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Abstract (159 words) 

The prevalence of non-alcoholic fatty liver disease (NAFLD) is now 25% in the general 

population but increases to more than 55% in subjects with obesity and/or type 2 diabetes. 

Simple steatosis (NAFL) can develop into more severe, i.e., non-alcoholic steatohepatitis 

(NASH), cirrhosis, hepatocellular carcinoma and death.  

In this review we have discussed several mechanisms that have recently been indicated as 

primary promoters of NAFL progression to NASH. In particular, the role of insulin resistance, 

mitochondrial function and lipotoxic lipids. Insulin resistance, mainly in adipose tissue, is the 

main driver of NAFLD due to excess release of fatty acid. We discussed several lipids that are 

bioactive or toxic to cells and can be used to identify individuals at risk of progression to NASH. 

Not only lipid, but also amino acid metabolism is impaired in NAFL/NASH, and some amino 

acids, such as branched-chain and aromatic amino acids, glutamate, serine, and glycine, have 

been linked to impaired metabolism and severity of NAFLD. 
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1. Diagnosis and prevalence of fatty liver disease  

Non-alcoholic fatty liver disease (NAFLD) is defined as excessive triglyceride accumulation into 

the hepatocytes in the absence of excessive alcohol consumption and defined by the 

presence of steatosis in >5% of hepatocytes according to histological analysis or by >5.6% 

hepatic fat assessed by magnetic resonance imaging (MRI) or spectroscopy (MRS) 1. It is 

estimated that the prevalence of non-alcoholic fatty liver disease (NAFLD) in the general 

population is about 25% 2. The highest prevalence rate is in South America (30.5%) and in the 

Middle East (31.8%) population, with the lowest rate in the African continent (13.5%) 2. These 

data suggest a fundamental contribution of both genetic and epigenetic backgrounds.  

NAFLD can progress to a more severe form, i.e., non-alcoholic steatohepatitis (NASH), defined 

as the presence of steatosis, inflammation and ballooning 1 that occurs in 10-25% of the 

subjects with NAFLD 2. The definitive diagnosis of NASH requires liver biopsy since there are 

no approved imaging or circulatory biomarkers of NASH 1. 

 

NAFLD is a metabolic disease, so it is not surprising that its prevalence is higher in subjects 

overweight or obese and in presence of sedentary lifestyle, being 57% in subjects with 

moderate to severe obesity and 90% in patients with morbid obesity undergoing metabolic 

surgery 3,4.  

Diabetes is a major risk factor for fatty liver disease and NAFLD is currently present in 55% 

and NASH in 37% of patients with T2D, respectively 5. Prevalence of metabolic disease 

(obesity, T2D and NAFLD) is continuously rising. Thus, considering that the estimated 

prevalence of diabetes in 2045 is expected to reach 700 million subjects 6, we can expect that 

number of patients with NAFLD and diabetes will reach 388 millions, of whom, those with 

NASH would be over 260 millions.  

Not only T2D is a major risk factor for NAFLD, but also NAFLD is a major risk factor for the 

development of T2D. A recent meta-analysis reported a 2.2-fold increased risk of diabetes in 

subjects with NAFLD and this risk was higher (random-effects HR 2.69) in subjects with severe 

liver disease 7.  

Given the strong association between fatty liver disease and metabolic alterations, it has been 

proposed to go beyond the dichotomous definition of NAFLD and NASH and diagnose fatty 

liver disease on the basis of metabolic dysfunction. Thus, a new definition was proposed that 
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is  Metabolic (dysfunction) -Associated Fatty Liver Disease (MAFLD) 8 and requires, beyond 

the evidence of hepatic steatosis, one of the following three criteria, namely 

overweight/obesity, presence of type 2 diabetes mellitus, or evidence of metabolic 

dysregulation 8. However, this change from NAFLD to MAFLD is far from being accepted by 

the entire scientific community 9 mainly because both terms are considered ‘suboptimal’. If 

MAFLD will help with the diagnosis, subjects with non-metabolic NAFLD (eg lean with genetic 

mutations) that will not fit the MAFLD criteria will not be diagnosed and will be at potential 

risk of future illnesses. Moreover, all clinical trial endpoints for biomarkers and new drugs are 

currently based on the old definition of NAFLD/NASH. Finally, the new definition allows 

including moderate alcohol consumption in the characterization of such patients; thus some 

patients may have concomitantly alcoholic fatty liver. 

In the following paragraphs we discussed the current knowledge in the pathophysiology of 

fatty liver disease, including both metabolic and non-metabolic factors, as well as the markers 

of liver damage, giving attention to the alterations in lipid metabolism and production of 

lipotoxic lipids. 

 

2. Mechanisms of development of NAFLD and progression of liver disease 

Hepatic steatosis is the result of an imbalance between triglyceride synthesis and secretion 

(as very low-density lipoproteins, VLDL). Primary, but modifiable, risk factors associated with 

NAFLD are positive caloric intake, low physical activity and preferential accumulation of 

abdominal adiposity 10 (Figure 1), while among non-modifiable risk factors there are: older 

age, male sex, ethnicity (Hispanic population, followed by Caucasians and African Americans) 

and genetic traits 2.  

2.1. The multiple hit hypothesis 

Not all subjects with simple steatosis (NAFL) will progress to NASH (about 10-20%). The 

mechanisms responsible for the progression of NAFL to NASH are still unknown. Many studies 

are now focusing on this topic, not only to discover new therapeutic targets but also 

biomarkes that can substitute liver biopsy that is currently the only way to diagnose NASH.  

NASH is a complex disease that involves not only metabolic alterations (responsible for 

steatosis) but also other mechanisms responsible for the development of inflammation and 

ballooning. The two-hit theory, which dates back to 1998, was the first to hypothesize that 
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the initial accumulation of lipids (first hit) was followed by a second hit that will impact the 

already vulnerable liver11. Once combined, these two hits would make the liver more 

susceptible to develop inflammation, apoptosis, and fibrosis11. This second hit should be due 

to mitochondrial dysfunction and oxidative stress, which allow the onset of lipid peroxidation, 

the activation of inflammatory pathways, unregulated hepatocyte apoptosis,  and activation 

of hepatic stellate cells11. Subsequently, Tilg and Moschen suggested that alteration in the gut 

liver-axis, gut microbiota, (adipo)cytokines, and innate immunity might also be responsible 

for the second hit 12. Thus, it was hypothesized that a multiple-parallel hit based on the 

simultaneous interaction of several factors would be responsible for the progression of NAFL 

to more severe forms. In particular, the multiple-parallel hit hypothesis highlights the link 

between the intestine, liver, and adipose tissue, that once dysfunctional results in the 

development of hepatic inflammatory processes and fibrosis and, in severe cases, 

hepatocellular carcinoma12.  

