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Abstract 

Purpose of review: Non-alcoholic fatty liver disease (NAFLD) is now the most prevalent form 

of liver disease globally, affecting about 25% of the world’s adult population. It is more 

common in those living with obesity, where it may affect as many as 80% of individuals. The 

aim of this article is to describe recent human studies evaluating the influence of omega-3 fatty 

acids on de novo lipogenesis (DNL) and hepatic fatty acid partitioning between incorporation 

into triacylglycerols (TAGs) and β-oxidation, to discuss the relevance of these effects in the 

context of NAFLD, and to provide an overview of the mechanisms that might be involved.   

Recent findings: The omega-3 fatty acids EPA and DHA decrease hepatic DNL and partition 

fatty acids away from TAG synthesis and towards β-oxidation. EPA and DHA affect multiple 

hepatic transcription factors resulting in down-regulation of the DNL pathway and upregulation 

of β-oxidation. The net result is decreased accumulation of hepatic TAG and lowering of 

circulating TAG concentrations. Human trials demonstrate that EPA and DHA can decrease 

liver fat in patients with NAFLD. 

Summary: Increased intake of EPA and DHA may reduce the likelihood of hepatic TAG 

accumulation and could be used to reduce liver fat in patients with NAFLD. 
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Introduction  

Non-alcoholic fatty liver disease (NAFLD) is considered to be the hepatic manifestation of the 

metabolic syndrome. NAFLD covers the spectrum of liver disease from simple steatosis to 

hepatocellular carcinoma [1*, 2*]. NAFLD is now the most prevalent form of liver disease 

globally and is estimated to affect about 25% of the world’s adult population, although it is 

much more common in those living with obesity, where it may affect as many as 80% of 

individuals. Over the last few years experts have sought for a terminology that more accurately 

reflects the pathogenesis of the disease and there has been discussion that the term NAFLD 

does not reflect current knowledge, and metabolic (dysfunction) associated fatty liver disease 

(MAFLD) has been suggested as a more appropriate overarching term [3*, 4*, 5]. Nevertheless, 

in this article, the term NAFLD will be retained since that is the term used in all human studies 

that are discussed.   

Hepatic steatosis (“fatty liver”), the first stage in the NAFLD spectrum, involves 

accumulation of triacylglycerols (TAGs) within hepatocytes. It is defined histologically as the 

presence of TAGs in > 5% of hepatocytes; when magnetic resonance imaging or spectroscopy 

is used, hepatic steatosis is defined as hepatic fat > 5.6%. Obesity and type-2 diabetes are major 

risk factors for the development of NAFLD [6*] and, in turn, NAFLD increases the risk of 

cardiovascular disease [7*, 8*], as well as other diseases including chronic kidney disease [9*]. 

The hepatic accumulation of fat represents an imbalance between the input and output 

of fatty acids by the liver. Fatty acid input can be as pre-formed fatty acids entering the liver 

(e.g. from circulating non-esterified fatty acids (NEFAs) or from TAGs in lipoprotein 

remnants) or from fatty acids formed by the de novo fatty acid synthesis pathway, typically 

using glucose or fructose as the substrate (Figure 1). Possible fates of hepatic fatty acids are 

esterification into TAGs that can be stored intracellularly or incorporated into very low density 

lipoproteins (VLDLs), or β-oxidation to yield carbon dioxide or ketone bodies (Figure 1) [10, 

11*]. VLDLs are secreted by hepatocytes and act to deliver fatty acids to extrahepatic tissues 

such as adipose tissue and skeletal muscle. Hence, the partitioning of fatty acids between 

incorporation into TAGs and β-oxidation is likely to be an important determinant of hepatic 

TAG accumulation, and also of plasma/serum TAG concentration. Stable isotope tracer 

techniques have been used to assess the contribution of different fatty acid sources to hepatic 

TAGs. For example, Donnelly et al. [12] reported that the contributions of circulating NEFAs, 

de novo lipogenesis (DNL) and dietary fatty acids to hepatic TAGs were 59, 26 and 15% 
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respectively, although these contributions are likely to be affected by obesity, insulin resistance 

and diet as reviewed elsewhere [10, 11*].  

The marine omega-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA) are well known to lower fasting plasma/serum TAG 

concentrations when used together [13*] or individually [14, 15*]. A recent meta-analysis of 

110 randomised controlled trials of EPA and DHA, most often used in combination, identified 

a mean difference of -0.368 mmol/L (95% confidence interval -0.427, -0.309) between omega-

3 fatty acids and placebo [16]. This might represent a 10 to 40% reduction in plasma/serum 

TAG concentration. As a result of this action, these fatty acids have been recommended to be 

used for treatment of hypertriglyceridemia [17]. The TAG-lowering effect of EPA and DHA 

suggests that they might influence the partitioning of hepatic fatty acids towards β-oxidation 

and away from incorporation into TAGs [18], hence reducing hepatic VLDL-TAG secretion 

and so lowering circulating TAG concentrations. The aim of this article is to describe recent 

human studies evaluating the influence of omega-3 fatty acids on DNL and hepatic fatty acid 

partitioning, to discuss the relevance of this effect in the context of NAFLD, and to provide an 

overview of the mechanisms that might be involved.   

 
 
Effect of omega-3 fatty acids on DNL and hepatic fatty acid partitioning in humans 

Studies report that supplemental EPA+DHA increase whole body fat oxidation in healthy 

community-dwelling older females [19] and in patients with type-2 diabetes [20], as assessed 

using indirect calorimetry, although a study in healthy young males did not see this effect [21]. 

