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Abstract
Nutrient metabolism is regulated by several factors. Social determinants of health with or without genetics are the primary regulator of metabolism, and an unhealthy lifestyle affects all modulators and mediators, leading to the adaptation and finally to the exhaustion of cellular functions. Hepatic steatosis is defined by presence of fat in more than 5% of hepatocytes. In hepatocytes, fat is stored as triglycerides in lipid droplet. Hepatic steatosis results from a combination of multiple intracellular processes. In a healthy individual nutrient metabolism is regulated at several steps. It ranges from the selection of nutrients in a grocery store to the last step of consumption of ATP as an energy or as a building block of a cell as structural component. Several hormones, peptides, and genes have been described that participate in nutrient metabolism. Several enzymes participate in each nutrient metabolism as described above from ingestion to generation of ATP. As of now several publications have revealed very intricate regulation of nutrient metabolism, where most of the regulatory factors are tied to each other bidirectionally, making it difficult to comprehend chronological sequence of events. Insulin hormone is the primary regulator of all nutrients’ metabolism both in prandial and fasting states. Insulin exerts its effects directly and indirectly on enzymes involved in the three main cellular function processes; metabolic, inflammation and repair, and cell growth and regeneration. Final regulators that control the enzymatic functions through stimulation or suppression of a cell are nuclear receptors in especially farnesoid X receptor and peroxisome proliferator-activated receptor/RXR ligands, adiponectin, leptin, and adiponutrin. Insulin hormone has direct effect on these final modulators. Whereas blood glucose level, serum lipids, incretin hormones, bile acids in conjunction with microbiota are intermediary modulators which are controlled by lifestyle. The purpose of this review is to overview the key players in the pathogenesis of metabolic dysfunction-associated steatotic liver disease (MASLD) that help us understand the disease natural course, risk stratification, role of lifestyle and pharmacotherapy in each individual patient with MASLD to achieve personalized care and target the practice of precision medicine. PubMed and Google Scholar databases were used to identify publication related to metabolism of carbohydrate and fat in states of health and disease states; MASLD, cardiovascular disease and cancer. More than 1000 publications including original research and review papers were reviewed.
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Core Tip: The pathogenesis of metabolic dysfunctions associated steatotic liver disease (MASLD) is complex and a thorough analysis of the contributing factors to disease progression is pivotal to individualized patient care. Understanding and identifying the key pathogenic processes responsible for MASLD in each patient allows for the utilization of appropriate and effective pharmacotherapy. This review details the various key players in MASLD pathogenesis, through the lens of carbohydrate and fat metabolism, to divulge new areas of focus that could strengthen the capability of precision medicine for this population of patients.

INTRODUCTION
Hepatic steatosis is defined by presence of fat in more than 5% of hepatocytes. Within hepatocytes, fat is stored in lipid droplets in the form of triglycerides. Hepatic steatosis results from a combination of multiple intracellular processes. These include increased fatty acid uptake, de novo lipogenesis (DNL), decreased excretion of very low-density lipoprotein (VLDL) and decreased beta oxidation of fatty acids. The source composition of fat in lipid droplet is albumin bound free fatty acid (FFA) derived from adipocyte lipolysis (59%), DNL (26%) and diet (15%). This composition may vary based upon pathogenesis of underlying key metabolic dysfunction. The triglycerides in lipid droplet are converted into VLDL by combining with Apo B100 and other lipoproteins. Subsequently, VLDL is secreted into systemic circulation. The type of fat depends upon eating habits and other factors[1]. The fatty acid composition of triglycerides in subjects with and without metabolic dysfunctions associated steatotic liver disease (MASLD), showing increased levels of saturated fatty acids in subjects with MASLD pointing toward DNL as the source, as saturated fatty acids are the major product of DNL[2,3]. This is consistent with the increased inclusion of DNL-derived triglycerides in VLDLs produced in MASLD, with roughly 15% of produced triglycerides derived from DNL compared to 2%–5% in normal subjects consuming a typical Western diet[4,5]. This is also true in carbohydrate overfeeding in healthy subjects, where DNL-derived triglycerides made up approximately 20% of secreted VLDL triglyceride content[6]. Thus, in both diseased and healthy states, the contribution of DNL-derived triglyceride is still the minority of total triglyceride content but correlates with the overall secretion of VLDL and may be a marker or regulator of relative fatty acid esterification vs oxidation, an important consideration in MASLD which is based on an imbalance of fatty acid oxidation and accumulation[7-9].
It is important to note that hepatic cellular metabolic dysfunction may arise as a consequence of one of the three or any combination of the three different metabolic derangements; carbohydrate metabolic dysfunctions resulting into hyperglycemia [diabetes mellitus (DM)], fat metabolic (adipose tissue) dysfunction resulting into excessive turnover of fatty acids between hepatocytes and adipose tissue or hepatocytes metabolic dysfunction of lipoprotein (VLDL) synthesis and secretion (Figure 1). Even though the end of the metabolic derangements is the same as hepatic steatosis but the natural course and consequences such as risk of steatohepatitis, hepatic fibrosis, cirrhosis, decompensation, carcinogenesis, and cardiovascular disease (CVD) is probably different in each pathogenic process. As of now we have very limited data on natural course of hepatic steatosis arising from each pathogenic process. Prospective longitudinal studies are needed to explore the impact of differential contribution of pathogenic processes in the natural history of hepatic steatosis.
Steatohepatitis and hepatic fibrosis are two independent processes that result from failure of hepatic adaptation to store excess fat. Hepatic steatosis is a benign process. Cardiometabolic risk is associated with onset of steatohepatitis defined by presence of any degree of inflammation or hepatic fibrosis. Severity and extent of inflammation does affect the subsequent course of progression. Hepatic fibrosis may start as a sequalae of steatohepatitis or independent of steatohepatitis as a result of insulin resistance. Significant variation in the natural course of hepatic fibrosis has been reported.
The aim of this review is to comprehensively review the literature to understand the pathophysiology of MASLD and the factors involved in the pathogenesis of MASLD in order to help create a strategy for evaluation of a patient presenting with fatty liver. Moreover, it would help identify the therapeutic potentials. 
Although this is not a formal systematic review with a prespecified question, however, a thorough literature review related to pathogenesis of MASLD was performed. PubMed and Google scholar are the main data bases that were used to identify all relevant English abstracts. Key search terms, used individually and in different combinations, included but not limited to “nonalcoholic fatty liver disease”, “non-alcoholic fatty liver disease”, “MASLD”, “pathogenesis”, “insulin resistance”, “diabetes mellitus” “obesity”, “visceral adipose tissue”, “glucagon”, “peroxisome proliferator-activated receptor”, “farnesoid X receptor”, “nuclear receptors”, “glucagon-like peptide-1”, “Glucose-dependent insulinotropic polypeptide (gastric inhibitory polypeptide-1) ”, “lipoproteins”, “fatty acid receptors”, “glucose and fructose receptors, ”, “signaling pathways”, β-oxidation”, “de novo lipogenesis”, “VLDL synthesis and secretion”, “adipokines”, “adult growth hormone deficiency”, “hypothyroidism” “insulin-like growth factor-1”, “management”, “replacement therapy”, “PNPLA3”, “genes”, and “medications”. Wherever possible question-based searches in Google were also performed. Moreover, databases were also searched by the name of key researchers in the field. A total of more than 1500 abstracts were identified, and key articles deemed to be relevant were reviewed in full. This review focuses on all original articles published until Jan 2024. 

MALFUNCTIONS OF REGULATORS AND MEDIATORS 
Nutrient metabolism processes that are regulated by the liver include: The production of lipoproteins, the secretion of triglycerides as VLDL, the conversion of excess glucose and other monosaccharides into triglycerides, glycogenosis, glycogenolysis, gluconeogenesis, cholesterol synthesis and the excretion of cholesterol through bile acids. 564 hepatocyte-secreted proteins, in humans, have been identified using mass spectroscopy. Fat accumulation and liver damage have been attributed to affecting the function of such proteins. Moreover, nutrient metabolism in the liver and other peripheral tissues is negatively impacted by the dysregulation of hepatokines[10-14]. 
Nutrient metabolism is regulated by several factors. Social determinants of health are the primary regulator of metabolism, and an unhealthy lifestyle affects all modulators, leading to the adaptation and finally to the exhaustion of cellular functions. The primary dysfunctions of individual modulators such as insulin, adipokines, incretins, nuclear receptors and other hormones involved are less common. The dysfunctions of enzymes and proteins involved in the final cellular processes of hepatic nutrient’s metabolic functions as described above are secondary to cellular stress. Though primary malfunctions of these proteins and enzymes have been described and linked to MASLD. 
The clinical spectrum of MASLD ranges from mild simple hepatic steatosis to advanced fibrosis and hepatic malignancy. The presence of simple hepatic steatosis is a risk factor for progression to steatohepatitis in 20% of MASLD patients. Transitioning of hepatic steatosis into steatohepatitis sets the stage for progressive liver disease and creates a higher risk of CVD. Simple intracellular hepatic fat deposition is an adaptation phenomenon to maintain blood glucose and triglycerides homeostasis. Hepatic nuclear receptors play a fundamental role in maintaining cellular homeostasis while maintaining crosstalk with adipose tissue and pancreatic islet β cells. The transition of hepatic steatosis into steatohepatitis can be induced by several factors that affect these modulators. Insulin resistance acts as a cause and effect of cellular glucolipotoxicity. Here we discuss the role of nutrients, visceral adiposity, insulin resistance, DM, peroxisome proliferator-activated receptor (PPAR), farnesoid X receptor (FXR), bile acids, adiponectin, dysbiosis and genetics in the pathogenesis of MASLD and metabolic dysfunction-associated steatohepatitis (MASH) (Figure 2). 

