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Abstract: This paper provides a comprehensive review of the current understanding of non-alcoholic fatty liver 

disease (NAFLD) and its progression to non-alcoholic steatohepatitis (NASH), focusing on key factors 

influencing its pathogenesis and emerging therapeutic strategies. The background highlights the growing 

prevalence of NAFLD and NASH, emphasizing their multifactorial nature. The methods section outlines the 

various contributors to NAFLD development, including genetic, dietary, and environmental factors. The 

results highlight the intricate interplay between these factors and their impact on hepatic lipid metabolism, 

inflammation, and insulin resistance. Genetic predisposition, dietary fat intake, and excessive fructose 

consumption are discussed as significant contributors to NAFLD progression. The conclusions emphasize the 

lack of a single therapeutic approach and underscore the need for combination strategies. Lifestyle 

interventions, particularly weight loss through diet and exercise, remain crucial, while pharmacological 

options like GLP-1 receptor agonists, obeticholic acid, lanifibranor, and resmetirom show promise but require 

further validation. Bariatric surgery and emerging endoscopic procedures offer potential in eligible patients. 

In sum, this review underscores the complexity of NAFLD and NASH, advocating for a multifaceted approach 

to address this increasingly prevalent and clinically relevant condition. 

Keywords: NAFLD; NASH; pathogenesis; genetic factors; dietary factors; environmental factors; 

therapeutic strategies 

 

1. Introduction 

Non-alcoholic fatty liver disease (NAFLD), recently renamed by an international consensus 

panel as metabolic-associated fatty liver disease (MAFLD), affects up to 1 billion patients worldwide 

[1]. This change in nomenclature is in keeping with more recent understanding of this disease and its 

inherent link to metabolic syndrome. The National Cholesterol Education Program and the Adult 

Treatment Panel III defines metabolic syndrome as a constellation of risk factors that promote the 

development of atherosclerotic CVD [2]. The presence of three or more of the following components 

fulfills the criteria for clinical identification of metabolic syndrome: hypertension (≥ 130/85 mmHg), 

abdominal obesity (> 102 cm in men, > 88 cm in women), dyslipidemia (triglycerides ≥ 150 mg/dL or 

low HDL cholesterol < 40 mg/dL in men, < 50 mg/dL in women), and impaired fasting glucose (≥ 100 

mg/dL) [3]. This is summarized in Figure 1 below. 
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Table 1. The most commonly agreed-upon diagnostic criteria of metabolic syndrome according to the 

NCEP ATP3 2005 guidelines. 

Parameters NCEP ATP3 2005 

Number of abnormalities ≥3 of: 

Glucose 
Fasting glucose ≥5.6 mmol/L (100 mg/dL) or drug treatment for 

elevated blood glucose 

HDL cholesterol 
<1.0 mmol/L (40 mg/dL) (men); <1.3 mmol/L (50 mg/dL) (women) or 

drug treatment for low HDL cholesterol§ 

Triglycerides ≥1.7 mmol/L (150 mg/dL) or drug treatment for elevated triglycerides § 

Obesity Waist ≥102 cm (men) or ≥88 cm (women)* 

Hypertension ≥130/85 mmHg or drug treatment for hypertension 

* In Asian patients, waist ≥90 cm (men) or ≥80 cm (women). 

§ Treatment with 1 or more of fibrates or niacin. 

 

Figure 1. Diagram outlining some of the risk factors currently known to increase progression of 

NAFLD to NASH. 

The manifestation of metabolic syndrome in the liver is fat deposition, hence the previous name 

of NAFLD. This fat deposition leads to inflammation, also known as Non-alcoholic Steatohepatitis 

(NASH) and eventually fibrosis and cirrhosis. There are several theorized mechanisms of this 

pathogenesis as well as a constellation of contributing factors, both studied and theorized. These will 

be discussed in detail later. 

2. Epidemiology 

NAFLD has become the most common chronic liver disease with a prevalence of 25% 

worldwide. The highest rates are reported from South America (31%) and the Middle East (32%), 

followed by Asia (27%), United States (24%) and Europe (23%). NAFLD is less common in Africa 

(14%).  Among these patients in the US, the prevalence of NASH was 21% [2]. 

Research into NAFLD has rapidly expanded the understanding of its pathophysiology and 

defined useful diagnostic criteria. Diagnosis has shifted to focus on the metabolic criteria commonly 

associated with hepatic steatosis, such as T2DM and metabolic syndrome. These key comorbidities 

have led to the proposal to rename this condition to MAFLD [4]. The goal with re-defining fatty liver 

disease is to improve outcomes by identifying high-risk patients and intervening earlier on the 
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metabolic dysfunction contributing to their disease [5]. Experts state that a focus on metabolic 

dysfunction better represents the pathophysiologic mechanism of the disease. Studies have shown 

that obesity, metabolic syndrome, and T2DM are associated with a greater risk of progression of 

NAFLD to NASH, HCC, or fibrosis [6]. NASH is predicted to become the most common indication 

for liver transplantation. [7] Therefore, the focus on metabolic criteria may better stratify patients who 

are at increased risk of disease progression. Compared to a diagnosis of exclusion in NAFLD, 

MAFLD’s positive inclusion of metabolic abnormalities is designed to risk-stratify patients at highest 

risk for progression to NASH, HCC, or fibrosis.  Importantly, the presence of other hepatic disease 

does not exclude MAFLD diagnosis like the in the NAFLD definition. However, studies show that 

around 90% of patients meet the criteria of both NAFLD and MAFLD [8,9]. 

The new definition will alter the incidence and prevalence going forward. Given its novelty, 

prevalence data has been estimated from existing data. A recent meta-analysis by Chan et al of more 

than 10 million patients globally found the prevalence of MAFLD to be 38% [5]. One study found the 

prevalence of MAFLD in North America to be 34.8%, another measured 39.1% [10,11]. As obesity and 

T2DM continue to increase around the world, the prevalence of MAFLD is likely to increase.   