DNL and partitioning of fatty acids were studied in 16 patients with NAFLD who were 

involved in a RCT of high dose omega-3 fatty acids (~3.5 g EPA+DHA daily for 15 to 18 

months versus olive oil as placebo) [22]; these patients were a subgroup of those studied in the 

full trial [23]. A two-step hyperinsulinaemic euglycaemic clamp with a deuterated glucose (6,6 
2H2 glucose) infusion was used to assess hepatic and peripheral insulin sensitivity. 

Approximately 2 weeks after the assessment of insulin sensitivity, fasting hepatic DNL was 

assessed. Patients consumed deuterated water (2H2O; 3 g/kg body water) the evening before 

the study day to achieve a body water enrichment of 0.3%. The next morning they consumed 

a standard test meal containing 200 mg of [U13C]palmitic acid to trace the fate of dietary fatty 

acids. Serial blood and breath samples were taken throughout the 5 hr postprandial period. 

Production of ketone bodies derived from the oxidation of dietary [U13C]palmitate was 

assessed by measuring the 13C enrichment of plasma β-hydroxybutyrate. Hepatic DNL was 
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assessed by measuring the incorporation of deuterium from 2H2O in plasma water into VLDL-

TAG palmitate. These measures were all made prior to and after the omega-3 fatty acid or 

placebo intervention. Patients were separated into those with < 2% (n = 7) or > 2% (n = 9) 

enrichment in erythrocyte DHA over the course of the intervention period. In the < 2% group, 

mean erythrocyte DHA at the start and end of the intervention was 4.62% and 4.81% of total 

fatty acids, respectively. In the > 2% group, mean erythrocyte DHA at the start and end of the 

intervention was 3.68% and 7.08% of total fatty acids, respectively. Fasting plasma TAG and 

VLDL-TAG concentrations were significantly decreased by 0.6 mmol/ L and 0.7 mmol/L, 

respectively, in the DHA > 2% group, while concentrations remained unchanged in the DHA 

< 2% group. The changes in the > 2% DHA group were 28% and 52% decreases from study 

entry, respectively, consistent with the well-described TAG-lowering effect of EPA ad DHA. 

The absolute concentration of VLDL-TAG derived from DNL decreased by 50% in the DHA > 2% 

group between baseline and end of study but there was no change in the DHA < 2% group. The 

appearance of [U13C]palmitate in VLDL-TAG significantly decreased (by 50%) and the 

incorporation of 13C into plasma β-hydroxybutyrate significantly increased (by 6-fold) in the 

DHA > 2% group but neither changed in the DHA < 2% group. These observations indicate that 

increased DHA status (as indicated by erythrocyte DHA content) is associated with decreased 

DNL and increased partitioning of hepatic fatty acids away from esterification into TAGs and 

towards β-oxidation in patients with NAFLD. Hepatic insulin sensitivity also significantly 

increased in the DHA > 2% group.  

 In another study, 38 healthy adult males consumed high dose omega-3 fatty acids (~3.5 

g EPA+DHA daily) or olive oil as placebo for 8 weeks [24*]. Similar approaches to those used 

by Hodson et al. [22] were used to monitor DNL and β-oxidation. In addition, indirect 

calorimetry was performed in the fasted state and 2 hours after consuming the test meal in order 

to determine whole-body CO2 production, whole-body respiratory exchange ratio and substrate 

utilisation rates. Furthermore, breath samples were collected over 6 hours to measure expired 
13CO2 enrichment (from the [U13C]palmitate). Fasting plasma TAG and VLDL-TAG 

concentrations significantly decreased (mean 18% and 20%, respectively) in the omega-3 fatty 

acid group but did not change in the placebo group. The ratio of VLDL-TAG to VLDL-

apolipoprotein (apo) B was significantly decreased (by 48%) in the omega-3 fatty acid group. 

This would suggest smaller VLDL particles, perhaps due to lower TAG content, rather than 

fewer VLDL particles. Omega-3 fatty acids decreased fasting (and post-prandial) hepatic DNL 

by 30% and increased hepatic and whole body oxidation, as assessed by 13CO2 production from 
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labelled palmitate, by 10% and 14%, respectively. The authors calculated that omega-3 fatty 

acids increased post-prandial fat oxidation and decreased post-prandial carbohydrate oxidation.  

 

Relevance of the effect of omega-3 fatty acids on DNL and hepatic fatty acid partitioning 

to NAFLD 

An omega-3 fatty acid induced decrease in DNL and increase in fatty acid oxidation would be 

expected to reduce hepatic accumulation of TAG, as well as to lower blood TAG 

concentrations. The regulatory effect of omega-3 fatty acids on hepatic fatty acid synthesis and 

oxidation has two important implications for both prevention and treatment of NAFLD, or at 

least the earliest “fatty liver” stage. The first implication is that a low status of EPA and DHA, 

mainly determined by low dietary intake of these fatty acids, but also perhaps by low 

endogenous synthesis from the precursor α-linolenic acid, might predispose individuals to a 

balance between DNL and β-oxidation that favours the former and hepatic TAG accumulation.  

The second implication is that patients who have developed fatty liver could be treated with 

EPA and DHA with the aim of decreasing DNL and increasing β-oxidation, acting to decrease 

the amount liver fat.  

