials used liver pathological biopsy as a diagnostic method. They found that GLP-RAs can significantly improve liver histological changes and liver enzyme changes in biopsy-confirmed patients with NASH. However, because of the small sample size of the meta-analysis, the reliability of the results requires further study. GLP-RAs, as a relatively safe hypoglycemic drug, reported that most AEs were almost gastrointestinal complications. These gastrointestinal AEs mainly occur during the dose increase period, and most AE symptoms are relieved within 1–2 weeks after dose titration.

Our study had several limitations. First, considering the wide clinical heterogeneity of different RCTs, such as different design methods, drug types, drug dosages and different choices of the control group, we used a random-effects model in some analyses to reduce the influence of these factors. We also excluded some conference abstracts, clinical trial registration information, and posters, because we did not have access to the full-text articles and data. Moreover, the search and screening process of registration information revealed several eligible ongoing studies (35–40) concentrating on the effects of different types of GLP-RAs, such as semaglutide and dulaglutide. In recent years, several observational trials, cohort studies, case reports, and one-arm studies (41), have demonstrated significant improvements in liver steatosis, serum liver enzyme, and glycolipid metabolism disorder.



Conclusion

In summary, we demonstrated that GLP-1RAs reduce liver fat content and body weight and improve the laboratory metabolic parameters in adults with MAFLD without serious safety concerns. Thus, GLP-1RAs can be used as anti-MAFLD drugs, particularly in patients at a higher risk of MAFLD complications. Given the limited study population, randomized trials of observational cohorts are needed to confirm the clinical usage of GLP-1RAs in adults with MAFLD.
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Alternative RNA splicing is a process by which introns are removed and exons are assembled to construct different RNA transcript isoforms from a single pre-mRNA. Previous studies have demonstrated an association between dysregulation of RNA splicing and a number of clinical syndromes, but the generality to common disease has not been established. Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease affecting one-third of adults worldwide, increasing the risk of cirrhosis and hepatocellular carcinoma (HCC). In this review we focus on the change in alternative RNA splicing in fatty liver disease and the role for splicing regulation in disease progression.
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Introduction

Eukaryotic protein-coding genes are usually split into exons and intervening introns that are removed by the process of RNA splicing (1). Alternative splicing is the process that selectively removes introns or exons, or parts thereof, to generate multiple messenger RNAs (mRNAs) from a single precursor mRNA (pre-mRNA) (2). First reported in 1980, RNA alternative splicing events have been found in the majority of eukaryotic genes. Indeed, it is estimated that more than 95% of the genes in the human cell undergo alternative splicing and produce isoforms of different or even opposing biological roles (3). Therefore, alternative RNA splicing plays a critical role in defining the transcriptome and fine-tuning the proteome of the cell.

Recent studies have shown that changes in RNA splicing and RNA binding protein expression occur during the maturation of the liver (4, 5), are associated with aging and sexual dimorphism in the liver (6), and have also been documented in hepatocellular carcinoma (7–16), but little is known about changes in RNA splicing in early liver disease (17). Non-alcoholic fatty liver disease (NAFLD) is the leading cause of liver disease in western countries, affecting almost 25% of the adult population in the world (18). It is defined as the fat accumulation in the liver after the exclusion of secondary causes (19). NAFLD can progress from simple steatosis to non-alcoholic steatohepatitis (NASH), cirrhosis and even hepatocellular carcinoma (HCC) (20). Not surprisingly, NAFLD is strongly associated with the metabolic syndrome (21, 22) and the prevalence of NAFLD is rising due to the global obesity epidemic (23). Yet the risk of NAFLD is affected by both environmental and genetic factors (24). Many studies have assessed gene expression changes in NAFLD patients and identified transcripts that are associated with specific metabolic comorbidities in patients with NAFLD and NASH (25–28). Changes in splicing factor expression have also been observed which would suggest alterations in RNA splicing (29, 30). Furthermore, some studies have demonstrated alternative splicing of obesity-related genes in the liver and other metabolic tissues, suggesting that splicing variants may play a role in NAFLD development (31–35). Thus, the evidence to date points to a potential association between liver disease and RNA splicing that deserves further investigation. In this article, we review prior evidence and discuss more recent reports of alternative RNA splicing events and their significance in the process of fatty liver disease.



Regulation of Alternative Splicing

The human genome, as well as many other eukaryotic genomes, contains stretches of intronic sequence between sparser and relatively smaller, exonic sequences. The process of removing the introns from the pre-mRNA is called RNA splicing and has been extensively reviewed (2, 36–38). Of interest here, these introns can be spliced out in the pre-mRNA at different locations and efficiencies to form different arrangements of exons in the final mRNA transcripts through the use of alternative splice sites (2). This process allows for greater RNA and protein diversity than would be predicted by the number of genes (3, 39). Briefly, a complex RNA-based molecular machine called the spliceosome recognizes the splice sites and performs the intron excision and exon joining (40). The spliceosome is formed from five main subunits of small nuclear ribonucleoprotein particles (snRNPs) (41, 42). In canonical splicing, the U1 snRNP recognizes a GU-containing hexamer sequence at the 5′ site of the intron, while the U2 subunit in combination with an auxiliary factor U2AF recognizes the branch-point sequences, a pyrimidine-rich sequence, and the AG-splice site at the 3′ site of the intron. Once these molecules are bound to the RNA, they recruit the U4/U5/U6 snRNPs to form the spliceosome which then rearranges to form an active splicing complex. This complex cleaves the intron at the 5′ and 3′ ends then ligates the exons together by a trans-esterification mechanism (7, 43). While a U1 and U2 interaction across the intron (intron definition) has been demonstrated in vitro, it is only effective when the introns are relatively short (less than 250 nucleotides). For the majority of long introns in vivo, this U1–U2 splice site recognition process is thought to occur across exons, in a process called exon definition (43).

Recognition of 5′ splice sites is mediated by base pairing of the U1 snRNA, a component of the U1 snRNP, with the sequences surrounding the splice site, whereas the 3′ splice site is recognized in a less sequence specific manner by U2AF binding to the polypyrimidine tract at the 3′ splice site allowing the U2snRNA to base-pair with the branch-point sequence. As such, any divergence of the splice site sequence from the consensus will weaken recognition by the snRNPs and use of the splice site by the spliceosome. This allows for selection of alternate exons, or the use of alternative splice sites in exons. Recognition of these weak splice sites is modulated through the binding of RNA-binding proteins (RBPs) to adjacent short regulatory sequences. These sequences can either repress or enhance splicing at the adjacent site. Many RBPs are involved in alternative splicing, including the serine/arginine-rich (SR) proteins and the heterogeneous nuclear ribonucleoprotein (hnRNPs) families, that together target the spliceosome to the appropriate splice site (7). As a general, but not hard-and-fast rule, SR proteins are typically involved with exonic splicing enhancers (ESEs) and help stabilize the snRNPs at splice sites (44, 45), but hnRNPs interact with exonic splicing silencers (ESSs) and prevent the binding of SR proteins or snRNPs. The hnRNPs thus mainly play a role in exon skipping, in which the exon and its neighboring introns are spliced out of the pre-mRNA (7, 44).

Extracellular factors have also been shown to contribute to the regulation of alternative splicing (46). Extracellular stimuli can affect the phosphorylation of splicing factors, either promoting or inhibiting binding to the RNA (47). Kinases and phosphatases that perform post-translational modifications of splicing factors have also been identified (7, 46). These different mechanisms expand the versatility of alternative splicing, allowing the body to produce a wide variety of proteins and molecules based off of a relatively limited genome.



Global Changes in the Splicing Machinery in NAFLD

To understand the factors involved in the development of NAFLD, transcriptome profiling of human livers has been performed by microarray and RNAseq, and changes in the expression of many transcription factors have been documented, such as FOXO1, SREBP1, IRF1, IRF3, C/EBPβ, SMAD3, SMAD7, PPARα and PPARβ (48–51); however, most of the studies did not investigate changes in RNA splicing factors or spliceosome components. In recent years, in recognition of the increasingly important role for RNA splicing, a number of studies (10, 29, 48, 52) have investigated whether the components of the alternative splicing machinery may be altered in NAFLD and NASH that might underlie changes in splicing variants (Table 1).


Table 1 | Studies reporting alterations of RNA splicing components in NAFLD or NASH.



The association of splicing factors with obesity and NAFLD was initially investigated by microarray analysis (53, 59, 60), which allowed quantification of gene expression but not RNA splicing. NAFLD is strongly associated with obesity, and several obesity-linked genes have been shown to be regulated by alternative splicing (61–64); therefore, Pihlajamaki et al. identified differentially expressed genes in the liver and muscle biopsies from obese patients by high-density oligonucleotide arrays (30). Five lean control subjects and eight obese subjects were included for the liver cohort. Though none of them had abnormalities in glucose metabolism at the start of the study, six of the obese subjects were diagnosed with type 2 diabetes mellitus (T2D) during the study. When they analyzed the pathways affected by the alterations in expression, they found the top two pathways were mRNA processing and RNA splicing pathways. Forty-six of the 199 analyzed RNA splicing genes were downregulated in obese livers, and the expression of 13 genes decreased in both liver and muscle, including SFRS10 (TRA2b), SFRS7 (9G8), SF3A1, SFRS2 (SC35), SFPQ, HNRPA1, HNRPK. The decreased expression of SFRS10, SFRS7, SF3A1, SFPQ and HNRPK in obese liver was further confirmed in a mouse model of diet-induced obesity. This study demonstrated that RNA splicing factor expression inversely correlated with hepatic fat accumulation and hyperinsulinemia and that alterations in RNA splicing factor expression may contribute to obesity-related phenotypes.

Starmann et al. (25) profiled healthy controls (n = 10) and patients with simple steatosis (n = 14) or steatohepatitis (n = 8) by microarray. They found 4,963 genes altered in the steatohepatitis patients versus healthy liver or 2,542 genes altered versus the simple steatosis patients. Inspection of these differentially expressed genes for known splicing factors showed that 136 splicing factors were altered compared to healthy liver and 41 compared to simple steatosis. Among the genes altered were eight HNRNPs (A2B1, H1/2/3, L, F, D & U), RBFOX2, eight RBMs (12B, 14, 22, 7, 10, 20, 4 & 6), four SF3 genes (B6, B5, A3, & B2), SLU7, SFPQ, SRSF11, MBNL3, and TRA2A.

Zhu et al. (52) examined hepatic gene expression in 72 patients with mild NAFLD (fibrosis stage 0–1, n = 40) and severe NAFLD (fibrosis stages 3–4, n = 32), alcoholic hepatitis (AH, n = 15), or healthy liver (n = 7) by microarray. The mild and severe NAFLD and AH clustered together but were distinct from the healthy controls. Although not addressed in the paper, reanalysis of their dataset showed that the expression of 92 splicing factor genes was altered in subjects with mild NAFLD versus healthy controls. Among these altered genes were ESRP1/2, MBNL1/2/3, SLU7, nine SF3 genes and ten SRSF proteins.

Ye et al. (53) used weighted gene co-expression network analysis on a NASH-NAFLD microarray dataset generated by Lake et al. (54) and found that modules involved in RNA processing with enrichment for genes involved in RNA binding, mRNA processing and the spliceosome in the NASH and NAFLD groups.

More recently in 2018, Gerhard et al. (48) performed RNAseq of liver samples from individuals with normal histology (n = 24), lobular inflammation (n = 53), or advanced fibrosis, defined by bridging fibrosis, incomplete cirrhosis, or cirrhosis (n = 65). They reported differential expression of 3,820 and 2,980 genes in the lobular inflammation and advanced fibrosis groups compared to normal histology. In addition to genes involved in inflammation, extracellular matrix, cytokine and PI-3K signaling, and focal adhesion, 35 splicing factors were altered in the lobular inflammation group, including ESRP1, RBM4/20/24, SF3B5, HNRNPU, CELF3/4/5, ELAVL2/4, NOVA1/2, and RBFOX1/3, and 20 were altered in the advanced fibrosis group including CELF3/4/5, ELAVL2/4, RBM20/24, NOVA1/2, and RBFOX1/3.

To specifically address whether the splicing machinery is altered in steatosis, Del Rio-Moreno et al. (29) profiled the expression of spliceosome components and splicing factors in liver samples obtained from 41 obese women with (n = 32) and without (n = 9) hepatic steatosis by qPCR. The patients with steatosis were further classified into mild, moderate, or severe steatosis by liver echography. It should be noted that all the patients in this study presented with steatosis at an early stage of NAFLD without any evidence of NASH or cirrhosis. The expression of 17 splicing machinery components and 28 splicing factors was determined. It was found that the expression of 16 of these 45 genes was clearly different between patients with and without hepatic steatosis, including eight spliceosome components (RNU6ATAC, RNU6, SF3B1, RNU2, RNU4ATAC, RBM22, U2AF1, U2AF2) and eight splicing factors (PTBP1, SRRM1, SND1, KHDRSB1, SRSF2, SRSF10, ESRP2, TIA1). In patients with steatosis the expression of RNU6ATAC, RNU6, SF3B1, RNU2, RNU4ATAC, TIA1 was downregulated, but the expression of the other 10 genes was elevated significantly. When the patients with steatosis were grouped according to similar expression patterns of spliceosome components and splicing factors, patients in Cluster A (characterized by lower SRSF4 and TRA2B) showed increased blood glucose and haptoglobin levels, whereas patients in Cluster B (higher RBM45 and TRA2A) had higher plasma triglycerides, GGT, and lower alkaline phosphatase levels, and Cluster C (higher SND1 and RAVER1) exhibited elevated insulin, ALT, and AST levels. Moreover, Cluster C presented a worse response to bariatric surgery, compared with Clusters A+B, exhibiting less normalization of plasma GGT, glucose, triglycerides, alkaline phosphatase, and HDL levels. The differences of these three molecular NAFLD phenotypes suggest that the dysregulation of specific splicing machinery components is associated with distinct clinical/metabolic alterations. To test whether a causal relationship could exist, the authors used RNAi knockdown in HepG2 cells. Knockdown of specific splicing factors (PTBP1, SRSF4, RBM22, RBM45, SND1, RAVER1) significantly lowered lipid accumulation in HepG2 hepatoma cells after lipid loading with oleic acid. Although expression of the selected splicing factors was not altered by oleic acid treatment, the expression of some splicing machinery components was modulated by other metabolic factors. For example, elevated glucose decreased SND1, and leptin decreased RBM22, but insulin-like growth factor 1 (IGF-1) increased RAVER1, and palmitic acid increased PTBP1 and RBM22. Thus, this study provided evidence that not only could the overexpression of SRSF4, RBM45, SND1, and RAVER1 that is seen in the three molecular clusters enhance the development of NAFLD, but also that the metabolic milieu could contribute to the altered RNA splicing.

In 2019, Suppli et al. (49) also published an RNAseq study on liver samples from healthy normal (n = 14), obese individuals (n = 12), and NAFLD (n = 15) and NASH (n = 16) patients. They found that genes involved in RNA metabolism were enriched in samples from NASH patients compared to NAFLD. Although many genes (8,244) were differentially expressed in NAFLD and NASH compared to healthy liver, the authors did not provide the lists of differentially expressed genes and did not investigate whether RNA splicing genes were altered. A reanalysis of these data, however, showed that many RNA splicing factor genes were altered in NAFLD (174) and NASH (204).

That same year, Hoang et al. (50) published a study of 72 patients with varying degrees of biopsy-confirmed NAFLD compared to six healthy controls by RNAseq. Patients’ samples were assessed by NAFLD activity score (NAS) or fibrosis stage. The authors used ordinal regression to identify genes that significantly changed with severity of disease either by NAS or fibrosis stage. At a false discovery rate of 1%, they identified 2,970 genes associated with NAS and 1,656 genes associated with fibrosis stage. Integration of these genes with protein-interaction networks demonstrated that genes involved in immune signaling, extracellular matrix organization, and cell cycle were enriched. They also identified genes enriched in RNA metabolism associated with both NAS and fibrosis stage. Inspection of the list of significant genes shows that 88 splicing factors are associated with NAS and 52 with fibrosis stage, suggesting a change in the splicing machinery with disease progression.

Similar to the human data, there is evidence that splicing factor expression is altered in different liver disease stages in six mouse models of non-alcoholic and alcoholic fatty liver disease (AFLD). In a recent study, Wang et al. (10) evaluated the expression of 10 splicing factors (PSF, NONO, SRSF1, SRSF3, SRSF6, SRSF7, hnRNPA2B1, hnRNPH, La, and SF1) in mouse livers by western blot. A significant decrease of SRSF3 and increases of NONO, SRSF6, hnRNPA2B1 and hnRNPH protein were detected in livers of HFD-induced NAFLD mice. The AFLD mouse model also showed increased expression of PSF, p47, SRSF7 and La. To model the effect of disease progression, male mice were injected with LPS and CCl4 to induce liver inflammation and fibrosis, respectively. As a result, the level of p47, SRSF3, SRSF6 and La was upregulated in the LPS-induced inflammatory livers, while SRSF6, SRSF7, and SF1 levels were elevated in fibrotic livers. Furthermore, they confirmed alteration in many of these splicing factors in RNA from 152 paired human HCC and normal samples.

Consistent with the known developmental changes in RNA splicing during liver maturation, liver injury caused by 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) ingestion causes hepatocyte regeneration and a switch to a neo-natal or fetal splicing program (55). This is accompanied by reductions in splicing factor ESRP2, hnRNPH, hnRNPC, and CELF1 protein expression and increases in the MBNL1, PTBP1, hnRNPA1, and SRSF1 protein expression. As a consequence, livers showed alterations in RNA splicing, with exon skipping/retention being the predominant mode. Gene ontology analysis indicated that mRNA processing and spliceosome regulation of splicing were enriched with these alternatively spliced genes. Downregulation of ESRP2 was sufficient to phenocopy DDC treatment (see below).

Not all studies have found changes in the splicing machinery. A number of earlier studies did not report alterations in splicing factor expression. A study carried by Teufel et al. (28) compared gene expression in liver samples from patients at different stages of NAFLD with mouse models of NAFLD. Liver tissues of 25 NASH patients, 27 NAFLD patients, 15 healthy obese patients, and 39 controls were collected, in addition to liver tissues from nine NAFLD mouse models [mice on a high-fat diet (with or without fructose), mice on a Western-type diet, mice on a methionine- and choline-deficient diet, mice on a high-fat diet given streptozotocin, and mice with disruption of Pten in hepatocytes]. They found that, although there was very little overlap of gene expression profiles in NAFLD liver tissues between human and mouse, at the pathway level the gene expression patterns in livers of mice with NAFLD due to high-fat diet feeding closely matched the human liver profiles, especially pathways associated with lipid metabolism. Analysis of the human samples uncovered 65 and 177 differentially expressed genes in the NAFLD and NASH groups, but only 12 genes in the healthy obese group. Although splicing factor expression was not significantly altered in the human samples, Hnrnpab, Hnrnpl, Rbm4, Rbm4b, Rbm42, Srsf2, and Srsf5 were altered in the mouse MCD and HFD NASH models.

Arendt et al. (27) profiled liver expression in 20 patients with simple steatosis, 19 with NASH and 24 healthy controls by microarray and identified 556 genes altered in the NASH group, while 530 genes were altered in the simple steatosis group and only 22 genes were different between the steatosis and NASH groups. While they were able to show enrichment of genes for fibrosis, inflammation, oxidative stress and lipid metabolism, the dataset did not show enrichment of genes involved in RNA splicing.

Almanza et al. (56) performed transcriptional profiling by RNAseq in SAMP6 mice fed a high-fat diet to induce NAFLD. The authors identified a pre-fibrotic and pre-malignant gene signature in the 350 differentially expressed genes in this mouse model, but splicing factors were not found to be altered.

Kristiansen et al. (57) used a high-cholesterol (2%), high trans-fat (44%) diet to induce NASH in C57BL/six mice compared to obese db/db mice. Although they reported 868 genes induced and 510 genes repressed in their NASH model, the data were not provided so it was not possible to determine whether any splicing factors were among the genes altered.

Similarly, Van Koppen et al. (58) performed RNAseq on livers from LDL-R KO mice fed a high-fat diet to induce NASH. While they reported fibrosis, inflammation, and lipid metabolism signatures, they did not provide the data, so it was again not possible to determine if any splicing factors were altered.



Contribution of Individual Splicing Factors to Liver Disease

Given the dysregulation of the RNA splicing machinery that has been observed in human and mouse fatty liver disease, a number of studies have looked at the role of individual splicing factors in the liver using mouse genetics (Table 2).


Table 2 | Genetic manipulation of splicing factors implicated in liver disease.




SFRS10

SFRS10 (also known as TRA2b) belongs to SR-like protein family (79) and was identified as being reduced in the liver and muscle of obese individuals in the paper by Pihlajamaki et al. (30). Like many other SR proteins, the level of SFRS10 protein expression is regulated by a negative feedback loop. SFRS10 binds to its own exon 2 and promotes exon inclusion, generating an mRNA isoform that is subject to non-sense-mediated decay and unable to be translated into protein. When SFRS10 levels decline, exon 2 is skipped and the mRNA isoform encoding full length SFRS10 is produced (80). SiRNA-mediated SFRS10 knockdown increased the expression of several lipogenic genes and increased lipogenesis in vitro. Despite the negative feedback regulation, SFRS10 heterozygous mice showed increased expression of lipogenic gene expression in the liver, increased VLDL secretion and hypertriglyceridemia in vivo (30).



SRSF3

SRSF3 (also known as SRp20) is the smallest member of the SR protein family and was previously identified as a regulator of inclusion of exon 11 in the insulin receptor mRNA, which modulates the affinity of the receptor for IGF2. Sen et al. (65) showed that genetic loss of SRSF3 in hepatocytes impaired hepatocyte maturation and disrupted glucose and lipid metabolism. Furthermore, the SRSF3 knockout mice all developed HCC with aging (66). SRSF3 was found to be downregulated in human HCC samples, and recent studies showed SRSF3 was also reduced in NAFLD, NASH and cirrhosis liver samples in both human and mouse, and as a consequence, changes in the splicing of known SRSF3 target genes were observed (FN1, MYO1B, INSR, SLK) (10, 81). The increase of Slk spliced isoform and decrease of Dgkd and Insr spliced isoforms have also been detected in mouse livers with inflammation and fibrosis (10). Although SRSF3 protein levels were decreased in fatty liver disease, the levels of its mRNA and the ratio of SRSF3 mRNA isoforms did not change. The level of SRSF3 protein in the liver was determined by proteosomal degradation in the cytoplasm and was controlled by covalent attachment of NEDD8 on lysine 11 (67). Preventing SRSF3 degradation by inhibiting neddylation prevented NAFLD progression in mice, consistent with the fact that the inhibition of neddylation pathway was shown to reverse liver fibrosis in vivo (67). Thus, destabilization of a splicing factor under lipid overload is able to trigger liver disease progression. SRSF3 is also implicated in hepatitis B virus pathology as the HBx protein sequesters SRSF3 in the cytoplasm in a 14-3-3β complex, which has been shown to enhance Ras/FOXO4 signaling through increased expression of CCDC50S (82).



SLU7

SLU7 is a splicing factor that ensures the correct selection of the 3′ splice site (83), and its expression was downregulated in patients with cirrhosis (84). Elizalde et al. (68) analyzed the splice events that occurred in HCC cells with downregulated SLU7 and found the most influenced category of genes was RNA post-translational modification. Knockdown of SLU7 in human liver cells and mouse liver impaired glucose and lipid metabolism, and the knockdown mice were unresponsive to normal feeding and fasting. SLU7 was more recently shown to be essential for maintaining genome integrity by suppressing the inclusion of exon 4 in the SRSF3 mRNA. This transcript is normally subject to non-sense-mediated decay but if translated gives rise to a truncated form of SRSF3 and causes intron retention in sororin mRNA and defects in sister chromatid cohesion and hence, DNA damage (85). In contrast to cirrhosis, SLU7 was shown to be elevated in alcoholic steatohepatitis in humans, and SLU7 knockdown prevented oxidative stress and liver damage in alcohol-treated mice. So, these studies suggest that both overexpression and loss of SLU7 are detrimental to liver function.



NONO

The RNA binding protein NONO (non-POU domain-containing octamer binding) belongs to the Drosophila Behavior Human Splicing family and binds primarily to introns within pre-mRNAs (86). NONO is an RNA binding protein that forms a heterodimer with SFPQ, a splicing factor that has been shown to be decreased in obesity. Using RNA-immunoprecipitation and sequencing (RIP-seq) NONO bind sites were found to be enriched in metabolic and circadian genes especially after feeding. NONO regulated glucose-responsive genes, including Gck and Glut2, in the liver post-transcriptionally. NONO-deficient mice had impaired glucose tolerance and reduced hepatic glycogen, were lean and stored less fat, and exhibited increased fat catabolism during the light phase (69). Viral overexpression of NONO improved the glucose tolerance in the NONO-deficient mice. Supporting a role in liver disease, NONO was also found to be elevated in livers from mice on high-fat diet (10). NONO-SFPQ is also the target for the lncRNA Morrbid and modulates Nras splicing (87). The NONO and SFPQ genes are frequently co-expressed in HCC where they promote the inclusion of exon12a in the bridging integrator 1 (BIN1) gene causing the expression of the BIN1-L isoform that binds and stabilizes PLK1 (88).



ESRP2

Epithelial splicing regulatory protein 2 (ESRP2) belongs to the RBM family of RNA-binding proteins and was originally identified as an epithelium-specific splicing regulator (89). A more recent study showed ESRP2 controlled the neonatal-to-adult shift of alternative splicing in the liver (70). Furthermore, Hyun et al. (71) found ESRP2 was suppressed in severe alcoholic hepatitis (ASH) in both humans and mouse models. They further showed that the release of inflammatory cytokines (TNF-α, IL-1β) by excessive alcohol ingestion reprogramed adult hepatocytes into fetal-like cells by suppressing ESRP2. Indeed, depleting ESRP2 exacerbated alcohol-induced steatohepatitis in mouse models. As inflammatory cytokines are involved in liver injury in many disease settings (90–92), ESRP2 suppression and adult-to-fetal reprogramming were also observed in a carbon tetrachloride (CCl4)-induced liver fibrosis model (71). Downregulation of ESRP2 activates a neonatal splicing program and causes exon skipping in the Yap1 and Tead1 genes, rewiring Hippo signaling and supporting progenitor cell proliferation upon liver injury (55). Altered ESRP2 expression has also been found in human HCC samples (93), so it is reasonable to expect that ESRP2-mediated splicing plays a role in liver disease as inflammation is a marker of progression from NAFLD to NASH (94).



SRSF2

SRSF2 (also known as SC35) also belongs to the SR protein family and binds exonic splicing enhancers (95, 96). Cheng et al. (72) reported that hepatocyte-specific deletion of SRSF2 caused severe liver injury and early death in mice. RNA-Seq analysis identified SRSF2-regulated cell death and stress-related alternative splicing events, including Becn1, Mfge8, Trp53inp, and Trp53inp2. Furthermore, inactivation of SRSF2 caused hepatic metabolic disorders by controlling expression of transcription factors responsible for energy homeostasis and bile acid metabolism, including PPARα, C/EBPα, SREBF1c, and NR1I3, that led to cholesterol and bile acid accumulation in the SRSF2-KO mice. Loss of SRSF2 also decreased expression of metabolic genes such Ebp, Baat, Slc27a5, resulting in hypoglycemia indicating an essential role of SRSF2 in hepatic metabolism. Interestingly, the few Srsf2 knockout mice that did not die from liver failure showed impaired hepatocyte maturation, activation of hepatocyte progenitor cells, and eventually developed HCC (97). Deletion of a related SR protein SRSF1 (SF2/ASF) did not result in this phenotype, so the effects are specific and not related to global effects on RNA splicing. Overexpression of SRSF2 has been observed in HCC and knockdown of SRSF2 in human hepatoma cells prevents tumor growth (98).



SRSF7

SRSF7 (also known as 9G8) is closely related to SRSF3 (99). A study performed by Peng et al. (100) profiled mouse liver transcriptomes during liver development, and SRSF7 expression was shown to decrease during liver maturation. This finding was further supported by Jam et al. who analyzed hepatocytes from juvenile and adult mice (101) and found SRSF7 was expressed more highly in juvenile hepatocytes. Depletion of SRSF7 led to premature maturation, whereas forced expression of SRSF7 suppressed cellular senescence in vitro. SRSF7 depletion also impaired cellular anabolism and increased glycolysis consistent with a more fetal-like state. SRSF7 knockout mice also exhibited suppression of juvenility-associated genes in hepatocytes, including Igf2, which functions as an enhancer of body growth (5). Thus, SRSF7 is essential for hepatocyte differentiation and maturation.



A1CF

A1CF (also known as APOBEC1 complementation factor) belongs to the HNRNP family of RNA binding proteins. It was originally identified as an essential component of the ApoB editing complex but recent reports have shown that it is dispensable for RNA editing (102–104). Mice lacking A1cf expression in the liver exhibit improved glucose tolerance and are protected from fructose-induced hyperglycemia, hepatic steatosis, and obesity. The mice have altered RNA splicing of 84 genes including Gk and Khk, and PAR-CLIP studies indicated that A1CF binds to a UGGG sequence and competes with HNRNPH to regulate splicing of various RNA transcripts (73).



RBM15

RNA binding motif protein 15 (RBM15) belongs to the SPEN family and determines cell fate of many tissues (105). RBM15 binds to RNA to regulate post-transcriptional modifications (106) such as alternative RNA splicing, polyadenylation, and protein translation. RBM15 is not only essential for megakaryocyte differentiation (107), but also indispensable for liver development (74). Hu et al. (74) found RBM15 was expressed in the liver during its differentiation, and depletion of RBM15 specifically suppressed hepatic maturation and caused liver failure but did not affect hepatocyte proliferation and apoptosis. More studies are needed to understand the role of RBM15 in hepatic maturation and liver diseases.



PRPF6

Pre-mRNA processing factor 6 is a splicing factor involved in spliceosome formation. Depletion of Rpr6 inhibits cell proliferation and HCC tumor growth potentially by upregulating the expression of the androgen receptor splice variant 7 (AR-V7) (75).



MTR4

MTR4 is an RNA helicase that is present in the TRMAP complex that targets incorrectly processed transcripts for degradation by the nuclear exosome (108, 109). Knockdown of MTR4 expression in HCC cells causes changes in alternative splicing predominantly through exon skipping (76). The authors demonstrated that the glycolytic enzymes Glut1 and Pkm2 are two MTR4 targets, and knockdown of MTR4 increases splicing of the Glut1b and Pkm1 isoforms, causing a metabolic switch from glycolysis to oxidative phosphorylation. Mechanistically, MTR4 acts by recruiting the poly-pyrimidine tract binding protein PTBP1 to 3′ splice sites.



PTBP3

The polypyrimidine tract binding protein 3 (PTBP3) is overexpressed in HCC and regulates alternative splicing at the 3′ end of the lncRNA NEAT1. This lncRNA controls p53 and CCND1 signaling and hence proliferation (77).



MBNL3

The muscle blind protein 3 (MBNL3) is expressed highly in fetal liver and is re-expressed in HCC. Transcriptomic analysis of SMMC-7721 HCC cells with Mbnl3 knockdown revealed 527 MBNL3-dependent alternative splicing events (78). The authors showed that MBNL3 induces exon 4 inclusion in the lncRNA PXN-AS1 that is transcribed from the anti-sense strand of the paxillin (PXN) gene. These anti-sense transcripts have different effects on PXN mRNA translation, with the short isoform inhibiting translation but the long isoform preventing mRNA degradation by miR-24. Paxillin is a focal adhesion protein that promotes tumor cell proliferation, and the authors demonstrated that the oncogenic effects of MBNL3 overexpression are mediated by changes in PXN translation.




Contribution of Individual Splice Variants to NAFLD

Alternative splicing of mRNA can alter the sequence of the encoded protein. This can alter the biochemical properties of the protein, the intracellular localization, the stability, the ability to be regulated by post-translational modifications, or interactions with other proteins (110). In extreme cases, such as the Bcl-X gene, alternative splicing can generate isoforms with antagonistic activity (111). Changes in splicing factor expression can alter the splicing of hundreds of target genes that could potentially be responsible for the observed phenotype. So, in this section, we will look at individual splice variants in target genes and their possible role in fatty liver disease.


KLF6

Kruppel-like factor 6 (KLF6), a member of the Kruppel-like family, was identified as an activator of several genes involved in the development of liver fibrosis (112), and its expression is increased during progression to fibrosis in a rat NASH model (113). Genetic association studies have also shown that a SNP located in the first intron is associated with NAFLD. The functional SNP creates a novel binding site for a splicing factor SRp40 that alters the splicing of the KLF6 pre-mRNA allowing production of a shorter isoform. While the KLF6 full length isoform was increased in NAFLD patients with more advanced disease, the alternative spliced isoform of KLF6 enhanced by the SNP was associated with reduced fibrosis in NAFLD. Miele et al. (114) found that the shorter KLF6 isoform was anti-fibrogenic and could abrogate the induction of α-smooth muscle actin and type 1 collagen mRNAs in vitro by full length KLF6. Moreover, another study (115) revealed that the alternatively spliced variant of KLF6 lowered the hepatic insulin resistance and blood glucose by reducing glucokinase expression.



PPARγ

The peroxisome proliferator-activated receptor family (PPARs) consists of three genes: PPARα, PPARβ/δ and PPARγ, with a highly conserved structure (116). The PPARs regulate genes involved in multiple processes, such as fatty acid uptake and oxidation, lipid metabolism and inflammation (117). PPARα and PPARβ/δ play a role in lipid catabolism, while PPARγ regulates lipid anabolism and is essential for induction of adipogenesis (118). PPARγ has multiple alternatively spliced transcripts but two major protein isoforms: PPARγ1 and PPARγ2. Many transcripts encode PPARγ1, but only the PPARG-201 transcript, which initiates from a downstream promoter, encodes the PPARγ2 protein (119). Though PPARγ1 expression is very low in normal liver, PPARγ2 expression is significantly elevated in terms of both mRNA and protein levels in the livers of obese mice compared to the wide type mice. Furthermore, the increased PPARγ2 expression was positively correlated with liver steatosis in obese patients and with insulin resistance in mice (120–122). Given PPARγ2’s role in induction of adipogenic genes, the elevated expression in the liver is consistent with the induction of steatosis in obesity. PPARγ2 activation induced lipogenic genes (including ADRP, SREBP-1, and FAS) and promoted de novo lipogenesis resulting in lipid accumulation in hepatocytes (123–125).



INSR

The insulin receptor (INSR) is a tyrosine kinase receptor that mediates both the metabolic and mitogenic effects of insulin (126). The association between INSR and NAFLD has been widely investigated since Marchesini et al. first demonstrated that NAFLD patients had reduced insulin sensitivity and impaired hepatic glucose production (127). INSR has two isoforms due to alternative splicing of exon 11: INSR-A and INSR-B (128, 129). INSR-A lacks exon 11 and binds both insulin and IGF-2 with high affinity, but INSR-B that contains the additional 12 amino acids encoded by exon 11 only binds insulin with high affinity (130). The expression of these two different isoforms is regulated at both mRNA transcription and post-transcription levels (128, 129). In many cancers, INSR is overexpressed and the A:B ratio increased (129). Kumar et al. (81) have reported that the splicing of the INSR is altered in patients with NAFLD, NASH, and cirrhosis and in mice on high-fat diet or NASH diets, with increased expression of INSR-A. In pre-clinical studies, Lopez-Pastor et al. reported that AAV expression of INSR-A or INSR-B significantly reduced the NAFLD activity score (NAS) and improved insulin secretion, but did not affect body weight or glucose tolerance in mice on a high fat diet (131). Interestingly, INSR-A improved insulin sensitivity and increased glucose uptake into liver and muscle. Similar studies in a liver Insr knockout mouse showed that INSR-A was more effective at ameliorating glucose intolerance (132). The two receptors are known to signal differentially and INSR-A and INSR-B showed different effects on gene expression as has been reported in pancreatic beta cells (133). Thus, altered INSR splicing in liver could potentially alter NAFLD progression.



LPIN1

LPIN1 is a member of the lipin gene family that dephosphorylates phosphatidic acid to diacylglycerol in the penultimate step in triglyceride metabolism (134). LPIN1 gene encodes two mRNA isoforms, lipin-1α, lipin-1β by alternative mRNA splicing (135). Lipin-1β includes exon 6 compared with lipin-1α (35). The two isoforms of lipin-1 differ in expression pattern, subcellular localization, and function (35). During the adipocyte differentiation, lipin-1α decreases, and lipin-1β increases. In mature adipocytes, lipin-1α localizes in nucleus but lipin-1β is primarily cytoplasmic. Unlike lipin-1α, lipin-1β expression leads to induction of lipogenic genes (35). The expression of lipin-1β mRNA but not lipin-1α increased in the livers of NASH mice induced by choline-deficient diet (136). Pihlajamaki et al. (30) reported that SFRS10 regulates lipin-1 mRNA splicing by binding to exon 6 causing its inclusion. SFRS10 levels are reduced in the livers of obese mice and obese humans and, although overall expression of lipin-1 did not change, the lipin-1β/α ratio increased. Yin et al. (137) demonstrated that lipin-1β/α is also increased in alcoholic fatty liver disease (AFLD) in mice. They also showed that alcohol reduces SIRT1 expression in mouse liver which in turn reduces SRSF10 expression. Genetic deletion of SIRT1 in hepatocytes causes hepatic steatosis suggesting this may be causative in AFLD (138). The downregulation of SIRT1 was also observed in obese human subjects, and LPIN1 splicing was altered, but paradoxically, SRSF10 levels were not changed (139). More evidence is needed, therefore, to fully establish the SIRT1–SFRS10–LIPIN-1 axis in fatty liver in humans.



TF

Tissue factor (TF) is produced by the liver and is required for blood coagulation (140). An alternatively spliced form of TF is found in the plasma of patients with chronic liver disease including liver fibrosis, cirrhosis and HCC. This isoform lacks exon 5 leading to premature termination of translation in exon 6, the last exon (141). The resulting protein lacks the transmembrane domain that anchors TF in the plasma membrane as TF acts as an angiogenic factor by stimulating integrin signaling, triggering proliferation and tumor cell metastasis.



PDSS2

The prenyldiphosphate synthase subunit 2 (PDSS2) is a key factor in coenzyme Q10 synthesis. Six splicing variants are produced, but only full length PDSS2 is catalytically active, the other five variants showing loss of function. Loss of PDSS2 function causes a shift from mitochondrial respiration to aerobic glycolysis and increased proliferation of HCC cells that can only be restored by the full length Pdss2 isoform (142). Knockdown of PDSS2 in MIHA immortalized liver cells caused chromosomal instability and transformation.




Conclusion and Future Perspectives

It is generally accepted that alternative RNA splicing plays an important role in fine tuning gene expression and cellular function in various tissues and contexts. There is also evidence that changes in RNA splicing may be involved in the pathogenesis of obesity in various tissues (143). In the liver, changes in RNA splicing have been documented during development and maturation of hepatocytes, but studies showing a causal relationship are rare. In 2017 (17), we reviewed the status of the field and the published studies of alternative splicing in the liver. Since then, a number of large human studies have been published so we have updated our review to include these and other new studies that further support the concept that alternative splicing is an early feature of liver disease. While RNA splicing changes have been documented in HCC (8–16) and reviewed elsewhere (144–146), most studies in early liver disease, NAFLD or NASH, have focused on total mRNA changes rather than changes in individual mRNA isoforms and alternative splicing (48–50). These studies, however, can be informative as changes in the expression of splicing machinery components can be indicative of changes in RNA splicing. The idea that these changes may be causative for, rather than the result of, liver disease is supported by accumulating evidence from genetic manipulation of individual splicing factors or isoform variants in mice that contribute to liver disease. It is worth noting that most of the altered mRNAs or splicing factors are associated with lipid metabolism which is not unexpected given the common steatotic phenotype. Beyond that, gluconeogenesis and fibrosis are also disease processes that may be influenced by alternative splicing, which may contribute to disease progression, inflammation and fibrosis. Given the potential role of individual mRNA isoforms in liver disease, further investigation into the extent of splicing dysregulation in liver disease, the splicing factor target networks involved, and the function of the alternatively spliced isoforms is clearly required. Additionally, as the transcriptome profiles between humans and mice with NAFLD have been shown to differ, it would be important to compare alternative splicing patterns in human liver and mouse models of liver disease. This is particularly important as studying hepatic-specific KO mice and splice variants is a powerful tool for functional evaluation of alternative splicing variants in vivo. Functional assessment is essential as it is not possible a priori to predict the effect of a splice variant on protein activity. Unlike transcriptome profiling where an increase in gene expression generally leads to an increase in protein expression and activity, this is not the case for alternative splicing. Indeed, there are many examples of splice variants having antagonistic activities. Gene-to-gene mapping for transcriptome studies is possible but mapping alternative splicing events is more problematic. There is currently no widely accepted method to name splicing events, and the output from most software programs is not compatible with cross-comparisons. The development of standardized formats and nomenclature in the splicing field will be required to enable the use of animal models to predict human disease.

The recent studies provide a strong rationale for the development and testing of novel therapeutic strategies targeting specific isoforms based on an understanding of alternative splice variants in NAFLD. Small molecule splicing inhibitors have been developed to interfere with the activity of the spliceosome and are being tested in cancer models (147). Yet these general inhibitors are unlikely to be useful in other diseases due to broad effects to inhibit all splicing. A more promising approach is the development of splice-switching anti-sense oligonucleotides (ASO) for diseases related to RNA mis-splicing, thus minimizing toxic side effects (148, 149). Although anti-sense oligonucleotides (ASO) delivery is a challenge, recent advances in the modifications have improved the stability, affinity (150, 151) and specificity (152). For example, the BCL-X gene has two major isoforms: antiapoptotic BCL-XL and proapoptotic BCL-XS. ASO can induce a shift from BCL-XL to Bcl-XS in human hepatic stellate cells, which are the major producers of fibrotic ECM, showing that BCL-X ASO is a potential therapy for liver fibrosis (153). Other ASOs have been proved to protect mice from NAFLD through aiming at gene silencing (154, 155). Alternative therapeutic approaches include the development of modified U1 snRNAs that target specific splicing mutations (156). These have been used successfully in preclinical studies in familial dysautonomia (157), hemophilia B (158), and spinal muscular atrophy (159). Development of such targeted therapeutics for liver disease will require further studies on alternative splicing in NAFLD and the role of individual splice variants.
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Ectodysplasin A (EDA) was recently identified as a liver-secreted protein that is increased in the liver and plasma of obese mice and causes skeletal muscle insulin resistance. We assessed if liver and plasma EDA is associated with worsening non-alcoholic fatty liver disease (NAFLD) in obese patients and evaluated plasma EDA as a biomarker for NAFLD. Using a cross-sectional study in a public hospital, patients with a body mass index >30 kg/m2 (n=152) underwent liver biopsy for histopathology assessment and fasting liver EDA mRNA. Fasting plasma EDA levels were also assessed. Non-alcoholic fatty liver (NAFL) was defined as >5% hepatic steatosis and nonalcoholic steatohepatitis (NASH) as NAFLD activity score ≥3. Patients were divided into three groups: No NAFLD (n=45); NAFL (n=65); and NASH (n=42). Liver EDA mRNA was increased in patients with NASH compared with No NAFLD (P=0.05), but not NAFL. Plasma EDA levels were increased in NAFL and NASH compared with No NAFLD (P=0.03). Plasma EDA was related to worsening steatosis (P=0.02) and fibrosis (P=0.04), but not inflammation or hepatocellular ballooning. ROC analysis indicates that plasma EDA is not a reliable biomarker for NAFL or NASH. Plasma EDA was not increased in patients with type 2 diabetes and did not correlate with insulin resistance. Together, we show that plasma EDA is increased in NAFL and NASH, is related to worsening steatosis and fibrosis but is not a reliable biomarker for NASH. Circulating EDA is not associated with insulin resistance in human obesity.


Clinical Trial Registration

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=12615000875505, identifier ACTRN12615000875505.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is now recognized as the most prevalent chronic liver disease worldwide (1). NAFLD is characterized by excessive hepatic triglyceride accumulation and is diagnosed as the presence of steatosis in >5% of hepatocytes, in the absence of significant alcohol consumption and other known causes of liver disease. Its more severe form, known as non-alcoholic steatohepatitis (NASH), is characterized by hepatic steatosis, inflammation and hepatocyte injury (e.g. ballooning), with or without hepatic fibrosis. NAFLD is present in ~25% of the general population (2) and incidence is increased strikingly in obesity, with overall NAFLD prevalence of ~75% and with 17% having NASH and/or steato-fibrosis (3). Patients with NAFLD also have a high prevalence of insulin resistance and several lines of evidence indicate a bidirectional relationship between NAFLD/NASH and type 2 diabetes (T2DM), perhaps owing to the shared mechanisms underpinning their pathology (4). Indeed, there is a high prevalence of NAFLD and NASH in patients with T2DM (~55%–80%) (5), while T2DM accelerates the progression of NAFLD and is an important clinical predictor of advanced hepatic fibrosis and mortality (6).

There is an incomplete understanding of the factors mediating the close relationship between NAFLD and diabetes, with the likelihood of multiple contributing factors. The secretion of liver-derived proteins, which are known as hepatokines, is altered in NAFLD (7) and a growing body of work shows that hepatokines signal via autocrine/paracrine and endocrine signaling to induce changes in lipid metabolism, peripheral insulin action, and glycemic control (8).