Nutrients
Nutrient’s quantity, quality, number of meals, the timing of food intake and duration of fasting in 24-hours period play significant role in nutrients’ metabolism and health of an individual. Fructose and saturated fat consumption have been associated with MASLD. The type of ingested and stored fat (saturated as opposed to polyunsaturated) influences cellular regulatory mechanisms. Dietary nutrients directly modulate the secretion of Insulin, glucagonlike peptide-1 glucagon-like peptide-1 (GLP1), gastric inhibitory peptide-1 gastric inhibitory polypeptide-1 (GIP1), PPAR, FXR and bile acids. Moreover, composition of diet and eating habits has an impact on the composition of microbiota in any given individual (discussed below). The harmful effects of a high saturated fatty acid diet on the liver, as opposed to a high unsaturated fatty acid diet, is due to the enhanced activity of SIRT3 in hepatocytes. SIRT3 is a manganese superoxide dismutase mainly localized in the mitochondria. The activation of deacetylation-induced manganese superoxide dismutase, inhibition of adenosine monophosphate-activated protein kinase (AMPK), and mammalian target of rapamycin C1–related autophagy inhibition are all processes that are induced by the enhanced activity of SIRT3[15,16]. 
The rate of carbohydrate absorption after a meal, as quantified by glycemic index, has significant effects on postprandial hormonal and metabolic responses. Though its contribution in the pathogenesis of glucotoxicity and cardiometabolic risk remains controversial[17-19]. High fructose consumption is source for DNL as it escapes rate limiting step. Moreover, it affect other mediators such as PPAR. 

Visceral adiposity
Depending upon location of fat in the body, white adipose tissue (WAT), can be further subcategorized into subcutaneous, visceral, and ectopic adipose tissue. Ectopic adipose tissue is located within the internal organs and found in lower amounts than the other two types of adipose tissue. Different types of ectopic fat include intrahepatocellular fat, intrapancreatic fat, intramyocellular fat, and intra cardio-myocellular fat. Visceral adipose tissue (VAT) is fat that surrounds the internal organs. Two types of VAT are epicardial fat and the abdominal visceral fat which surround the myocardia and gastrointestinal organs, respectively[20-22]. There are four types of intra-abdominal adipose depot: Subcutaneous, pre-peritoneal, peritoneal/mesenteric, and retroperitoneal. As the total body fat stores increase, regional fat depot increases accordingly. It is the mesenteric adipose tissue (MAT) only that significantly correlates with cardiometabolic health risk[20]. 
The key functions of all adipose depot include fat storage and secretion of adipokines. However, significant variability in these functions have been reported among fat depot based upon their regional location. MAT also plays a role in the intestinal physiological functions. In addition to holding intestine in its place, mesenteric fat acts as a physical barrier to inflammation and engages in controlling host immune response to translocation of gut bacteria. There are significant differences in cell morphology, gene expression profiles, cell components, biological characteristics, and immune and microbiota regulation roles between regional MAT, small bowel, and large bowel MAT. Several factors have been implicated that affect the fat deposition in MAT. Among them are eating habits, inactivity, male gender, and aging. In men, it has been estimated that about 21% of the ingested fat is stored in the intraperitoneal adipose depot and about 6% of it is stored in the retroperitoneal adipose depot[23]. In contrast, women only have about 5% of the ingested fat stored in the intraperitoneal adipose depot[24]. These gender differences in visceral adiposity may explain the gender differences in MASLD. These studies further support the notion that regional body fat distribution is predominantly determined by fat uptake and not lipolysis when considering gender. Leaky lymphatics are responsible for the VAT accumulation. Unhealthy lifestyle is the principal factor among all the factors that influence the accumulation of abdominal VAT. 
Hyperplasia and inflammatory infiltrate of adipose tissue correlate with MASLD. It is the MAT that is most strongly associated with metabolic disease and adverse outcomes[25,26]. Higher levels of FFA are noted in portal blood in patients with MASLD associated with MAT deposition. Indirect evidence of the inflammatory output of VAT has been highlighted by the demonstration of increased levels of circulating cytokines and acute phase reactants in patients with visceral adiposity[27,28]. Thus far, published data indicate that B lymphocytes infiltrate early in the MAT during the development of MASLD, which may not only promote MAT inflammation by regulating macrophages but also migrate to the liver and induce hepatocytes inflammation. MAT thickness is a risk factor of MASLD, regardless of body mass index (BMI), age, gender, insulin resistance, fasting blood glucose, lipid, and blood pressure. The risk of MASLD increases with every 1mm increase in the MAT thickness. MAT directly affects hepatic inflammation and fibrosis with or without the presence of insulin resistance and hepatic steatosis. The severity of hepatic inflammation and fibrosis increases incrementally with increases in VAT. For each 1% increase in VAT, the risk of hepatic inflammation and fibrosis rises by 2.4-fold. and 3.5-fold, respectively. VAT is an independent predictor of advanced steatohepatitis even when adjusted for insulin resistance and hepatic steatosis. Enhanced secretion of interleukin-6 (IL-6), by VAT, is most likely a mechanism that leads to an increase in hepatic inflammation and fibrosis. VAT has been associated with all components of metabolic syndrome and higher serum IL-6 levels[29].

Dysbiosis
Gut microbiota consists of bacteria, viruses, fungi, and archaea. In humans, four main phyla of bacteria (Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria) represent more than 95% of the total microbiota. The gut microbiotais enriched with several genes important for biosynthesis of vitamins, xenobiotic metabolism, glycan and amino acid metabolism, and methanogenesis. The metabolic role of gut microbiota explains it's contribution to host nutrition, bone health, xenobiotic metabolism, integrity of the immune system, intestinal epithelial health, and protection against pathogens. Several factors play a role in the causation of dysbiosis. Among them, dietary factors are key players. These include excessive consumption of sugar, consumption of saturated fat, calorie-dense foods, and alcohol consumption. Gastric acid suppression by proton pump inhibitors, or due to atrophic gastritis, has been implicated in the pathogenesis of dysbiosis. Environmental factors contribute to the healthiness of microbiota, and these factors include geography, climate, the pattern of antibiotic usage in the region, sanitary conditions, and personal hygiene. A decrease of total bile acids inflow from the liver to the gut in the setting of advanced liver disease and cirrhosis may cause outgrowth of Firmicutes, particularly Clostridium, with concurrent decline in beneficial Firmicutes taxa (i.e., Lachnospiraceae, Roseburia, Rumminococcaceae and Blautia)[30-32]. 
The effects of dysbiosis are impaired production of the short-chain fatty acids butyrate, propionate, and acetate, which normally serve as sources of energy for colon mucosa. Butyrate, mainly produced by Firmicutes, is protective and enhances the secretion of leptin. On the other hand, acetate is produced by Bacteroides and is obesogenic. Other effects of dysbiosis include modulation of bile acids. Dysbiosis, in particular outgrowth of clostridium increases the ratio of conjugated to unconjugated bile acids. Dysbiosis affects bile acid detergent and signaling properties through the enzyme bile salt hydrolase of Lactobacillus and Bifidobacteria species, and through bile acid inducible operon. As a result of dysbiosis, microbiota produces ethanol from undigested sugars, and this ethanol production has been associated with damage to the intestinal epithelium. The bacteria/endotoxins termed as pathogen-associated molecular patterns (PAMPs) include microbial components, lipopolysaccharide (an endotoxin), flagellin, Lipoteichoic acid and peptidoglycan. These are translocated into portal circulation and bring about liver damage via toll-like receptor signaling. PAMPs induce damage-associated molecular patterns (DAMPs), also known as alarmins, are released by necrotic cells. DAMPs function as endogenous danger signals to promote and exacerbate the inflammatory response (Figure 3). Consequentially decline of VLDL liver export will result in hepatic steatosis as a result of reduction of choline metabolism. Finally, dysbiosis interferes with the intestinal adaptive immune system, enhancing the growth of abnormal and pathogenic bacteria and viruses[30].