 There are reports that liver lipids and phospholipids and red blood cells contain less 

EPA, DHA, and some other polyunsaturated fatty acids in patients with NAFLD than in control 

subjects (see [25, 26]). Whilst these observations fit with the ideas that low omega-3 fatty acid 

exposure might predispose to hepatic fat accumulation and development of NAFLD, the 

direction of causality is uncertain. While very low dietary intake or low endogenous synthesis 

would result in lower EPA and DHA in the liver and in red blood cells, it is also possible that 

changes linked to NAFLD result in lower omega-3 fatty acid levels; these could include altered 

complex lipid metabolism in NAFLD with decreased incorporation or increased release of 

omega-3 fatty acids or utilization and losses of these fatty acids driven by inflammation and 

oxidative stress.    

 Numerous studies in different animal models have reported that EPA and DHA 

decrease liver fat [27-30], an effect often linked to decreased expression and activity of 

lipogenic enzymes such as fatty acid synthase and increased expression and activity of 

oxidative enzymes such as carnitine palmitoyl transferase 1. Dietary EPA and DHA both have 

these effects. Quite a number of human studies have been performed giving patients with 

NAFLD supplemental EPA and DHA; 17 controlled trials in adults or children published 

between 2004 and 2016 have been extensively reviewed elsewhere [26]. In 2012 Parker et al. 
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[31] published the first meta-analysis on RCTs of omega-3 fatty acids (EPA and DHA) and 

fatty liver. They included 9 trials, 6 in patients with NAFLD and 3 in patients with related 

conditions. Trials used EPA+DHA doses of between 0.83 and 13.7 g/day and were of duration 

between 8 weeks and 12 months.  Seven trials were included in the meta-analysis exploring the 

effect of omega-3 fatty acids on liver fat, measured using different approaches. Six of these 

trials individually reported that omega-3 fatty acids reduced liver fat compared with control, 

so it is no surprise that aggregating the findings of these trials identified a significant effect of 

omega-3 fatty acids. Since then, more trials have been performed and at least another eight 

meta-analyses of omega-3 fatty acids in NAFLD have been published including [32, 33, 34*, 

35*]. Most of these report that the combination of EPA and DHA (or DHA alone in some 

studies mainly in children) decreases liver fat in patients with NAFLD.  Musa-Veloso et al. 

[32] reported that omega-3 fatty acids decreased liver fat assessed by magnetic resonance 

imaging or spectroscopy when findings from 4 trials in adults and one trial in children were 

aggregated. Furthermore, grade of steatosis, as determined by ultrasonography, was improved 

by omega-3 fatty acids when findings from 4 trials in adults and 3 trials in children were 

aggregated. More recently, Lee et al [34*] identified that liver fat was decreased by omega-3 

fatty acids when assessed either by ultrasound (4 studies) or by magnetic resonance imaging 

or spectroscopy (5 studies). The most recent meta-analysis [35*] only included 3 trials 

assessing liver fat, but showed a significant improvement with omega-3 fatty acids. Although 

most trials in adults have used a combination of EPA and DHA, Scorletti et al. [23] identified 

that the increase in red blood cell DHA, but not EPA, was an independent predictor of fat loss 

in patients receiving high dose omega-3 fatty acids (~3.5 g EPA plus DHA daily) for 15 to 18 

months. This suggests that DHA may be more active than EPA in reducing liver fat in patients 

with NAFLD. In accordance with this, studies in children using DHA in the absence of EPA 

report a reduction in liver fat [36]. 

 

Mechanisms by which omega-3 fatty acids might influence DNL and hepatic fatty acid 

partitioning 

The older [19,20] and newer [22, 24*] studies described above demonstrate that the 

combination of the omega-3 fatty acids EPA and DHA increases fat oxidation in humans, with 

the new studies [22, 24*] additionally reporting that omega-3 fatty acids decrease DNL and 

promote fatty acid partitioning away from TAG synthesis and towards hepatic β-oxidation in 

humans. This might account for the reductions in liver fat observed in patients with NAFLD 
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given omega-3 fatty acids, as reviewed in the previous section, and for the well described 

plasma/serum TAG-lowering effect of these fatty acids [13-17]. Effects on DNL and fatty acid 

partioning in the liver suggests that it is likely that omega-3 fatty acids modulate the enzymatic 

machinery involved in hepatic fatty acid and TAG metabolism. Indeed, over a long period, 

many studies using many different cell and animal models have identified that omega-3 fatty 

acids influence the amount and/or the activity of several hepatic nuclear receptors (transcription 

factors) that play a role in regulating hepatic DNL and β-oxidation and alter the amount or 

activity of key enzymes involved in the relevant pathways. The nuclear receptors affected by 

omega-3 fatty acids include liver X receptor α (LXRα), hepatocyte nuclear factor-4α (HNF-

4α), farnesoid X receptor (FXR), peroxisome proliferator activated receptor-α (PPAR-α) and 

the sterol regulatory element binding proteins (SREBPs). Effects of omega-3 fatty acids on 

these nuclear receptors have been reviewed and discussed in detail elsewhere [26] and will be 

summarised here (see also Table 1).  

LXR is activated by oxysterols and controls reverse cholesterol transport, promotes de 

novo fatty acid synthesis by increasing expression of SREBP-1c and carbohydrate response 

element binding protein (ChREBP), and promotes glycolysis via the phosphofructokinase-

2/fructose-bisphosphatase-2 system [37*]. DHA can inhibit LXRα activation [38], which 

would act to decrease fatty acid synthesis. 

FXR is highly expressed in the liver and has a central role in bile acid metabolism 

downregulating synthesis, secretion and reabsorption [39*]. FXR is also able to decrease 

cholesterol, fatty acid and TAG synthesis through down regulation of SREBP-1c, SREBP-2 

and LXR [40, 41*]. FXR also controls lipoprotein metabolism by stimulating expression of 

apolipoproteins, especially apoC-II [42], an activator of lipoprotein lipase, the enzyme 

responsible for TAG clearance from the bloodstream. DHA is an FXR ligand resulting in its 

activation [43], an effect which would decrease hepatic fatty acid and TAG synthesis, and also 

promote clearance of circulating TAGs. 

