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Abstract

:

Non-alcoholic fatty liver disease (NAFLD), one of the most common types of chronic liver disease, is strongly correlated with obesity, insulin resistance, metabolic syndrome, and genetic components. The pathological progression of NAFLD, consisting of non-alcoholic fatty liver (NAFL), non-alcoholic steatohepatitis (NASH), and liver cirrhosis, is characterized by a broad spectrum of clinical phenotypes. Although patients with mild NAFL are considered to show no obvious clinical symptoms, patients with long-term NAFL may culminate in NASH and further liver fibrosis. Even though various drugs are able to improve NAFLD, there are no FDA-approved medications that directly treat NAFLD. In this paper, the pathogenesis of NAFLD, the potential therapeutic targets, and their underlying mechanisms of action were reviewed.
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1. Introduction


Non-alcoholic fatty liver disease (NAFLD) is an umbrella term for a chronic liver disease caused by agents other than alcohol. It is characterized by excessive fat deposition, or steatosis, in the hepatocytes [1]. Pathological processes involved in NAFLD consist of non-alcoholic fatty liver (NAFL), characterized by harmless liver cell steatosis, non-alcoholic steatohepatitis (NASH), and variable degrees of fibrosis upon liver biopsy [2]. Clinically, liver cirrhosis and hepatocarcinoma are also attributed to NAFLD (Figure 1) [3]. Globally, the prevalence of NAFLD is about 25%, which threatens the health of adults, while generally harming children and adolescents [4,5]. The prevalence of NAFLD in Asia is about 29.62%, showing a continually increasing trend [6]. In the United States, more than one-third of the mortalities associated with liver diseases and diabetes were correlated to NAFLD [7]. It is common sense that the incidence of NAFLD is closely associated with the prevalence of liver cirrhosis and hepatocellular carcinoma [8].



Pathogenic factors for NAFLD are composed of eating habits, cardiovascular diseases, genetic polymorphisms of various genes, etc. [9]. During the development of NAFLD from liver steatosis, or liver inflammation to fibrosis, patients are exposed to multiple complications, such as hypertension, atherosclerosis, and other diseases [10,11,12]. However, the specific pathogenesis of NAFLD has not been elucidated, and chemotherapeutic options that target NAFLD have not been approved. Thus, a safe and effective treatment option for NAFLD is urgently needed. Based on recent reports, these potential action targets and therapeutic drugs mainly focus on metabolic disorders, steatosis, oxidative stress, inflammation, apoptosis, and fibrosis. Several therapeutic drugs with the potential for treating NAFLD have been characterized, and drug therapy strategies for targeted NAFLD treatment are likely to be implemented.



In the present paper, we aimed to summarize recent advances in the pathogenesis of NAFLD, review the bio-molecules identified as upcoming pharmacological targets for this disease, and highlight the most recent evidence for novel investigational agents, as well as currently marketed drugs.




2. The Pathogenesis of NAFLD


2.1. Two Hits Hypothesis


Based on the previous report, the “two hits hypothesis” and “multiple hits hypothesis” were proposed to explain the pathogenesis of NAFLD. According to the “two hits” theory, imbalances in glucose and lipid metabolism lead to excessive accumulation of fatty acids [13]. As a critical toxic component in liver cells, fatty acids are able to elevate oxidative stress and inflammatory factors that induce hepatocyte damage, an essential pathological stage of NAFLD. Accordingly, the first “hit” is associated with lipid metabolism disorders, characterized by insulin resistance and the decrease in adiponectin, leptin, and other major adipocytokines. The second “hit” is highly correlated with steatosis, endoplasmic reticulum stress, oxidative stress, hepatocyte inflammation, and fibrosis.




2.2. Multiple Hits Hypothesis


However, the causal relationship between the first “impact” and the second “impact” has not been determined [14]. The “multiple hits hypothesis” is considered to accurately explain NAFLD pathogenesis. According to this view, NAFLD pathogenesis is jointly induced by multiple factors, including insulin resistance, nutritional factors, oxidative stress, inflammatory factors, obesity, type 2 diabetes, hormones, gut microbiota, and epigenetic factors [15]. At present, insulin resistance and liver-free fatty acids (FFA) are considered to play an essential role in NAFLD pathogenesis [16]. In detail, glucose and lipid metabolism disorders can produce excess FFA, which enters the liver cells and transforms into triglycerides. The accumulation of triglycerides in the hepatocytes produces lipid droplets and triggers NAFL. The main pathological feature of NAFL is that liver cell steatosis exceeds 5%, which can be diagnosed by imaging. Furthermore, excess FFA enhances endoplasmic reticulum pressure, mitochondrial pressure, and the production of reactive oxygen species in the liver, leading to the production of inflammation, namely NASH. The pathological features of NASH include portal vein and lobular inflammation, as well as hepatocyte injury. With the development of NASH, some hepatocytes undergo apoptosis or necrosis and further produce inflammatory factors, which activate hepatic stellate cells to initiate liver fibrosis [17] (Figure 2). Liver fibrosis is the excessive expression and accumulation of extracellular matrix proteins in the liver, and it is an adverse consequence of hepatitis, which continues to develop into cirrhosis and liver cancer, requiring liver transplant for treatment [18,19]. Tackling NAFLD-associated fibrosis from different directions using combinatorial drug treatment and effective lifestyle changes holds the greatest prospect for success [20].




