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Abstract: Non-alcoholic steatohepatitis (NASH) is a chronic and progressive form of non-alcoholic 

fatty liver disease. Its global incidence is increasing and makes NASH an epidemic and a public 

health threat. Non-alcoholic fatty liver disease is associated with major morbidity and mortality, 

with a heavy burden on quality of life and liver transplant requirements. Due to repeated insults to 

the liver, patients are at risk for developing hepatocellular carcinoma. The progression of NASH 

was initially defined according to a two-hit model involving an initial development of steatosis, 

followed by a process of lipid peroxidation and inflammation. In contrast, current evidence pro-

poses a “multi-hit” or “multi-parallel hit” model that includes multiple pathways promoting pro-

gressive fibrosis and oncogenesis. This model includes multiple cellular, genetic, immunological, 

metabolic, and endocrine pathways leading to hepatocellular carcinoma development, underscor-

ing the complexity of this disease. 
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1. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is an umbrella term that involves a spec-

trum of liver pathology, including simple steatosis, steatohepatitis, fibrosis, and cirrhosis. 

Multifactorial influences of diet, host genetics, and the gut microflora contribute to pro-

gression through the various pathologies of NAFLD. These insults ultimately cause hepa-

tocellular injury and cell death [1].  

Non-alcoholic steatohepatitis (NASH) has been demonstrated to have a close associ-

ation with obesity and obesity-related complications, such as type 2 diabetes (T2D) [2,3]. 

With the urbanization of the global population in addition to changes in dietary habits, 

the incidence and prevalence of obesity have been constantly rising. As a result, a spec-

trum of diseases associated with an increased body mass index (BMI) has also arisen, such 

as diabetes, metabolic syndrome, and also liver injury diseases, including NAFLD and 

non-alcoholic steatohepatitis (NASH). Consequently, NAFLD has become a growing ep-

idemic that is associated with significant morbidity and mortality, placing a strain on the 

quality of life and liver transplant requirements. 

In a study of autoptic reports, the prevalence of NASH in obese patients was 18.5% 

[2]. A systematic review and meta-analysis estimated a global prevalence of NASH to be 

37.33% (95% CI: 24.70–50.02%) among patients with T2D [4]. Nonetheless, it is imperative 

to not ignore the impact of NASH in the non-obese population. The prevalence of NASH 

in lean patients was found to be 2.7% [4]. 
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In the USA, the National Health and Nutrition Examination Survey III (NHANES III) 

evaluated approximately 30,000 persons aged 2 months and older from 1988 to 1994 and 

identified a prevalence rate of NAFLD that ranged between 2.8% and 30.2%, based on 

different diagnostic criteria, such as ultrasound and liver enzyme levels [5]. Using only 

the measurements of alanine aminotransferase (ALT) or aspartate transaminase (AST), a 

prevalence rate of 5.4% was observed [6]. Subsequent studies have shown the growing 

prevalence in the USA, with the NHANES I identifying a higher prevalence rate of 8.1% 

from 1999 to 2002, to 17.6% in 2011 based on a US Veteran’s study [7,8].  

In the Asian Pacific region, a similar rising trend was observed, with the prevalence 

of NAFLD being 25.3% between 1999 and 2005 compared to a rate of 33.9% from 2012 to 

2017 [9]. Globally, an average prevalence rate of 15% in 2005 and later 25% in 2010 based 

on regression analysis, with the greatest increase being observed in Asia and the Pacific, 

has been observed [4,10]. 

The Hispanic race has been found to have the highest prevalence rates, with individ-

uals from Mexico having higher rates compared to those from the Dominican Republic 

and Puerto Rico. On the other hand, African–Americans have the lowest prevalence de-

spite having higher rates of obesity, based on the 6-year NHANES III trial using AST or 

ALT in a population of 15,676 participants [6,11]. Genomic studies have identified the 

PNPLA3 gene as being strongly associated with the discordance of prevalence between 

races and liver steatosis. Specifically, the 148M allele was more common within Hispanic 

populations, while the S453I allele was found to contribute to low fat content in the livers 

of African–American individuals [12]. 