 

2.2. Genetic factors 

In addition to the above mechanisms, genetic polymorphisms and epigenetic factors confer 

greater susceptibility to develop NAFL and NASH (Figure 1).  

Several genes have been found associated to NAFLD, like Patatin-like phospholipase domain-

containing protein 3 (PNPLA3 or adiponutrin) 13, transmembrane 6 superfamily member 2 

(TM6SF2) 14, glucokinase regulator (GCKR) 15, membrane bound O- acyltransferase domain- 

containing 7 (MBOAT7) and hydroxysteroid 17β- dehydrogenase (HSD17B13), as recently 

reviewed in 16. Subjects carrying the genetic mutations are at higher risk to develop NAFLD, 

NASH, fibrosis, severe liver disease and hepatocellular carcinoma but not comorbidities like 

diabetes of cardiovascular diseases 16,17.  

 

While subjects with MAFLD are insulin resistant and at increased risk of both hepatic and 

nonhepatic clinical events 18, the genetic forms of NAFLD are not associated to increased IR 

either in muscle or in liver when compared with subjects with similar BMI without fatty liver 

(as summarized in Table 1). Subjects with either mutation for PNPLA3 gene 19,20, familial 

hypobetalipoproteinemia (APOB-FHBL) 21,22, acyl-CoA:diacylglycerol acyltransferase 
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(DGAT)23,24, Glucokinase Regulatory Protein (GCKR) 25,26, have fatty liver but peripheral and 

hepatic insulin sensitivity comparable to matched subjects without mutation and/or NAFLD.  

 

 Table 1 - Genetic polymorphism related with NAFLD, IR and associated comorbidities. 

Gene Variant Function 
Increased 

IR 
Risk of 

T2D 
Risk of 

CVD 
MAF Phenotype 

PNPLA3 rs738409 C>G 
Lipid 

droplets 
remodelling 

no no no 0.267 
↑NAFLD, 
fibrosis, 

HCC 

TM6SF2 rs58542926 
VLDL 

secretion 
- - ↓ 0.067 

↑NAFLD, 
fibrosis 

GCKR 
rs780094 A>G 

rs1260326 C>T 

Regulation 
of de novo 
lipogenesis 

no no - 
0.302 
0.293 

↑NAFLD, 
fibrosis 

HSD17B13 
rs72613567 

T>TA 

Regulation 
of de novo 
lipogenesis 

no 
 Possibly 

↓ 
Possibly 

↓ 
0.32 

↓NASH, 
fibrosis 

HCC 

KLF6 rs780094 A>G 
Regulation 
of de novo 
lipogenesis 

no 
Possibly 

↓ 
Not 

known 
0.068 

↓NASH, 
fibrosis 

MBOAT7 rs641738 C>T 

Phospholipid 
metabolism 

and TG 
synthesis 

no 
 Possibly 

↓ 
Possibly 

↓ 
0.408 

↑NAFLD, 
fibrosis, 

HCC 

DGAT2 

rs10899116 

C>T 

 rs1944438 C>T 
TG synthesis no ↓ ↓ 0.05 ↑NAFLD 

APOB several 
VLDL 

secretion 
no - ↑ <0.001 

↑NAFLD, 
fibrosis 

Abbreviations: MAF: minor allele frequency; CVD, cardiovascular disease; HSD17B13, 7-β hydroxysteroid 

dehydrogenase 13; HT, high TAG; IR, insulin resistance; MBOAT7, Membrane Bound O-Acyltransferase Domain 

Containing 7; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis NT, normal TAG; 

PNPLA3, Patatin-like phospholipase domain-containing protein 3; T2D, type 2 diabetes. 

 

 

Membrane Bound O-Acyltransferase Domain Containing 7 (MBOAT7) or the MBOAT7 

rs641738 C>T variant promote NAFLD and liver damage 27. Teo et al found no association 

between MBOAT7 rs641738 C>T variant and insulin resistance although hyperinsulinemia, 

which is an index of insulin resistance, promotes hepatic steatosis also through suppression 

of MBOAT7, as recently shown by our group 28.  
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Figure 1 - Metabolic NAFLD (MAFLD): this is due mainly to metabolic alterations and an excess energy intake 
from saturated fat, sugars and refined carbohydrates. Adipose tissue insulin resistance, abdominal lipid storage 
and tissue remodelling favor hepatic fat accumulation, and causes lipotoxicity in other organs like muscle and 
pancreas. Genetic NAFLD: liver fat accumulates because of genetic causes. In general these patients do not have 
increased IR or diabetes, and often lean NAFLD patients have some of the common mutations. However, some 
patients may have both conditions (genetic + metabolic); in this case the risk associated with genotype is 
synergistically increased by total adiposity and insulin resistance. Figure modified from reference  140 

 

Other genes that were found associated with NAFLD, but in a protective way, are 

hydroxysteroid 17-β dehydrogenase 13 (HSD17B13) 29 or Krupper like factor 6 (KLF6) 30,31. The 

carriers of these variants not only are protected from the development of NASH and hepatic 

fibrosis, but also of insulin resistance 29-31. 

However, some patients may have both conditions (genetic + metabolic) and they develop 

insulin resistance with worsening of BMI 32. In this case the risk associated with PNPLA3, 

TM6SF2 and GCKR genotype is synergistically increased by total adiposity and IR and the 

effect of MAFLD on disease outcomes is amplified 18,33.  

