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Abstract

The rising prevalence of obesity in the last few decades has been accompanied by an increase in 

nonalcoholic fatty liver disease (NAFLD). NAFLD encompasses a spectrum of liver pathology 

from isolated hepatic steatosis to steatohepatitis and advanced fibrosis. Dietary habits 

characterized by consumption of high-caloric, lipid-rich diets play a major role in the development 

of NAFLD. Recent studies have uncovered the importance of certain components of the diet. In 

this review, we will focus on the growing evidence for a central role of n-6 polyunsaturated fatty 

acids. We will discuss novel findings linking oxidative stress and increased production of reactive 

oxygen species in the liver to oxidation of n-6 polyunsaturated fatty acids and production of 

specific lipid oxidation metabolites. In particular, we will highlight the potential role of these 

metabolites as noninvasive markers to diagnose and monitor the extent of liver damage in patients 

with NAFLD.
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Paralleling the worldwide epidemic in childhood obesity, nonalcoholic fatty liver disease 

(NAFLD) has become the most common cause of liver disease in pediatrics [1]. It is defined 

by the presence of macrovescicular steatosis in more than 5% of the hepatocytes in the 

absence of use of medications, alcohol abuse and other determinants that may result in fatty 

liver [2]. NAFLD encompasses a range of disease severities, spanning from the simple 

steatosis to nonalcoholic steatohepatitis (NASH), which in turn can progress to cirrhosis [3]. 

In an article using 742 autopsy specimens from children in San Diego County (CA, USA), 

13% of subjects were found to have NAFLD, with the highest rate found in Hispanics 
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(11.8%) and the lowest in African–Americans (1.5%) [4]. Although the natural history of 

NAFLD in the pediatric population is not clearly understood because of the lack of 

prospective studies evaluating children over time, adult data indicate that a third of patients 

with NASH will progress to cirrhosis in 10–15 years [5–7]. In addition, the metabolic 

complications of NAFLD have been well defined. In fact, recent studies in obese 

adolescents demonstrated that increased alanine aminotransferase levels are associated with 

deterioration in insulin sensitivity and glucose tolerance, as well as increasing free fatty acid 

and triglyceride (TG) levels [8]. Further studies demonstrated that the prevalence of 

metabolic syndrome and prediabetes increases with the rise in hepatic fat content in a cohort 

of obese adolescents [9], that the pronounced dyslipidemic profile is characterized by large 

VLDL, small dense LDL and decreased large HDL concentrations [10], and that fatty liver, 

independent of visceral and intramyocellular lipid content, plays a central role in the 

impairment of liver, muscle and adipose insulin sensitivity in obese adolescents [11]. Thus, 

fatty liver disease should be considered the hepatic component of the metabolic syndrome 

and a strong cardiovascular risk factor [1]. This data clearly suggests that although fatty liver 

accumulation per se does not affect liver histology, it represents a strong adverse metabolic 

risk factor. This evidence challenges the concept that fatty liver accumulation is a benign 

condition because it might be benign in the sense that it protects the liver from developing 

steatohepatits by buffering the free fatty acids but, in the meantime, it is responsible for the 

development of an adverse cardiovascular profile [12,13].

n-6 & n-3 fatty acid ratio in the development of NAFLD

Dietary habits have dramatically changed over the last 15–20 years in western countries. 

These changes have contributed not only to the development of obesity, but also to the 

accumulation of excess fat stores into ectopic tissues and organs, such as the liver. Thus, 

while overnutrition is fundamental to the development of NAFLD, the excessive ingestion 

or deficiency of particular dietary components may significantly contribute to its 

pathogenesis, as well as its progression. Hepatic steatosis, in fact, arises from an imbalance 

between TG acquisition and removal in the liver [14]. The free fatty acids used for TG 

formation derive from the diet, hepatic de novo lipogenesis and adipose tissue lipolysis. In 

animal models, approximately 20% of the dietary fat is delivered to the liver [15]; 

extrapolating from these experiments, a typical American diet (containing approximately 