2.3. Progress on the Pathogenesis of NAFLD


In recent years, some new progress has been reported involving the pathogenesis of NAFLD, including pro-inflammatory diets, gut metabolome, adipose tissue inflammation, genetic factors, etc. [21]. Clinical studies provide evidence that pro-inflammatory diets enriched with fructose, trans-fatty acids, and trimethylamine N-oxide (TMAO), such as fried foods, refined grains, and red meat, are associated with an increased risk for progressing NAFLD [22]. In contrast, a low-sugar, carbohydrate-restricted isocaloric, or Mediterranean diet have been demonstrated to be beneficial to improve NAFLD. Moreover, considerable progress has been made for intestinal microbiota in patients with NAFLD in recent years. Recent studies have confirmed that Bacteroides abundance is increased and Prevotella abundance is decreased in patients with NASH. Advanced fibrosis was associated with an abundance of proteobacteria and Escherichia coli and a decrease in Firmicutes, such as Faecalibacterium prausnitzii. Experimental evidence also indicated that endotoxin-producing strains such as Enterobacter cloacae b29, Escherichia coli py102, and Klebsiella pneumoniae a7 promoted NAFLD in germ-free mice on a high-fat diet [23]. Furthermore, bacterial metabolite screens were used to investigate the metabonomic characteristics of NAFLD patients. Numerous studies have demonstrated that imidazole propionate, n,n,n-trimethyl-5-aminovaleric acid, and 3-(4-hydroxphenyl) lactate are increased in the serum of patients with NAFLD [24,25]. Specifically, 3-(4-hydroxphenyl) lactate can be used to discriminate NAFLD subjects, with and without fibrosis. Lastly, the increased expression of several chemokines, including c-c motif chemokine ligand 2 (ccl2), ccl5, and ccl13, were able to recruit at the macrophages (ATM) and normal T cells and to initiate at inflammation in obese patients. Tumor necrosis factor alpha (TFNα), interleukin 1-beta (il-1β), and il-6 were demonstrated to be adipokine associated with insulin resistance, at inflammation, and fatty liver, and their expression was also increased in human obesity [26]. Gut inflammation is able to increase systemic inflammation, and deteriorate liver disease and insulin resistance, exemplifying aspects of a gut–liver axis.





3. Potential Targets for NAFLD Treatment


Several critical factors involved in NAFLD progression were reported as potential therapeutic targets. These crucial factors alleviate NAFLD, mainly by inhibiting metabolic disorders, steatosis, oxidative stress, inflammation, apoptosis, and liver fibrosis (Figure 3).



3.1. Potential Targets of Metabolic Disorders/Steatosis in NAFL


3.1.1. Sodium-Glucose Cotransporter 2 (SGLT2)


SGLT2 is mainly distributed in the proximal tubular curvature and is responsible for the re-absorption of 80–90% of glucose in the kidney. SGLT-2 inhibitors are glucose-lowering agents that improve glucose control, while promoting weight loss and lowering serum uric acid levels [27]. In clinical trials for the treatment of NAFLD patients, several SGLT2 inhibitors, such as canagliflozin and dapagliflozin, were able to prevent lipid accumulation in the liver and decrease the levels of liver transaminase through promoting urinary glucose excretion [28]. NGI001, a novel selective inhibitor of SGLT2, was used to treat high-fat diet (HFD)-induced nutritive obesity mice [29]. The results exhibited that NGI001 could inhibit the secretion of fat factors associated with insulin resistance and liver lipid accumulation. Empagliflozin, another inhibitor of SGLT2, was found to enhance fat consumption and reduce insulin resistance in obese mice induced by HFD [30]. In recent years, the available evidence has also shown that the other SGLT-2 inhibitors, consisting of ipragliflozin, tofogliflozin and luseogliflozin, can attenuate endoplasmic reticulum (ER) stress, oxidative stress, low-grade inflammation, autophagy, and apoptosis in NAFLD patients [31]. Given this evidence, SGLT-2 inhibitors are emerging as promising agents.




3.1.2. Perilipin Drip Protein-2 (PLIN2)


PLIN2 is a lipid droplet (LD) coat protein which is the most abundant member of the PLIN protein family in the steatotic livers of humans and mice. The expression of PLIN2 is strongly correlated with the severity of steatosis. Overexpression of Plin2 increases triglyceride (TAG) accumulation and reduces lipolysis by excluding the adipose triglyceride lipase (ATGL), which is located on the surface of LD. In addition to regulation of lipolysis, PLIN2 has also been implicated in the regulation of hepatic lipophagy, with increased rates of autophagy observed in livers of whole-body deficient PLIN2 mice. Moreover, it was reported that the levels of cholesterol and triglycerides in the livers of mice with whole-body deletion of PLIN2 were significantly reduced when fed on a Western diet for 30 weeks (p < 0.001) [32]. Furthermore, several studies have shown that PLIN2 deletion can lead to the production of a large number of ω-3 and ω-6 long-chain fatty acids (FA) in mouse hepatocytes, which will reduce cholesterol synthesis and lipogenesis (p < 0.05) [32]. Histological observation also verified that the degree of steatosis in PLIN2-deficient mice was much lower than in wild-type mice [33]. These results suggested that PLIN2 could be taken as a potential therapeutic target to alleviate steatosis, although more trials need to be performed to verify its function in the human body.