Insulin, insulin resistance, and hyperglycemia (DM) 
The hormone insulin plays a leading role in glucose and lipid metabolism. In the liver, it mediates its effect through liver specific insulin receptor (tyrosine kinase superfamily) and activation of downstream signal transduction. The receptor activates a complex intracellular signaling network through insulin receptor substrate (IRS) proteins that regulate two key functions: Metabolism and cell growth. The magnitude of intracellular signaling network induction required to perform metabolic function is different compared to the cell growth and depends upon insulin concentrations. While induction of the metabolic response requires lower insulin amounts, the mitogenic response requires higher concentrations[33]. The regulation of glucose homeostasis involves hepatic IRS1 and IRS2. The phosphoinositide 3-kinases (PI3K) activity associated with IRS2 increases during fasting, reaches its peak immediately after refeeding, and decreases rapidly thereafter. By contrast, the PI3K activity associated with IRS1 increases a few hour safter refeeding and reaches its peak thereafter. The key function of insulin is to transport glucose into the cell through glucose transporters (GLUT) and mediate intracellular metabolic and mitogenic functions. Among the 14 different types of glucose transporters, GLUT-4 is insulin sensitive. Insulin mediates glucose transport into adipocytes and myocytes via GLUT-4. Whereas glucose is also transported through GLUT-2 in hepatocytes, pancreatic β-cell, and other tissues independent of insulin. The critical pathway linking insulin receptors proteins to the metabolic actions of insulin is the PI3-kinase (PI3K) and protein-kinase B (Akt) pathway. Insulin also mediates its effect via other intracellular signaling pathways to control cellular homeostasis and cell cycle (Supplementary Figure 1). Insulin signaling is tightly controlled as uncontrolled activity of the downstream pathways could lead to severe perturbations in metabolism and tumorigenesis. Both intensity and duration of the signal play a significant role. Therefore, the ability to turn off the insulin signal in a rapid manner at various levels is critical. Nevertheless, impairment of either liver-specific insulin receptors or impairment of the PI3K/Akt or other intracellular signaling pathway leads to severe glucose intolerance and impaired lipid metabolism[34,35]. Also, some of the inhibitory mechanisms can be altered in pathophysiological conditions and participate in the development of insulin resistance[34].
Insulin sensitivity is defined as the rate at which the insulin hormone disposes blood glucose into muscle and fat tissue. Insulin resistance is a condition in which cells cannot respond adequately and efficiently to insulin. This occurs primarily at the level of so-called insulin-sensitive tissues, such as liver, muscle, and fat tissue, and can be caused by multiple mechanisms (Figure 4). Insulin resistance is the major pathogenic mechanism leading to DM type II. In addition to metabolic stress caused by hepatic steatosis and other conditions such as hepatitis C infection, genetic modifiers also contribute to the pathogenesis of hepatic insulin resistance. Several genetic mutations have been described affecting insulin receptors and insulin signaling molecules. Thus, the onset of insulin resistance is a multifactorial process, and this explains its’ heterogeneity among patients with MASLD[34-37]. Under the schema of selective insulin resistance, insulin receptor signaling via insulin receptor substrate (IRS)/PI3K/PKB/Foxo to suppress gluconeogenesis is dysfunctional but signaling via sterol regulatory element binding proteins (SREBP1c) is maintained, which is the key mechanism DNL[37-39]. In summary, MASLD-related insulin resistance is a steppingstone in the path toward DM type II in the subset of patients with diabetes (hepatogenous diabetes), which perpetuates with advancing fibrosis. Improvement in MASLD reduces the risk of DM type II[40-44].
Unger et al[43] defines DM as a bi-hormonal disease where insulin to glucagon ratio is critical in onset of diabetes[42-44]. Inadequate compensatory secretion of insulin in the setting of insulin resistance, pancreatic β-cell dysfunction or β-cell failure is the fundamental abnormality in the pathogenesis of diabetes[45-47]. However, in DM type II, β-cell loss is accompanied by increase in α-cell activity thereby increase in glucagon level. Low insulin to glucagon ratio has also been reported in DM type I, as glucagon secretion in response to meal remains unaffected[45]. Insulin to glucagon ratio plays significant role in DM related complications. In DM related MASLD, both increased uptake of fatty acids derived from adipose tissue lipolysis and DNL play role in causation of hepatic steatosis. Decreased insulin to glucagon ratio enhances lipolysis of adipose triglycerides by increased hormone sensitive lipase (HSL) activity. Whereas hepatic DNL is the product of increased gluconeogenesis and glycogenolysis along with increased lipogenesis from pyruvic acid, the product of fructolysis/glycolysis (Supplementary Figure 2). Hormone signaling and transcription factors, such as SREBP1c and carbohydrate response element binding protein (ChREBP) tightly regulate DNL. They regulate the expression of the key lipogenic genes acetyl CoA carboxylase; fatty acid synthase and ATP-citrate lyase. Moreover, insulin contributes to lipogenesis and adiposity. Both gluconeogenesis and glycogenolysis are affected by low insulin to glucagon ratio, whereas insulin signaling (PI3K/AKt/mTOR/SREBP) mediated lipogenesis from pyruvate remains unaffected by glucagon, thereby creating a state of selective intra-hepatic insulin resistance[37]. Treatment of DM type II with GLP1 agonist improves insulin to glucagon ratio by enhancing insulin and decreasing glucagon secretion. The rapid increase in trioses in the setting of high fructose consumption is among other mechanisms that contribute to DNL. Bypass of the rate-limiting step of glycolysis catalyzed by phosphofructokinase 1 allows for unrestricted hepatic fructolysis. Hence, fructose metabolism occurs at a significantly faster rate than glucose metabolism[48]. Pyruvic acid is the product of fructolysis/glycolysis, which enters into Kreb citric acid cycle and generates acetyl-CoA, which is a substrate for lipogenesis. Furthermore, fructose has been suggested to activate PPARγ coactivator-1β which acts as a co-activator of SREBP1c. This leads to increased expression of enzymes crucial to DNL[49,50]. Additionally, fructose has been suggested to inhibit the transcriptional activities of PPARα, thus reducing the levels of mitochondrial fatty acid oxidative enzymes regulated by PPARα[51,52]. This shift toward lipogenesis over fatty acid oxidation may contribute to hepatic steatosis and hence insulin resistance[53]. Fructose is also considered an activator of mitogen-activated protein kinase kinase-7 in rat primary hepatocytes, an upstream activator of c‐Jun N‐terminal kinase, which is considered also to inhibit insulin signaling[54,55].
Nevertheless, the pathogenesis of MASLD in the setting of obesity, DM and insulin resistance is not straightforward. Significant degree of heterogeneity exists among each of above-mentioned risk factors[56]. Despite presence of one or more of the above-mentioned risks factors, a proportion of patients do not develop MASLD. Genetic dysfunctions at multiple levels in metabolism of lipids and carbohydrates probably play a role[56,57]. Moreover, an intricate relationship has been reported among above-mentioned risk factors and hepatic steatosis (Supplementary Figure 3). There is a bidirectional relationship between DM type II and hepatic steatosis. Also, there is a bidirectional relationship between beta cell failure and IR. Moreover, a bidirectional relationship has been reported between IR and hepatic steatosis. In nutshell all of them are intertwined very closely and set into a vicious cycle. 

GLP1/GIP1
The incretin hormones GLP-1 and glucose-dependent insulinotropic polypeptide 1 play a role in both glucose and fat metabolism. Their secretion from intestinal cells is directly mediated by food intake. 
The primary stimuli for the secretion of GLP-1 are glucose, other sugars, sweeteners, fatty acids, amino acids, and dietary fiber[58]. GLP 1 is produced in intestinal L cells to the most part in response to stimuli described as above. After synthesis, it is stored in granules within L cells and subsequently released after ingestion of food. Although small fraction of functional GLP-1has been found in tastebuds and the brain. Intestinal GLP 1 account for the most peripherally measured GLP 1 in the blood. 
Additionally, non-nutrient factors, such as insulin and leptin, have also been linked as stimulators of GLP-1 secretion. On the contrary, intestinal and pancreatic somatostatin, whose secretion is increased by GLP-1, is the inhibitor of GLP-1 secretion, which serves as a negative local feedback loop in the gut[59-64]. 
Besides their role in glucose homoeostasis, the incretin hormones GIP and GLP-1 have additional biological functions: GLP-1 at pharmacological concentrations reduces appetite, food intake, and eventually, body weight, and a similar role is evolving for GIP.GIP stimulates insulin secretion and interacts with GIP receptors and regional blood vessels. Both events are responsible for increasing triglyceride storage in WAT and GLP-1 is not implicated in this mechanism. GIP and GLP-1, to a lesser extent, are involved in the bone remodeling process. Post-meal glycemic incretin secretion is reduced by GLP-1, but not GIP, due to its ability to slow gastric emptying. It has been shown that both GIP and GLP-1 have beneficial effects on cardiovascular and neurodegenerative central nervous system disorders (Figure 5). Moreover, it was found that co-agonists of GIP/GLP-1receptors have better efficacy compared to selective GLP-1 receptor agonists alone regarding glycemic control as well as body weight. Previously it was thought that GIP was without any therapeutic potential[65]. 

OTHER HORMONES
It has been long known that besides insulin and glucagon, other hormones also modulate macronutrient and energy metabolism. In fact, based upon their role they have been classified as anabolic and catabolic. Anabolic hormones include insulin, growth hormone, insulin-like growth factor and androgen and catabolic hormones are glucagon, cortisol, and catecholamines. It is the balance between anabolic and catabolic hormones functions, which is required to maintain homoeostasis. The imbalance by either decrease in the anabolic functions or increase in catabolic functions will result in impaired homeostasis and hepatic steatosis. Thyroid hormone has a unique role in energy metabolism and modulates basal energy expenditure and metabolic rate. Itis beyond the scope of this review to discuss each of these hormones. However, few helpful review articles are cited here[66-69]. 
MASLD has been studied in different endocrinopathies. Both clinical and experimental studies have suggested a strong correlation that hypothyroidism, hypopituitarism, and growth hormone deficiency can cause MASLD by affecting hepatic fatty acids uptake, DNL, β-oxidation, VLDL synthesis and VLDL secretion. Whereas the cause-and-effect relationship remains debatable between MASLD and polycystic ovarian syndrome, and hypogonadism in particular testosterone deficiency. Such an involvement of other hormones has been evaluated as a therapeutic potential for treatment of MASLD. There is some data on utility of growth hormone and testosterone replacement therapy for the treatment of MASLD. Nonetheless, the benefit of such hormone replacement in the setting of hormone deficiency for the treatment of MASLD remains questionable and therefore it is not recommended[66-85].
The concept of enhancing basal energy metabolism by thyroid hormone for MASLD and weight loss in euthyroid patient is very interesting and has been explored extensively (Supplementary Figure 4). Both T3 and T4 affect hepatic lipases and decreased activity in hypothyroidism leads to decreased clearance of VLDL. Both T3 and T4 regulate the synthesis of Apo B to promote VLDL) secretion[86]. More importantly, T3 regulates hepatic mitochondrial β-oxidation, which is impaired in MASLD and DM independent of thyroid status. T3 regulates the expression of both nuclear and mitochondrial genes involved in β-oxidation[87]. T3 exerts it is effect through by activating PPARγ and liver X receptor (LXR), which involves PPARγ coactivator 1-alpha (PGC-1α), acyl-CoA oxidase and fibroblast growth factor 21 (FGF 21)[88-90]. Also, T3 regulates mitochondrial biogenesis by modulating the rate limiting enzyme of fatty acid oxidation, carnitine O-palmitoyl transferase 1, PGC-1α-nuclear respiratory factor 1-transcription factor A, and phosphatase and tens in-induced kinase 1[91-94]. Moreover, T3 is also involved in regulation of mitochondrial turnover by selective degradation of mitochondria (mitophagy) via estrogen-related receptor α[42] as well as via induction of DAPK2 (death-associated protein kinase 2; a serine/threonine protein kinase)-SQSTM1/p62 (sequestosome 1)[43]. T3 can also activate mediator complex subunit 1-mediated autophagy and lipophagy in hepatocytes[44.].In conclusion, such a selective role of T3 in mitochondrial functions makes it a potential therapeutic target for treatment of MASLD[95,96].