The progression of NASH to hepatocellular carcinoma HCC was initially defined ac-

cording to a two-hit model involving an initial development of steatosis, followed by a 

process of lipid peroxidation and inflammation. In contrast, current evidence proposes a 

"multi-hit" or "multi-parallel hit" model that includes multiple pathways promoting pro-

gressive fibrosis and oncogenesis. This model includes multiple cellular, genetic, immu-

nological, metabolic, and endocrine pathways leading to HCC development, underscor-

ing the complexity of this disease [13]. 

2. NAFLD Risk Factors 

Many of the identified risk factors for NASH are related to metabolic syndrome, also 

known as insulin resistance syndrome, and its related health comorbidities. Metabolic 

syndrome is defined by the presence of three of the following five major components: 

central obesity, elevated fasting blood sugar, high triglycerides, hypertension, and low 

high-density lipoproteins [14]. With each feature of metabolic syndrome, the risk of he-

patic steatosis increases exponentially. Furthermore, the diagnosis of the metabolic syn-

drome itself increases the probability that a patient will have progression to NASH rather 

than simple steatosis [15].  

NAFLD and NASH can be seen in obese and non-obese patients; however, the ma-

jority of the disease is seen in the overweight population. NAFLD is more common in 

obese patients (74% in obese patients and 90% in morbidly obese patients) [16]. Interest-

ingly, the distribution of fat might be more important than the total fat mass as a predictor 

of NASH. Cross-sectional studies reveal a strong correlation between visceral adiposity 

and the prevalence of NAFLD, as well as the extent of steatosis. The odds ratios for in-

creasing liver inflammation and fibrosis were 2.4 (95% CI: 1.3–4.2) and 3.5 (95% CI: 1.7–

7.1), respectfully, for every 1% increase in visceral fat [17]. Petta et al. utilized a Visceral 

Adiposity Index as a marker of adipose dysfunction. Adiponectin is a well-known hor-

mone secreted by adipocytes and proven to be influential in regulating the metabolism of 

lipids and glucose. Visceral adiposity has an inverse relation with adiponectin levels seen 

in patients with NAFLD. Researchers found that higher Visceral Adiposity Index, defined 

by a cut-off greater than 2.1 (sensitivity 69%, specificity 70%), was correlated with more 

significant hepatic fibrosis (F2–F4) [18]. 
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Diabetes itself is identified as an independent predictor of cirrhosis and liver-related 

deaths [19]. Among patients with T2D, 33–66% have NAFLD [20]. As per Pang et al., the 

hazard ratio for individuals with diabetes compared to those without is 1.49 (95% CI: 1.30–

1.70) for liver cancer, 1.81 (95% CI: 1.57–2.09) for cirrhosis, and 1.76 (95% CI: 1.47–2.16) for 

NAFLD [21]. Biopsy studies showed that T2D was the strongest prognosticator of NASH 

and hepatic fibrosis progression [11]. An analysis of almost 2.5 million Canadian patients 

newly diagnosed with T2D over a 12-year period showed a two-fold increased risk of 

cirrhosis, liver failure, or liver transplant [22]. Inversely, multiple studies have demon-

strated that NAFLD and NASH place patients at higher risk for the development of T2D, 

suggesting that T2D is not only a cause but also a consequence of NAFLD and NASH [22]. 

Additionally, pro-inflammatory dietary components have been demonstrated to 

have a role in promoting NAFLD. Studies have shown that it is the balance between n-6 

and n-3 polyunsaturated fatty acids (PUFAs) in the blood and liver, which is closely asso-

ciated with the severity of NAFLD [23]. n-6 PUFAs are classified as proinflammatory, 

whereas n-3 PUFAs have more anti-inflammatory properties. Thus, the ratio of n-6:n-3 

PUFAs is noted to be directly proportional to the progression of NAFLD. Furthermore, 

oxidized linoleic acid metabolites are formed products of n-6 PUFA linoleic acid oxidation 

which have also been shown to be elevated in individuals diagnosed with NASH [13]. 