The definition of MAFLD includes patients who have 2 or more factors associated with 

metabolic dysfunction. Thus, the MAFLD definition encompasses lean and nonobese individuals 

with steatosis. The prevalence of MAFLD among these patients is estimated to be 5% and 12%, 

respectively [12]. 

The incidence of both NAFLD/MAFLD is difficult to determine due to a lack of cohesive 

screening guidelines and inaccurate tools. Ultrasound is commonly used in initial work-up, but it 

lacks the sensitivity to detect subtleties in early disease. The generally accepted value is that the 

incidence of NAFLD is around 2-6% [13]. 

3. Prevalence  

MAFLD is the most common cause of chronic liver disease in Western countries and is predicted 

to become the most frequent indication for liver transplantation by 2030 [14]. This is largely due to 

the increase in the rates of the components of metabolic syndrome described above.  

While it was previously thought that this was a disease of the affluent, new data is emerging 

showing a rising rate of the individual factors of metabolic syndrome in those living in poverty. Poor 

nutrition and obesity have been identified as direct effects of living in poverty [15].  

The National Health Service in England released a report on childhood obesity that identified 

potential reasons for the link between poverty and specifically childhood obesity, some of these 

included chronic stress exposure during childhood, obesogenic food environments, less access to 

areas for physical activity as well as absence of high-quality supermarkets reducing access to fresh 

fruits and vegetables [16,17]. These effects spill into adult hood and are contributory to the rapid rise 

in MAFLD we have seen over the past decade.  

Further to this rapid rise in the incidence of MAFLD over the past decade and resultant NASH 

and NASH cirrhosis, there was a notable increase in the incidence rate of MAFLD during the COVID-

19 pandemic of 2019-2022 [18,19]. These trends have also been seen in the incidence rates of the 

individual components of metabolic syndrome such as childhood obesity, high blood pressure, high 

blood triglycerides, low levels of HDL cholesterol, and insulin resistance [16,17].  

With this rapid rise in the global incidence rates of MAFLD pre-COVID-19 pandemic and 

subsequently accelerated rates we are seeing post-COVID-19 pandemic, developing an 

understanding of MAFLD, and instituting appropriate screening and intervention measures is of 

paramount importance.  

4. Pathogenesis of MAFLD & Progression to Fibrosis 

To this date, the pathophysiologic mechanisms resulting in MAFLD have not been clearly 

delineated. Our understanding of the complex interplay of several metabolic, genetic, and 

environmental factors leading to MAFLD has evolved significantly over the past 20 years. 
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Around the turn of the century, the leading theory behind the development of NASH was 

surmised by the ‘’2-hit hypothesis’’. The first hit in this 2-hit hypothesis was the accumulation of 

hepatic triglycerides leading to hepatic steatosis, what we know as MAFLD today [20]. 

Factors then thought to contribute to this first hit include insulin resistance, high amounts of 

adipose tissue and excessive dietary lipids. This first hit was suspected to increase the livers 

susceptibility to additional insult that caused inflammation. These additional insults were the 2nd hit 

in the 2-hit hypothesis, the resultant inflammation of which would then progress to fibrosis [20].    

More recently however, this hypothesis has been expanded upon to a ‘’multi-hit theory’’ once it 

was recognized that there are several influencing factors affecting the progression from hepatic fat 

deposition through to cirrhosis. The first expansion of the original 2-hit theory came around 2010 

when it was recognized that hepatic steatosis as a result of triglyceride deposition may be protective 

against the inflammatory effects of free fatty acid. This, plus the fact that hepatic steatosis in itself 

was sufficient to lead to fibrosis without an overt ‘’2nd hit’’ led to the proposal that impaired 

hepatocyte proliferation and other liver regenerative pathways as a result of oxidative stress was a 

‘’third hit’’ contributing the progression of fibrosis from MAFLD. 

Our most current understanding of the pathogenesis of the pathophysiology of MAFLD and its 

progression to fibrosis is encapsulated by the multi-hit model. Even in this model however, it has 

been widely agreed that hepatic fat deposition remains the first hit. Understanding this sentinel 

process and potential therapies to reduce the effects of and/or reverse this process are of paramount 

importance. A summary of some of the current known risk factors for the progression of NASH based 

on studies by Harrison et al and da Silva et al are outlined in Figure 2 below. [21,22] These individual 

factors are discussed in further detail in subsequent sections. 

 

Figure 2. A diagram demonstrating the significantly higher proportion of patients with NASH 

resolution after weight loss of >10% body weight when compared to >5% body weight. 

4.1. Adiposity - Liver Axis and Insulin Resistance 

Insulin resistance (IR) is mechanistically very closely intertwined with MAFLD.  IR refers to the 

blunted metabolic response by the body to the effect of insulin release. Obesity is closely linked to IR 

and the obesity epidemic has seen a drastic concurrent rise in Type 2 diabetes as a result of systemic 

IR [23]. The effects of this include a reduced ability to lower serum glucose and crucially, an inability 

to suppress lipolysis. In addition to systemic IR, hepatic steatosis results in hepatic IR which manifests 

as a reduction in hepatic gluconeogenesis despite a preservation of hepatic lipogenesis. This excess 

availability of lipids beyond the body’s capacity for lipid accumulation and storage results in a 

progression of both systemic and hepatic IR [23,24]. AS a result of excess adipose lipolysis as well as 

de-novo hepatic lipogenesis and excess dietary intake, an excessive amount of stored lipids undergo 

lipolysis with a resultant release of nonesterified fatty acids (NEFA) into the blood.  NEFA are 
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delivered to the liver to be processed and predominantly become esterified into triglycerides for 

storage, a relatively inert molecule. Some NEFA however undergo beta-oxidation in the liver and 

become bio-active lipids that confer increased hepatic oxidative stress. Some of these molecules 

include free cholesterol, diacylglycerols, and ceramides [25,26].    