HNF-4α is a nuclear receptor which regulates several genes related to lipoprotein and 

carbohydrate metabolism and bile acid synthesis [44]. Omega-3 fatty acids decrease the 

synthesis of HNF-4α: ρat hepatocytes cultured with fish oil rich chylomicron remnant-like 

particles showed a decrease in HNF-4α mRNA and protein and a reduced expression of genes 

encoding apoB and microsomal transfer protein, which are regulated by HNF-4α [45].  

SREBP-1a, -1c and -2 are key lipogenic transcription factors [46]. SREBP-1c and 

SREBP-2 are highly expressed in the liver. SREBP-1c increases expression of genes connected 
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with fatty acid and TAG synthesis [47*], while SREBP-2 increases expression of genes 

encoding enzymes involved in synthesis of cholesterol [48]. Expression of SREBP-1c is 

regulated by LXRα. Omega-3 fatty acids decrease SREBP-1c gene expression [49, 50], which 

may involve inhibition of the binding of LXRα to its response element in the promoter region 

of the SREBP-1c gene. Omega-3s also impair maturation of active SREBP [51]; older studies 

suggest that this relates to inhibition of migration of SREBP from the endoplasmic reticulum 

to the Golgi complex. This effect seems to be related to enrichment of intracellular membranes 

with EPA and DHA which causes cholesterol migration from highly concentrated areas, such 

as the plasma membrane, to less concentrated membranes, such as endoplasmic reticulum 

membrane. Reduced expression of genes involved in de novo fatty acid synthesis, such as fatty 

acid synthase, by EPA and DHA have often been related to decreased expression and activity 

of SREBP-1c [50-52] and this is linked to ameliorated hepatic steatosis by suppressing SREBP-

1 expression [51, 52].  

ChREBP increases the expression of L-pyruvate kinase, a glycolytic enzyme, and the 

expression of lipogenic genes, such as malic enzyme, ATP-citrate lyase, acetyl-CoA 

carboxylase, fatty acid synthase, stearoyl-CoA desaturase and fatty acid elongases [53*]. 

ChERBP expression is stimulated by glucose, consequently activating glycolysis and de novo 

fatty acid synthesis. EPA and DHA were able to downregulate ChREBP gene expression 

through accelerating ChREBP mRNA decay [54]. This could be another mechanism by which 

omega-3 fatty acids decrease DNL. 

PPAR-α up-regulates expression of genes encoding enzymes involved in hepatic β-

oxidation, such as carnitine palmitoyl transferase 1 [55*, 56*]. EPA and DHA both increase 

the expression and activity of hepatic PPAR-α [57], meaning that they act to promote β-

oxidation. EPA- and DHA-derived oxylipins are also potent PPAR agonists [58]. 

Thus overall, EPA and DHA act to control gene expression, ultimately co-ordinately 

suppressing hepatic lipogenesis (fatty acid and TAG synthesis and TAG-rich lipoprotein 

assembly) through SREBP- 1c inhibition and up-regulating hepatic fatty acid oxidation through 

PPAR-α activation. The combination of these effects would have the net result of decreasing 

DNL and partitioning fatty acids away from esterification and towards oxidation, resulting in 

a) less hepatic TAG accumulation and b) less hepatic TAG export. Therefore, through these 

effects EPA and DHA act to reduce both hepatic and circulating TAGs. 

  

Conclusions 
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The omega-3 fatty acids EPA and DHA are well known to lower plasma/serum TAG 

concentrations. In various animal models they lower hepatic TAG content and this has been 

shown to involve altered expression and activity of several transcription factors with associated 

effects on expression and activity of enzymes involved in fatty acid and TAG synthesis, which 

are decreased, and in β-oxidation, which is increased. Recent studies show that these omega-3 

fatty acids decrease hepatic DNL and partition fatty acids away from TAG synthesis and 

towards β-oxidation in humans, including in patients with NAFLD. The net result is decreased 

accumulation of hepatic TAG and lowering of circulating TAG concentrations. Human trials 

demonstrate that EPA and DHA can decrease liver fat in patients with NAFLD, as confirmed 

through several meta-analyses. Increased intake of EPA and DHA may reduce the likelihood 

of hepatic TAG accumulation, so lowering the risk of developing NAFLD, and could be used 

to reduce liver fat in patients with NAFLD. 
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Key points 

• The omega-3 fatty acids EPA and DHA decrease hepatic de novo lipogenesis (fatty acid 

and triacylglycerol (TAG) synthesis) 

• EPA and DHA favour partioning of hepatic fatty acids away from TAG synthesis towards 

β-oxidation  

• The effects of EPA and DHA on hepatic de novo lipogenesis and fatty acid partitioning 

involve altered expression and activation of nuclear receptors that act as transcription 

factors regulating expression of genes encoding key proteins involved in those metabolic 

processes 

• Higher intake of EPA and DHA may reduce the risk of developing non-alcoholic fatty 

liver disease  

• EPA and DHA have been demonstrated in some studies to decrease liver fat in patients 

with non-alcoholic fatty liver disease, an effect supported by findings of several meta-

analyses 

 

 



11 
 

 

References 

1. Mantovani A, Scorletti E, Mosca A, Alisi A, Byrne CD, Targher G. Complications, 

morbidity and mortality of nonalcoholic fatty liver disease. Metabolism 2020;111S: 

154170. 