3.1.3. Liver X Receptor α (LXRα)


LXRα is a vital regulator of glucose homeostasis and insulin sensitivity [34]. LXR activation is considered promising for modulating cholesterol homeostasis, inducing anti-inflammatory effects and increasing insulin sensitivity (p < 0.001). LXRα activation also induces de novo lipogenesis (DNL) and decreases LDL catabolism, alleviating hepatic steatosis [35]. Treatment with an LXRα agonist, SR9243, remarkably decreased the severity of hepatic inflammation and reduced hepatic fibrosis in NASH mice [36]. Oltipraz, a synthetic 1, 3-dithiole-2-thione with an antisteatotic effect by inhibiting LXRα, is capable of significantly decreasing the liver fat content in NAFLD patients [37]. These findings exhibited that LXR agonists could be therapeutically crucial in NASH treatment.




3.1.4. Acetyl CoA Carboxylase (ACC)


ACC is a biotin enzyme in the first stage of fatty acid synthesis, and it is able to catalyze the ATP-dependent condensation of carbonate and acetyl-CoA to form malonyl-CoA, which plays an essential role in fatty acid metabolism. In mammals, the ACC enzyme possesses two isoforms consisting of ACC1 and ACC2. The expression of ACC1 occurs primarily in lipogenic tissues, such as liver, adipose, etc. ACC2 expression occurs primarily in oxidative tissues, including heart, skeletal muscle, etc. ACC1 is located in the cytosol and accounts for the rate-control in de novo lipogenesis (DNL). In contrast, ACC2 is located in the mitochondrial membrane and negatively regulates fatty acid oxidation by producing localized malonyl-CoA, which allosterically inhibits carnitine palmitoyltransferase I (CPT1) and the transfer of long-chain CoAs into the mitochondria.



Previous studies indicated that reducing the hepatic expression of ACC1 and ACC2 by antisense oligonucleotides (ASOs) leads to significant reductions in hepatic triglyceride content and the reversal of hepatic insulin resistance in high-fat diet-induced NAFLD mice (p < 0.001). In addition, ACC1/ACC2 inhibitor, ND-630, was used to treat obese rats induced by HFD. The results suggested that the steatosis of the rat liver was inhibited, and the insulin sensitivity was improved significantly [38]. GS-0976 (febuxostat), another inhibitor ofACC1 and ACC2, could reduce liver fat by 29% when used to treat patients with NASH and fibrosis. Furthermore, it was found that the median value of DNL decreased by 22%, compared to the baseline, after GS-0976 treatment [39,40].




3.1.5. Fatty Acid Synthase (FASN)


Fatty acid synthase (FASN) is one of the most promising targets in the treatment of NAFLD because it is the most critical rate-limiting enzyme of hepatic DNL. FASN is highly expressed in patients with NAFLD, as well as in several types of cancer associated with dysregulated lipid metabolism, such as colorectal cancer and HCC. FT-4101, a potent and selective FASN inhibitor, has been shown to prevent hepatic steatosis, inflammation, and fibrosis in rodent models of NAFLD [41]. Previous clinical trials have demonstrated that an FASN inhibitor, called TVB-2640, is able to inhibit hepatic DNL, reduce liver fat, and improve hepatic steatosis without significant safety concerns in patients with NAFLD (Number NCT03938246) [42]. With hepatocyte-specific FASN knockout, hypoglycemia and fatty liver development was detected in mice during zero-fat feeding or after fasting. In addition, TVB-2640 can reduce liver fibrosis by virtue of the critical role of FASN in the activation of fibrogenesis in hepatic stellate cells [43]. MicroRNA-103 is also reported to be capable of repressing DNL and dampening the development of HFD-induced NAFLD through targeting at FASN and Scd1 in the mouse liver [44]. Thus, FASN is one of the most attractive targets for NAFLD treatment.




3.1.6. AMP-Activated Protein Kinase (AMPK)


AMPK is a highly conserved central regulator of hepatic lipid and glucose metabolism, whose activation is considered to be therapeutically beneficial for the treatment of NASH [45]. Once activated, AMPK can prevent fatty acid and cholesterol synthesis through inhibiting the phosphorylation of HMGCR and SREBP1C. Liver-specific AMPK activation can also decrease the expression of inflammation and fibrosis genes, thus reducing triglyceride accumulation while increasing CPT1 expression in hepatocytes. Similarly, Mice expressing an AMPK mutation in the liver display lower rates of lipogenesis and protection from NAFLD and insulin resistance when fed a high-fructose diet. Boudaba et al. have shown that a thienopyridine family of AMPK activators (A-769662) targeting the liver can improve liver steatosis and glucose parameters in obese mice [46]. Several studies have shown that a range of natural products, consisting of berberine, resveratrol, demethyleneberberine, nicotine, etc., are potential therapeutic agents for NAFLD via the activation of the AMPK signaling [47,48,49]. These findings indicate that AMPK is a promising target for the treatment of NAFLD.