 

2.3. Hepatic fibrosis 

Presence of hepatic fibrosis is not a criteria for diagnosis of NASH, although severe fibrosis 

(F3 or cirrhosis,F4) is the strongest predictor of mortality and major clinical events in NAFLD 

34,35. Clinical events are predominantly liver-related in NAFLD patients with cirrhosis (F4), 
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whereas NAFLD patients with bridging fibrosis (F3) have mainly nonhepatic cancers and 

vascular events 35. The rate of progression of NASH with advanced fibrosis (F3) to cirrhosis 

was recently estimated in the placebo arm of the trials of simtuzumab after 96 weeks of 

observation 36: progression to cirrhosis occurred in 22% (48/217) of F3 patients, and liver-

related clinical events occurred in 19% (50/258) of patients with cirrhosis. However, it is now 

recognized that liver fibrosis, which was initially thought to be an irreversible process, is 

dynamic and naturally reversible 37. As for NASH, there is still no approved pharmacological 

treatment for liver fibrosis. 

 

 

3. Insulin resistance (IR) and NAFLD 

Chronic liver disease is often associated with insulin resistance and alterations in glucose 

metabolism and the concomitant presence of steatosis along with type 2 diabetes mellitus 

and/or evidence of metabolic dysregulation are used for the diagnosis of MAFLD.  

Insulin resistance is defined as a defect in insulin action in different tissues and affects both 

glucose and fatty acid metabolism. We and others have shown that insulin resistance in 

NAFLD/MAFLD is present at the level of the muscle, liver and adipose tissue 38-45.  

 

3.1. Hepatic IR 

Hepatic insulin resistance (Hep-IR) and increased fasting glucose production are often present 

in subjects with NAFLD even if non-obese and without diabetes 41. Garcia-Morzon et al 

evaluated several hepatic genes involved in hepatic insulin signaling and glucose metabolism 

in liver biopsies of  non obese patients with NAFL, NASH, chronic hepatitis C (CHC) or normal 

liver (NL). They showed impaired hepatic insulin signaling in patients with NASH and even 

more in CHC patients compared to NL, but not in NAFL 46. Among the hepatic genes with 

reduced expression there were the insulin receptor substrates (IRS1 and IRS2), the 

phosphorylated protein kinase B (pAkt), the phosphorylated forkhead box-containing protein 

O subfamily-1 (FoxO-1), and the phosphorylated 50 adenosine monophosphate-activated 

protein kinase (pAMPK). The impairment of the insulin pathway was related to fibrosis and 
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apoptosis but the lack of impairment in non obese NAFL indicates that hepatic fat 

accumulation occurs before the disruption of mechanisms responsible for insulin signalling. 

Among the causes of impairment in insulin action in NAFLD there are the synthesis and 

accumulation of lipotoxic lipids like lipids  containing saturated fatty acids (SFA), 

diacylglycerols (DAGs) and ceramides 47. 

Figure 2 represents the various pathways of supply, uptake, synthesis, and disposal of lipids 

that contribute to metabolic homeostasis within the liver. High rates of DNL are associated 

not only with hepatic steatosis 48 but also with postprandial atherogenic dyslipidemia 49 and 

might explain the increased CVD risk observed in NAFLD, even in the absence of other 

comorbidities.  

 

Figure 2- Overview of pathways involved in hepatic lipid accumulation. The level of intrahepatic lipids depends 
on the equilibrium between lipid acquisition pathways (adipose tissue lipolysis, fatty acid uptake from diet and 
de novo lipogenesis) and disposal pathways (β-oxidation and export as VLDL). Formation of lipotoxic 
compounds, such as saturated fatty acids (eg palmitic acids by DNL) and ceramides, can impact mitochondrial 
function and metabolism.  
Abbeviations: 3-PG, 3 phosphoglycerate; DHAP, dihydroxyacetone phosphate; DNL, de novo lipogenesis; G6P, 
glucose-6-phosphate; GNGglyc, gluconeogenesis from glycerol 3 phosphate; GNGpyr, gluconeogenesis from 
pyruvate; GlycNG, glyceroneogenesis; NEFA, non-esterified fatty acids; PC, pyruvate carboxylase; PEP, 
phosphoenolpyruvate; PEPCK, phosphoenol pyruvate carboxylase; SFA, saturated fatty acids; TAG, 
triacylglycerols; VLDL, very-low-density lipoprotein. 

 

 

Excess SFA has been implicated in the development and progression from simple steatosis 

(NAFL) to non-alcoholic steatohepatitis (NASH); not only long term ingestion of SFA 50 but also 

acute dietary intake of palm oil 51 can stimulate hepatic TAG esterification and accumulation. 
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Palmitate is the most abundant SFA but it is highly toxic for the cell and, for this reason, it is 

rapidly metabolized either by esterification to DAG and then TAG or  used for the synthesis of 

other species in primis dehydroceramides (DHCER) and ceramides (CER) (Figure 2 and 3). 

Palmitate is also the first product of de novo lipogenesis (DNL), of which the main substrate 

is dietary fructose, and can be elongated to produce other SFA (Figure 2). Subjects with 

NAFLD, especially if obese, have an increased DNL and palmitate synthesis 40.  

The increased availability of FA in the liver (from either AT lipolysis and/or increased hepatic 

fatty acids (FA) synthesis by DNL) play a fundamental role in NAFLD 50. 

Synthesis of diacylglycerols (DAGs) from fatty acid esterification is the first step during TAG 

synthesis. DAGs have been proposed as bioactive lipids that can induce insulin resistance 

through alteration of insulin signaling. In the liver, DAGs activates PKCε that impairs hepatic 

insulin signaling by directly inhibiting insulin receptor-ß tyrosine kinase activity in a dose-

dependent manner and impairing the ability of insulin to increase insulin receptor substrate 

-2 (IRS2) tyrosine phosphorylation  47; as a consequence, reduced insulin-Akt activation has 

an inhibitory effect on glycogen synthesis and the suppression of gluconeogenesis52. 

However, Brandon et al. recently challenged the role of hepatic PKCε by showing that only 

global deletion, but not hepatic KO of PKCε, protects mice against diet-induced glucose 

intolerance and insulin resistance 53. 

Ceramides (CER) are bioactive lipids potentially lipotoxic that belong to the class of 

sphingolipids. CER are synthesized either from the desaturation of DHCer or from 

sphingomyelin, from sphingosine 1-P or other complex sphingolipids (Figure 3). 

The exact mechanism by which ceramides influence Hep-IR are unknown, but proposed 

mechanism relates ceramides to inhibition of Akt 54,55 that impairs FOXO1 phosphorylation 

and promote gluconeogenesis 56,57.  

Also, dihydroceramides (DHCer), the precursors of ceramides (Figure 3), have been linked to 

hepatic insulin resistance, and their concentration is increased in subjects with NASH 58,59. 