*State of the art review of the multiple health consequences of non-alcoholic fatty liver 

disease. 

2. Targher G, Tilg H, Byrne CD. Non-alcoholic fatty liver disease: a multisystem disease 

requiring a multidisciplinary and holistic approach. Lancet Gastroenterol Hepatol 2021;6: 

578-588. 

*State of the art review of the pathophysiology of non-alcoholic fatty liver disease and its 

multiple health consequences. 

3. Eslam M, Sanyal AJ, George J, International Consensus Panel. MAFLD: a consensus-

driven proposed nomenclature for metabolic associated fatty liver disease. Gastroenterol 

2020;158:1999-2014. 

*Describes the current understanding of the patient heterogeneity that is captured as 

NAFLD and provides suggestions on terminology that more accurately reflects 

pathogenesis and that can help in patient stratification for management – the experts 

involved reached consensus that NAFLD does not reflect current knowledge, and 

suggested metabolic (dysfunction) associated fatty liver disease (MAFLD) as a more 

appropriate overarching term. 

4. Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-Gomez M, Zelber-

Sagi S, Wai-Sun Wong V, Dufour JF, Schattenberg JM, Kawaguchi T, Arrese M, Valenti 

L, Shiha G, Tiribelli C, Yki-Järvinen H, Fan JG, Grønbæk H, Yilmaz Y, Cortez-Pinto H, 

Oliveira CP, Bedossa P, Adams LA, Zheng MH, Fouad Y, Chan WK, Mendez-Sanchez 

N, Ahn SH, Castera L, Bugianesi E, Ratziu V, George J. A new definition for metabolic 

dysfunction-associated fatty liver disease: An international expert consensus statement. J 

Hepatol 2020;73:202-209. 

*Proposes a new definition for the diagnosis of MAFLD with criteria based on evidence 

of hepatic steatosis, in addition to one of the following three criteria: overweight/obesity, 

presence of type 2 diabetes mellitus, or evidence of metabolic dysregulation. 

5. Fouad Y, Waked I, Bollipo S, Gomaa A, Ajlouni Y, Attia D. What's in a name? 

Renaming 'NAFLD' to 'MAFLD'. Liver Int 2020;40:1254-1261. 



12 
 

6. Cariou B, Byrne CD, Loomba R, Sanyal AJ. Nonalcoholic fatty liver disease as a 

metabolic disease in humans: A literature review. Diabetes Obes Metab 2021;23:1069-

1083. 

*Reports on a systematic literature review that identifies epidemiological, biomarker, 

genetic and clinical evidence that expands understanding of NAFLD as a metabolic 

disorder. 

7. Johnston MP, Patel J, Byrne CD. Update on cardiovascular risk in nonalcoholic fatty 

liver disease. Curr Opin Cardiol 2021;36:478-486. 

*Summarises recent evidence demonstrating increased risk of cardiovascular disease 

(CVD) in patients with NAFLD and discusses how that risk may be reduced. Authors 

conclude that pioglitazone or a glucagon-like peptide 1 agonist should be considered and 

may benefit both CVD risk and early liver disease in patients with NAFLD. 

8. Byrne CD, Targher G. Non-alcoholic fatty liver disease-related risk of cardiovascular 

disease and other cardiac complications. Diabetes Obes Metab 2022;24 Suppl 2:28-43. 

*State of the art review that describes the associations between NAFLD and 

cardiovascular disease (CVD), arrhythmias, cardiac conduction defects, myocardial 

remodelling and heart failure and summarises the effect of treatments that both 

ameliorate NAFLD and decrease risk of CVD. 

9. Wang TY, Wang RF, Bu ZY, Targher G, Byrne CD, Sun DQ, Zheng MH. Association of 

metabolic dysfunction-associated fatty liver disease with kidney disease. Nat Rev 

Nephrol 2022;18:259-268. 

*State of the art review that discusses the clinical associations between MAFLD and 

chronic kidney disease (CKD), the pathophysiological mechanisms by which MAFLD 

may increase the risk of CKD, and the potential drug treatments that may benefit both 

conditions. 

10. Hodson L, Gunn PJ. The regulation of hepatic fatty acid synthesis and partitioning: the 

effect of nutritional state. Nat Rev Endocrinol 2019;15:689-700. 

11. Hodson L, Rosqvist F, Parry SA. The influence of dietary fatty acids on liver fat content 

and metabolism. Proc Nutr Soc 2020;79:30-41. 

*State of the art review that discusses the of the quantity and quality of dietary fatty acids 

on liver fat accumulation and metabolism, along with some of the potential mechanisms 

involved. 



13 
 

12. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of 

fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty 

liver disease. J Clin Invest 2005;115:1343-1351. 

13. Yang ZH, Amar M, Sampson M, Courville AB, Sorokin AV, Gordon SM, Aponte AM, 

Stagliano M, Playford MP, Fu YP, Yang S, Mehta NN, Remaley AT. Comparison of 

omega-3 eicosapentaenoic acid versus docosahexaenoic acid-rich fish oil 

supplementation on plasma lipids and lipoproteins in normolipidemic adults. Nutrients 

2020;12:749. 

*Recent trial of EPA-rich and DHA-rich omega-3 supplements in healthy young adults, 

Both supplements decreased fasting TAG concentrations by an average of about 15%. 

14. Allaire J, Vors C, Harris WS, Jackson KH, Tchernof A, Couture P, Lamarche B. 

Comparing the serum TAG response to high-dose supplementation of either DHA or 

EPA among individuals with increased cardiovascular risk: the ComparED study. Brit J 

Nutr 2019;121:1223-1234. 