3.2. Potential Targets of Hepatic Inflammation in NASH


3.2.1. Apoptosis Signal-Regulated Kinase 1 (ASK1)


Apoptosis signal-regulated kinase 1 (ASK1), a member of the mitogen-activated protein kinase (MAP3Ks) family, is an upstream activator of the c-Jun N-terminal kinase 1 (JNK1) and p38 MAPK signaling cascades. ASK1 can be activated by various stressors, such as intracellular TNF-α, endoplasmic reticulum stress, and reactive oxygen species (ROS), leading to subsequent induction of the activation of JNK and p38 MAPK. Activated JNK and p38 MAPK regulate autophagy, thereby modulating apoptosis, inflammation, and fibrosis [50]. HFD-fed liver specific ASK1-knockout mice can experience higher degrees of hepatic damage and fibrosis, compared to controls. Moreover, liver-specific ASK1 over-expression protected mice from developing hepatic steatosis and fibrosis [51]. Whole-body ASK1-knockout mice are highly susceptible to lethal bacterial infection due to the blockage of autophagy in the liver. By suppressing ASK1 phosphorylation, dual-specificity phosphatase 9 (Dusp9) can prevent hepatic steatosis and fibrosis in mice with NASH [52]. These results exhibit that ASK1 is a potential therapeutic target for the management of liver fibrosis.




3.2.2. Sirtuin 1 (SIRT1)


Sirtuin 1 (SIRT1), an NAD+-dependent enzyme involved in gene silencing by deacetylating histone and non-histone targets, has emerged as an essential metabolic sensor that coordinates changes in energy metabolism [53,54]. In liver tissue, SIRT1 promotes gluconeogenesis transcription through the activation of peroxisome proliferator-activated receptor γ coactivator 1-α (PGC1α) and forkhead box protein O1 (FOXO1) [55]. The deacetylation of liver X receptors (LXR) and farnesoid X receptor (FXR) by SIRT1 modulates cholesterol and bile acid homeostasis. SIRT1 also inhibits the expression of PPARγ and limits triglyceride synthesis in adipose tissue. Moreover, SIRT1 activators repressed the expression of SREBP target genes (p < 0.001), which play a crucial role in activating transcription of the key enzymes of fatty acid synthesis, such as FASN and ACC [56].



Clinical experiments showed that levels of SIRT1 were considerably decreased in the livers of NAFLD patients, while expression of the lipogenic genes was increased. Recent evidence has implicated that liver-specific SIRT1 knockout mice are susceptible to developing endoplasmic reticulum stress, hepatic inflammation, and hepatic steatosis. In contrast, overexpression of SIRT1 provided protection against high fat-induced hepatic steatosis in mice through the upregulation of gene expression enhancing fatty acid oxidation and downregulation of lipogenic gene expression. Resveratrol, an agonist of sirtuin 1, can significantly prevent HFD-induced insulin resistance and hepatic steatosis in rats via enhancing the activation of SIRT1 [57,58]. Several studies have reported that folic acid possessing the function of anti-steatosis and insulin sensing, may be related to the over-expression of gene SIRT1 [59,60,61].




3.2.3. NLPR3


The activation of the NLPR3 inflammasome has been considered as a vital factor in the progress of NAFLD, especially as a modulator of progression from initial hepatic steatosis to NASH [62]. The NLRP3 inflammasome is an intracellular multiprotein complex associated with stimulation, producing mature IL-1β and inducing liver inflammation [63]. Two novel selective inhibitors of NLRP3, consisting of CY-09 and MCC950, can inhibit the level of caspase-1 and IL-1β and decrease the number of macrophages, as well as neutrophils in the liver, thus improving NAFLD pathology and fibrosis in obese diabetic mice [64]. Naringenin, a flavonoid compound possessing strong anti-inflammatory activity, was demonstrated to inhibit the development of NAFLD by downregulating the NLRP3 in hepatocytes, thus ameliorating inflammation in the livers of mice [65]. Targeting NLRP3 is a logical direction in the pharmacotherapy of NASH.





3.3. Potential Targets of Hepatic Fibrosis in NASH


3.3.1. Lysyl Oxidase-like 2 (LOXL2)


Lysyl oxidase like-2 (LOXL2), a member of lysyl oxidase (LOX) family, possesses a conserved C-terminal amine oxidase domain, which consist of a His-X-His-X-His copper-binding motif and a lysine tyrosylquinone (LTQ) cofactor [66]. LOXL2 is able to catalyze the oxidative deamination of a ε-amino group of lysines and hydroxylysines in collagen and elastin, thereby promoting their polymerizations, which is essential for the tensile strength of the extracellular matrix (ECM) [67]. Loxl2 was predominantly expressed by hepatic stellate cells (HSCs), but it was also induced to a lesser extent in insulin resistant hepatocytes (HEPs) in response to lipotoxic damage [68].