DHCer are synthesized from a backbone composed of palmitoyl-CoA and serine plus a fatty 

acid. DHCer is desaturated by inserting a double bond into the backbone to form CER by the 

enzyme dihydroceramide desaturase 1 (DES1) (Figure 3). The possible lipotoxic role of DHCer 

was recently investigated in mice without the gene Degs1 that encodes DES1; these mice fed 

with an obesogenic diet had lower CER levels in serum or tissue and also did not display the 

lipotoxic effects previously observed in mice with high CER, i.e. increased lipid uptake and 
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storage, dysfunctional glucose utilization and insulin resistance 55. These studies indicate that 

a high dihydroceramide to ceramide ratio (due to a reduction in DES1 activity) might be 

associated with a more favorable metabolic profile. Thus, not only ceramide synthesis but 

also degradation (by ceramidases) might play a role in the development of Hep-IR and 

increased risk to develop type 2 diabetes. Hepatic overexpression of acid ceramidase was 

associated with reduced hepatic fat accumulation, increased VLDL secretion, and improved 

total body glucose homeostasis and insulin sensitivity under high-fat diet feeding 54. 

 

Figure 3 – Overview of pathways involved in sphingolipid synthesis. Ceramide is synthesized de novo from 

dihydroceramide or from other lipids like sphingomyelin and sphingosine. The synthesis of dihydroceramide 

involves the formation of backbone (sphinganine) composed by palmitoyl-CoA and serine to which it is then 

attached a fatty acid. Palmitoyl-CoA can be derived either from circulating palimitic acid or from de novo 

lipogenesis (DNL). Ceramide impairs both insulin signaling as well as mitochondrial function. 

 

Hyperglycemia can also cause hepatic IR (Hep-IR), since as shown by Tripathy et al chronically 

induced hyperglycemia by 48 hour glucose infusion in normal glucose tolerant subjects (NGT) 

was sufficient to cause hepatic IR (Hep-IR) and increase substantially hepatic glucose 

production  that was not responding to insulin infusion60. 
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3.2. Adipose tissue IR 

It is now established that it is the adipose tissue insulin resistance (AT-IR) that drives the 

hepatic fat accumulation and the development and progression of NAFLD to more severe 

forms of liver disease 39,41,61. The main action of insulin in the adipose tissue is to stop lipolysis 

and stimulate the uptake and esterification of fatty acids. Insulin has a direct effect on several 

lipases, i.e., it inhibits adipose tissue triglyceride lipase (ATGL) 62, the first step of TG hydrolysis 

that results in the formation of diacylglycerol (DAG) and the release of one FA and  it inhibits 

hormone-sensitive lipase (HSL) that hydrolysis DAG into glycerol and FA but also have the 

capability to hydrolize TAG and MAG 63. Thus, insulin resistance in the adipose tissue results 

in higher lipolysis and free fatty acids (FFAs) serum concentrations, mainly during a fasting 

state but also in presence of high insulin levels (eg after a meal) 64,65.  

Moreover, insulin activates adipose tissue genes involved in biosynthesis of de novo fatty 

acids (ACC, ACLY, FASN), glycerolipids (GPAM, LPIN1) and cholesterol (HMGCS, HMGCR, MVD) 

similarly in obese, never obese and subjects that lost weight after bariatric surgery 66. The 

synthesis and accumulation in adipocytes of lipotoxic compounds, as diacylglycerols, 

cholesterol and ceramides, are associated with insulin resistance. Saturated fatty acids (SFA) 

in particular palmitic acid are well known lipotoxic lipids and they can stimulate the synthesis 

of DAGs and CERs and induce chronic inflammation and organ damage not only in the liver 

but also in the adipose tissue. In obese subjects the adipose tissue mRNA expression of the 

enzyme ceramide synthase 6 (CERS6) and the concentration of CER(C16:0) are increased and 

the CERS6 expression is correlated with adiposity and insulin resistance 67.  

The composition of fatty acids released during lipolysis strongly depends on the composition 

of the TG in the adipose tissue which in turn greatly depends on the average intake of fatty 

acids (over 2-3 years in subjects with stable weight given the low turnover rates, half-life = 1-

1.5 years) and from de novo lipogenesis 68. AT-IR is also associated with inflammation and 

activation of hepatic macrophages in patients with NAFLD, regardless of obesity and 

diabetes42.  
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3.3. Muscle IR 

Muscle IR is a characteristic feature of subjects with NAFLD38-44 but if muscle insulin resistance 

or glucose intolerance are cause or consequence of fatty liver is still debated.  

Bril et al. 43 showed that muscle insulin sensitivity, measured using the euglycemic 

hyperinsulinemic clamp, was decreased in subjects with NAFLD but regardless of intrahepatic 

triglyceride content (IHTG) measured by MRI (in NAFLD  peripheral glucose uptake, Rd, was 

about half of Rd measured in controls with 1% IHTG). Browers et al.44 studied glucose and 

lipid metabolism of non-diabetic (ND) and diabetic (T2D) subjects with/without NAFLD, well 

matched for gender, age (59 years) and BMI (30 kg/m2). Muscle IR was increased in in subjects 

with NAFLD although ND (45% more than in controls), but was unexpectedly similar to to that 

measured in T2D subjects with or without NAFLD. 

We also have measured muscle insulin resistance and glucose tolerance during oral glucose 

tolerance test (OGTT) using the oral glucose insulin sensitivity index (OGIS) in non-diabetic 

subjects with different aetiology of fatty liver (i.e. NAFL, NASH or chronic hepatitis C (CHC)) 

and liver biopsy38,69. In patients with NAFLD we found an increase in muscle insulin resistance 

positively associated with the NAFLD activity score (NAS), while no association was found in 

CHC38,69. Interestingly, in NAFLD there was a strong positive association between the degree 

of hepatic fibrosis and peripheral IR while the worsening of steatosis was associated with 

more pronounced IR or glucose intolerance38,69. Furthermore, we observed that while insulin 

resistance was increased in subjects with impaired glucose tolerance (IGT) and NAFL/NASH, 

in patients with IGT and CHC, insulin sensitivity was similar to controls and glucose intolerance 

was due to dysfunctional insulin secretion38.  