100 g of fat per day) furnishes the liver with nearly 20 g of fat each day, equivalent to half of 

the total TG content of an average liver [14]. A large body of evidence suggests that not 

only the amount, but also the quality of dietary fat plays a part in the development of 

NAFLD [16]. In particular, recently published literature provides clues that the dietary 

imbalance between n-6 and n-3 polyunsaturated fatty acids (PUFAs) leads to the 

development of an adverse cardiovascular and metabolic profile, thus contributing to the 

pathogenesis of NAFLD [17]. In fact, it has been demonstrated that individuals with 

NAFLD have a lower dietary intake of n-3 PUFAs than healthy controls, leading to an 

increase in the n-6:n-3 PUFA ratio consumed in the diet [18,19]. Consistent with these data, 

lipidomic studies have shown that the intrahepatic fat in subjects with steatohepatitis is 

composed of an excess of n-6 PUFA [20]. In particular, studying three groups of subjects – 
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NAFLD, NASH and healthy controls – the authors observed a progressive increase in the 

n-6:n-3 ratio from controls to NASH subjects [20].

What is the biological meaning of the dietary imbalance between n-6/n-3 

fatty acids?

Although some studies indicate that the optimal n-6:n-3 ratio is 1:1, in the western diet the 

ratio is approximately 15:1 or even 20:1, whereas during the paleolithic period when the 

human genetic profile was established, there was a balance between n-6 and n-3 PUFAs 

[21]. Therefore, humans are now living in a nutritional environment that differs from that for 

which our genetic constitution was selected [21]. This phenomenon has mostly occurred in 

the past 100–150 years and is totally new in human evolution [21–23]. n-6 and n-3 PUFAs 

are essential fatty acids; this means that they are not synthesized by the human body. n-6 

species are mainly represented by linoleic acid (LA; 18:3 n-6), while n-3 are represented by 

α-linolenic acid (18:3 n-3), mainly found in plants and limited sets of seeds and nuts [24]. 

These two classes of PUFA are not interconvertible and are metabolically and functionally 

distinct [24]. However, in contrast to n-3, n-6 is readily converted by the body into other 

species, such as n-9, and so incorporated into TGs, or converted into arachidonic acid, which 

is the parent molecule of the main regulators of the inflammatory response including 

prostaglandins (COX pathway), leukotrienes (lipoxygenase pathway) and thromboxane [24]. 

Instead, the dietary n-3 PUFAs are:

• Incorporated into the cellular membranes where they partially replace the n-6-

derived fatty acids [24];

• Converted to active metabolites, in particular, molecules known as resolvins and 

protectins, which are thought to mediate, at least in part, the anti-inflammatory 

effect of n-3 PUFA [25].

More importantly, several studies have demonstrated that n-3 PUFAs modulate multiple 

molecular pathways that altogether contribute to their physiological effects:

• Reduction of the inflammatory phenomenon;

• Diminution of hepatic de novo lipogenesis;

• Reduction of plasma TG levels;

• Improvement of insulin sensitivity [26].

Detailed animal studies have, in fact, demonstrated that n-3 PUFAs downregulate the 

expression of the SREBP-1 transcription factor, which regulates the expression of lipogenic 

genes [27] and promote the expression of peroxisome proliferator-activated receptor-α [28], 

which, in turn, stimulates haptic fatty acid oxidation [29] and increases transcription of fatty 

acid degradation genes [28,29].

Some investigators have tried to translate this evidence by studying whether 

supplementation with n-3 PUFAs might be beneficial for hepatic fat accumulation. In 

particular, a randomized crossover study sought to examine the effect of n-3 fatty acids on 

liver fat in women with polycystic ovary syndrome [30]. The authors supplemented 25 
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women with marine-derived n-3 fatty acids (4 g/day) versus placebo for 8 weeks. n-3 

supplementation decreased liver fat content compared with placebo by 18% (10.2% [1.1%] 

vs 8.4% [0.9%]). There was also a reduction in TGs and systolic and diastolic blood 

pressure [30]. More recently, Nobili et al. performed a randomized controlled trial of 

docosahexaenoic acid (DHA) supplementation (250 and 500 mg/day) versus placebo in 60 

children with biopsy-proven NAFLD (20 children per group) [31]. The authors 

demonstrated that DHA significantly increased in children supplemented with DHA and that 

the odds of more versus less severe liver steatosis after treatment was lower in children 

treated with DHA 250 mg/day (odds ratio: 0.01; 95% CI: 0.002–0.11; p < 0.001) and DHA 