Ectodysplasin A (EDA) is a protein of the tumor necrosis factor family (9) that is encoded by the EDA gene. The EDA transcript is alternatively spliced producing different isoforms, with EDA-A1 and EDA-A2 being dominant and differing by only two amino acids. EDA is a type II membrane protein that can be cleaved by furin to produce a secreted form (10–12), which is subsequently recognized by the ectodysplasin A receptor (10, 13–15). EDA acts as a homotrimer and plays an important role in the development of ectodermal tissues such as skin (16, 17). EDA, along with c-Met, has also been shown to be involved in the differentiation of anatomical placodes, precursors of scales, feathers and hair follicles in vertebrates (18). Defects in this gene are a cause of X-linked hypohidrotic ectodermal dysplasia (19) and non-syndromic hypodontia (20).

Ectodysplasin A (EDA) was recently identified as a liver-secreted protein that appears to cause metabolic dysfunction in rodents (21). Gain- and loss- of-function studies showed that liver-derived EDA-A2 contributes to impaired skeletal muscle insulin sensitivity (21) and reduced liver triglyceride levels in obese, insulin resistant mice (22). Results from a small clinical study further reported increased liver EDA mRNA levels with increasing severity of steatosis and inflammation, and a negative correlation between liver EDA mRNA and whole-body insulin sensitivity (21). In addition, serum EDA-A2 levels were shown to be increased in overweight NAFLD patients compared with lean individuals, and showed positive associations between EDA-A2 and impaired glycemic control and inflammation (22). While these studies support a role for liver-derived EDA in the development of metabolic dysfunctions commonly associated with NAFLD, the clinical results are confounded by marked differences in adiposity between patient groups. Furthermore, there is an incomplete understanding of the relationship between EDA levels and the severity of liver disease in NAFLD, particularly in obesity, where the rate of any degree of NAFLD is markedly increased compared with lean individuals.

In light of these observations, the aims of the present study were to i) determine the role of EDA in progressive NAFLD as assessed by severity of steatosis, inflammation, ballooning, and fibrosis in NAFLD by liver histology, ii) assess the utility of EDA as a biomarker of NAFLD and, iii) determine the relationships between EDA, insulin resistance and other hepatic and systemic measures of lipid and glucose metabolism, and inflammation.



Materials and Methods


Ethics

Ethics was obtained from The Alfred Human Ethics Committee and the study was registered with the Australian Clinical Trials Register (ACTRN12615000875505). Patients were recruited from the following hospitals: The Alfred (195/15), The Avenue Hospital (190), and Cabrini Health (09-31-08-15) in Melbourne, Australia. All procedures were in accordance with the ethical standards of the Helsinki declaration.



Patient Recruitment

Patients were selected and recruited from individuals undergoing laparoscopic adjustable gastric band, sleeve gastrectomy or gastric bypass surgery. Inclusion criteria were as follows: 1) > 18 years of age, 2) BMI ≥ 30 kg/m2 and 3) an elevated alanine aminotransferase (ALT), aspartate aminotransferase (AST) or gamma-glutamyl transferase (GGT) value that was 0.5 times higher than the upper normal limit. Patients were excluded from the study if they showed evidence of having another liver disease including viral hepatitis or history of excess alcohol use, defined by the American Association for the Study of Liver Disease (23).



Clinical and Biochemical Data

On the day of the operation patients underwent a full physical examination and medical history, including a full list of current medication. Fasting (8–12 h) blood samples were collected before the induction of anesthesia. Blood was collected into tubes containing K2EDTA or SST™ II advance tubes, centrifuged for 10 min at 1792 x g and plasma was collected and stored at -80°C for subsequent analysis.



Liver Biopsy, Tissue Collection, and Histopathology

A liver wedge biopsy, at least 1 cm in depth, was collected from patients. The sample was divided into two pieces where half was placed into 10% formalin and stained with hematoxylin and eosin and Masson’s trichrome for subsequent histological assessment. The other half was snap frozen and stored at -80°C for later analysis.

Biopsies were evaluated in a blinded fashion by a pathologist. This was based on the presence or absence of the following three components: i) steatosis (5%–33% of parenchyma for grade 1, >33% to 66% for grade 2, and >66% for grade 3); ii) lobular inflammation (<2 foci per ×200 field for grade 1, 2–4 foci for grade 2, and >4 foci for grade 3); and iii) hepatocellular ballooning where few or many ballooning cells are present per high-power field for grade 1 or 2, respectively (24). NASH was determined as the joint presence of steatosis, ballooning, and lobular inflammation (NAFLD activity score ≥3) as defined by the Clinical Practice Guidelines of European Association for the Study of the Liver (EASL), the European Association for the Study of Diabetes (EASD) and European Association for the Study of Obesity (EASO) (25). Liver fibrosis was graded according to the Kleiner classification (26).



Analysis of Plasma EDA

Human plasma samples were analyzed by colorimetric assay for ectodysplasin A using the Human Ectodysplasin A (EDA) ELISA Kit (My BioSource, San Diego, CA, USA). The inter-assay coefficient of variation was 8.46.



Analysis of Liver EDA mRNA

RNA from the liver biopsies was extracted using TRI-Reagent (Sigma-Aldrich, Castle Hill, NSW, Australia) following the manufacturers protocol. Following extraction, the RNA was incubated with a DNA removal kit (Invitrogen, Carlsbad, California, United States), following the manufacturer’s instructions. After RNA quantification, synthesis of complementary DNA was performed using an iSCRIPT kit (Bio-Rad, Hercules, California, United States). Real Time PCR was performed using SYBR Green Master Mix (Qiagen, Hilden, Germany), respective primers and read using a CFX384 Touch Real-Time PCR Detection System (Biorad, Hercules, California, United States). Primers used: EDA Forward: GGACGGCACCTACTTCATCTA and Reverse: GCGGTATAGCAAGTGTTGTAGTT. The housekeeping gene used to normalize values was hypoxanthine–guanine phosphoribosyltransferase (HPRT), primer sequences; Forward: ATAAGCCAGACTTTGTTGG and Reverse: ATAGGACTCCAGATGTTTCC.



Statistical Analysis

A two-sided p value of 0.05 was considered statistically significant. A Shapiro-Wilk test was used to assess normality of distribution. Continuous parametric variables were represented as mean ± standard deviation (SD) and compared using student t-test or one-way ANOVA. Median ± 95% confidence interval were used to described non-parametric variables. Comparative analysis was performed using Mann-Whitney U test or Kruskal-Wallis test. Binary data was reported as whole numbers and percentage and compared using Chi-square test. Univariate binary and linear logistic regressions determined the relationship between each variable and the cohorts, and with plasma EDA respectively. Statistically significant variables from the univariate analysis were further evaluated using multivariate regression with stepwise backward (Wald). Omnibus tests of model coefficients were used to determine overall model fit and statistical significance. Nagelkerke R2 method was used to determine how much variation can be explained by the model. The receiver operating characteristic (ROC) curves were performed to determine the threshold of plasma EDA that distinguish NASH and NAFLD from no NAFLD. The area under the curve (AUC) represents the overall discriminatory ability of the ROC curve. AUCs were classified according to Hosmer et al, where AUC more than 0.9 was considered outstanding, between 0.8 and 0.9 excellent, between 0.7 and 0.8 acceptable, and less than 0.7 was poor discrimination (27). Statistical analysis was performed with SPSS version 26 (SPSS Inc, Chicago, IL, USA) and GraphPad Prism version 8.3.0 (GraphPad Software, San Diego, California USA).




Results


Patient Characteristics

The patient’s clinical characteristics are shown in Table 1 and liver pathology in Table 2. Samples were collected and analyzed from 152 patients with a strong selection bias for female patients (75%). The average age of the patient cohort was 45 ± 3 years and the body mass index (BMI) averaged 47.8 ± 3.3 kg/m2. Liver histology identified 45 patients (29.6%) who exhibited no adverse pathology, which are from this point forward referred to as ‘No NAFLD’. The other patients are classified as NAFL (65 patients, 42.8%) or NASH (42 patients, 27.6%) based on a widely used pathology score (26). Consistent with the histopathology assessment, there was a significant increase in circulating levels of the liver enzymes AST and ALT in NASH compared with No NAFLD and NAFL (P<0.001). No differences between groups were observed for age, BMI and blood lipids with the exceptions of plasma triglyceride, which was increased in NAFL and NASH compared with No NAFLD (P=0.002), and plasma HDL, which was decreased in NASH compared with No NALFD (P=0.004). Patients with NAFL and NASH were insulin resistant compared with No NAFLD, as indicated by an increased HOMA-IR (P=0.005) (Table 1), while type 2 diabetes prevalence was not different between groups (P=0.124).


Table 1 | Clinical and biochemical characteristics of subjects.




Table 2 | Liver pathology in human subjects.





Relationship of Liver EDA mRNA With NAFLD

Liver EDA mRNA was not increased in NAFL compared with No NAFLD, but appeared increased in NASH compared with No NAFLD (P=0.054) (Figure 1A). There was no difference in liver EDA mRNA between No NAFLD and NAFLD (P=0.12). Liver EDA mRNA tended to increase with worsening grades of steatosis (P=0.06 by ANOVA) (Figure 1B) but were not impacted by lobular inflammation (P=0.32) (Figure 1C). Liver EDA mRNA was higher in patients with hepatocellular ballooning score > 0, although this was statistically significant when comparing scores of 0 vs.1, but not 0 vs. 2 (Figure 1D). Liver EDA mRNA was not different (P=0.83) when patients were stratified for no fibrosis (F0), mild fibrosis (F1) or moderate to advanced fibrosis (F0 vs. F2–4) (Figure 1E).




Figure 1 | Liver EDA mRNA and NAFLD progression. Hepatic EDA expression by (A) patient group, (B) steatosis grade, (C) lobular inflammation score, (D) hepatocellular ballooning score and (E) fibrosis score. Shown are median and 95% confidence interval. Data were analyzed by Kruskal-Wallis test and Dunn’s multiple comparisons test. Adjoining lines indicate P<0.05.





Relationship of Plasma EDA With Progressive NAFLD

To further assess the role of EDA in relation to progressive NAFLD in obesity, we analyzed plasma EDA levels by ELISA. Plasma EDA concentrations averaged 2.47 ± 0.17 ng/ml in the entire patient cohort and were increased by 55% in NAFL and 52% in NASH when compared with No NAFLD (P = 0.03) (Figure 2A). Plasma EDA was increased with steatosis grade above 0 (P=0.04 by ANOVA), reaching significance when comparing grade 0 vs. grade 2 (Figure 2B). Plasma EDA was not related to the degree of inflammation (P=0.40) or hepatocellular ballooning (P=0.61), but was increased with the severity of fibrosis (P=0.007) (Figure 2C–E). EDA was recently identified as a hepatokine (21). Accordingly, we assessed the relationship between liver EDA mRNA and plasma EDA and report no significant correlation between liver EDA mRNA and plasma EDA (R2 = 0.0006, P=0.79) (Figure 2F).




Figure 2 | Plasma EDA and NAFLD progression. Plasma EDA levels by (A) patient group, (B) steatosis grade, (C) lobular inflammation score, (D) hepatocellular ballooning score and (E) fibrosis score. Shown are median and 95% confidence interval. Data were analyzed by Kruskal-Wallis test and Dunn’s multiple comparisons test. Adjoining lines indicate P<0.05. (F) Relationship between liver EDA mRNA and plasma EDA.



We next explored the potential utility of plasma EDA as a biomarker of NAFLD. ROC curves were developed to predict the presence of NAFL or NASH. Area under ROC was 0.611 for NAFL (95% CI 0.497–0.725, P=0.054; Figure 3A) and 0.569 for NASH (95% CI 0.470–0.667, P=0.203; Figure 3B). When comparing No NAFLD and NAFLD (e.g. NAFL and NASH combined), the AUC was 0.623 (95% CI 0.514–0.731, P=0.021; Figure 3C). Plasma EDA of above or equal to 1.423 ng/ml predicts NAFLD with the sensitivity of 74.6% and specificity of 50%.




Figure 3 | Receiver operating characteristic (ROC) curve for the prediction of NAFL and NASH. The diagnostic accuracy of clinical markers with and without the addition of EDA was calculated for (A) NAFL, (B) NASH, and (C) NAFLD. Thicker lines represent statistically significant models with P<0.05.



The diagnostic accuracy of clinical markers with and without the addition of EDA was calculated. Multivariable analysis identified HbA1c and ALT as statistically significant variables for the presence of NASH and NAFLD. A combination of HbA1c and ALT produced an AUROC for NASH of 0.794 (95% CI 0.706–0.882, P<0.001) and for NAFLD of 0.711 (95% CI 0.611–0.810, P<0.001) (Figures 3B, C). Combination of these clinical markers with plasma EDA produced an AUROC for NASH of 0.793 (95% CI 0.705–0.881, P<0.001) and for NAFLD 0.706 (95% CI 0.607–0.805, P<0.001), which was not a significant improvement compared to routine variables alone (Figures 3B, C). Combinations of established scoring systems (NAFLD liver fat score and hepatic steatosis index) and plasma EDA with or without the addition of HbA1c and ALT did not improve the accuracy of these scoring system to diagnose NAFLD or NASH above HbA1c and ALT alone (data not shown). Further, plasma EDA, clinical markers, established scoring systems, and combinations of these variables failed to produce statistically significant ROC to diagnose NAFL (Figure 3A).



Relationship of Plasma EDA With Insulin Resistance and Type 2 Diabetes

Circulating EDA is proposed to contribute to insulin resistance in skeletal muscle through endocrine regulation (21). Accordingly, we assessed plasma EDA levels in patients without and with type 2 diabetes that were matched for NAFLD. Plasma EDA was increased in patients with NAFLD compared with No NAFLD but was not significantly different between NAFLD patients with and without type 2 diabetes (Figure 4A). We also assessed the relationship between plasma EDA and measures of insulin sensitivity and glycemic control in the entire patient cohort. Plasma EDA was not significantly correlated with whole body insulin resistance determined using the HOMA-IR (R²<0.0001, P=0.908), fasting plasma glucose (R²=0.013, P=0.178), or HbA1c (R2<0.0001, P=0.986) (Figures 4B–D). These data indicate that plasma EDA is not associated with insulin sensitivity or type 2 diabetes in obese individuals. Moreover, univariate binary regression analysis revealed no significant associations of plasma EDA with any clinical measure (Table 3).




Figure 4 | Relationship between plasma EDA, type 2 diabetes and insulin resistance. (A) Plasma EDA in patients without NAFLD or type 2 diabetes, with NAFLD and without type 2 diabetes and with both NAFLD and type 2 diabetes. Data were analyzed by Kruskal-Wallis test and Dunn’s multiple comparisons test. Adjoining lines indicate P<0.05. (B–D) Relationship between plasma EDA and (B) HOMA-IR (insulin resistance), (C) fasting blood glucose, and (D) HbA1c.




Table 3 | Association of plasma EDA with clinical measures.






Discussion

The liver is an active endocrine organ and is susceptible to substantial metabolic and inflammatory stress in obesity, factors which have been shown to mediate changes in liver-secreted proteins (i.e. hepatokines) (7, 8). Accordingly, hepatokines have been identified for their potential use as biomarkers across the spectrum of NAFLD (28). This study focused on understanding the links between the hepatokine ectodysplasin A, NAFLD and NAFLD co-morbidities in obese individuals.

At present, the only reliable method of identifying and staging patients with NAFLD is liver biopsy; however, this procedure is invasive, is associated with sampling variability and limited representation of the whole liver and is difficult to repeat to monitor progression of liver damage. With the increasing global incidence of obesity and associated NAFLD (3) and the lack of diagnostic precision with alternative non-invasive assessments for NAFLD in obese patients (e.g. plasma biomarkers and elastography techniques) (29), there is an urgent need for non-invasive alternatives to liver biopsy to identify those patients who require intervention and to monitor therapeutic responses in these patients. The identification of accurate biomarkers has, to some degree, been hampered by the lack of clarity in understanding the mechanisms mediating NAFLD development and progression (30).

We report increased levels of plasma EDA in obese individuals with NAFL compared with obese individuals with no adverse liver pathology, but no further increase in NASH subjects. Consistent with this observation, plasma EDA was increased with steatosis grade but not with grade of lobular inflammation or hepatocellular ballooning and was not related to other measures of liver damage including AST and GGT. Extending on these findings, we used receiver operating characteristic regression to calculate the area under the ROC curve for plasma EDA alone and in combination with other diagnostic tests to investigate the diagnostic accuracy of EDA for the prediction of NAFLD. Plasma EDA demonstrated limited clinical utility alone and did not improve the diagnostic accuracy of clinical routine markers (HbA1c and ALT) and established scoring systems (NFS and hepatic steatosis index) for NAFLD or NASH. Collectively, our analysis in a large cohort of obese patients with well-defined liver histopathology supports the notion that EDA is increased in NAFLD but is an unreliable biomarker for NAFLD or discriminator of NAFL and NASH. It is noted that a very low number of subjects had significant fibrosis (F3–4) and therefore the role of EDA in patients with advanced form for NAFLD cannot be excluded. From a broader perspective, the use of biomarkers is problematic when attempting to discriminate between patients with NAFL, NASH and fibrosis because this is a dynamic disease in which the worsening and partial amelioration of both conditions is reported to occur (31, 32).

A previous study in a cohort of lean individuals reported a strong association between NAFLD and circulating EDA-A2, with the authors concluding that EDA-A2 is a useful biomarker for NAFLD (22). There were significant differences between studies. The previous study by Yang et al. (22) determined NAFLD using ultrasonography and graded NAFLD according to the Chinese Standard (33), whereas in the present study NAFLD was determined using liver biopsy and histological assessment according to the guidelines of the Clinical Practice Guidelines of European Association for the Study of the Liver (25). The second major difference was the patient cohort, with Yang et al. (22) examining a lean cohort compared with our investigation of EDA in morbidly obese patients undergoing bariatric surgery. This raises the possibility that plasma EDA is a useful biomarker in lean patients, but not in obese patients where NAFLD incidence is significantly higher. The third major difference is that Yang et al. (22) assessed plasma EDA-A2 whereas we assessed total plasma EDA. The EDA transcript is alternatively spliced producing nine different isoforms, with EDA-A1 and EDA-A2 being dominant and differing by only two amino acids (34). We were unable to confirm the specificity of the EDA-A2 ELISA used in the previous study (22) and given the extremely high homology between EDA-A1 and EDA-A2, elected to measure total EDA. To the best of our knowledge, the ratio between EDA-A1 and -A2 in human plasma is unknown and this should be the focus of future investigations.

Although EDA was previously and convincingly identified as a hepatokine in mice (21), we did not observe a significant correlation between liver EDA mRNA expression and plasma EDA levels, suggesting that the liver might not be a major contributor to circulating EDA levels in humans. In this respect, Awazawa and colleagues (21) reported expression of Eda mRNA in murine white and brown adipose tissue, skeletal muscle, heart, brain and liver of mice, with the highest expression in brown fat and the lowest expression in the liver. These observations are corroborated by the Genotype-Tissue Expression (GTEx) project showing low EDA mRNA expression in liver and high expression in visceral adipose tissue and pancreas (Figure 5). Hence, it is probable that tissues other than the liver are the major contributors to circulating EDA levels in humans, with white adipose tissue a logical candidate. Notably, there were no correlations between BMI (a marker of total adiposity) and plasma EDA in our study. It is possible that other factors contribute to the mismatch between liver EDA mRNA and circulating EDA. For instance, EDA requires cleavage by the endopeptidase furin to facilitate protein secretion (11) and differential furin expression might contribute to changes in liver EDA secretion in progressive NAFLD.




Figure 5 | EDA gene expression in various tissues. EDA tissue gene expression (shown as TPM—transcripts per million) adapted from GTEx (based on ENSG00000158813), showing that the liver is the tissue with the 6th highest EDA expression compared to 54 tissues examined. Box plots are shown as median and 25th/75th percentile. Data Source: GTEx Analysis Release V8 (dbGaP Accession phs000424.v8.p2).



NAFLD is closely linked to several co-morbidities including insulin resistance and type 2 diabetes. Liver EDA mRNA was shown to correlate with systemic insulin resistance in patients and loss and gain of function studies in mice ascribed a role for liver-derived EDA in the development of skeletal muscle insulin resistance (21, 22). Our data do not support these findings, as neither liver nor plasma EDA were significantly associated with markers of insulin resistance (i.e. HOMA-IR, fasting glucose and fasting insulin) or type 2 diabetes. Our study has several limitations in relation to these previous findings; the ELISA used in this study detects EDA-A1 and EDA-A2 isoforms which does not allow for assessment of EDA-A2 as a mediator of insulin resistance. Furthermore, we do not have measures of skeletal muscle insulin resistance in our patient cohort, which would require assessment with euglycemic-hyperinsulinemic clamps.

In conclusion, we show in a large obese patient cohort with liver biopsy-defined NAFLD stage and extensive blood profiling that liver EDA expression and plasma EDA concentration are increased in NAFL and NASH, but that circulating EDA is not a reliable biomarker for NAFLD. Circulating EDA did not correlate with clinical measures of liver damage, fat mass, blood lipids, insulin resistance or type 2 diabetes. Finally, we find no correlation between liver and plasma EDA levels, suggesting that the liver is unlikely to be a major contributor to circulating EDA in humans.
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Non-alcoholic fatty liver disease is strongly associated with obese and type 2 diabetes. It has been reported that an oxidized cholesterol, 7-ketocholesterol (7KC), might cause inflammatory response in macrophages and plasma 7KC concentration were higher in patients with cardiovascular diseases or diabetes. Therefore, we have decided to test whether small amount of 7KC in diet might induce hepatic steatosis and inflammation in two types of obese models. We found that addition of 0.01% 7KC either in chow diet (CD, regular chow diet with 1% cholesterol) or western type diet (WD, high fat diet with 1% cholesterol) accelerated hepatic neutral lipid accumulation by Oil Red O staining. Importantly, by lipid extraction analysis, it has been recognized that triglyceride rather than cholesterol species was significantly accumulated in CD+7KC compared to CD as well as in WD+7KC compared to WD. Immunostaining revealed that macrophages infiltration was increased in CD+7KC compared to CD, and also in WD+7KC compared to WD. These phenotypes were accompanied by inducing inflammatory response and downregulating fatty acid oxidation. Furthermore, RNA sequence analysis demonstrated that 7KC reduced expression of genes which related to autophagy process. Levels of LC3-II protein were decreased in WD+7KC compared to WD. Similarly, we have confirmed the effect of 7KC on acceleration of steatohepatitis in db/db mice model. Collectively, our study has demonstrated that small amount of dietary 7KC contributed to accelerate hepatic steatosis and inflammation in obese mice models.
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Introduction

Obesity is a complex disorder that has been a worldwide health problem for individuals as well as the society (1). The incident rate of Non-alcoholic fatty liver disease (NAFLD) is increasing and strongly associated with the patient’s background, such as obesity as well as type 2 diabetes mellitus (T2DM) (2–4). NAFLD could be categorized into non-alcoholic fatty liver (NAFL) with simple steatosis or non-alcoholic steatohepatitis (NASH) which is accompanied with steatosis, inflammation, and fibrosis (5). It is clinically important to distinguish two types of disease because the existence of inflammation could link to hepatic steatosis as well as systemic inflammatory disorders. Indeed, a couple of studies have demonstrated that the presence of NAFLD was associated with higher incident ratio of atherosclerotic cardiovascular diseases (CVD) (6, 7). Moreover, Yong-Ho and colleagues have demonstrated that hepatic steatosis was associated with left ventricular dysfunction (8). There is a growing evidence that diet can affect the pathophysiology of NAFLD as well as CVD (9–13).

An oxidized cholesterol, 7-ketocholesterol (7KC), can be produced by oxidation with oxygen, cooking, and reactive oxygen species (ROS) (14, 15). It has been reported that in our daily diet the concentration of 7KC was low compared to cholesterol (16), however, it might be unexpectedly increased by the advances in food manufacturing technology such as microwave cooking or long-term frozen storage (17). In in vitro experiments, it has been reported that 7KC has an ability to stimulate ROS production and eventually apoptosis due to cellular dysfunction in macrophages (18, 19). In an in vivo study, 7KC was toxic to macrophages through promoting inflammation in atherosclerotic lesions (20, 21). In human, it has been also reported that 7KC was detected in carotid atherosclerotic plaques (22). According to recent clinical studies, patients with higher blood 7KC concentration have a higher incidence rate of getting cardiovascular events (23, 24). Moreover, plasma 7KC levels were much higher in diabetes patients compared to healthy people (25, 26).

Considering these situations, it is quite precious to answer a question whether a small amount of 7KC in diet might affect the development of hepatic steatosis, inflammation, and fibrosis in obese mice to identify one of causal risk factors of steatohepatitis.

According to our results, the diet-derived 7KC accelerated hepatic steatosis and inflammation, without any change of lipid profiles or serum cytokines in obese mice models.



Materials and Methods


Animals and Diets

Male ob/ob or db/db mice were obtained from Charles River Laboratories (Tokyo, Japan) and housed in a temperature and humidity-controlled facility with a 12 h light/dark cycle. Ob/ob mice were fed regular chow diet with 1% cholesterol (CD, OrientalBio Laboratories, Chiba, Japan; casein 23%, sucrose 10%, corn oil 5%, and cholesterol 1%) with or without 0.01% 7KC and high fat, high cholesterol diet (WD, OrientalBio Laboratories, Chiba, Japan; casein 20%, sucrose 34%, cocoa butter 20%, and cholesterol 1%) with or without 7KC. Db/db mice were fed WD with or without 7KC. 7KC was purchased from Sigma-Aldrich (C2394, St. Louis, MO, USA).

Mice used for the experiment were anesthetized by an intraperitoneal injection of medetomidine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg). Adequate anesthesia was maintained by monitoring the respiration rate and the lack of response to paw pinching. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of Osaka University Graduate School of Medicine.



Biochemical Analyses

In serum, alanine aminotransferase (ALT), total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), and triglycerides (TG) were measured by enzymatic methods (Wako Pure Chemical Industries, Tokyo, Japan). Non HDL-C was calculated as TC minus HDL-C. Hepatic TG, TC, and free cholesterol (FC) were also measured after lipid extraction of liver tissue by Folch method (Wako Pure Chemical Industries, Tokyo, Japan). Esterified cholesterol (CE) was calculated as TC minus FC. Serum tumor necrosis factor α (TNF-α) and IL-1β were determined using mouse TNF-α and IL-1β ELISA kit (MTA00B and MLB00C, Quantikine, Minneapolis, USA), respectively.



Histologic and Immunohistochemical Analyses

Paraffin-embedded sections were stained with hematoxylin and eosin (200108, Muto Pure Chemicals, Tokyo, Japan) or sirius red (MKCB3138V, Sigma-Aldrich, Tokyo, Japan). For lipid staining, frozen sections were stained with Oil Red O (M3G0644, NACALAI TESQUE, Kyoto, Japan). Macrophages were detected by F4/80 (MCA497R, Bio-Rad, Tokyo, Japan) and VECTASTAIN secondary antibodies (Vector laboratories, Burlingame, USA). To quantify the area of staining by Oil Red O and Sirius Red, images of five random fields from each section were processed with Image J software (National Institute of Mental Health, Bethesda, MD, USA). Each value was expressed as the percentage of the total area of the section. Numbers of F4/80 positive cells were counted and averaged for five random fields of each section.



Quantitative Polymerase Chain Reaction and Western Blotting

Quantitative real-time polymerase chain reaction (qRT-PCR) and western blot were performed as described previously (27, 28).

Briefly, total RNA was isolated from the liver tissues using the Rneasy® Mini Kit (QIAGEN, Hilden, Germany). The RNA was reverse-transcribed using a SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific, CA, USA). qRT-PCR was performed by Taqman master mix (Thermo Fisher Scientific, CA, USA) and a 7900 Sequence Detection System (Applied Biosystems, USA). The specific primer information is listed in Table S1.

The antibodies used for the immunoblot are LC3B (2775, Cell Signaling Technology, Beverly, MA, USA) and Rubicon (8465, Cell Signaling Technology, Beverly, MA, USA). For signal normalization, anti-GAPDH antibody was used (MAB374, Millipore, Bedford, MA, USA). Membranes were imaged with the ImageQuant LAS 4000 camera system (GE Healthcare). The band intensity was quantified by Image J software.



RNA-Seq Analysis

The quality of the RNA was assessed by spectrophotometer (NanoDrop 2000, Wilmington, USA). Sequencing was performed on an Illumina HiSeq 2500 platform in the 75-base single-end mode. The Illumina Casava 1.8.2 software was used for base-calling. The raw reads were mapped to the mouse reference genome sequences (mm10) using TopHat ver. 2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. The number of fragments per kilobase of exon per million mapped fragments (FPKMs) was calculated using Cufflinks ver. 2.2.143,44. Pathway analyses were conducted using a STRING network tool.



Measurement of Mitochondrial Complex I Activity

Mitochondrial complex I enzyme activity was measured by Complex I Enzyme Activity Microplate Assay Kit (ab109721, Abcam, Cambridge, UK) according to the manufacturer protocol.



Statistical Analyses

Results were shown as means ± SD. Comparisons between two groups were made by a two-tailed Student t test. For multiple group comparisons, a one-way ANOVA with a post hoc Tukey test was performed and P < 0.05 was considered statistically significant.




Results


The Addition of Small Amount of 7-Ketocholesterol in Diet Did Not Affect Body/Organ Weights, Alanine Aminotransferase, Tumor Necrosis Factor-α, or Lipid Profiles

An oxidized cholesterol, 7KC, is recognized to be produced by oxidation from cholesterol (Figure 1A). In the current study, we would like to test whether small amount of 7KC supplementation in diet could accelerate hepatic lipid accumulation and inflammation in obese mice, we prepared four types of diets. As mentioned in Introduction, Ichi I et al. have investigated the daily intake of oxysterols and reported that cholesterol to 7KC was approximately 700 to 1. We have estimated that 7KC intake could be increased by five- to ten-fold due to increasing consumption of processed meat or sausage of microwave and finally determined that the ratio of cholesterol to 7KC should be 100 to 1. To make the ratio of cholesterol to 7KC 100:1, we increased cholesterol content of regular chow diet up to 1% (CD; casein 23%, sucrose 10%, corn oil 5%, and cholesterol 1%), with or without 0.01% 7KC. Also, high fat, high cholesterol diet (WD; casein 20%, sucrose 34%, cocoa butter 20%, and cholesterol 1%) with or without 7KC were prepared. Before we started the project, we have confirmed that CD+7KC or WD+7KC have not shown any liver injury in wild type/C57BL/6 mice even after 20 weeks (data not shown). Next, ob/ob mice at age of 6 weeks were fed CD, CD+7KC, WD, or WD+7KC for 4 weeks. Firstly, the change of body weight by 7KC was not observed both in CD and WD (Figure 1B). There were no difference of liver and heart weight in mice fed CD ± 7KC or WD ± 7KC (Figure 1C). Spleen weight of WD mice was significantly increased compared to CD (0.0017 ± 0.0001 vs. 0.0012 ± 0.0001; p < 0.001, Figure 1C), however, we could not see any difference between CD and CD+7KC or WD and WD+7KC. Similarly, in serum, alanine aminotransferase (ALT) level of WD mice was about two folds of CD (306.1 ± 68.8 vs. 163.5 ± 46.0; p < 0.001) and TNF-α level showed significantly higher than CD (34.1 ± 1.4 vs. 30.5 ± 1.9; p < 0.05), though the differences of ALT and TNF-α between CD and CD+7KC or WD and WD+7KC could not be observed (Figure 1D). There were no differences of total cholesterol (TC), high density lipoprotein cholesterol (HDL-C), non-HDL-C, or triglycerides in mice fed CD ± 7KC or WD ± 7KC (Figure 1E). These data suggested that the addition of small amount of 7-KC in diet did not affect body/organ weights, ALT, TNF-α, or lipid profiles.




Figure 1 | Effect of 7KC on body and organ weight, ALT, serum Tnf-α, and lipid profiles in ob/ob mice fed CD or WD for 4 weeks. (A) 7KC can be produced by oxidation from cholesterol, (B) The curve of body weight change with special diet feeding, (C) Body and organ weight, (D) Serum ALT and Tnf-α, (E) Lipid profiles. Plasma lipid concentrations were measured at the end of the feeding. All values are presented as the means ± SD. ANOVA with Tukey test, n = 6 per group; *p < 0.05, **p < 0.01, ***p < 0.001.





The Addition of Small Amount of 7-Ketocholesterol in Diet, However, Accelerated Hepatic Lipid Accumulation and Inflammatory Cell Infiltration in Ob/Ob Mice

Serum ALT, TNF-α, and lipid profiles have never indicated the effect of 7KC, however, interestingly, liver sections have demonstrated dramatic changes. This is also a common problem in the patients with NAFLD. In many cases, it is quite difficult to distinguish the patients with NASH from NAFL by laboratory tests, such as liver function, lipid profiles, and inflammatory markers examination. In HE and Oil Red O staining, there were more and larger lipid droplets in CD+7KC compared to CD. The area of lipid droplets which was scanned by ImageJ software showed significantly increased (11.9 ± 2.3 vs. 19.1 ± 2.8; p < 0.01). In like manner, much more and larger lipid droplets could be observed in WD+7KC compared to WD. Lipid droplets area was significantly increased (19.5 ± 3.7 vs. 27.3 ± 3.2; p < 0.01, Figures 2A, B). Then, we addressed the question which kinds of lipids were accumulated by 7KC exposure. We extracted the lipids of liver and measured hepatic triglyceride (TG), total cholesterol (TC), free cholesterol (FC), and cholesterol ester (CE) contents. We found that hepatic TG content was significantly increased in CD+7KC compared to CD (57.0 ± 14.0 vs. 73.9 ± 10.9; p < 0.05). Similarly, 7KC significantly increased hepatic TG content in WD (90.7 ± 16.1 vs. 111.8 ± 16.5; p < 0.05). There were no differences of liver TC, FC, or CE in mice fed CD, CD+7KC, WD, or WD+7KC (Figure 2C). Thus, 7KC accelerated accumulation of TG but not cholesterol, suggesting that 7KC might alter fatty acids metabolism. Infiltration of F4/80-positive macrophages was increased in CD+7KC compared to CD (28.4 ± 6.3 vs. 45.2 ± 9.8; p < 0.05). In WD, 7KC could also increase the macrophage infiltration (53.4 ± 10.4 vs. 76.6 ± 8.3; p < 0.01, Figure 2D). In Sirius-red staining, the area of fibrosis was determined by ImageJ. It showed no difference in mice fed CD, CD+7KC, WD, or WD+7KC (Supplementary Figure 1).




Figure 2 | Addition of 7KC accelerated hepatic steatosis and inflammation in ob/ob mice fed CD or WD for 4 weeks. (A) HE staining in liver, (B) Oil Red O staining analysis, (C) hepatic lipid content, (D) F4/80 staining analysis. All values are presented as the means ± SD. ANOVA with Tukey test, n = 6 per group; Scale bars in (A, B, D) = 100 μm. *p < 0.05, **p < 0.01.





The Supplementation of Dietary 7-Ketocholesterol Induced Inflammatory Response and Downregulated Fatty Acid Oxidation

To search the underlying molecular mechanism of accelerating hepatic lipid accumulation and inflammation, we analyzed hepatic mRNA expressions. To figure out the pathways enriched in WD+7KC, we performed RNA sequencing and put the genes whose log2 fold change was above 1 compared to WD diet into a STRING network tool. Addition of 7KC to WD upregulated a number of pathways, such as cell adhesion molecules, cytokine-receptor interaction, Ras signaling pathway, NF-kappa B signaling pathway, TNF signaling pathway, and so on (Figure 3A). We then examined each gene expression and found that 7KC upregulated most of macrophage maker genes and the genes related to Th1, Th2, and Th17 cell differentiation, inflammasomes, and cholesterol synthesis. Meanwhile, 7KC downregulated genes expression related to β-oxidation (Figure 3B). To confirm these expressions, we performed quantitative real-time PCR. Addition of 7KC in WD provoked a significant increase in mRNA expression of Interleukin 6 (IL-6) in ob/ob mice (1.3 ± 0.5 vs. 2.1 ± 0.7; p < 0.05, Figure 3C). TNF-α was significantly increased in WD compared to CD (1.0 ± 0.3 vs. 1.8 ± 0.6; p < 0.05, Figure 3C). However, there were no significant differences by addition of 7KC. Importantly, 7KC significantly decreased mRNA expression of Cpt1a in WD compared to WD+7KC (0.8 ± 0.2 vs. 0.5 ± 0.2; p < 0.05, Figure 3C) and mitochondrial complex I activity tended to decreased in WD+7KC (Supplemental Figure 1A). Collectively, these results suggested that 7KC induced inflammatory response and attenuated mitochondrial β-oxidation of fatty acids under triglycerides-overloading condition like WD+7KC, contributing to TG accumulation. In contrast, significant change of fibrosis gene expression could not be observed in ob/ob mice, which was consistent with the analysis of Sirius Red staining (Figure 3C and Supplemental Figure 1B).




Figure 3 | Hepatic gene expression in ob/ob mice fed CD or WD with or without 7KC for 4 weeks. (A) Pathways upregulated by addition of 7KC to WD, (B) Heatmaps from RNA-sequencing analysis, (C) mRNA expressions involved in inflammation and fibrosis, cholesterol synthesis, fatty acid synthesis, and β-oxidation. All values are presented as the means ± SD. ANOVA with Tukey test, n = 6 in (C) *p < 0.05, **p < 0.01.





The Addition of 7-Ketocholesterol Suppressed Autophagy Process

To further explain the mechanism of 7KC accelerating steatohepatitis in ob/ob mice, we analyzed the mRNA and protein expressions involved in autophagy process since reduced autophagy in liver could result in marked hepatic steatosis (23). In WD+7KC, it showed decreased in the expression of genes related to autophagy process (Becn1, Atg3, Atg5, Atg7, Atg10, Atg13, and Atg14) (Figure 4A). Levels of LC3-II protein were decreased in WD+7KC compared to WD. Rubicon protein expression tended to increase in WD+7KC compared to WD (Figure 4B). These data suggested that 7KC suppressed autophagy process and this might be one of the reasons leading to severer steatohepatitis with obese.




Figure 4 | Effect of 7KC on autophagy in liver of ob/ob mice fed CD or WD for 4 weeks. (A) Heatmap of autophagy process-related genes, (B) Western bot for LC3-II and Rubicon. All values are presented as the means ± SD. ANOVA with Tukey test, n = 3 in B; *p < 0.05, ***p < 0.001.





The addition of 7-Ketocholesterol accelerated steatohepatitis in Db/Db mice

To determine whether 7KC exacerbates steatohepatitis in a T2DM obese model, we fed db/db mice with WD ± 7KC for 4 weeks. In serum, ALT, TNF-α, and IL-1β showed no differences with or without 7KC (Figure 5A). The change of lipid profiles could not be observed (Figure 5B). Liver histology showed same effect of 7KC with ob/ob mice. Hepatic steatosis and infiltration of macrophages were severer with addition of 7KC (Figure 5C). Liver TG content significantly increased in WD+7KC compared to WD (82.7 ± 5.5 vs. 98.3 ± 7.7; p < 0.05, Figure 5D). We analyzed hepatic mRNA expressions of genes involved in inflammatory and fibrosis in db/db mice. Interestingly, expression of IL-1β mRNA significantly increased in WD with 7KC (1.0 ± 0.1 vs. 1.6 ± 0.2; p < 0.05, Figure 5E).




Figure 5 | Effect of 7KC on body and organ weight, ALT, lipid profiles, liver histology, hepatic lipid content, and mRNA expression in db/db mice fed WD for 4 weeks. (A) Serum ALT, TNF-α, and IL-1β, (B) Lipid profiles, (C) HE staining, Oil Red O staining analysis, and F4/80 staining analysis, (D) mRNA expression, (E) Hepatic lipid analysis. All values are presented as the means ± SD. Student t test, n = 3 per group; *p < 0.05.





The Addition of 7-Ketocholesterol in Diet Did Not Affect Intestinal Lipid Absorption or Glucose Metabolism

To further investigate whether 7KC might have a primary effect on intestinal lipid absorption, lipid absorption test was performed (Supplemental Figure 1C). There were no differences of cholesterol and 7KC absorption between WD and WD+7KC. In addition, intraperitoneal glucose tolerance test (IPGTT) demonstrated no difference of glucose tolerance between WD and WD+7KC (Supplemental Figure 2C).




Discussion

Oxysterols are categorized to two types, endogenous and exogenous sterols. Endogenous oxysterols such as 22-hydroxycholesterol and 27-hydroxycholesterol, are produced by endogenous enzymes when intracellular cholesterol excess, and act as a ligand for the nuclear receptor, liver X receptor (LXR), causing activation of a series of genes that carry cholesterol out of cells. Endogenous sterols are catabolized after acting as a ligand. On the other hand, exogenous sterols may be present in the diet and absorbed through NPC1L1 in intestine (29). Among the exogeneous oxysterols, those oxidized at the C7-position, such as 7KC, were detected in the atherosclerotic plaques (22). This could be explained by low expression level of ATP-binding cassette G1 (ABCG1) in macrophages, which can export 7KC from cells (30). Interestingly, ABCG1 mainly expresses in spleen, lung, and adrenal gland, but not in liver (30). Therefore, we hypothesized that 7KC may accelerate steatohepatitis similarly to CVD. Our results have clearly demonstrated that relatively small amount of dietary 7KC in which the ratio of cholesterol to 7KC was 100:1, accelerated hepatic lipid accumulation and macrophages infiltration in two types of obese mice. Importantly, addition of 7KC mainly increased hepatic TG, but not cholesterol. This could be explained by attenuating Cpt1a expression, represent of mitochondrial fatty acid β-oxidation, suggesting 7KC accumulation in organelles, especially mitochondria (31). Further investigation about membrane lipid composition on and in the cell will be required.

Regarding lipid content in NAFLD, fatty acids and TG were well investigated (32–34). These may be linked to the findings that low dietary sugar would effective in the patients with NAFLD (11, 12). In terms of cholesterol, it has been reported that desmosterol, a precursor of cholesterol, could predict steatohepatitis in human (35). Recently, Schnabel L. et al. have nicely demonstrated that ultra-processed food consumption would increase mortality (36). Because processed meat such as sausage and bacon are considered to contain relatively increased oxidized cholesterol, contribution of dietary 7KC in development of NAFLD could not be ignored and we should pay more attention to lipid quality in food.

As a causal risk factor of NAFLD, genetic background was well investigated. Previous genome-wide association study (GWAS) has revealed that I148M single nucleotide polymorphism (rs738409C> G) in patatin-like phospholipase domain containing 3 (PNPLA3) was detected as a susceptibility gene involved in the development of NAFLD/NASH (37, 38). However, these individuals with a minor allele has not shown higher incident ratio of CVD, suggesting that there might not be a genetic background sharing with NAFLD and CVD (9).

There are several limitations in this study. Although the importance of hepatic fibrosis in the point of mortality has been indicated (6, 39, 40), our analysis of Sirius Red staining and mRNA expression of fibrosis related genes could not indicate the effect of 7KC (Supplementary Figure 1B). Previous studies using ob/ob mice have shown that fibrosis was modest and that it was hardly aggravated by different factors. This resistance to fibrosis is attributable to the lack of leptin signaling which activates stellate cells and promotes fibrogenesis (41, 42). In addition, leptin has been demonstrated to promote inflammatory response with regulating the production of several cytokines like TNF-α and IL-6 (43). Thus, further investigations will be worth in another obese or diabetic model such as diet-induced obesity mice or streptozotocin-induced diabetic mice, to determine the effect of 7KC on hepatic fibrosis.

Collectively, we have proved that addition of 7KC in diet aggravated hepatic steatosis and inflammation without any change of body weight, serum lipid concentration and ALT level, suggesting the difficulties to diagnose the patients with NASH. A biomarker to distinguish NASH from NAFL such as Mac-2 binding protein is always valuable (44, 45). We would propose that dietary 7KC in diet could be an effective therapeutic target to reduce the burden of NAFLD/NASH and further investigation of serum 7KC as a biomarker for NAFLD/NASH will be expected.
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Supplementary Figure 1 | Effect of 7KC on complex I activity of liver and fibrosis in ob/ob mice fed CD or WD for 4 weeks. (A) Complex I activity of liver, (B) Sirius Red Staining and fibrosis area, (C) Intestinal lipid absorption. A bolus of 400 μl olive oil containing 0.4 μl [1,2-3H]-7KC (ART1174, Muromachi Kikai, Tokyo, Japan) and 2 μl [4-14C]-cholesterol (ARCO857, Muromachi Kikai, Tokyo, Japan) were orally administered to mice. Blood samples (50 μl) were drawn at 0, 2, 4, and 6 h from an orbital vein. Absorbed serum [3H]-7KC and [14C]-cholesterol were counted.

Supplementary Figure 2 | Effect of 7KC on body and organ weight in db/db mice fed WD for 4 weeks. (A) The curve of body weight change with special diet feeding, (B) Body and organ weight. (C) IPGTT. The intraperitoneal injection of glucose (2 g/kg of body weight) in mice that had been fasted for 4 h and blood was obtained from a tail vein 30, 60, 90, or 120 min later.
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Background

Non-alcoholic fatty liver disease (NAFLD) is a complex multifactorial disorder that is characterised by dysfunctional lipid metabolism and cholesterol homeostasis, and a related chronic inflammatory response. NAFLD has become the most common cause of chronic liver disease in many countries, and its prevalence continues to rise in parallel with increasing rates of obesity. Here, we evaluated the putative NAFLD-attenuating effects of a multicomponent medicine consisting of 24 natural ingredients: Hepar compositum (HC-24).