PPAR
PPARs α, β/δ, and γ all modulate lipid homeostasis. PPAR-α regulates lipid metabolism in the liver. PPAR-β/δ promotes fatty acid β-oxidation largely in extrahepatic organs, and PPAR-γ stores triacylglycerol in adipocytes (Figure 6)[97]. 

PPAR-α
PPAR-α functions as a lipid sensor in the liver[98]. It recognizes and responds to the influx of fatty acids by stimulating the transcription of specific genes. PPAR-α gene regulates transcription proteins, which perform triglycerides uptake, de novo lipogenesis and beta oxidation (Table1)[99]. In addition, PPAR-α exerts anti-inflammatory activities (Table1)[100]. Lipid metabolism is controlled by many steps including transport, binding, uptake, synthesis, mitochondrial and peroxisomal degradation, storage, lipoprotein metabolism and ketogenesis in fasting. PPAR-α activation induces the expression of a wide range of genes that are involved in the execution of the aforementioned processes[101]. PPAR-α expression is increased by polyunsaturated fat and decreased by saturated fat in hepatocytes. PPAR-α activation enhances hepatic fatty acid uptake and conversion into acyl-CoA derivatives. It enhances combustion of fatty acids via the β-oxidation pathways in mitochondria and peroxisomes and it also enhances microsomal omega-oxidation. PPAR-α increases hepatic fatty acid uptake by lipolysis via induction of the lipoprotein lipase, which hydrolyzes lipoprotein triglycerides into FFA and monoacylglycerol. PPAR-α controls lipoprotein lipase mRNA by binding to a domain PPAR response element. PPAR-α increases plasma high-density lipoproteins (HDL)-C by stimulating the synthesis of its major apolipoproteins: Apolipoprotein-AI and apolipoprotein-AII. 
Ineffective PPAR-α sensing can lead to reduced energy burning, resulting in hepatic steatosis and steatohepatitis. Down regulation of PPAR-α is seen in the setting of saturated fat accumulation in hepatocytes and due to genetic abnormalities. In human liver, a, dysfunctional, and less-expressed isoform in small amount has also been identified, which is the result of introduction of a premature stop codon (exon 6 Lacking)[102]. There is no difference in the expression of PPAR-α in patients with suspected MASLD (free of MASH) compared to healthy subjects. On the other hand, lower levels of PPAR-α expression were found in the livers of MASH patients compared to those of MASLD patients. Liver PPAR-α expression correlated negatively with the presence of MASH and also with fibrosis. Further analysis revealed similar correlation with each histological component of MASH; steatosis, hepatocyte ballooning, and the MASH activity score. This correlation has been confirmed on histological examination of liver biopsies by immunohistochemical staining of PPAR-α[103,104]. It showed that, compared to normal liver tissues, PPAR-α expression was decreased in steatosis and reduced even more so in the inflammatory state of MASH[105]. In an animal model, PPAR-α expression is also decreased in MASH caused by a methionine- and choline-deficient diet in conjunction with a reduction in peroxisomal and mitochondrial fatty acid oxidation[102]. PPAR-α activation upregulates adiponectin receptors while reducing obesity-related inflammation adipose tissue. This ultimately contributes to the resolution of MASLD[106,107]. 

PPAR-γ
Food, fasting, activity and stress are the key regulators of glucose and fatty acid metabolism in adipose tissue to maintain nutrient homeostasis. Adipose tissue volume is controlled by adipokines. Chronic exposure to high-calorie food results in the expansion of adipose tissue by means of hypertrophy of adipocytes and the hyperplasia of adipose tissue to adapt to the physiological need. As adipose tissue grows, it initiates the process of satiety to control food consumption through the leptin–hypothalamus–ghrelin axis. The nuclear receptor PPAR-γ is a key transcriptional factor implicated in adipokine gene expression. PPAR-γ is highly expressed in adipose tissue and macrophages, playing a pivotal role in adipogenesis, lipid metabolism, insulin sensitivity, and immune regulation. PPAR-γ expression has been observed to be relatively high in the placenta while being much lower in the liver and muscle. PPAR-γ is regulated by CCAAT/enhancer-binding proteins (C/EBP-α). However, the function of PPAR-γ is dependent upon other transcription factors to transform preadipocytes into mature adipocytes with metabolic and secretory functions[97]. 
Adipose tissue failure is characterized by a failure to expand adequately to meet the demand to store excessive calories and a failure to maintain adipokine secretory functions. Adipocyte tissue fails to grow due to inadequate activation or loss of function of C/EBP-α and/or PPAR-γ. Factors affecting C/EBP-α include hormones (insulin, glucocorticoid, growth hormone, thyroid hormone, and noradrenaline) and several inflammatory cytokines including tumor necrosis factor-alpha (TNF-α), IL-6, IL-1, epidermal growth factor, and protein-kinase C (PKC) activators. Above all, amino acid deprivation and endoplasmic reticulum stress due to the enhanced need to grow also regulate the C/EBP-α. Several genetic mutations have also been described as causes of a loss of transcription factor function. Restoring PPAR-γ functions helps adipose tissue grow and achieve homeostasis of metabolism[108,109].
In addition to inadequate function of C/EBP-α, inadequate function of HSL results in a loss of lipolytic function of adipose tissue, which in turn leads to the decreased expression of lipogenic genes in adipocytes and reduced expression of PPAR-α target genes. S-nitrosylation of insulin-signaling proteins increases the hypertrophy of adipocytes, leading to an inhibition of the effects of insulin and causing insulin resistance. Additionally, lipolysis can be induced by endoplasmic reticulum stress stimuli via the activation of cyclic adenosine monophosphate/Protein kinase A and extracellular signal-regulated kinase ½ signaling in adipocytes. In accordance with the inhibition of insulin-mediated anti-lipolytic action, plasma FFA levels rise.
Taken together, these data demonstrate the requirement of HSL-mediated adipocyte lipolysis for the maintenance of proper adipose tissue function and activation of PPAR-α in the liver, thereby inhibiting the accumulation of hepatic TAGs and the development of steatotic liver disease[110]. Furthermore, there is ample evidence to support the fact that decreased PPAR-γ activity leads to decreased levels of adiponectin, which in turn causes insulin resistance, atherosclerosis, fatty liver disease and impaired fatty acid oxidation and energy expenditure in muscle[111,112].
Adiponectin secretion is decreased once adipose tissue fails to meet the ongoing need to expand, and reduced adiponectin leads to insulin resistance, atherosclerosis, and steatohepatitis. Adiponectin secretion is also modulated by other factors independent of PPAR-γ. BMI correlates inversely with adiponectin secretion. Adiponectin levels are higher in non-obese than obese people. Adiponectin has protective effects against metabolic syndromes and DM type II. After bariatric surgery, improvement in adiponectin levels suggest that its expression is subject to feedback inhibition in obesity, which is a proinflammatory state with a resulting increased secretion of inflammatory cytokines TNF-α, IL-6, IL-10, and nitric oxide adipose tissue macrophages. Proinflammatory markers lead to a reduction in the expression of adiponectin mRNA and the release of adiponectin from adipocytes. Adiponectin expression is suppressed by IL-6 and enhanced by the expression of resistin[111,113]. 

Bile acids and FXR
Bile acids are synthesized from cholesterol in the pericentral hepatocytes of the hepatic acini. Bile acids, in addition to their role in the digestion and absorption of triglycerides, also promote the hepatic secretion of cholesterol into bile by inducing bile flow and solubilizing biliary cholesterol, thereby promoting cholesterol to move from the hepatocyte into the intestinal lumen for excretion. Moreover, bile acids function as hormones regulating enterohepatic circulation in addition to fat, glucose, and energy homeostasis by signaling through nuclear and G protein–coupled receptors[114]. In 1999, it was discovered that bile acids are directly involved in regulating gene expression in the liver and intestine via interaction with FXR, also known as bile acid receptor[115]. FXR is expressed in many tissues in addition to liver tissue, especially intestinal endothelial cells. FXR is not expressed in the brain, heart, or lungs, or in skeletal muscle. FXR functions as a sensor, thus maintaining cellular functional homeostasis. Bile acids [primary bile acids: Cheno-deoxy cholic acid, cholic acid, deoxy cholic acid (DCA), and lithocholic acid], glucose/carbohydrates, PPAR, HNF1 and HNF4 all stimulate FXR activity, whereas insulin and APR (IL1 and TNF) inhibits FXR (Figure 7). Urso DCA does not influence FXR. In a physiological setting, fasting specifically increases hepatic FXR α3/4 expression, and a high-carbohydrate refeeding subsequently reduces FXR mRNA levels. White adipose tissue FXR-α and FXR-β expression also varies with circadian variation[116]. FXR modulates a considerable number of gene-encoding proteins involved in BA synthesis, metabolism, and transport in enterohepatic circulation[116,117]. FXR prevents the development of high-fat-induced obesity and insulin resistance. FXR inhibits hepatic lipogenesis through the interference of glucose-regulated gene promoters and by the downregulation of SREBP-1c in a SHP-dependent manner. Conversely, FXR may amplify FFA catabolism by increasing PPAR-α activity[118]. FXR’s control of VLDL assembly is due to its repression of MTP. The stimulation of LPL activity and hepatic uptake of remnants by FXR and its stimulation of LDL by its induction of syndecan-1 and VLDL-R increases the clearance of triglycerides. Finally, FXR may promote adipose triglyceride storage by stimulating adipocyte differentiation. 