Decreasing visceral fats can decrease hepatic insulin resistance. Lifestyle modifications, 

including weight loss, exercise and diet, demonstrated effectiveness in considerable slow-

ing and regression of inflammation and fibrosis in patients with NASH [24,25]. Lifestyle 

modifications are recommended as the primary treatment of patients with NASH. Studies 

show that losing 5–10% of weight can offer a significant improvement in NAFLD and 

NASH [26]. 

There are nonmodifiable risk factors, such as age, genetic composition, race and eth-

nicity, that have been attributed to influencing the progression of NAFLD to NASH (Fig-

ure 1). Age older than 45 or 50 years is associated with a higher likelihood of developing 

NASH, which is part of a multi-hit hypothesis [13]. A large multiethnic population-based 

study showed that the Hispanic population in the USA had a higher risk for NASH com-

pared to that of European descent [27]. The study also showed that African–Americans 

were protected independently of diabetes and BMI [27]. Moreover, genome-wide scans 

and case–control studies have identified many different genetic variants that influence 

progressive liver disease, such as the PNPLA3 gene, which will be discussed later in the 

manuscript [28].  

 

Figure 1. Risk factors and proposed mechanisms for non-alcohol steatosis (NASH) progressive liver fibrosis. 
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3. Lipid Accumulation 

Multiple mechanisms have been hypothesized to contribute to lipid accumulation in 

the liver. Free fatty acids have been attributed to account for about two-thirds of lipid 

deposition in the liver [29,30]. High-fat diets and lack of physical activity couple to pro-

mote the development of the metabolic syndrome. The excessive nutrients lead to adipose 

tissue accumulation, which can become dysfunctional due, in part, to the dysregulation 

of adipokines [31].  

Insulin resistance is also associated with lipid accumulation and is defined as a state 

in which cells fail to react to the effects of insulin on glucose production. High levels of 

insulin can advance hepatic steatosis via impaired skeletal muscle and hepatic insulin sig-

naling [32]. At the visceral adipose tissue, this impaired insulin effect leads to triglyceride 

breakdown and formation of free fatty acids. The liver then uptakes free fatty acids where 

it assembles as triglycerides [33]. 

Once the initiation of steatotic changes begins, oxidative stress, inflammation, and 

activation of stellate cells contribute to promoting the progression to NASH and early fi-

brosis. In patients with obesity and steatosis, the progression to fibrosis is accelerated by 

rapid weight loss during dieting, intestinal bypass surgery, surgical stress, alcohol intake, 

and T2DM, all of which increases free fatty acids in the liver [34]. 

Elevated levels of free fatty acids within the liver provides a source of oxidative stress 

by peroxisomal b-oxidation. This leads to the production of hydrogen peroxide. Highly 

reactive hydroxyl radicals are produced in the presence of iron. The release of these free 

radicals contributes to mitochondrial damage and the progression of liver fibrosis [35–38]. 

This supply of oxidative stress is needed for initiating enough lipid peroxidation to sur-

mount normal cellular defense mechanisms and produce necroinflammation [39,40]. 

Furthermore, elevated biomarkers of oxidative stress and antioxidants have been im-

plicated in the pathogenesis of NAFLD [41]. Oxidative stress also causes pathological pol-

yploidization of hepatocytes [42]. Studies have shown that free fatty acids additionally 

induce lipotoxicity, which subsequently increases levels of nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kβ) and those of tumor necrosis factor alpha (TNF-

α), transforming growth factor beta (TGFβ-1), and interleukin-6 (IL-6) [43]. 

4. The Insulin Signaling Pathway 

One of the most widely proposed pathways in the progression of NAFLD and he-

patic fibrosis is the metabolic or insulin signaling pathway, which is associated with insu-

lin resistance/hyperinsulinemia and hyperglycemia (Figure 2). Hyperinsulinemia is asso-

ciated with T2D and obesity. These two conditions have been implicated closely in the 

progression of NAFLD to liver fibrosis. Other comorbid conditions include hyper-

lipidemia (69%), hypertriglyceridemia (41%), metabolic syndrome (43%), and hyperten-

sion (39%) [18]. 