As for the liver possible mechanisms that explain muscle IR in NAFLD are related to the 

accumulation of lipotoxic species as DAGs and CERs. Muscle DAGs activate PKCθ that impair 

muscle insulin signaling by reducing insulin-stimulated glucose uptake, potentially delivering 

excessive glucose to the liver 47. Also CERs accumulation in muscle has been related to 

impaired insulin action since they antagonize insulin signaling by inhibiting transmission of 

signals through phosphatidylinositol-3 kinase (PI3K) and blocking activation of the anabolic 

enzyme Akt/PKB 70,71. 
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4. Is mitochondria dysfunction responsible for progression from NAFL to 

NASH? 

The second hit hypothesis points at mitochondrial dysfunction as one of the causes of NASH 

and loss of hepatic insulin sensitivity 12,72. Koliaki et al showed that only subjects with NASH, 

but not those with simple steatosis (NAFL), have reduced mitochondrial respiration and 

mitochondrial uncoupling associated with Hep-IR 73. Mitochondrial biogenesis and activity 

were initially increased in NAFLD to couple with the increase in energetic substrates, 

indicating mitochondrial flexibility. Similar reports associated increased mitochondrial 

oxidative function with hepatic TAG accumulation and DNL 74,75.  

In humans and mice, elevated body weight, hepatic steatosis and lipolysis are related to 

increased hepatic FA β-oxidation, TCA cycle activity 75-79 and induction of ketogenesis 76,77,80-

82. Hyperactivity of the TCA cycle appears to be an outlet for excess acetyl-CoA from β-

oxidation, but this channeling may lead to ROS generation and tissue inflammation 72.  

Recently, it was reported that high fat-fed animals have decreased mitochondrial respiration 

with succinate, but no change in FA oxidation 83. Some reports showed that mitochondrial 

respiration decreases during NASH development73,77, with reduced synthesis of ATP84-87. 

Others have shown that despite impairment in lipids or glucose metabolism, NAFL/NASH 

mitochondria were not dysfunctional 88,89. Despite the differences all these reports indicate 

that mitochondria can adapt to excess substrates. 

The remarkable mitochondrial flexibility in preventing the lipotoxic effects of excessive FFA is 

often insufficient to refrain from disease progression76,77. This flexibility is lost with more 

severe stages of the disease, as NASH 73. However, if this is a consequence or cause of NASH 

is still unclear. Some studies report that mitochondrial function is not an early player on 

NAFLD progression. Decreased ATP production was observed in hepatic mitochondria of 

steatotic mice fed an HF diet enriched in SFA, but the disease progression was not due to 

mitochondrial impairment89. Mice fed with a “Western” diet for 24 weeks developed liver 

steatosis with decreased mitochondrial respiration but no changes in FA ß-oxidation and no 

traces of ROS, suggesting that mitochondria adapted to the excess substrate83. Mice fed for 

16 weeks with three different hypercaloric diets HF, high sucrose, or HF-high sucrose diet 
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presented hepatic steatosis regardless of no changes in mitochondrial oxidative capacity, FA 

ß-oxidation or ROS production90.  

The discrepancy in the results may be linked to the different animal models and the different 

stages of the disease of human subjects. A certain mitochondrial metabolic plasticity occurs 

in NAFLD; however, the current data indicate that mitochondrial dysfunction occurs in severe 

states of liver disease progression but it does not promote its initial onset. 

The dysfunctional mitochondrial activity could also be related to dysfunctional adipose tissue 

and excess lipolysis due to AT-IR.  An et al showed that the impairment of the AT 

mitochondrial dicarboxylate carrier (mDIC [SLC25A10]) that facilitates the transport of the 

TCA cycle intermediates malate and succinate from the mitochondria to the cytosol, and that 

is predominantly expressed in the white adipose tissue, was linked to hepatic fat 

accumulation and NAFLD 91. In mice with adipocyte mDIC expression either suppressed or 

overexpressed, lipolysis was respectively enhanced or reduced indicating a role of adipose 

tissue succinate in the regulation of lipolysis 91. Moreover, mice with mDIC overexpressed 

showed resistance to weight gain during HF feeding and improvement in glucose tolerance 

and insulin sensitivity. 

 

5. Omics markers of severity of liver disease 

Several scores have been developed for the diagnosis of NAFLD and fibrosis 92, but so far, 

none has been validated for the diagnosis of NASH 1. Currently, metabolomics and  lipidomics 

have been employed to identify markers of NAFLD and of the severity of liver disease 

 

5.1. Metabolomics 

Among the metabolites, those that have been associated with severity of liver disease in 

several clinical studies are amino acids (AA) 93-97. Dysfunctional amino acid metabolism in 

NAFLD is linked to peripheral insulin resistance (IR), i.e.,  in muscle since protein anabolism is 

stimulated by insulin while protein catabolism should be counteracted by insulin, thus 

regulating the release of amino acids during fasting (catabolic state) while protein synthesis 

is stimulated in the postprandial state when also insulin levels are increased 98,99. Branched-

chain amino acids (BCAA) leucine, valine and isoleucine are also metabolized in the adipose 
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tissue and in the liver and are often increased in all insulin resistant states, including NAFLD, 

both because of the increased muscle catabolism and because of impaired  95,100-102. In 

particular, decreased adipose tissue BCAA oxidation has been associated with insulin-

resistant conditions 99,103. High fasting concentrations of BCAAs and aromatic amino acids 

(AAA) phenylalanine and tyrosine were found to be significantly associated with the risk of 

developing T2DM 102. On the other hand, in patients with liver disease, while BCAAs are 

usually increased, mainly because of insulin resistance 95,101, AAA are frequently found 

decreased significantly in chronic hepatic insufficiency 95,104,105; this being attributable to an 

impairment in hepatic amino acid catabolism since aromatic AA metabolism occurs mainly in 

the liver 106. The Fisher’s ratio calculated as BCAA/AAA is used to identify patients with more 

severe liver disease105. 

Subjects with NAFLD have an increased demand of glutathione to counteract the increased 

oxidative stress. The main AA involved in the synthesis and catabolism of glutathione are 

glutamate cysteine and glycine, but also methionine and serine since they are precursors of 

cysteine. In subjects with NASH, glutamate concentration increases while serine and glycine 

concentrations decrease 95. The ratio of glutamate to (serine plus glycine) referred to as GSG 

index was found increased along with the severity of liver fibrosis in NASH 95 and in patients 

with HCV, especially in those that did not respond to antiviral treatment 107. Glycine has been 

found positively associated with HOMA-IR 95,107,108, and its supplementations improves insulin 

resistance and hepatic metabolism 109,110. 