Methods

Ldlr-/-.Leiden mice were fed a high-fat diet (HFD) with a macronutrient composition and cholesterol content comparable to human diets for 24 weeks to induce obesity-associated metabolic dysfunction, including hepatic steatosis and inflammation. HC-24 or vehicle control was administered intraperitoneally 3 times/week (1.5 ml/kg) for the last 18 weeks of the study. Histological analyses of liver and adipose tissue were combined with extensive hepatic transcriptomics analysis. Transcriptomics results were further substantiated with ELISA, immunohistochemical and liver lipid analyses.



Results

HFD feeding induced obesity and metabolic dysfunction including adipose tissue inflammation and increased gut permeability. In the liver, HFD-feeding resulted in a disturbance of cholesterol homeostasis and an associated inflammatory response. HC-24 did not affect body weight, metabolic risk factors, adipose tissue inflammation or gut permeability. While HC-24 did not alter total liver steatosis, there was a pronounced reduction in lobular inflammation in HC-24-treated animals, which was associated with modulation of genes and proteins involved in inflammation (e.g., neutrophil chemokine Cxcl1) and cholesterol homeostasis (i.e., predicted effect on ‘cholesterol’ as an upstream regulator, based on gene expression changes associated with cholesterol handling). These effects were confirmed by CXCL1 ELISA, immunohistochemical staining of neutrophils and biochemical analysis of hepatic free cholesterol content. Intrahepatic free cholesterol levels were found to correlate significantly with the number of inflammatory aggregates in the liver, thereby providing a potential rationale for the observed anti-inflammatory effects of HC-24.



Conclusions

Free cholesterol accumulates in the liver of Ldlr-/-.Leiden mice under physiologically translational dietary conditions, and this is associated with the development of hepatic inflammation. The multicomponent medicine HC-24 reduces accumulation of free cholesterol and has molecular and cellular anti-inflammatory effects in the liver.





Keywords: non-alcoholic fatty liver disease, obesity, cholesterol, inflammation, diet-induced, liver, neutrophils, hepar compositum





Graphical Abstract | High-fat diet feeding in Ldlr-/-. Leiden mice induces obesity and associated metabolic dysfunction in adipose tissue (hypertrophy and inflammation), gut (increased permeability) and liver (non-alcoholic steatohepatitis; NASH). This NASH development in the liver is characterised by steatosis with disturbed cholesterol homeostasis and an associated inflammatory response, i.e. the infiltration of immune cells such as macrophages and neutrophils. Treatment with the multicomponent medicinal product HC-24 reduces hepatic accumulation of the cytotoxic lipid species free cholesterol and has anti-inflammatory effects in the liver – specifically reducing the infiltration of neutrophils into this tissue.




Introduction

Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of chronic liver disease which ranges from simple steatosis to non-alcoholic steatohepatitis (NASH), the progressive form of the disease which is characterised by hepatic inflammation and fibrosis in addition to steatosis. With a global prevalence of 25%, NAFLD is set to become the most common form of chronic liver disease worldwide (1). It is estimated that this prevalence will continue to increase, along with increasing rates of obesity and type 2 diabetes (2). As a result, NAFLD is projected to become the leading indication for liver transplantation within the next decade (3), especially since there is currently no approved pharmacological therapy for NAFLD. Therefore, there is an immense unmet need for efficacious therapeutics for NAFLD.

It is well accepted that the pathogenesis of NAFLD is multifactorial and also involves metabolic dysfunction in extrahepatic tissues such as the adipose tissue and the gut (4). In the liver, many molecular pathways contribute to the development and progression of the disease (5). An important factor that is thought to drive NAFLD progression from simple steatosis to steatohepatitis is cholesterol (6). It is becoming increasingly clear that accumulation of cholesterol in the liver (especially in its free, unesterified form) is a potent inducer of hepatic inflammation during NAFLD development (7, 8). In NAFLD patients, free cholesterol levels in the liver are associated with disease severity (9, 10), and many rodent models for NASH require dietary cholesterol supplementation to induce liver inflammation [reviewed in (11)]. It remains unclear, however, whether the disturbance of cholesterol homeostasis and the associated inflammatory response observed in humans is replicated in rodent models for NAFLD that use more human-like dietary conditions (i.e., diets with a macronutrient composition and a natural cholesterol content similar to human diets).

Given the multifactorial nature of the disease, it is conceivable that a successful therapy for NAFLD will need a multitarget therapy that targets several aspects of pathogenesis. Hepar compositum (HC-24) is a multicomponent medicinal product consisting of 24 ingredients including plant extracts, bioactive metabolites and animal-derived extracts (full composition shown in Supplemental Table 1). It has a long tradition of use as a supportive treatment for hepatic disorders of various origins (12), and there is anecdotal evidence for an effect of HC-24 on cholesterol metabolism (13), which possibly allows modulation of hepatic inflammatory responses. Many components of HC-24 have reported metabolic or anti-inflammatory effects. For instance, Silybum marianum (milk thistle) and its main constituent silymarin (rich in flavolignans) (14) have been shown to reduce plasma and liver markers of inflammation in high-fat diet (HFD)-fed mice (15). Similarly, Taraxacum officinale (dandelion) extracts have been shown to reduce LPS-induced inflammation in endothelial cells (16) and macrophages (17) and have cholesterol-modulating effects in rodents (18, 19) and type 2 diabetic patients (20). Likewise, Avena sativa (oat) is well-known for its anti-inflammatory and its hypocholesterolaemic effects (21).

Since both cholesterol metabolism and the inflammatory response are important interconnected physiological processes that are dysregulated during NAFLD development (8, 22), we questioned whether HC-24 might have beneficial effects in the treatment of NAFLD/NASH. To address this, we investigated the potential metabolic and anti-inflammatory effects of HC-24 in a translational diet-induced mouse model of NAFLD, the Ldlr-/-.Leiden mouse. In response to a HFD with a macronutrient composition and cholesterol content that is comparable to human diets (23–25), Ldlr-/-.Leiden mice develop histopathological characteristics of human NAFLD in the context of an obese phenotype with dyslipidaemia, hypertriglyceridaemia and insulin resistance (26–28) as is typical for a large proportion of NAFLD patients (29–31). In addition, many molecular processes that underlie the pathogenesis in NAFLD patients (both on the level of liver transcriptomics and of plasma metabolomics) are also reflected in the Ldlr-/-.Leiden mouse (32–34). Use of the aforementioned HFD with a translational cholesterol content enabled us to study the potential build-up of cholesterol in livers under physiologically relevant dietary conditions and to investigate the effects of HC-24 on the development of NAFLD.



Materials and Methods


Animal Study

The animal experiment was performed in the AAALAC-accredited animal facility at TNO Metabolic Health Research (Leiden, the Netherlands) in accordance with the rules and regulations set forward by the Netherlands Law on Animal Experiments with ethical approval by an independent Animal Welfare Body (IvD TNO; approval number 3682/TNO-210). Animals were group-housed in makrolon cages (2–4 mice/cage) in animal rooms with 50-60% relative humidity, temperature ~21°C and a 7 am to 7 pm light cycle with ad libitum access to food and water. Male Ldlr-/-.Leiden mice (age 13–16 weeks) were obtained from the breeding colony at TNO Metabolic Health Research (Leiden, the Netherlands). All animals were kept on a standard rodent maintenance diet until the start of the study (9 kcal% fat, 33 kcal% protein, 58 kcal% carbohydrate; R/M-H, Ssniff Spezialdiäten, Soest, Germany). At the start of the study, one group of mice (chow, n=10) was kept on this maintenance diet as a reference group. The rest of the mice (n=30) were switched to an energy-dense high-fat diet (HFD; 45 kcal% fat from lard, 20 kcal% protein, 35 kcal% carbohydrate; D12451, Research diets, New Brunswick, NJ, USA) to induce obesity, metabolic dysfunction and NAFLD. This diet is characterised by a macronutrient composition that mimics human diets (23–25), and the natural cholesterol content of this diet (approx. 0.02% w/w) was not further increased by addition of supraphysiological amounts of cholesterol. After 6 weeks of HFD feeding, these mice were matched into 2 groups based on body weight, blood glucose and plasma cholesterol levels. From that point onwards, the HFD+vehicle control group was treated with vehicle (saline), and the HFD+HC-24 group was treated with HC-24 (Heel GmbH, Baden-Baden, Germany; full composition shown in Supplemental Table 1). Both treatments were provided by intraperitoneal injection 3x weekly (Monday, Wednesday and Friday) at a dose of 1.5 ml/kg body weight. Body weight and food intake were monitored throughout the study. Body composition (lean mass and fat mass, expressed as % of body weight) was determined in the last week of the study (t=24 weeks) by EchoMRI (EchoMRI-LLC, Houston, TX, USA). Fasting (5 h) blood samples for EDTA plasma isolation were collected via the tail vein. In vivo gut permeability was assessed in week 23 using an FD4 gut permeability assay as described previously (28). In short, mice were fasted for 5 h after which a baseline blood sample was taken via the tail vein. Then, FITC-labeled dextran (three to five kDa FD4; Sigma Aldrich, St. Louis, MO, USA) was administered by oral gavage (900 mg/kg) and 4 h later a second blood sample was collected to determine the plasma FD4 concentration using a fluorometer (FLUOstar Galaxy, BMG labtech, Offenburg, Germany). The fluorescence reading was corrected for autofluorescence using the baseline blood sample. There was no drop out of mice during the study. All mice were terminated (unfasted) by gradual-fill CO2 asphyxiation after 24 weeks of chow/HFD feeding. A terminal blood sample for EDTA plasma was collected by cardiac puncture. The epididymal and mesenteric white adipose tissue depots were isolated and weighed and then fixed in formalin and embedded in paraffin for histological analyses. Livers were isolated and weighed, the medial lobe was fixed in formalin and embedded in paraffin for histological analyses, the left lobe was snap-frozen in liquid N2 and stored at -80°C for biochemical analyses.



Plasma Biochemistry

Blood glucose was determined during blood sampling using a hand-held glucometer (Freestyle Freedom Light, Abbott Laboratories, Lake Bluff, IL, USA). Plasma insulin was determined by ELISA (Chrystal Chem Inc., Downers Grove, IL, USA). Plasma lipids (total cholesterol and triglycerides) were assayed in freshly prepared EDTA-plasma using commercially available enzymatic assays (CHOD-PAP and GPO-PAP respectively; Roche Diagnostics, Almere, the Netherlands). Plasma serum amyloid A (SAA) was measured by ELISA (Invitrogen/Thermo Fisher Waltham, MA, USA). Plasma alanine aminotransferase (ALT) was assessed using a spectrophotometric activity assay (Reflotron-plus, Roche Diagnostics). All these analyses were performed according to the manufacturers’ instructions.



Histological Analysis of Adipose Tissue and Liver

Paraffin-embedded cross-sections (5 μm) of the epididymal and the mesenteric white adipose tissue were stained with hematoxylin-phloxine-saffron and digitised using a slide scanner (Aperio AT2, Leica Biosystems, Amsterdam, the Netherlands). Adipose tissue morphometry (average adipocyte size and adipocyte size distribution) and inflammation (number of crown-like structures; CLS per 1000 adipocytes) were analysed as described previously (35), using the automated image analysis software Adiposoft for morphometry analyses (36) and counting the number of CLS in the same fields used for morphometry analyses. Formalin-fixed and paraffin-embedded cross-sections of the medial liver lobe (3 μm) were stained with haematoxylin and eosin and scored blindly by a board-certified pathologist using an adapted grading method for human NASH (37, 38) as described previously (39). Briefly, two cross-sections/mouse were examined and the level of microvesicular steatosis, macrovesicular steatosis and hepatocellular hypertrophy were determined relative to the liver area analysed (expressed as a percentage). Hepatic inflammation was assessed by counting the number of inflammatory foci per field at a 100× magnification in five non-overlapping fields per specimen, expressed as the number of foci per mm2. Analysis of hepatic neutrophil counts was performed by immunohistochemical staining for GR-1 (with FITC-conjugated rat anti-mouse monoclonal antibody 1:1,000, eBioscience/Thermo Fisher; followed by rabbit anti-FITC recombinant monoclonal antibody 1:1,000, Invitrogen/Thermo Fisher; and BrightVision Poly-HRP goat anti-rabbit antibody 1:1, VWR International B.V., Amsterdam, the Netherlands) after enzymatic antigen retrieval using 0.025% pepsin (Sigma Aldrich) in 0.01 M HCl for 15 min at 37°C. Sections were stained with ImmPACT NovaRED HRP substrate (Vector Laboratories, Burlingame, CA, USA) and counterstained with haematoxylin. Neutrophils were quantified by counting the number of GR-1-positive inflammatory foci per field at 100× magnification in five non-overlapping fields per specimen, expressed as the number of positive foci per mm2. Analysis of hepatic macrophages was performed by immunohistochemical staining for F4/80 (rat anti-mouse monoclonal antibody 1:500, eBioscience; followed by biotinylated goat anti-rat secondary antibody 1:300, Abcam, Cambridge, UK) after heat-mediated antigen retrieval in sodium citrate buffer pH 6 in a PT link system (both DAKO/Agilent, Amstelveen, the Netherlands) and endogenous peroxidase block with 0.3% H2O2 in methanol. Sections were stained using Vectastain ABC-HRP Kit and DAB peroxidase substrate (both Vector Laboratories) and counterstained with haematoxylin. Macrophages were quantified by counting the number of F4/80-positive crown-like structures per field at 100× magnification in five non-overlapping fields per specimen, expressed as the number of CLS per mm2 as described previously (33).



Liver Transcriptome Analysis

RNA was isolated from snap-frozen liver tissue samples (left lobe) from all mice using RNA-Bee Total-RNA Isolation Kit (Bio-Connect, Huissen, the Netherlands). RNA concentration was determined spectrophotometrically using Nanodrop 1000 (Isogen Life Science, De Meern, the Netherlands) and RNA quality was assessed using a 2100 Bioanalyzer (Agilent Technologies, Amstelveen, the Netherlands). Then, next-generation RNA sequencing was performed on livers from all mice. For this, RNA was used to generate strand-specific cDNA libraries for Next Generation Sequencing according to the manufacturer’s protocol by GenomeScan B.V. (Leiden, the Netherlands; using oligo-dT magnetic beads, mRNA fragmentation, NEBNext Ultra Directional RNA Library Prep Kit from Illumina, NEB #E7420S/L resulting in 300–500 bp amplified libraries/sample). Libraries were multiplexed, clustered, and sequenced on a NextSeq500 system (Illumina, San Diego, CA, USA, using 1.6 pM of cDNA/sample and NextSeq control software version 2.0.2) with a single-read 75 cycles sequencing protocol, 12 million reads per sample and indexing. Image analysis, base calling, and quality check was performed with the Illumina data analysis pipeline RTA v2.4.11 and Bcl2fastq v2.17. Three mice were excluded as biological outliers (described below under statistical analysis), and one mouse (from the HFD + vehicle group) was excluded as a technical outlier (based on principal component analysis of the sequencing data), resulting in: n=10 chow, n=13 HFD+vehicle, n=13 HFD+HC-24 for further statistical analysis of the sequencing data. The gene expression data is publicly available via the NCBI Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/under accession number GSE163652). The number of differentially expressed genes (DEG) between groups was determined using an established statistical analysis procedure [DEseq2 pipeline (40)]. These DEG were determined using a statistical cut-off of p<0.01 for the following two comparisons: HFD+vehicle vs chow; and HFD+HC-24 vs HFD+vehicle. Next, these DEG were used as an input for an upstream regulator analysis through Ingenuity Pathway Analysis suite (IPA; www.ingenuity.com, accessed 2017). This analysis integrates the expression of a multitude of genes downstream from predefined upstream regulators (e.g., transcription factors, signalling proteins, metabolites) thus allowing summation of multiple (small) gene expression changes to provide information on the predicted activation state of such an upstream regulator. A negative Z-score <-2 indicates a predicted reduction in activity based on the direction of gene expression changes of target genes. A positive Z-score >2 indicates activation of the upstream regulator.



Quantification of CXCL1 in Liver Tissue

Liver homogenates were prepared from the sinister lobe in ice-cold lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 5mM CaCl2, 1% Triton X-100, pH 7.4) supplemented with complete mini protease inhibitor cocktail (Roche). Homogenates were centrifuged and the supernatant was used for CXCL1 determination by ELISA (Mouse CXCL1/KC Quantikine ELISA, R&D systems, Abingdon, UK) according to the manufacturer’s instructions. CXCL1 levels were expressed per mg liver protein, as determined by bicinchoninic acid (BCA) assay (Pierce/Thermo Fisher) in the same homogenates used for CXCL1 analysis.



Biochemical Analysis of Liver Lipids

Intrahepatic levels of triglycerides, cholesteryl esters and free cholesterol were determined in freshly prepared liver homogenates by high-performance thin-layer chromatography (HPTLC). Lipids were extracted from liver homogenates using methanol and chloroform as described previously (41, 42). After extraction, lipids were separated by high-performance thin-layer chromatography on silica gel 60 plates (0.20 mm). Lipid spots were stained with colour reagent (5 g of MnCl2∙4H2O, 32 ml of 95–97% H2SO4 added to 960 ml of CH3OH/H2O) and triglycerides, cholesteryl esters and free cholesterol were quantified using a Chemidoc Touch imaging system and Image Lab software (both Bio Rad Laboratories, Veenendaal, the Netherlands). Liver lipids were expressed as µg lipid per mg liver tissue.



Cholesterol Balance Analysis

Whole-body cholesterol balance (i.e., determination of net production or net excretion of cholesterol) was assessed by combining dietary cholesterol intake data with faecal cholesterol excretion data. In week 16 and week 20 of the study, faeces were collected from each cage over a period of 3 or 4 days respectively. Food intake was measured over the same period and dietary cholesterol intake was determined. Faecal neutral sterol and faecal bile acid levels were assessed to determine faecal excretion of cholesterol as described previously (43, 44). Faecal samples were first lyophilized and weighed. For extraction of bile acids, a 5 mg aliquot of faeces was incubated in 1 ml alkaline methanol (3:1 v/v) for 2 h at 80˚C, using nor-hyodeoxycholate as an internal standard. Samples were then diluted in distilled water, mixed and centrifuged. The supernatant was applied to a prepared Sep-Pak C18 solid-phase extraction cartridge (Waters Corporation, Wexford, Ireland) and bile acids were eluted with 100% methanol. Bile acids were derivatized by incubation with trifluoroacetic anhydride and 1,1,1,3,3,3-hexafluoro-2-propanol for 1 h at 60˚C after which they were separated using a 25 m × 0.25 mm capillary gas chromatography column (CP-Sil 5B, Agilent, Santa Clara, CA, USA; temperature programmed from 230°C to 280°C) in a Scion 436-GC gas chromatography system (Scion Instruments, Livingstone, UK) equipped with a flame ionization detector (kept at 300°C). Bile acid derivatives were introduced by split injection (split ratio, 20:1; injector temp 300°C). Quantitation of bile acids (cholic acid, deoxycholic acid, litocholic acid, α-muricholic acid, β-muricholic acid, ω-muricholic acid, and hyodeoxycholic acid) was based on the area ratio of the individual bile acid to the internal standard. Levels of α-muricholic acid were below the lower limit of quantitation and are therefore not reported. For extraction of neutral sterols, a 10 mg aliquot of faeces was incubated in 1 ml alkaline methanol as described for bile acid extraction, using 5α-cholestane as an internal standard. Next, neutral sterols were extracted three times with petroleum ether. The combined petroleum ether layers were then evaporated and the neutral sterols were silylated with DMF Sil-prep after which they were separated by GC using the same column and protocol as for the bile acids. Quantitation of neutral sterols (coprostanol, cholesterol, cholestanol, and lathosterol) was based on the area ratio of the individual neutral sterol to the internal standard. The data from the food intake measurements and the sterol and bile acid excretion analyses was used to calculate net cholesterol production as follows: cholesterol excretion (i.e., bile acid + neutral sterol excretion) – dietary cholesterol intake, expressed as µmol/mouse/day.



Statistical Analysis

With the exception of the transcriptomics analysis, for which the statistical analysis has been described above, statistical analyses were performed using SPSS Statistics 24.0 (IBM, Armonk, NY, USA). Based on the robust regression and outlier removal test [ROUT (45)] with Q set to 1%, 3 mice (1 in the HFD + vehicle group and 2 in the HFD + HC-24 group) were identified as biological outliers and excluded from statistical analysis. Normal distribution of variables was analysed with the Shapiro-Wilk test, assuming normality at p>0.05. To test equality of variances, Levene’s test of homogeneity of variances was used, assuming equal variances at p>0.05. For normally distributed variables with equal variances, differences between groups were analysed by one-way analysis of variance (ANOVA) followed by one-sided Dunnet’s post-hoc tests. For normally distributed variables with unequal variances, differences between groups were analysed by analysis of variance (Brown-Forsythe) and one-sided Dunnett’s T3 post-hoc tests. The non-parametric Kruskall-Wallis test followed by post-hoc with one-sided Mann-Whitney U tests was used to determine differences between groups for variables that were not normally distributed. Correlation analyses were performed by Spearman’s rank correlation analysis. P-values <0.05 were considered statistically significant. Data are represented as means ± SD.




Results


HC-24 Does Not Affect HFD-Induced Obesity, Hyperinsulinaemia, Dyslipidaemia, or Systemic Inflammatory Marker SAA

Ldlr-/-.Leiden mice were fed an energy-dense high-fat diet for 24 weeks to induce obesity, metabolic dysfunction and NAFLD. Relative to a chow-fed reference group, HFD feeding resulted in increased body weight and adiposity (reduced lean mass % and increased fat mass %; Table 1). HFD feeding did not affect blood glucose but did result in strongly increased plasma insulin levels (Table 1), indicative of reduced insulin sensitivity. Plasma lipids, both total cholesterol and triglycerides (Table 1), were strongly increased in HFD-fed mice. In addition, HFD feeding resulted in an increase in the systemic inflammation marker serum amyloid A (SAA; Table 1). Treatment with HC-24 from week 6 of HFD feeding until the end of the study did not affect the development of obesity and adiposity, food intake, hyperinsulinaemia, dyslipidaemia, or systemic inflammation (Table 1).


Table 1 | Metabolic risk factors at t=24 weeks.





Adipose Tissue Hypertrophy and Inflammation, and Gut Permeability Are Not Affected by HC-24

In line with the observed effects on body weight and fat mass, HFD feeding tended to increase the weight of the epididymal white adipose (eWAT) depot and significantly increased the weight of the mesenteric white adipose (mWAT) depot (Figures 1A, D). This HFD-induced increase in adipose depot mass was accompanied by an increase in adipocyte hypertrophy in both depots, as shown by an increase in the average adipocyte size and a shift in the distribution of adipocyte sizes towards a reduction in the percentage of smaller adipocytes and an increase in the percentage of large adipocytes (Figures 1B, C, E, F). This expansion and hypertrophy of both eWAT and mWAT was associated with adipose tissue inflammation as shown by the increased number of crown-like structures (Figures 1G, H). HC-24 treatment did not affect adipose mass, hypertrophy or inflammation in either of the depots studied. Since increased gut permeability is thought to contribute to the progression of NAFLD, we investigated gut permeability with an FD4 test in week 23 of the study. HFD feeding significantly increased the passage of FD4 from the intestinal lumen into the circulation (Figure 1I), indicative of increased gut permeability. This was not affected by HC-24 (Figure 1I).




Figure 1 | HC-24 does not affect adipose tissue mass, adipocyte hypertrophy or inflammation of epididymal and mesenteric white adipose tissue depots and has no effect on gut permeability in Ldlr-/-.Leiden mice fed a translational HFD for 24 weeks. (A) eWAT depot weight. (B) Average adipocyte size in eWAT. (C) Size distribution of adipocytes in eWAT. (D) mWAT depot weight. (E) Average adipocyte size in mWAT. (F) Size distribution of adipocytes in mWAT. (G) Number of CLS per 1,000 adipocytes in eWAT. (H) Number of CLS per 1000 adipocytes in mWAT. (I) In vivo functional gut permeability analysis using the Fluorescein isothiocyanate–labeled dextran (FD4) assay in week 23 of the study. eWAT, epididymal white adipose tissue; mWAT, mesenteric white adipose tissue; CLS, crown-like structure. Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. HFD + vehicle.





HC-24 Does Not Affect Hepatic Steatosis But Does Significantly Reduce Hepatic Inflammation

At the end of the 24-week study, liver weight was significantly increased in HFD-fed animals relative to chow (Figure 2A). This increase in liver weight was accompanied by an increase in plasma alanine aminotransferase (ALT; Figure 2B). Neither liver weight nor ALT were affected by HC-24 treatment. Histopathological analysis of NASH (representative images for all groups shown in Figure 2C) showed that HFD feeding resulted in pronounced hepatic steatosis (Figure 2D), which was roughly half in the macrovesicular form and half in the microvesicular form (Figures 2E, F). HC-24 treatment did not affect hepatic steatosis (Figure 2D) and did not affect the distribution of steatosis over the macrovesicular and the microvesicular form (Figures 2E, F). In line with the observations on hepatic steatosis, hepatocellular hypertrophy was increased by HFD-feeding, and was not affected by treatment with HC-24 (Figure 2G). However, quantitative analysis of the number of inflammatory aggregates in the liver showed a significant induction of hepatic inflammation in HFD-fed animals which was strongly and significantly reduced by treatment with HC-24 (Figure 2H). Altogether, this histopathological analysis of NASH shows a pronounced increase in steatosis and lobular inflammation in animals fed a HFD with a translational macronutrient composition and cholesterol content, and demonstrates a specific effect of HC-24 on the inflammatory component of the disease.




Figure 2 | HC-24 treatment does not affect hepatic steatosis but does strongly reduce hepatic inflammation in Ldlr-/-.Leiden mice fed a translational HFD for 24 weeks. (A) Liver weight. (B) Plasma ALT measured in week 24 of the study. (C) Representative photomicrographs of Haemotoxylin and Eosin-stained cross sections of the medial lobe of the liver of chow, HFD + vehicle control and HFD + HC-24 groups. (D) Total steatosis. (E) Macrovesicular steatosis. (F) Microvesicular steatosis. (G) Hepatocellular hypertrophy. (H) Hepatic inflammation. HFD, high-fat diet; ALT, alanine aminotransferase. Data shown are mean ± SD. **p < 0.01, ***p < 0.001 compared with HFD + vehicle.





HC-24 Modulates Genes Involved With Inflammation and Lipid Handling

To investigate the molecular processes that may underlie the observed anti-inflammatory effects of HC-24 in the liver, we performed a hepatic gene expression analysis using genome-wide RNA sequencing. This gene expression profiling was followed by an upstream regulator analysis which predicts the activation state of key regulatory factors (e.g., cytokines, transcription factors, metabolites) based on the expression pattern of genes downstream from this factor. As expected and in line with histopathologically observed changes in the liver, HFD feeding resulted in gene expression changes related among others to lipid metabolism and inflammation (modulated upstream regulators shown in Supplemental Table 2). The metabolite “cholesterol” was identified as a significantly modulated upstream factor (i.e., there was a predicted HFD-dependent increase in hepatic cholesterol based on gene expression patterns downstream from cholesterol). HC-24 treatment significantly affected the expression of distinct genes in the liver (full list shown in Supplemental Table 3). In line with the observed anti-inflammatory effect of HC-24 on the histological level, HC-24 modulated several inflammation-related genes, such as Socs3 and Gzma and the neutrophil-attracting chemokine Cxcl1. Results from the upstream regulator analysis revealed further inflammation-modifying effects of HC-24, showing significant overlap with genes downstream of TGF-β, IL-17A, and IL-1β (Supplemental Table 4). Notably, this analysis also demonstrated significant inactivation of the upstream regulator cholesterol, suggesting reduced levels of cholesterol in the liver in HC-24 treated animals.



HC-24 Lowers Liver CXCL1 Levels and Subsequent Neutrophil Infiltration Without Affecting Other Immune Cell Types

To investigate whether the anti-inflammatory effect of HC-24 was indeed linked to an effect on neutrophil infiltration in the liver as suggested by the gene expression data, we measured CXCL1 protein levels in the liver (Figure 3A). In line with the observed modulation of Cxcl1 gene expression, CXCL1 levels were low in chow-fed mice and significantly increased in HFD+vehicle controls. HC-24 treatment significantly lowered the levels of CXCL1 in liver tissue. Immunohistochemical staining of the neutrophil marker GR-1 followed by quantification of the number of GR-1-positive cell clusters in the liver (Figure 3B, with representative images shown in Figure 3C) further corroborated this effect: GR-1-positive cell aggregates were almost completely absent in chow controls, and their counts were significantly increased by HFD-feeding. Treatment with HC-24 significantly lowered the number of GR-1-positive cell aggregates in the liver, in line with the observed reduction in Cxcl1 gene and protein expression. To explore whether HC-24 affects neutrophil infiltration exclusively or has a broader effect on immune cell infiltration in general, we analysed the transcriptome dataset using previously described immune cell-type specific gene sets that allow assessment of the presence of particular leukocytes in a tissue (46, 47). This analysis revealed that while there was an increased presence of B-cells and T-cells in HFD-fed mice relative to chow controls, this was not affected by HC-24 treatment (B-cells: HFD + vehicle vs. chow: −log(p-value) = 2.4, HFD + HC-24 vs HFD + vehicle: non-significant; T-cells: HFD + vehicle vs. chow: −log(p-value) = 2.3, HFD + HC-24 vs. HFD + vehicle: non-significant). In addition, we performed an immunohistochemical analysis of the macrophage marker F4/80, followed by quantification of F4/80-positive crown-like structures in liver (Figure 3D, with representative images shown in Figure 3E) to assess potential effects of HC-24 on this immune cell subset. Similar to what was observed for the B- and T-cell population, F4/80-positive crown like structures were significantly increased by HFD relative to chow, and this was not affected by treatment with HC-24.




Figure 3 | HC-24 treatment reduces neutrophil infiltration in Ldlr-/-.Leiden mice fed a translational HFD for 24 weeks. (A) Concentration of the neutrophil chemokine CXCL1 in liver tissue of chow, HFD + vehicle control and HFD + HC-24 groups. (B) Quantification of the immunohistochemical staining for the neutrophil marker GR-1, showing the number of GR-1-positive aggregates for each group. (C) Representative photomicrographs of immunohistochemical staining for the neutrophil marker GR-1 in cross sections of the medial lobe of the liver. Arrows indicate neutrophilic aggregates. (D) Quantification of the immunohistochemical staining for the macrophage marker F4/80, showing the number of F4/80-positive crown-like structures for each group. (E) Representative photomicrographs of immunohistochemical staining for the macrophage marker F4/80 in cross sections of the medial lobe of the liver. Arrows indicate F4/80-positive crown-like structures. HFD, high-fat diet; CLS, crown-like structure. Data shown are mean ± SD. *p < 0.05, ***p < 0.001 compared with HFD + vehicle.





Biochemical Analysis of Liver Lipids Revealed an Effect of HC-24 on Hepatic Free Cholesterol Accumulation, Confirming the Observed Effects on the Gene Expression Level

Since free cholesterol is a potent inducer of hepatic inflammation and appeared to be critically affected by HFD feeding, we next investigated whether the predicted effect on cholesterol accumulation in the liver (based on observed gene signalling patterns downstream from cholesterol) may underlie the observed anti-inflammatory effects. For this, we first performed a biochemical analysis of intrahepatic lipids to confirm the predicted effect on hepatic cholesterol. This analysis showed that – like in NAFLD patients – triglycerides are the main lipid species that accumulate in the liver of HFD-fed mice (Figure 4A). In line with what was observed histologically, treatment with HC-24 did not affect the bulk storage of lipids as triglycerides (Figure 4A). In addition to triglycerides, cholesterol – both in the esterified form and in the free, unesterified form – also built up during NAFLD development, as can be observed in HFD-fed mice (Figures 4B, C). Treatment with HC-24 significantly reduced the build-up of free cholesterol (Figure 4C). To further substantiate this effect on hepatic cholesterol accumulation and to investigate how HC-24 affected hepatic free cholesterol levels, we investigated whether HC-24 had an effect on whole-body cholesterol balance. For this we measured faecal cholesterol excretion (in the form of neutral sterols and bile acids) and combined this with the dietary intake of cholesterol to calculate net excretion/production of cholesterol (Figures 4D, E and Supplemental Table 5). This analysis revealed that in HFD-fed Ldlr-/-.Leiden mice, there is a net production of cholesterol in the body (i.e., more cholesterol is excreted via the faeces than is consumed via the diet). Treatment with HC-24 significantly lowered the net production of cholesterol, in line with the effects on intrahepatic cholesterol accumulation. Furthermore, the levels of hepatic free cholesterol showed a significant positive correlation with hepatic inflammation (number of inflammatory cell foci; Spearman r = 0.78, p<0.001; Figure 4F), providing a rationale for the observed simultaneous effects of HC-24 on cholesterol homeostasis and liver inflammation.




Figure 4 | HC-24 treatment reduces free cholesterol accumulation in the liver of Ldlr-/-.Leiden mice fed a translational HFD for 24 weeks. (A) Hepatic triglyceride content. (B) Hepatic cholesteryl ester content. (C) Hepatic free cholesterol content. (D) Net whole-body cholesterol production in week 16 of the study. (E) Net whole-body cholesterol production in week 24 of the study. (F) Pearson correlation between free cholesterol in the liver and the histologically determined number of inflammatory aggregates in the liver. HFD, high-fat diet. Data shown are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with HFD + vehicle.






Discussion

This study shows that accumulation of free cholesterol in the liver, under translational dietary conditions, is associated with hepatic inflammation and can be modulated by a multicomponent medicinal product HC-24, resulting in reduced inflammatory aggregates with fewer neutrophils, a cell type that is characteristic for human NASH.

Many conventional rodent models for NAFLD rely on supplementation of diets with high (supraphysiological) levels of cholesterol to induce liver inflammation (48). While the accumulation of cholesterol per se is not irrelevant for NAFLD pathogenesis, since hepatic free cholesterol is also increased and associated with disease severity in NAFLD patients (9, 10), such models strongly emphasise the role of dietary cholesterol in NAFLD. Furthermore, they imply that an increased cholesterol uptake and a greater hepatic influx of cholesterol the portal blood are pathogenically relevant processes for humans that are causal to the observed accumulation of free cholesterol and liver inflammation. Although there is some associative evidence from an observational study that showed increased dietary cholesterol intake in NASH patients relative to controls (49), this does not demonstrate a causal link between cholesterol intake and hepatic inflammation in humans as such. Indeed, a controlled human intervention study by Tannock et al. (50) showed no evidence for an inflammation-inducing effect of dietary cholesterol in insulin-resistant subjects (i.e., the patient group that is at increased risk for NAFLD/NASH). Despite a strongly increased dietary cholesterol intake, there was no increase in plasma SAA or CRP levels, the latter being the most sensitive liver-specific inflammation marker available. Hence, the available evidence does not support the concept that dietary cholesterol, at relevant doses achieved in human diets, is an inducer of liver inflammation in humans. Rodent models that rely strongly on supraphysiological cholesterol supplementation most likely specifically allow investigation of direct hepatotoxic effects of dietary cholesterol. In the current study, we used a more comprehensive model for NAFLD that makes use of more translational dietary conditions and may better reflect the multifactorial and multi-organ nature of the disease (e.g., with an obese and insulin-resistant phenotype, with the involvement of adipose tissue hypertrophy and inflammation and increased gut permeability). We show here that hepatic cholesterol homeostasis is also deregulated under these more translational experimental conditions with realistic dietary cholesterol concentrations, leading to free cholesterol accumulation which contributes to the hepatic inflammatory response.

Given the multifactorial aetiology of NAFLD that involves deregulation of a multitude of pathways as drivers of disease progression, it seems appropriate to use a multitarget approach to combat the disease. Such an approach is increasingly considered the new paradigm for drug development for NAFLD, with numerous combination therapies currently under investigation (51–53). Here we used a multicomponent therapy with natural ingredients (HC-24) to attenuate NAFLD development, and studied its effects on several organs considered to be involved in the pathogenesis, i.e., adipose tissue (54, 55) and gut (permeability) (56, 57) in addition to the liver. We show here that HC-24 did not affect adipose tissue mass (measured as total body fat percentage as well as by the weight of several individual adipose tissue depots), adipocyte hypertrophy or adipose tissue inflammation in two visceral white adipose tissue depots (the epididymal and the mesenteric depots), and that disease-associated increased gut permeability was also not affected by HC-24 treatment – together indicating that the NASH-attenuating effect of HC-24 is most likely localised to the liver specifically rather than (partly) attributable to indirect effects via the adipose tissue or the gut.

In the liver, we observed a pronounced reduction in lobular inflammation in animals treated with HC-24. This reduction in inflammatory aggregates was associated with a decrease in the accumulation of free cholesterol in the liver which corresponded with the observed reduction in whole-body cholesterol production. A subsequent correlation analysis revealed that the number of inflammatory aggregates in the liver was strongly and significantly correlated with hepatic free cholesterol content, thus providing a potential explanation for the observed beneficial effects of HC-24 in NAFLD. These findings are in line with an earlier rodent study that showed a positive correlation between hepatic free cholesterol concentrations and hepatic NFκB activation, both of which were reduced after treatment with an anthocyanin-rich plant extract (58). An orchestrated adaptation of cholesterol biosynthesis and metabolism pathways and connected inflammatory pathways in both the liver and the adipose tissue was also observed in another study in response to a high-fat diet with a natural cholesterol content (59).

Besides these effects on transcriptional control mechanisms, another proposed mechanism by which cholesterol induces inflammation is by induction of physical cellular damage [for instance through formation of cholesterol crystals (60)] – which can result in the release of damage-associated molecular patterns (DAMPs) that function as a chemotactic signal for neutrophils (61) and may thus underlie the observed effect on neutrophil infiltration. Additionally, cholesterol loading in macrophages has been shown to induce expression of IL-8 – a potent neutrophil chemoattractant (62) – and cholesterol enrichment in neutrophil membranes has been found to enhance neutrophil adhesion and arrest, thereby increasing their potential for extravasation (63). In line with this, we found that the neutrophil chemokine CXCL1 was increased in livers of HFD control mice. This corresponds with observations in human NASH livers, which show a strong upregulation of CXCL1 that is not observed in livers from patients with simple steatosis (64, 65). Of note, other HFD-fed mouse models of NASH do not show this upregulation of CXCL1 (65, 66). A recent report by Hwang et al. (65) showed that overexpression of Cxcl1 in HFD-fed mice was sufficient to induce NASH (recapitulating the pathological features of human NASH), thus further underlining the importance of this chemokine. Treatment with HC-24 significantly reduced CXCL1 expression in the liver — both on the gene expression level and on the protein level — and reduced infiltration of neutrophils into the liver. Although the infiltration of neutrophils is recognised as a defining characteristic of human NASH (67), their precise role in the pathogenesis of NASH has not been completely elucidated. However, their ability to release a potent cocktail of reactive oxygen species and proteases is thought to make them a potential cause of extensive tissue damage as demonstrated in other liver diseases (68, 69). This notion is further substantiated by the above-mentioned study on CXCL1-induced NASH (65), which provides several lines of evidence that neutrophils promote NASH development through production of ROS that activate several stress kinases (ASK1, p38/JNK-CASP3 pathway) in the liver, resulting in liver injury, inflammation and fibrosis. Conversely, depletion of neutrophils in HFD-fed mice reduces development of NASH (70). Since hepatic inflammation in the current study showed a clear correlation with hepatic free cholesterol levels, it is likely that the observed anti-inflammatory effects of HC-24 are (at least in part) secondary to the improvement of cholesterol homeostasis observed in HC-24-treated animals.

Overall, our results show that free cholesterol accumulates in the liver of Ldlr-/-.Leiden mice under physiologically translational dietary conditions and that this build-up of free cholesterol is associated with the development of hepatic inflammation. Treatment with the multicomponent medicinal product HC-24 reduces this free cholesterol accumulation and has molecular and cellular anti-inflammatory effects in the liver.
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The progression of metabolic dysfunction associated fatty liver disease (MAFLD) leads to steatohepatitis, liver fibrosis and hepatocellular carcinoma. Thus far, there have been no FDA-approved medications for MAFLD. Bariatric surgery (BS) has been found to improve insulin resistance, steatohepatitis and liver fibrosis but is not recommended for treating MAFLD due to its invasiveness. Recent studies suggest the improved glucose metabolism after BS is a result of, at least partly, alterations to the gut microbiota and its associated metabolites, including short chain fatty acids and bile acids. It makes sense the improved steatohepatitis and fibrosis after BS are also induced by the gut microbiota that involves in host metabolic modulation, for example, through altering bile acids composition. Given that the gut–liver axis is a path that may harbor unexplored mechanisms behind MAFLD, we review current literatures about disentangling the metabolic benefits of MAFLD after BS, with a focus on gut microbiota. Some useful research tools including the rodent BS model, the multiomics approach, and the human microbiota associated (HMA) mice are presented and discussed. We believe, by taking advantage of these modern translational tools, researchers will uncover microbiota related pathways to serve as potential therapeutic targets for treating MAFLD.
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Introduction

With a 25% global prevalence rate, metabolic dysfunction associated fatty liver disease (MAFLD), formerly named nonalcoholic fatty liver disease (NAFLD) is currently the most common chronic liver disease worldwide (1–3). In recent years, MAFLD has been getting attention since it has become the fastest growing etiology of liver cirrhosis and liver cancer worldwide (4, 5). Thus far, MAFLD has been the second-most common indication for liver cancer transplantation and the fastest growing indication in the United States (6), Furthermore, the number of deaths and end-stage liver disease caused by MAFLD is estimated to double from 2016 to 2030; global prevalence of MAFLD will continue to grow and data suggest the largest increase in MAFLD burden is expected to occur in Chinese population because of the urbanized lifestyle (5, 7).

MAFLD had been traditionally categorized into dichotomous simple steatosis and steatohepatitis based on the degree of histological severity of hepatic inflammation. Nevertheless, it is commonly accepted that MAFLD activity is a dynamic continuum and should be described by the grade of activity and the stage of fibrosis rather than a dichotomous stratification (2, 3). Thus far, the underlying pathogenesis in the progression of MAFLD is not fully understood. Although a “two-hit” theory for steatohepatitis has been proposed decades ago, the transition in the activity of MAFLD is a multifactorial continuum which involves with increased free fatty acids, translocated lipopolysaccharide (LPS), de novo lipogenesis, insulin resistance, oxidative stress, endoplasmic reticulum stress, mitochondria dysfunction, NLRP3 inflammasome activation, and inflammatory cytokines production such as IL-1β and IL-6 (8, 9). Chronic injuries to the liver parenchyma can lead to repeated necrosis and repairment and subsequently lead to liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). However, the weight and importance of each mechanistic pathway is unknown and potential interactions between the multiple hits of MAFLD remain to be elucidated (9). Besides, the pathogenesis involves complex intercellular crosstalk between hepatocytes, Kupffer cells, hepatic stellate cells (HSCs) and other adaptive immune cells, further complicated the signal transduction of MAFLD (10, 11). Due to a lack of comprehensive knowledge, unfortunately, there are currently no FDA-approved drugs for the treatment of MAFLD on the market despite Vitamin E and pioglitazone as approved medications for selected patients in current guideline (12). Currently, the only well-validated measure for MAFLD treatment is lifestyle modification to achieve 7-10% weight reduction, however, only a minor portion of patients were able to sustain the weight loss over time (12).

Accumulating evidence have suggested that the gut microbiota can stand as an endocrine organ that is involved in dynamically regulating energy homeostasis and immune response in the human body (13). Actually, human organ systems could be affected when microbe-derived molecules interact with the host on the intestinal surface or react distally when transmitting across the intestinal barrier (14). The first stop in the human body receiving signals from the gut lumen is the liver, whereas the portal vein is the primary route for the blood returning from the gastrointestinal tract. Bioactive metabolites produced in the gut could travel from the intestinal lumen to the liver parenchyma through the portal vein as a fast track, which is known as the gut–liver axis. This pathway may allow the harboring of messages from the gut microbiota that are associated with the pathophysiological process in MAFLD (15, 16). In fact, links have been discovered between several microbial-produced molecules and the pathogenesis of MAFLD. These molecules include LPS, flagellin, peptidoglycan, and bacterial DNA which react with the toll-like receptor family (16, 17). Importantly, the short chain fatty acids (SCFAs) and bile acids are essential microbial-related metabolites that may regulate metabolic fate of MAFLD. Other small microbial molecules, including ethanol, trimethylamine (TMA), phenylacetate, and imidazole propionate, are also reportedly linking to the MAFLD (16, 18). Therefore, mining biological mass from the gut–liver axis could be a promising approach to discovering the mechanisms behind MAFLD progression and to generating novel therapeutic targets for treating MAFLD.

Bariatric surgery is a complex surgical procedure performed on morbidly obese patients to achieve weight reduction effectively. The most commonly practiced bariatric procedures are the sleeve gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB). The SG involves the surgical resection of the fundal part of the stomach, while the RYGB is performed by creating a pouch from the stomach and connecting a newly created pouch to the small intestine. Both surgical operations involve stomach volume reduction, reduced acid production, and altered gut hormones, whereas RYGB involves the anatomical rearrangement of the gastrointestinal tract with an altered enterohepatic cycle that may affect bile acids reabsorption (19). Over the past two decades, bariatric surgery has been successfully used to treat or even cure adult-onset diabetes mellitus (DM) and has been proven the most effective therapy for DM (20–22). Although some important glucoregulatory roles of gut hormones have been firmly established, the physiological and molecular mechanisms underlying the benefits of bariatric surgery remain poorly understood (22). Recent data have also demonstrated that bariatric surgery can induce the dramatic improvement of MAFLD and reverse pathological features, including steatohepatitis and liver fibrosis (23, 24). Despite its significantly observed therapeutic effect for MAFLD, bariatric surgery is still not recommended for treating MAFLD as it is considered too invasive and cost-prohibitive (12). Therefore, disentangling the mechanisms behind how bariatric surgery treat MAFLD effectively may pave a new path in discovering potential therapeutic target for MAFLD. However, like the unsolved mechanisms behind bariatric surgery for DM, its beneficial mechanism in MAFLD remains largely unknown.