Adipokines
Adipocytes express and release numerous protein, lipid, and nucleic acid factors that can act in a paracrine or endocrine manner (Figure 8). Leptin and adiponectin are discussed here as their role in the pathogenesis of MASLD is well established[119-121]. However, there is emerging data revealing the role of resistin in the pathogenesis of MASLD. 
Adiponectin is highly expressed in hepatocytes than other tissues such as endothelial cells. The key function of adiponectin is improving insulin sensitivity and decreasing blood glucose levels. Adiponectin acts via two adiponectin receptors: AdipoR1 (low affinity, ubiquitous but abundant in skeletal muscles) and AdipoR2 (high affinity, expressed in the liver). Adiponectin also acts via T-cadherin receptors (Figure 8). AdipoR1 and AdipoR2 serve as receptors for adiponectin and mediate increased PPAR-α, AMPK, glucose uptake, and fatty-acid oxidation by adiponectin. Adiponectin hormone exhibits anti-inflammatory properties and suppresses the development of atherosclerosis and liver fibrosis. It also plays a significant role in preserving hepatic metabolic functions to continue to adapt chronic metabolic stress, thereby preventing the development of steatohepatitis from simple hepatic steatosis[122]. 
Loss of adiponectin function is the fundamental pathogenic mechanism that turns simple hepatic steatosis, which is an adaptive phenomenon, to steatohepatitis, which marks the failure of hepatic metabolic system and may be termed a state of metabolic decompensation. It may reflect a stage of significant health risk for hepatic and extrahepatic diseases. It is supported by evidence from healthy, obese, and fatty liver disease studies. 
In healthy people, adiponectin levels correlate negatively with alanine aminotransferase (ALT) and gamma glutamyl transferase levels before and after adjusting for gender, age, BMI, and insulin resistance[121,123]. This draws attention to the role of adiponectin in the maintenance of hepatocyte metabolic homeostasis through the regulation of both insulin sensitivity and/or inflammatory responses. Serum leptin and TNF levels are significantly higher and the adiponectin and ghrelin levels lower in patients with MASH compared with controls[121,123]. A meta-analysis of 27 studies evaluating a total of 2,243 subjects revealed that serum adiponectin was higher in controls than in MASLD or MASH patients, whereas adiponectin levels were significantly lower in MASH patients than in MASLD patients[124]. In fact, adiponectin levels were similar between the control and MASLD groups when analyzed based on histopathology. These findings suggest an important pathophysiological role of hypoadiponectinemia in the progression from MASLD to MASH. These findings support the role of low circulating adiponectin in the pathogenesis of MASLD. Additionally, they confirm the strong association among reduced adiponectin production by adipose tissue, MASLD, and IR. Interestingly, the findings reinforce the hypothesis that an imbalance between proinflammatory and anti-inflammatory cytokines may have a pathogenic role in the development of liver damage in MASLD[125]. Other studies also confirmed that low adiponectin was associated with MASH independent of BMI, IR and other adipokines such as TNF. Adiponectin levels also correlate with the severity of MASH[126-129]. Nonetheless, the relationship between low levels of adiponectin and fibrosis in patients with MASH remains controversial[122].
Leptin is another adipokine secreted by adipocytes that plays a role in diet-related metabolic and hormone regulation and that is affected by energy status and adipocyte fat mass. Leptin’s role in metabolic regulation includes hunger and satiety, body composition, energy expenditure, and body weight. It has been suggested that leptin plays a role in the pathogenesis of nonalcoholic steatohepatitis (NASH); however, the precise mechanism remains unclear and debated[130,131]. 
Leptin and other inflammatory adipokines such as IL-6 or TNF-α promote insulin resistance. Specifically, leptin antagonizes insulin functions by modifying the sensitivity of adipocytes, thereby reducing lipogenesis in adipose tissue, decreasing the binding capacity of insulin receptors in the liver, and inhibiting insulin secretion in pancreatic islets[132-134]. Hyperleptinemia damages pancreatic β-cells and inhibits JAK2/PI3K signaling in obese patients with T2DM and MASLD. This signaling pathway is known as the “leptin–insulin pathway” and under normal conditions itis activated to regulate glucose metabolism. Initial reports suggested that high leptin levels were associated with DM type II, but subsequent studies clarified that elevated levels of leptin were instead attributable to obesity[135]. The current data suggests that leptin is elevated in cholestatic mice, and excess leptin is responsible for increased ductular reaction, hepatic fibrosis, and inflammation via leptin receptor–mediated phosphorylation of Akt in cholangiocytes and hepatic stellate cells (HSC)[136,137].
Adipokines not only help the liver to adapt by storing excess nutrients in the form of lipid droplets, but they also mediate fibrogenesis[138-140]. Leptin in particular promotes stellate cell fibrogenesis and enhances the expression of tissue inhibitor of metalloproteinases, which promotes fibrosis in the injured liver through the inhibition of matrix metalloproteases and degradation of the extracellular matrix[138,141-143]. Concurrently, adiponectin, a counter-regulatory hormone that antagonizes the fibrogenic activity of leptin, is reduced in hepatic fibrosis[144]. Both of these adipokines are associated with insulin resistance and thus equally contribute to fibrogenesis[145, 146]. 

CD 36
In the liver, fatty acid uptake occurs mainly through the family of slc27a fatty acid transport proteins and the scavenger receptor CD36 (fatty acid translocase). CD36 is a scavenger receptor cell membrane surface glycoprotein, also known as fatty acid translocase. Its expression has been documented in a plethora of tissues including but not limited to adipose tissue, macrophages, platelets, endothelial cells, heart muscles, skeletal muscles, and liver cells. CD36 is a member of the SR-B1 subtype, which binds HDL particles and plays a role in the reverse cholesterol pathway. CD36 performs several functions. Related to nutrient metabolism, it facilitates lipid transport and binds various lipids, e.g., long chain fatty acids (LCFA) and oxidized low-density lipoprotein. Palmitoylation of CD36 molecule helps transport LCFA from cell membrane to intracellular organelles such as Golgi apparatus, and mitochondria[147]. 
Several factors affect the expression of CD36. In a normal healthy state, expression level is low, however it is expression increases with aging, high fat diet consumption, and in the setting of elevated FFA in circulation[147-149]. CD36 is regulated by nuclear receptors PPARγ, LXR and pregnane X receptor[150,151]. Upregulation leads to hepatic steatosis and fibrosis whereas down regulation improves steatoses and insulin resistance. After transport into the hepatocytes, fatty acids are esterified in triglycerides and subsequently packaged into VLDL for storage and secretion, respectively. If rate of fatty acid uptake is higher than the rate of packaging, it initiates inflammatory process as FFA are very toxic. CD36 plays a key role in the development of MASLD under conditions of elevated free FAs by modulating the rate of FA uptake by hepatocytes[150,151]
Several reports have shown its role in pathogenesis of insulin resistance, MASLD and atherosclerosis and also plays an important role in the pathogenesis of hepatic fibrogenesis. Increased hepatic uptake of LCFA through CD 36 upregulates hepatocytes stress, thereby promoting hepatic fibrosis[152,153]. Zeng et al[152] in 2022 reported CD36 as a potential therapeutic target. Their work revealed that the inhibition of FAT/CD36 palmitoylation results in the localization of FAT/CD36 to the mitochondria of hepatocytes[152]. Mitochondrial FAT/CD36 functions as a molecular bridge between LCFAs and ACSL1 to augment the production of long-chain acyl-CoA, subsequently promoting fatty acid oxidation (FAO), and thereby avoiding lipid accumulation and overproduction of reactive oxygen species (ROS) in hepatocytes. De-palmitoylation of CD36 helps reverse the pathogenic mechanisms; reduced FAO in mitochondria of hepatocytes and excessive production of ROS and oxidative damage[152]. 

GROWTH FACTORS
Hepatic steatosis and hepatocellular metabolic stress (with or without dysbiosis) initiate the processes of chronic inflammation and hepatic fibrosis. Subsequently, hepatic fibrotic tissue may be resorbed (fibro lysed) and replaced with regenerated hepatic tissue to restore normal hepatic tissue structure and functions. The balance between the progression of fibrosis and fibrotic resorption with hepatic regeneration depends on several factors. Elimination of the etiopathogenic process is the most principal factor in achieving reversal of fibrosis. Both environmental and genetic factors determine fibrosis progression or regression rate. It is imperative with ongoing efforts to define specific polymorphisms or relating with fibrosis progression rates. Studies have shown that hepatic fibrosis is a dynamic process and depends on many factors. Over the course of time it can progress, regress, or remain unchanged[154,155].