Another relevant element affecting NAFLD is hyperglycemia, which stimulates in-

sulin secretion and expands triglyceride synthesis by the liver, resulting in an increase in 

triglycerides in the blood and a buildup in the liver, leading to progressive liver injury 

and fibrosis [16]. 

Insulin operates by binding to tyrosine kinase receptors expressed at the plasma 

membrane of hepatocytes. There are two types of insulin receptors (IR) that come about 

via the alternative splicing of IR pre-mRNA: IR-A and IR-B, with the former being ex-

pressed in embryonic and fetal liver cells while the latter is solely expressed in adult 

hepatocytes [15]. Once insulin binds to IR-B, it causes the autophosphorylation of tyrosine 

kinase receptors and phosphorylation of its substrates. These, in turn, activate the phos-

phatidylinositol 3-kinase (PI3K)–AKT and Ras/mitogen-activated protein kinase (MAPK) 

pathways [22]. Insulin stimulation of AKT activity through 3-phosphoinositide-depend-

ent protein kinase 1 (PDK-1) and mammalian target of rapamycin complex 2 (mTORC2)-
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dependent mechanisms leads to the inhibition of the transcription factor Forkhead box O 

1 (FOXO1) [44,45].  

However, as seen in mice models in insulin resistance states, high insulin levels have 

been unable to block transcription factor FOXO1 through AKT2-dependent phosphoryla-

tion. It is stipulated that FOXO1 activity correlates with lipogenesis, increased expression 

of IRS-2, and increased activation of AKT2. The upregulation of these receptors as well as 

activation of Wnt/β-catenin are thought to be involved in the development of liver fibrosis 

[41,46]. Ectopic expression of wild-type (WT) or mutant β-catenin on its own is not suffi-

cient to induce HCC; however its expression helps accelerate the process of tumorigenesis 

[47]. 

 

Figure 2. Role of insulin resistance in hepatic steatosis. 

5. The Role of Autophagy 

Another essential part of metabolism is the process of autophagy and its involvement 

in malignant cell transformation. Autophagy is involved in homeostasis maintenance in 

cells by disposing of damaged organelles, as well as reducing intracellular lipids via fu-

sion with lysosomes for degradation [48]. Autophagy has been increasingly investigated 

in NAFLD as recent studies have revealed that regulation of autophagy has therapeutic 

potential by decreasing liver inflammation and injury. Rat studies demonstrated lower 

autophagic potential in primary rat HCC cells when compared to normal cells. Autoph-

agy-related genes (Atgs) have been discovered in yeast, which have mammalian homo-

logs, such as Beclin 1 (mammalian homolog of yeast Atg6) [48]. Mono-allelic deletion of 

Beclin 1 has been seen in various cancers, including liver, ovarian, breast, prostate, glioma 

and colon. The PTEN tumor-suppressor genes and the AKT, RAS, or MYC oncogenes have 

also been found to play a role in autophagy and tumor formation [48]. However, the actual 

mechanism by which autophagy functions in HCC is still unknown. During the early 

phase of tumor development, autophagy acts as a tumor suppressor and removes any 

damaged or mutated cells, thus maintaining stability. However, once a tumor is fully es-

tablished, unbalanced autophagy cells act as tumor promotors, inducing tumor growth 

and further contributing to HCC cell survival [49].  

6. Immunologic and Genetic Factors  

Another important mechanism involved in the progression of liver fibrosis involves 

an immunologic pathway. Two of the tumor-promoting cytokines, IL-6 and TNF, promote 

hepatic inflammation, as well as liver fat accumulation and activation of oncogenic 
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transcription factor STAT3 eventually leading to the formation of HCC. It was found in 

mice models that loss or ablation of TNF and IL-6 prevents fat-induced liver injury and 

further development of HCC [50].  

Natural killer (NK) cells are the immune cells that mostly reside within the liver and 

get activated by lipid antigens. It has been known that NK cells play one of the main roles 

in inflammation regulation; however, it is unclear whether NK cells exhibit pathogenic or 

suppressive function in obesity and NAFLD progression.  