Further, in addition to the quantity of NEFA released, the types of NEFA that accumulate are 

altered in NAFLD, with more saturated fatty acids being seen than monounsaturated and 

polyunsaturated fatty acids. These saturated fatty acids are associated with hepatic IR progression 

that perpetuates the cycle of excess lipids being released and hepatic steatosis, in triglycerides or 

other bio-active lipid products of beta-oxidation [27,28]. 

Adiposity and the resultant insulin resistance are a cardinal feature of MAFLD and NASH as it 

is a progenitor to lipotoxicity, oxidative stress, and inflammatory pathway activation that all 

contribute to the progression of MAFLD to NASH and cirrhosis. As such however, this 

understanding allows for the targeting of several mechanistic steps in attempt to curb this 

progression, these are discussed later. 

4.2. Inflammatory pathways 

While not fully understood, inappropriate activation of the inflammatory cascade in response to 

hepatic steatosis is fundamental to the progression of NAFLD to NASH. This is a key step in the 

progression of disease that is not seen in all patients. In fact, while the prevalence of NAFLD is 

estimated to be approximately 30%, only 5-10% of these patients will progress to have NASH [26].  

What is currently understood about the activation of this inflammatory pathway is that it 

appears to be triggered by reactive oxygen species (ROS) and oxidative stress [29]. Mitochondrial 

dysfunction, Endoplasmic reticulum stress and excessive activation of the enzyme NADPH Oxidase 

are the primary sources of dysregulated metabolism resulting in the production of ROD such as O2�-

, H2O2, malondialdehyde (MDA), and 4-hydroxy-2-nonenal [28,30].  

What is not currently known however is the mechanism by which the mitochondria and 

endoplasmic reticulum become dysregulated. Current theories are that the cell architecture is 

overwhelmed by the excessive FFA resulting in dysregulated metabolism of NEFA [31]. Further 

hypothesized is that excessive flow of NEFA as well as other pathogenic molecules, some of which 

are produced by dysregulated gut microbiota discussed later, are phagocytosed by hepatic Kupffer 

cells which then differentiate into their M1 phenotype, releasing cytokines such as TNF-α & IL-1. This 

is made plausible by the fact that TNF-α is one of the key cytokines responsible for the progression 

of NAFLD to NASH and through to cirrhosis [28,30,32].  

4.3. Gut/Liver axis and Gut-microbiome 

Humans share a core gut microbiome despite unique individual differences, and distinct 

alterations in this core gut microbiota and a resultant contribution to the pathogenesis of several 

diseases has been suspected for nearly 100 years [30]. Moreover, altered gut microbiota has been 

specifically found in patients with chronic liver disease over 80 years ago. This was mostly identified 

by culture growth which was time consuming and not practical in clinical decision making [33]. 

Recently however, advances in next generation sequencing (NGS) technology and metagenomics 

have led to profound advancement in our understanding of the contribution of the gut microbiome 

to liver disease [34].  

Several different mechanisms within alteration in the gut microbiome have been implicated in 

their contribution to progression of liver disease. A brief summary of some proposed mechanisms is 

shown in Table 2 below.   
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Table 2. Gut microbiome alterations. 

 

Unfortunately, however, since our understanding in this field is still early and much of our 

understanding comes from mouse models under highly controlled settings, it does not offer practical 

avenues for therapeutic intervention beyond experimental therapy at present time. As a result, much 

focus will not be placed on emerging treatments to alter gut microbiome in the later sections of this 

paper. 

4.4. Dietary and Environmental factors 

Clear links exist between excessive dietary fat intake and an increase in circulating lipid burden 

ultimately to be cleared by the liver. Dietary fat intake accounts for approximately 15% of the NEFA 

seen by the liver for processing, so it stands to reason that that the progressive increase in fat 

consumed in western countries results in an increased hepatic lipid processing burden contributing 

to both hepatic and systemic IR. Recently however, there have been developments in our 

understanding of the significant contribution to NAFLD of carbohydrates, specifically, fructose [50].   

With the obesity epidemic, there has been a stark increase in the consumption of fructose 

consumption, mainly in the form of high fructose corn syrup (HFCS). Studies regarding the effects of 

fructose metabolism on the development of metabolic syndrome and NAFLD have been astonishing. 

Theorized mechanism 
of gut microbiome 

alteration 

Specific gut microbiome 
alteration 

Contribution to liver disease progression 

Increased production 
and absorption of gut 
short-chain fatty acids 
(SCFA) 

Increased abundance of 
Firmicutes and reduced 
abundance of Bacteroidetes 
 [35, 36] 

Increased SCFA leading to increased 
obesity [37] [38] 

Altered dietary choline 
metabolism 

Reduced 
Gammaproteobacteria 
abundance and Increased 
Erysipelotrichi abundance 
[39, 40] 

Reduced choline caused hepatic steatosis 
[41]  
Altered microbiota convert dietary 
choline to hepatotoxic and inflammatory 
methylamine [41] 

Reduced bile acid 
production 

Unknown Reduced activation of farnesoid X 
receptor and TGR5 by bile acids, leading 
to reduced inhibition of pro-
inflammatory cytokine production and 
increased hepatic expression of TNFα and 
IL-18. [42] 

Gut permeability 
alterations and release 
of endotoxin 

Increased proportion of 
gram-negative bacteria [43] 

Increased production of 
lipopolysaccharide which is an endotoxin, 
leading to increased delivery to the liver 
and resultant steatohepatitis. [44] 