15. Maki KC, Bays HE, Ballantyne CM, Underberg JA, Kastelein JJP, Johnson JB, Ferguson 

JJ. A head-to-head comparison of a free fatty acid formulation of omega-3 pentaenoic 

acids versus icosapent ethyl in adults with hypertriglyceridemia: the ENHANCE-IT 

study. J Am Heart Assoc 2022;11:e024176. 

*Recently published trial comparing EPA as an ethyl ester with the combination of EOA 

and docosapentaenoic acid (DPA) as free fatty acids in patients with 

hypertriglyceridemia. Both EPA and EPA+DPA decreased fasting TAG concentrations 

(by 18.3% and 20.9%, respectively). 

16. AbuMweis S, Jew S, Tayyem R, Agraib L. Eicosapentaenoic acid and docosahexaenoic 

acid containing supplements modulate risk factors for cardiovascular disease: a meta-

analysis of randomised placebo-control human clinical trials. J Hum Nutr Diet 

2018;31:67-84. 

17. Skulas-Ray AC, Wilson PWF, Harris WS, Brinton EA, Kris-Etherton PM, Richter CK, 

Jacobson TA, Engler MB, Miller M, Robinson JG, Blum CB, Rodriguez-Leyva D, de 

Ferranti SD, Welty FK; American Heart Association Council on Arteriosclerosis, 

Thrombosis and Vascular Biology; Council on Lifestyle and Cardiometabolic Health; 

Council on Cardiovascular Disease in the Young; Council on Cardiovascular and Stroke 

Nursing; and Council on Clinical Cardiology. Omega-3 fatty acids for the management 

of hypertriglyceridemia: a science advisory from the American Heart Association. 

Circulation 2019;140:e673-e691. 



14 
 

18. Shearer GC, Savinova OV, Harris WS. Fish oil -- how does it reduce plasma 

triglycerides? Biochim Biophys Acta 2012;1821:843-851. 

19. Logan SL, Spriet LL. Omega-3 fatty acid supplementation for 12 weeks increases resting 

and exercise metabolic rate in healthy community-dwelling older females. PLoS One 

2015;10:e0144828. 

20. Mostad IL, Bjerve KS, Bjorgaas MR, Lydersen S, Grill V. Effects of n-3 fatty acids in 

subjects with type 2 diabetes: reduction of insulin sensitivity and time-dependent 

alteration from carbohydrate to fat oxidation. Am J Clin Nutr 2006;84:540-550. 

21. Jannas-Vela S, Roke K, Boville S, Mutch DM, Spriet LL. Lack of effects of fish oil 

supplementation for 12 weeks on resting metabolic rate and substrate oxidation in 

healthy young men: a randomized controlled trial. PLoS One 2017;12:e0172576. 

22. Hodson L, Bhatia L, Scorletti E, Smith DE, Jackson NC, Shojaee-Moradie F, Umpleby 

M, Calder PC, Byrne CD. Docosahexaenoic acid enrichment in NAFLD is associated 

with improvements in hepatic metabolism and hepatic insulin sensitivity: a pilot study. 

Eur J Clin Nutr 2017;71:973-979. 

23. Scorletti E, Bhatia L, McCormick KG, Clough GF, Nash K, Hodson L, Moyses HE, 

Calder PC, Byrne CD, WELCOME Study. Effects of purified eicosapentaenoic and 

docosahexaenoic acids in nonalcoholic fatty liver disease: results from the Welcome* 

study. Hepatology 2014;60:1211-1221. 

24. Green CJ, Pramfalk C, Charlton CA, Gunn PJ, Cornfield T, Pavlides M, Karpe F, 

Hodson L. Hepatic de novo lipogenesis is suppressed and fat oxidation is increased by 

omega-3 fatty acids at the expense of glucose metabolism. BMJ Open Diabetes Res Care 

2020;8:e000871. 

*Trial in patients with NAFLD demonstrating that 8 weeks supplementation of 

EPA+DHA (~3.5 g/day) decreases both fasting and postprandial de novo lipogenesis and 

increases both hepatic and whole body fat oxidation. Post-prandial carbohydrate 

oxidation was decreased.  

25. Scorletti E, Byrne CD. Omega-3 fatty acids and non-alcoholic fatty liver disease: 

Evidence of efficacy and mechanism of action. Mol Aspects Med 2018;64:135-146. 

26. de Castro GS, Calder PC. Non-alcoholic fatty liver disease and its treatment with n-3 

polyunsaturated fatty acids. Clin Nutr 2018;37:37-55. 

27. Harari A, Leikin Frenkel A, Barshack I, Sagee A, Cohen H, Kamari Y, Harats D, Kandel 

Kfir M, Shaish A. Addition of fish oil to atherogenic high fat diet inhibited atherogenesis 

https://pubmed.ncbi.nlm.nih.gov/32007335/
https://pubmed.ncbi.nlm.nih.gov/32007335/


15 
 

while olive oil did not, in LDL receptor KO mice. Nutr Metab Cardiovasc Dis 2020;30: 

709-716.  

28. Moreira RJ, Castro É, Oliveira TE, Belchior T, Peixoto AS, Chaves-Filho AB, Moreno 

MF, Lima JD, Yoshinaga M, Miyamoto S, Morais MRPT, Zorn TMT, Cogliati B, Iwai 

LK, Palmisano G, Cabral FJ, Festuccia W. Lipoatrophy-associated insulin resistance and 

hepatic steatosis are attenuated by intake of diet rich in omega 3 fatty acids. Mol Nutr 

Food Res 2020;64:e1900833. 