Bariatric surgery usually involves the restriction of food intake in reducing energy absorption to achieve weight reduction. RYGB also alters the path of the digestive tract so that foods bypass the duodenum and upper jejunum to reduce the digestion and absorption of nutrients. The anatomical changes to the digestive tract resulting from bariatric surgery could have dramatic environmental impacts on the microorganisms living in the gut (19). The structure of the gut microbial community is usually rebuilt based on the environments changed in the gut lumen. For examples, reduced gastric acid production may permit more acid-intolerant bacteria to colonize the intestine (19). The RYGB shortens the distance for the bile salts to reach terminal ileum and colon, thus producing a bile acid abundant environment to the lower intestine and colon which affects both the composition and function of the gut microbiota, alter the primary/secondary bile acid ratio, and influence the conjugation process of bile acid in the gut lumen (25). In addition, since the RYGB bypasses the gastroduodenal portion, more oxygen is swallowed into the small intestine, thereby extending the intestinal tract as a microaerobic rather than an anaerobic state (26). The altered oxygen gradient along the intestinal tract by RYGB allows more aerotolerant bacteria to colonize in the colon, such as Escherichia coli, Streptococcus spp. and Veillonella spp (27). In contrast, some relative abundance of anaerobes, such as Clostridium spp., was observed to be higher after SG which is probably caused by less swallowed oxygen to the reduced gastric volume. However, a potential anti-obesity and anti-diabetic anaerobic bacterium, Akkermansia muciniphila, was enriched after both surgeries (27, 28). Interestingly, some gut microbe-associated glucoregulatory hormones such as GLP-1 and FGF19, were proposed as a mechanistic route of bariatric surgery for improving DM (19, 22). Therefore, it would be no surprise if at least some mechanisms underlying the benefits of bariatric surgery for MAFLD were the results from the alterations of gut microbiota. In this mini-review, we present some potentially applicable approaches such as bariatric surgery mice model, human multiomics study, and human microbiota associated (HMA) mice study for investigating the benefits of bariatric surgery through the gut microbiome–liver axis (Figure 1), and discuss current gaps and challenges that researchers need to face.




Figure 1 | Toolboxes for investigating the benefits of bariatric surgery though gut-liver axis. (A) Diagram illustrating the metabolic benefits of bariatric surgery (BS) for MAFLD could be contributed by the altered host-microbe interactions. The pro-inflammatory gut-liver axis from dysbiosis might be restored by the bariatric surgery to improve MAFLD. (B) Approaches presented for studying the altered gut-liver axis by bariatric surgery and its potential beneficial effects on MAFLD, including bariatric surgery mice model, human multi-omics study, and human microbiota associated (HMA) mice model. RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; LC-MS/MS, Liquid chromatography-tandem mass spectrometry; Inbody, a machine used for measuring human body composition; Fibroscan, a machine used for measuring stiffness of liver; MRI, magnetic resonance imaging; FMT, fecal microbiota transplantation.





Mining With Rodent Model of Bariatric Surgery

The animal model of bariatric surgery has been developed since early 1990s for learning bariatric surgical techniques and understanding the postsurgical physiology of bariatric surgery (29). Over the past decade, the experimental rodent model for both gastric bypass surgery and SG have been matured and well validated, thus providing a delicate research tool for studying the molecular mechanisms behind the metabolic fates from bariatric surgery (30). Importantly, a rodent model for bariatric surgery is useful for researchers to investigate whether the metabolic benefits such as improved glucose tolerance and steatohepatitis could be caused by other drastic physiological changes (including alterations to gut microbiota) induced by bariatric surgery, instead of being caused by the expected weight reduction. For example, Liou et al. found the Escherichia coli and Akkermansia muciniphila were increased when mice received RYGB surgery and found the transfer of feces from RYGB-treated mice to germ-free mice significantly induced weight reduction, decreased fat mass, and improved glucose tolerance which were linked to decreased acetate and increased propionate in the feces (31). The gastric bypass surgery may also benefit by improving the gut barrier. Yang et al. performed duodenojejunal bypass (DJB) surgery in rodent animal and found a strengthened gut barrier and increased serum GLP-2 in rats that received DJB when comparing to the sham control group (32). These studies support the murine model of bariatric surgery to serve as a promising tool in disentangling the beneficial mechanisms behind the surgery-altered gut microbiota. For the SG procedure, as it does not alter the digestive path, the alterations to the gut microbiota post-SG may be less drastic than that in RYGB. However, the compositional and functional changes to the gut microbiota caused by SG remain important in modulating the metabolic fate in the post-SG host. For example, Ryan et al. conducted a vertical sleeve gastrectomy (VSG) mice study and demonstrated that a part of the weight-reducing effects of SG was not the result of the intake restriction imposed by a smaller stomach but rather the effect of the altered level of bile acids and the changes in the gut microbiota (33). Further, they showed that the weight-reducing effects of the VSG in mice were substantially reduced when the FXR, an essential bile acid receptor gene, was knocked out. Collectively, current evidence suggests that changes to the gut microbiota after bariatric surgery are not just a consequence of an altered intestinal environment but also a contributor to the metabolic benefits. Therefore, it provides an opportunity for researchers to investigate whether MAFLD could be improved through the altered gut microbiota caused by bariatric surgery.



Mining in Human Multi-Omics Study

With the rapid advancement of new technology such as next generation sequencing and mass spectrometry, the translational research has entered into a new era as growing volumes of omics data have been generated. The integration of multiomics data from both host and its harboring microbes which include 16S rRNA taxonomics, shotgun metagenomics, metatranscriptomics, metaproteomics, metabolomics and the clinical phenotypic health datasets, has enabled efficient investigations on disease-related host-microbe relationships (34, 35). Recently, the multi-omics approach is becoming popular for exploring the microbial and molecular features of disease phenotypes, including MAFLD (36). For example, Hoyles et al. analyzed samples from 105 morbidly obese women by integrating features of the liver transcriptome, plasma and urine metabolome, and gut metagenome. The authors established molecular networks linking the gut microbiome to hepatic steatosis and concluded that the gut microbiome has substantial effects on the human steatosis phenotype through producing specific metabolites such as phenylacetic acid and 3-(4-hydroxyphenyl) lactate (37). Tremaroli et al. integrated shotgun metagenome sequencing and targeted metabolomics to investigate the gut microbiome changes caused by bariatric surgery and found that both RYGB and vertical banded gastroplasty produce increased postprandial levels of FGF19 (a downstream effector of FXR receptor) and durable alterations to the gut microbiome, which are independent of the BMI (38). Interestingly, they colonized feces from human donors to the germ-free mice and showed a favorable fat mass regulation contributed by the surgically altered microbiota. Aron-Wisnewsky et al. conducted a larger multi-omics study to investigate the structural and functional effects of bariatric surgery on the gut microbial community (39). The authors analyzed the time-series gut microbiome and serum metabolomics among 61 morbidly obese patients who received bariatric surgery and found that 75% of them had low microbial gene richness, which partly restored after the bariatric surgery. By integrating serum metabolomics and fecal metagenomics data, they found that nine potential microbe-derived metabolites in the serum, including glutarate, 3-methoxyphenylacetic acid, and L-histidine, are strongly correlated with low microbial gene richness, which might provide functional clues to disentangle the altered microbial features induced by bariatric surgery. More recently, Farin et al. conducted a metagenome study comparing the impact of RYGB and SG on gut microbiota. Both RYGB and SG increased alpha diversity and gene richness of gut microbiota while the microbiome composition is differently altered (27). The RYGB promotes colonization of aerotolerant oral flora such as Streptococcus and Veillonella spp. more than SG. At the functional level, the module of propionate production was higher after RYGB which is consistent with previous animal study conducted by Liou et al. (31). Other recent studies comparing gut microbiome after bariatric surgery by using 16S rRNA amplicon sequencing showed a decreased Firmicutes/Bacteroidetes ratio (40, 41), indicating a favorable phylum composition for obesity which is consistent with a recent meta-analysis showing increase in phyla Bacteroidetes, Fusobacteria, Proteobacteria and Verrucomicrobia, and a decrease in Firmicutes (28).

Analysis of metabolomics from samples of peripheral blood may not be a perfect way to explore the host-microbe communications among gut–liver axis because most microbe-derived molecules from the intestine converge into liver through the portal vein, leveraging an effect called first-pass metabolism (42). The molecules entering the liver could be readily inactivated, modified, or consumed by hepatic cells, so the composition and concentration of microbe-derived metabolites observed in the portal vein may be largely different when entering into systemic circulation. Thus, the portal vein is considered an optimal place for mining unbiased microbial signals from the gut–liver axis. Koh et al. took advantage of this concept to explore signals transmitted from the gut microbiota to the host by sampling portal veins from five obese DM patients and 10 BMI-matched DM-negative obese subjects who received bariatric surgery (43). The authors found four amino acid-derived metabolites (dopamine sulfate, glutamate, imidazole propionate, and N-acetylputrescine) that were significantly elevated in the portal vein of the DM patients and finally proved the microbe-produced imidazole propionate to be a novel etiology for impaired glucose tolerance. Thus, we believe it plausible to discover new microbial-derived therapeutic targets for MAFLD by using similar approach.


Mining in Human Microbiota-Associated Mice Research

The establishment of human-sourced gnotobiotic mouse model through the fecal microbiota transplantation (FMT) of human donors into germ-free mic has provided an innovative and plausible tool in mimicking the human microbial system (44, 45). Although the mouse model allows the perturbation in the gut microbiota by bariatric surgery to be studied with a controlled experimental setup and has demonstrated the causal effects of gut microbiota modulated by bariatric surgery for improving metabolic disorders, challenges remain. Before the research findings can be translated to clinical application, the substantial differences in the compositions of the gut microbial communities between humans and rodents caused by host–microbe selectivity must be addressed (46). Thus, a model for human microbiota-associated (HMA) mice, also named humanized gnotobiotic mice, was created to fill the gap between rodent and human gut microbiota studies. Basically, the HMA was created by transplanting feces from human donors to germ-free recipient mice or antibiotic-treated mice to investigate whether the disease or therapeutic phenotypes observed in the human study could be transferred to controlled experimental mice by colonizing the phenotype-associated microbiota (47). For example, Hoyles et al. demonstrated the role of human gut microbiota in de novo lipogenesis by transplanting feces from patients with different grades of liver steatosis to antibiotic-treated mice. In this study, they further discovered that phenylacetic acid, a metabolite derived from the microbial metabolism of phenylalanine, mechanistically triggers liver steatosis (37). Besides, the human-sourced gut microbiota transplanted to mice can be manipulated by different antibiotics to screen for the optimal microbial composition that contributes either positively or negatively to the phenotype of interest. Tanoue et al. used antibiotics of different spectrums on HMA mice and successfully isolated a consortium of 11 bacterial strains that robustly induced interferon-γ-producing CD8 T cells in the intestine (48). Therefore, we consider the HMA mice model a potential tool in mining therapeutic targets for MAFLD from the gut–liver axis altered by bariatric surgery.




Common Changes of Gut Microbiota After Bariatric Surgery

Datasets related to the microbiome change after bariatric surgery have been accumulating in recent years. Although the changes of gut microbial composition may differ based on different operation types of bariatric surgery, increased microbial diversity and gene richness were generally observed in most studies (49). Several potentially beneficial anaerobic commensal bacteria such as Akkermansia muciniphila, Rosburia intestinalis, and Faecalibacterium prausnitzii, has been reported to be enriched after bariatric surgery (49). The increased relative abundances of these bacteria may contribute to the weight reduction and the improved metabolic fates after bariatric surgery although the causality and mechanisms require to be proved. Notably, some opportunistic pathogen belonging to Proteobacteria including Escherichia coli and Klebsiella were increased after bariatric surgery and the effects also need to be followed. Nevertheless, these results might be limited and require to be interpretated carefully because the sample size of current studies are relatively small, and in most occasions, used 16S rRNA sequencing for microbiome profiling which has relatively low resolution for microbial taxonomy. Importantly, whether the change of gut microbiota caused by bariatric surgery is a key to the improvement of metabolic syndrome remains to be elucidated. Interestingly, a recent pilot study was conducted by transplanting fecal microbiota from donors who received RYGB to subjects with metabolic syndrome (50). The authors found a relatively increased insulin sensitivity by fecal microbiota transplantation (FMT) from RYGB donors as compared with donors having metabolic syndrome. However, the study has small sample size and several confounding factors, thus the metabolic effects of FMT from donors receiving bariatric surgery remain inconclusive and need to be elucidated with a larger and less-biased study.



Bariatric Surgery, Bile Acids and MAFLD

Given that the mechanisms of bile acids in regulating glucose and lipid metabolism have been established, the alteration in bile acids composition after bariatric surgery is considered an explanation to its metabolic effects (25, 51). Briefly, the primary bile acids (PBA) are synthesized and conjugated in the liver, excreted to the intestine, deconjugated and/or transformed to secondary bile acids (SBA) by the gut microbiota, and recycled through reabsorption in the terminal ileum (51). The RYGB has foods bypass the gastroduodenal portion, reducing consumption of bile acids, and creates a shortcut for bile acids to reach the lower intestine (19). This anatomical change may have more conjugated bile acids to be actively reabsorbed in terminal ileum while parallelly allow more PBA to enter into colon to be transformed to SBA by the gut microbiota. Studies have showed that in MAFLD patients, the PBA/SBA ratio in plasma were significantly higher when comparing with healthy subjects and correlates to the severity of MAFLD (51, 52). Interestingly, current data also showed the bariatric surgery consistently decrease the PBA/SBA ratio which might be related to the metabolic benefits of MAFLD by bariatric surgery (51). However, it should be noted the bile acids have numerous chemical structures which exhibits quite different affinity to FXR and TGR5 and represent divergent downstream bioactivities, making interpretations of the altered bile acids composition more complicated (25). Nevertheless, the simple plasmatic PBA/SBA ratio might still be a potential clinical indicator for predicting the improvement of MAFLD by bariatric surgery but still need to be validated in a larger cohort study. Interestingly, a more recent study showed a gut microbiota-dependent pathway by which SG increases liver cholic acid-7-sulfate (CA7S) production and subsequent TGR5 signaling and GLP-1 production (53). This authors further demonstrated liver CA7S production was induced by increased lithocholic acid (LCA), a secondary bile acid produced by Clostridia, transported selectively from gut lumen into portal vein, thus illustrating CA7S as a microbiota-dependent metabolite altered by bariatric surgery and is responsible, at least partly, for the metabolic improvement (including MAFLD) of bariatric surgery (54). Notably, these findings were demonstrated by mouse model and requires to be validated in future human study.



Discussion

In this review paper, we presented some experimental approaches that are potentially useful for exploring the link between gut microbiota and metabolic fates through the gut–liver axis. We believe that these approaches could be useful for investigators to study the mysterious benefits of bariatric surgery for MAFLD and to decipher potential protective mechanisms that are relevant to the altered gut microbiota. By investigating the gut–liver axis, researchers may have an opportunity to discover new therapeutic targets from the metabolic benefits of bariatric surgery, which is so far the most effective treatment for MAFLD. However, despite being promising, some challenges and limitations remain.

First, the improvement of MAFLD usually correlates well with weight reduction, making it vague whether the improvement of MAFLD after bariatric surgery is caused by the expected weight loss or by the altered gut microbiota, especially in clinical research. Studies conducted with time-series observations for changes in MAFLD-relevant biomarkers and the alterations in the gut microbiota might be helpful for clarifying this ambiguity. Ooi et al. conducted an observational study with monthly follow-ups with 84 morbidly obese patients who received bariatric surgery to collect anthropometric and serological data for 12 months (55). In this study, serum alanine aminotransferase and γ-glutamyl transferase dropped faster and greater than improvements in body weight, serum triglyceride, and glucose within three months after the bariatric surgery. The observation showing hepatic inflammation to be attenuated earlier than the occurrence of weight reduction suggests that the improvement of liver injuries may be mechanistically independent from weight loss, while both are the results of bariatric surgery. Although improved serum liver enzymes may not indicate histologically improved MAFLD, the serological finding is consistent with two other clinical studies that have demonstrated a significant histological improvement in MAFLD within 3–6 months after bariatric surgery (56, 57). The early therapeutic response of MAFLD to bariatric surgery may correlate with the rapid adaptation of the gut microbiota to a new gut environment created by the operation. Besides, rodent studies have also shown the role of gut microbiota modulated by bariatric surgery in improving metabolic fates (31, 33). Collectively, both clinical and basic evidence provide reasons to believe that the improvement of MAFLD after bariatric surgery could be induced by an unsolved mechanism that works through the altered gut–liver axis.

Although the gut microbial community is undoubtedly affected by bariatric surgery, the prophylaxis antibiotic used during the operation and the altered dietary habits after surgery also significantly impact the gut microbiota, which increases the inter-individual variations for an altered gut microbiome (19). Therefore, the study sample size may need to be augmented to adjust for the variations produced by these unavoidable confounders. However, the follow-up for the MAFLD phenotype histologically is a challenging task. Hence, applying non-invasive tools such as magnetic resonance imaging proton density fat fraction (MRI-PDFF), Fibroscan, and magnetic resonance elastography (MRE), would be necessary for implementing a large-scale clinical study to compare MAFLD severity before and after bariatric surgery. For example, Caussay et al. compared the gut microbial signatures among patients with MAFLD at different fibrosis stages by using MRI-PDFF and MRE to quantify steatosis and fibrosis of the liver. They found 27 bacterial features to build a robust random forest classifier model for MAFLD-related cirrhosis with a prediction rate of 92% AUROC, which was confirmed by an independent validation cohort (AUROC of 0.87) (58).

Despite being challenging, investigation on the metabolic benefits brought about by bariatric surgery for MAFLD remains an exciting filed since the advancement in microbiome research has provided opportunities for deciphering the mechanisms behind previously unsolved diseases. As the liver is the sentinel organ in receiving microbial signals from the portal vein, we believe mining the altered gut-liver axis from bariatric surgery holds a great potential to bring new mechanistic insights for MAFLD.
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Background

In recent years, evidence that aldosteronism is a risk factor for metabolic disorders has increased. This study was designed to investigate the role of nonalcoholic fatty liver disease (NAFLD) and hypokalemia in primary aldosteronism (PA).



Methods

A total of 222 patients diagnosed with PA and 222 non-PA patients were included in our study. Demographic data, medical histories, clinical evaluations, complete blood counts, serum biochemical analyses, aldosterone and potassium levels were obtained. Data are presented as the means ± standard deviation (SD). To compare the parameters between cases and controls, Student’s t-tests or Mann-Whitney U tests were used for continuous variables, and χ2 tests were used for categorical variables. Pearson correlation analysis was used to define relationships between pairs of parameters. A two-sided P < 0.05 was considered statistically significant. Multivariate logistic regression was performed to assess the independent effects of potassium and other metabolic variables on NAFLD in PA patients.



Results

The diagnosis of NAFLD was more common in PA patients (n=222, 35.1%) than in non-PA subjects (29.7%). PA patients with and without NAFLD had similar metabolic imbalance characteristics. In PA patients with hypokalemia, relatively higher prevalences of NAFLD (44% vs. 27%, P < 0.05) and diabetes mellitus (19.8% vs. 9.9%, P < 0.05) were observed. Hypokalemic PA patients had a worse metabolic status than PA patients without hypokalemia, including higher body mass index (BMI) (25.4 ± 3.4 vs. 24.1 ± 3.9 kg/m2, P < 0.05), more severe dyslipidemia as well as insulin resistance, higher serum uric acid levels (354 ± 95 vs. 319 ± 87 μmol/L, P < 0.01) and aggravated inflammation.



Conclusion

The prevalence of NAFLD was higher in PA patients than in non-PA patients, although the patterns of obesity, dyslipidemia and insulin resistance were similar. Hypokalemic PA patients had a worse metabolic status than normokalemic PA patients. This study provides new insights that can inform further mechanistic studies about metabolic imbalance in patients with aldosteronism.





Keywords: hypokalemia, non-alcoholic fatty liver disease, primary aldosteronism, inflammation, insulin resistance



Highlights

	*The prevalence of NAFLD was higher in primary aldosteronism patients than in people without aldosteronism.

	*NAFLD patients with and without primary aldosteronism showed similar patterns of obesity, dyslipidemia and insulin resistance.

	*Hypokalemia was accompanied by a worse metabolic status and exacerbated inflammation in patients with primary aldosteronism.

	*This study provided new insights that can inform further mechanistic studies about metabolic imbalances in primary aldosteronism patients.





Introduction

Primary hyperaldosteronism (PA), which was first described by Jerome Conn in the 1950s, is characterized by inappropriate endogenous production of the mineralocorticoid aldosterone by one or both adrenal glands. Recent studies have shown that excess aldosterone is associated with metabolic disorders, such as diabetes (1, 2). Disrupted renin-angiotensin-aldosterone system (RAAS) activity and hypokalemia are fundamental aspects of PA; furthermore, aldosterone-induced hypokalemia has been reported to impair glucose tolerance by impeding insulin secretion (3). Retrospective analyses have suggested that interrupting the RAAS with angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs) prevents the occurrence of metabolic disorders, exerting beneficial effects on glucose metabolism and insulin sensitivity (4, 5).

The prevalences of metabolic diseases, including obesity, nonalcoholic fatty liver disease (NAFLD), and diabetes, have increased rapidly in recent years (6–8). NAFLD is defined as a clinicopathological syndrome characterized by lipid accumulation in hepatocytes and is commonly accompanied by obesity, dyslipidemia, diabetes, and cardiac and cerebral vascular diseases, accounting for half of chronic liver disease in China (6, 9). The understanding of NAFLD pathogenesis has progressed from the classic ‘two-hit’ model to the current ‘multiple-hit” model that takes into consideration more genetic and environmental factors (10–12). Particular attention has been given to the application of RAAS inhibition to the treatment of NAFLD. RAAS inhibition was reported to affect NAFLD by reducing hepatic inflammation and fibrosis via fibroblast inactivity as well as hepatic stellate cell proliferation prevention, leading to improved liver histology and transaminase levels (13, 14).

Therefore, we conducted a case-control study in a Chinese population to describe the metabolic aspects of PA, investigate the prevalence and metabolic characteristics of NAFLD in PA patients and determine the relationship between hypokalemia and NAFLD in PA patients.



Materials and Methods


Patients

A total of 222 patients diagnosed with PA and 222 non-PA subjects who underwent annual health examinations at the First Affiliated Hospital of Zhejiang University from Jan 2009 to June 2018 were included in our study. The following exclusion criteria were applied (15–17): (1) alcohol consumption greater than 140 g/week for men and 70 g/week for women; (2) history of viral hepatitis, autoimmune hepatitis, or other forms of chronic liver disease; (3) self-reported acute infection within 2 weeks; and (4) body mass index (BMI) less than 18.0 kg/m2. The study protocol was approved by the Hospital Ethics Committee of the Affiliated Hospital, Medical School, Zhejiang University, and performed in accordance with the principles of the Declaration of Helsinki. All subjects gave informed consent before enrollment.



Clinical Evaluation

Blood samples for biochemical and endocrine-metabolic profiles (including total bilirubin, triglycerides, total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, very-low-density lipoprotein cholesterol, electrolytes, liver enzymes, fasting plasma glucose, Hb1Ac, serum uric acid, etc.) were obtained at 0800 h after overnight fasting upon the patient’s first visit to hospital and at discharge or preparation for surgery. Tests were performed using a Hitachi 7600 autoanalyzer (Hitachi, Tokyo, Japan) (16). For the aldosterone measurements, subjects stood upright for 45 minutes, after which blood samples were collected and assayed (18). Demographic data, medical histories, and health habits were recorded by trained physicians. Standing height and body weight without shoes and with light clothes were measured according to standard procedures. BMI was calculated as body weight (kg) divided by the square of height (meter). Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured with a sphygmomanometer in the sitting position. Insulin resistance was calculated using the homeostatic model assessment [HOMA-IR = (fasting glucose/mg*dL-1×fasting insulin/mU*L-1/405].



Diagnostic Criteria for NAFLD and Metabolic Syndrome

NAFLD was diagnosed according to the guidelines published by the Chinese Liver Disease Association (6). NAFLD was determined by hepatic ultrasound examination following the exclusion of excessive alcohol consumption and viral or autoimmune liver disease. Hepatic ultrasound examinations were carried out by trained ultrasonographers using a Toshiba Nemio 20 sonography machine with a 3.5-MHz probe (Toshiba, Tokyo, Japan) (16). A third expert consulted in cases of disagreement between the two ultrasonographers.



Diagnosis of PA

PA was diagnosed according to the 2016 Endocrine Society Clinical Practice Guidelines and a previous study (19, 20). Screening for PA was based on a cutoff value of the upright plasma aldosterone (ng/dl)/plasma renin activity (PRA) (ng/ml/h) ratio > 40 in the presence of an aldosterone level >15 ng/dl and suppressed PRA. Then, a confirmatory saline infusion test (0.9% NaCl 500 ml/h for 4 h) was performed in those with an aldosterone/PRA ratio > 40, and only those with plasma aldosterone levels that failed to fall to <5 ng/dl after the saline infusion were diagnosed with PA. Hypokalemia was defined as a serum potassium concentration less than 3.50 mmol/L. Treatment for hypokalemia included the administration of i.v. potassium chloride or p.o. potassium citrate until the serum potassium level reached the normal range.



Statistical Analysis

The normality of the distribution of the data was tested with the Kolmogorov-Smirnov test. Normally distributed variables are presented as the means ± standard deviation (SD); variables with skewed distributions are presented as the medians (interquartile ranges). To compare the parameters between cases and controls, Student’s t-test or the Mann-Whitney U test was performed for continuous variables, and the χ2 test was performed for categorical variables. Pearson correlation analysis was used to define the relationship between two parameters. Multivariate logistic regression was performed to assess the independent effects of potassium and other metabolic variables on NAFLD in PA patients. Statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL, USA). A two-sided P < 0.05 was considered statistically significant.




Results


General Information

A total of 222 patients with PA and 222 non-PA counterparts were enrolled in this study. Baseline characteristics are shown in Supplementary Table 1. The diagnosis of NAFLD was more common in PA patients (n=78/222, 35.1%) than in non-PA patients (n=66/222, 29.7%). Furthermore, a lower serum potassium level (3.44 ± 0.63 vs. 3.95 ± 0.33 mmol/L, P < 0.05) and higher blood pressure (SBP 144 ± 20 vs. 123 ± 15 mmHg, P < 0.05 and DBP 90 ± 14 vs. 76 ± 10 mmHg, P < 0.01) were observed in PA patients.



Metabolic Characteristics of PA and NAFLD

To further analyze the metabolic characteristics of PA and NAFLD, both the PA and non-PA groups were divided into NAFLD and non-NAFLD subgroups, yielding the following subgroups: NAFLD PA, non-NAFLD PA, NAFLD non-PA and non-NAFLD non-PA. Similar metabolic imbalances were seen in the PA NAFLD and non-PA NAFLD subgroups, indicating similar patterns of NAFLD in both PA and non-PA subjects, including a higher BMI (26.8 ± 3.6 vs. 23.5 ± 3.2 kg/m2, P < 0.001); dyslipidemia with higher levels of total bilirubin (13.2 ± 7.2 vs. 11.3 ± 5.1μmol/L, P < 0.05), triglycerides (2.01 ± 0.86 vs. 1.50 ± 0.90 mmol/L, P < 0.001), total cholesterol (4.45 ± 0.74 vs. 4.20 ± 0.87 mmol/L, P < 0.05), very-low-density lipoprotein cholesterol (VLDL cholesterol) (0.98 ± 0.37 vs. 0.79 ± 0.50 mmol/L, P < 0.05) and a lower level of high-density lipoprotein cholesterol (HDL cholesterol) (1.00 ± 0.26 vs. 1.12 ± 0.29 mmol/L, P < 0.01); and insulin resistance, indicated by an elevated fasting plasma glucose level (5.44 ± 1.41 vs. 4.83 ± 1.40 mmol/L, P < 0.01), Hb1Ac level (6.37 ± 1.20 vs. 5.96 ± 1.34%, P < 0.01), and HOMA-IR score (2.76 ± 2.45 vs. 1.47 ± 1.05, P < 0.001) (Table 1). Elevated liver enzyme levels, including alanine aminotransferase (ALT) (31 ± 21 vs. 19 ± 15 U/L, P < 0.001), aspartate aminotransferase (AST) (26 ± 15 vs. 20 ± 13 U/L, P < 0.01) and gamma-glutamyl transpeptidase (GGT) (50 ± 45 vs. 26 ± 24 U/L, P < 0.05), were also considered markers of liver damage (Table 1).


Table 1 | Metabolic Characteristics of PA and NAFLD.



Further comparing NAFLD in PA and non-PA subjects, the metabolic characteristics were similar, except the PA NAFLD subgroup had higher blood pressure values than the non-PA NAFLD subgroup (SBP 146 ± 20 mmHg vs. 130 ± 14 mmHg, P < 0.05 and DBP 91 ± 14 vs. 78 ± 10 mmHg, P < 0.05).



Metabolic Characteristics in Hypokalemic PA

Given the similarities in the PA NAFLD and non-PA NAFLD subgroups, we specifically investigated the PA group (n=222) to determine if metabolic changes were present in those with hypokalemia compared with those with normal potassium levels. The hypokalemia subgroup had higher prevalences of NAFLD (44% vs. 27%, P < 0.05) and diabetes mellitus (19.8% vs. 9.9%, P < 0.05) (Table 2 and Supplementary Figure 1). Patients with hypokalemia had a worse metabolic status, with a higher BMI (25.4 ± 3.4 vs. 24.1 ± 3.9 kg/m2, P < 0.05); worse dyslipidemia with higher total bilirubin (13.0 ± 7.0 vs. 10.9 ± 4.6 μmol/L, P < 0.05), triglyceride (1.88 ± 0.83 vs. 1.48 ± 0.96 mmol/L, P < 0.01), total cholesterol (4.42 ± 0.84 vs. 4.16 ± 0.82 mmol/L, P< 0.05), LDL cholesterol (2.48 ± 0.68 vs. 2.28 ± 0.68 mmol/L, P < 0.05), and VLDL cholesterol (0.93 ± 0.38 vs. 0.78 ± 0.54 mmol/L, P < 0.05) levels and a lower HDL cholesterol level (1.00 ± 0.27 vs. 1.14 ± 0.28 mmol/L, P < 0.001); and worse insulin resistance (HOMA-IR: 2.30 ± 2.34 vs. 1.56 ± 0.65, P < 0.001). Furthermore, the hypokalemia subgroup had a significantly elevated serum uric acid level (354 ± 95 vs. 319 ± 87 μmol/L, P < 0.01) (Table 2). In the Pearson correlation analysis, serum potassium was weakly positively related to HDL cholesterol (β = 0.195, P< 0.01) and weakly negatively related to BMI (β = -0.149, P< 0.05), total bilirubin (β = -0.189, P< 0.01), and LDL cholesterol (β = -0.139, P< 0.05) (Supplementary Figure 2).


Table 2 | Metabolic characteristics in normokalemia and hypokalemia patients with primary aldosteronism.



Multivariate logistic regression showed that serum potassium (OR, 5% CI, 1.426, 1.120-1.916, P < 0.05), ALT (OR, 5% CI, 1.324, 1.132-1.656, P < 0.05) and triglycerides (OR, 5% CI, 1.476, 1.018-2.174, P < 0.05) were significantly and independently associated with NAFLD with PA, while BMI, SBP, DBP, HDL cholesterol and fasting plasma glucose were not (Table 3).


Table 3 | Multivariate analysis to assess serum potassium and other metabolic syndrome components in predicting NAFLD among PA.





Inflammation in Hypokalemic PA

To further explore the underlying factors influencing the pathogenesis of NAFLD in hypokalemic PA patients, serum inflammatory markers were evaluated. The white blood cell (WBC) count (5.8 ± 1.6 vs. 6.5 ± 1.5, P < 0.001), neutrophil count (3.6 ± 1.3 vs. 4.0 ± 1.2, P < 0.05), C-reactive protein (CRP) level (2.3 ± 1.5 vs. 3.1 ± 2.6, P < 0.05) and platelet-to-lymphocyte ratio (PLR) (89 ± 21 vs. 102 ± 41, P < 0.05) were all significantly higher in patients with hypokalemia than in those with normokalemia (Table 4).


Table 4 | Inflammatory status in normokalemia and hypokalemia patients with primary aldosteronism.





Metabolic and Inflammatory State Changes Upon Potassium Supplementation in Hypokalemic PA Patients

Upon discharge or switch to surgical treatment, metabolic status was re-evaluated. It turned out that potassium supplementation in patients with hypokalemia improved the overall metabolic and inflammatory statuses, represented by the reversal of the elevations in the levels of total bilirubin (10.7 ± 5.6 vs. 12.0 ± 5.9 μmol/L, P = 0.109), triglycerides (1.43 ± 0.87 vs. 1.69 ± 0.76 mmol/L, P < 0.05), total cholesterol (4.13 ± 0.75 vs. 4.38 ± 0.80 mmol/L, P < 0.05), HDL cholesterol (1.16 ± 0.30 vs. 1.08 ± 0.29 mmol/L, P = 0.123), LDL cholesterol (2.25 ± 0.64 vs. 2.37 ± 0.65 mmol/L, P = 0.223), VLDL cholesterol (0.77 ± 0.50 vs. 0.84 ± 0.35 mmol/L, P = 0.209), HOMA-IR (1.60 ± 1.27 vs. 2.01 ± 1.84, P = 0.069), and serum uric acid (317 ± 89 vs. 325 ± 105 μmol/L, P = 0.073) (Supplementary Table 2). Regarding inflammation, there were no significant abnormalities in the WBC count (5.9 ± 1.8 vs. 6.3 ± 2.2 *10^9, P = 0.108), neutrophil count (3.6 ± 1.5 vs. 4.3 ± 2.3 *10^9, P = 0.237), CRP level (2.3 ± 1.7 vs. 2.7 ± 2.5 mg/L, P = 0.241) and PLR (88 ± 24 vs. 100 ± 45, P = 0.058) in the hypokalemic group after potassium supplementation when compared to the normokalemic PA group (Supplementary Table 2).




Discussion

The current study showed that 35.1% of PA patients had comorbid NAFLD, which was significantly higher than the 29.7% (n=66) in the non-PA group and slightly higher than 29.81% (27.78%-31.93%) in previous reports among general population in China (21). NAFLD patients with PA had metabolic disturbances similar to those in non-PA NAFLD patients. Hypokalemic PA patients had higher prevalence of NAFLD and diabetes mellitus, presenting with a worse metabolic status and more aggravated inflammation, which could be partially reversed by potassium supplementation.

PA has attracted substantial attention in recent decades due to its relationship with metabolic disorders, and similar to our findings, several studies have identified adverse metabolic characteristics in patients with PA, including higher prevalence of metabolic syndrome, hyperglycemia and an elevated incidence of cardiovascular events (22). Additionally, a negative correlation between plasma aldosterone and HDL cholesterol levels was reported in essential hypertensive patients with obesity and insulin resistance early on that was not found in later studies (18, 23). After the correction of excess aldosterone, either by surgery in patients with aldosteronoma or medication in those with hyperplasia, significant improvements in the metabolic parameters were observed (24–26). Consistent with this finding, our study also showed that metabolic disorders, especially NAFLD, diabetes and dyslipidemia, were more prevalent in PA patients than in non-PA patients. It would be interesting to find out whether the metabolic imbalance in these patients improved after they receive treatment for PA, whether via surgery or medication; a follow-up study is ongoing.

Insulin resistance has long been regarded as an elementary pathological change in patients with metabolic syndrome, especially NAFLD and diabetes (27). Insulin resistance in PA patients has been reported in several previous studies (28, 29). In our study, higher fasting plasma glucose and Hb1Ac levels as well as HOMA-IR scores were identified in PA patients, especially in those with comorbid NAFLD. The altered carbohydrate metabolism in patients with hyperaldosteronism was initially attributed to impaired insulin secretion from pancreatic beta cells due to hypokalemia or to a direct inhibitory effect of corticosteroids (30). Other mechanisms also include the direct activation of mineralocorticoid receptors and promotion of downstream gene expression, such as the insulin receptor gene, after aldosterone passively diffuses through the cell membrane and binds to mineralocorticoid receptors (31).

Hypokalemia has been regarded as a confounder of metabolic disorders induced by excess aldosterone (30). In fact, hypokalemia can worsen insulin resistance and thus potentially lead to fatty liver. Recent studies have proposed that mechanisms regulating insulin sensitivity in PA patients are mainly dependent on the presence of hypokalemia, whereas the direct effect of excess aldosterone seems to be of minor relevance (32, 33). Similarly, our study revealed a worse metabolic pattern in hypokalemic PA patients, and further Pearson correlation analysis demonstrated associations between serum potassium levels and metabolic factors. Interestingly, potassium supplementation partially improved both metabolic and inflammatory statuses in PA patients, further supporting the relationship between hypokalemia and metabolic disturbances in these patients. However, the exact molecular mechanism underlying the relationship between hypokalemia and metabolic disorders needs further study.

Excess aldosterone is known to play an important role in hypertension in patients with metabolic syndrome and is thought to play a central role in insulin resistance and NAFLD. However, the underlying mechanisms remain unclear (34, 35). Recent studies have proposed several potential mechanisms by which excess aldosterone could induce NAFLD. First, RAAS system compromise reduces hepatic steatosis and prevents liver lipid accumulation by lowering serum free fatty acid levels, inhibiting hepatic fatty acid oxidation, altering VLDL cholesterol secretion, and increasing de novo lipogenesis (36). Second, excess aldosterone induces NAFLD through mitochondrial dysfunction, which includes disordered fatty acid oxidation, oxidative phosphorylation, mitochondrial DNA replication, antioxidant status, and apoptosis (37). Third, excess aldosterone also induces oxidative stress, which has negative effects on vascular, cardiac and liver tissue (38). Herein, we found that hypokalemia in PA patients was accompanied by a latent inflammatory status, which might also contribute to liver cell injury and, ultimately, NAFLD pathogenesis.

This study has several limitations. First, although the ultrasound-based diagnosis of NAFLD is widely accepted in the clinical setting as a noninvasive cost-effective method of NAFLD screening, with a sensitivity of 89% and specificity of 93%, liver biopsy is still the diagnostic gold standard (39). Further studies should focus on the relationship between PA and the histological severity of NAFLD. Second, due to the cross-sectional nature of this study and the relatively limited sample size with a small effect size, no causal relationship can be concluded based on the current analysis. In addition, there were confounding factors that could have influenced the reliability of the current results. Further prospective, large-sample cohort studies are needed. Third, adrenal vein samples were not available to test whether PA was unilateral.



Conclusion

The prevalence of NAFLD in PA patients was higher than that in non-PA patients, although the two groups were similar in terms of the patterns of obesity, dyslipidemia and insulin resistance. Hypokalemic PA patients have a worse metabolic status than normokalemic PA patients. This study provided new insights that can inform further mechanistic studies about metabolic imbalances in patients with aldosteronism.
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Background and Aims

There are few studies on non-obese fatty liver disease, the aims of this study was to analyze its prevalence, popular trends, and associated and predictive factors, so as to provide reference for its prevention and treatment.



Methods

Individuals with complete data of body mass index, sex, age, and abdominal ultrasound in Karamay Central Hospital from 2009 to 2016 were selected to analyze the prevalence and popular trends of non-obese fatty liver disease (body mass index <24 kg/m2), and associated and predictive factors.



Results

Between 2009 and 2016, a total of 191,555 medical check-ups were included. The prevalence of non-obese fatty liver disease increased from 1.9% to 5.1% among general medical examinants (P<0.001), increased from 4.6% to 11.7% in non-obese individuals (P<0.001). Compared with the non-obese control group, the levels of age, body mass index, blood pressure, fasting blood glucose, triglycerides, total cholesterol and uric acid in the non-obese fatty liver group were higher (P<0. 05). Even among non-obese subjects, elevated body mass index was associated with a 0.63-fold increased risk for non-obese fatty liver disease (P<0.001, odds ratio=1.63, 95% confidence interval 1.54-1.72) for every one-unit increase in body mass index. The most common abnormal indicator of non-obese fatty liver disease was elevated triglycerides (44.2%), which was also the best predictor of non-obese fatty liver disease (area under the curve =0.795) in non-obese physical examinators.



Conclusions

The prevalence of non-obese fatty liver disease was high and increasing rapidly in Karamay. Triglycerides is the best predictor of non-obese fatty liver in non-obese physical examinators.





Keywords: obese, fatty liver disease, prevalence, risk factor, predictor



Introduction

In the past decade, the prevalence of fatty liver disease (FLD) has increased significantly (1–3). In China, non-alcoholic fatty liver disease (NAFLD) is more common than alcoholic FLD, rising from 18% to 29.2% (4), and its prevalence has been consistent with the prevalence of metabolic diseases such as type 2 diabetes mellitus and obesity. According to Chinese standards, the prevalence of being overweight and being obese in adults are 34.3% and 16.4% (5), respectively, and the prevalence of NAFLD in obese individuals is as high as 60%-90% (6). Although the association between high body mass index (BMI) and FLD has received widespread attention (7), there are few studies on non-obese FLD.

Some of the few existing relevant studies are mostly meta-analyses based on the general population, providing a good picture of the global distribution of non-obese FLD (8, 9). However, these studies did not provide the popular trends of non-obese FLD, nor did they propose how to screen it from a large number of people by simple indicators. To address the gaps on popular trends of non-obese FLD over the past decade, describe its characteristics, and identify its indicators in low-resource settings, a long-term observation on a fixed population is necessary.

As such, this study analyzed the laboratory data and physical examination data of Karamay Central Hospital from 2009 to 2016. Different from other studies that focus on the prevalence and outcome of non-obese FLD, this study is the first to analyze the popular trends and predictors of non-obese FLD, with more emphasis on its screening and prevention.



Materials and Methods


Materials

A total of 191,555 medical check-ups in Karamay Central Hospital from 2009 to 2016 were analyzed. The city of Karamay, located in northwest China, is an economically developed city that produces oil, with a permanent population of approximately 0.4 million. Karamay Central Hospital is the only large-scale comprehensive hospital in the city with a wide physical examination coverage. It services local residents and employees who consider the medical examiner as a representative of the area.



Methods

Individuals with complete data of BMI, sex, age, and abdominal ultrasound in Karamay Central Hospital from 2009 to 2016 were selected to analyze the popular trends of non-obese FLD. Non-obese individuals with complete data of BMI, gender, age, abdominal ultrasound, systolic blood pressure (SBP), diastolic blood pressure (DBP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), total bilirubin (TBIL), fasting blood glucose (FBG), triglycerides (TG), total cholesterol (TC), and blood uric acid (UA) were selected for analysis independent influencing and predictive factors of non-obese FLD in 2016. This study was approved by the Ethics Committee of Karamay Central Hospital.



Diagnostic Criteria

According to China’s criteria for diagnosing overweight and obesity, the diagnosis of FLD in a patient with BMI < 24 kg/m2 is considered non-obese FLD. According to the standards of Karamay Central Hospital, ALT >40 U/L, AST >40 U/L, TC >5.69 mmol/L, TG >1.83 mmol/L, FBG >6.2 mmol/L, and TBIL >17.2 U mol/L are elevated in individuals with non-obese FLD.



Statistical Analysis

Counting data were expressed as ratios, Chi-square exact test was used for comparison. The continuous variables were tested by the t-test or the Mann-Whitney U test. Logistic regression was used for multivariate analysis. The receiver operating characteristic (ROC) curve was used to evaluate the diagnostic efficacy of some meaningful indicators, including BMI, FBG, SBP, TC, ALT and TG, and the differences were considered statistically significant at P < 0.05. The IBM SPSS 23.0 Statistic Software (SPSS Inc., Armonk, NY, USA) was used for all statistical analyses.




Results


Prevalence of Non-Obese FLD in Physical Examinees From 2009 to 2016

Between 2009 and 2016, a total of 191,555 medical check-ups were included. The prevalence of non-obese FLD increased from 1.9% to 5.1%, showing a 1.7-fold increase (P<0.001). More specifically, prevalence increased from 1.9% to 5.4% in males and from 1.8% to 4.8% in females. In general physical examination subjects, the prevalence of non-obese FLD showed no consistent difference between men and women, sometimes higher in men, and sometimes the difference was not statistically significant (Table 1).


Table 1 | Prevalence of non-obese FLD in physical examinants from 2009 to 2016 [%(n+/n)].





Prevalence of Non-Obese FLD in Non-Obese Examinees From 2009 to 2016

In the non-obese examinees group, the prevalence of non-obese FLD increased from 2009 to a peak in 2012 before decreasing. From 2009 to 2016, the prevalence of non-obese FLD increased from 4.6% to 11.7%, showing a 1.5-fold increase (P<0.001). More specifically, prevalence increased 2.1 times, from 5.8% to 17.8%, in males, and 1.5 times, from 3.1% to 7.9%, in females. The prevalence was statistically higher in males than in females (P<0.001) (Table 2).