Increased dietary 
Saturated Fat intake 

Reduced microbial diversity 
and increased Firmicutes-to-
Bacteroidetes ratio [45] 

Increased SCFA production leading to 
increased obesity [37] [38] 

Increased dietary 
fructose intake 

Decreased Bifidobacterium 
and Lactobacillus abundance 
[46] 

Increased endotoxinemia leading to 
steatohepatitis [46] [47] 

Comorbid chronic 
kidney disease 

Increased abundance of 
urea-metabolizing microbial 
strains at the expense of 
carbohydrate-fermenting 
strains [48] [49] 

Accumulation of uremic toxic metabolites 
(URMs) which disrupts intestinal tight 
junctions and facilitates passage of 
lipopolysaccharides causing 
steatohepatitis [48] 
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Diets high in Fructose and Sucrose have been directly linked to increases in incidence of both NAFLD 

and NASH [51,52].  

Mechanistically, fructose has been theorized to modulate lipogenic enzymes, increasing hepatic 

steatosis. Fructose has been shown to cause significant gut microbiome dysregulation and 

overgrowth of bacteria in animal models. Chronic fructose consumption in the setting of excessive 

calorie intake will cause weight gain by de novo lipogenesis. While this is to be expected, recent 

studies have demonstrated that chronic fructose consumption induces resistance to Leptin, a 

hormone that induces satiety and reduces calorie consumption. More worrisome is that this Leptin 

resistance has been seen prior to the increase in body weight which significantly accelerates high-fat 

diet induced obesity. This leptin resistance has been seen to reverse with dietary modification to 

sugar-free diet despite high fat content [53].  

All these proposed effects of increased fructose consumption led to an increase in both systemic 

and hepatic IR, contributing a significant ‘’hit’’ in the development of NAFLD and NASH in the 

context of the ‘’Multi-hit theory’’ [30,53,54] 

4.5. Genetics 

Family based studies and twin studies have sought to establish heritability estimates of NAFLD 

with varying success. These differences can largely be attributed to the populations studied and to 

the modalities used to assess steatosis and categorize severity.  Tarnoki et al. found no evidence of 

NAFLD heritability among a subset of 208 adult Hungarian twins with the use of B-mode 

ultrasonography [55]. Schwimmer et al.’s familial aggregation study found a heritability of ~38% 

when adjusted for demographic variables [56]. The latter study utilized MRI proton density fat 

fraction (MRI-PDFF), a more sensitive and accurate modality than ultrasonography for assessing liver 

fat, though is limited in its generalizability with only overweight predominantly Hispanic patients 

and their families as participants. In an important study, Loomba et al. saw a ~50% heritability 

between 60 pairs of adult community dwelling twins and a robust correlation in monozygotic but 

not in dizygotic twins in hepatic steatosis and fibrosis [57]. Larger population studies assessing 

NAFLD via abdominal CT scan had heritability rates of 22-34% with a genetic predisposition seen in 

African- and Hispanic Americans [58–60]. Ethnic groups were consistently shown to have increased 

susceptibility to NAFLD, with Hispanics more prone to advanced disease than other groups [61]. 

Although the exact percentage may vary, a genetic component of NAFLD is evident.  

NAFLD is a lifestyle-based complex and multifactorial disease with a spectrum varying from 

steatosis, non-alcoholic steatohepatitis to cirrhosis and hepatocellular carcinoma. The progression 

through this spectrum is dictated by multiple risk factors including genetic and environmental 

factors. Recent research has placed focus on the understanding of genetic contribution to NAFLD 

pathogenesis through genome-wide association studies. The Patatin-like Phospholipase Domain-

Containing Protein 3 (PNPLA3) hydrolyzes triglycerides and retinyl ester [62] and a variant (I148M) 

in this gene leads to reduced hydrolase activity and impairs retinyl ester release, resulting in 

accumulation of triglycerides and retinyl esters within hepatocytes [63]. This variant of PNPLA3 is 

most common in Hispanics and has been shown to be strongly associated with increased hepatic fat 

levels and inflammation [64]. A variant (E167K) of the Transmembrane 6 Superfamily 2 (TM6SF2) 

gene is associated with increased levels of hepatic triglyceride content. Carriers of this variant have 

been shown to be more likely to accumulate fat in the liver and develop non-alcoholic steatohepatitis 

than those without the variant [65]. The MBOAT7-TMC4 variant was associated with increased 

hepatic fat content, more severe liver damage and increased risk of fibrosis in individuals of 

European descent, compared to study subjects without the variant [66]. In a study, patients 

homozygous for a variant glucokinase regulatory protein (GCKR) have higher serum triglycerides 

levels as well as increased severity in liver fibrosis [67,68].  

Understanding the contribution of the genetic component of NAFLD to the prevalence, 

progression, and severity of the disease has important implications for patient care. Benefits may 

range from early diagnosis and monitoring to targeted gene therapies. Coupled with the potential to 

assess a patient’s individual level of risk, these strides would lead to better overall patient outcomes. 
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Current implementation of genetic testing in diagnostic strategies remains inconclusive. In one study, 

incorporation of genetic information into predictive test scores for NAFLD improved the accuracy of 

the prediction by less than 1%, while another found its inclusion to be an effective predictor of NASH 

(28268262). Large multinational cohorts are underway to better elucidate the role and relationships 

of the identified gene loci [61]. 

5. Diagnosis 

There is debate over whether screening for NAFLD is worthwhile and cost-effective [69]. 