NK cells tend to accumulate in the liver due to the expression of NK cell ligands in 

murine models [51]. In these models, the expression of IL-15 has been shown to lead to 

NASH; however, NK cells have also been shown to play a protective role in progressive 

liver fibrosis. It has been suggested that this occurs through NK cell influence on macro-

phage polarization in the liver, by way of an NKp46-dependent mechanism, together with 

the destruction of hematopoietic stem cells via NKG2D-dependence [52]. Patients with 

NASH have been shown to have increasing expression of activating receptor NKG2D by 

circulating NK cells, which may be responsible for increased hematopoietic stem cell 

death in mouse models. On the other hand, lower NKG2D expression has been observed 

in circulating NK cells of NAFLD patients [53]. This downregulation of NKG2D within 

the context of NAFLD may give rise to more pro-fibrotic NK cells and lead to progressive 

liver fibrosis. However, this regulation may be in part due to metabolics.  

Mice studies have revealed that CD1d−/− mice that lack NKT cells were more prone to 

develop fatty liver and weight gain following a high-fat diet compared to their counter-

part WT mice. These CD1d−/− mice demonstrated increased stimulation of inflammatory 

genes in the liver seen in NAFLD. This suggests that NKT cells play a regulatory role that 

helps suppress and prevent the development of diet-induced obesity and hepatic inflam-

mation by regulating crosstalk between metabolism and immune systems that maintains 

liver health and prevent progression to NAFLD [54]. 

In mice studies, NASH was induced after 2 months of treatment with methionine-

choline deficient diets (MCD) [55]. This was demonstrated by the macrovascular steatosis 

and fibrosis in the liver of B6 mice. The number of NK cells seen in WT B6 mice was vastly 

increased in the liver; however, these were decreased in the spleen. These natural killer 

cells in the liver demonstrated elevated levels of activation induced by the increased ex-

pression of CD107a and the cytokines IFN-y, TGF-B, and IL-10. Decreased expression of 

Ki67 signified a decrease in the production of hepatic NK cells after MCD treatment. Soon 

after treatment with MCD, there was an elevated expression of CXCL which led to the 

recruitment of CXCR3 NK cells into the liver [55,56]. It was seen that reduction of NK cells 

during MCD-induced NASH caused a substantial surge in the infiltration of monocyte-

derived macrophages. In all, intrahepatic NK cells seem to play a role in protection against 

fibrosis in NASH. 

More recently, the role of mucosal-associated invariant T (MAIT) cells has been in-

vestigated in the context of chronic liver disease. MAIT cells have been associated with 

antimicrobial, immune regulatory, protective, and pathogenic roles [57]. As a subset of 

lymphocytes, they can be activated by cytokine stimulation in an antigen-independent 

manner, and they can eliminate infected or altered cells by releasing pro-apoptotic 

granzyme B and perforin [58]. While the direct role of MAIT cells in NAFLD is still un-

known, Li et al. noted that MAIT cells were elevated in NAFLD and correlated with 

NAFLD activity score, while a protective effect was noted with macrophage polarization 

[59]. However, opposite effects have been found in MAIT cell-enriched mice, which 

demonstrated increased liver fibrosis and accumulation of hepatic fibrogenic cells com-

pared to MAIT-deficient mice models [60]. Due to these initial and conflicting reports, 

more studies are needed to understand the regulation of MAIT cells and their role in pro-

gressive liver fibrosis. 

Genetic modifiers have been shown to play a role in the pathogenesis of fatty liver 

disease and progressive fibrosis. One of the most well-characterized genes is patatin-like 

phospholipase domain-containing protein 3 (PNPLA3). PNLPA3 has been found to be 
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directly associated with hepatic steatosis, steatohepatitis, elevated plasma liver enzyme 

levels, hepatic fibrosis, and cirrhosis [61–64]. PNLPA3 is produced by the liver and has a 

role in retinol metabolism and hepatic inflammation [65].  