Table 2 | Prevalence of non-obese FLD in non-obese physical examinees from 2009 to 2016 [%(n+/n)].





Prevalence of FLD Among Subjects With Different BMIs in 2016 [%(n+/n)]

In 2016, complete data of BMI, sex, age, and abdominal ultrasound was obtained for 40,232 individuals, and the prevalence of FLD was 31.9% (12834/40232), prevalence was higher in males than in females (P<0.001), with 39.3% (9171/23338) males and 21.7% (3663/16894) females diagnosed with FLD. The prevalence of FLD in non-obese, overweight, and obese subjects was 9.0%, 39.6%, and 70.8%, respectively, and the differences were statistically significant (P<0.001) (Table 3).


Table 3 | Prevalence of FLD among subjects with different BMIs in 2016 [%(n+/n)].





Prevalence of Non-Obese FLD Among Non-Obese Physical Examinees of Different Age Groups in 2016 [%(n+/n)]

The prevalence of non-obese FLD were 5.3%, 13.6%, and 16.5% in individuals aged <45 years, 45-55 years, and >55 years, respectively, and the differences were statistically significant (P<0.001). Before the age of 55, prevalence was higher in men. However, it was significantly higher in post-menopausal women than in men of the same age group(P<0.001) (Table 4).


Table 4 | Prevalence of non-obese FLD among non-obese physical examinees of different age groups in 2016 [%(n+/n)].





Comparison of Baseline Data

In 2016, 33,195 individuals with complete data of abdominal ultrasound, age, sex, BMI, SBP, DBP, ALT, FBG, TC, TG, UA, and TBIL had physical examinations in Karamay Central Hospital. Among them, 14,375 were considered non-obese. Compared with the non-obese control group, the levels of age, BMI, systolic blood pressure, diastolic blood pressure, ALT, TBIL, FBG, TG, TC and UA in the non-obese fatty liver group were higher (P<0. 05) (Table 5).


Table 5 | Comparison of baseline data of the non-FLD group and the non-obese FLD group among the non-obese physical examinees in 2016.



AST/ALT >2 was found in 23 (1.8%) of 1,284 non-obese individuals, and AST >40 U/L was found in eight of them. ALT/AST >1 was detected in 793 individuals (61.8%), and 199 of them had ALT > 40 U/L. Based on these preliminary calculations, the main form of FLD seen in the hospital was NAFLD, with alcoholic FLD rarely diagnosed.



Characteristics of Non-Obese FLD

Characteristics of 1,284 individuals with non-obese FLD were analyzed, and the abnormal rates, shown in decreasing levels, were as follows: increased TG in 567 individuals (44.2%), increased TBIL in 374 individuals (29.1%), increased SBP in 330 individuals (25.7%), increased TC in 271 individuals (21.1%), increased DBP in 217 individuals (16.9%), increased FBG in 216 individuals (16.8%), increased ALT in 212 individuals (16.5%), and increased UA in 166 individuals (12.9%). Normal TC, TG, SBP, DBP, FBG, and UA were only seen in 380 individuals (29.6%), and only 257 of them had normal ALT and TBIL.



Logistic Regression Analysis of Non-Obese FLD

Logistic regression analysis showed that sex, age, BMI, FBG, SBP, ALT, TC, TG, and UA were independent influencing factors for the occurrence of non-obese FLD in non-obese physical examinees in Karamay Central Hospital in 2016 (P<0. 05). In non-obese individuals, elevated BMI was associated with a 0.63-fold increased risk for non-obese FLD (P<0. 001, odds ratio [OR]=1.63, 95% confidence interval [CI]: 1.54-1.72) for every one-unit increase in BMI (Table 6).


Table 6 | Logistic regression analysis of non-obese fatty liver disease in 2016 non-obese physical examination subjects.





The ROC Curve Was Used to Evaluate the Diagnostic Efficacy of the Indices in the Diagnosis of Non-Obese FLD

BMI, FBG, SBP, ALT, TC, and TG were analyzed by the ROC curve. Results showed that the area under the curve (AUC) value of triglycerides was the highest, which was 0.795, illustrating that TG had the best diagnostic efficiency. The maximum Youden index was taken as the critical value, and the sensitivity and specificity determined at this time were 74.1% and 72.2%, respectively. In addition, the AUC value of TG combined with ALT was 0.815.

Therefore, considering the absence of physical examination and/or imaging and based on a large volume of physical indicators analyzed, TG is the best indicator in screening non-obese FLD among non-obese physical examinees. Table 7 and Figure 1.


Table 7 | The ROC curve was used to evaluate the diagnostic efficacy of index in the diagnosis of non-obese fatty liver disease.






Figure 1 | The ROC curve was used to evaluate the diagnostic efficacy of index in the diagnosis of non-obese FLD.






Discussion

This study shows that, between 2009 and 2016, the prevalence of non-obese FLD increased from 1.9% to 5.1% in general medical examiner, the prevalence of non-obese FLD increased from 4.6% to 11.7% in the non-obese examinees group. A meta-analysis from China showed that the prevalence of NAFLD in the non-obese population was 10.8% (95% CI: 9.0%-12.6%) (4). Another meta-analysis from 14 countries showed that the global prevalence of lean NAFLD was 4.1% (95% CI: 3.4%-4.8%) in the general population and 9.7% (95% CI: 7.7%-11.8%) in the lean population (8). These figures are consistent with the results of our study. In 2020, a meta-analysis covering 24 countries and regions showed that the overall proportion of non-obese NAFLD in the global NAFLD population was 40.8% (95% CI: 36.6-45.1). In addition, the prevalence of non-obese NAFLD in the general population was 12.1% (95% CI: 9.3-15.6) (9), which is much higher than the prevalence determined in other studies (1.9%-5.1%). The differences may be related to race, genetic polymorphism (PNPLA3, rs738409, etc.), regional differences, differences in diagnostic criteria, and other factors. Despite having the same BMIs, distribution of body fat varies by region and ethnicity; Asians store more visceral or abdominal fat at lower BMIs, which puts them at a higher risk for the disease (10). There is substantial evidence that Chinese may have a higher percentage of body fat and therefore have both a higher cardiovascular risk and all-cause mortality than Caucasians at the same BMIs (5).

The prevalence of lean FLD varies greatly among different ethnic groups and regions. In the overall population, the prevalence of lean NAFLD is the highest in Asia (4.8%), which is followed by Oceania (3.5%), North America (3.1%), and Europe (2.2%). The highest prevalence is seen in China (5.5%) (95% CI: 2.5-8.5%) and the lowest prevalence is in the United States (3.1%) (95% CI: 2.3-3.8%) (8). Heterogeneity in study area, study time, and study subjects are some factors that may cause these differences. Compared to the prevalence of lean NAFLD based on health screening (4.5%, 95% CI: 3.9 5.2%) and community-based studies (3.0%, 95% CI: 0.7 5.3%), population-based studies (5.7%, 95% CI: 3.6 7.7%) showed the highest prevalence (8).

Non-obese FLD can occur in non-obese individuals who have a normal BMI but have recently gained weight or increased their waist circumference. Some obese people lose a lot of weight too fast, leading to a large amount of fat decomposition, as the liver’s ability to process free fatty acids is limited, a large amount of fat accumulates in the liver, resulting in FLD. Obese people may also take a vegetarian diet to lose weight, reducing protein intake and subsequently lacking apolipoprotein, triglycerides cannot be transferred out of the liver without apolipoprotein, leading to the formation of malnutrition FLD (6). Other causes of FLD include uneven distribution of body fat, high visceral fat, and metabolic disorders.

BMI alone cannot be used as a preliminary screening index. Compared to subcutaneous fat and BMI, visceral obesity is a better indicator for developing NAFLD in non-obese individuals. Additionally, waist-to-hip ratio may actually be more likely to identify abdominal obesity than BMI. Besides these, neck circumference and body fat analysis can also be used to screen non-obese FLD (11). There are also studies that showed how the sagittal abdominal diameter (SAD) can reflect the ability of abdominal fat more accurately than waist circumference and BMI, especially in young and non-obese individuals. SAD exhibited a stronger correlation with risk factors of metabolic syndrome compared to waist circumference, waist-to-hip ratio, and BMI. As such, the combined diagnostic power of multiple indicators may be higher than that of a single indicator (12–14).

The risk for FLD differs among age groups and sex. Genetic factors and excessive nutrition are important reasons in diagnosing FLD in children (15). For adults, FLD is affected by hormones, lifestyle, work stress, genetics, and other factors (4). The prevalence of FLD in women increased significantly across time, the reasons may be related to the decline of ovarian function, the decrease of estrogen level, and the increased risk of metabolic diseases. Conversely, this increasing trend is not completely consistent in men. With increasing age, the body’s hormone level changes, activity decreases, and lipid metabolism function declines. Current research makes it clear that as age increases, airframe fat turnover evidently drops. In fact, in a male not following an abstinent diet, weight increases by 20% on average (16, 17). This may also be related to work and life stress.

Compared with the non-obese control group, the levels of age, BMI, systolic blood pressure, diastolic blood pressure, ALT, TBIL, FBG, TG, TC and UA in the non-obese fatty liver group were higher (P<0. 05). The results are consistent with previous studies based on the general population and non-obese individuals (4, 8, 18, 19). NAFLD is a manifestation of metabolic syndrome involving the liver (6), and metabolic abnormalities therefore increase the risk of FLD. For the general population, metabolic abnormalities such as high BMI and triglycerides are the important independent risk factors associated with the occurrence of FLD. Although people with lean NAFLD may have better metabolic syndrome-related indicators and a lower incidence of metabolic complications compared to overweight and obese individuals with NAFLD (8, 20), lean FLD remains to be associated with a higher risk for metabolic disorders (21, 22). This study showed that in 1,284 people with non-obese FLD, the most common abnormal metabolic index was high triglycerides (44.2%), and its AUC value was the highest. Combined the results of logistic regression and ROC curve, it is difficult to identify FLD based on BMI in non-obese physical examinees who lacked diagnostic equipment or did not have access to imaging. Additionally, triglycerides appeared to be the best predictor of diagnosing FLD in non-obese physical examinees.

In addition to metabolic and genetic factors, muscle atrophy and loss of muscle strength (23, 24), unhealthy eating patterns (i.e., High cholesterol and fructose intake) (25), and changes in intestinal flora are also important influencing factors that do not only promote the occurrence of non-obese FLD but also aggravate its progression. Studies have shown that the decrease of butyrate-producing Eubacterium may play an important role in the development of NAFLD in non-obese individuals (26). In non-obese individuals, Ruminococcaceae and Veillonellaceae were the predominant microbiota associated with severe hepatic fibrosis (27). In a prospective cohort study of 307 individuals from Hong Kong, Leung et al, reported that non-obese individuals (23.5%) had a lower incidence of metabolic syndrome and a lower NAFLD activity score (28). Although non-obese NAFLD individuals have healthier metabolic profiles and less advanced fibrosis, their prognosis may be worse than obese NAFLD patients (25, 29). Results of a cohort study of 646 patients with biopsy-confirmed NAFLD showed that lean NAFLD patients were older, and had lower transaminase levels, lower fibrosis stage, and lower prevalence of non-alcoholic steatohepatitis than those with higher BMI. At a mean follow-up time of 19.9 years (0.4-40 years), compared with overweight patients, patients with lean NAFLD had no increased risk for overall mortality (hazard ratio [HR]=1.06, P=0.73) but had an increased risk for severe liver disease (HR=2.69, P=0.007) (20). Additionally, cardiovascular events are a major factor affecting the prognosis of patients with NAFLD, and all patients with NAFLD should therefore be assessed for the risk of cardiovascular events (6) to reduce the incidence of complications and adverse outcomes.

This was a large single-center retrospective study. Subjective data, such as history of alcohol consumption and diabetes, are hard to come by. Objective data such as fasting glucose and BMI were used to reflect the baseline data of patients. Unlike other studies, this study did not follow clinical outcomes, nor were visceral fat levels measured. In China and some other places, the main cause of end-stage liver disease is viral liver disease—not FLD (6), there were only 14 cases of cirrhosis and 4 cases of liver fibrosis among the 40,232 people who underwent ultrasound examination in 2016. Moreover, early FLD is a curable disease, more research should focus on attention, screening, prevention and treatment (22, 30). Large-scale measurements of visceral fat to determine the risk of developing non-obese FLD are difficult and impractical in terms of resources, which can instead be allocated to the prevention and treatment of non-obese FLD for better outcomes. Therefore, the focus of this study is to analyze the popular trends of non-obese FLD to attract people’s attention, and then analyze the characteristics of non-obese FLD, and find a simple but effective screening method, which can be applied to a large number of people.
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Background and Aims

The heat shock protein (Hsp) 90α is induced by stress and regulates inflammation through multiple pathways. Elevated serum Hsp90α had been found in nonalcoholic steatohepatitis (NASH). Geranylgeranylacetone (GGA, also called teprenone) is a terpenoid derivative. It was reported to induce Hsp and alleviate insulin resistance. We aimed to evaluate the Hsp90α as a biomarker in predicting metabolic-associated fatty liver disease (MAFLD) and define the therapeutic effects of geranylgeranylacetone for the disease.



Methods

A clinical study was conducted to analyze the elements associated with Hsp90α, and a predictive model of MAFLD was developed based on Hsp90α. The histopathological correlation between Hsp90α and MAFLD was investigated through a diet-induced mouse model. Furthermore, GGA was applied to the mouse model.



Results

Serum Hsp90α was increased in patients with MAFLD. A positive linear relationship was found between age, glycosylated hemoglobin (HbA1c), MAFLD, and serum Hsp90α. Meanwhile, a negative linear relationship with body mass index (BMI) was found. A model using Hsp90α, BMI, HbA1c, and ALT was established for predicting MAFLD. The area under the receiver operating characteristic (ROC) curves was 0.94 (95% CI 0.909–0.971, p = 0.000). The sensitivity was 84.1%, and the specificity was 93.1%. In vitro experiments, GGA induced Hsp90α in steatosis cells. In the mice model, Hsp90α decreased in the GGA treatment group. Hepatic steatosis, inflammation, insulin resistance, and glucose intolerance were improved in the GGA-treated group. Serum Hsp90α was positively correlated with steatohepatitis activity according to hepatic histopathology.



Conclusions

Serum Hsp90α was elevated in MAFLD, and a positive correlation between serum Hsp90α and the grade of activity of steatohepatitis was observed. The model using BMI, HbA1c, and alanine aminotransferase (ALT) had a good value to predict MAFLD. The findings also revealed the effectiveness of GGA in the treatment of MAFLD.





Keywords: MAFLD, NASH, steatohepatitis, Hsp90α, teprenone, geranylgeranylacetone



Introduction

Metabolic-associated fatty liver disease (MAFLD), also known as nonalcoholic fatty liver disease (NAFLD), is closely associated with type 2 diabetes mellitus (T2DM), cardiovascular disease, and chronic kidney disease (CKD). Since the disease associated with metabolic dysfunction is common, “MAFLD” was suggested as a more appropriate overarching term (1). Today, new diagnostic criteria for MAFLD had been defined. As suggested in the consensus statement, the diagnosis of MAFLD is based on evidence of fat accumulation in the liver (hepatic steatosis) and one of the following three criteria: overweight/obesity, the presence of T2DM, or metabolic dysregulation (2). Compared with the NAFLD diagnostic criteria, the prevalence of MAFLD is less than NAFLD in patients with fatty liver disease. However, the definition of MAFLD is more practical for identifying patients with fatty liver disease with a high risk of metabolic comorbidities (3). For MAFLD, the consensus proposed that the assessment of the severity of MAFLD should be based on the grade of the activity and the stage of fibrosis in the liver (2). Hepatic steatosis [nonalcoholic fatty liver (NAFL)] and steatohepatitis [nonalcoholic steatohepatitis (NASH)] are the typical histological signs before cirrhosis (4). NASH is also an active form of NAFLD, requiring medical intervention once diagnosed since it is associated with cirrhosis. Unfortunately, there are limited biomarkers for detecting the activity of MAFLD in clinical settings. Alanine aminotransferase (ALT) is commonly used clinically to evaluate the presence of NASH. However, its level may be normal during disease progression (4, 5). Cytokeratin 18 (CK-18) fragment level is now the more recognized non-invasive biomarker for evaluating steatohepatitis, but the predicted value of CK-18 was reported as not satisfactory (6). Several other biomarkers have also been widely studied. These biomarkers represent the pathways involved in the development of steatohepatitis, including hepatocyte apoptosis, oxidative stress, and inflammation.

Metabolic syndrome (Mets) is a significant risk factor for NAFL/NASH. Meanwhile, NAFLD also increases the components of Mets (7). As reported, metabolic dysfunction is the critical feature in MAFLD (2, 8). It is well known that obesity, T2DM, and Mets are chronic inflammatory diseases (9). Chronic low-grade inflammation and activation of the immune system are involved in the pathogenesis of obesity-related insulin resistance and type 2 diabetes (10, 11). Hsp90α is an isoform of HSP90, induced and secreted under stress and inflammation. Similar to other heat shock proteins, Hsp90α also has unique cytoprotective functions, such as assisting in protein folding, facilitating cell signaling, and protecting cells from injury. Studies have also shown that Hsp90α is involved in regulating inflammation through multiple pathways (12–14). In some studies, Hsp90α was found to reflect the severity of inflammation (15, 16). It was reported that serum Hsp90α increased in NASH and correlated with the NAFLD activity score (17). Whether it could be used as a biomarker for detecting the activity of MAFLD is worth studying.

Many therapeutic agents for MAFLD have been investigated, targeting the regulation of energy metabolism, anti-inflammation, and antifibrosis. Furthermore, some of them are currently in clinical trials. However, since the duration of clinical trials is relatively short, the safety and efficacy of long-term drug use must be further clarified. Unfortunately, there are still no approved drugs for MAFLD. Lifestyle changes based on a healthy diet and regular exercise, and treatment of the concomitant components of the metabolic syndrome remain the primary modalities for treating the disease. GGA, also called teprenone, is a derivative of terpene and is widely used as an antipeptic ulcer agent in clinical practice. Teprenone is believed to promote the healing of acetic acid-induced chronic gastric ulcers that stimulate gastric mucus synthesis and secretion. Many studies have shown other effects of this medicine. It was found to inhibit neutrophil infiltration and enhance lipid peroxidation in ulcerated gastric tissues (18). Additionally, teprenone was reported to increase hepatic blood flow in rats with acute hepatic disorders due to carbon tetrachloride (CCL4) and improve inflammatory cell infiltration and fatty changes in the liver (19). It had even been reported to induce Hsp90α in gastric mucosa and sturgeon spermatozoa (20, 21). Additionally, GGA was found to reduce visceral fat and serum insulin in mice on a high-fat diet (22). Several studies have also reported its protective effect against cardiovascular disease, neuronal cell death, depression, and lung injury/fibrosis in animal models (23–26). However, the role in MAFLD is uncovered. In this study, we aimed to explore the relationship between Hsp90α and metabolic parameters in MAFLD. Furthermore, Hsp90α was evaluated as a biomarker for MAFLD. Additionally, we investigated the effect of teprenone in the treatment of MAFLD.



Materials and Methods


Clinical Study

The clinical study was conducted at the Affiliated Sir Run Run Hospital Nanjing Medical University from February 2021 to May 2021. A total of 113 patients with MAFLD and 72 healthy subjects were included. The inclusion criteria were as follows: (1) aged from 18 to 70 years old; (2) no underlying diseases that seriously affect cardio, pulmonary, or kidney function; and (3) fatty liver confirmed by ultrasound. The exclusion criteria were as follows: (1) presence of infectious or non-infectious inflammatory disorders; (2) use of drugs that cause lipid accumulation in the liver, including glucocorticoids, tamoxifen, amiodarone, or methotrexate; (3) other diseases that cause hepatic steatosis or combined hepatic disease other than the fatty liver disease; (4) history of surgery or other trauma within the past year; (5) acute myocardial or cerebral infarction within the past year; (6) pregnant or breastfeeding women; (7) cancer; (8) severe heart, brain, and kidney diseases (9); working in a high-temperature environment (10); drinking history (daily drinking >20 g); and (11) parasitic infection.

MAFLD was diagnosed according to the criteria proposed by an international expert panel (1, 2): evidence of hepatic steatosis was provided by liver biopsies, imaging, or blood biomarkers with one of the following conditions: (1) overweight or obesity (BMI ≥23 kg/m2), (2) type 2 diabetes (2021 American Diabetes Association), and (3) metabolic dysfunction.

Gender, age, height, and weight were recorded for all subjects. Body mass index (BMI) was calculated. All subjects underwent biochemical tests for ALT, aspartate aminotransferase (AST), blood urea nitrogen (BUN), creatinine (Cr), uric acid (UA), glycosylated hemoglobin (HbA1c), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C).

Fasting blood was collected early in the morning. It was centrifuged at 1,000 rpm for 10 min after being stored at 4°C for 30 min. The upper serum was absorbed into a new tube and stored at −80°C for detecting Hsp90α by enzyme-linked immunosorbent assay (ELISA).



Hepatocyte Steatosis Model

The FL83B murine hepatocyte cell line was derived in 1969 by Charity Waymouth at the Jackson Laboratory and was kindly provided by the Liver Transplantation Center of Jiangsu Province Hospital. Cells were cultured in a DMEM medium (with 4.5 g/L d-glucose, 319-005-CL, WisentBio, Nanjing, China) containing 10% FBS (Gibco, Waltham, MA, USA) and 1‰ penicillin-streptomycin (Hyclone, Logan, UT, USA). Cells were spread on a 12-well plate. A total of 200 μM of oleic acid (Sigma, St. Louis, MO, USA) and 100 μM of palmitic acid (Sigma) were added to each well. They were cultured for 24 h to establish the steatosis model. Cells were then stimulated with 1 μM of GGA (Selleck Chemicals, Houston, TXA, USA) for 24 h (the control group was stimulated with the same volume of solvent DMSO).



Diet-Induced Metabolic-Associated Fatty Liver Disease Mouse Model

The male C57BL/6 mice were aged 4–5 weeks and purchased from the Experimental Animal Base of Nanjing Medical University. All experimental animals were raised in the Animal Experimental Centre of Nanjing Medical University (SPF, controlled environment of 12 h light/dark cycle, four per cage).

The mice were fed a Gubra Amylin NASH diet (NASH diet), resulting in MAFLD (weight gain, impaired glucose tolerance, insulin resistance, hepatic steatosis, and steatohepatitis) (27, 28). The control mice were fed a normal standard diet. The mice were randomly divided into two groups after being fed a regular diet for 1 week: (1) the CON group was fed a normal diet (10 kcal% fat, D12450J, Research Diets Inc.), (2) the NASH group was fed a NASH diet (40 kcal% fat (of these, 0% trans-fat and 46% saturated fatty acids by weight), 22% fructose, 10% sucrose, 2% cholesterol; D09100310, Research Diets Inc., Brunswick, NJ, USA).

The mice were then divided into four groups after 12 weeks. The CON-NS group had a normal diet + NS (normal saline). The CON-GGA group had a normal diet + GGA. The NASH-NS group had a Gubra Amylin NASH diet + NS. The NASH-GGA group had a Gubra Amylin NASH diet + GGA.

The body weight and food intake were recorded once a week until the end of the experiment. The blood was collected through orbital veins after overnight fasting. Then, mice were executed by severing the neck.



GGA Treatment

A suspension was prepared by dissolving GGA (Eisai Co., Ltd., Suzhou, China) in NS. A total of 200 mg/kg/day of GGA was given to the treatment group for 12 weeks. The GGA suspension was mixed thoroughly before the intragastric administration to each mouse. Then, the control group was intragastric-administrated NS of the same volume.



Intraperitoneal Glucose Tolerance Test and Insulin Tolerance Test

Intraperitoneal glucose tolerance test (ip. GTT) and insulin tolerance test (ip. ITT) were performed on the 24th week. Ip. GTT was performed after fasting overnight. Blood glucose was measured from the tail vein immediately at 0, 15, 30, 60, 90, and 120 min after being injected with 20% glucose at 2 g/kg. Food was removed for 6 h before ip. ITT. Mice were injected with 0.1 U/ml insulin at 0.75 U/kg. Blood glucose was measured at 0, 15, 30, 60, 90, and 120 min.



Quantitative RT-PCR

The total RNA was extracted from the cells and mouse tissue using RNAiso Plus kits (TaKaRa Biotechnology Co. Ltd., Kusatsu, Japan). The RNA quantity was determined using a NanoDrop Ultramicro-Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The reverse transcription of RNA was performed using the HiScript II Q RT SuperMix for qPCR (Vazyme Biotech Co., Ltd., Nanjing, China). Real-time PCR was performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.) and detected by a LightCycler® 96 Real-Time PCR System (Roche, Basel, Switzerland). The relative expressions of the genes were calculated using the 2−ΔΔCt method and were normalized to β-actin. The sequences of primers are available in the Supplementary Material.



Total Protein Preparation

Operations were performed on ice. Cells and fresh tissues were washed with ice-cold PBS. Tissues were homogenized with an electric homogenizer. Proteins were extracted using a RIPA lysis buffer (Beyotime, Shanghai, China) with protease and phosphatase inhibitors (Thermo Fisher Scientific). The cell suspension and tissue homogenates were maintained at constant agitation for 30 min, and then an ultrasound was conducted with an ultrasonic crusher. The protein concentration was quantified using a BCA reagent (Thermo Fisher Scientific) per the manufacturer’s protocol. Last, a protein loading buffer was added to the protein solution. It was denatured in boiling water and stored at −20°C for later use.



Western Blotting

An equal amount of protein from each sample was loaded into each lane for separation by SDS-PAGE and then transferred to the PVDF membranes (Merck Millipore, Billerica, MA, USA). After blocking them with 5% (w/v) skim milk powder dissolved in PBS containing Tween-20 (PBST) at room temperature for 2 h, the membranes were incubated at 4°C overnight with the primary antibodies. After washing them with PBST, the membranes were incubated at room temperature for 1 h with the horseradish peroxidase (HRP)-conjugated secondary antibodies. The density of each band was quantified by densitometric analysis with Image Lab 6.0 software. Antibody details are available in the Supplementary Material.



Enzyme-Linked Immunosorbent Assay

ELISA was operated according to the product’s instructions. A total of 100 μl of the standard and sample were added to each well. The wells were covered with an adhesive strip and incubated for two hours at 37°C. Then, the liquid was removed from each well. Next, 100 μl of the biotin-antibody (1×) was added to each well. The wells were covered with a new adhesive strip and incubated for 1 h at 37°C. Each well was then aspirated and washed by wash buffer. After the last wash, any remaining wash buffer was removed by aspirating or decanting. Next, 100 μl of HRP-avidin (1×) was added to each well, covered with a new adhesive strip, and incubated for 1 h at 37°C. The aspiration/wash process was then repeated five times as described above. Next, 90 μl of TMB substrate was added to each well, and the wells were incubated for 15–30 min at 37°C and were protected from light. Then, 50 μl of Stop Solution was added to each well, and the plate was gently tapped to ensure thorough mixing. The optical density of each well was determined within 5 min using a microplate reader set to 450 nm. The ELISA kit details are available in the Supplementary Material.



Oil Red O Staining

An Oil Red O Stain Kit (D027-1-1, Jiancheng Bioengineering Institute, Nanjing, China) was used. The oil red O solution was diluted at 5:4 (v/v). The cells were washed with precooled PBS twice and then fixed with 4% paraformaldehyde for 10 min. They were then stained by oil red for 8–10 min (avoiding light). Then, 60% isopropanol was used to differentiate for five seconds. The cells were then washed three times with distilled water. Hematoxylin was used to restain the nuclei. The cells were again washed with distilled water three times. The oil red O was at last extracted with isopropanol after microscope imaging. A spectrophotometer read the OD value at 510 nm for quantitative analysis.



Histological Analysis and NAFLD Activity Score

Tissues were fixed in 4% paraformaldehyde and sectioned into 4 μm thickness after being paraffin-embedded. Multiple sections were prepared and stained with hematoxylin and eosin (H&E), and Masson trichrome for histological observations. Histologic findings were assessed in a blinded fashion by an independent pathologic expert. NAFLD activity score (NAS) was calculated as the sum of the scores for steatosis, lobular inflammation, and ballooning. Scoring was performed per the staging/grading system proposed by Kleiner et al. (29).

Immunohistochemical staining was performed as follows. The sections were deparaffinized and rehydrated, and they were placed into a citric acid (pH 6.0) antigen retrieval buffer for antigen retrieval in a microwave oven. A total of 3% hydrogen peroxide was used to block endogenous peroxidase activity. Then, the tissue was covered with 3% BSA and sealed at room temperature. A primary antibody was added to the sections and incubated overnight at 4°C and then incubated with an HRP-conjugated secondary antibody at room temperature. A newly prepared DAB color-developing solution was added. Hematoxylin stain solution was used to counterstain in the nucleus.

Immunofluorescence staining was performed according to the following procedure. The sections were deparaffinized and rehydrated, the slides were immersed in an EDTA antigen retrieval buffer (pH 8.0), and they were maintained at a sub-boiling temperature. A total of 3% hydrogen peroxide was used to block endogenous peroxidase activity, and then it was blocked with 3% BSA at room temperature. The sections were incubated with the first primary antibody overnight at 4°C. Then, they were covered with the secondary antibody and incubated at room temperature in a dark condition. Following this, the CY3-TSA solution was added and incubated in a dark condition. Then, the sections were incubated with the second primary antibody and the secondary antibody after microwave treatment at sub-boiling temperature. They were incubated with a FITC-TSA solution in a dark condition. Again, they were incubated with the third primary antibody and secondary antibody after microwave treatment at a sub-boiling temperature. The third secondary antibody was Cy5 conjugated. The DAPI solution was used for counterstain in the nucleus. Then, they were incubated with a spontaneous fluorescence quenching reagent. Finally, an antifade mounting medium coverslip was used. The images were detected and collected by a slice scanner. CaseViewer (v2.3) slice scanning software was used. The images were analyzed by ImageJ software. Four to five images were taken of each section for quantitative analysis. Antibody details are available in the Supplementary Material.



Statistical Analysis

SPSS 23 software was used to analyze the data. For continuous variables, statistically significant differences between groups were determined using Student’s t-test, the Mann-Whitney U test, or a two-way ANOVA. The multiple comparisons test was conducted using LSD. Data were presented as mean ± SEM. Non-parametric tests between groups were performed using the Chi-square test and Kruskal-Wallis test. The Spearman or Pearson tests were used for correlation analysis between variables. False discovery rate (FDR) controlling procedures were used for multiple factors analysis. Binary logistic regression was used for multifactorial analysis, and the area under the ROC curve was used to assess the diagnostic efficacy. p-Values <0.05 were considered statistically significant; significant differences are presented as follows: *p < 0.05, **p < 0.01, ***p < 0.001.




Results


Characteristics of the Clinical Study

A total of 113 patients with MAFLD and 72 healthy subjects were included in the case-control study. BMI, ALT, AST, TC, TG, LDL-C, UA, and HbA1c were higher in MAFLD patients than in healthy subjects. In contrast, HDL-C was lower in MAFLD patients relative to healthy subjects (Table 1).


Table 1 | Clinical features of the two groups.





Elevation of Serum Hsp90α in MAFLD Was Related to Metabolic Factors

Serum Hsp90α in MAFLD patients was significantly higher than that in healthy subjects. Spearman’s correlation analysis showed that serum Hsp90α was positively correlated with age, sex, MAFLD, BMI, HbA1c, ALT, AST, and TG but negatively correlated with HDL-C. There were also differences between men (higher) and women (lower) (Supplementary Table S1). Multiple linear regression analysis showed a linear relationship between age, BMI, HbA1c, MAFLD, and serum Hsp90α. This suggests that these factors together influence serum Hsp90α. Interestingly, when the other variables were controlled, BMI negatively influenced serum Hsp90α (Supplementary Table S2).



Establishment of a Predictive Model for MAFLD

Serum Hsp90α was used to predict MAFLD, but the area under the receiver operating characteristic (AUROC) curves was unsatisfactory (Supplementary Figure S1). The risk factors for MAFLD were analyzed by logistic regression (Supplementary Table S3). A predictive model for MAFLD was established by combining Hsp90α, BMI, HbA1c, and ALT (Figure 1). The equation was as follows: Risk = −20.283 + 1.206 × Hsp90α (ng/ml) + 1.449 × BMI (kg/m2) + 5.521 × HbA1c + 1.081 × ALT (U/L). The AUROC was 0.94 (95% CI 0.909–0.971, p = 0.000), with a sensitivity of 84.1% and specificity of 93.1%. A nomogram for the model is shown in Figure 2.




Figure 1 | Area under the receiver operating characteristic (AUROC) curves of the model for predicting MAFLD using Hsp90α, BMI, HbA1c, and ALT. AUROC = 0.94 (95% CI, 0.909–0.971, p = 0.000), cut off 0.62, sensitivity 84.1%, and specificity 93.1%.






Figure 2 | Nomogram for the model to predict MAFLD. The graph shows the risk of MAFLD concerning Hsp90α, BMI, HbA1c, and ALT, respectively. Each risk factor corresponds vertically to the corresponding “point” value. Furthermore, the “total points” is the sum of the points for all risk factors, vertically corresponding to the predicted “risk of MAFLD”.





Lipids Inhibited Hsp90α Expression in FL83b Cells, GGA Upregulated Hsp90α Expression, and Ameliorated Steatosis

The expression of Hsp90α mRNA and protein was decreased in the steatosis group and increased in the GGA-stimulated group (Figures 3A, B). The concentration of Hsp90α in the supernatant did not change (Figure 3C). A marked reduction in the intracellular lipid droplets was observed in the GGA-stimulated group (Figures 3D, E).




Figure 3 | FL83b cell steatosis model. CON, control group; HF, steatosis group; HF+GGA, steatosis + 1 μM GGA group. (A) Expression of Hsp90α mRNA in FL83b cells. (B) Concentration of Hsp90α in FL83b cell homogenization tested by ELISA. (C) Hsp90α in supernatant derived from FL83b cells tested by ELISA. (D) Oil red O staining. (E) Quantitative analysis of oil red O staining. Data are presented as mean ± SEM. The significance among groups was determined using the two-way ANOVA with LSD’s multiple comparisons test.*p < 0.05, **p < 0.01, ***p < 0.001.





GGA Improved Mice Steatohepatitis

The experiment lasted 24 weeks. Mice were fed a normal diet (CON group)/Gubra Amylin NASH diet (NASH group) for 12 weeks and then administered GGA/NS once a day for 12 weeks (Figure 4A). The NASH-NS group had a higher body weight (BW) than the CON-NS group at 12 and 24 weeks. The NASH-NS group gained more weight than the NASH-GGA group from 12 to 24 weeks, while the average body weight of the NASH-GGA group did not change much (Figures 4B, C). There was little variation in food intake between the groups (Supplementary Figure S2). The liver mass (Figure 4D) and ALT (Figure 4E) in the NASH-NS group were higher than the CON-NS and NASH-GGA groups, respectively. Steatosis, ballooning, and lobular inflammation were observed less seriously in the NASH-GGA group than in the NASH-NS group (Figure 4F). Oil red O stain also showed fewer lipid droplets contented in the NASH-GGA group (Figures 4G, H).




Figure 4 | GGA improved steatosis and steatohepatitis in MAFLD mice. (A) Four to 5-week-old male C57BL/6 mice were fed a normal diet (CON group)/Gubra Amylin NASH diet (NASH group) for 12 weeks and then administered GGA/NS once a day for 12 weeks. The whole experiment lasted 24 weeks. (B) The dynamic changes in the body weights of mice from 12 to 24 weeks during the investigation. (C) Comparison of body weights at 12 and 24 weeks. *Comparison of body weight at 12w and 24w between groups; #Weight changes from 12w to 24w. (D) Comparison of liver mass of mice in each group at 24 weeks. (E) Comparison of ALT levels of mice in each group at 24 weeks. (F) H&E staining of liver sections. The circle shows a zoom at the arrow. (G) Liver sections with oil red O staining. (H) Quantitative analysis of oil red O staining. (I) Comparison of hepatic steatosis area in the NASH-NS and NASH-GGA groups. (J) Comparison of NAS in the NASH-NS and NASH-GGA groups. (K, L) Expression of signaling proteins in each group. Data in (C–E, H, I, L) are presented as mean ± SEM. The significance among the groups was determined using the two-way ANOVA with LSD’s multiple comparisons test (# in (C) was determined by paired samples t-test.). Those in (J) are presented as a mean with a range; Mann-Whitney U test. (n = 4 in CON-NS group, n = 6 in CON-GGA group, n = 7 in NASH-NS group, n = 7 in NASH-GGA group). *,#p < 0.05.



The actual area of hepatocyte steatosis was significantly lower in the NASH-GGA group than in the NASH-NS group (Figure 4I). Of the three parameters, the scores of hepatocyte steatosis and inflammatory were significantly lower in the NASH-GGA group than in the NASH-NS group. On the other hand, NAS in the NASH-GGA group was reduced significantly (Figure 4J).

The AMP-activated protein kinase (AMPK) was reported as an “energy regulator in cells”. It reduces lipogenesis through the phosphorylation of its downstream substrate acetyl-coenzyme A carboxylase (ACC). This is a process that inhibits the expression of lipid synthesis-related transcription factors (30, 31). The AMPK/ACC pathway is a crucial target for many agents that improve NAFLD (32, 33). Consistently, the levels of phosphorylated AMPK and ACC in the liver were enhanced in the NASH-GGA group (Figures 4K, L).



GGA Improved Insulin Resistance and Glucose Intolerance in MAFLD Mice

Ip. GTT and ip. ITT were performed on the 24th week. Both blood glucose during ip. GTT and the area under the curve (AUC) of glucose for ip. GTT were much higher in the NASH-NS group than the CON-NS group. In the NASH-GGA group, blood glucose was decreased significantly compared with in the NASH-NS group. The AUC of glucose for ip. GTT was also reduced (Figures 5A, B). The blood glucose at 0 and 15 min during ip. ITT in NASH-NS was higher than in the CON-NS group. Blood glucose in the NASH-GGA group was no different from the NASH-NS group. There were no significant differences in the AUC of glucose for ip. ITT between groups (Figures 5C, D).




Figure 5 | GGA improved insulin resistance and glucose intolerance in MAFLD mice. (A) Blood glucose at each time point during ip. GTT, *CON-NS vs. NASH-NS, #NASH-NS vs. NASH-GGA. (B) Area under the curve of glucose for ip. GTT. (C) Blood glucose at each time point during ip. ITT, *CON-NS vs. NASH-NS, #NASH-NS vs. NASH-GGA. (D) Area under the curve of glucose for ip. ITT. (E) Comparison of fasting serum insulin levels between the groups. (F) Comparison of lipid profile in each group. Data are presented as mean ± SEM. The significance among the groups was determined using the two-way ANOVA with LSD’s multiple comparisons test (n = 4 in CON-NS group, n = 6 in CON-GGA group, n = 7 in NASH-NS group, n = 7 in NASH-GGA group), *,#p < 0.05, **,##p < 0.01, ***,###p < 0.001.



We also tested the fasting serum insulin and lipids. The result showed increased serum insulin in the NASH-NS group and a decrease in the NASH-GGA group (Figure 5E). On the other hand, lipids (except TG) in the NASH-NS group were markedly increased. In the NASH-GGA group, while the TC and HDL-C decreased, they were still much higher than in the CON-NS group (Figure 5F).



The Level of Serum Hsp90α Was Relevant to the Activity of MAFLD

The expression of Hsp90α in the serum (Figure 6A) and the liver (Figure 6B) was significantly higher in the NASH-NS group than in the CON-NS group and lowered in the NASH-GGA group compared with the NASH-NS group. There were no significant differences in the Hsp90α protein content in the liver between the groups as determined by Western blotting (Figures 6C, D).




Figure 6 | Level of serum Hsp90α was related to the activity of MAFLD. (A) The concentration of serum Hsp90α in each group. (B) Expression of hepatic Hsp90α mRNA in each group. (C, D) Expression of hepatic Hsp90 protein in each group. (E) Expression of proinflammatory cytokine mRNA in the liver. (F) Comparison of proinflammatory cytokines in serum. (G–I) Pearson’s correlation analysis between serum Hsp90α and ALT and the liver mass and steatosis area. (J–M) Spearman’s correlation analysis between serum Hsp90α and NAS. *p < 0.05 (FDR). Data in (A–F) are presented as mean ± SEM. The significance among the groups was determined using the two-way ANOVA with LSD’s multiple comparisons test (n = 4 in CON-NS group, n = 6 in CON-GGA group, n = 7 in NASH-NS group, n = 7 in NASH-GGA group).*p < 0.05, **p < 0.01, ***p < 0.001.



The NASH-NS group showed an increased expression of interleukin 6 (IL-6), tumor necrosis factor α (TNF-α), and interferon γ (IFN-γ) in the liver compared with the CON-NS group. Meanwhile, the NASH-GGA group showed reduced expression compared with the NASH-NS group. Curiously, IL-6 was also increased in the CON-GGA group (Figure 6E). However, there were no significant changes in the serum concentrations of IL-6, IL-1β, and TNF-α (Figure 6F).

Serum Hsp90α level was positively correlated with ALT (r = 0.827, p = 0.000), liver mass (r = 0.800, p = 0.000), the area of hepatic steatosis (r = 0.695, p = 0.006), the score of steatosis grade in the NAS (r = 0.668, p = 0.013), and the NAS (r = 0.661, p = 0.010) (Figures 6G–M).



Increased Nuclear Transporting of Hsp90α Was Observed in MAFLD Mice

There were significant changes in serum Hsp90α and liver Hsp90α mRNA expression in MAFLD mice in the above experiments but not in the Hsp90α protein. Studies reported that Hsp90α transports between cytoplasm and nucleus, and this transporting is enhanced by stress (34). Therefore, we performed immunohistochemical and immunofluorescence staining to evaluate the location of Hsp90α in the liver. The immunohistochemical staining showed less cytoplasmic but more nuclear Hsp90α expressed in the NASH-NS group (Figures 7A, B). Furthermore, the immunofluorescence staining analysis showed that the colocalization of Hsp90α and albumin was decreased in the NASH-NS group but increased in the NASH-GGA group. Conversely, the colocalization of Hsp90α and DAPI was raised in the NASH-NS group but fell in the NASH-GGA group (Figures 7C, D). Interestingly, increased Hsp90α in Kupffer cells was found both in the CON-GGA and the NASH-GGA group by analyzing the colocalization of Hsp90α and F4/80 (Figure 7D).




Figure 7 | Increased nuclear transporting of Hsp90α in MAFLD mice. (A) Immunohistochemical staining of the liver section with Hsp90α. (B) Semiquantitative analysis of the expression of Hsp90α in the nucleus and cytoplasm in the immunohistochemical staining. (C) Immunofluorescence staining to investigate the locating of Hsp90α. DAPI (blue) marked the nucleus, F4/80 (red) marked Kupffer cells, albumin (green) marked hepatocytes. (D) Colocation analysis of Hsp90α and albumin, DAPI, F4/80 in immunofluorescence staining. Data are presented as mean ± SEM. The significance among groups was determined using the two-way ANOVA with LSD’s multiple comparisons test (n = 4 in CON-NS group, n = 6 in CON-GGA group, n = 7 in NASH-NS group, n = 7 in NASH-GGA group). *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

T2DM, obesity, and metabolic dysfunction are components of MAFLD. As wildly known, T2DM and fatty liver are very closely related. A total of 75% of T2DM has a combined fatty liver. Furthermore, compared with non-T2DM with fatty liver, patients with T2DM combined with fatty liver have an increased prevalence of steatohepatitis and advanced fibrosis, regardless of the ALT abnormality (35). Obesity is also closely associated with fatty liver, especially steatohepatitis, steatohepatitis-associated cirrhosis, and liver cancer. In the Chinese population, the prevalence of NAFLD in obesity is 70%–80% (36). For Italians, the prevalence of NAFLD was 75.8% in obesity and 16.4% in normal weight, with a relative risk of 4.6 times higher in obesity (37). Obese individuals have more severe liver inflammation and fibrosis than non-obese individuals. A study confirmed that obese individuals had higher NAFLD activity scores (NAS), with higher rates of hepatocyte ballooning formation, more significant inflammation, and more severe fibrosis in the liver compared with non-obese individuals (38). Insulin resistance is a common feature of the fatty liver, and it is also one of the causes of fatty liver (39). Insulin resistance reduces glucose utilization in nonhepatic tissues (including adipose tissue and muscle) and affects triglyceride metabolism in adipose tissue (40). About 60% of the fatty acids in the liver come from triglyceride lipolysis in adipose tissue (41). Obesity and insulin resistance cause the dysregulation of triglyceride lipolysis in adipose tissue, resulting in the excessive release of fatty acids and increase the lipid load on the liver, and insulin resistance is further aggravated (42). The excess fatty acids in hepatocytes are then converted into lipotoxic products through bypass pathways, leading to oxidative stress, injury, immune activation, and inflammation in the liver (43, 44).