Currently, the American Association for the Study of Liver Diseases (AASLD) does not recommend 

screening for NAFLD, even in high-risk populations due to the uncertain long-term benefits and cost-

effectiveness of screening [70]. It is well-established that patients with type 2 diabetes, obesity, 

dyslipidemia, and hypertension are at increased risk of cirrhosis, advanced fibrosis, and liver disease 

mortality [69,70]. Therefore, clinicians should have a higher degree of suspicion in patients with these 

comorbidities. The diagnosis of NAFLD is typically characterized by (1) the presence of chronically 

elevated liver enzymes and (2) imaging evidence of hepatic steatosis. Serum alanine aminotransferase 

(ALT) and aspartate aminotransferase (AST) are commonly used to monitor liver function. An 

AST/ALT ratio of greater than 1 has been associated with a higher degree of fibrosis on liver biopsy 

[71]. However, elevated ALT alone is not correlated with a higher degree of fibrosis in NAFLD 

patients [72]. Although these serum biomarkers have high availability and applicability, they are not 

liver specific and can therefore be elevated in other comorbid conditions [73]. 

With regards to imaging, abdominal ultrasound is currently the first line screening tool for 

NAFLD given its widespread availability and low cost [74]. Findings of steatosis on abdominal 

ultrasound include bright hepatic echoes, increased hepatorenal echogenicity, vascular blurring of 

the portal or hepatic vein, and subcutaneous tissue thickness [75]. Limitations of using ultrasound 

include inter and intra-reader variability and anatomic constraints (bowel gas or a large body habitus) 

[76]. Liver biopsy is the gold standard for diagnosing NAFLD; however, it is costly, invasive, and 

susceptible to sampling bias [77]. Findings on liver biopsy of NAFLD include hepatic steatosis with 

or without hepatocyte ballooning, hepatic necrosis, Mallory bodies and fibrosis [78]. Of note, the 

severity of fibrosis has the greatest association with liver related morbidity and mortality when 

compared to other histological findings [79]. MRI- Proton density fat fraction (PDFF) and magnetic 

resonance spectroscopy (MRS) are useful for quantifying the triglyceride content in the liver [77]. 

However, MRI-PDFF and MRS are more costly and less available than abdominal ultrasound and are 

more often used in research settings rather than clinical practice [69].  Before diagnosing NAFLD, 

secondary causes of fatty liver disease such as viral hepatitis, alcoholic fatty liver disease, drug 

induced liver disease, medical conditions (Wilson disease, hereditary hemochromatosis, celiac 

disease), metabolic diseases (glycogen storage diseases), and poor nutritional status must be excluded 

[80].  

Once the diagnosis of NAFLD has been established, fibrosis scores are often calculated to assess 

the degree of NAFLD and guide management. The NAFLD fibrosis score (NFS), Fibrosis-4 (FIB-4) 

index, and AST-to-platelet ratio can be calculated from routine laboratory results [69]. The NFS is 

based on a patient’s age, BMI, presence of diabetes, AST, ALT, platelet count, and albumin level, 

while the FIB-4 is based on the patient’s age, AST, ALT, and platelet count. Patients who have a FIB-

4 ≤ 1.3 (age <65 years) or FIB-4 ≤ 2.0 (age > 65 years) are at minimal risk for advanced fibrosis and are 

typically managed in the primary case setting (Figure below). Patients who have a FIB-4 of > 1.3 (age 

< 65 years) or FIB-4 > 2 (age >65 years) undergo elastography and are referred for specialist care 

(Figure below). NFS and FIB-4 scores have a negative predictive value > 90%, demonstrating its utility 

as an initial diagnostic test in assessing for NAFLD [73]. 

Ultrasound based elastography, vibration-controlled transient elastography, point-shear wave 

elastography, two-dimensional shear wave elastography, or magnetic resonance elastography can be 

used to assess liver fibrosis in patients with intermediate to high risk of NAFLD based on their FIB-4 

and NFS [69]. Transient elastography is most used given its availability.  
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6. Treatments 

Weight loss is the first-line management of NAFLD and is recommended for patients with a BMI 

>25. In addition to improving the quality of life in patients with NAFLD, weight loss has been shown 

to improve liver histology, hepatic steatosis, and inflammation [81–84]. Weight loss of 3-5% has been 

shown to be associated with decreased steatosis fibrosis regression, 5-7% with reduced inflammation, 

7-10% with NASH resolution, and ≥10% with fibrosis regression [85]. 

Lifestyle interventions such as diet modification and exercise are attempted first. In patients with 

NASH or advanced fibrosis who do not sufficiently meet weight loss goals on lifestyle interventions, 

other strategies like bariatric surgery may be pursued. Surgical intervention with bariatric surgery 

can be considered in patients with a BMI >40 or a BMI >35 with one obesity-related comorbidity [86]. 

Bariatric surgery has been shown to improve steatosis, reduce inflammation, and improve fibrosis 

score [87–89]. Surgical intervention has also shown benefits in patients with NASH. Lassailly et al 

studied the effect of bariatric surgery in patients with NASH and found that NASH had disappeared 

in 85% of patients one year postoperatively [90]. However, worsening fibrosis has also been reported 

following bariatric surgery [88]. 