In murine models, PNLPA3 is upregulated in diets high in fats and carbohydrates, 

which creates an anabolic environment [66–69]. Mice deficient in PNPLA3 on a high-fat 

diet have been shown to have reduced liver fat content. On the other hand, PNPLA3 me-

diates the transfer of polyunsaturated fatty acids from triglycerides to phospholipids in 

hepatocytes. In other words, elevated PNPLA3 protein levels lead to lipogenesis.  

By contrast, deficient PNPLA3 expression can potentially mitigate its negative effect 

on hepatic lipolysis [70]. However, some reports have indicated opposite effects which 

contradict the above reports. Altogether, the there is evidence to indicate that PNPLA3 

plays a significant role in steatosis and liver fibrosis; however, there are unknown con-

founding variables which may exert up- or downstream effects, which needs to be further 

studied. 

7. Endocrine Pathway 

The endocrine pathway is another mechanism that is involved in the development of 

NASH and NAFLD with progression to fibrosis by hormonal dysregulation. Endocrine 

hormones are responsible for lipid distribution and cell metabolism and dysfunction of 

these processes accelerates fat accumulation in the liver and metabolic liver disease. Mul-

tiple conditions, such as hypothyroidism and growth hormone deficiency have been 

linked to the progression of NASH. Obesity and hyperlipidemia are one of the main man-

ifestations of a hypothyroid state, which leads to the development of NASH and eventu-

ally HCC. Polycystic ovarian syndrome is another endocrine condition associated with 

metabolic syndrome, insulin resistance, and the development of NASH [71]. 

As has been discussed above, obesity leads to the development of NAFLD and in-

creases the risk of HCC, and this has been increasingly observed in males. An androgen 

receptor (AR)-driven oncogene called cell cycle-related kinase (CCRK) cooperates with 

obesity-induced pro-inflammatory signaling, leading to the development of NASH-re-

lated tumorigenesis of the liver (Figure 3). CCRK works by inducing STAT3-AR promoter 

and transcription upregulation that subsequently activates mTORC1/4E-

BP1/S6K/SREBP1 cascades via GSK3β phosphorylation. STAT3-AR-CCRK-mTORC1 

pathway components have been observed to be overexpressed in NASH-associated HCC 

[72]. Recent studies have revealed that ablation of CCRK by lentivirus in male mice that 

were fed with high-fat and high-carbohydrate diets prevents obesity-associated lipid ac-

cumulation and insulin resistance, as well as the development of HCC [73].  

Lastly, recent genetic studies have further elucidated the role of AR in hepatocarcin-

ogenesis and the relevance of increased HCC in males compared to females. Nagasue et 

al. looked at recurrence rates of HCC after resection [74]. The study revealed a strong as-

sociation between androgen receptors and recurrence of intrahepatic HCC [74]. AR plays 

an important role in liver disease progression by the following signaling mechanism. 

CCRK transcription activation by ligand-bound AR induces cell cycle progression, the 

proliferation of hepatic cells, and malignant transformation. Out-of-place expression of 

CCRK in immortalized human liver cells activated β-catenin/T-cell factor signaling that 

has a similar role in cell cycle progression and tumor induction as CCRK. Thus, in studies 

in which knockdown of CCRK was attempted, decreased HCC cell growth was seen. 

However, this effect could be reversed by the activation of β-catenin/T-cell factor. Over-

expression of all three receptors has been observed in human HCC tissue samples [75].  
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Figure 3. Role of androgens and estrogens in liver fibrosis and tumorigenesis. AR: androgen receptor, CCRK: cell cycle-

related kinase. 

8. The Gut Microbiota 

Gut microbiota has been found to promote NAFLD. Alterations to the intestinal mi-

crobiota or dysbiosis has been found to promote toxicity by altering bile metabolism, in-

creasing intestinal permeability, induction of inflammasomes, increased energy extrac-

tion, altering choline metabolism, and stimulation of toxins [76]. 