In the current clinical study, BMI was found to have a negative effect on serum Hsp90α, suggesting that lipids may have an inhibitory effect on Hsp90α expression. This negative relationship of lipid accumulation and Hsp90α expression was further confirmed by the in vitro experiment results, where decreased Hsp90α mRNA and protein were observed in a steatosis cell model. Diametrically opposed to the in vitro experiments, the up-regulation of hepatic Hsp90α was observed in MAFLD mice. This might result in stress and inflammation, which were absent in the in vitro experiment. It has been reported that Hsp90α is usually induced under the condition of stress (45). In general, Hsp90α is not secreted unless the cellular environment changes (46). Stress states, such as reactive oxygen species (ROS), heat, hypoxia, radiation, injury, and cytokines, might induce the expression and secretion of Hsp90α (47). It has been reported that Hsp90α induces inflammation by activating the NF-κB and STAT3 pathways. The expression of Hsp90α is also induced by proinflammatory cytokines, including IL-6, IL-8, and NF-κB (14, 48). Costimulated pancreatic islet beta cells by TNF-α, IL-1β, and IFN-γ resulted in a large amount of Hsp90α secretion (16). The release of proinflammatory factors usually accompanies obesity, T2DM, and MAFLD. In a subgroup analysis, serum Hsp90α increased insignificantly in patients who both have MAFLD and T2DM (Supplementary Figure S3). The clinical study results suggested that elevated serum Hsp90α might be the result of metabolic abnormalities in the body. Alternatively, it might be a “mediator” implicated in the interaction among T2DM, overweight/obesity, hepatic steatosis, and steatohepatitis.

Different from Hsp90β, which is consistently expressed in tissues, Hsp90α is induced in response to stress. Though they are highly identical in amino acid sequences, with approximately 86% sequence homology, they differ significantly in the nucleotide. Their functions are also quite different (45, 49). Consistent with our studies, the expression of Hsp90β mRNA was quite different from Hsp90α, especially in the animal models (Supplementary Figures S4–6). In the study by Zheng et al., they found that overexpressed Hsp90β protein in a high-fat diet (HFD) induced an obese mouse model and the inhibition of Hsp90β improved lipid disorders in HFD mice. In another study on HFD mice, Hsp90α was increased and improved hepatic lipid metabolism in the treatment group (50) (Supplementary Figure S4). These two studies suggest entirely different functions of Hsp90α and Hsp90β. However, the hepatic protein of Hsp90α exhibited little change in metabolic disorders, consistent with the results of Zheng et al. (51). Interestingly, in the current study, immunofluorescence and immunohistochemical analysis revealed a change in the subcellular localization in the mice model. Hsp90α was increased in the nucleus and decreased in the cytoplasm of hepatocytes. It is reported that Hsp90α usually transports proteins between the cytoplasm and nucleus. Typically, 5%–10% of Hsp90α is in the nucleus. The transfer of Hsp90α to the nucleus increases with increasing stress (34, 52). Hsp90α binds to DNA, RNA, and histones in the nucleus, stabilizing the DNA structure and contributing to the synthesis and processing of RNA (34). Additionally, Hsp90α interacts with many transcription factors (TFs), including zinc finger proteins (ZFPs), helix-loop-helix (HLH) proteins, MyoD1, E12, hypoxia-inducible factor-1α (HIF-1α), and heat shock factor 1 (HSF-1) (34).

The analysis of hepatic histopathology revealed marked improvement of steatohepatitis when mice were treated with GGA. The alleviation of steatohepatitis was also reflected in other indicators, such as ALT, liver mass, and the expression of proinflammatory cytokines in the liver. These findings indicate that the change in Hsp90α corresponded to improved MAFLD. This study also revealed a histopathological correlation between serum Hsp90α and the activity of steatohepatitis according to the NAS. One study compared serum Hsp90α between NAFLD patients with non-steatohepatitis and steatohepatitis. It was found that Hsp90α was elevated in patients with steatohepatitis, and the serum level of Hsp90α was positively associated with the grade of activity, as measured by the NAS, steatosis grade, lobular inflammation grade, and hepatocyte ballooning grade (17). It suggests that Hsp90α might serve as a biomarker for predicting the activity of MAFLD. However, when Hsp90α was used to predict MAFLD in the current clinical study, both the sensitivity and specificity were not as desirable as expected. The development of MAFLD is also influenced by other factors, especially the combination of obesity and diabetes. Thus, a model was further established by combining Hsp90α, BMI, HbA1c, and ALT. Better results were obtained for this model.

Hsp90α is not only a serum biomarker but also an essential intracellular chaperone for many proteins. It has been reported that Hsp90 binds to both the γ and α subunits of AMPK with high affinity, regulating the stability of AMPK and promoting its activation. Therefore, it regulates the phosphorylation of downstream ACC to regulate the cellular fatty acid metabolism (53). Knocking down Hsp90 or using Hsp90 inhibitors can decrease the phosphorylation levels of AMPK and ACC (53). In the NASH-NS group, the reduction of Hsp90α in the cytoplasm may result in the transfer of Hsp90α to the nucleus or its secretion extracellularly. A deficiency of Hsp90α might influence client proteins in the cytoplasm to maintain their functions. In keratinized cells, Hsp90α promotes cell proliferation and facilitates wound healing through AKT activation; a deficiency of Hsp90α would affect wound healing (54, 55). In the retina, the deficiency of Hsp90α leads to retinitis pigmentosa (56). In this study, the upregulation of phosphorylation on AMPK/ACC was also found in the NASH-GGA group accompanied by an increase of cytoplasmic Hsp90α. However, whether this was related to Hsp90α needs further investigation.

In previous studies, two proteins purified from Schistosoma japonicum eggs were shown to have beneficial effects on carbohydrate and lipid metabolism in hepatocytes (50, 57). They were Sjp40 and Sjp90α. In previous experiments, the hepatic steatosis and insulin resistance of mice fed a high-fat diet were significantly improved by intraperitoneal injection of Sjp40 for 10 weeks (50). The results of the current study also revealed an increased expression of Hsp90α in mice fed a high-fat diet who were injected with Sjp40 (Supplementary Figure S4). This indicates that increased Hsp90α might be beneficial for fatty liver disease. It was initially hypothesized that increased expression of endogenous Hsp90α might be beneficial to hepatic metabolism. In the in vitro study, GGA induced Hsp90α in FL83B cells and improved steatosis. However, there was no increase in hepatic Hsp90α after the GGA treatment. Interestingly, an analysis of colocation immunofluorescence stain showed increasing Hsp90α in Kupffer cells rather than hepatocytes. Hsp90α was reported to increase M2 macrophages, which suppress inflammation (58, 59). Inflammation in the liver was reduced according to the current study. As expected, GGA showed encouraging efficacy in MAFLD. As experiments have shown, the NASH diet for mice treated with GGA for 12 weeks showed a remarkable reduction in steatosis and inflammation. Their insulin resistance and glucose intolerance were also improved. It seems that GGA may affect other pathways that are much more important than inducing Hsp90α.

Increased phosphorylated AMPK and ACC suggest that the drug enhanced fatty acid oxidation and reduced fatty acid synthesis. Thus, GGA may improve MAFLD through multiple pathways, including the regulation of energy metabolism and inhibition of inflammation. At first, to be known as an HSP inducer, GGA was found to induce HSPs other than Hsp90α. It was believed that GGA induced HSPs through HSF-1. GGA also induces many other HSPs, including Hsp70s, which are thought to be deficient in T2DM. It was reported that the expression of HSP72 is decreased in insulin resistance in T2DM. Insulin resistance and glucose metabolism were improved after restoring HSP72 by various methods, such as the transgenic overexpression of HSP72 in mice (60). We found Hsp70 decreased both in HFD animal models and in the hepatocyte steatosis experiments (Supplementary Figures S4 and S5). It has also been reported that GGA reduces visceral fat and improves insulin resistance by inducing HSP72 in high-fat diet mice (22). Many other studies have shown that the improvement in liver fibrosis by GGA also depends on the induction of HSP70 (61). Takemasa Senoo’s study found that GGA improved carbon tetrachloride-induced liver fibrosis in mice. However, when GGA stimulated hepatic stellate cells (HSCs) in vitro, the expression of HSP70 in HSCs did not increase (62). Still, no such induction of Hsp70 was seen in our cell experiments (Supplementary Figure S5). In the mice model study, a greater than fourfold increase in HSP70 expression was observed in the CON-GGA group but not in the NASH-GGA group (Supplementary Figure S6).

GGA may have other mechanisms besides the induction of HSPs. As a terpene derivative, GGA is structurally similar to geranylgeranyl pyrophosphate (GGPP)/farnesylpyrophosphate (FPP) (https://www.chemicalbook.com/). GGPP/FPP is a reaction intermediate during the mevalonate pathway before the synthesis of terpenes or terpenoids. GGPP is synthesized by GGPP synthase from FPP. FFP/GGPP is involved in many signals in organisms. The liver X receptor (LXR)/farnesol receptor (FXR) are nuclear receptors involved in lipid metabolism. The synthesis and transport of intrahepatic triglycerides to the periphery are regulated by LXR. LXR also regulates the transport of cholesterol into the liver to reduce extrahepatic lipotoxicity. In the liver, the overexpression of LXR aggravates fatty liver. Antagonists of LXR attenuate steatosis, inflammation, and abnormal collagen deposition in mice with high-fat-diet-induced hepatic steatosis/steatohepatitis (63). In the liver, de novo lipogenesis (DNL) synthesizes fatty acids from acetyl-CoA. This process is regulated by SREBP1c and ChREBP. These two transcription factors regulate the expression of enzymes involved in the synthesis of fatty acids from acetyl-CoA. The inhibition of DNL has been identified as a therapeutic approach for steatohepatitis through the downregulation of SREBP1c. The suppression of specific enzymes in the fatty acid synthesis pathway is also a therapeutic target (64). Conversely, the activation of FXR reduces SREBP1c, thereby suppressing DNL (65). ACC is one of the essential enzymes in DNL regulated by SREBP1c. The increase in pACC in the GGA-treated group suggests a mechanism of DNL inhibition by GGA. Moreover, the activation of FXR inhibits the expression of NF-κB and reduces the release of proinflammatory cytokines (66). A synthetic FXR agonist was reported to improve high-fat-cholesterol diet-induced hepatic steatosis and insulin resistance (67). GGPP is the direct inhibitor of LXR by repressing the ATP-binding cassette protein A1 gene (68). Additionally, metabolites of FPP, including farnesol, also activate nuclear factors, particularly FXR (69, 70). Furthermore, LXR/FXR is regulated by FPP/GGPP (68, 71, 72).

Another important pathway GGPP/FPP is involved in the protein isoprenylation pathway. In organisms, hundreds of proteins undergo isoprenylation after translation. This modification anchors the protein to the cell membrane and mediates protein-protein interactions and signal transduction (73). Isoprenediyl for these proteins is obtained from GGPP/FPP. The most widely studied group of proteins requiring isoprenylation is the Ras superfamily, small GTPases, for example, Ras, Rho, Rab, Ran, and Arf (74). Some of these proteins are involved in the oxidative stress pathway. In the heart, the inhibition of isoprenylation of Rac1 may depress Rac1-mediated NADPH oxidase activation and ROS release (75). The inhibition of farnesylation has also been shown to benefit Alzheimer’s disease by reducing amyloid-β (76). It has been reported that GGA improves Alzheimer’s disease by inhibiting amyloid-β (77). Another study also reported that GGA blocked the function of GGPP by competitively inhibiting the mevalonate pathway and that this inhibition could be reversed by GGPP (78).

MAFLD is gaining attention for its increasing prevalence and hazards to health. However, noninvasive biomarkers and effective pharmacological treatments are still under investigation. This study presents a new biomarker, Hsp90α, whose expression and secretion are induced by inflammation. Hsp90α elevated both in MAFLD patients and the mouse model. Serum Hsp90α levels showed a linear relationship with the degree of hepatic steatosis and inflammation, which better reflected the activity of the disease. The predictive model based on Hsp90α combined with BMI, HbA1c, and ALT has good sensitivity and specificity for predicting MAFLD. We also demonstrated for the first time that teprenone improves MAFLD through multiple pathways, including reduced weight gain, increased glucose tolerance, improved insulin resistance, and even reversing hepatic steatosis and steatohepatitis. However, further research is needed to refine such models by recruiting more subjects and using more sensitive quantitative assessment methods. In addition, more studies on the mechanisms of GGA are needed.



Conclusion

In the study, we found that serum Hsp90α was elevated in MAFLD, and a positive correlation between serum Hsp90α and the grade of activity of steatohepatitis was observed. The model using BMI, HbA1c, and ALT had a good value to predict MAFLD. The findings also revealed the effectiveness of GGA in the treatment of MAFLD.
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Non-alcoholic fatty liver disease (NAFLD) is a continuous progression of pathophysiologic stages that is challenging to diagnose due to its inherent heterogeneity and poor standardization across a wide variety of diagnostic measures. NAFLD is heritable, and several loci have been robustly associated with various stages of disease. In the past few years, larger genetic association studies using new methodology have identified novel genes associated with NAFLD, some of which have shown therapeutic promise. This mini-review provides an overview of the heterogeneity in NAFLD phenotypes and diagnostic methods, discusses genetic associations in relation to the specific stages for which they were identified, and offers a perspective on the design of future genetic mapping studies to accelerate therapeutic target identification.




Keywords: NAFLD, NASH, human genetics, gene discovery, GWAS, exomes



Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease globally, affecting approximately 25% of the adult population as of 2016 (1), and its incidence continues to increase. NAFLD encompasses simple steatosis (fatty liver; NAFL) and the more severe nonalcoholic steatohepatitis (NASH), which is characterized by fat accumulation, inflammation, and hepatocellular injury. Hepatic fibrosis can develop in NAFLD, which can progress into cirrhosis and hepatocellular carcinoma (HCC) (2, 3). As of 2019, NASH was the underlying cause of liver failure in over a third of individuals awaiting liver transplant (4). There are currently no FDA approved treatments for any stage of NAFLD, including NASH (5), highlighting the critical need to identify therapeutic targets.

Given that NAFLD is heritable, with heritability estimates ranging 20%-70% (6), genetic mapping has been undertaken to identify causal genes with potential therapeutic implications. Initial NAFLD studies focused on selected candidate genes, but were limited by small sample size, a high rate of false positive associations due to cryptic population stratification, and reliance on prior knowledge for gene selection (7–9). With the advent of genome-wide association methods that could be applied at population scale, some of these limitations have been overcome, resulting in the unbiased, reproducible genetic discoveries that are detailed below.

In this mini-review, we focus on the phenotypic complexity of NAFLD, the challenges this poses to executing genetic association studies, and the progress made in identifying new putative targets over the past four years.



NAFLD Definitions and Diagnostics

NAFLD is a continuum of disease with multiple pathophysiologies and is defined and diagnosed by variable, often incompatible, approaches. In this section, we provide an overview of this heterogeneity in pathogenesis and detection, focusing on how this impacts the interpretation of the genetic associations studies described below. This brief summary does not cover the full breadth of this field, so we refer the reader to other recent reviews for a comprehensive treatment of all diagnostic methods (10), noninvasive diagnostic modalities (11–13), biomarkers (14, 15), and elastography techniques (16).

Clinically, the spectrum of fatty liver disease encapsulated in NAFLD is defined in the absence of excess alcohol intake (5). The distinction between NAFL and NASH is most commonly differentiated by the absence (NAFL) or presence (NASH) of hepatocyte ballooning (17). Some studies further delineate phases between NAFL and NASH (18, 19), and between NASH and cirrhosis (20), highlighting the continuum of pathophysiology. For simplicity, this mini-review will anchor on three stages of NAFLD – NAFL, NASH, and cirrhosis as depicted in Figure 1.




Figure 1 | The spectrum of NAFLD and stage specific clinical measures. In NAFL, at least 5% of the hepatocytes have fat accumulation in the form of large lipid droplets in the cells that displace the nuclei (21) or many small lipid droplets (22). NAFL can also include inflammation. The transition to NASH occurs with hepatocellular injury in the form of ballooning and further inflammation. Fibrosis can develop in NASH and advance into cirrhosis, in which the liver shrinks and hardens. NAFL and NASH are reversible, as indicated by the rates regressing in severity. Both can also progress into cirrhosis. The rates of transition between each stage are broad ranges because they originate from studies with varying cohort sizes, time frames, treatments, and other variables (18, 19, 23–26). Histology is the gold standard for diagnosing NAFLD and classifying the stage of disease. The components of NAS are listed above, with the area to the left of the white bars indicating scores of 0 for each feature. A selection of noninvasive diagnostic methods are shown below, with white boxes representing their range in effectively diagnosing different stages of NAFLD [ultrasound (27); FAST (28); MEFIB (29); SteatoTest (30); FibroMax (31); BARD (32); NAFLD fibrosis score (33); NIS4 (34); NASHTest (35)]. The lists are not comprehensive, and the modalities mentioned in the mini-review are emphasized in bold. CAP, controlled attenuation parameter; obtained from FibroScan (36, 37). MRE, magnetic resonance elastography (38). SWE, shear-wave elastography (38). ARFI, acoustic radiation force impulse (37). FIB-4, fibrosis-4 (39). FLI, fatty liver index (40). HSI, hepatic steatosis index (41). ELF, Enhanced Liver Fibrosis (42). APRI, AST-to-platelet ratio index (43). CK-18, cytokeratin 18 (44). CXCL10, C-X-C motif chemokine ligand 10 (45). FGF21, fibroblast growth factor 21 (44). PRO-C3, plasma collagen type III (46).




Histology Is the Gold Standard

Liver biopsies are the gold standard for NAFLD diagnosis, and the FDA requires evidence of histologic improvement for NAFLD treatments in late stage clinical trials for consideration of approval (47). In clinical research, biopsies are commonly graded by the NAFLD Activity Score (NAS), which quantifies NAFLD severity based on steatosis (0-3), lobular inflammation (0-3), hepatocyte ballooning (0-2), and fibrosis (0-4) (48) (Figure 1). NAS was not designed to be a diagnostic tool, so defining NASH by a cut off threshold of NAS ≥ 5 can result in inaccurate diagnoses (49, 50). There are also different scoring criteria, including the Brunt score (51) and the steatosis-activity-fibrosis (SAF) score (52), that can be used to grade biopsies, and this lack of a single standard leads to difficulties in comparisons between studies. This is further exacerbated by sampling variability due to histologic heterogeneity (53) and subjectivity in interpretation for liver biopsies (54–56). This gold standard based on tissue sampling also limits the investigation of NAFLD at scale for large cohort studies, and biopsies are often refused by patients in clinical practice (15). Thus, there has been a strong emphasis by clinicians and researchers on the development of alternative, noninvasive diagnostic techniques.



Noninvasive Methods of Diagnosis

There are many imaging methods to detect hepatic steatosis, including computed tomography (CT), magnetic resonance imaging-proton density fat fraction (MRI-PDFF), and proton magnetic resonance spectroscopy (1H-MRS) (Figure 1). CT can quantitatively measure liver fat content, but it has poor sensitivity for mild steatosis (57), and it exposes patients to ionizing radiation (58, 59). MRI-PDFF and 1H-MRS both measure steatosis with high accuracy relative to histologic references, even at low amounts of hepatic fat, so they are the recommended imaging modalities for liver fat (60–62).

Although these imaging methods can accurately measure steatosis, they are poorly suited to detect the features differentiating NASH from NAFL, i.e., ballooning, inflammation, and fibrosis (63). A recently published protocol for multiparametric magnetic resonance (MR) has bridged that gap. MR derived iron-corrected T1 (cT1) is a novel noninvasive method to assess fibrosis (64), and it correlates with all the histological features of NASH (65, 66).

Liver enzyme levels have also been correlated with NASH and fibrosis (67). The classic indications of liver inflammation are aspartate aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyltransferase (GGT), and alkaline phosphatase (ALP), along with the AST/ALT ratio (68, 69) (Figure 1). Elevated enzyme levels are insufficient to provide a confident NAFLD diagnosis, however, because ALT values are normal in up to 25% of NAFLD patients (70, 71).

Altogether, no single noninvasive method has replaced histology yet for detection of all the phenotypes characteristic of NAFLD. Nevertheless, studies have effectively employed combinations of these alternative modalities to measure the full spectrum of NAFLD features.




Genetic Approaches for NAFLD Therapeutic Target Identification

Epidemiological, familial aggregation, and twin studies over the past two decades have demonstrated a heritable component to NAFLD (72), strongly suggesting that genetic mapping approaches could be productively deployed to identify genes with therapeutic potential. As mentioned earlier, initial genetic investigations into NAFLD utilized candidate gene approaches, but the development of next-generation sequencing (NGS) and high-throughput genotyping arrays enabled more robust, unbiased methods of genetic mapping studies including genome-wide association studies (GWAS) and exome-wide association studies (EWAS) (73, 74). GWAS has successfully identified loci that are associated with risk for many complex diseases and traits using common variants ascertained from genotyping (75), whereas EWAS examines variants predominantly in the exonic (i.e. protein-coding) regions of the genome (76). With the decreasing cost of NGS, current studies can detect exonic variants through whole-exome sequencing (WES) (77). Recent expert reviews have summarized variants identified from NAFLD genetic association studies (6, 78, 79). Here, we build upon these publications by reviewing the literature from the past four years, highlighting the consequence of NAFLD phenotypic heterogeneity on genetic discovery, and quantifying the limits of current association studies to identify new genetic signals.


Genetic Associations Discovered in the Past Four Years

We focus our attention on novel loci discovered in NAFLD related GWAS and EWAS from the past four years.

Abul-Husn et al. performed an EWAS for ALT and AST levels using WES (n=46,544) and validated their associations in two additional cohorts (n=9,883) and liver biopsy samples (n=2,391) (80). They found that a loss of function, protein-truncating variant in HSD17B13 (rs72613567:TA) was associated with decreased levels of ALT and AST and lower rates of NASH, as determined by the presence of any inflammation or hepatocyte ballooning in liver histology. At the same time, this variant was not associated with NAFL (80), providing evidence that HSD17B13 may be involved in more clinically advanced stages of NAFLD.

Namjou at el. used a natural language processing (NLP) algorithm to identify NAFLD cases for a GWAS in pediatric and adult cohorts (1,106 cases and 8,571 controls) (81). They replicated associations between NAFLD and variants in the PNPLA3-SAMM50-PARVB locus (including rs738409). Namjou et al. subsequently performed quantitative case-only association studies for NAS, fibrosis, AST and ALT, finding that IL17RA was associated with NAS, and ZFP90-CDH1 was associated with fibrosis.

Anstee et al. conducted the largest GWAS to date for NAFLD ascertained by histology (1,483 cases and 17,781 controls) and identified two new associations (82). An intronic variant near the LEPR gene was associated with NASH at genome-wide significance, and a missense variant in PYGO1 encoding p.P299H (rs11858624) was associated with protection from steatosis at close to genome-wide significance (82).

Parisinos et al. performed a GWAS for liver inflammation and fibrosis using cT1 values (n=14,440) and studied the associations between significant variants and liver biomarkers (n=378,821). Novel variants in SLC30A10 and SLC39A8 had genome-wide significant associations with cT1 and elevated levels of ALT and AST. In a separate GWAS performed on the same cohort (n=14,440), four variants were associated with steatosis measured by MRI-PDFF, including APOE rs429358, a missense variant that encodes p.C112R. Parisinos et al. further studied the associations between cT1 values and variants identified by a cirrhosis GWAS, which found a missense variant in MARC1 encoding p.A165T (rs2642438) that protects against cirrhosis (83). This analysis revealed that variants in MARC1 and HSD17B13 were associated with both cirrhosis and cT1 values (84).

A recent study of protein-coding variants ascertained by genotyping arrays investigated genetic associations for ALT levels (n=425,671) (85). The authors found 190 genetic variants associated with ALT, replicated their findings in three public GWAS databases, and associated the variants with liver fat as measured by MRI-PDFF (n=8,930) to validate significant variants. These variants, including single nucleotide polymorphisms (SNPs) in MARC1, APOE, and GPAM, were all additionally associated with chronic liver disease and cirrhosis. Jamialahmadi et al. further validated these genetic associations with liver biopsies (n=2,621). The missense variant in GPAM (rs2792751) encoding p.V43I was found to be significantly associated with severity of liver steatosis, while APOE rs429358 confers protection for liver steatosis. The association between APOE and NAFLD was also found in an exome-wide association meta-analysis of CT-measured liver steatosis across eight multi-ethnic population-based cohorts (n=16,492) (86).

Pazoki et al. performed GWAS on serum levels of ALT, ALP, and GGT (n=437,438) and replicated their results in three additional cohorts (n=315,572) (87). These enzymatic indicators of inflammation and liver disease were associated with 517 SNPs, including variants in SERPINA1, APOE, GPAM, MARC1, and LEPR. The number of variants associated with any combination of ALT, ALP, and GGT is likely greater than the number found by studies that used imaging or histology to assess NAFLD because serum levels are not specific to NAFLD and are reflective of many processes in the body, including cardiovascular disease (87).

Liu et al. applied deep learning to MRI scans to quantify volume, fat, and iron in many organs, including the liver (n=38,881), and performed GWAS on their results (n=32,858 for liver fat). Variants near PPP1R3B and in GCKR were associated with liver volume, which was strongly correlated with liver function (88). Liu et al. also identified eight variants associated with liver fat, including TRIB1 rs112875651, MARC1 rs2642438, GPAM rs11446981, and a region in MTTP.



Genetic Associations in the Context of NAFLD Phenotypic and Diagnostic Heterogeneity

Multiple GWAS and EWAS have been conducted to find genetic associations with specific features of NAFLD, such as hepatic steatosis, fibrosis, and liver inflammation, as well as the full spectrum of disease. Some variants have been associated with the full NAFLD spectrum, while others are only correlated with certain phenotypes. The specific NAFLD phenotypes and measurements that these genes have been associated with through GWAS and/or EWAS are summarized in Figure 2.




Figure 2 | Heterogeneity and pleiotropy of genes associated with NAFLD phenotypes. Loci with their corresponding genes which have been shown to be associated with NAFLD through genome- and/or exome-wide association studies are displayed on the right side of the chord diagram, indicated by grey bars. On the left side of the diagram are the NAFLD states with their associated measurements, each represented by a different color. Each ribbon represents a significant association identified between each gene and the described state. * indicates histologically defined state (56, 80, 82, 84–87, 89–96).



A missense SNP in PNPLA3 (rs738409) encoding p.I148M is the most robustly associated genetic variant with the full spectrum of NAFLD (78). The landmark PNPLA3 study measured hepatic fat content by 1H-MRS and examined inflammation through serum levels of ALT to suggest that rs738409 could increase risk of NASH, but the study itself did not focus on histologic NASH or cirrhosis (97). Since then, many GWAS and EWAS have identified a relationship between PNPLA3 and steatosis measured by other imaging methods (86), histologically defined steatosis, hepatocyte ballooning, lobular inflammation, fibrosis, and cirrhosis (82, 89) and cT1 defined NASH (84).

Similarly, the missense variant rs58542926 encoding p.E167K in TM6SF2 was initially associated with hepatic fat measured by 1H-MRS and liver enzyme levels (90), and it has since been found to associate with the full range of NAFLD phenotypes. TM6SF2 rs58542926 has been robustly associated with steatosis assessed by CT in independent studies (84, 86). The initial AST, ALT, and ALP associations were replicated by Parisinos et al. and further supported by associations between the variant and cT1 values (84) and histologically ascertained NAS and SAF scores (91), indicating that TM6SF2 rs58542926 is implicated in NASH in addition to NAFL. TM6SF2 was also associated with histologically graded cirrhosis (84).

Several other loci have been pleiotropically associated with multiple NAFLD stages. GCKR rs1260326 is associated with hepatic steatosis, as assessed by both imaging and histology (84, 86, 92, 93), inflammation measured by serum enzyme levels (87, 92), histological assessments of NAFLD graded by NAS (94), histological fibrosis (82), and overall liver function (88). MBOAT7 has similarly been examined across the entire spectrum of NAFLD, ranging from liver fat accumulation to cirrhosis (85, 95, 98), but intriguingly, it was found to be independently associated with fibrosis development in particular, suggesting a unique molecular mechanism (56). Finally, MARC1 has been associated with steatosis (85, 88), inflammation/NASH (84, 85, 87), and cirrhosis (83, 84).

Conversely, some genetic associations have been identified for only specific NAFLD stages and diagnostic modalities. As described above, PYGO1 has only been associated with histologically identified steatosis (82). GPAM, PPP1R3B, and APOE have associations with steatosis (84–86, 88, 93, 94) and serum enzyme levels (85, 87, 92), but these loci have not been associated with histological features of NASH or cirrhosis. On the other hand, LEPR is only associated with ALT levels and histologically defined NASH (82, 87), and HSD17B13 is associated with NASH and cirrhosis (80, 84).

There are some variants that have only been identified in a single study so far, introducing uncertainty in their relationship with NAFLD. For example, variant rs12137855 mapped to LYPLAL1 has been associated with liver fat and histologic NAFLD, as quantified by NAS (94), but this SNP has not been replicated in this past decade by other association studies. A possible explanation for this lack of reproducibility is the combination of the small effect size of the LYPLAL1 variant and the current limits in statistical power.




Current Study Design Limitations to Discovering NAFLD Associated Variants

The variants identified through GWAS and EWAS are susceptible to the study design choices. The sample size, diversity within the cohort, and specificity of the associated trait, along with many other confounders, can all affect the results (99). A major cofounder is that sample size in current NAFLD studies is highly correlated to the measurement modality. On the spectrum of sample numbers, liver enzyme levels, which are commonly available as part of routine blood testing, are on the high end, and liver biopsies, which require a clinical indication and are difficult to perform in large numbers, are on the low end (63). Because statistical power to detect significant associations is directly dependent on sample size (100), studies using biopsies are often underpowered, while studies using serum concentrations are better powered but less informative for NAFLD stages.

In Figure 3 (left panel), we illustrate the statistical power of the largest liver biopsy GWAS to date (82), which included 1,483 NAFLD biopsied cases and 17,781 controls. Given its size, this study would be predicted to successfully replicate previously characterized loci, including PNPLA3, TM6SF2, HSD17B13, and GCKR, based on their respective frequencies in the population and effect sizes on NAFLD risk. These associations are indeed found with genome-wide significance (82). Furthermore, a GWAS of this size would be predicted to not detect MARC1 and LYPLAL1 with genome-wide significance, as those variants have smaller effect sizes. Again, this is reflected in the results: although the variant in MARC1 was associated with NAFLD with p < 6 x 10-6, the association did not meet the genome-wide significance threshold (82).




Figure 3 | Current state of statistical power to detect genetic associations with NAFLD. Statistical power across odds ratios per allele frequencies computed with a type 1 error rate set at α=0.05 shown for current sample size of NAFLD population studies (left) and for an idealized future NAFLD case/control study (right). Power for frequencies and odds ratios regions are shaded from red to white, in which red indicates regions where statistical power is not sufficient to detect an association, and white areas are within the detection limit. Gray areas highlight the section of the power curve for associating rare genetic variants (MAF < 0.025). Associated loci are overlaid according to their effect size and minor allele frequencies. For example, PNPLA3 rs62021874, which has been robusted associated with NAFLD across several studies, is well within the detectable region given its minor allele frequency of 0.28 and odds ratio of 1.8, whereas PYGO1 (frequency = 0.05, odds ratio = 1.3), which has been associated in a single study, is nominally powered to detect an association given the current sample size of NAFLD population studies (56, 82, 85, 93).



Future studies with increased sample sizes of NAFLD individuals and balanced case/control designed studies may reveal novel genetic associations which studies are currently underpowered to detect and provide additional support for existing associations (Figure 3, right panel). With the generation of larger NAFLD case/control cohorts and increased application of WES, more rare variants with large biological effects can be identified, which would facilitate therapeutic targeting. Rare, loss-of-function variants that confer protection from disease in particular have shown promise as therapeutic targets, as exemplified by the successful development of PCSK9 inhibitors to treat atherogenic cardiovascular disease (101, 102).



Current Perspective on NAFLD Association Studies

Identifying causal genes is a major challenge to translating genetic association signals into biological and potentially therapeutic knowledge. The majority of variants identified from GWAS are located in non-coding genomic sequences distant from protein-coding genes (99). For example, a variant on chromosome 8 that lies in the intergenic region between IDO2 and TC1 was associated with NAFLD, but it is unclear which gene is driving the phenotype (82). Additionally, while it is standard practice to designate the nearest gene to a variant as the causal gene, this may not always be true. This caveat was showcased by the variant rs2075650 residing in an intron of TOMM40, which was found to be associated with steatosis. While most proximal to the TOMM40 coding sequences, conditional analysis showed that this variant association was driven by linkage disequilibrium with the previously identified APOE rs429358 (86). In contrast to GWAS, EWAS analyses almost entirely use variants in the exonic regions of the genome, which can make causal gene identification more straightforward as the variants likely alter the sequence of the encoded protein. However, to date, the findings of NAFLD EWAS are still limited. So far, only one study specific to NAFLD has harnessed rare protein-coding genetic variants from WES rather than genome- or exome- arrays (103), but additional large-scale studies of rare variants and their effects on NAFLD are beginning to emerge and find new signals such as MAST3 and IFI30 (104, 105).

As mentioned earlier, increasing sample size to power robust discovery is a current challenge in NAFLD gene discovery due in large part to inherent limitations in the scalability of liver biopsies. Some studies have employed creative methods to increase sample sizes for their NAFLD genetic studies with some indications of success. These techniques include NLP algorithms (81), machine learning applied to liver imaging (88, 104), and a multi-step approach of first identifying genetic signals with a widely available biomarker, such as liver enzyme levels, in population cohorts, and then examining only these identified signals with independent histological cohorts (80, 94) to decrease the multiple hypothesis correction burden. For example, Abul-Husn et al. first conducted a GWAS in almost 47,000 individuals to identify variants significantly associated with either ALT or AST levels (80). 13 of these variants were next replicated in an additional cohort (n=12,527), and then these top variants were identified within exome sequences (n=1,857 NAFLD cases and 29,928 controls) and tested for association with chronic liver disease. This reduced the statistical threshold for significance without increasing the false positive rate. From this targeted exome association analysis, the protein-truncating variant in HSD17B13 (rs72613567) was found to confer lower odds across all categories of liver disease and provide protection against liver fibrosis in an allele dose-dependent manner. This discovery then led to the development of ARO-HSD, a RNAi therapeutic that selectively targets HSD17B13 mRNA in hepatocytes, which has demonstrated improvements in NASH outcomes, as assessed by ALT, AST, and MRI-PDFF, in a Phase 1/2 clinical trial (106, 107).

In the serendipitous case of HSD17B13, the consequence of the top identified variant was protein-truncating and thus could be predicted with high confidence to confer loss of function in HSD17B13 without additional functional characterization. In order to provide analogous interpretations to genetic variants that do not have such clear cut functional effects without performing validation experiments, NAFLD genetic studies have utilized computational prediction tools (108), ClinVar reported pathogenicity predictions, and allele frequency cut-offs (109), to narrow the search space to actionable variants, but with limited success in the absence of mechanistic investigation. In summary, despite current limitations, genetic discoveries for NAFLD have demonstrated promise in therapeutic target identification. Future genetic investigations with increased sample size and focusing on different stages of NAFLD are likely to reveal new genes with therapeutic potential.



Future Directions

Efforts are underway to improve standardization in classification and diagnosis of NAFLD to enable translational research that can identify putative drug targets. In 2020, an expert consensus panel proposed a new set of diagnostic criteria for NAFLD (110) and renamed it metabolic associated fatty liver disease (MAFLD). MAFLD is diagnosed by the presence of hepatic steatosis (ascertained by imaging, biomarker panel or histology) and either type 2 diabetes (T2D) or overweight/obesity, or two of the following metabolic risk factors: waist circumference, blood pressure, serum triglycerides, low serum HDL, prediabetes, insulin resistance, and plasma high-sensitivity C-reactive protein level (111). Recent publications indicate that the MAFLD criteria performs better than the NAFLD definition at identifying patients with more severe presentations of disease (112–114), but the new terminology is still heavily debated (115). To date, one genetic association study has been performed using the MAFLD definition and recapitulated the known genetic associations with PNPLA3 rs738409 and TM6SF2 rs8542926 (116). This is promising as MAFLD diagnosis does not require biopsies and can be diagnosed from readily available clinical measurements. Nevertheless, further validation is required, especially for the SNPs associated with hepatic injury and fibrosis, which are not explicitly included in the MAFLD definition.

Other than the RNAi targeting HSD17B13 mRNA mentioned above, most therapeutics currently in clinical trials do not target genes identified from GWAS (63). One possible direction to identify novel, actionable targets for NAFLD from gene or exome wide associations would entail a combination of imaging and biomarkers for NAFLD diagnostic staging that could be broadly applied to hundreds of thousands of individuals in biobanks, as demonstrated by recent publications (84, 85). A specific pathophysiology of NAFLD, such as NASH defined by MRI-PDFF and cT1, should be selected to ensure that there is a sufficiently large cohort of cases for a well-powered study. Association analysis could then be performed to identify rare variants with large effect sizes associated with this classification of NASH. The variants could be further investigated by functional validation in molecular assays to find the causal genes, which would then be the targets of drug development.



Author Contributions

XD and AM conceived the manuscript outline and figure concepts. XD and ND authored sections of the manuscript and created figures. XD, ND, and AM were involved in critical manuscript revision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Institute of Diabetes and Digestive and Kidney Diseases (1R03DK113328-01 and 1R01DK123422-01 to ARM), a UCSD/UCLA Pilot and Feasibility grant (P30 DK063491 to ARM), and a Ruth L. Kirschstein Institutional National Research Service Award T32 GM008666 from the National Institute of General Medical Sciences (to ND).



Acknowledgments

We thank Jason Flannick for helpful discussions in visualizing statistical power for existing and hypothetical genetic association studies as shown in Figure 3.



References

1. Younossi, ZM, Koenig, AB, Abdelatif, D, Fazel, Y, Henry, L, and Wymer, M. Global Epidemiology of Nonalcoholic Fatty Liver Disease-Meta-Analytic Assessment of Prevalence, Incidence, and Outcomes. Hepatology (2016) 64:73–84. doi: 10.1002/hep.28431

2. Anstee, QM, Targher, G, and Day, CP. Progression of NAFLD to Diabetes Mellitus, Cardiovascular Disease or Cirrhosis. Nat Rev Gastroenterol Hepatol (2013) 10:330–44. doi: 10.1038/nrgastro.2013.41

3. Huang, DQ, El-Serag, HB, and Loomba, R. Global Epidemiology of NAFLD-Related HCC: Trends, Predictions, Risk Factors and Prevention. Nat Rev Gastroenterol Hepatol (2021) 18:223–38. doi: 10.1038/s41575-020-00381-6

4. Wong, RJ, and Singal, AK. Trends in Liver Disease Etiology Among Adults Awaiting Liver Transplantation in the United States, 2014-2019. JAMA Netw Open (2020) 3:e1920294. doi: 10.1001/jamanetworkopen.2019.20294

5. Chalasani, N, Younossi, Z, Lavine, JE, Charlton, M, Cusi, K, Rinella, M, et al. The Diagnosis and Management of Nonalcoholic Fatty Liver Disease: Practice Guidance From the American Association for the Study of Liver Diseases. Hepatology (2018) 67:328–57. doi: 10.1002/hep.29367

6. Eslam, M, and George, J. Genetic Contributions to NAFLD: Leveraging Shared Genetics to Uncover Systems Biology. Nat Rev Gastroenterol Hepatol (2020) 17:40–52. doi: 10.1038/s41575-019-0212-0

7. Sillanpää, MJ. Overview of Techniques to Account for Confounding Due to Population Stratification and Cryptic Relatedness in Genomic Data Association Analyses. Heredity (2011) 106:511–9. doi: 10.1038/hdy.2010.91

8. Sookoian, S, and Pirola, CJ. Genetic Predisposition in Nonalcoholic Fatty Liver Disease. Clin Mol Hepatol (2017) 23:1–12. doi: 10.3350/cmh.2016.0109

9. Cardon, LR, and Bell, JI. Association Study Designs for Complex Diseases. Nat Rev Genet (2001) 2:91–9. doi: 10.1038/35052543

10. Younossi, ZM, Loomba, R, Anstee, QM, Rinella, ME, Bugianesi, E, Marchesini, G, et al. Diagnostic Modalities for Nonalcoholic Fatty Liver Disease, Nonalcoholic Steatohepatitis, and Associated Fibrosis. Hepatology (2018) 68:349–60. doi: 10.1002/hep.29721

11. Castera, L, Friedrich-Rust, M, and Loomba, R. Noninvasive Assessment of Liver Disease in Patients With Nonalcoholic Fatty Liver Disease. Gastroenterology (2019) 156:1264–81.e4. doi: 10.1053/j.gastro.2018.12.036

12. Zhou, J-H, Cai, J-J, She, Z-G, and Li, H-L. Noninvasive Evaluation of Nonalcoholic Fatty Liver Disease: Current Evidence and Practice. World J Gastroenterol (2019) 25:1307–26. doi: 10.3748/wjg.v25.i11.1307

13. Piazzolla, VA, and Mangia, A. Noninvasive Diagnosis of NAFLD and NASH. Cells (2020) 9:1005. doi: 10.3390/cells9041005

14. Wong, VW-S, Adams, LA, de Lédinghen, V, Wong, GL-H, and Sookoian, S. Noninvasive Biomarkers in NAFLD and NASH - Current Progress and Future Promise. Nat Rev Gastroenterol Hepatol (2018) 15:461–78. doi: 10.1038/s41575-018-0014-9

15. Tapper, EB, and Loomba, R. Noninvasive Imaging Biomarker Assessment of Liver Fibrosis by Elastography in NAFLD. Nat Rev Gastroenterol Hepatol (2018) 15:274–82. doi: 10.1038/nrgastro.2018.10

16. Honda, Y, Yoneda, M, Imajo, K, and Nakajima, A. Elastography Techniques for the Assessment of Liver Fibrosis in Non-Alcoholic Fatty Liver Disease. Int J Mol Sci (2020) 21:4039. doi: 10.3390/ijms21114039

17. Sanyal, AJ, Brunt, EM, Kleiner, DE, Kowdley, KV, Chalasani, N, Lavine, JE, et al. Endpoints and Clinical Trial Design for Nonalcoholic Steatohepatitis. Hepatology (2011) 54:344–53. doi: 10.1002/hep.24376

18. Wong, VW-S, Wong, GL-H, Choi, PC-L, Chan, AW-H, Li, MK-P, Chan, H-Y, et al. Disease Progression of Non-Alcoholic Fatty Liver Disease: A Prospective Study With Paired Liver Biopsies at 3 Years. Gut (2010) 59:969–74. doi: 10.1136/gut.2009.205088

19. Kleiner, DE, Brunt, EM, Wilson, LA, Behling, C, Guy, C, Contos, M, et al. Association of Histologic Disease Activity With Progression of Nonalcoholic Fatty Liver Disease. JAMA Netw Open (2019) 2:e1912565. doi: 10.1001/jamanetworkopen.2019.12565

20. Anstee, QM, Reeves, HL, Kotsiliti, E, Govaere, O, and Heikenwalder, M. From NASH to HCC: Current Concepts and Future Challenges. Nat Rev Gastroenterol Hepatol (2019) 16:411–28. doi: 10.1038/s41575-019-0145-7

21. Anstee, QM, and Day, CP. 26 - Epidemiology, Natural History, and Evaluation of Nonalcoholic Fatty Liver Disease. In:  Sanyal, AJ, Boyer, TD, Lindor, KD, and Terrault, NA, editors. Zakim and Boyer’s Hepatology (Seventh Edition). Philadelphia: Elsevier (2018). p. 391–405.e3. doi: 10.1016/B978-0-323-37591-7.00026-4

22. Tandra, S, Yeh, MM, Brunt, EM, Vuppalanchi, R, Cummings, OW, Ünalp-Arida, A, et al. Presence and Significance of Microvesicular Steatosis in Nonalcoholic Fatty Liver Disease. J Hepatol (2011) 55:654–9. doi: 10.1016/j.jhep.2010.11.021

23. McPherson, S, Hardy, T, Henderson, E, Burt, AD, Day, CP, and Anstee, QM. Evidence of NAFLD Progression From Steatosis to Fibrosing-Steatohepatitis Using Paired Biopsies: Implications for Prognosis and Clinical Management. J Hepatol (2015) 62:1148–55. doi: 10.1016/j.jhep.2014.11.034

24. Diehl, AM, and Day, C. Cause, Pathogenesis, and Treatment of Nonalcoholic Steatohepatitis. N Engl J Med (2017) 377:2063–72. doi: 10.1056/NEJMra1503519

25. Heyens, LJM, Busschots, D, Koek, GH, Robaeys, G, and Francque, S. Liver Fibrosis in Non-Alcoholic Fatty Liver Disease: From Liver Biopsy to Non-Invasive Biomarkers in Diagnosis and Treatment. Front Med (2021) 8:615978. doi: 10.3389/fmed.2021.615978

26. Drew, L. Fighting the Fatty Liver. Nature (2017) 550:S102–3. doi: 10.1038/550S102a

27. Hernaez, R, Lazo, M, Bonekamp, S, Kamel, I, Brancati, FL, Guallar, E, et al. Diagnostic Accuracy and Reliability of Ultrasonography for the Detection of Fatty Liver: A Meta-Analysis. Hepatology (2011) 54:1082–90. doi: 10.1002/hep.24452

28. Newsome, PN, Sasso, M, Deeks, JJ, Paredes, A, Boursier, J, Chan, W-K, et al. Fibroscan-AST (FAST) Score for the Non-Invasive Identification of Patients With Non-Alcoholic Steatohepatitis With Significant Activity and Fibrosis: A Prospective Derivation and Global Validation Study. Lancet Gastroenterol Hepatol (2020) 5:362–73. doi: 10.1016/S2468-1253(19)30383-8