In MCD-induced NASH mice, Loxl2 expression was strongly correlated with both the amount of steatosis and fibrosis severity [69]. A recent study suggested that hepatic LoxL2 upregulation was specifically detected in NAFLD patients. Meanwhile LOXL2 expression can be induced by IR/T2D, and is associated with fibrosis severity in patients with NAFLD. In experimental models of liver damage, Loxl2 inhibition by monoclonal antibodies prevented liver fibrosis deposition and facilitated its reversal. PXS-5153A, a novel LOXL2 inhibitor, was capable of reducing LOXL2-mediated collagen oxidation and collagen crosslinking in vitro [70]. In HFD-induced liver fibrosis mouse models, PXS-5153A was able to diminish the severity of NAFLD and ameliorate liver function by reducing collagen content and collagen crosslinks (p < 0.001). These findings indicate that suppression of the enzymatic activities of LOXL2 may be an essential therapeutic strategy for the treatment of liver fibrosis.




3.3.2. Vascular Adhesion Protein-1 (VAP-1)


VAP-1, an amine oxidase, has been shown to be beneficial in the management of hepatitis and liver fibrosis [71,72]. The serum soluble VAP-1 (sVAP-1) levels are raised in NAFLD patients compared with individuals in a control group [71]. The sVAP-1 with monoamine oxidase activity accounts for catalyzing the deamination of amines to yield the corresponding aldehyde and hydrogen peroxide. Hydrogen peroxide is a known adipocyte lipolysis inhibitor, and insulin mimic which increases hepatic glucose uptake as a fuel for de novo lipogenesis. Recent evidence suggests that the increase in liver inflammation, steatosis, and fibrosis in NAFLD patients is related to the ability of VAP-1 to support leukocyte recruitment, to prime hepatic glucose uptake, and to activate hepatic stellate cells [73]. A recent study exhibits that VAP-1 deficient mice show a reduction in intrahepatic CD4+ and NKT cell populations in response to methionine-choline deficient (MCD) diet-induced steatohepatitis (p < 0.001). Meanwhile, mice prophylactically treated with anti-VAP-1 antibody had significantly attenuated HFD-induced hepatic fibrosis. Furthermore, it is also reported that the increased expression of VAP-1 in hepatic fibrosis can promote leukocyte recruitment to the liver, which contributes to liver inflammation and fibrosis [74]. These findings suggest that VAP-1 is associated with inflammation and fibrosis in patients with NAFLD, indicating that VAP-1 may represent a valuable adjunct to other therapeutic approaches in NAFLD.






4. Potential Targeted Drugs for NAFLD


Currently, a variety of potential therapeutic strategies are used to evaluate the efficacy of different medications to treat NAFLD. Several drugs for treating other diseases, such as hypoglycemic drugs and hypolipidemic drugs, to an extent, are demonstrated to alleviate NAFLD. Clinical trials are currently used to check the pharmacological effect of NAFLD due to the lack of targeted drugs (Table 1).



4.1. Hypoglycemic Drugs


Glucagon-like peptide-1 (GLP-1) is an incretin hormone originated from the proglucagon polyprotein [75]. GLP-1 can increase the production of insulin secretion and decrease the secretion of glucagon from the pancreas, thus exhibiting a glucose-lowering action [76]. The secretion of GLP-1 is reduced in patients with NAFLD, indicating that GLP-1 can serve as a potential role in NAFLD treatment [77]. Liraglutide, a GLP-1 agonist, is capable of increasing insulin sensitivity and enhancing hepatic glucose uptake and glycogen synthesis [78]. Semaglutide, another GLP-1 agonist, has shown favorable effects on liver enzymes, insulin resistance, and hepatic fat content [79]. Tirzepatide, a synthetic GLP1/GIP peptide agonist, effectively reduced ALT and AST, increased adiponectin levels, resulting in significant improvement of liver fat content in T2DM sufferers with NASH [77]. Furthermore, the other GLP-1 agonists, including exenatide, lixisenatide, liraglutide, and dulaglutide, have exhibited significant antisteatotic activity.




4.2. Lipid-Lowering Drugs


Statins are HMG-CoA reductase inhibitors that serve as effective lipid-lowering drugs [80]. Statins can effectively reduce total plasma cholesterol and low-density lipoprotein levels [81]. They are often used to treat cardiovascular diseases, and conservatively treat NAFLD patients due to their hepatotoxicity. In NASH patients, statins significantly improved plasma transaminase levels, without causing liver injury [82].




4.3. THR-β Agonist


Thyroid hormone receptor-β (THR-β), primarily secreted from the liver, could improve metabolic disorders by enhancing fatty acid decomposition, thus reducing liver fat content [83]. MGL-3196 is an oral small-molecule THR-β agonist that can enhance liver cholesterol absorption and metabolism. When NASH patients were treated with MGL-3196 for 36 weeks, the levels of liver fat were significantly decreased [84]. VK2809, a THR-β agonist with lipid-lowering effects, is currently in phase 2–3 clinical trials for NASH. VK2809 can reduce LDL cholesterol and liver triglyceride levels by enhancing autophagy, mitochondrial biogenesis, and fatty acid β-oxidation [85]. At the same time, the safety and effectiveness of VK2809 for NASH treatment are being clinically evaluated [86]. Resmetirom, a liver THR-β receptor agonist, was demonstrated to ameliorate liver histology and decrease serum ALT and lipids in phase 2 clinical trial [84].