29. Liu R, Chen L, Wang Y, Zhang G, Cheng Y, Feng Z, Bai X, Liu J. High ratio of ω-3/ω-6 

polyunsaturated fatty acids targets mTORC1 to prevent high-fat diet-induced metabolic 

syndrome and mitochondrial dysfunction in mice. J Nutr Biochem 2020;79:108330. 

30. da Cunha de Sá RDC, Cruz MM, de Farias TM, da Silva VS, de Jesus Simão J, Telles 

MM, Alonso-Vale MIC.Fish oil reverses metabolic syndrome, adipocyte dysfunction, 

and altered adipokines secretion triggered by high-fat diet-induced obesity. Physiol Rep 

2020;8:e14380. 

31.  Parker HM, Johnson NA, Burdon CA, Cohn JS, O'Connor HT, George J. Omega-3 

supplementation and non-alcoholic fatty liver disease: a systematic review and meta-

analysis. J Hepatol 2012;56:944-951. 

32. Musa-Veloso K, Venditti C, Lee HY, Darch M, Floyd S, West S, Simon R. Systematic 

review and meta-analysis of controlled intervention studies on the effectiveness of long-

chain omega-3 fatty acids in patients with nonalcoholic fatty liver disease. Nutr Res 

2018;76:581-602. 

33. Kilchoer B, Vils A, Minder B, Muka T, Glisic M, Bally L. Efficacy of dietary 

supplements to reduce liver fat. Nutrients 2020;12:2302. 

34. Lee CH, Fu Y, Yang SJ, Chi CC. Effects of omega-3 polyunsaturated fatty acid 

supplementation on non-alcoholic fatty liver: a systematic review and meta-analysis. 

Nutrients 2020;12:2769. 

*Meta-analysis of trials of EPA+DHA in patients with NAFLD. Identified a decrease in 

liver fat. 

35. Albert SG, Wood EM. Meta-analysis of trials in non-alcoholic fatty liver disease with 

therapeutic interventions for metabolic syndrome. Diabetes Metab Syndr 2021;15: 

102232. 

* Meta-analysis of trials of EPA+DHA in patients with NAFLD. Identified a decrease in 

liver fat. 

https://pubmed.ncbi.nlm.nih.gov/32007335/


16 
 

36. Nobili V, Bedogni G, Alisi A, Pietrobattista A, Risé P, Galli C, Agostoni C. 

Docosahexaenoic acid supplementation decreases liver fat content in children with non-

alcoholic fatty liver disease: double-blind randomised controlled clinical trial. Arch Dis 

Child 2011;96:350-353. 

37. Russo-Savage L, Schulman IG. Liver X receptors and liver physiology. Biochim 

Biophys Acta Mol Basis Dis 2021;1867:166121. 

*State of the art review of the role of LXR in hepatic lipid metabolism. 

38. Howell G 3rd, Deng X, Yellaturu C, Park EA, Wilcox HG, Raghow R, Elam MB. N-3 

polyunsaturated fatty acids suppress insulin-induced SREBP-1c transcription via reduced 

trans-activating capacity of LXRalpha. Biochim Biophys Acta 2009;1791:1190-1196. 

39. Chiang JYL, Ferrell JM. Discovery of farnesoid X receptor and its role in bile acid 

metabolism. Mol Cell Endocrinol 2022;548:111618. 

*State of the art review of the role of FXR in regulating bile acid metabolism. 

40. Xi Y, Li H. Role of farnesoid X receptor in hepatic steatosis in nonalcoholic fatty liver 

disease. Biomed Pharmacother 2020;121:109609. 

41. Panzitt K, Wagner M. FXR in liver physiology: Multiple faces to regulate liver 

metabolism. Biochim Biophys Acta Mol Basis Dis 2021;1867:166133. 

*State of the art review of the role of FXR in regulating hepatic lipid metabolism. 

42. Kast HR, Nguyen CM, Sinal CJ, Jones SA, Laffitte BA, Reue K, Gonzalez FJ, Willson 

TM, Edwards PA. Farnesoid X-activated receptor induces apolipoprotein C-II 

transcription: a molecular mechanism linking plasma triglyceride levels to bile acids. 

Mol Endocrinol 2001;15:1720-1728. 

43. Zhao A, Yu J, Lew JL, Huang L, Wright SD, Cui J. Polyunsaturated fatty acids are FXR 

ligands and differentially regulate expression of FXR targets. DNA Cell Biol 2004;23: 

519-526.  

44. Tavares-Sanchez OL, Rodriguez C, Gortares-Moroyoqui P, Estrada MI. Hepatocyte 

nuclear factor-4α, a multifunctional nuclear receptor associated with cardiovascular 

disease and cholesterol catabolism. Int J Environ Health Res 2015;25:126-139. 

45. Lopez-Soldado I, Avella M, Botham KM. Suppression of VLDL secretion by cultured 

hepatocytes incubated with chylomicron remnants enriched in n-3 polyunsaturated fatty 

acids is regulated by hepatic nuclear factor-4alpha. Biochim Biophys Acta 2009;1791: 

1181-1189.  

46. DeBose-Boyd RA, Ye J. SREBPs in lipid metabolism, insulin signaling, and beyond. 

Trends Biochem Sci 2018;43:358-368. 



17 
 

47. Ferré P, Phan F, Foufelle F. SREBP-1c and lipogenesis in the liver: an update1. Biochem 

J 2021;478:3723-3739. 

*State of the art review of the role of SREBP-1c in regulating hepatic lipogenesis. 

48. Xue L, Qi H, Zhang H, Ding L, Huang Q, Zhao D, Wu BJ, Li X. Targeting SREBP-2-

regulated mevalonate metabolism for cancer therapy. Front Oncol 2020;10:1510. 