Other metabolites of interest are the intermediates of the TCA cycle, particularly succinate, 

as described above. Its decreased transfer from mitochondria to the cytosol of adipocytes has 

been associated with impaired suppression of lipolysis and peripheral hepatic triglyceride 

accumulation while the opposite phenotype was shown when the mitochondrial transfer was 

enhanced  91. In humans, reduced plasma succinate concentrations during a glucose load were 

found decreased in obese subjects and rescued after significant weight loss and bariatric 

surgery 111.  

 

5.2. Lipidomics 

The development of NAFLD is highly related to the alteration in lipid metabolism. However, 

not only the total amount of lipids but also their composition has been associated with 
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alteration in hepatic metabolism. The most relevant lipidomic studies are summarized on 

Table 2. 

Lipidomic analysis of liver biopsies by high-resolution mass spectrometry has shown that 

subjects with NAFLD have an increased accumulation of saturated triacylglycerols (TAG) 

alongside other lipotoxic species like ceramides (CER) and diacylglycerols (DAGs) 58,59,112 .  

In humans, circulating DAGs were found positively correlated with both HOMA-IR 59,113 and 

Hep-IR 47,113.  

Increased levels of TAG and changes in their composition (i.e., those containing more 

saturated than unsaturated fatty acids) are highly associated with hepatic fat accumulation 

and insulin resistance 43,45,52,58,59,113. How different FAs (e.g. saturated vs. unsaturated) are 

implicated on hepatic lipid accumulation and progression from NAFLD to NASH is still under 

debate 114. The degree of saturation of TAG is highly dependent on both the diet and the rate 

of DNL. Plasma/serum TAG rich in saturated/monounsaturated fatty acids that derive from 

DNL and desaturation, i.e.,  TAG with low carbon number and low double bond content, were 

observed increased in NAFLD in several studies and positively correlated with IR 115-117 

whereas those containing polyunsaturated fatty acids, including omega-3 and omega-6 fatty 

acids (PUFA, which derive from diet) were decreased in NAFLD/NASH and negatively 

associated with IR in healthy subjects with a wide range of insulin sensitivity 115,116,118. These 

TAGs were also found predictive of type 2 diabetes development in Finnish men 119. 

Moreover TAG containing the SFA palmitate,  i.e., TAG(48:0) ,or  stearate, ie TAG(50:0) ,or 

their desaturated forms palmitoleic acid and oleate, ie TAG(48:1) and TAG(50:1), were found 

associated both to the presence of NAFLD 117 and increased risk to develop T2D 120. 
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Table 2. Summary of key lipidomic studies in NAFLD 
 

  

Study 
Number of participants/ 

BMI/T2D  
Diagnosis Matrix Main findings 

Ooi et al 2021 
Ref 112 

50 CT 
BMI 45 Kg/m2 

T2D (14%) 
 

110 NAFLD 
BMI 47 Kg/m2 

T2D (23%) 
 

16 NASH 
BMI 50 Kg/m2 

T2D (33%) 

Liver 
biopsy 

Plasma 

 
CER d18:0/16:0, d18:0/18:0, d18:0/20:0, d18:0/22:0, d18:0/24:0, d18:0/24:1,  

DAG SFA (16:0, 18:0), MUFA (18:1), PUFA (18:2),  
TAG SFA (16:0, 17:0, 18:0), MUFA (18:1), PUFA (18:2, 20:3, 20:4) 

↑ NAFLD 
 

Liver 

 
Total dhCER, TAG, DAG, CER d18:0/18:0, d18:0/20:0, d18:0/22:0, d18:0/24:0, d18:0/24:1,  

LPC 26:0, PI 18:0/22:5, CE 18:0, > 20 DAG, > 40 TAG 
↑ NAFLD and NASH 

 
PC 15-MHDA/18:2, PC 15-MHDA/22:6, PC 17:1/18:2, 18:1/22:6, CE 22:5 

↓ NAFLD and NASH 
 

Total CER, CE, THC, CER d18:1/16:0, d18:1/18:0, d18:1/20:0, d18:1/22:0, d18:1/24:0,  
GM3 d18:1/20:0, PC 28:0, 31:0, PC O-40:7, PS 38:4, CE 18:3, FC  

↑ NAFLD 
 

SM 37:2, d18:2/20:0, PC 17:0/18:2, 18:1/18:2, 39:5, 17:0/22:6, PC P-38:5,  
PE 18:1/22:6, PE P-18:1/22:4, 20:1/22:6 

↓ NAFLD 
 

Total DHC, DHC d18:1/18:0, d18:1/22:0, d18:1/24:0, SM d18:0/16:0, PC 36:0, 
↑ NASH 

 
PC 16:1/20:4, 38:6, PC 15-MHDA/20:4, PE 16:0/20:4, 38:5, PI 38:5,  

↓ NASH 
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Apostolopoulou et al 2018 
Ref 58 

 
7 CT 

BMI 25 Kg/m2 
 

7 NAFLD 
BMI 51 Kg/m2 

 
7 NASH 

BMI 56 Kg/m2 

Liver biopsy 

Liver 
 

Total CER, LactCER 24:1, HexCER 22:0, 24:0, 24:1; dhCER 16:0, 22:0, 24:1 
↑ NASH 

Serum 

dhCER 20:0 
↑ NAFLD 

 
Total dhCER, dhCER 16:0, 22:0, 24:1 

↑ NASH 

Puri et al 2007 
Ref 118 

9 CT  
BMI 34.5 Kg/m2 

 
9 NAFLD 

BMI 37.5 Kg/m2 
 

9 NASH 
BMI 34 Kg/m2 

Liver biopsy Liver 

TAG, DAG, total cholesterol, SFA, n6: n3 ratio 
↑ NAFLD and NASH 

 
TAG, FA 20:4n-6, TAG FA 22:6n-3 

↓ NAFLD and NASH 
 

PC, PE 
↓ NAFLD 

 
FC, LysoPC 
↑ NASH 

Puri et al 2009 
Ref 132 

50 CT 
BMI 21.2 Kg/m2, No T2D 

 
NAFLD 

BMI 35.2 Kg/m2, T2D (28%) 
 