4.4. Vitamin E


Vitamin E is a prototypic antioxidant with the most profound anti-steatohepatitis effect when combined with other anti-NAFLD agents. It is capable of regulating the production of ROS and RNS and suppressing inflammation by downregulating the activation of transcription factor NF-κB [87,88]. The current guidelines by the American Association for the Study of Liver Disease (AASLD) have recommended the use of vitamin E in patients with biopsy-proven NASH and without diabetes. Currently, vitamin E, combined with pioglitazone, is a recommended therapy for NASH, and it usually improves liver histology significantly in NASH patients with T2D compared to placebo, although vitamin E alone had no similar effect [89]. Vitamin C, similar to vitamin E, with strong antioxidant properties, has been used to treat NASH and NAFLD in combination with vitamin E in several studies [90,91,92]. Despite the beneficial effects of vitamin E, vitamin E treatment can be associated with increased risk of all-cause mortality, prostate cancer, and hemorrhagic stroke [93,94].




4.5. FXR Agonist


The farnesoid X receptor (FXR), also known as the bile acid receptor, is a member of the nuclear receptor family mainly expressed in intestinal and liver tissues. FXR has emerged as an essential regulator in bile acid and glucose metabolism [95]. FXR activation has been shown to diminish hepatic lipogenesis, glucogenesis, cholesterol synthesis, and steatosis in animal models with NAFLD [96]. The whole-body FXR-knockout mice fed with a HFD show severe hepatic steatosis, necrotic inflammation, and fibrosis [97]. FXR agonists were demonstrated to inhibit the development of NASH in rodent models of HFD-induced NASH, where they also promoted the resolution of steatohepatitis and fibrosis [98]. Obeticholic acid (OCA), an FXR agonist, has been shown to decrease liver steatosis and fibrosis in preclinical models [99]. In phase 2 studies, OCA enhanced insulin sensitivity and reduced markers of liver damage in patients with T2DM and NAFLD [100]. Cilofexor (GS-9674) is a non-bile acid FXR agonist and is evaluated for the safety and tolerability of patients with NASH [101]. Other FXR agonists, including nidufexor, tropifexor, and EDP-305 have been developed and are currently in phase 2 trials [102].




4.6. PPAR Agonist


The peroxisome proliferator-activated receptors (PPARs) are members of the nuclear hormone receptor superfamily that regulate lipid metabolism by improving metabolic disorders [103]. Three PPARs, including α, δ, and γ, share the same target DNA sequence, but differ in ligand selectivity and tissue distribution [104]. Upon ligand binding, hepatic PPARα can induce mitochondrial FA uptake, β-oxidation, and ATP production. Several studies have shown that decreased hepatic PPARα expression was associated with insulin resistance and NASH severity [105]. Pemafibrate (K-877), a selective PPARα modulator, was demonstrated to improve liver pathology in the NASH mice model, and decrease serum transaminase activities and lipid profiles in patients with dyslipidemia [106].



PPARδ is capable of activating multiple metabolic pathways to regulate fatty acid β oxidation [107]. A mice model of NASH treated with PPARδ ligands achieves an upregulation of muscle oxidative capacity similar to that of exercise [108]. A novel PPARδ agonist, L-165041, has been shown to improve metabolic disorders by regulating inflammation and cholesterol efflux [107]. Seladelpar (MBX-8025), a selective PPARδ agonist, was evaluated in a phase 2a trial, and preliminary results showed strongly reduced hepatobiliary enzymes, lipid profiles, and high sensitivity C-reactive protein compared with a placebo [109]. Elafibranor, a dual PPARα/δ agonist treatment for NASH patients, was demonstrated to improve insulin sensitivity, metabolic disorders, and inflammation [110].



PPARγ also plays an essential role in human fat metabolism via regulating fat production and suppressing nuclear factor-kappa B (NF-κB) gene expression [111,112,113]. Recent experiments strongly suggest that PPARγ-deficient mice are at less risk of HFD-induced steatosis compared to normal mice [114]. Upregulated PPAR-γ expression was demonstrated to enhance lipid-induced macrophage polarization from the M1 phenotype towards the M2 phenotype, thus alleviating inflammation [115]. Saroglitazar, a PPARα/γ double agonist, has been shown to improve alanine aminotransferase levels and fatty liver in NAFLD patients with diabetic dyslipidemia, and it is approved to treat diabetic dyslipidemia in India [116]. Currently, saroglitazar has exhibited positive results and is in phase 3 clinical trials [117]. Lanifibranor, a PPARα/δ/γ agonist, can effectively inhibit liver inflammation and fibrosis, and it is currently being studied as a clinical trial drug for the treatment of liver fibrosis [118].




4.7. FGF19 Analogue


Fibroblast growth factor 19 (FGF19), a peptide hormone released after the activation of intestinal FXR, acts on the liver and leads to decreased gluconeogenesis in an insulin-independent manner. As a major downstream messenger in FXR and PPARα signaling, FGF19 is capable of inhibiting hepatic gluconeogenesis and promoting glycogen deposition [119]. FGF19 analogue aldafermin (NGM-282) is a recombinant variant of FGF-19 that reportedly retains its beneficial metabolic effect, but not the tumorigenic effects [120]. In a mouse model with NASH, NGM-282 treatment for three weeks noticeably decreased ALT and liver fat content, and resolved NASH [121].