Increased toxin production has been associated with dysbiosis, with examples in-

cluding altered choline metabolism leading to toxic metabolites, such as trymethylamine, 

and direct stimulation of endogenous ethanol [76]. Altered microbiota has also been 

shown to affect lipid metabolism by parallel mechanisms, such as decreasing lipid break-

down by inhibiting B-oxidation and promoting lipid formation by stimulating lipoprotein 

lipase activity, short-chain fatty acid (SCFA) extraction, and enterohepatic circulation of 

bile acids [77]. Lastly, direct toxicity has been observed by obesogenic bacteria, leading to 

the formation of small intestine bacterial overgrowth (SIBO), bacterial translocation and 

subsequent whole-body inflammation by the stimulation of inflammasomes by bacterial 

endogenous products [77]. 

Despite studies linking dysbiosis and NAFLD, there is not any direct evidence to 

support alterations in gut microbiota and liver fibrosis [78]. It is also unclear if dysbiosis 

provokes or precedes NAFLD, NASH, or progressive liver fibrosis. 

When compared with healthy controls, reports show a reduced microbial diversity 

correlated with obesity and NAFLD. Patients with higher-stage fibrosis or NASH with 

cirrhosis have significantly greater proportions of Bacteroides and Ruminococcus. A similar 

gut microbial pattern has been found in patients with type 2 diabetes compared to healthy 

controls [79]. The microbiome among patients with NAFLD varies widely, and differences 

in ethnicity, as well as environment, may have different effects on the progression of liver 

fibrosis [80]. Long-term, multiethnic studies are needed to understand the interplay be-

tween the microbiome and the rate of liver fibrosis in patients with NAFLD.  

9. Biomarkers 

Serum markers can be broken down into the pathological processes involved in 

NASH progression. Categories include inflammation, oxidation, adipokine signaling, and 

apoptosis/necrosis [81]. Inflammatory markers, such as IL-8, TGF-beta, IL-6, C-reactive 

protein, and ferritin have been associated with hepatic fibrosis given involvement in the 

recruitment of neutrophils and initiation of hepatocellular inflammation [82]. Ferritin, 

specifically, has been found to be a good predictor of NASH, more so when evaluated in 
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conjunction with other factors, such as AST levels and BMI. The combination of these fac-

tors with ferritin increases the diagnostic accuracy of this commonly tested acute-phase 

reactant [83]. These markers are available commercially and are commonly used in clinical 

practice; however, they are limited by their diagnostic value given their non-specificity as 

they can be affected by systemic inflammation. 

Oxidation damage, peroxidation of lipids, and microbial activity can increase caspase 

activity in the setting of worsening mitochondrial permeability. The effect is steatosis and 

tissue death by apoptosis and necrosis. Cytokeratin (CK) 18 is a filament protein in 

hepatocytes that is cleaved by caspases during the initiation of cell death. It is a well-val-

idated blood biomarker for apoptosis that is used commercially to correlate histological 

improvement over time. FAS is also released by caspases and has been associated with 

the extensive apoptosis pathway in hepatocytes [84]. The accuracy of these markers is 

limited if used in isolation and is associated with low sensitivity. 

Oxidative stress, marked by lipid oxidation products, has been associated with 

NASH. Specifically, products of arachidonic acid oxidation and linoleic acid oxidation 

have had the greatest evidence of correlation from amongst the oxidation products [85]. 

These markers have been incorporated in diagnostic panels, such as the oxNASH score 

[86], but are limited in clinical usability given the cost of the equipment needed to measure 

these end by-products. 

Hormones have been found to correlate with NASH pathogenesis, such as adiponec-

tin, leptin, and resistin. Adiponectin is an adipose tissue-made protein negatively associ-

ated with insulin resistance, diabetes, and dyslipidemia due to its impact on fatty acid 

metabolism and insulin-receptor function [87]. Lower levels of adiponectin have been 

found to be associated with fibrosis based on a 2011 meta-analysis [88]. Leptin is another 

protein hormone involved with food intake regulation and was found to be directly cor-

related with steatosis in obese patients. Unfortunately, these adipokines are mostly vali-

dated only in obese populations and are poorly specific due to their reflection of general 

visceral adiposity [89]. 