500 mg/day (odds ratio: 0.04; 95% CI: 0.002–0.46; p = 0.01) compared with placebo, but 

there was no difference between the DHA groups (p = 0.4) [31]. These data have been 

further strengthened by a recent meta-analysis evaluating nine studies, which included a 

total of 335 subjects [32]. Beneficial changes in liver fat were obtained by using n-3 PUFA 

supplementation (effect size = −0.97; 95% CI: −0.58 to −1.35; p < 0.001). A benefit of n-3 

PUFA supplementation versus control was also observed for aspartate aminotransferase 

(AST; effect size = −0.97; 95% CI: −0.13 to −1.82; p = 0.02). Also, the subanalyses of only 

randomized control trials demonstrated a significant benefit of n-3 PUFA supplementation 

versus control on liver fat (effect size = −0.96; 95% CI: −0.43 to −1.48; p < 0.001) [32].

Role of oxidative stress in liver injury & NAFLD progression

Oxidative stress is one of the major contributors to the pathogenesis and progression of 

NAFLD [33]. In fact, oxidative and mitochondrial stress are associated with the increased 

production of reactive oxygen species (ROS) and proinflammatory cytokines related to 

NAFLD [34], as there is an association between the severity of NASH and the degree of 

oxidative stress [34–36]. In general, the term ROS describes molecules and free radicals 

deriving from oxygen such as singlet oxygen, hydroxyl and superoxide, among others. One 

of the effects of ROS is to cause lipid peroxidation of PUFAs within the cells generating 

metabolites (e.g., LA oxidized metabolites) that are deleterious for the hepatocyte [37]. Most 

oxidative reactions occur in the mitochondria and the primary factor governing ROS 

production is the redox state of the respiratory chain because oxidative reactions are 

associated with the conversion of oxidized factors (e.g., NAD and FAD) into reduced factors 

(NADH and FADH2). The lipid peroxidation leads to the activation of Kupffer cells with the 

production of inflammatory cytokines, such as TNF-α, and to the activation of stellate cells, 

which, in turn, will favor neutrophil chemotaxis, as well as hepatocyte apoptosis and liver 

fibrosis [37–39].

LA-oxidized metabolites as biomarkers of disease severity in NAFLD

LA is converted to arachidonic acid, but part of it can be also oxidized. LA oxidation can 

proceed enzymatically via the actions of 12–15 lipoxygenase, COX or the CYP450 enzyme 

family [40,41], or nonenzymatically by the oxidative effect of free radicals (Figure 1) [42]. 

The oxidized derivatives of LA (oxidized LA metabolites; OXLAMs) are mainly 

represented by 9- and 13-hydroxyl-octadecadienoic acid (HODE) and by the 9- and 13-oxo-

octadecadienoic acid. These compounds have been demonstrated to be a major component 

of the oxidized [43–45] and atherosclerotic plaques [46,47]; they also play a pivotal role in 
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the formation of foam cells, as well as in the pathogenesis of atherosclerosis [48–50]. In a 

recent study, OXLAM levels, in particular, 9- and 13-hydroxy-eicosatetraenoic acids, and 9- 

and 13-oxo-octadecadienoic acids, have been shown to be associated with NASH (but not in 

simple steatosis) [51]. Moreover, a risk score for histopathologic diagnosis of NASH 

(oxNASH) was generated by multivariable modeling demonstrating the best prediction for 