Fibro genic growth factors
Several different cells, cellular receptors, signaling pathways, and secreted proteins participate in the pathogenesis of hepatic fibrosis. The major cell types involved appear to be HSC, liver sinusoidal endothelial cells, and macrophages (Kupffer cells). Transformation of hepatocytes into fibroblast (activated HSC) and loss of hepatocytes functions has also been reported[138]. The proteins secreted from these cells include connective tissue growth factor, transforming growth factor-β (TGF-β), platelet-derived growth factor, vascular endothelial growth factor, intercellular adhesion molecule-1, and adhesion molecules[138,156-159]. TGF-β is designated as “fibrogenic master cytokine” with multiple effects on extracellular matrix turnover[160,161].
Activation of HSC is the first step towards fibrogenesis. Factors activating HSC include hepatocellular necrosis due to oxidant stress, apoptosis, and soluble growth factors. Hepatic necrosis is considered a classical inflammatory and fibrogenic stimulus. Inflammatory cells such as neutrophils, Kupffer cells (the resident macrophages of the liver), and bone-marrow-derived monocytes and lymphocytes (Th17 cells) can promote HSC activation by secreting cytokines and growth factors[162-173]. Moreover, increased free cholesterol accumulation in HSCs plays a key role in the HSC activation, which results in further accumulation of free cholesterol and exaggerates liver fibrosis in a vicious cycle[163,174]. A study also demonstrated that LCFA facilitates hepatocyte activation by up-regulating oxidative stress through CD36[153]. Bechmann et al[165] revealed that LCFA (oleate: Palmitic acid 2:1) had profibrogenic effects on HSC via upregulation of a-SMA and TGF-β mRNA expression[164,165,175]. 
Activated HSCs are transformed into myofibroblasts; a key step in fibrogenesis and these myofibroblasts proliferate and migrate to the liver injury site, where they secrete extracellular matrix (Figure 9)[165]. Transformation of HSC into myofibroblast is controlled by a balanced activity of transforming growth factor and the bone-morphogenetic protein-7 (BMP-7). BMP-7 is a member of the TGF-β superfamily and is a natural antagonist of many TGF-βaction[166]. It counteracts TGF-β-induced epithelial mesenchymal transformation, extracellular matrix synthesis and inhibition of parenchymal cell proliferation[167-170]. Thus, the balance of both growth factors; TGF-β and BMP-7, is crucial. 
HSCs express several receptors, including C-X-C Motif Chemokine Receptor 3, and C-C Motif Chemokine Receptors (CCR) 5 and 7, and they secrete numerous chemokines, including C-C motif ligands (CCL) 2, CCL3, CCL5 and C-X-C motif ligands (CXCL) 1, CXCL8, CXCL9, CXCL10[171,172]. These chemokines promote the migration of myofibroblasts to the site of injury, thereby enhancing fibrogenesis through proliferation and amplified inflammation. Notably, CCR5 is induced by nuclear factor kappa-light-chain-enhancer of activated B cells signaling and stimulates HSC migration and proliferation[172].
The chemokines secreted by inflammatory cells work in endocrine, paracrine, and autocrine fashion to stimulate activated HSC to produce, secrete and deposit collagen type I and III as an extracellular matrix. Mechanisms involved are the reduced expression of genes such as GFAP and PPARγ, and enhanced expression of fibrogenic genes such as alpha-smooth muscle actin (α-SMA) and collagen type I and III[162,173]. α-SMA immunohistochemical staining of hepatic tissue could be a valuable marker in the evaluation of stellate cell activation and fibrosis progression and a nearly indicator of the development of fibrosis[163,164.174,175].

Anti-fibrogenic growth factor endocrine FGFs
In the past decades, significant developments have been made in the areas of tissue healing, repair, and regeneration. Growth factors provide chemical signals to stem cells, and in turn regulate their biological responses and tissue differentiation. The basic biological functions of growth factors and their endogenic roles in the tissue development and repair process have been investigated extensively. The regulatory roles of growth factors in cellular functions, including adhesion, proliferation, migration, and differentiation have made them potential agents for specific tissue reaction targeting. The FGF family encompasses a considerable number of factors that are involved in diverse actions such as cell growth, cell differentiation, and embryonic development[176-178]. FGF21 is a peptide hormone that plays a role in the regulation of energy homeostasis and is produced by several organs. The biology of FGF21 is exceedingly complicated due to its diverse metabolic functions in multiple target organs and its ability to function as an autocrine, paracrine, and endocrine factor. In the liver, FGF21 plays a key role in the regulation of fatty acid oxidation. FGF analogs have surfaced as a promising pharmco-therapy due to their capability to shift whole-body metabolism to a healthier state by acting directly in the liver. 
Ligand binding induces several known signaling cascades, including Ras/MAPK, PI3K/Akt, and PKC. Hepatic FGF21 was identified as a downstream target of PPAR-α. Fatty liver resulting from either genetic obesity or diet induced obesity is associated with increased hepatic expression and serum levels of FGF21, presumably as a result of PPAR-α induction by fatty acids. In the liver, FGF21expression is also induced by protein insufficiency, secondary to amino acid deprivation, an effect that is downstream of activating transcription factor 4. The mechanisms of downstream acute signaling that might mediate the FGF21 response are largely unknown[179,180]. 
FGF19 plays an essential role in carbohydrate and lipid metabolism and has a favorable effect on MASLD[181]. FGF19 is a postprandial hormone, which is regulated by nutrients. It inhibits gluconeogenesis, while stimulating glycogenesis and protein synthesis without stimulating lipogenesis[182,183]. Abnormal signaling of the FGF19 is reported in MASLD patients, with resultant low levels in both fasting and postprandial states[184,185]. Fascinatingly, other reports have revealed low FGF19 Levels only in patients with MASH and fibrosis whereas there was no significant difference in basal FGF19 Levels between MASLD patients and healthy subjects[186]. Moreover, in longitudinal studies, a decline in FGF19 was detected in MASLD patients as the condition progressed to MASH. This FGF19 decline overtime was in parallel with increases in ALT, triglyceride, and other indicators[187]. The upregulation of FGF19 expression is associated with hepatocyte dysplasia, tumor formation, and a poor prognosis in individuals with hepatocellular carcinoma (HCC), which limits it’s utility as a therapeutic agent[188-191].
FGF21 generally acts directly or indirectly on multiple major organs, most notably on adipose tissue, liver and brain. It’s key function is to protect from obesity, insulin resistance, aberrant metabolisms, and irregular vascular homeostasis to a certain extent[192]. FGF 21 is synthesized in a variety of tissues, but liver and adipose tissue are the primary sources. Other sources are pancreatic islets, skeletal muscle, heart, kidneys, and certain other metabolic organs[193]. FGF21 usually recruits β-Klotho and FGFRs (FGFR1c, FGFR2c, or FGFR3c) as coreceptors for activation[194]. FGFRs are widely expressed in humans, whereas β-klotho is only expressed in specific tissues[195]. Both preclinical and clinical studies have demonstrated that FGF21 played a significant role in regulating energy homeostasis[196]. Physiological doses of FGF21 can decrease body weight and fat content, and mitigate insulin resistance, hyperglycemia, and dyslipidemia. FGF21 is needed for fasting liver metabolism that is responsible for blood glucose elevation through various pathways such as fatty acid oxidation[197]. Unlike FGF19, FGF21 does not induce the adverse effects of mitogenesis in vivo[198].

GENETIC MODIFIERS OF MASLD IN CONJUNCTION WITH OTHER PATHOGENIC FACTORS 
MASLD is a very heterogenous group of pathogenic processes. Inter-individual and inter-ethnic differences as well as differences in the severity and progression of liver disease are quite significant among patients with MASLD. Undoubtedly, cultural and socioeconomic factors play a role in MASLD acquisition and progression. Nevertheless, the observed variability of MASLD phenotypes and the variability of severity among individuals is best linked to the interaction between genetic risk factors and the environment[199]. Genetic and epigenetic factors play a significant role in the pathogenic process. Genetic involvement also explains the clustering of cases of MASLD among families[200-203]. The heritability of the disease has also been confirmed in twin studies. Evidence to support the considerable heritability of MASLD comes from familial aggregation and twin studies[204-207]. There is greater concordance of advanced disease between identical monozygotic twins than dizygotic twins, with an estimated 50% heritable contribution to variability[204,208,209]. Furthermore, the level of susceptibility differs in various ethnic groups: Hispanic people are more prone to advanced disease than White or Black people[204,210-214]. 
Thus far, numerous gene mutations have been implicated in the pathogenesis of MASLD. These genetic variants have been categorized based on their pathogenic contribution[207,215-217]. These SNP sand variants may affect glucose metabolism, insulin resistance, lipid metabolism, oxidative stress, inflammatory pathways, and fibrosis (Figure 9). Most of these genetic mutations were identified in genome-wide association study (GWAS) studies, which do not necessarily ensure the clinical relevance of the results, even though they show modest to large odds ratios and extreme statistical significance. Nonetheless, candidate gene studies have identified and validated a minority of loci associated with the risk of MASLD prevalence or progression. Several epigenetics factors such as microRNAs and DNA methylation could also modify the disease course in MASLD[200]. Apart from PNPLA3, none of the other genetic mutations have been shown to have a significant effect (independent of environmental factors) on large scale. Such genetic mutations increase the susceptibility to developing significant disease in the setting of other metabolic factors. A single genetic variant is unlikely to play a strong role in risk prediction. Nevertheless, a combination of several genetic variants may provide useful insight into disease progression. It is also important to recognize that these mutations are different from the already known mutations involved in the pathogenesis of monogenic obesity, DM, and dyslipidemia which can cause secondary MASLD in combination with acquired or other genetic/epigenetic factors. Genetic factors are estimated to contribute to 30%–50% of the risk for high-prevalence diseases such as obesity, DM type II, CVD, and cirrhosis[204,218].
The mere presence of a genetic mutation in either a homozygous or heterozygous allele, without confounding factors, may not increase the risk of disease. Clinical penetrance, defined as the proportion of people with the genotype that develops into the phenotype (clinical disease), varies among different genetic mutations. For example, it is estimated that only less than 5% of people with the C282Y homozygous hereditary haemochromatosis develop clinical disease, which is far less than its prevalence in the population. However, the precise estimate remains unknown[219]. Similarly, among patients with ZZ allele homozygotes, the lifetime risk of cirrhosis may be as high as 40%[220,221]. Nonetheless, the clinical penetrance of the MASLD-associated SNPs and variants remains to be determined. It is an undeniable fact that there are pronounced variations in clinical penetrance of each genetic heterozygous or homozygous mutation(s) involved in MASLD. Such an uncertainty of linking genetic mutations with clinical disease leads to the expansion of search for other genes, modifiers of genes, and environmental factors that might explain the observed variation in clinical penetrance. In conclusion, genetic susceptibility, which may make someone vulnerable to MASLD, is determined by the combined effects of many relatively common polymorphisms (minor allele frequency of 1%–5%), which each make a small contribution to the overall disease risk[204]. A polygenic risk score model was developed to estimate the risk of onset, severity, and progression of diseases such as MASLD, although the most appropriate method to evaluate the utility of genetic variant risk estimates is still under debate[217,222]. 