50 NASH 
BMI 32.1 Kg/m2, T2D (31%) 

Liver biopsy Plasma 

TAG, DAG, FFA and CE MUFA, CE, DAG, PC, PE with 18:3 or 20:3 FA 
↑ NAFLD and NASH 

 DAG, PC, PE, TAG SFA 
↓ NAFLD 

22:6n-3/22:5n-3 ratio in PC, PE 
↓ NASH  
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Barr et al 2010 
Ref 133 

9 CT 
BMI 47 Kg/m2 

No T2D 
 

24 NAFLD 
BMI 44.8 Kg/m2 

No T2D 
 

9 NASH 
BMI 43.2 Kg/m2 

No T2D 

Liver biopsy Serum 

FFA 16:0, SM 18:0/16:0, 18:1/18:0, PC 28:0, LysoPC 20:2, 20:1, LPE P-16:0 
↑ NAFLD and NASH 

 
FFA 18:3, 20:2n6, SM 18:1/12:0, 18:2/14:0, 18:2/16:0, 36:3, PC 18:0/22:6 

↓ NAFLD and NASH 
 

PC (14:0/20:4, 16:0/20:3, P-18:0/20:4), LysoPC 18:1 
↑ NASH 

 
FFA 20:4, LysoPC P-24:0, P-22:0, O-20:0 

↓ NASH 

Anjani et al 2015 
Ref 131 

24 CT 
BMI 47 Kg/m2 

No T2D 
 

22 NASH 
BMI 45 Kg/m2 

T2D (86%) 

Liver biopsy Serum 

PC, PE, and PG, CER (d18:0/22:0, d18:1/16:0, d18:1/18:0, d18:1/20:0, d18:1/22:0,  
d18:1/23:0, d18:2/20:0, d18:2/18:0, d18:2/20:0, d18:2/21:0, d18:2/22:0, 

d18:2/23:0);  
SM(36:1), PC (32:0, 32:1, 34:1, 34:3.36:1, 36:3, 36:4, 36:5, 38:3, 38:4, 38:5, 38:6,  

40:4, 40:5, 40:6), PE 34:1, 34:3, 36:1, 36:2, 36:4, 36:5, 38:3, 38:4, 38:5, 38:6,  
40:4, 40:5, 40:6, 40:7), LysoPC (16:0, 16:1, 20:3, 22:5),  

PG (36:1, 36:2, 36:3, 38:3, 38:4);  
PI (32:1, 34:1, 36:4, 38:4, 40:4, 40:5) 

↑ NASH 

CER d18:1/24:0, SM 42:3 
↓ NASH 
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Gorden et al 2015 
Ref 1411 

31 CT 
BMI 40 Kg/m2 

 
17 NAFLD 

BMI 46 Kg/m2 
 

20 NASH 
BMI 47 Kg/m2 

 
20 Cirrhosis 

BMI 32 Kg/m2  

Liver biopsy Plasma 

TAG, CE, CER, DAG (36:2), HexCER d18:1/24:1, GlucCER d18:/24:1, d18:1/26:1,  
PC 36:4, 38:4, PE 38:5, 38:4, 40:6, 40:5, LysoPC 16:0, PI 36:1, 38:4, 38:3 

↑ NAFLD and NASH 
 

HexCER d18:1/24:1, d18:1/26:1, CER m18:1/16:0, m18:1/26:1,  
GlucCer d18:1/26:1, 18:1/26:0, PC 32:0, PI 36:1 

↑ Cirrhosis 
 

Total cholesterol, CE 18:2, 20:4, 20:3, TAG 52:4, 52:3, DAG 36:2,  
CER d18:1/18:0, 18:1/20:0, d18:1/22:0, d18:1/24:1, d18:1/24:0, d18:0/18:0, 

d180/24:1,  
m18:1/16:0, m18:1/26:1, m18:0/18:0, m18:0/20:0, m18:0/22:0, m18:0/24:0,  
HexCER d18:1/24:1, d18:1/26:1, GlucCer d18:1/24:1, d18:1/26:1, 18:1/26:0,  

SM d18:1/18:1, d18:1/18:0, d18:1/20:0, d18:1/22:0, d18:1/24:0,  
PC 32:0, 34:3, 36:4; 38:6, 38:5, 38:4, 38:3, 40:6,  

PE 36:4, 38:6, 38:5, 38:4, 40:6, 40:5, LysoPC 16:0, PI 36:1, 38:4, 38:3 
↓ Cirrhosis 

Chiappini et al 2017 
Ref 123  

7 CT 
BMI 21 Kg/m2 

 
39 NAFLD 

BMI 25 Kg/m2 
 

15 NASH 
BMI 31 Kg/m2 

Liver biopsy Liver 

SFA (14:0, 16:0, 18:0) 
↑ NASH 

 
PC, PE, PI, PS PC/PE, SM 

↓ NASH 

Tiwari-Heckler et al 2018 
Ref 1291 

 

28 CT 
 

25 NAFLD 
 

42 NASH 

Liver biopsy 
 

Plasma 
 

TAG, SM, PC 
↑ NAFLD and NASH 

 
LysoPE 

↓ NAFLD and NASH 

Sanders et al 2018 
Ref 117 

663 CT 
BMI 25 Kg/m2, No T2D 

 
233 NAFLD 

BMI 31 Kg/m2, No T2D 

Ultrasound Plasma 

 
TAG 54:2, 48:1, 48:2, 50:1, 50:2 

↑ NAFLD 
 

TAG 52:3, 52:4, 56:7, 56:6, 54:4, 56:8 
↓ NAFLD 

 