NASH [51]. The oxNASH was calculated from the ratio of 13-HODE:LA, age, BMI and 

AST; in this model, a 0.05 mmol/mol increase of 13-HODE:LA was associated with a 3.8-

fold increase in the likelihood of having NASH [51]. In addition, the area under the receiver 

operating characteristic curve for oxNASH was higher than the area under the curve for 

alanine aminotransferase and AST [51], and a cut-off value of 55 for oxNASH was able to 

exclude the presence of NASH, with a sensitivity of 81%, while a cut-off value of 73 was 

able to detect NASH, with a specificity of 97% [51]. Overall, these data suggest that 

bioactive lipids derived from oxidized LA are major factors in the progression of steatosis to 

steatohepatitis, and that they might be helpful in the diagnosis and prognosis of NASH [51]. 

Although the cellular mechanisms by which OXLAMs cause liver injury are only partially 

known, they involve Kupffer cell activation. In fact, animal studies have demonstrated that 

peroxidized forms of LA cause an increase of TNF-α, a strong proinflammatory signal, in 

Kupffer cells [52]. In vitro studies have also demonstrated that LA promotes endoplasmic 

reticulum stress and liver cell apoptosis through the modulation of cytochrome C expression 

[53].

Novel therapeutic strategies

These observations suggest novel therapeutic strategies. In fact, because LA cannot be 

synthesized de novo in humans, dietary LA is the sole source of LA for the human body, 

therefore also being the sole source for OXLAM synthesis. Lowering LA in the diet might 

help to reduce OXLAMs in the blood and other tissues such as the liver, leading to an 

improvement of liver histology. Recently, a study was designed to evaluate the effect of low 

dietary LA on plasma and erythrocyte fatty acids, and it has demonstrated that a 12-week 

diet low in n-6 PUFAs significantly reduced the plasma levels of OXLAMs and reduced the 

LA content of several circulating lipid fractions that may serve as precursors of endogenous 

OXLAM synthesis [54]. LA reductions were more pronounced in phospholipids and TGs, 

indicating that these fractions may be more responsive to dietary modifications [51]. These 

data clearly suggest that if the same reduction of LA and OXLAMs may be achieved in the 

liver, it may help to reduce or even cure NASH.

A reduction in the tissues of OXLAMs can also be obtained by using compounds with 

antioxidant activity. Recent studies have demonstrated how compounds with antioxidant 

properties may ameliorate NASH features [55,56]. In particular, in a recent randomized 

controlled trial, it has been shown that 1-year therapy with pentoxifylline (PTX), a 

methylxanthine derivative specifically inhibiting lipid peroxidation, improves liver histology 

in patients with NASH [55]. More recently, Zein et al. have demonstrated in a randomized 

controlled trial that PTX therapy compared with placebo is associated with a significant 

reduction of OXLAMs and with a contemporary improvement of liver histology, supporting 

the notion that PTX decreases the oxidative stress-related lipid peroxidation, probably 

through its hydroxyl radical scavenging properties [56].
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Role of PNPLA3 rs738409 in the pathogenesis of NAFLD/NASH

Recently, a nonsynonymous single nucleotide polymorphism (rs738409), characterized by a 

C to G substitution encoding an isoleucine to methionine substitution at amino acid position 

148 in the PNPLA3 gene, has been found to be associated with hepatic steatosis in a 

multiethnic cohort of adults [57], as well as in children [58–60]. Moreover, it has been 

demonstrated that this variant interacts with environmental stressors such as obesity and 

alcohol consumption, which induce fatty liver [61,62]. Indeed, these stressors seem to 

uncover the association between the rs738409 minor allele (G) and hepatic injury in 

populations in whom it is otherwise covert. Interestingly, the same process occurs with some 

nutrients; the association between the PNPLA3 variant, in fact, seems to be exacerbated by 

n-6:n-3 PUFA ratio intake [63], although this variant is not associated with the n-6:n-3 

PUFA ratio per se [63].