GENETICSTEATOHEPATITIS 
Description of each of these SNPs and variant is beyond the scope of this review. However, some important variants are summarized in Table 2[223,224]. 

PNPLA3 (Adiponutrin) 
PNPLA3 is also known as adiponutrin (ADPN) or calcium-independent phospholipase A2 epsilon. In 2001, PNPLA3 was first described as a nutritionally regulated lipid-metabolizing enzyme. In 2008, the Dallas Heart Study, a genome-wide association study, was performed on a population that included a wide range of ethnicities. Dallas Heart Study reported a strong correlation between a genetic variant of PNPLA3, rs738409C > G and the risk for developing hepatic steatosis and inflammation. Severalin dependent reports subsequently confirmed the finding. PNPLA3, rs738409 C > Gallele was most common in Hispanic people, the group most susceptible to MASLD; hepatic fat content was more than two times higher in PNPLA3-148M homozygotes than in noncarriers. Resequencing discovered another allele associated with lower hepatic fat content in African Americans, the group at lowest risk of MASLD. Such differences in the prevalence of PNPLA3 explain ethnic and inter-individual differences in hepatic fat content and susceptibility to MASLD. The PNPLA3 variant is a single-base polymorphism, which leads to a switch from a cytosine (C) to a guanine (G), resulting in an amino acid substitution of an isoleucine (I) for a methionine (M) at position148 (I148M) of the coding sequence. This results in loss of function of the native protein and eventually fat accumulation. The heritability of MASLD and hepatic fat accumulation is generally estimated to be between 20% and 70%, depending upon the ethnicity, the study design and methodology used to investigate it. The gene expression analysis showed that human PNPLA3 is expressed in a multitude of tissues, but the highest level was found in the liver, followed by the retinas, skin, adipose tissue, kidneys, brain, and spleen. The precise physiological role is unknown. PNPLA3 expression is impaired in adipose tissue and liver tissue as a result of acute and chronic nutritional and hormonal challenges, thereby supporting a potential role of PNPLA3 in the pathogenesis and/or physiological adaptation in two common disorders: Metabolic syndrome and MASLD[224-226].
Within the liver, PNPLA3 is expressed more than twice as much in human HSCs as in hepatocytes. It has also been shown that PNPLA3 protein mainly localizes to cellular membranes and lipid droplets. PNPLA3 linearly correlates with profibrogenic markers (Collagen1α1 and α-SMA) in HSCs. Additionally, PNPLA3-transient downregulation is accompanied by decreased expression of the two main profibrogenic markers, Collagen1α1 and α-SMA. Fascinatingly, it has been determined that the human PNPLA3 expression colocalizes with the profibrogenic marker α-SMA in pathological biopsies of MASH patients compared to patients with healthy livers. This finding further supports the theory that in humans, PNPLA3 probably has a more pivotal function in HSCs than in hepatocytes. 
Nonetheless, experimental models suggest that the accumulation of I148M PNPLA3 on LDs is an initial sign of lipid metabolism impairment. Thereafter, the clearance of the protein is altered due to decreased ubiquitination, subsequently resulting in retarded proteasome degradation and diminished triacylglycerol mobilization from lipid droplets[227, 228].
I148M PNPLA3 affects several molecular mechanisms regulating the phenotype of activated cells, such as decreased PPAR-γ signaling, and an enhanced c-Jun activated kinase/activator protein 1 pathway. The influence of variant carriage is clinically significant. A United States population study demonstrated by a high prevalence of dysmetabolism showed that it increased not only liver-related mortality, but also translated into increased overall mortality. The PNPLA3 genetic variant has been associated with a higher risk for simple steatosis, MASH, fibrosis and cirrhosis development in different populations and ethnicities. I148M allele acts as an independent risk factor in MASLD pathogenesis. Interestingly, there was no association between the PNPLA3 genotype and other risk factors for MASLD, such as obesity, DM type II and IR. Intriguingly, PNPLA3-related MASLD and MASH are different from “metabolic” MASLD and MASH. In metabolic MASLD and MASH, lipotoxic FFA (mainly saturated fatty acids and harmful ceramides) are the determinants of IR and DM type II-driven MASLD. On the other hand, the genetic “PNPLA3 MASLD” is characterized by polyunsaturated triglycerides, confirming a profound and marked discrepancy in origin of fatty liver diseases[229,230]. Moreover, PNPLA3 SNP has also been significantly associated with HCC in non-fibrotic liver[223,231].

TM6SF2 
TM6SF2 is the transmembrane 6 superfamily 2 human gene that codes for a protein by the same name. This gene is otherwise called KIAA1926[232]. Its exact function is currently unknown. A point mutation (rs58542926, c.499 C > T, P. Glu167 Lys,E167K) in the TM6SF2 gene is independently associated with elevated hepatic triglycerides, higher circulating levels of ALT, and lower levels of LDL-cholesterol[233-235]. TM6SF2 SNP has been shown to be significantly associated with a higher risk of hepatic steatosis, MASH, cirrhosis, HCC, as well with a lower risk of cardiovascular disease independent of other comorbidities[231,233-236].
TM6SF2 was identified in 2000[237]. The frequency of the Glu167 LysTM6SF2 variant was higher in individuals of European ancestry (7.2%), than in African- (3.4%) or Hispanic-Americans (4.7%). Elevated mean and median hepatic triglyceride concentration, after adjusting for ethanol intake and HOMA-IR, were found among the carriers of the Glu167 LysTM6SF2 variant in all three ethnic groups. Moreover, the effect of the Glu167 LysTM6SF2 variant on hepatic triglyceride concentration was independent of the PNPLA3 rs738409 polymorphism. Homozygote TM6SF2 rs5854292 minor (T) allele carriage was shown to be associated with a significant increase hepatic triglyceride concentration (5.86% ± 0.25% in CC homozygotes vs 15.04% ± 2.23% in TT homozygotes)[233-235].
The TM6SF2 gene is located on chromosome 19p12, which functions as a lipid transporter. TM6SF2 is expressed predominantly in the liver and intestine. The TM6SF2 encodes a protein with transmembrane domains. Within human liver cells, TM6SF2 is localized in the endoplasmic reticulum and ER-Golgi intermediate compartment. In in-vitro studies, TM6SF2 inhibition was associated with reduced secretion of triglyceride-rich lipoproteins and increased cellular-triglyceride concentration and lipid droplet content, while TM6SF2overexpression reduced steatosis[236,238,239]. TM6SF2 activity is required for normal VLDL secretion, and impaired TM6SF2 function causally contributes to MASLD[236,240]. TM6SF2 rs58542926T-allele–mediated hepatic retention of triglycerides and cholesterol predispose patients to MASLD-related fibrosis, whereas C-allele carriage promotes VLDL excretion, thus increasing the risk of CVD or atherosclerosis while protecting the liver[236,241].Looking at a large cohort (n = 1074) of MASLD patients, Liu et al reported a significant association between TM6SF2 and advanced fibrosis/cirrhosis. This association was independent of age, BMI, T2DM and PNPLA3 rs738409 genotype[236].

MBOAT7 
The membrane-bound O-acyltransferase domain-containing 7 (MBOAT7) genetic variant is also associated with MASLD. Based on hepatic expression quantitative trait loci analysis, it has been suggested that MBOAT7 loss of function promotes liver disease progression, but this has never been formally evaluated. However, MBOAT7 loss in mice is sufficient to promote the progression of MASLD in the setting of a high-fat diet. MBOAT7 loss of function is associated with the accumulation of its substrate lysophosphatidylinositol (LPI) lipids, and direct administration of LPI promotes hepatic inflammatory and fibrotic transcriptional changes in an MBOAT7-dependent manner[242-244].
Although decreased MBOAT7 activity plays a role in NASH, MBOAT7 overexpression has not been shown to result in NASH pathology improvement, possibly due to the low abundance of its arachidonoyl-CoA substrate[242,245].
However, the different sample sizes, clinical features, and severity of the disease (i.e., obesity and T2D presence), and ethnicity of the cohorts enrolled in the studies are reasons the association between the rs641738 variant and liver injuries continues to be controversial and, ultimately, not fully replicated. The fact that the association has not been fully replicated could also be due to the diverse assessment of hepatic steatosis[246-251].
In a meta-analysis, data from 1066175 participants (9688 with liver biopsies) across 42 studies, the genetic variantrs641738C > T was associated with higher liver fat on computed tomography/magnetic resonance imaging and diagnosis of MASLD in Caucasian adults. The variant was also positively associated with the presence of advanced fibrosis in Caucasian adults using a recessive model of inheritance (CC + CT vs TT). This analysis revealed rs641738C > T near MBOAT7 as a risk factor for the presence and severity of MASLD in individuals of European descent[252,253].