Although no drug treatment has been approved by the United States Food and Drug 

Administration (FDA) for the direct treatment of NAFLD, drug therapies targeting weight loss can 

be considered. Weight loss pharmacological therapy may be initiated in patients with a BMI ≥30 or 

≥27 with metabolic comorbidities such as diabetes or hypertension [91]. Current drug therapy options 

include glucagon-like peptide-1 (GLP-1) receptor agonists, lipase inhibitors, sympathomimetics, or 

combination drugs. Among these, GLP-1 agonists are the best-studied and evidence consistently 

demonstrates a positive effect of the drug on NAFLD. Semaglutide and liraglutide are the two GLP-

1 receptor agonists that have been approved for the treatment of obesity in the United States and are 

considered the first-line drug therapy. GLP-1 receptor agonists increase glucose-dependent insulin 

secretion, inhibit glucagon secretion, and slow gastric emptying [92]. They also act in multiple regions 

of the brain, where appetite and caloric intake are regulated [92]. Of the two, semaglutide is preferred 

given its superior dosing schedule of once weekly compared to once daily with liraglutide, as well as 

its greater efficacy in weight loss [93]. Multiple studies have shown that GLP-1 agonists can decrease 

liver fat content, improve ALT, and even a reduction in the progression of fibrosis [94–97]. The 

leading GLP-1 agonist, Semaglutide, has shown much promise in the treatment of NASH and its 

effects on decreasing markers of NASH and liver enzymes beyond its weight loss effects are 

discussed below. Liraglutide, another GLP-1 agonist that has also been known to cause weight loss 

has also been associated with increased rates of NASH resolution and decreased enhanced liver 

fibrosis (ELF) score when compared to placebo [98]. While weight loss is absolutely desired given its 

theorized and observed benefits in NASH, quantification of this fat-loss is improtant when thinking 

about weight loss as a treatment specifically for NASH. Several trials such as that by Vilar-Gomez et 

al have demonstrated that a weight loss of at least 10% of initial body weight is associated with the 

highest rates of NAFLD activity score reduction, NASH resolution, and even fibrosis regression. The 

importance of the magnitude of weightloss from this trial are summarised in Figure 3 below. [81] 

Unlike the GLP-1 agonists, other medications traditionally used in weight loss like orlistat, 

sympathomimetics, and combination drugs have not been studied as extensively in the setting of 

NAFLD. Orlistat is a gastric and pancreatic lipase inhibitor used primarily for weight loss, but its 

adverse effects on the gastrointestinal system such as oily stools, diarrhea, and abdominal pain have 

limited its use [99]. Randomized controlled trials conducted by Harrison et al and Zelber-Sagi et al 

showed that using orlistat in the treatment of NAFLD was associated with an improvement in liver 

histopathology [100,101]. Studies have also shown that orlistat may be beneficial in improving liver 

fat content and reducing inflammatory enzymes [100,102–104]. Unfortunately, few studies exist that 

investigate the effect of sympathomimetic drugs such as phentermine, diethylpropion, 

benzphetamine, and phendimetrazine, as well as combination drugs such as phentermine-topiramate 

and buproprion-naltrexone on NAFLD. 

Vitamin E is considered in patients with NASH and fibrosis stage ≥2 without diabetes mellitus. 

In a large, randomized trial conducted by Sanyal et al studying the efficacy of vitamin E (800 
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international units daily) and pioglitazone versus placebo, patients treated with vitamin E were more 

likely to have improvement in their global histology score compared with patients who received 

placebo [105]. However, the use of vitamin E has been associated with an increased risk of 

hemorrhagic stroke and prostate carcinoma [106,107]. Studies have also found high-dose vitamin E 

supplementation (≥400 international units per day) to be inconsistently associated with an increase 

in all-cause mortality [108].  

Pioglitazone, a thiazolidinedione, can be used in patients with NASH and diabetes mellitus. 

Pioglitazone has been shown to improve fibrosis, inflammation, and steatosis [109]. Because the use 

of pioglitazone is associated with an increased risk of weight gain, heart failure, and fractures, careful 

consideration of its risk to benefit ratio must be made prior to administration [110,111]. 

6. Emerging Therapeutic Options 

Recent randomized control trials and laboratory studies on animal models have identified 

several potential therapies for NAFLD. These emerging therapies are mainly pharmacologic in 

nature, with antioxidant, lipid-lowering, nuclear-transcription regulating, cytokine-targeting, 

hormone-mimetic, GLP-1 agonism or other metabolic profile altering properties [112]. Of these many 

agents, several therapeutic options that have reached phase 2 (lanifibranor) or phase 3 clinical trials 

(obeticholic acid, elafibranor, cenicriviroc, arachidyl amido cholanoic acid, and resmetirom to name 

a few).  

6.1. Semaglutide 

Semaglutide is a GLP-1 receptor antagonist that has shown some of the highest promise as a 

potential therapeutic agent for NASH in recent years. A pivotal study performed by Newsome et al 

investigating the safety and efficacy of Semaglutide administration in patients with NASH showed a 

statistically significant increase in patients with NASH resolution compared to placebo. [113] A recent 

network meta-analysis of 27 randomized controlled trials studying the efficacy of off-label therapy 

for NAFLD showed that Semaglutide use led to a significantly higher decrease in AST and ALT levels 

versus placebo, and that Semaglutide was superior to liraglutide in decreasing AST and ALT in 

patients with NAFLD [98]. As discussed prior, weight gain is central to the development of NASH 

and thus weight loss is paramount in the ability to reverse NASH. The weight loss effects of 

Semaglutide are well known and sought after in patients with both diabetes and obesity. Interestingly 

however, in the trial by Newsome et al., while a majority of NASH resolution was attributable to 

weight loss, the authors describe a small proportion of patients (approximately 25%) in whom there 

was NASH resolution beyond that which would be expected from weight loss alone. This is 

congruent with some preclinical studies such as those by Rakipovski et al demonstrating that 

Semaglutide reduces inflammation in the liver by mechanisms independent of weight loss. [114] This 

apparent pleiotropic effect of Semaglutide on NASH in addition to its established safety and 

availability for weight loss make this agent one of the most promising options for the treatment of 

NASH at present. Other agents have also shown some promise however they have been marred by 

undesirable side effects, lack of availability or lack of real-world efficacy beyond clinical trial. Some 

of these are discussed below.  

6.2. Obeticholic acid 

Obeticholic acid (OCA) is a synthetic bile acid derivative of chenodeoxycholic acid that acts as a 

farnesoid X receptor (FXR) agonist [115]. FXR is a nuclear receptor found intracellularly in the liver, 

intestines, kidneys, and adrenal glands, where it plays a role in glucose and lipid metabolism [112]. 