4.8. FGF21 Analogue


Fibroblast growth factor 21 (FGF21) is a member of the hormone-like peptides secreted predominantly from the liver [122]. FGF-21 has emerged as a metabolic regulator, with insulin-sensitizing and antifibrotic properties [123,124]. It was also reported that FGF21-transfected mice induced by HFD reduced their body weight and their insulin resistance compared to those of normal mice [125]. Pegbelfermin (BMS-986036), a pegylated FGF-21 analogue with an increased half-life, was capable of improving insulin sensitivity, hepatic fat content, and de novo lipogenesis in mice models with NAFLD [126]. A phase 2 RDBPCT is assessing the effectiveness of BMS-986036 treatment on hepatic fat content in patients with NASH [127]. AKR-001 is a fusion protein that contains human IgG1-Fc with FGF21, and it is currently being assessed in a phase 2a trial after showing promising early safety and efficacy results [128].




4.9. CCR2/CCR5 Inhibitor


The C-C chemokine receptors 2/5 (CCR2/5) induce inflammation and aggravate NASH by promoting the recruitment of inflammatory cells to the liver [129]. Studies have shown that CCR2/5 promotes hepatic stellate cell activation after liver injury by increasing monocyte/macrophage recruitment and tissue infiltration, thus associating inflammation with liver fibrosis [130]. Zacarías et al. found that triazolopyrimidinone derivatives, a non- competitive intracellular antagonist of CC chemokine receptors 2 and 5, effectively inhibited β-arrestin recruitment in CCR5 and suppressed the inflammatory reaction [131]. Galectin-3 inhibitors can also suppress inflammatory macrophage recruitment by blocking chemokine receptor CCR2/5 and alleviating the subsequent fibrosis [132].




4.10. Pan-Caspase Inhibitor


Pan-caspase is a vital protease that regulates apoptosis, and is also involved in inflammatory reactions. Barreyro et al. found that a pan-caspase inhibitor, called emricasan (IDN-6556), can inhibit hepatocyte apoptosis in a NASH mouse model, thus reducing liver fibrosis and liver injury [133]. Shiffman et al. reported that a homocysteine protease inhibitor could suppress hepatocyte apoptosis in NAFLD patients [134]. Bral et al. found that pan-caspase inhibitors have inhibitory effects on hepatocyte apoptosis by reperfusion after hepatic ischemia in mice [135].




4.11. Galectin-3 Inhibitor


Galectin-3 is a unique chimeric β-galactoside binding protein of the galectin family, which is involved in fibrosis development in NASH patients [136]. In galectin-3 deficient mice with a high-fat diet, it was found that liver steatosis, liver injury, and liver fibrosis were significantly improved compared to wild-type mice [137]. GR-MD-02, a galectin-3 inhibitor, is one of the few drugs developed from the laboratory to clinical trials. GR-MD-02 has been shown to alleviate liver fibrosis associated with persistent liver injuries in the treatment of NASH patients with advanced fibrosis and is expected to be used as an anti-fibrosis drug to treat NAFLD [138,139].
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Table 1. Mechanisms and primary outcomes of potential drugs for treating NAFLD.
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	Drug
	Mechanism
	Therapeutic Benefits
	Side Effects
	Clinical No.
	Ref.





	Metformin
	Activating AMPK and inhibiting ACC
	Inhibiting adipogenesis and improving IR
	Appetite suppression
	NCT00736385
	[140]



	Liraglutide
	Activating GLP-1
	Improving insulin sensitivity and metabolic disorders
	Appetite suppression
	NCT01237119
	[141]



	Statins
	Inhibiting HMG-CoA
	Reducing plasma total cholesterol and low density lipoprotein
	Raised aminotransferases
	NCT03434613
	[142]



	GS-0976
	Inhibiting ACC
	Reducing triglyceride accumulation in hepatocytes
	Nausea and vomiting
	NCT03987074
	[143]



	MGL-3196
	Activating THR-β
	Improving lipid metabolism and steatosis
	Transient diarrhea
	NCT04197479
	[144]



	Vitamin E
	Inhibiting ROS
	Reducing oxidative stress and inflammation
	
	
	



	Obeticholic acid
	Activating FXR
	Improving lipid metabolism
	Pruritus
	NCT01265498
	[145]



	Cilofexor
	Activating FXR
	Improving inflammation and fibrosis
	Pruritus
	NCT02654002
	[146]



	Tropifexor
	Activating FXR
	Improving adipogenesis, inflammation, and fibrosis
	Pruritus and cholestatic disorders
	NCT03681457
	[147]



	Elafibranor
	Activating PPARα/δ
	Improving inflammation and fibrosis
	Pruritus
	NCT01694849
	[148]



	Lanifibranor
	Activating PPARα/δ/γ
	Improving NASH and liver fibrosis
	peripheral edema
	NCT03459079
	[149]



	NGM282
	Activating FGF19
	Reducing liver fat, liver injury, and inflammation
	Nausea and abdominal pain
	NCT02443116
	[150]