CONCLUSION
Understanding the entire spectrum of physiological processes in carbohydrate and fat metabolism is pivotal to comprehend the pathogenesis of MASLD, which is quite complex. Owing to the participation of multiple factors in the pathogenesis, natural history is not quite predictable. Despite significant advancement in knowledge, we still lack adequate tools to stratify MASLD patients. Our review elaborates that several factors have to be assessed to comprehend the nature of MASLD in every individual patient. Clinically, it is important to evaluate each patient with MASLD to uncover the pathogenic process (es) to tailor the treatment to individual level. To characterize MASLD and predict the risk of MASH, cirrhosis, HCC, and CVD, we need to quantify hepatic fat, intra-abdominal VAT, baseline hepatic fibrosis, severity of insulin resistance, characterize dyslipidemia and DM, assess glycemic control of diabetes, conduct genetic testing for PNPLA3 and TM6SF2 gene mutations and obtain polygenic risk scores. Moreover, staining of liver tissue for CD36 and α-SMA may help assess the rate of hepatic uptake of adipose tissue derived fatty acid and the risk of fibrosis. Immunohistochemical staining of PPAR-α in liver biopsies might be a way to better assess PPARα activity in the liver to identify MASLD patients. Having detailed assessment of MASLD would help identify patients for individualized pharmacotherapy. At present we lack sophisticated validated tools to assess comprehensively for all the above features in clinical practice. Routine testing of adiponectin and leptin is debatable at present, nonetheless low adiponectin level favors aggressive disease behavior. We are not yet in a position to routinely assess genetic mutation in clinical practice. Lastly, addressing these metabolic dysfunctions by means of augmenting the functions of GLP1, PPARs, FXR, growth factors, or hormones is the key theory behind the development of novel therapeutic agent to treat MASH and reverse hepatic fibrosis. Selection of appropriate pharmaceutical agent (precision medicine) depends upon the key pathogenic process involved in a MASLD patient. 
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Figure 1 Pathogenetic mechanisms causing metabolic dysfunction-associated steatotic liver disease[254]. DNL: De novo lipogenesis; TG: Triglyceride.
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Figure 2 The key modulators of carbohydrate and fat metabolism. Red arrow indicates negative relationship and blue arrow indicates positive relationship[254]. FA: Fatty acid; GLP1: Glucagon like peptide 1; GIP1: Gastric inhibitory peptide 1; FXR: Farnesoid X receptor; PPAR: Peroxisome proliferator-activated receptor; GLUT: Glucose transporters; LPL: Lipoprotein lipase; ATGL: Adipose triglycerides lipase; HSL: Hormone sensitive lipase.
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Figure 3 Pathophysiology of gut-liver-axis[31]. The microbiome sets the stage for the gut-liver-axis, representing an excessive source of bacterial products and metabolites in terms of both quantity and diversity. In conditions of increased intestinal permeability, the epithelial barrier is crossed more than in healthy conditions by bacterial products (lipopolysaccharides, peptidoglycans, bacterial DNA, flagellin etc.), which stimulate the gut-associated lymphatic tissue to release pro-inflammatory cytokines (TNF, IL1, IL6 etc.), chemokines, as well as eicosanoids, leading to portal-venous P/MAMP- and cytokinemia. Moreover, bacterial metabolites (trimethylamine, ethanol and other volatile organoids, fatty acids, acetaldehyde etc.) increasingly permeate the epithelial barrier. Anything crossing the epithelial barrier faces the gut-vascular barrier, which determines the likely rate and size of molecules entering the portal-venous circulation. The intrahepatic effects of this portal-venous inflow of stimulants, as well as platelets on Kupffer cells and hepatic stellate cells, drives inflammation, fibrogenesis and carcinogenesis. LPS: Lipopolysaccharide; HSC: Hepatic stellate cell; MCP-1: Monocyte chemoattractant protein-1; CDCA: Chenodeoxycholic acid.
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Figure 4 Activation of Ser/Thr kinases causes inhibitory phosphorylation on insulin-signaling molecules[35]. Lipotoxicity, inflammation, hyperglycemia, and subsequently oxidative stress, as well as mitochondrial dysfunction and endoplasmic reticulum stress, all converge on activation of Ser/Thr kinases, inducing inhibitory Ser/Thr phosphorylation of insulin receptor, insulin receptor substrate proteins, and Akt on multiple residues, causing insulin resistance. PKC: Protein kinase C; PKA: Protein kinase A; JNK: c-Jun N-terminal kinase; IKK: Inhibitor of nuclear factor-κB kinase; GSK: Glycogen synthase kinase 3.
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Figure 5 Physiology of GLP-1 secretion and action on GLP-1 receptors in different organs and tissues[255].
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Figure 6 Overview of PPARγ function and mechanisms in the different cell types[256]. Schematic representation of PPARγ in adipocytes (white, beige, and brown adipocytes), immune cells (macrophages, dendritic cells, and T cells), and cancer cells. Indicated are different cellular processes and mechanisms of action in which PPARγ is involved. WAT: White adipose tissue; BAT: Brown adipose tissue; TNF: Tumor necrosis factor-alpha; IL: Interleukin; IFN-γ: Interferon gamma. 
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Figure 7 The FXR-controlled gene regulation network. The main biological functions regulated by FXR are indicated on the right[117]. Genes upregulated by FXR are indicated by green arrows, and those that are downregulated by red arrows. Indirect regulation modes are indicated on the right, underlining the important role of SHP in this pathway. When known, the intermediate signaling molecule or the component(s) of the signaling cascade are indicated. Species-specific regulation is mentioned when known (h, human; Rb, rabbit). When known, the type of FXRE is indicated. IR: Inverted repeat; DR: Direct repeat; ER: Everted repeat.
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Figure 8 Pathways of hepatic stellate cell activation[139]. Features of stellate cell activation can be distinguished between those that stimulate initiation and those that contribute to perpetuation. Initiation is provoked by soluble stimuli that include oxidant stress signals (reactive oxygen intermediates), apoptotic bodies, lipopolysaccharide, and paracrine stimuli from neighboring cell types including hepatic macrophages (Kupffer cells), sinusoidal endothelium, and hepatocytes. Perpetuation follows, characterized by a number of specific phenotypic changes including proliferation, contractility, fibrogenesis, altered matrix degradation, chemotaxis, and inflammatory signaling. FGF: Fibroblast growth factor; ET-1: Endothelin-1; NK: Natural killer; NO: Nitric oxide; MT: Membrane type. 
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Figure 9 Schematic overview of the main genetic variants potentially involved in nonalcoholic fatty liver disease/nonalcoholic steatohepatitis susceptibility and progression[216]. GWAS: Genome-wide association studies; HCC: Hepatocellular carcinoma.
Table 1 Peroxisome proliferator-activated receptor-α functions[101]
	Organ/tissue
	Positive regulation
	Negative regulation

	Liver
	↑ ApoAI; ↑ ApoAII; ↑ ApoAV
	↓ Apoptosis 

	
	↑ Cholesterol catabolism 
	↓ HL 

	
	↑ FA oxidation and activation 
	↓ Inflammation 

	
	↑ Fatty acid oxidation genes 
	↓ Oxidative stress 

	
	↑ FATP; ↑ FAT/CD3
	↓ Proteolysis of SREBF1 

	
	↑ Gluconeogenesis and glycolysis 
	↓ SREBF2 

	
	↑ Insig1 
	

	
	↑ Ketogenesis 
	

	
	↑ Lipogenesis 
	

	
	↑ LPL and TRIGLYSERIDES clearance 
	

	Skeletal muscle
	↑ FA oxidation gene 
	↓ Glucose intolerance 

	 
	↑ FA oxidation 
	

	 
	↑ Insulin sensitivity 
	

	Cardiac Muscle
	↑ AT2 receptor 
	↓ AT1 receptor 

	 
	↑ FA uptake 
	↓ Cardiac hypertrophy and inflammation 

	
	↑ FA oxidation 
	↓ Genes for glucose uptake and oxidation 

	
	 
	↓ ED-1 (CD68) expression 

	
	 
	↓ NF-κB activity 

	
	 
	↓ VCAM-1, ICAM-1 

	
	 
	↓ Platelet and endothelial cell adhesion 

	Plasma
	↑ HDL 
	↓ ApoC3 

	
	↑ RCT 
	↓ Dyslipidemia 

	
	 
	↓ Inflammation 

	
	 
	↓ IFN-γ 

	
	 
	↓ TNFα 

	
	 
	↓ sdLDL 

	
	 
	↓ VLDL-TRIGLYSERIDES 


Apo: Apoprotein; AT1: Endothelin-1 receptor; AT2: Endothelin-2 receptor; IFNγ: Interferon gamma; COX: Cyclooxygenase; FA: Fatty acid; FATP: Fatty acid transport protein; ICAM-1: Insig-1: Insulin induced gene-1; INF-γ: Interferon gamma; INF-α: Interferon alpha; LPL: Lipoprotein lipase; PPAR: Peroxisome proliferator-activated receptor; RCT: Reverse cholesterol transport; sdLDL: Small-dense LDL; VCAM-1: Vascular cell adhesion molecules-1; TNF α: Tumor necrosis factor-alpha.

Table 2 List of common genetic variants with their effect and association[218]
	Gene
	Variant
	Impact on protein
	Effect of the variant
	Allelic frequency Europeans
	Hispanics
	Asians
	Africans 
	Effect size
	Direction of association (Ancestral allele)
	Fat
	NASH
	Fibrosis
	HCC 
	Mortality
	Response to the therpaies

	PNPLA3
	rs738409 C>G 
	I148M 
	Complex: Loss- plus gain-of-function
	0.23
	0.57
	0.38
	0.14
	+++
	Up
	+
	+
	+
	+
	+
	+

	TM6SF2
	rs58542926 C>T
	E167K
	Loss-of-function
	0.08
	0.03
	0.07
	0.04
	+++
	Up
	+
	+
	+
	+
	
	+

	GCKR
	rs1260326 T>C
	P446L
	Loss-of-function
	0.6
	0.67
	0.5
	0.86
	+
	Up
	+
	+
	+
	+
	
	

	MBOAT7
	rs641738 C>T
	Linked to 3'-UTR
	Reduced expression
	0.42
	0.33
	0.24
	0.34
	+
	Up
	+
	+
	+
	+
	
	

	HSD17B13
	rs72613567 T>TA rs62305723 G>A
	Alternate splicing P260S
	Loss-of-function
	0.27 0.07
	0.09 0.02
	0.34
	0.06 0.01
	++
	Down
	
	+
	+
	
	
	

	IL28B (IFNL3/4)
	rs368234815 TT>dG
	Alternate protein translation site
	Alternative protein
	0.27
	0.09
	0.34
	0.06
	+ 
	Down
	
	+
	+
	
	
	

	MERTK 
	rs4374383 G>A 
	Noncoding variant
	Reduced expression
	0.37
	0.37
	0.73
	0.47
	+
	Down
	
	
	+
	
	
	


HCC: Hepatocellular carcinoma; NASH: Nonalcoholic steatohepatitis.
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