Upon stimulation by increasing bile acid levels, FXR suppresses the transcription of CYP7A1 gene, 

thereby inhibiting 7α-hydroxylase, downregulating bile acid synthesis, and upregulating cholesterol 

synthesis [116].  

Early studies and clinical trials that demonstrated increased insulin sensitivity; decreased 

hepatic inflammatory and fibrotic markers; increases in low-density lipoprotein cholesterol (LDL-c) 
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that could be mitigated with concomitant statin therapy; and minimal adverse events have prompted 

further phase 2 and 3 clinical trials [117,118].  

The FLINT trial was a phase 2b clinical trial that involved 283 patients with noncirrhotic NASH 

[119]. The study compared OCA to a placebo, finding a significant improvement in liver histology in 

the OCA group compared to the placebo. Pruritus was identified as an adverse effect of OCA therapy 

[119].  OCA also significantly increased LDL and cholesterol levels and decreased HDL levels, 

requiring concomitant statin treatment, compared to the placebo [119].  

An ongoing phase 3 clinical trial is the REGENERATE trial, which aims to compare the effects 

of 10-mg OCA and 25-mg OCA to a placebo on histological improvement and liver-related outcomes 

in patients with fibrotic, noncirrhotic NASH [120,121]. The study involves 2480 participants. A 

December 2019 interim analysis of the ongoing trial reported a significant fibrosis improvement 

without exacerbation of NASH in the 25-mg OCA group compared to the placebo, but no significant 

NASH resolution in either OCA group compared to the placebo [121]. Mild to moderate pruritus was 

noted as an adverse event in OCA therapy, corroborating findings of previous randomized control 

trials [121].    

6.3. Lanifibranor 

Lanifibranor is an antifibrotic indole sulfonamide α/γ/δ PPAR agonist that is novel for its ability 

to activate all three PPAR isoforms [122]. Early animal studies modeling the effects of lanifibranor on 

NASH found that lanifibranor normalized insulin sensitivity, decreased histologic characteristics of 

NASH including hepatic steatosis, inflammation, and ballooning, and inhibited the activity of hepatic 

stellate cells responsible for fibrinogenesis [123]. The pan-PPAR activity of lanifibranor is thought to 

mediate therapeutic improvements in pathways involving glucose metabolism and insulin 

sensitization, fatty acid and triglyceride metabolism, and energy homeostasis [124].  

A recent phase 2b randomized control trial compared the efficacy of 1200-mg or 800-mg 

lanifibranor to a placebo in 247 patients with biopsy-proven, highly active, noncirrhotic NASH over 

24 weeks [125]. Of the 247 participants, 42% had type-2 diabetes and 26% had moderate to severe 

fibrosis [125]. The study demonstrated a significantly higher percentage of at least a 2-point decrease 

in Steatosis, Activity, Fibrosis (SAF-A) score in the 1200-mg (but not the 800-mg) lanifibranor 

experimental group compared to the placebo. Also, compared to the placebo, both the 1200-mg and 

800-mg had higher rates of NASH resolution with and without improvement in fibrosis stage [125]. 

The lanifibranor groups also demonstrated decreased liver enzyme levels, improvements in 

measures of glycemic control (such as reductions in glycated hemoglobin), increased HDL cholesterol 

levels, increased dose-dependent adiponectin levels, and decreases in serum triglycerides [125]. 

Adverse effects of lanifibranor therapy included gastrointestinal events such as nausea and diarrhea, 

peripheral edema, anemia, and weight gain [125]. Further research on the efficacy and adverse-effect 

profile of lanifibranor awaits phase 3 clinical trials. 

6.4. Arachidyl amido cholanoic acid 

Arachidyl amido cholanoic acid (Aramchol) is an inhibitor of stearoyl-CoA desaturase 1 (SCD-

1). SCD-1 is the rate-determining enzyme in the conversion of saturated fatty acids to 

monounsaturated fatty acids [126]. Animal studies have shown that the inhibition or deficiency of 

SCD-1 reduced carbohydrate-induced adiposity, hepatic steatosis, fibrosis, and insulin resistance 

[127–129].  

A phase 2 clinical trial of 60 patients with biopsy-confirmed NASH in Israel compared 100-mg 

or 300-mg Aramchol to a placebo to assess for changes in hepatic steatosis [130]. The 300-mg 

Aramchol group experienced a significant reduction in hepatic steatosis, and the study found 

Aramchol to be well-tolerated without significant adverse effects [130].  

The ARREST trial, a phase 2b clinical trial, administered 400-mg, 600-mg Aramchol, or a placebo 

to 247 participants with prediabetes or type-2 diabetes and NASH to assess for significant decreases 

in hepatic triglycerides as its primary endpoint and for improved hepatic histology and 

aminotransferase as it secondary endpoint [131]. The group receiving 400-mg Aramchol 
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demonstrated a significant decrease in hepatic steatosis compared to the placebo group. The 600-mg 

Aramchol group decreased hepatic steatosis but insignificantly compared to the placebo [131]. 

Aramchol therapy also decreased alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

and hemoglobin A1c (HbA1c) levels [131]. The study also concluded that Aramchol was well 

tolerated and safe, though a higher incidence of urinary tract infections was noted in both Aramchol 

groups compared to the group receiving the placebo [131].  

The ARMOR trial is an ongoing, phase 3/4 trial consisting of an open-label part and two double-

blind parts that has enrolled 2000 participants [132]. The primary endpoints of the open-label part 

include improvement in fibrosis and resolution of NASH, and the endpoints of the double-blind parts 

include improvement in fibrosis, resolution of NASH, and assessment of long-term clinical outcomes 

[132].     