29. Tamaki, N, Imajo, K, Sharpton, S, Jung, J, Kawamura, N, Yoneda, M, et al. MRE Plus FIB-4 (MEFIB) Versus FAST in Detection of Candidates for Pharmacological Treatment of NASH-Related Fibrosis. Hepatology (2021). doi: 10.1002/hep.32145

30. Poynard, T, Ratziu, V, Naveau, S, Thabut, D, Charlotte, F, Messous, D, et al. The Diagnostic Value of Biomarkers (Steatotest) for the Prediction of Liver Steatosis. Comp Hepatol (2005) 4:10. doi: 10.1186/1476-5926-4-10

31. Morra, R, Munteanu, M, Imbert-Bismut, F, Messous, D, Ratziu, V, and Poynard, T. Fibromax: Towards a New Universal Biomarker of Liver Disease? Expert Rev Mol Diagn (2007) 7:481–90. doi: 10.1586/14737159.7.5.481

32. Harrison, SA, Oliver, D, Arnold, HL, Gogia, S, and Neuschwander-Tetri, BA. Development and Validation of a Simple NAFLD Clinical Scoring System for Identifying Patients Without Advanced Disease. Gut (2008) 57:1441–7. doi: 10.1136/gut.2007.146019

33. Angulo, P, Hui, JM, Marchesini, G, Bugianesi, E, George, J, Farrell, GC, et al. The NAFLD Fibrosis Score: A Noninvasive System That Identifies Liver Fibrosis in Patients With NAFLD. Hepatology (2007) 45:846–54. doi: 10.1002/hep.21496

34. Harrison, SA, Ratziu, V, Boursier, J, Francque, S, Bedossa, P, Majd, Z, et al. A Blood-Based Biomarker Panel (NIS4) for Non-Invasive Diagnosis of Non-Alcoholic Steatohepatitis and Liver Fibrosis: A Prospective Derivation and Global Validation Study. Lancet Gastroenterol Hepatol (2020) 5:970–85. doi: 10.1016/S2468-1253(20)30252-1

35. Poynard, T, Ratziu, V, Charlotte, F, Messous, D, Munteanu, M, Imbert-Bismut, F, et al. Diagnostic Value of Biochemical Markers (Nashtest) for the Prediction of Non Alcoholo Steato Hepatitis in Patients With Non-Alcoholic Fatty Liver Disease. BMC Gastroenterol (2006) 6:34. doi: 10.1186/1471-230X-6-34

36. de Lédinghen, V, Wong, GL-H, Vergniol, J, Chan, HL-Y, Hiriart, J-B, Chan, AW-H, et al. Controlled Attenuation Parameter for the Diagnosis of Steatosis in Non-Alcoholic Fatty Liver Disease. J Gastroenterol Hepatol (2016) 31:848–55. doi: 10.1111/jgh.13219

37. Cassinotto, C, Boursier, J, de Lédinghen, V, Lebigot, J, Lapuyade, B, Cales, P, et al. Liver Stiffness in Nonalcoholic Fatty Liver Disease: A Comparison of Supersonic Shear Imaging, Fibroscan, and ARFI With Liver Biopsy. Hepatology (2016) 63:1817–27. doi: 10.1002/hep.28394

38. Furlan, A, Tublin, ME, Yu, L, Chopra, KB, Lippello, A, and Behari, J. Comparison of 2D Shear Wave Elastography, Transient Elastography, and MR Elastography for the Diagnosis of Fibrosis in Patients With Nonalcoholic Fatty Liver Disease. AJR Am J Roentgenol (2020) 214:W20–6. doi: 10.2214/AJR.19.21267

39. Shah, AG, Lydecker, A, Murray, K, Tetri, BN, Contos, MJ, Sanyal, AJ, et al. Comparison of Noninvasive Markers of Fibrosis in Patients With Nonalcoholic Fatty Liver Disease. Clin Gastroenterol Hepatol (2009) 7:1104–12. doi: 10.1016/j.cgh.2009.05.033

40. Bedogni, G, Bellentani, S, Miglioli, L, Masutti, F, Passalacqua, M, Castiglione, A, et al. The Fatty Liver Index: A Simple and Accurate Predictor of Hepatic Steatosis in the General Population. BMC Gastroenterol (2006) 6:33. doi: 10.1186/1471-230X-6-33

41. Lee, J-H, Kim, D, Kim, HJ, Lee, C-H, Yang, JI, Kim, W, et al. Hepatic Steatosis Index: A Simple Screening Tool Reflecting Nonalcoholic Fatty Liver Disease. Dig Liver Dis (2010) 42:503–8. doi: 10.1016/j.dld.2009.08.002

42. Lichtinghagen, R, Pietsch, D, Bantel, H, Manns, MP, Brand, K, and Bahr, MJ. The Enhanced Liver Fibrosis (ELF) Score: Normal Values, Influence Factors and Proposed Cut-Off Values. J Hepatol (2013) 59:236–42. doi: 10.1016/j.jhep.2013.03.016

43. Loaeza-del-Castillo, A, Paz-Pineda, F, Oviedo-Cárdenas, E, Sánchez-Ávila, F, and Vargas-Vorácková, F. AST to Platelet Ratio Index (APRI) for the Noninvasive Evaluation of Liver Fibrosis: Original Article. Ann Hepatol (2008) 7:350–7. doi: 10.1016/S1665-2681(19)31836-8

44. He, L, Deng, L, Zhang, Q, Guo, J, Zhou, J, Song, W, et al. Diagnostic Value of CK-18, FGF-21, and Related Biomarker Panel in Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis. BioMed Res Int (2017) 2017:9729107. doi: 10.1155/2017/9729107

45. Xu, Z, Zhang, X, Lau, J, and Yu, J. C-X-C Motif Chemokine 10 in Non-Alcoholic Steatohepatitis: Role as a Pro-Inflammatory Factor and Clinical Implication. Expert Rev Mol Med (2016) 18:e16. doi: 10.1017/erm.2016.16

46. Daniels, SJ, Leeming, DJ, Eslam, M, Hashem, AM, Nielsen, MJ, Krag, A, et al. ADAPT: An Algorithm Incorporating PRO-C3 Accurately Identifies Patients With NAFLD and Advanced Fibrosis. Hepatology (2019) 69:1075–86. doi: 10.1002/hep.30163

47. Sanyal, AJ, Friedman, SL, McCullough, AJ, Dimick-Santos, L, and American Association for the Study of Liver Diseases, United States Food and Drug Administration. 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 (2015) 61:1392–405. doi: 10.1002/hep.27678

48. Kleiner, DE, Brunt, EM, Van Natta, M, Behling, C, Contos, MJ, Cummings, OW, et al. Design and Validation of a Histological Scoring System for Nonalcoholic Fatty Liver Disease. Hepatology (2005) 41:1313–21. doi: 10.1002/hep.20701

49. Brunt, EM, Kleiner, DE, Wilson, LA, Belt, P, Neuschwander-Tetri, BA, and NASH Clinical Research Network (CRN). Nonalcoholic Fatty Liver Disease (NAFLD) Activity Score and the Histopathologic Diagnosis in NAFLD: Distinct Clinicopathologic Meanings. Hepatology (2011) 53:810–20. doi: 10.1002/hep.24127

50. Puri, P, and Sanyal, AJ. Nonalcoholic Fatty Liver Disease: Definitions, Risk Factors, and Workup. Clin Liver Dis (2012) 1:99–103. doi: 10.1002/cld.81

51. Brunt, EM, Janney, CG, Di Bisceglie, AM, Neuschwander-Tetri, BA, and Bacon, BR. Nonalcoholic 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

52. Bedossa, P, Poitou, C, Veyrie, N, Bouillot, J-L, Basdevant, A, Paradis, V, et al. Histopathological Algorithm and Scoring System for Evaluation of Liver Lesions in Morbidly Obese Patients. Hepatology (2012) 56:1751–9. doi: 10.1002/hep.25889

53. Ratziu, V, Charlotte, F, Heurtier, A, Gombert, S, Giral, P, Bruckert, E, et al. Sampling Variability of Liver Biopsy in Nonalcoholic Fatty Liver Disease. Gastroenterology (2005) 128:1898–906. doi: 10.1053/j.gastro.2005.03.084

54. Kuwashiro, T, Takahashi, H, Hyogo, H, Ogawa, Y, Imajo, K, Yoneda, M, et al. Discordant Pathological Diagnosis of Non-Alcoholic Fatty Liver Disease: A Prospective Multicenter Study. JGH Open (2020) 4:497–502. doi: 10.1002/jgh3.12289

55. Juluri, R, Vuppalanchi, R, Olson, J, Unalp, A, Van Natta, ML, Cummings, OW, et al. Generalizability of the Nonalcoholic Steatohepatitis Clinical Research Network Histologic Scoring System for Nonalcoholic Fatty Liver Disease. J Clin Gastroenterol (2011) 45:55–8. doi: 10.1097/MCG.0b013e3181dd1348

56. Mancina, RM, Dongiovanni, P, Petta, S, Pingitore, P, Meroni, M, Rametta, R, et al. The MBOAT7-TMC4 Variant Rs641738 Increases Risk of Nonalcoholic Fatty Liver Disease in Individuals of European Descent. Gastroenterology (2016) 150:1219–30.e6. doi: 10.1053/j.gastro.2016.01.032

57. Zhang, YN, Fowler, KJ, Hamilton, G, Cui, JY, Sy, EZ, Balanay, M, et al. Liver Fat Imaging-A Clinical Overview of Ultrasound, CT, and MR Imaging. Br J Radiol (2018) 91:20170959. doi: 10.1259/bjr.20170959

58. Li, Q, Dhyani, M, Grajo, JR, Sirlin, C, and Samir, AE. Current Status of Imaging in Nonalcoholic Fatty Liver Disease. World J Hepatol (2018) 10:530–42. doi: 10.4254/wjh.v10.i8.530

59. Loomba, R. Role of Imaging-Based Biomarkers in NAFLD: Recent Advances in Clinical Application and Future Research Directions. J Hepatol (2018) 68:296–304. doi: 10.1016/j.jhep.2017.11.028

60. Bohte, AE, van Werven, JR, Bipat, S, and Stoker, J. The Diagnostic Accuracy of US, CT, MRI and 1H-MRS for the Evaluation of Hepatic Steatosis Compared With Liver Biopsy: A Meta-Analysis. Eur Radiol (2011) 21:87–97. doi: 10.1007/s00330-010-1905-5

61. Di Martino, M, Pacifico, L, Bezzi, M, Di Miscio, R, Sacconi, B, Chiesa, C, et al. Comparison of Magnetic Resonance Spectroscopy, Proton Density Fat Fraction and Histological Analysis in the Quantification of Liver Steatosis in Children and Adolescents. World J Gastroenterol (2016) 22:8812–9. doi: 10.3748/wjg.v22.i39.8812

62. Dulai, PS, Sirlin, CB, and Loomba, R. MRI and MRE for Non-Invasive Quantitative Assessment of Hepatic Steatosis and Fibrosis in NAFLD and NASH: Clinical Trials to Clinical Practice. J Hepatol (2016) 65:1006–16. doi: 10.1016/j.jhep.2016.06.005

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

64. Banerjee, R, Pavlides, M, Tunnicliffe, EM, Piechnik, SK, Sarania, N, Philips, R, et al. Multiparametric Magnetic Resonance for the Non-Invasive Diagnosis of Liver Disease. J Hepatol (2014) 60:69–77. doi: 10.1016/j.jhep.2013.09.002

65. Pavlides, M, Banerjee, R, Tunnicliffe, EM, Kelly, C, Collier, J, Wang, LM, et al. Multiparametric Magnetic Resonance Imaging for the Assessment of Non-Alcoholic Fatty Liver Disease Severity. Liver Int (2017) 37:1065–73. doi: 10.1111/liv.13284

66. Dennis, A, Kelly, MD, Fernandes, C, Mouchti, S, Fallowfield, JA, Hirschfield, G, et al. Correlations Between MRI Biomarkers PDFF and Ct1 With Histopathological Features of Non-Alcoholic Steatohepatitis. Front Endocrinol (2020) 11:575843. doi: 10.3389/fendo.2020.575843

67. Neuschwander-Tetri, BA, Clark, JM, Bass, NM, Van Natta, ML, Unalp-Arida, A, Tonascia, J, et al. Clinical, Laboratory and Histological Associations in Adults With Nonalcoholic Fatty Liver Disease. Hepatology (2010) 52:913–24. doi: 10.1002/hep.23784

68. Sanyal, AJ, and American Gastroenterological Association. AGA Technical Review on Nonalcoholic Fatty Liver Disease. Gastroenterology (2002) 123:1705–25. doi: 10.1053/gast.2002.36572

69. Bayard, M, Holt, JD, and Boroughs, E. Nonalcoholic Fatty Liver Disease (2006). Available at: https://www.aafp.org/afp/2006/0601/p1961.html (Accessed 19 Oct 2021).

70. Wong, VW-S, Wong, GL-H, Tsang, SW-C, Hui, AY, Chan, AW-H, Choi, PC-L, et al. Metabolic and Histological Features of Non-Alcoholic Fatty Liver Disease Patients With Different Serum Alanine Aminotransferase Levels. Aliment Pharmacol Ther (2009) 29:387–96. doi: 10.1111/j.1365-2036.2008.03896.x

71. Ma, X, Liu, S, Zhang, J, Dong, M, Wang, Y, Wang, M, et al. Proportion of NAFLD Patients With Normal ALT Value in Overall NAFLD Patients: A Systematic Review and Meta-Analysis. BMC Gastroenterol (2020) 20:10. doi: 10.1186/s12876-020-1165-z

72. Anstee, QM, and Day, CP. The Genetics of NAFLD. Nat Rev Gastroenterol Hepatol (2013) 10:645–55. doi: 10.1038/nrgastro.2013.182

73. Altshuler, D, Daly, MJ, and Lander, ES. Genetic Mapping in Human Disease. Science (2008) 322:881–8. doi: 10.1126/science.1156409

74. Hirschhorn, JN. Genomewide Association Studies–Illuminating Biologic Pathways. N Engl J Med (2009) 360:1699–701. doi: 10.1056/NEJMp0808934

75. Manolio, TA, Collins, FS, Cox, NJ, Goldstein, DB, Hindorff, LA, Hunter, DJ, et al. Finding the Missing Heritability of Complex Diseases. Nature (2009) 461:747–53. doi: 10.1038/nature08494

76. Liu, DJ, Peloso, GM, Yu, H, Butterworth, AS, Wang, X, Mahajan, A, et al. Exome-Wide Association Study of Plasma Lipids in >300,000 Individuals. Nat Genet (2017) 49:1758–66. doi: 10.1038/ng.3977

77. Rabbani, B, Tekin, M, and Mahdieh, N. The Promise of Whole-Exome Sequencing in Medical Genetics. J Hum Genet (2014) 59:5–15. doi: 10.1038/jhg.2013.114

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

79. Trépo, E, and Valenti, L. Update on NAFLD Genetics: From New Variants to the Clinic. J Hepatol (2020) 72:1196–209. doi: 10.1016/j.jhep.2020.02.020

80. Abul-Husn, NS, Cheng, X, Li, AH, Xin, Y, Schurmann, C, Stevis, P, et al. A Protein-Truncating HSD17B13 Variant and Protection From Chronic Liver Disease. N Engl J Med (2018) 378:1096–106. doi: 10.1056/NEJMoa1712191

81. Namjou, B, Lingren, T, Huang, Y, Parameswaran, S, Cobb, BL, Stanaway, IB, et al. GWAS and Enrichment Analyses of Non-Alcoholic Fatty Liver Disease Identify New Trait-Associated Genes and Pathways Across Emerge Network. BMC Med (2019) 17:135. doi: 10.1186/s12916-019-1364-z

82. Anstee, QM, Darlay, R, Cockell, S, Meroni, M, Govaere, O, Tiniakos, D, et al. Genome-Wide Association Study of non-Alcoholic Fatty Liver and Steatohepatitis in a Histologically Characterised Cohort☆. J Hepatol (2020) 73:505–15. doi: 10.1016/j.jhep.2020.04.003

83. Emdin, CA, Haas, ME, Khera, AV, Aragam, K, Chaffin, M, Klarin, D, et al. A Missense Variant in Mitochondrial Amidoxime Reducing Component 1 Gene and Protection Against Liver Disease. PloS Genet (2020) 16:e1008629. doi: 10.1371/journal.pgen.1008629

84. Parisinos, CA, Wilman, HR, Thomas, EL, Kelly, M, Nicholls, RC, McGonigle, J, et al. Genome-Wide and Mendelian Randomisation Studies of Liver MRI Yield Insights Into the Pathogenesis of Steatohepatitis. J Hepatol (2020) 73:241–51. doi: 10.1016/j.jhep.2020.03.032

85. Jamialahmadi, O, Mancina, RM, Ciociola, E, Tavaglione, F, Luukkonen, PK, Baselli, G, et al. Exome-Wide Association Study on Alanine Aminotransferase Identifies Sequence Variants in the GPAM and APOE Associated With Fatty Liver Disease. Gastroenterology (2021) 160:1634–46.e7. doi: 10.1053/j.gastro.2020.12.023

86. Palmer, ND, Kahali, B, Kuppa, A, Chen, Y, Du, X, Feitosa, MF, et al. Allele-Specific Variation at APOE Increases Nonalcoholic Fatty Liver Disease and Obesity But Decreases Risk of Alzheimer’s Disease and Myocardial Infarction. Hum Mol Genet (2021) 30:1443–56. doi: 10.1093/hmg/ddab096

87. Pazoki, R, Vujkovic, M, Elliott, J, Evangelou, E, Gill, D, Ghanbari, M, et al. Genetic Analysis in European Ancestry Individuals Identifies 517 Loci Associated With Liver Enzymes. Nat Commun (2021) 12:1–12. doi: 10.1038/s41467-021-22338-2

88. Liu, Y, Basty, N, Whitcher, B, Bell, JD, Sorokin, EP, van Bruggen, N, et al. Genetic Architecture of 11 Organ Traits Derived From Abdominal MRI Using Deep Learning. Elife (2021) 10:e65554. doi: 10.7554/eLife.65554

89. Liu, Y-L, Patman, GL, Leathart, JBS, Piguet, A-C, Burt, AD, Dufour, J-F, et al. Carriage of the PNPLA3 Rs738409 C >G Polymorphism Confers an Increased Risk of Non-Alcoholic Fatty Liver Disease Associated Hepatocellular Carcinoma. J Hepatol (2014) 61:75–81. doi: 10.1016/j.jhep.2014.02.030

90. Kozlitina, J, Smagris, E, Stender, S, Nordestgaard, BG, Zhou, HH, Tybjærg-Hansen, A, et al. Exome-Wide Association Study Identifies a TM6SF2 Variant That Confers Susceptibility to Nonalcoholic Fatty Liver Disease. Nat Genet (2014) 46:352–6. doi: 10.1038/ng.2901

91. Liu, Y-L, Reeves, HL, Burt, AD, Tiniakos, D, McPherson, S, Leathart, JBS, et al. TM6SF2 Rs58542926 Influences Hepatic Fibrosis Progression in Patients With Non-Alcoholic Fatty Liver Disease. Nat Commun (2014) 5:4309. doi: 10.1038/ncomms5309

92. Chambers, JC, Zhang, W, Sehmi, J, Li, X, Wass, MN, van der Harst, P, et al. Genome-Wide Association Study Identifies Loci Influencing Concentrations of Liver Enzymes in Plasma. Nat Genet (2011) 43:1131–8. doi: 10.1038/ng.970

93. Palmer, ND, Musani, SK, Yerges-Armstrong, LM, Feitosa, MF, Bielak, LF, Hernaez, R, et al. Characterization of European Ancestry Nonalcoholic Fatty Liver Disease-Associated Variants in Individuals of African and Hispanic Descent. Hepatology (2013) 58:966–75. doi: 10.1002/hep.26440

94. Speliotes, EK, Yerges-Armstrong, LM, Wu, J, Hernaez, R, Kim, LJ, Palmer, CD, et al. Genome-Wide Association Analysis Identifies Variants Associated With Nonalcoholic Fatty Liver Disease That Have Distinct Effects on Metabolic Traits. PloS Genet (2011) 7:e1001324. doi: 10.1371/journal.pgen.1001324

95. Buch, S, Stickel, F, Trépo, E, Way, M, Herrmann, A, Nischalke, HD, et al. A Genome-Wide Association Study Confirms PNPLA3 and Identifies TM6SF2 and MBOAT7 as Risk Loci for Alcohol-Related Cirrhosis. Nat Genet (2015) 47:1443–8. doi: 10.1038/ng.3417

96. Alam, S, Islam, MS, Islam, S, Mustafa, G, Saleh, AA, and Ahmad, N. Association of Single Nucleotide Polymorphism at PNPLA3 With Fatty Liver, Steatohepatitis, and Cirrhosis of Liver. Indian J Gastroenterol (2017) 36:366–72. doi: 10.1007/s12664-017-0784-y

97. Romeo, S, Kozlitina, J, Xing, C, Pertsemlidis, A, Cox, D, Pennacchio, LA, et al. Genetic Variation in PNPLA3 Confers Susceptibility to Nonalcoholic Fatty Liver Disease. Nat Genet (2008) 40:1461–5. doi: 10.1038/ng.257

98. Teo, K, Abeysekera, KWM, Adams, L, Aigner, E, Anstee, QM, Banales, JM, et al. Rs641738c>T Near MBOAT7 Is Associated With Liver Fat, ALT and Fibrosis in NAFLD: A Meta-Analysis. J Hepatol (2021) 74:20–30. doi: 10.1016/j.jhep.2020.08.027

99. Tam, V, Patel, N, Turcotte, M, Bossé, Y, Paré, G, and Meyre, D. Benefits and Limitations of Genome-Wide Association Studies. Nat Rev Genet (2019) 20:467–84. doi: 10.1038/s41576-019-0127-1

100. Long, AD, and Langley, CH. The Power of Association Studies to Detect the Contribution of Candidate Genetic Loci to Variation in Complex Traits. Genome Res (1999) 9:720–31. doi: 10.1101/gr.9.8.720

101. Kathiresan, S, Melander, O, Guiducci, C, Surti, A, Burtt, NP, Rieder, MJ, et al. Six New Loci Associated With Blood Low-Density Lipoprotein Cholesterol, High-Density Lipoprotein Cholesterol or Triglycerides in Humans. Nat Genet (2008) 40:189–97. doi: 10.1038/ng.75

102. Blanchard, V, Khantalin, I, Ramin-Mangata, S, Chémello, K, Nativel, B, and Lambert, G. PCSK9: From Biology to Clinical Applications. Pathology (2019) 51:177–83. doi: 10.1016/j.pathol.2018.10.012

103. Kleinstein, SE, Rein, M, Abdelmalek, MF, Guy, CD, Goldstein, DB, Mae Diehl, A, et al. Whole-Exome Sequencing Study of Extreme Phenotypes of NAFLD. Hepatol Commun (2018) 2:1021–9. doi: 10.1002/hep4.1227

104. Haas, ME, Pirruccello, JP, Friedman, SN, Emdin, CA, Ajmera, VH, Simon, TG, et al. Machine Learning Enables New Insights Into Clinical Significance of and Genetic Contributions to Liver Fat Accumulation. medRxiv (2020) 2020.09.03.20187195. doi: 10.1101/2020.09.03.20187195

105. Vujkovic, M, Ramdas, S, Lorenz, KM, Guo, X, Darlay, R, Cordell, HJ, et al. A Trans-Ancestry Genome-Wide Association Study of Unexplained Chronic ALT Elevation as a Proxy for Nonalcoholic Fatty Liver Disease With Histological and Radiological Validation. medRxiv (2021) 2020. 12.26.20248491. doi: 10.1101/2020.12.26.20248491

106.A Study of ALN-HSD in Healthy Adult Subjects and Adult Patients With Nonalcoholic Steatohepatitis (NASH). Available at: https://clinicaltrials.gov/ct2/show/NCT04565717 (Accessed 9 Sep 2021).

107. Gane, E, Schwabe, C, Yoon, KT, Heo, J, Scott, R, Lee, J-H, et al. ARO-HSD Reduces Hepatic HSD17B13 Mrna Expression and Protein Levels in Patients With Suspected NASH. Available at: https://ir.arrowheadpharma.com/static-files/b6b66255-5618-4706-96f2-e0fbfc68ce75.

108. Pelusi, S, Baselli, G, Pietrelli, A, Dongiovanni, P, Donati, B, McCain, MV, et al. Rare Pathogenic Variants Predispose to Hepatocellular Carcinoma in Nonalcoholic Fatty Liver Disease. Sci Rep (2019) 9:3682. doi: 10.1038/s41598-019-39998-2

109. Hakim, A, Zhang, X, DeLisle, A, Oral, EA, Dykas, D, Drzewiecki, K, et al. Clinical Utility of Genomic Analysis in Adults With Idiopathic Liver Disease. J Hepatol (2019) 70:1214–21. doi: 10.1016/j.jhep.2019.01.036

110. Eslam, M, Sanyal, AJ, George, J, and International Consensus Panel. MAFLD: A Consensus-Driven Proposed Nomenclature for Metabolic Associated Fatty Liver Disease. Gastroenterology (2020) 158:1999–2014.e1. doi: 10.1053/j.gastro.2019.11.312

111. 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.2020.07.045

112. Lin, S, Huang, J, Wang, M, Kumar, R, Liu, Y, Liu, S, et al. Comparison of MAFLD and NAFLD Diagnostic Criteria in Real World. Liver Int (2020) 40:2082–9. doi: 10.1111/liv.14548

113. Yamamura, S, Eslam, M, Kawaguchi, T, Tsutsumi, T, Nakano, D, Yoshinaga, S, et al. MAFLD Identifies Patients With Significant Hepatic Fibrosis Better Than NAFLD. Liver Int (2020) 40:3018–30. doi: 10.1111/liv.14675

114. Niriella, MA, Ediriweera, DS, Kasturiratne, A, De Silva, ST, Dassanayaka, AS, De Silva, AP, et al. Outcomes of NAFLD and MAFLD: Results From a Community-Based, Prospective Cohort Study. PloS One (2021) 16:e0245762. doi: 10.1371/journal.pone.0245762

115. Younossi, ZM, Rinella, ME, Sanyal, AJ, Harrison, SA, Brunt, EM, Goodman, Z, et al. From NAFLD to MAFLD: Implications of a Premature Change in Terminology. Hepatology (2021) 73:1194–8. doi: 10.1002/hep.31420

116. Xia, M, Zeng, H, Wang, S, Tang, H, and Gao, X. Insights Into Contribution of Genetic Variants Towards the Susceptibility of MAFLD Revealed by the NMR-Based Lipoprotein Profiling. J Hepatol (2021) 74:974–7. doi: 10.1016/j.jhep.2020.10.019




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Du, DeForest and Majithia. 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.




[image: image]


OPS/images/fendo.2020.622589/fendo-11-622589-g002.jpg
seiq eyl
(seiq Buiodas) Bupiodas aAgoRlS

(seiq uonuye) ejep awooyno sje|dwoou]

(se1q uogoejep) JusLSSessE BUIOANO Jo Buipullg

(se1q eoueusiopied) jeuuosied pue sjuedioned jo Bupuig
(se1q uooales) JUew[EB0UOD UoREAOY

(seiq uooajes) uogessuat souanbes wopuey

Amstrong 2016 | @ | @ | @ | @ | @ | @ | @

Feng207 | @ | @ | @ |D @ (@ | @
Knoo2017 | @ | @ | @ |® | @ | | @
Khoo2019 | @D | @ | @ |® (@ |2 |2

Luzoo| @ @07 | 990
sheo204| @ | @ (@ | @ @ |2 |2

Y200 |® | 9|0 |9 D @ |2
zang200 | @ | @ | @ |@ | @ |@ | @






OPS/images/fendo.2020.622589/fendo-11-622589-g003.jpg
Random sacuence gaerston esecionsas) N |

ocston conceamen (secionves) I ]

Binaing of pricipentsand prsanna oromanco )
Bining o utome asessment stocion o) I |
ncompet oucome deta (atstin i) |

Solcive raportng (epornngves) N |

O — ]

%% o mew o
I Low sk of bias: [ Uncear iskof bias M bigh ik of bias






OPS/images/fendo.2020.622589/fendo-11-622589-g004.jpg
St Maso 30 o Mwe 50 To oM. Buodom 3NCL  NBudea wNSl

EEOBUINEEmTHEMa
B OSdidEiEooms
SR etws Bedd 2 iduind
e GHIug R e
ot S

o T 1 0 12 44 G
e et






OPS/images/fendo.2020.622589/fendo-11-622589-g005.jpg





OPS/images/fendo.2020.611213/table2.jpg
Reguiation Gene Symbol

Down  IGFBP1, MTIGVSIGH, MTB, FOS, OSBRLI1, CXCLIO, LPIN2, FNDCS, JUNB, SOS, PUN2, TPSGINP1, RNDS, VIRNAT-1, CXCRA, UPP2, FGL2,
'RHOB. ETNPPL, 100412, SRGN, UNC-PINT, FOSL?. PEG10, GOF1S, KLF10, ASCL, MTIF, CTSS, JUND, MFSD2A, TMEM58, TYROBP, CLGN,
NOGT, AVPRIA, LURAPIL_ FST, CXCL9, TIMD4, THBS1. FPR, LDLR, JUN, TSPAN, CXCL1G, SGK1, SDCA, NAGI, ZBTBIG, PEN1P2, 10048,
FADS1, ARROCA, DDITA, NAMPT, FAT!, GPNMB, LAPTMS, MTIE, TOM, THEMIS2, FONG, CD53, SIK1, TXNIP, CCLAL2, NNMT, MTIM, INSIG1, ATFS,
ACSLA, DUSP1, SQLE, PRAMEF10, EGRY, CXCL2, LRRCS1, CDGS, SAA1, FOSB, MNDA, MTIL, RGS1, CD8S, SLC25ATS, NCAM2. 10049, FGF21,
MTIH. PDE1 1A, IPEK3, KLFG, BIRCS, APOAY, GABARAPL1, SYBU, MTIA, MR21

" IL17RB, DVRTA, SHBG, NAPEPLD, NECABY. APOF, CA14, A2, MOGATI, RPLISP12, PKHD1, PPARA,IGFT, FOLHI, JAKMIP2, PALMD, HNF1A-
AS1, PCDH18, METTL7B, STEAP1, PACSING, TPPP2. TBX3, CMYAS, LOC730101, LOCT00505918, LINGO939, MIRIS2.






OPS/images/fendo.2020.611213/table3.jpg
Cluster Score Nodes Edges Regulation  Gene Symbol ‘Gene Ontology (Top 5) KEGG Pathway

' 8875 17 71 Down  CXCL9,CXCLIO.SAAT, - Leukocyto chemotass A7 signaing pativiay
CXCL2, FOS, JUND. ol chomotars - Ostooctst dferentaton
CCLALI.JUN, JUNB,  + Response to cAMP (Chemokine signalng patiway
CXCLIG, ATFS, CXORS, - Response to chemokine Ve potein neracton with
FPRS, FOSL2, DUSP1. - Caluar tesponse to chamaking. ytokine and cyokine receptor
FOSB, EGRT Tolke receptor sgnaing
2 6442 10 20 Down  TYROBPCOSS, Neutrophi degranuiation
THEMIS?, MNDA, Noutrophi actvation fnvoved in irenuns response
S10049, $10048, Neutrophi acivation
LAPTMS, COS3, SRGN,  + Neusophi mediated immunty.
c1ss Actaton ofnnate iruns response.
3 500 5 10 Down  MTIF.MIEMTIG, Detoxiication of copper on
MTIM, MTIH Siress response 0 coper on
- Detodicaton o norganic compound

Stress response to metal on
Colar response to zinc ion






OPS/images/fendo.2020.622589/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.622589/fendo-11-622589-g001.jpg
Recordsdentfed through diona records denified

Gatabae serching houghother sources
0= 366) n=0)
— Records aftr duplcates removed
n=357)
i I
; Records screened Records excluded
ns6) — n=201)

[

Fultextarices asessed [ pf Fulltestartcls excuded,

o cighity i rewon
g by 00
+ At
< s
ey
J Studhes included in Bl v
P —, o )
Loirial information or ongoing.
fosr
3 ' oo
g [ + oo
E] quantate e S niDs 8y

Py






OPS/images/fendo.2020.611213/fendo-11-611213-g005.jpg





OPS/images/fendo.2020.611213/table1.jpg
Gse 1D Baseline Follow-up(1 year) Tissues Analysis Type Plattorm Year

GSE106737 asH NASH improvement (21 pased casas) Liver ray GPLIBESS 2017
@1 cases)
sesais2 NasH NASH improvement (16 pased casas) Uver sy GPLIBESS 2016

(16 cases)





OPS/images/fendo.2020.622589/table2.jpg
Study/Year
Armstrong et . (15)
Feng ot . (20)
noo eta. (21)
oo etal. (22

Uuetal 23)
Shao ot . (24)

van ot . (25

Zrang ot 8. (26)

7

8

HMRS

utrasound
THMRS

MRS

Non-invasive tests

Cut-offvalue of inclusion criteria

Macrovesiculr seatosis 5%, hepatocyte balooning and obuar infamimation.
Intrahepatic fa (H) 210% (measured by standardzed ulrasonograpty HAR rato
and hepatc attenuaton ato)

Liverfat faction (LFF) 25.6% (maasured wih MAL in a predterminod standarczed
avea of o e

Liver ft faction (LFF) 25,6% (measured wih AL ina prectermined standarczed
avea of o e

Liverft conient LEC) >10%.

Faty lver (F) was qualtatvely classifed as absent FL, mid FL, moderate FL and
sovere FL

Intrahepatic 5 (HL) >10% (easured by magnet resonancs imaging-estimated
proton donsty fat action, MALPOFR

Hapati fat content was measured by proton H-MRS on a 1.5 T whole-body MAI
scamer






OPS/images/fendo.2021.613213/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.613213/table1.jpg
Study
Wang ot .
Starmann ot al.
prondt ot al.
Tuofol ot a.

Dol R Moreno
otal.
Piisjamald ot ol
Gerhard ot
Suppl ot a.

Hoang ot al.

Zhu ot al.

Aimanza ot al.
Kristianson ot al.

Van Koppen et

Objective
‘Splcing factor oxpression i NAFLD and AFLD.

‘Comparison of er ranscrptomes in stestoss and
stoatohepatts i humans
‘Comparison of ranscrptomes i steatosis and NASH

‘Compaison ofer transcriptomes i mouse models of
NAFLD with human NAFLD or NASH
Profi spicing factor machinery i women withsteatoss

‘Comparison of er ranscriptomes in obese and lean
omans and mice

‘Gompaison of er transcriptomes i indiduals wih normal
or istology, lobuar nfarmaton, or adkanced fixosis
‘Gomparison ofer ranscrplomes i obesity, NAFLD and
NASH i humans.

‘Comparison ofer ranscrplomes in ndhiduals wih varying
dagress of NAFLD.
Livertranseriptome and akcohol metaboiing genes i
NAFLD

NAFLD transoriptonal networks i humans
Transcriptome of NAFLD.

Transcriptome changes durng ver regenertion
‘Gomparison of er ranscriploms in mouse model of NAFLD
‘Comparison ofer ranscrplome n mouse model of NASH

‘Comparison ofver ranscriptoma in mouse model of NASH

Method

‘Westem bot for 10 spicing facors in mouse modeis of NAFLD, AFLD,
inflmmation, frosis. Confimod in 162 paited HOC nonal uman sampis.
Nicroarays on 10 healty contrls, 14 teatosis and 8 steatohepalis.

Nicoarrays on 24 healthy ver, 20 inchidels with teatoss, and 19 with
NasH

Micoarays on GS7BUIS mice, and 25 dbese, 27 NAFLD, 25 NASH, and 39
ormal human subjcts

Qunatiatvo PG n 32 obese wormen and 9 obese women wit hepatc:
steatoss

Microarays on § lan non-dabetics and 8 dbese subocts undergong
ot surgery

RiNASoq on 24 norma, 53 obuler faaion and 65 bridgng oross,
incompkte Ghoss, o crhoss

FiNAsoq on 14 normal, 12 obosa ey, 16 NAFLD, and 16 NASH

INASGq of  normal v and 72 biopsy-confimed NAFLD.

Nicroaays on 40 mid NAFLD, 32 sovero NARLD, 15 dlcoholc hapaits, nd
7 nomal subjects

Nicroarays on 10 stototic, 16 NASH, and 19 nomal sujects
Microarrays on 10 statotc, 9 NASH withfatty ver, 7 NASH wio aty v,
and 19 nomnal subjects

RNASeq on mice treated with DOC to cause er niury

RNAsoq on SAMPS mice fed a igh-at ot 10 nduco NAFLD.
RNASoq on CS7BUS mic fed a igh-rans-fa, igh-choleserdl et 10
nduco NASH

RNVAsoq on LDLR KO mice fod a hightfat et o induce NASH

Ref
(1)

@

)

)

@0
)

)
)

2

[
)
)
)
)

9





OPS/images/fendo.2020.622589/fendo-11-622589-g009.jpg





OPS/images/fendo.2020.622589/fendo-11-622589-g010.jpg





OPS/images/fendo.2020.622589/fendo-11-622589-g011.jpg
e e

oaton e
P
Selamen
prit)






OPS/images/fendo.2020.622589/table1.jpg
Study/Year

pamstrong et .
(19)

Feng ot . (20)
oo et al. (21)
Koo at o, (22)
uetal 23)
Shao et . 24)

Yan et al. 25

Zpang et 26)

Sample  T2DM  Age (year)

[

%2

5
2
By
7
&

8
0

<<zz< <

<

v

5100114

a2
1404
0701
491(11.0)
0@

wwaen

500(11.0)

Intervention (Dose)

Exporimental group
Liagutds (max 1.8 mg ad)

Lioguide (rax 18mg )
Liaghido max3 mg ad)
Lragice (max3 mg a)
Exnaido max 1049 5
Exonaido max 10119 +
insuin gagno
Lraguice (rax 189 a0
smetom 159
Liaguide (nax 1.2mg ) +
metom 059 19

Control group
Liaguide placebo (1.8 mg ad)

Gicizion (max 120 mg ad)
Liestye modsication

Liostyo modsication

Insuin gargoo
Intansio insuin theapy i
aspartate + insuin garging)
Insuin gargina + metormi 1,59

Piogitazone (max 30 mg ad) +
mettormn 05,9 td

UG, uhmaonoamaier AL et reeoamice Eeecis THARS. mecretc (Soaeron SIschoeomms:

Follow-up time  Diagnostic

Week)

®

2
2
2
2
12

E3

El

‘method





OPS/images/fendo.2020.622589/fendo-11-622589-g006.jpg
H






OPS/images/fendo.2020.622589/fendo-11-622589-g007.jpg
o T
BET 4 g
BE e i Ean
= R ]

T [
e g e ]






OPS/images/fendo.2020.622589/fendo-11-622589-g008.jpg
- s -

o e o i





OPS/images/fendo.2020.613639/fendo-11-613639-g001.jpg
Mammais UDrosophila

IL-1R Toll
_!7 & 1988 - 1991
Immun Dev
.J—. % 1991 - 1996
@R TR
Immun Dev
# & 1996 - 2000
Immun + Metab Dev + Immun
TLR9
_ﬁ# $ 2000 - 2009
Immun + Metab Immun Dev + Immun
A N T
L]

Immun +Metab Immun +Metab | Dev + Immun + Metab





OPS/images/fendo.2020.613639/fendo-11-613639-g002.jpg
mRoNmgon G asporwen B G Carpament
R
) emamn





OPS/images/fendo.2020.575843/fendo-11-575843-g003.jpg





OPS/images/fendo.2020.575843/table1.jpg
N=264 Statistic

Age (years; mean (SD)) 54.1(0.6]
Sex (F, %) 108 (39%)
BMI (kg.m™2; median; IOR) 326 (20.7-36.9)
Fibrosis (n9%)

Fo 8381

Fi 96(36)

F2 42(16)

3 31(12)

F4 12(6)
Ballooning (n.%)

80 92 (35)

B1 128 (48)

82 44.17)
Lobular Inflammation (%)

0 72 27)

" 168 (60)

[ 32(12)

] 2(1)
Steatosis (n.%)

S0 000

st 119 (45)

s2 80 (30)

S8 65 (25)
NAS (0.%)

1 38 (14)

2 50(19)

3 42(16)

4 43(16)

5 69 (26)

6 176

7 5@
NASH diassifcation’ (1,%)

NAFL 175 (66%)

NASH 89 (34%)
CT1 (mean ms; (SD)

NAFL 836.3(125]

NASH 859 (108]
PDFF (mean %; (SD)

NALF 97163)

NASH 143(5.8]

"NASH classifcation using either the FLIP [fatty iver inhibition of progression, (36)]
sloorithm or the CRN criteria depending on availabity.





OPS/images/fendo.2020.575843/table2.jpg
Steatosss 152038, P <001 31.P <001

Balooning 39,P <001

farmaton

Foross

Tt Ful 152054, <001 152047, <001 31.P <001
partal 152036, P <001 $=017,P <05

POFF Ful 5068, P <001 152038, P <001 132028, <001
Partal 152021, P <001 15=0.13,P=008

43,P <001
152039, P <001
13008, P <05
152004, P= 049

152081, P <001
132020, P <.001

Tk ST e s Dot athou T et et Rt afictect Bvammel





OPS/images/fendo.2020.613639/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.617400/table1.jpg
222222222

000000

e
cwecaozex
ssscasana
. 1

P

zzzo000000
cecevrxve
s00000000

<<<>>3>>3
<<<<voone

©00000000

-

x

@0 A
e 1T e e T et 3 T AT T 1 5 033 5 5 A Y 7 AT

v 319418 s o o o ot BR8N ) e st Y 5 A o 7.
et L e

Wmmmw





OPS/images/fendo.2020.575843/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.575843/fendo-11-575843-g001.jpg
Al partiipants with liver biopsy data

Er e e
- . -+t P
-+ W 02 e I
e RS, e

Totain =271






OPS/images/fendo.2020.575843/fendo-11-575843-g002.jpg





OPS/images/fendo.2020.611213/fendo-11-611213-g004.jpg





OPS/images/fendo.2020.611213/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.611213/fendo-11-611213-g001.jpg





OPS/images/fendo.2020.611213/fendo-11-611213-g002.jpg





OPS/images/fendo.2020.611213/fendo-11-611213-g003.jpg
GSE106737_DOWN

68

 GSE83452_DOWN
GSE106737_UP

10

GSE83452 UP





OPS/images/fendo.2020.601627/fendo-11-601627-g001.jpg





OPS/images/fendo.2020.601627/fendo-11-601627-g002.jpg
Upophegy = 71 wy] lic lipolysis
@\ MRy Batzeo
e,
PN
2 o
o B-oxidation
PR —
AV i @ . 08
) @ I TR I
\_’m v byl
o o

I






OPS/images/fendo.2020.601627/table1.jpg
P20
Lo3nBI
ATG16LT

ATPEAT
ATPEA2
TMEM109
0CoCH 15
w21
aNMT

TGS
ATG7
ATG14
PLD1

s001
TFEs
o3

Description

Autophagy «eated memmber of o inteoron-incucbie GTPaso.
famy

Negative reqiatorof autophagosome-sosome fusion

Faty acd vansporter

‘Subunit of autophagy reated complex 1

Autophagy proteins

Autophagy protein
Invoved n atolysosomo fsion process.

Factors i the V-ATPase complox

Invoived in V-ATPase assembly
(Catayzes syninesisof N-methyglycne using SAMe

Autophagy proteins

atayzossyihessof phosphatc acid spocies that pay a 0o
MTOR sgnaing

Protecs aganst cridve siress

Roguator of asophagy

Autopragy proten

NAFLD.
association’

Negatve.

Negatve.
Negatve.

Nogate.

Negatve.

Negathe.
Nogalive
Negatve.

Type of evidence

Human genotic assocaton and i o stuses

Homan iver biopsies and mouse studes
Nouso and n viro studes

Mouso study

Human s biopsies.

Human s biopsies, mouse and n viro

Human gonotc associton, mouse and.
Drosophia studes

Human genetic assaciton study

Human (serum proten) assocition and mouse.
stues

Mousa and n viro studes

Mouse study
Mouse study

Homan er biopsies and mouse studes
Rt and i vivo studos.

4,89

©)
©)
©)
©)

(6,67,
%

©1.92

=)

)
o

@-101)

(o)

(10
(104106
(107, 108)

Postvo assocton: hghor concontatons, xprasson, anlor ctey 2550010 i croasac NAPLD, dovlopment r 0ournco. Negato associaon: o concontatons

Seviashia: axdrasllitr s ss0oRsdEhb tackiect AL chekiatioot o oocurbich.





OPS/images/fendo.2020.601627/table2.jpg
Compound/intervention

Cateine
Resveratrol

Dioscin

Capsaicin
(Epigalocatechin 3-galate
Quercetin

Trehalose

Exercise

Fasting

intermittent fasting

Caloric restiction

Caloric restrction mimetics
Reparmycin

Cabamazepine

TFEB agonists

Celecoxty

Thyroid hormone

UNK inhibitor

Ref.