Abnormal liver function tests, and specifically elevations in AST and ALT, are the 

most used markers for hepatic disease. They are non-specific indicators of hepatic fibrosis 

when ALT is larger than AST, compared to the opposite association in alcohol-related 

cirrhosis. The ratio of ALT/AST has been found to be a poor indicator of fibrosis with an 

accuracy of 0.66–0.74. The elevations in liver enzymes, however, do not correlate with the 

degree of fibrosis and are considered poor predictors of NASH when used in isolation 

[90–94].  

Liver function tests (LFTs) have been incorporated in algorithms, such as Fibrosis-4 

Index (FIB-4) to improve the accuracy of detecting fibrosis [95]. FIB-4 is an algorithm that 

was initially used to stage liver disease in patients with hepatitis C, but, its use has been 

expanded to detect for NASH by incorporating age and platelet level, in conjunction with 

LFTs [91]. However, a key disadvantage is its propensity to overestimate fibrosis in alco-

hol users, due to its heavy reliance on AST [95]. Nonetheless, FIB-4 has been found to 

increase sensitivity of fibrosis detection and decrease the needs for liver biopsies, espe-

cially when combined with imaging-based biomarkers, such as liver stiffness measure-

ment (LSM) detected by acoustic resonance form impulse (ARFI) and vibration controlled 

transient elastography (VCTE) [96]. 

While image modalities perform poorly in detection of NASH when used inde-

pendently, especially in obese patients and in the presence of type 2 diabetes, there has 

been significant progress and success in their use in-conjugation with the aforementioned 

algorithms, such as FIB-4, to act as a surrogate for the detection of fibrosis [97]. VCTE 

obtains the median liver stiffness measurement in kilopascals, while ARFI quantitatively 

measures liver stiffness using shear wave speed in meters per second, with ARFI appear-

ing to have a stronger ability to estimate fibrosis compared to VCTE [97]. 

Molecular biomarkers, such as metalloproteinases and extracellular matrix by-prod-

ucts, have been found to promote strong predictions of risk for developing fibrosis, to 
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confirm fibrosis, and to monitor fibrosis progression [98]. A key by-product includes hy-

aluronic acid (HA), an extracellular matrix polymer released by hepatic stellate cells as a 

result of activation in the setting of chronic liver disease [98]. HA has been incorporated 

into algorithms, such as Enhanced Liver Fibrosis Score and HepaScore; however, limita-

tions include the need to develop age and ethnic-specific differences in cut-off scores [98]. 

Liver biopsy continues to be the gold standard for the diagnosis of NAFLD and liver 

fibrosis. However, given the invasive nature of the procedure, patented algorithms have 

been designed by incorporating multiple demographic and metabolic parameters, in or-

der to provide a non-invasive alternative. The NASHTest is one such panel that includes 

some markers, such as AST, ALT, and total bilirubin, and was found to have an area under 

the ROC curves of 0.69–0.83 [99]. In 2008, Younossi et al. created two algorithms, the first 

incorporated apoptosis markers and adipokines, such as CK-18 and resistin and was 

found to have an area under the ROC curves of 0.73–0.91 for NASH. The second panel, 

called The NASH Diagnostic panel included demographics as well as CK18 to create a 

diagnostic tool with an average accuracy of 0.81 [100]. While these biomarker panels offer 

hope for a safer, non-invasive alternative to liver biopsies, the aforementioned algorithms 

used small populations that consisted of obese patients. External validity is inadequate 

unless more studies are performed using larger and more diverse populations that include 

non-obese subjects. 

10. Conclusions 

The growing incidence of NASH represents a public health threat with significant 

cost to healthcare systems. Our review shows several pathways by which NASH pro-

gresses to liver fibrosis. These mechanisms are being further elucidated but represent pos-

sible avenues for biomedical intervention. Furthermore, it underscores the complexity of 

this disease and the effects of cellular, genetic, immunologic, metabolic, and endocrine 

contributions. While no FDA-approved medications are available, there are phase III clin-

ical candidates being explored that may hold promise for patients with NASH. Further 

work is needed if we are to stem this growing tide and develop methods for decreasing 

steatosis, NASH, fibrosis, and HCC. 
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