The PNPLA3 gene encodes for a protein called adiponutrin, which is expressed in the liver 

and adipose tissue, and is nutrionally regulated. In particular, its expression is low during 

fasting and increases after meals [64]. In the liver, adiponutrin forms part of the lipid 

droplets, wherein it seems to have both lipolytic and lipogenic activity [64]. In vitro and 

animal studies have demonstrated that the rs738409 variant in PNPLA3 leads to hepatic 

steatosis, both by impairing the lipolytic activity and enhancing the lipogenic activity of 

PNPLA3 in the liver [65–68]. In addition, metabolic studies in transgenic mice 

recapitulating the phenotype of the PNPLA3 rs738409 single nucleotide polymorphism in 

humans provided evidence for three distinct alterations in hepatic triacylglyceride (TAG) 

metabolism:

• Increased formation of fatty acids and TAG;

• Impaired hydrolysis of TAG;

• Relative depletion of TAG long-chain PUFAs.

These findings suggest that PNPLA3 plays a role in remodeling TAG in lipid droplets, as 

they accumulate in response to food intake, and that the increase in hepatic TAG levels 

associated with I148M substitution results from multiple changes in hepatic TAG 

metabolism [69].

Conclusion & future perspective

These recent studies have provided novel insights into the pathogenesis of NASH, 

suggesting new diagnostic and therapeutic approaches to this disease (Figure 2). Further 

knowledge will probably be gained by studying the genetic background underlying the 

pathways modulating n-3 and n-6 PUFA metabolism. In fact, as stated above, the common 

variant in the PNPLA3 gene (rs738409), known to be associated with fatty liver and liver 

damage in children and adults [57,60], has recently been shown to play its role in the 

development of fatty liver by possibly interacting with the dietary intake of n-6:n-3 PUFA 

ratio [63]. This observation raises further questions:

• Is there an interaction between the PNPLA3 rs738409 and OXLAMs?
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• Is it possible to mitigate or reverse the phenotype in subjects carrying the risk allele 

by changing dietary composition?

• Are there other common variants associated with fatty liver whose association with 

disease is modulated by dietary PUFA?

Surely the study of gene–nutrient interaction in the near future will help uncover novel 

mechanisms leading to the development of fatty liver disease and its complications, and will 

also provide key information required to develop more personalized therapies.
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Executive summary

• Nonalcoholic fatty liver disease (NAFLD) has emerged as one of the most 

common complications of childhood obesity.

• An increased ratio between dietary n-6 and n-3 polyunsaturated fatty acids has 

been associated with the development of NAFLD.

• Linoleic acid, which represents the most common n-6 polyunsaturated fatty acid 

in the diet, is an essential fatty acid and is oxidized through enzymatic and 

nonenzymatic mechanisms.

• The oxidized compounds derived from linoleic acid have been associated with 

NAFLD and its progression towards nonalcoholic steatohepatitis.

• A gene variant may interact with dietary fatty acids in modulating liver fat 

deposition and injury.

• Future therapeutic strategies for NAFLD will need to take into account dietary 

habits, as well as the genetic background.
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Figure 1. Oxidized linoleic acid metabolite synthesis
The synthesis of the oxidized fatty acids derived from linoleic acid is mediated by enzymatic 

and nonenzymatic reactions.

HODE: Hydroxyl-octadecadienoic acid; HpODE: Hydroperoxy-octadecadienoic acid; oxo 

ODE: Oxo-octadecadienoic acid.
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Figure 2. Oxidized linoleic acid metabolites as biomarkers for monitoring liver damage in 
nonalcoholic fatty liver disease
The excess n-6 from dietary and other sources in an environment characterized by increased 

oxidative stress will lead to the formation of oxidized linoleic acid metabolites. The lipid 

peroxidation leads to the activation of Kupffer cells, with the production of inflammatory 

cytokines such as TNF-α and to the activation of stellate cells, which is a key event leading 

to liver fibrosis. The presence of a predisposing genotype (the G allele of the PNPLA3 

rs738409 single nucleotide polymorphism) will favor and enhance this process.

HSC: Hepatic stellate cell; OXLAM: Oxidized linoleic acid metabolite; ROS: Reactive 

oxygen species.
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