6.5. Resmetirom 

Resmetirom is a thyroid hormone receptor-β [THR-β] agonist. Thyroid hormones are thought to 

mediate hepatic triglyceride metabolism by promoting hepatic autophagy to aid the transport of fatty 

acids to the mitochondria for oxidative metabolism [133,134]. Disruptions in lipid metabolism 

pathways, such as those mediated by thyroid hormones, are thought to contribute to NAFLD [135].  

There are several thyroid hormone receptor (THR) isoforms, but THR-β is the most commonly found 

THR in the liver [135]. Thus, targeting this receptor decreases the risk of adverse effects due to the 

stimulation of other THR isoforms found in heart and bone tissue [136]. TH analogues have been 

shown to reduce hepatic steatosis and lipid peroxidation [135]. In animal studies, resmetirom was 

found to be well tolerated and caused statistically significant reductions in LDL-c and triglyceride 

levels [137]. An early randomized control supported findings from animal models, showing 

significant reductions compared to the placebo in LDL-c, non-HDL cholesterol, apolipoprotein B, and 

triglycerides without causing significant adverse events [138].    

A phase 2 clinical trial involved 125 patients with biopsy-confirmed NASH and a hepatic fat 

fraction greater than or equal to 10% were administered 80-mg resmetirom or a placebo for 36 weeks 

[139]. The primary endpoint was a change in hepatic steatosis measured by MRI-proton density fat 

fraction (MRI-PDFF) in the resmetirom group at 12 weeks [139]. At weeks 12 and 36, the resmetirom 

grup demonstrated a significant reduction in hepatic steatosis compared to the placebo group. 

Resmetirom was mosly well-tolerated, but transient mild diarrhea and nausea were significant 

adverse effects [139].  

7. Discussion 

In terms of pharmacologic treatment, no drug has yet been approved by the United States Food 

and Drug Administration (FDA) for the specific treatment of NAFLD. Over 100 drugs have been 

studied in clinical trials for the treatment of NAFLD and NASH given its rapidly rising prevalence in 

the United States and the downstream effects being seen of cirrhosis. Unfortunately, several drugs 

thought to have shown promise have faltered along the process. Given the vast array of medications 

targeting various contributors to the progression of NASH including lipogenesis, bile-acid 

metabolism, fibrogenesis, glucose metabolism and metabolic regulation, it is abundantly clear that 

NAFLD has no silver bullet.  

As a result, the most optimal way to manage NAFLD and NASH at present remains combination 

therapeutics based on known risk factors for the progression of NASH and NAFLD. Lifestyle 

modification as a result remains a fundamental pillar in the prevention of NASH progression, with 

dietary counselling being key. Referral to subspecialists for the management of factors defining 

metabolism should be made immediately at their discovery for initiation of therapeutics such as 

blood pressure, glucose, triglyceride and lipid lowering agents.  

In those with comorbidities of obesity and or diabetes, drugs that target weight loss, such as 

glucagon-like peptide-1 (GLP-1) receptor agonists, can be used. Semaglutide and liraglutide are the 

two GLP-1 agonists currently approved for the treatment of obesity in the United States and have 

been shown to be effective in reducing liver fat content and improving liver function in patients with 
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NAFLD. The study of GLP-1 agonist, especially Semaglutide, and its effects on NASH that are 

weight-loss mediated and possibly pleiotropically mediated is absolutely necessary given the 

promise these medications have shown. In the interim, given their increasing availability, these 

medications should be considered first line pharmacotherapy in patients with qualifying 

comorbidities warranting treatment with a GLP-1 agonist. Other medications traditionally used for 

weight loss, such as orlistat, sympathomimetics, and combination drugs, have not been studied as 

extensively in the context of NAFLD. Orlistat, for example, has been shown to improve liver 

histopathology and reduce inflammatory enzymes in some studies, but its adverse effects on the 

gastrointestinal system may limit its use. Similarly, the effectiveness of sympathomimetic drugs like 

phentermine and diethylpropion in the treatment of NAFLD has not been well-established, and 

combination drugs like naltrexone-bupropion have only been studied in small trials with mixed 

results. 

Finally, bariatric surgery or bariatric endoscopy referral should be sought aggressively in 

potentially eligible patients given its demonstrated efficacy at weight loss and resultant improvement 

in steatohepatitis. The advent of novel bariatric endoscopic procedures may increase the patient 

population eligible for procedural intervention when previously deemed too high risk for surgical 

intervention.  

Overall, these emerging therapies for NAFLD show promise but also highlight a large gap 

between both: NASH and our understanding of contributory factors as well as our current 

understanding of contributory factors and available medications to target these. Future efforts should 

be focused on continuation of the advent of novel therapeutics, increasing availability of current 

efficacious therapies to those who are eligible and finally validation of non-invasive testing for NASH 

as end-points for clinical trials to allow for easier testing if we are to have any hope of combating the 

rapid increase in incident NASH. The MAESTRO-NASH and MAESTRO-NAFLD trials are ongoing 

phase 3 clinical trials [139,140]. MAESTRO-NASH aims to compare 80-mg or 100-mg resmetirom 

treatment to a placebo [140]. The primary endpoint of the trial is resolution of NASH in patients with 

stage-2 or 3 fibrotic, noncirrhotic NASH and an evaluation of long-term clinical outcomes [140]. The 

secondary endpoint is change in LDL-c levels from baseline and histologic hepatic fibrosis 

improvement [140]. MAESTRO-NAFLD aims to describe adverse effects and safety of 80-mg and 100-

mg resmetirom compared to a placebo [139]. The trial will secondarily measure changes in LDL-C, 

apolipoprotein B, hepatic fat fraction measured by MRI-PDFF, triglycerides, and collagen type-III 

propeptide [139]. 
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