	BMS-986036
	Activating FGF21
	Improving insulin sensitivity, liver fat content, and adiponectin content
	Immunogenicity
	NCT03486899
	[151]



	Cenicriviroc
	Inhibiting CCR2/CCR5
	Improving inflammation and fibrosis
	Headache
	NCT02330549
	[152]



	IDN-6556
	Inhibiting pan-caspase
	Improving apoptosis, inflammation, and fibrosis
	
	NCT02077374
	[153]



	GR-MD-02
	Inhibiting galectin-3
	Improving fibrosis
	
	NCT02077374
	[154]



	Empagliflozin
	Inhibiting SGLT-2
	Reducing ALT and liver fat
	Acute kidney injury
	
	[155]



	Canagliflozin
	Inhibiting SGLT-2
	Improving AST, FIB-4 index
	Acute renal failure
	
	[156]



	Rosiglitazone
	Activating PPAR-γ
	Improving steatosis and transaminase levels
	Heart failure and peripheral edema
	
	[157]



	Pioglitazone
	Activating PPAR-γ
	Improving steatosis, inflammation, and liver histology
	Hypoglycemia and lower limb edema
	NCT00063622
	[158]



	Semaglutide
	Activating GLP-1
	Reducing body weight and liver enzymes
	Nausea and diarrhea
	NCT02453711
	[159]



	Pentoxifylline
	Inhibiting TNF-a
	Improving liver enzymes and insulin resistance
	Nausea and vomiting
	
	



	JKB-121
	Activating TLR-4
	Reducing liver fat content
	Mild drug-related adverse events
	NCT02442687
	[160]



	Emricasan
	Inhibiting caspase
	Improving fibrosis
	Chest pain and headache
	NCT02686762
	[134]



	Selonsertib
	Inhibiting ASK-1
	Improving fibrosis and reduction in hepatic decompensation,

hepatocellular carcinoma
	Mild drug-related adverse events
	NCT03053063
	[161]



	Atorvastatin
	Inhibiting HMG-CoA
	Reducing steatosis and improving liver density
	Autoimmune hepatitis
	
	[162]



	Ezetimibe
	Decreasing intestinal cholesterol absorption
	Improving aminotransferases and hepatocyte ballooning
	New-onset diabetes and increased HbA1c levels
	
	[163]



	GS-9674
	Activating FXR
	Reducing hepatic fat and improving liver biochemistry
	
	NCT02854605
	[164]



	Aramchol
	Inhibiting SCD-1
	Reducing liver fat,

Ballooning, and AST
	
	NCT04104321
	[165]



	Losartan
	Activating TGF-β
	Improving serum

aminotransferases and

histologic outcomes
	Angioedema
	
	[166]



	Telmisartan
	Inhibiting CCR2 and CCR5
	Reducing serum ALT levels and improving insulin sensitivity steatosis
	Angioedema
	NCT01088295
	[167,168]



	VK-2809
	Activating thyroid receptor β
	Reducing fat in liver
	
	
	[144]



	Simtuzumab
	Monoclonal antibody of LOXL2
	Improving liver cirrhosis
	
	NCT01672866
	[152]










5. Discussion


There are currently no FDA approved medications for the treatment of NAFLD/NASH. Current management for NAFLD includes diet and lifestyle modifications for achieving weight loss, management of underlying metabolic risk factors, and pharmacological strategies, where there is evidence of NASH or of advanced fibrosis [169]. However, it is difficult to achieve long-term compliance to dietary restriction, unless cardiovascular comorbidities are present. Several medications, such as pioglitazone, obeticholic acid, and vitamin E, remain the strategy for disease management in patients with NAFLD [170]. However, it is only effective in part of the patients, suggesting that additional treatments are still urgently needed, and that subgroups may be present in NAFLD, responding differently to various treatment strategies.



Thus, a combination of medications was required for addressing different aspects of particular NAFLD phenotype. In this paper, the latest upcoming pharmacological targets for this disease were reviewed, highlighting in detail the most novel treatment strategies, as well as currently marketed drugs. Meanwhile, the progress on the pathogenesis of NAFLD was well described, such as gut–liver axis, which may lead to many novel therapies targeting gut dysbiosis in the future.




6. Conclusions


Recently, significant progress has been made in understanding the pathogenesis of NAFLD and the subsequent development of drugs against the disease [171]. NAFLD may be caused by genetic susceptibility, diet, intestinal microbes, and other factors. It begins with excessive fat production in the liver that results in the accumulation of a large amount of fat, leading to liver cell degeneration, inflammation, and a fibrotic process involving interactions among many proteins [172]. Several drugs have been shown to alleviate NAFLD by acting on these proteins. Some drugs target various aspects of NAFLD, such as lipogenesis and steatosis. Therefore, additional in-depth studies are needed to develop comprehensive and effective drugs, which can comprehensively prevent lipotoxicity, steatosis, oxidative stress, inflammation, and hepatocyte apoptosis.
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Figure 1. Schematic presentation of NAFLD progression. 
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Figure 2. Basic pathological changes in an NAFLD model. 
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Figure 3. The pathogenesis and key therapeutic targets for NAFLD. 
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