 22 

 
CT, control; NAFLD, non-alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; DAG: diacylglycerol; TAG: triacylglycerol; SFA: saturated fatty acids; MUFA: 
monounsaturated fatty acid; PUFA: polyunsaturated fatty acids; FC: free cholesterol; CE, cholesteryl esters; FFA: free fatty acids; SM: sphingomyelin; PC: 
phosphatidylcholine; LysoPC, lysophosphatidylcholine; PI: phosphatidylinositol; PS: phosphatidylserine; PE: phosphatidylethanolamine; LysoPE, lyso 
phosphatidylethanolamine; CER: Ceramides; dhCER, dihydroceramides; DHC/Hex2Cer, dihexosylceramide; THC, trihexosylceramide; GM3; GM3 ganglioside; LactCER, 
lactosylceramide; GlucCER, glucosylceramide 
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Other lipids, such as glycerophospholipids [i.e. phosphatidylcholine (PC), 

phosphatidylethanolamines (PE), lysophosphatidylcholine (LPC)] and sphingolipids [CER and 

sphingomyelin (SM)] have also been reported to be altered in obesity and IR state and 

recognized to be predictors of type 2 diabetes either when increased (as several PCs) 119 or 

decreased as LPC 18:2 119,121. Recently, Oresic et al identified that a lipid triplet (serum-lipid 

signature comprising three molecular lipids) — the triglyceride 16:0/18:0/18:1, and the 

phosphatidylcholines PC 18:1/22:6 and PC O-24:1/20:4 — as a biomarker of NAFLD (AUROC 

0.79, sensitivity 69.3% and specificity 74.5% when applied to the combined biomarker 

discovery and validation series) 122. 

PC, one of the most abundant phospholipids in mammalian cells, is reduced in the liver across 

the NAFLD spectrum with a mechanism not fully characterized 118,123,124. Hepatic PC are 

necessary for the VLDL assembly and secretion thus reduced PC levels in the liver led to 

impaired hepatic TG export through the VLDL 125,126. Dietary strategies aimed at reducing 

hepatic PC (i.e methionine-choline deficient diet) are widely used to promote hepatic fat 

accumulation in murine models 127.  Of note, in humans, circulating total PC do not seem to 

reflect the hepatic lipidome as shown by Mannisto and colleagues 128, although specific PCs 

have shown to be strongly correlated 112. Part of this might be attributable to the extensive 

lipidomic remodeling occurring in circulation by the lipoprotein remodeling enzymes such as 

phospholipid transfer protein, phospholipases A2 and lecithin:cholesterol acyltransferase, 

which thus far has been poorly investigated. Furthermore, circulating PC have been reported 

to be increased in NAFLD vs controls by some authors but not from others 129,130 131. Puri et al 

reported that the percentage of plasma saturated PC were increased while polyunsaturated 

PC decreased in NAFLD vs controls 132. Increased saturated plasma PC in NASH vs controls 

have also been reported by others 133 and Gorden et al 115 found that PC(32:0), i.e. a 

phosphatidylcholine that contains 2 palmitic acids, was increased 1.39 fold in NASH vs simple 

steatosis. This suggests that the fatty acyl chain saturation levels might be a better marker of 

NAFLD than total PC.     

Hepatic and serum concentrations of sphingolipids (including ceramides and sphingomyelins) 

are often found increased in metabolic diseases and also in NASH compared to simple 

steatosis 58,115. In the liver CER accumulation is proportional to hepatic TAG and associated 

with IR 58,59. There is a good correlation between hepatic and serum ceramides since most of  
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the plasma/serum CER are secreted by the liver as demonstrated by Watt et al that looked at 

circulating ceramides after fatty acid infusion 134. Gorden et al 115 performed lipidomics of  

plasma and liver tissues of patients with steatosis, NASH, or cirrhosis vs control subjects 

without liver disease. Whereas hepatic ceramide concentrations were not different, plasma 

DHCer 18:0 and 24:1 and CER 18:0, 20:0, 22:0, 24:0, 24:1, and in steatotic patients were 

similar to control subjects but higher in the NASH and lower in the cirrhosis group compared 

to controls. The studies conducted by Chaurasia et al 55 indicate that a reduced 

dihydroceramide to ceramide ratio (an index of increased in DES1 activity) might be 

associated with a more unfavorable metabolic profile.  

The leading cause of death in NAFLD patients is CVD, although the mechanism is not entirely 

understood 135. A CER-based risk score to predict CVD in primary and secondary prevention 

has been proposed and validated in different cohorts 136,137. The score is referred to as 

CERT1 and it is based on the levels of specific CER (CER (d18:1/16:0), CER (d18:1/18:0), CER 

(d18:1/24:1)) and their respective ratios to CER (d18:1/24:0). Patients are stratified into 

quartiles according to a score ranging from 0 to 12 points. The quartiles are defined as low, 

moderate, increased, and high risk, showing linear increase in CVD risk across the quartiles 

independently of other known risk factors such as LDL cholesterol levels 138.  Recently, Hilvo 

and colleagues proposed a novel lipidomic CVD risk stratification score based upon the 

CERT1, defined as CERT2 (PMID: 31209498). The latter included only one CER to CER ratio 

(CER (d18:1/24:1)/ CER (d18:1/24:0)), two CER to PC ratios ((CER (d18:1/16:0)/(PC 

16:0/22:5), (CER (d18:1/18:0)/ (PC 14:0/22:6)) and PC (16:0/16:0) 139. Like CERT1, CERT2 was 

also based on a point-based scale (ranging from 0 to 12) for quartile stratification but 

provided a better risk estimation for CVD. Whether these scores can provide a stratification 

tool to predict CVD in NAFLD patients has not been reported yet and it would be an 

interesting venue to investigate.  

There is not always agreement among different studies due in part to technical differences 

since there is not a standardized method, and also because of different inclusion criteria of 

the study population, including presence or absence of pharmacological treatments, 

differences in HDL-C, LDL-C, and blood pressure levels, blood sampling in fasting state or 

not, small sample sizes, and lack of validation cohorts. It is therefore crucial to standardize 

lipidomic studies to have a clearer picture of the circulating lipidome in NAFLD, obesity and 

IR. 
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6. Conclusions 

In this review we have discussed several mechanisms that have been recently indicated as 

primary drivers of progression from NAFL to NASH. In particular, the important role of adipose 

tissue insulin resistance and lipotoxic species like DAGs and Ceramides and the shift in lipid 

composition towards an increase in SFA (either because of diet and/or increased DNL) that 

has been shown in several studies to be associated with more severe forms of NAFLD and 

insulin resistance. Not only lipids, but also amino acid metabolism is altered in NAFLD/NASH 

and some amino acids, like BCAA, Aromatic AA or GSG index might be used as markers of 

altered hepatic metabolism and severity of NAFLD. Although the genetic mutations are highly 

associated with NAFLD and increase the risk of progression to NASH cirrhosis, these are not 

associated to insulin resistance but rather to a defect in hepatic lipid secretion that results in 

steatosis. 
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