(1
12)
119
(112)
(119)
(115)
(116)
(w17
(118)
(119
(118)
(120)
(121)
(121)

(104, 109

(107, 108
(122)
(129)





OPS/images/fendo.2020.601627/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.642432/table2.jpg
No NAFLD (n=45)

Steatosis Grade % (n, %)
0-<5

1-538

2-31-66

3->66

Lobular inflammation (v, %)
0-none

1-<2

2-24

3->4

Ballooning (n, %)
0-none

1-few

2- many

Fibrosis (1, %)

45(100%)
0(0%)
0(0%)
00%)

43(856)
20%
0(0%)
0%

45(100%)
0(0%)
00%)

45(100%)
0%

0%

0(0%)
0(0%)

NAFL (n=65) NASH (n=42

0(0%)
40(61.5%)
247%)
1015%

47 (723%)
16(24.6%)
2@.1%
00%)
56(86.2%)
602%)
3a6%)

57(67.7%)
577%)

10.5%)

105%)
1(1.5%)

0%
6(14:3%)
25(595%)
11 @62%)

0%
39(029%)
30.1%)
0%
0(0%)
3786%)
9(21.4%

14(63:3%)
26(61.9%)

2(48%)

0(0%)
0(0%)





OPS/images/fendo.2021.642432/table1.jpg
Malos 0, %)

BMI (kg/m’)

Ago (yeas)

Patients with T20M (0, %)
AST (UL)

ALT (U1L)

GGT (1UAL)

AP (U

Trigyceride (mmol/L)
Total chosterol (i)
HDL (mmolrt)

LOL (rmon)

Fastng blood ghcose (mmolL)
Hoatc (%)

nsuin (mUL)

C-peptide (pmoif)
HOMA-IR.

rea (mmoi)

Creatine o)

GGFR (Vmi1.73 m7)
Aoumin G1)

Binoin (rmoll)

White Call count (c10°)
Platelots (x10°)

No NAFLD (n=45)

8(178%)
41989
460215
6(13.3%)
20 (105)
260(185)
220(160)
7012101
1108
39011
10003
23108
51019
5608
5.1(68)
500 (388)
059 069)
43018
80(11.0)
%00(0)
35060)
8060
6708
200258

NAFL (n=65)

14215%
2968
45003
15 23.1%)
255(100)
305(153)
345 265"
462211
130"
3905
0909
23109
52011
57012
6863
797 (570)
105 (135
44(22)
640(133)
00025
36063
80659
7307
253255

NASH (n=42)

168.1%)
445(11.5)
470(7.0)
13(31.7%)

330 250/

460 60"

350 (180
6952 10.1
1408°
41014
09 (03"
25106
57(19)
59024
8.1(107)
928 (509
1.10 (138
46(20)
700(195)
%000
360440
8000
7900
28162

e e S e —) . <00 r0NALD e WASH 08 L

o carcton, e oy ANOUA <0050 LD s AL <05

o s ot o Mmmﬁ‘wumwymwwmmmm.@mﬂ.xmw%

:nruc Wn mﬁwym e AS Aspartat sorase; ALT, Alanine transforase; GGT, Gamma ghtamyl transferase; h Densiy Lipoprot
e A anmoransas T Ao s =

Lo Dty St Ao Ao o ot ranogoon A1 Oy s o0 om0 6 Esrts Gt

eyl





OPS/images/fendo.2021.642432/fendo-12-642432-g005.jpg
i‘“Ui‘hu‘éi”ulw““‘

i
1
9,

"

5
.
B
o

st Jod sadinsues) UoisEaldxe susl Va3





OPS/images/fendo.2021.642432/fendo-12-642432-g004.jpg
,
.

.
7| =
L

= T

a

s

NAFLD - + 4
-

o

R%=0013
178

rasting Blocod Glucose
(mmoliL)

. R2<00001
P=0%08

°

HbAtc (%)

5 0 18

Plasma EDA (ng/mL)

P=0985

R7<00001

o 15
Plasma EDA (ng/mL)

10
Plasma EDA (ng/mL)

15





OPS/images/fendo.2021.642432/fendo-12-642432-g003.jpg
1007 NAFL
o
:
2]
§ a0
2 il
AL
. orttns
_—
.
§ o
3
2. R e
. =R
T oo bn
i sy
z
38

0 % % o &
o e





OPS/images/fendo.2021.642432/fendo-12-642432-g002.jpg
‘

N —_— ®
z z
S ® T
22 T £2
< K T
2] o
i g
4 4
o o
o  NAFL NASH TT %3
NAFLD Steatosis Grade
c o
o &
£4 £
2, &4
g - ]
5. ‘9
g £
2
: H
o o
o 1 2 0 1 2
Lobular inflammation grade Hepatocelular ballooning scors
. e
g
B
<
2
H
2
H
B P R4 o 3 1 e
Fibrosis scoro Liver EDA mRNA

(normalized to HRPT)





OPS/images/fendo.2021.642432/fendo-12-642432-g001.jpg
<

(124aH 01 pozeuiou)
N Va3 soa)

NoNAFLDNAFL NASH

Steatosis score

(u24dH o pozeuriou)
SRS SR AR

5

" (14db 03 pozyeusion)
A i ST

Hepatocellular ballooning score

WO WO SO

P R4

R A

o






OPS/images/fendo.2021.642432/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.613213/table2.jpg
protein
SRSF7

SFRS10

sLu7
NONO

EsAP2

SRSF1
SRSF2

ACF

RBMI1S.
PRPFS

MBNLS

Class
SR proten famly
SRike proten famiy
SR protein famly
SL7 tamdy

DBHS protain famiy
RBM famiy

SR protein famly
SR proten famly

HNANP famdy
SPEN famty
Leusine zppe family
SR protein famly
PTB famiy

Musdebind famdy

Phenotype

Embryonc lethal
Impaie hepatooyte diferentiaton and maturaton.

Increased ipogenic gane expression, VLDL, Mypertigherdenta.

Impaied hepatocyte matuation, drupted gucose and ipd metaboism, HCC.

Reduoed ver tvoss and infammaton.
Impaied gcoso and fpid metabolsm.

Impased gcoss tolerance, reduced hepatc gcogen, increased fa catabossm, les fat
accumaton.

Incroased intammatory cyiokines, promote adut1o-fetl reprogramming,

o kv phenotype. No assessment of spicng.

‘Severe fver ity mouse eary deaih, choesterl nd ble acd acoumuiaion,
ypoghcema.

Improved gloose krance, Less hypergiyceria hepatic seaios’s and obesty. Atered
spicing.

‘Suppressed hepatic maturation, ve fakre.

Inhitited ca proferation i it and xenogyatt HOG tumor growth.
~Reduoed cat profferaton, suppressed umor growh, decreased 9yooMs increased
‘oxdaive phosphoryaton. Atered spicng.

bt col profecaion and metastass.

Promoted ce proferaion and metastass Alered Spicng,

Innibited ce proffecation, nduced apoptoss, bited tumariganoss. Atered spling.
Promoted cell and tumor growth.

Ret

©
©
[
s,
)
©n

o,
7
2
2

]

)
]
©

1]
@
78






OPS/images/fendo.2021.642432/table3.jpg
Males
BM

T20M

Age

AST

AT

GaT

AP
Trghyceride
Total cholesterol
HDL

oL

Fasting blood ghcoss
HoATC
O-peptide
HOMAIR

insuin

Urea

Creatinine

GFR

Abumin

Binoin

White cel count
Pratdet

<0.0001
0105
0006
0013
0017
oo
<0.0001
0013
0013
0001
0003
0001
0013
<0.0001
0020
<0.0001
0001
0026
0007
0023
0001
0001
0007
0004

Univariate regression

Beta

oon
0028
0388
0020
0010
0006
0001
0012
0335
0084
0472
0073
0118
0002
0001

0016
0004

0190
0008
0036
0019
0012
0073
0002

95% Gl of Beta

0810-08%2
0016-0072
04501235
0.009-0048
0.002-0022
0.003-0015
0011-0009
0.005-0.028
001480818
0292-0.480
-1.865-0921
0365~ -512
0054-02%0
0276-0271
0.000-0.001
0250-0202
-0015-0023
0.003-0.383
0.008-0.025
0075-0008
0.069-0.107
0.076-0053
0214-0069
0.009-0.004

pevalue

0979
0207
0368
0179
onz
o211
0819
0181
0172
0681
0504
0742
0178
0988
o101
0908
0669
0054
0813
0069
0668
o072
0813
043

Mutvariate anayss not perormed because there were no satstialy sinificant factors
entifed I the unkadale anaksls.





OPS/images/cover.jpg
Clément and

P frontiers Research Topics





OPS/images/fendo.2021.565714/table4.jpg
Variables Normokalemia
WBC (109 58216
Neutrophi (10°9) 36215
CRP (o) 23215
PR 0:21

G s D0 GO TP, Ot Saois PLI. D ot .

Hypokalemia

65215
a0:12
31526
10221

<0001
<005
<005
<005





OPS/images/fendo.2021.565714/table3.jpg
Variables.

Potassium (o)
Body mass ncax (k)
Systoic bood pressure
Diasoic biood pressure

ALT U

Trghycende (rmold)
HDL-cholesterol (ro)
Fastiog plsia ghcose (Pmoll)

08 et Ao e R aiomis Aol

or

1426
1132
097
1014
1224
1476

1060

95% C1

11201916
08751895
0g77-1.010
0984.1.058
11321655
10182173
1211420
0610-1.184

<005
o457
007
0379
<005
<005
0169





OPS/images/fendo.2021.565714/table2.jpg
Variables

Adosterons (pg/mL)
Potasskum (mmail)
Potassim supplementaton
PRA (ng/mUh)

Ureary ldosterond (13724 )
Urie potassium (mol24 )
Body mass indox (kg/m)
Systoic blood pressure
Distolc biood pressure.
Tota bisubi (umol)
Trghcerde (mmoiL)

Total cholstero (rmai)
HOL.cholestecl (molL)
LOL choesterol (ol
VLDL-cholestect (mmoll)
Fasting plsma ghoose (mmoll)
HotAC ()

HOMA R

Sorum uc acid (o)
GRP (o)

Metabolc Comarbidties (V%)
NAFLD

Diabetes mesus

Coronary artry isease
Garot atherosclorosis

Normokalemia

m
202127
3942018
2%

0473:0178

6332404
155:286
201539
14320
88214
109248
1.48:095
416:082
1142028
228:068
078:084
4862108
6122134
156:065
310:87
23115

s027%

199%
109%

1816%

Hypokalemia

"
s28:217
295:038
108/95%
0200:0.115
896:6.11
503:207
254534
145221
or:14
130:70
188:080
442:084
100:027
248:068
093:038
5212168
6131128
230:200
354195
31226

aaaa%

2/198%
218%
1413%

<0001

0447

HDL-cholstaro, igh-danstypoproten chlstar; LDL:chssterl, ow-donsty-opeoten cholestar; VLDL-cholestr, vry-kow-consty ipoprotoin chobster CAP, G ractie
e I st ralh ki MDY mod okt e as cbiate.





OPS/images/fendo.2021.565714/table1.jpg
Variables

n maleemse)
Age (e

Body mass index (kg/m’)
Systoic blood pressure
Disiolc biood pressure.

AT )

AST UL

AP )

6o UL

Tota birubin (umol)
Trgcerde (mmoil)

Total cholstero (rmaiA)
HOL.cholestect(Pmoll)
LOL cholesterol (moln)
VLDL-cholesterd (mmoil)
Fasting plasma ghcose (mmol)
HotAC (%)

HOMA R

Sorun uc acid (o)
CRP (mg1L)

Aldosterone (pg/mL)
Potassium (nmo)

PRA (rgimL)

Aog Il pg/ml)

Utinary adosterona (19724 )
Urie potassum (mol24 )
Metaboc Comarbidtics (V%)
Dabetes mosis

Coronary artry isease
Carot atherosclorosis

NAFLD.

5623
50s11
268:36
146120
orsta
sta21
26:15
22
50145
132472
201088
445074
1002026
2481058
088:037
sa1s1.41
6372120
276:245
356:85
316:220
3212201
337:061
0743056
73:38
90161
69:209

1519%
226%
1619.2%

PA
Non-NAFLD

12
52211
235132
142120
80s14
19515
20413
7122
2621
13251
1502090
420087
112:029
233073
079:050
4835140
596134
1474105
326:95
245211
2082161
348:063
038:023
72135
63:40
1925384

1813%
107%
17159%

<001

<0001
0274
o8
<0001
<001
0388
<005
<005
<0001
<005
<001
o102
<005
<001
<001
<0001
<005
0080
0173
0201
007t
0924
<001
et

159
0204
0335

NAFLD.

620
si212
24534
130214
78110
0419
20:8
74219
45:39
137:54
2002123
4961095
1.19:028
281081
0942039
508:083
65:121
256:131
ar6:81
3285210

Non-PA
Non-NAFLD

401107
52112
2128
115416
72110
18213
19:6
69218
26217
12427
1.06:085
450084
1.42:035
1412065
0771048
473:058
590s124
1312108
316:81
2655191

<005
0326
<0001
<0001
<0001
<0001
<0001
0256
<0001
0000
<0001
<0001
<000t
<0001
<005
<0001
<005
<0001
<0001
o151

HDL-cholster, igh-densiypoproten chlster; LDL:chter kow-consty-pooten chlster; VLDL-cholstod, vry-kow-consty §p0profein choeterd CAP, Croactie
proten; ALT, alnin aminolanstoaso: AST, aspatato amitranslerase; ALP, akal phosghatas; GGT, gamena utam nspeptoase; PRA, plasa ronn acthy. P compar
adais Datvas NARLD s P nalents and NARLD I 2o-PA 90D,





OPS/images/fendo.2021.565714/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.612946/fendo-12-612946-g001.jpg
A~ Advanced MAFLD Improved MAFLD
Bariatric surgery

L

_— toolboxes for studying
; " bariatric surgery and gut-liver axis

(o ey






OPS/images/fendo.2021.612946/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.601160/table1.jpg
Body weight o)

Loan mass (%)

Fat mass (%)

Average food take (kcalimouse!
day)

Fasting blood glucose (mM)
Fasting plasma insuin (ng/mi)
Fasting plasma cholesterol (mM)
Fasting plasma trigyoerides (mM)
Plasma serum amyloid A (ug/mi)

HFD
svehicle

499248
57341
427541
184209

79210
088263
288262

45215
141249

HFD +HC-24

510237
553243
47543
187210

82208
109265
281260
042521
140248






OPS/images/fendo.2021.601160/fendo-12-601160-g005.jpg





OPS/images/fendo.2021.601160/fendo-12-601160-g004.jpg
>
o

40- = 5 3 =
o 2
} P
T H o d
=16 weks =24 weeks
g *
3+
-
§1.
£
@ .l
G et oo crosot
)

© chow e HFD+venicke
& hisbieae





OPS/images/fendo.2021.601160/fendo-12-601160-g003.jpg
>

o £
£
iz 2
Es g
b g2
52 :
21 &1
£ &
o g,
how WO WD chow_HED_HiD
e HO24 oo HG24
.
chow HED + vehigle D He24
2
N
e
3
e T o
0 s
P
f9,
£
4
5
o
oo WED D
oo HO24
e
chow HED + vehicle HFD + HC.24
b8 e






OPS/images/fendo.2021.601160/fendo-12-601160-g002.jpg
>
e

s o] ==
5 £

2o
E 3
£ T 5
i e

1

oL

o HED HED

o .
T T——
i3 it =
i H
H e
£2 20- [
e g o
o
4 f
§is
o
]
£F
i
g,
oo o sy

. - P





OPS/images/fendo.2021.601160/fendo-12-601160-g001.jpg
@
=
Ly
z - s — bl 3 chow mm HFD + vehice
. H bd @@ WD+ HC24
H o 13
22 5 4000- ™
3 § T H X
il i Foffieg .
i : l
: = ® o
- < how WD WFD. e e
bt : e o Ad\p«yl.l\xlun‘-l(ym’)
ficapes R
° £ 100
2 4 €3 chow WE HFD + vehicle
H i @@ HFD + HC-24
i I
£ Zau-
gmm = e ..
L 3 20
§ o
o < Wo e o mm am e ew
i - Aead Adipocyle ize ranges )
oo )
o 8
=
i
T
£ T T
L
o WD o chow HFD  WFD.






OPS/images/fendo.2021.601160/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.614692/fendo-11-614692-g005.jpg
wy AT Gomy NG pgmy LB
00 e 2
B i
[ a i
o o 3
WO WONTKC wo  woic Wo woenke
3
w9 T ey TG @ HOLC  (ug MonHOLC
50 i 20 Lo,
00 100 0 0
0 “ ® )
o o o o
WO WDKC  wWo WO | wo  woenke WO WouTKe,

LipidDroplets Area _ F4/80 Positive Cels

il |

®

El

8

o

2, %
%'%

LipidDropletes Area
F480 posie colspor 30

&

I

Relaive mRNA Lewls vs. 82m






OPS/images/fendo.2020.614692/fendo-11-614692-g004.jpg
Logzscde

CDCDWTKC

WD WDHTKC






OPS/images/fendo.2020.614692/fendo-11-614692-g003.jpg
NS
siowew 19 11
Steudanen puezui WL _suoseusuen

o

Cotta

B
| ___
o

U3

WD+7KC relative to WD

Sedt

| —

[
ke

¢
2

e
e A

wzg 51
o v suieoy






OPS/images/fendo.2020.614692/fendo-11-614692-g002.jpg
8 7XC






OPS/images/fendo.2020.614692/fendo-11-614692-g001.jpg
c

w
@

©

»

o

o
wn
0
e
0

]

00

n: -4
o e
Body Weight Liver/Body Weight ‘Spleen/Body Weight HeartBody Weight
— 012 oout *— oo B
008 ] “Tl 00014 00022
SLLE  SELE
& &
Lo (pg/mi) Tm"
1 30 =
I I 15
.
SO
s &
ox 120 | o - L 300 T 100
w “ (il mﬁiﬁ
SELE OO, e S
& & & & §F & o





OPS/images/fendo.2020.614692/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.600472/fendo-11-600472-g001.jpg
[Exclude | Missing data of
(01=266) *| abdominal ultrasound
)

Other known liver diseases;
eGFR<60mV/min/1.73m?
alcohol consumption>20g/d;
hyperuricemia; missing data

Non-NAFLD NAFLD
(@=196) (n=86)






OPS/images/fendo.2020.600472/fendo-11-600472-g002.jpg
suA/Cr

_

NAFLD

Direct effect: p= 0.5854
[95%CT :0.3232 t0 0.8966]






OPS/images/fendo.2020.600472/table1.jpg
Non-NAFLD NAFLD

" 196 &
Gendr
Female, n %) 122622) 0698
Mal, (6 74067.6) 26002)
Age, years 5082112 505288
B, kg/m® 24652292 264238
W, cm 848928561 92272960
S8, mimtg 12815 1 1989 12983 £17.75
DBP, ity 74612978 76592996
TC, mmoiL. 5432107 5712100
LATG, mimoL 0222082 0612054
HOL-C, 1342039 12102
LOLG, mmolL. 2772074 3082071
SUACH 390089 4562151
FBG, mmolL. 595(6.386.66) 6005.547.24)
2n PG, mimol. 723680849 8156381172
AUCa, 105038 116145
(86558128438 (962.251505.96)
FoP, ng/m 1.15086-1.40) 1.65(1.28:2.20)
20CP, ng/ml 4800.526.32) 6711434855
AUCc 541.35440.06-600.79)  659.25(610.56-868.39)
HOATC, % 5562:58) 57(545630)
LAHOMA IR 0812064 1261058
AT, UL 211165279 28.1209-426)
AST, UL 218186251 220002286
Giucose toeranco status
Diabetes, n (%) 41209) 20649
Prediabetes, n (%) ea2.1) 20049)
NGT. n (%) 2069) 26602)

0224

0799
<0001
<0001
0508
0121
0045
<0001
0002
0001
<0001
0054
0008
0,006

<0001
<0001
<0001
0001

<0001
<0001
0021

0018

Data wero presented as mean = standard doviation, pumber (porcentage) or median
25th-75th percentie). NAFLD, non-akcoholc faty Iver disease; M, body mass indes;
W, wast cicumierence; SBP, systoic bood pressuro; DBP, dastolc bood pressure;
TC, otal cholesterd G, trgiyerides; HOL-C, high-densiy fpoprotein chokstero; LOL-
C. low-density ipoprotein cholestrol; SUA/C, e uric &id 0 creatine i; FBG,
astng blood glucose; 2h PG, 2:h postioad glicoss; AUCc, aea under the cuve of
Guicose: FCP, fasting C:pepiide; 2nCP, 2-h post-oac C-peptils; AUCc, area under tho
curve of C-popice; HATc, hemoglobi Ac: HOMA-R, homeostatc model assessment
of inuin rsistance: ALT, alanine aminotransterase; AST, aspartate amnotranstease;

NGT. normel glucose Iolerance.





OPS/images/fendo.2020.572128/fendo-11-572128-g001.jpg
ORpertumt P

ncrssd T 955 1)
e 1ao1m) oo
. 1essim) oo
e 1messi2 o
. i
Unadusted mode 1oz oo
w1 imaosia o
ot 2 1wesim o
Ducressed win
Naber TS Naher TN
B T4
Onpertngd b
i ncease T4 355 )
Unadusted s e womasy o
Made 2 [P imoeam  osw
o2+ - [T
[ S
Made 2 —a— imesae o
o2 - ompuin) o
@ 1
Naher T4 Nher 18
c F13
onperspym o
i . ncesse T3 35% 01
e omoseos  oae
ey - owosig  om
Vot s omomizy  osm
wsnosaon  oon
1605230 oo

196026305 oo






OPS/images/fendo.2020.572128/table1.jpg
Age, years
Fominne sex, 1 (%)
Weight, kg

Body mass index, kg/m®
Waist Grcumforence, om
Hip circumterence, om
Diabetos meitus, n (%)
Dysipidemia, n (%)
Hypertension, (%)
Euthyrod, n (%)
Hyperthyrod, n (%)
Hypothyroid, (%)
Lovothyroine teatmen, n (%)
FT4,ng/ol

FT3, po/ml

TSH, Ul

Abumi, gL

AST, UL

AT, UL

6T, UL

AP, UL

Total b, mg/cl
Directbirubin, mg/cl
BARD, n (%)

Fu

429107
1910 (84.4)
1156+ 188

38257
12302 133
18212119

605 32.4)

999 (44.8)
1173 (62.7)
2,148 95.9)

42019
6328
19689

10202

32205
18(13,25]

414096, 43.4)

220(18.0, 280)

240(17.0,350)

27.0[190, 41.0)

750(620, 90

052[0.41,065]

0.10(0.08, 0.13)

388(21.9)
254(14.3)
815459
317 (17.9)

976042, 992)

Values are shown as mean « standard eviation o a5 medkan [95% confdence nterval.

AST, asparate ransaminase;

1, danie ransaminase; ALP, akal phosphalase; FTS

fon Mochesroning: FT4 e faroalie: GAT. gania-oliainiiansiess.





OPS/images/fendo.2020.572128/table2.jpg
Albumin, o1
Norvadiusted

Modd 1*

Modsi 2>

AST.UL
Nonadusted

Model 1*

Modei 2°

ALT, UL
Norvadusted

Moda 1*

Mods 2°

GaT. UL
Nonvadusted

Model 1*

Mogei 2°

AL, UL
Norvacusted

Modal 1°

Model 2°

Total bilirubin, my/d!
Norvadsted

Model 1

Modei 2°

Direct bilirubin, eyl
Norvacusted

Model 1°

Modei 2°

TSH was kg tanstormecs
“ejustod to sox andage.

TSH, Uiimt

-000(-030,0.13)
0001(-020,020)
003(-021,027)

-001 (063,001
0001 (-002,002)
0004 (-003,002)

-002 (005,001
0001 (-003,008)
0003 (-004,008)

-0001 (-004,008)
002(-002,050)
001(-008,005)

001(-001,002)
001(-001,002)
001(-002,009,

002(-001,008)
003(-0001,007)
002(-001,008)

003(-002,007)
004(-001,008)
002(-002,007)

Adusto 10 sex. 298, B, cysipdm, and cabels.
AST, aspotato tansaminas: ALT, aanin transaminase; ALP, o phospbatasa T3, oo tiodtyronie; F4, 10 ihyroue; GGT, garmme-gisamyansieaso.
i hiiatac SRRl R o s

Palue

0425
090
o707

o441
0950
oz

0255
0919
085

0970
0318
06w

o511
0444
0589

0175
0089
0120

o217
0126
o0zer

FT4, ng/al

-042(-151.067)
-036(-1.41,069)
-033(-1.52,085)

004(-007,015)
006(-005,0.16)
005(-007,0.17)

-001 (-0.15,0.14)
004(-0.10,0.17)
-005(-020,0.10)

-0.11(-028, 008)
-007 (-023,009)
-009(-027,009)

-002(-0.10,007)
-002(-0.11,006)
-002(-0.12,008)

0.18(002.035
019003, 035
020005, 035

021(-001,044)
022/(-001,044)
017 (006, 0.40)

Palue

o6
.04
o582

0449
0276
0435

0939
o810
o527

o0z21
0374
0310

0699
0502
o8

0033
0023
<001

0083
0088
o6

FT3, pgmi

-036(-087,0.18)
-038(-089,0.19)
-034(-086,0.18)

00003 (-005, 005)
001 (-005,008)
001(-004,006)

002(-005,009)
001(-005,008)
001(-005,008)

005(-008,0.19)
007(-001,015)
008(0.005,0.16)

0004 (-0.04,005)
002 (-002,007)
003(-001,007)

-007 (-0.14, -0002)
-007(-0.13, 0002
-008(-0.15, -002)

-001 (-0:11,009)
-0.03(-0.13,008)
-0.05(-0.16, 005)

P vale

0164
0148
0202

0990
o787
0734

o615
0674
0660

o211
0084
o087

osss
0275
o172

0012
008
o014

o2
0616
0295





OPS/images/fendo.2020.600472/crossmark.jpg
©

2

i

|





OPS/images/fendo.2020.592157/fendo-11-592157-g002.jpg
Monosaceharides:






OPS/images/fendo.2020.592157/fendo-11-592157-g003.jpg
Healthy






OPS/images/fendo.2020.572128/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.777075/fendo-12-777075-g001.jpg
Normal NAFL NASH 2 Cirrhosis

21%-44%
é
@

6% - 1%

15%-21%

13%-15%

Steatosis [ 1_:3
Histology Lobular inflammation 1-3
(gold standard) Hepatocyte ballooning : : 5
Fibrosis | |

ltrasound, MRI-PDFF, '"H-MRS, CT, CAP

U

Iron-corrected T1 (cT1)

Elastography: FibroScan, MRE, SWE, ARFI

FibroScan-AST (FAST), MRE + FIB-4 (MEFIB)

| |
FLI, HSI, SteatoTest : :

. ALT, AST, ALP, GGT, AST:ALT, FibroMax
Biomarkers f |
|
: FIB-4, ELF panel, APRI, BARD

NAFLD fibrosis score, NIS4, NashTest, CK-18, CXCL10, FGF21, PRO-C3






OPS/images/fendo.2021.777075/crossmark.jpg
©

2

i

|





OPS/images/fendo.2021.743202/table1.jpg
Characteristic Control (n = 72) MAFLD (n = 113) p-Value

Male/female 28/44 78/35 0.000%(2

Age 40.5 (35, 49) 50 (41, 56) 0.000%(U)

History of smoking (%) 30.8 43.6 0.287 (13

BMI (kg/m?) 22,55 (20.00, 24.90) 25.71 (23.95, 28.15) 0.000* (U)
BMI >23 kg/m? (%) 45.8 86.7 0.000" (42

HbA1c (%) 5.1 (5.0, 5.3) 6.8 (5.4,8.8) 0.000%(U)
T2DM (%) - 56.6
IGT (%) - 74

SBP 120 (116, 125) 127 (117, 131) 0.162 (U)

DBP 74 (70, 82) 78 (72, 85) 0.097 (U)
HTN (%) = 35.9

ALT (U/L) 11.55 (9.0, 17.8) 22.00 (15.0,36.1)  0.000" (U)

AST (UL) 17 (15.0, 19.9) 20.10 (16.6,25.0)  0.000" (U)

TC (WL 4.38 (3.98, 4.90) 477 (4.08,5.24)  0.022* (U)

TG (umol/L) 1.03(0.75, 1.34) 1.80(1.31,3.08)  0.000%(U)
HTG (%) = 54

HDL-C (umol/L) 1.39 (1.18, 1.62) 1.00 (0.84,1.25)  0.000* (U)
Hypo-HDL (%) - 62.8

LDL-C (umol/L) 2.68 (2.20, 3.21) 2.90 (2.37, 3.61) 0.055 (U)

UA (umol/L) 274.0 (220.8, 335.3) 334.7 (276.5,385.7) 0.000* (U)

Hsp90o: (ng/ml) 2.38 (1.21, 3.50) 4.65(3.00,8.28)  0.000" (U)

BMI, body mass index; HbA1c, glycosylated hemoglobin; T2DM, type 2 diabetes mellitus;
IGT, impaired glucose tolerance; SBP, systolic blood pressure; DBP, diastolic blood
pressure; HTN, hypertension; ALT, alanine aminotransferase; AST, aspartate

aminotransferase; TC, total cholesterol; TG, triglyceride; HTG, hypertriglyceridemi:
HDL-C, high-density lipoprotein cholesterol; hypo-HDL, hypo-HDL-cholesterolemia;

LDL-C, low-density lipoprotein cholesterol; UA, uric acid; Hsp, heat shock protein.

Results are expressed as medians (Q25, Q75).

The significance was determined using the Chi-square test (¥2 or the Mann-Whitney U
test (U). Bold values mean statistical significant. *p < 0.05.
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Al No NAFLD NAFLD P

N =60 N=35 N=23
Hepatic fat % 62(55) 28(1.1) 1.5 (5.4) <0001
Sex, male 26 (43%) 16 (46%) 10 (43%) 087
Age, years 14.2 2.0) 14.1(1.8) 14.4 2.3) 056
Stage of puberty, advanced 43 (72%) 24(69%) 17 (74%) 066
Ethnicity/Race, Hispanic 16 (27%) 4(119%) 12 (62%) 0,005
Weight (kg) 1015 21.9) 96.9(19.0) 106.6 (24.7) 0,099
BMI (kg/m?) 37.2(6.9) 35.7(5.4) 38.8(7.0) 0,061
BMI, z-score 24(03) 2.4(03) 25(02) 0061
Total body fat (%) 447 6.4) 433(6.3) 458 (6.0) 014
Waist circumference (cm) 118.1 (14.5) 108.7 (13.3) 117.7 (18.5) 0016
SBP (mmHg) 127.8 (10.0) 126.0(9.3) 1298 (10.5) 0.15
DBP (mmHg) 702(5.5) 70.3(5.9) 696 (4.8) 063
Glucose, fasting (mg/dL) 93.6 (9.4) 95.4 (10.3) 91.4(7.6) 0.12
Insuiin, fasting (ulU/mL) 29.3(17.6) 239(15.9) 37.0(17.9) 0,005
HOMA-R 68(4.2) 57 (4.1) 8.4(4.1) 0017
FGF-21 (pg/mL) 1562 (104.3) 140.1(84.1) 1903 (123.0) 0072
Adiponectin (ng/m) 7.6(36) 83(3.7) 6.7(3.4) 0,097
Leptin (pg/ml) 605 (33.4) 55.5(27.9) 61.3(34.7) 049
FAR (pg/ng) 25.7(29.1) 19.8(13.7) 35.8(41.9) 0,042
LAR (pg/ng) 10.1 (7.6) 8.1(5.4) 11.8(8.7) 0056
Trigyceride (mg/dL) 109.8(57.1) 104.9 (65.9) 117.5 (45.9) 0.42
HOL (mg/dL) 439 (8.9) 4528.2) 4138.0) 0078
FFA (mmol/L) 4.7 (2.0) 4.7 (2.4) 4.8(1.4) 0.80
ALT (UD) 32.4(138) 29.2(12.2) 383 (14.7) 0013
AST (UL) 280(12.7) 27.9(14.5) 287 (10.1) 081
GGT (UrL) 24.4(105) 22.1(9.8) 273(11.2) 0,066

Statistics shown are N (%) or median (Q1, Q3). P-values are calculated from Fisher's Exact test or Chi-square test for categorical variables, and two-sample t-test for continuous varibales.
ALT, alanine aminotransferase; AST, aspartate aminotransferases; BMI, body mass index; DBF. Diastolic Blood Pressure; FAR, Fibroblast Growth Factor 21-Adjponectin Ratio; FFA, free
fatty acid; FGF21, fibroblast growth factor 21; GGT, Gamma-Glutamy! Transferase; HOL, High- Density Lipoprotein; HF, Hepatic Fat; HOMA-IR, Homeostatic Model Assessment —Insulin
Resistance; IHTG, intrahepatic triglyceride; LAR, Leptin—Adiponectin Ratio; LDL, Low-Density Lipoprotein; NAFLD, nonalcoholic fatty liver disease; SBP, Systolic Blood Pressure.
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Baseline factors Subjects with paired MRI data (N = 48) P-value

Loss No change Gain All groups Loss vs. Gain
(N=13) N =18) N=17)

Hepatic fat % 48(3.7,7.4) 2.6(20,38 7.8(4.5,152) <0.001 0.16
Subjects with NAFLD 11(85%) 2(11%) 8(47%) <0.001 0.025
Sex, male 5(38%) 7 (38.9%) 7 (@1%) 0.99 0.88
Age, years 15.2 (129, 16.4) 14.6 (135, 15.6) 14.6 (139, 16.5) 061 050
Stage of puberty, advanced 10 (77%) 12 (66.7%) 12 (71%) 092 0.70
Ethnicity/Race, Hispanic 481%) 3(16.7%) 7 (@1%) 026 047

Weight (k) 96.1(85.2, 114.3) 97.8(83.2,108.0) 106.6 (91.4, 113.4) 0.49 0.85

BMI (kg/m?) 34.4(328,41.8) 34.8(31.8,38.7) 36.8(33.7,39.9) 075 092

BMI z-score 24(23,25) 23(22,26) 25(23,26) 084 098

Total body fat (%) 452 (43.6,50.7) 44.2(39.7,50.9) 46.0(39.0, 50.1) 064 0.48
Waist Circumference (cm) 112 (105, 129) 102.5 (96.0, 119.0) 115.6 (109, 120) 022 0.90
SBP (mmHg) 131 (123, 136) 1235 (120.0, 130.0) 133 (125, 141) 0.086 071

DBP (mmHg) 73(69, 76) 66.0(65.0,71.0) 69(67,73) 0014 0.20
Glucose, fasting (mg/dL) 94.0(86.0,95.0) 93.0(88.0,99.0) 96.0(86.0, 99.0) 072 039
Insuiin, fasting (miU/L) 30.3(26.8,35.6) 18.5(15.0, 28.6) 29.0(20.5,35.1) 0.12 0.49
HOMA-IR 7.1(62,7.9) 4.2(35,69) 66(4.3,7.7) 047 057
FGF-21 (pg/mL) 209.2 (110.2, 257.7) 156.1(97.7, 208.1) 131.8 (69.9, 180.5) 0.42 0.23
Adiponectin (ng/mL) 5.8(35,7.5) 85(6.7,12.1) 7.1(5.6,109) 0.087 0.14
Leptin (pg/mL) 55.1(42.3,84.2) 51.4(30.6, 64.0) 55.9(40.4, 73.0) 070 0.69
FAR (pg/ng) 25.9 (169, 44.7) 20.8(11.1,31.6) 137 (1.9, 25.6) 012 0.057
LAR (pg/ng) 80(6.8,24.6) 6.6(3.7,90) 9:3(6.4,109) 0095 035
Triglyceride (mg/dL) 124.0 (80.0, 148.0) 89.5 (56.0, 125.0) 110.0 (91.0, 129.0) 033 0.95
HDL (mg/dL) 44.0(38.0, 46.0) 43.0(38.0,47.0) 45.0(41.0, 46.0) 079 0.48
FFA (mmol/L) 46(39,58) 4.4(3.1,5.6) 47(36.62) 060 0.82
ALT (UAL) 31.0(26.0, 45.0) 235(19.0,34.0) 31.0(27.0,37.0) 0.13 071

AST (UL) 25.0(21.0,28.0) 24.0(20.0,29.0) 23.0(21.0,29.0) 099 098
GGT (U 19.0 (160, 31.0) 21.0(18.0,29.0) 20.0(18.0,25.0) 098 0.82

Statistics shown are N (%) or median (Q1, Q3). P values are calculated from Fisher's Exact test for categorical variables, Kruskal-Wallis test for continuous variable comparing all groups,
or Wicoxon Renk-sum test for continuous variables comparing loss and gain groups. ALT, alanine aminotransferase; AST, aspartate aminotransferases; BMI, body mass index; DBR,
Diastolic Blood Pressure; FAR, Fibroblast Growth Factor 21-Adiponectin Ratio; FFA, free fatty acid; FGF21, fibroblast growth factor 21; GGT, Gamma-Glutamyl Transferase; HDL, High-
Density Lipoprotein; HOMA-IR, Homeostatic Model Assessment—Insulin Resistance; IHTG, intrahepatic triglyceride; LAR, Leptin—Adiponectin Ratio; LDL, Low-Density Lipoprotein;
MBRI, Magnetic Resonance Imaging; NAFLD, nonalcoholic fatty liver disease; SBP, Systolic Blood Pressure.
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Percent (%) change (4) Loss No change Gain P-value
in biomarker, % N=13) =18 (N=17)

All groups Loss vs. Gain
%A FGF-21 0(-22,17) 2(-17,70) 35(2, 113) 022 0052
%A Adiponectin 11(-8,54) 35 (9, 46) ~6(~24,10) 0.005 0.020
%A Leptin 2(-16,10) —6(~14,27) 6(-8,35) 039 0.16
%A FAR —24(-32,5) —18(~43,31) 76 (24, 118) 0011 0.005
%A LAR ~18(-35,1) ~18(-82,-1) 23(~16,56) 0016 0014
%A Weight 4(-2,6) 2(-1,5) 6(4,8) 0.17 031
%A BMI z-score —1(-2,2) —1(-3,3) 2(-0,9) 0.10 0063
%A Percent body fat —0(-1,1) —2(-4,0) 1(=1,4) 0.053 034
9% Waist circumference 10,2 10,6 2(1,6) 054 030
%A Fasting glucose 4(-6,12) -5(-9,3) —2(-8,2) 0.35 032
%A Insulin 5 (~45,36) —14(-38,12) 31 (12, 60) 0.13 026
%A HOMA-IR 10(-835,38) ~8(~40, 11) 27 (~11,80) 0.18 026
%A Triglyceride 2(~25,54) —2(-37,8) 23(2,59) 0,007 039
%A HOL —4(-8,6) ~2(~13,30) -5(-11,6) 081 0.66
%A FFA 10 (29, 36) 2(~40, 27) —14(-28, 10) 0.76 052
%A ALT —11 (=18, -6) 4(-11,9) 0(-19, 29) 0.18 0.12
%A AST 0(-6,4) 0(-6,12) 17 (~10, 36) 0.22 0.16
%A GGT 0(-8,12) 3(-6,13) 11(0,33) 033 0.15

Statistics shown are median (1st quartie, 3rd quartie). P-values are calculated from Kruskal-Wells test comparing all groups or Wilcoxon Renk-sum test comparing loss and gain group.

ALT, alanine aminotransferase; AST, aspartate aminotransferases; BM, body mass index; FAR, Fibroblast Growth Factor 21-Adiponectin Rat

A, free fatty acid; FGF21, fibroblast

growth factor 21; GGT, Gamma-Glutamy! Transferase; HDL, High- Density Lipoprotein; HOMA-IR, Homeostatic Model Assessment—Insulin Resistance; LAR, Leptin—Adiponectin

Ratio; LDL, Low-Density Lipoprotein.
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Variable Area Std P 95% Cl for OR Cut-off point Sensitivity Specificity

BMI(kg/m?) 0.739 0.006 <0.001. 0.727 0.752 22.05 0.777 0.591
FBG(mmol/L) 0.655 0.008 <0.001 0.638 0.671 5.32 0.427 0.808
SBP(mmHg) 0.665 0.008 <0.001 0.650 0.681 122.5 0.607 0.647
ALT(UD) 0.727 0.007 <0.001 0.713 0.740 17.06 0.732 0.613
TC(mmol/L) 0.650 0.008 <0.001 0.634 0.666 4.44 0.695 0.530
TG(mmol/L) 0.795 0.006 <0.001 0.782 0.807 1.25 0.741 0.722
TG+ALT 0.815 0.006 <0.001 0.803 0.826 = = =

BMI, body mass index; FBG, Fasting blood glucose; SBP, Systolic blood pressure; ALT, Alanine transaminase; TG, Triglycerides; TC, Total cholesterol.
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Characteristics B P OR 95% ClI for OR

Gender(Male/female) 0.48 <0.001 1.62 1.38 191
Age(Years) 0.03 <0.001 1.08 1.02 1.03
BMI(kg/m?) 0.49 <0.001 1.63 154 1.72
FBG(mmol/L) 0.14 <0.001 1.15 111 120
SBP(mmHg) 0.01 0.017 1.01 1.00 1.01
DBP(mmHg) 0 0.324 1.00 1.00 1.01
ALT(U/L) 0.01 <0.001 1.01 1.01 1.01
TBIL(u mol/L) 0 0.641 1.00 0.99 1.01
TC(mmol/L) 0.13 0.001 1.13 106 1.22
TG(mmol/L) 0.42 <0.001 1.58 1.43 1.63
UA(u mol/L) 0.01 <0.001 1.01 1.01 1.01
Constant -19.72 <0.001 0 - -

BMI, body mass index; FBG, Fasting blood glucose; SBP, Systolic blood pressure; DBP,
Diastolic blood pressure; ALT, Alanine transaminase; TBIL, Total bilirubin; TG,
Triglycerides; TC, Total cholesterol: UA, Uric acid.
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Characteristics  Fatty liver disease = Non-fatty liver disease P

Total 1284 13091

Gender <0.001
male 778 (60.6%) 5449 (41.6%)

female 506 (39.4%) 7642 (58.4%)

Age(years) 4714 +11.39 40.31 £ 11.79 <0.001
BMI (kg/m?) 22.71 + 1.10 21.36 + 1.76 <0.001
FBG(mmol/L) 5.15 (4.73,5.80) 4.83 (4.51,5.19) <0.001
SBP (mmHg) 128.75 + 18.18 118.74 + 15.96 <0.001
DBP (mmHg) 78.85+ 11.86 73.09 + 10.84 <0.001
ALT(UL) 22.10 (16.65,33.00) 15.0 (11.50,21.0) <0.001
TBIL (u mol/L) 13.70 (10.26,18.05) 13.30 (10.09,17.47) 0017
TG (mmol/L) 1.70 (1.22,2.37) 0.94 (0.69,1.31) <0.001
TC(mmol/L) 4.92 +0.99 4.45 +0.88 <0.001
UA(u mol/L) 332.72 + 79.55 278.80 + 73.01 <0.001

BMI, body mass index; FBG, Fasting blood glucose; SBP, Systolic blood pressure; DBP,
Diastolic blood pressure; ALT, Alanine transaminase; TBIL, Total bilirubin; TG,
Triglycerides; TC, Total cholesterol: UA, Uric acid.
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Age Total Male Female P
<45 5.3% (557/10487)  9.3% (402/4339)  2.5% (155/6148) <0.001
Years

45-55 13.6% (660/4846) 18.5% (309/1667) 11.0% (351/3179) <0.001
Years

>55 16.5% (372/2261)  13.6% (178/1305)  20.3% (194/956) ~ <0.001

Years
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BMI Total Male Female P
(kg/m?)

<24 9.0% (1589/17594)  12.2% (889/7311)  6.8% (700/10283) <0.001
24~27.9 39.6% (6053/15302) 41.7% (4466/10718) 34.6% (1587/4584) <0.001
>28 70.8% (5192/7336) 71.9% (3816/5309) 67.9% (1376/2027) 0.001

BMI, body mass index.





OPS/images/fendo.2021.744710/table2.jpg
Time Non-obese
(Year) FLD/Non-obese
examinees

2009 4.6 (170/3710)
2010 5.7 (515/9080)
2011 8.4 (884/10489)
2012 11.7 (1249/
10659)
2013 10.1 (1033/
10185)
2014 9.7 (1163/12019)
2015 8.7 (925/10605)
2016 9.0 (1589/17594)

Non-obese FLD/
Non-obese Male

5.8 (117/2005)
9.4 (309/3299)
12.8 (596/4673)
17.8 (731/4115)

16.4 (639/3893)
14.6 (768/5253)

12.0 (555/4643)
12.2 (889/7311)

non-obese FLD, Non-obese fatty liver disease.

Non-obese FLD/
Non-obese Female

3.1 (53/1708)
3.6 (206/5781)
5.0 (288/5816)
7.9 (518/6544)

6.3 (394/6292)
5.8 (395/6766)

6.2 (370/5962)
6.8 (700/10283)

P

<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

<0.001
<0.001
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Time Non-obese FLD/ Non-obese FLD/ Non-obese FLD/ P
(Year) Total Male Female

2009 1.9 (170/8917) 9 (117/6046) 1.8 (53/2871) 0.774
2010 2.5 (615/20568) (309/ 10976) 2.1 (206/9592) 0.002
2011 3.7 (884/23977) 9 (596/15211) 3.3(288/8766)  0.012
2012 5.1 (1249/24304) 4 (731/13603) 4.8 (518/10701) 0.062
2013 4.6 (1033/22477) 1(639/12436) 3.9 (394/10041)  <0.001
2014 4.2 (1163/27535) 5 (768/17093) 3.8 (395/10442) 0.004
2015 3.9 (925/23545) 0 (5655/14038) 3.9 (370/9507) 0.811
2016 3.9 (1589/40232) 8 (889/23338) 4.1 (700/16894) 0.089

non-obese FLD, Non-obese fatty liver disease.
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