49. Xu J, Cho H, O'Malley S, Park JH, Clarke SD. Dietary polyunsaturated fats regulate rat 

liver sterol regulatory element binding proteins-1 and -2 in three distinct stages and by 

different mechanisms. J Nutr 2002;132:3333-3339. 

50. Dias BV, Gomes SV, Castro MLDC, Carvalho LCF, Breguez GS, de Souza DMS, 

Ramos CO, Sant'Ana MR, Nakandakari SCBR, Araujo CM, Grabe-Guimarães A, 

Talvani A, Carneiro CM, Cintra DEC, Costa DC. EPA/DHA and linseed oil have 

different effects on liver and adipose tissue in rats fed with a high-fat diet. Prostaglandins 

Other Lipid Mediat 2022;159:106622. 

51. Tanaka N, Zhang X, Sugiyama E, Kono H, Horiuchi A, Nakajima T, Kanbe H, Tanaka 

E, Gonzalez FJ, Aoyama T. Eicosapentaenoic acid improves hepatic steatosis 

independent of PPARα activation through inhibition of SREBP-1 maturation in mice. 

Biochem Pharmacol 2010;80:1601-1612. 

52. On S, Kim HY, Kim HS, Park J, Kang KW. Involvement of G-Protein-Coupled Receptor 

40 in the inhibitory effects of docosahexaenoic acid on SREBP1-mediated lipogenic 

enzyme expression in primary hepatocytes. Int J Mol Sci 2019;20:2625.  

53. Iizuka K, Takao K, Yabe D. ChREBP-mediated regulation of lipid metabolism: 

involvement of the gut microbiota, liver, and adipose tissue. Front Endocrinol 2020; 

11:587189. 

*State of the art review of the role of ChREBP in regulating lipid metabolism and the 

interorgan cross-talk that is involved. 

54. Dentin R, Benhamed F, Pegorier JP, Foufelle F, Viollet B, Vaulont S, Girard J, Postic C.  

Polyunsaturated fatty acids suppress glycolytic and lipogenic genes through the 

inhibition of ChREBP nuclear protein translocation. J Clin Invest 2005;115:2843-2854. 

55. Wang Y, Nakajima T, Gonzalez FJ, Tanaka N. PPARs as metabolic regulators in the 

liver: lessons from liver-specific PPAR-null mice. Int J Mol Sci 2020;21:2061. 

*Review of the role of PPARs as regulators of hepatic metabolism, drawing evidence 

from knockout murine models. 



18 
 

56. Tahri-Joutey M, Andreoletti P, Surapureddi S, Nasser B, Cherkaoui-Malki M, Latruffe 

N. Mechanisms mediating the regulation of peroxisomal fatty acid beta-oxidation by 

PPARα. Int J Mol Sci 2021;22:8969. 

*State of the art review of the role of PPAR-α in regulating hepatic fatty acid oxidation. 

57. Goto T. A review of the studies on food-derived factors which regulate energy 

metabolism via the modulation of lipid-sensing nuclear receptors. Biosci Biotechnol 

Biochem 2019;83:579-588. 

58. Bosviel R, Joumard-Cubizolles L, Chinetti-Gbaguidi G, Bayle D, Copin C, Hennuyer N, 

Duplan I, Staels B, Zanoni G, Porta A, Balas L, Galano JM, Oger C, Mazur A, Durand T, 

Gladine C. DHA-derived oxylipins, neuroprostanes and protectins, differentially and 

dose-dependently modulate the inflammatory response in human macrophages: Putative 

mechanisms through PPAR activation. Free Radic Biol Med 2017;103:146-154. 

 

 

  



19 
 

Figure 1. Overview of hepatic fatty acid and triglyceride metabolism.  The  pathway of de 

novo fatty acid and triacylglycerol (TAG) synthesis starting with glucose or fructose and 

occurring via pyruvate, acetyl CoA, citrate, acetyl CoA (again) and malonyl CoA is shown 

with dashed arrows. The pathway of fatty acid β-oxidation occurring via acetyl CoA and 

producing CO2 or ketone bodies is  shown with a dotted arrows. Fatty acyl CoA can be derived 

from de novo synthesis, non-esterified fatty acids (NEFAs) released from adipose tissue, or 

lysosomal degradation of chylomicron remnants. The TAG  formed can be incorporated into 

very low density lipoproteins (VLDL) and secreted into the bloodstream or retained within the 

hepatocyte. Three key enzymes are shown: acetyl CoA carboxylase (ACC), carnitine palmitoyl 

transferase 1 (CPT1) and fatty acid synthase (FAS). Malonyl CoA is an inhibitor of ACC. 

OAA, oxaloacetate.  
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Table 1. Hepatic transcription factors of relevance to hepatic TAG accumulation and the effect of EPA and DHA. 

 

Transcription factor Role in hepatic fatty acid and TAG 

metabolism 

Effect of EPA and DHA Likely impact on 

hepatic TAG 

LXR ↑ DNL (via ↑ SREBP-1c and ↑ ChREBP) Decreased activation ↓ 

FXR ↓ DNL (via ↓ SREBP-1c and ↓ LXR) Increased activation ↓ 

HNF-4α ↑ VLDL assembly and secretion  Decreased synthesis ? 

SREBP-1c ↑ DNL  Decreased synthesis and decreased maturation ↓ 

ChREBP ↑ DNL Decreased synthesis ↓ 

PPAR-α ↑ β-oxidation Increased synthesis and increased activation ↓ 

  


