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The first chapter (Introduction) of the thesis summarises the pathogenesis of NAFLD and its
associated risk factors such as type 2 diabetes and cardiovascular disease. Moreover, it describes:
a) the potential beneficial effects of long chain omega-3 fatty acid treatment [docosahexaenoic
acid (DHA) plus eicosapentaenoic acid (EPA)] in NAFLD; b) the effect of genotypes patatin-like
phospholipase domain-containing protein-3 (PNPLA3 I148M) and the transmembrane 6
superfamily member 2 protein (TM6SF2 E167K), on the level of DHA and EPA enrichment and end
of study liver fat percentage after DHA+EPA treatment; and c) the effect of fatty acid desaturase
(FADS) and Elongase (ELOVL) polymorphisms influencing omega-3 fatty acid metabolism. The
second chapter describes the overall aim of this thesis. The aim of my research was to investigate
in patients with NAFLD: a) the effect of long-chain omega-3 fatty acid treatment on liver fat
percentage and liver fibrosis biomarkers; b) the effect of genotypes influencing NAFLD severity on
treatment with DHA+EPA; and c) the effect of genotypes influencing omega-3 fatty acid
metabolism in NAFLD. The third chapter describes in details the design and methods used in my
research. Chapter four highlights my novel results from the WELCOME study. This chapter
describes the baseline and end of study characteristics of the WELCOME study participants and
shows the results of the DHA+EPA treatment on liver fat percentage and liver fibrosis biomarkers.
This chapter also describes the association between DHA erythrocyte enrichment and decrease in
liver fat percentage after DHA+EPA treatment. Chapter five illustrates the association between
PNPLA3 I148M and DHA erythrocyte enrichment percentage and end of study liver fat percentage
after DHA+EPA treatment. The chapter shows that PNPLA3 I148M was associated with higher end
of study liver fat percentage and lower DHA tissue enrichment. Chapter six shows the negative
association between FADS polymorphisms and omega-3 fatty acid metabolism in NAFLD. The
chapter also shows that there was a gene-DHA+EPA interaction between the minor allele of the
FADS1 rs174556 and Δ-5 desaturase activity after treatment with DHA+EPA. Finally, chapter
seven, summarises my results in the context of current evidence and knowledge about the subject
matter.
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1. Introduction

1

1.1

Background and epidemiology of non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a pathologic condition defined by the presence of
triglycerides (TG) deposition in the liver greater than 5% of the total liver weight

1-4

. The term

NAFLD encompasses a spectrum of liver diseases where the first stage is characterized by simple
steatosis with liver fat accumulation in the hepatocytes 4-7. The second stage is non-alcoholic
steatohepatitis (NASH) characterized by hepatocyte injury due to inflammation, ballooning and
possible collagen deposition. NASH is a progressive form of fatty liver that can worsen over time
and may lead to cirrhosis and liver failure 2. NAFLD has become one of the most common causes
of chronic liver disease and liver related mortality worldwide, and is now becoming a major
reason for liver transplantation 8,9. According to the World Gastroenterology Organization’s global
guidelines (http://www.worldgastroenterology.org/UserFiles/file/guidelines/nafld-nash-english2012.pdf) approximately 10-20% of people with NAFLD progress to NASH.
Although NAFLD also occurs in normal weight people, the burgeoning epidemic of overweight,
obesity and type 2 diabetes is also contributing to a marked increase in the burden of chronic
disease caused by NAFLD. Whilst national mortality data show that the majority of liver disease
deaths were previously attributed to alcoholic cirrhosis, there is emerging evidence of the
importance of non-alcoholic fatty liver as a risk factor for severe chronic liver disease 10,11. Across
the world, the prevalence of NAFLD varies as it is influenced by demographics and diagnostic
methodologies 9,12,13. In research studies that have used liver enzymes as a diagnostic tool, the
prevalence of NAFLD ranges 3 – 12% in the general population 14 and increases up to 33% when the
diagnosis is made using a more precise method such as magnetic resonance spectroscopy. The
prevalence of disease progression from NAFLD to NASH is approximately 10-20% in the general
population; however, the prevalence increases up to 37% in the presence of obesity 2.
Furthermore, it is now clear that NAFLD is also a risk factor for type 2 diabetes and cardiovascular
disease and therefore NAFLD has an important adverse impact not only on hepatology and
gastroenterology services but also diabetes, cardiology and cardiac surgery services within the
National Health Service. The prognosis of NAFLD is hard to establish due to the heterogeneity of
the condition and to the fact that most studies are small with relatively short follow-up 15.
Importantly, the progression of liver disease to NASH is often followed with the development of
fibrosis (in 25%-33% of people with NAFLD); liver cirrhosis (5%–15% of people with NAFLD); liver
failure (38% of people after 7-10 years of the diagnosis of NAFLD); and potentially hepatocellular
carcinoma (2%-5%) 16. (http://www.worldgastroenterology.org/UserFiles/file/guidelines/nafldnash-english-012.pdf)

2

Historically, NAFLD was defined as “the liver manifestation of the metabolic syndrome”17.
However, more recent data showed that NAFLD is a strong predictor for type 2 diabetes and
metabolic syndrome 18. Besides, there is growing evidence that describes NAFLD as a multisystem
disease, affecting several extra-hepatic organs and regulatory pathways 5,18. NAFLD is strongly
related to metabolic disorders such as insulin resistance 19, obesity, dyslipidaemia, cardiovascular
disease and microvasculature inflammation 20-24. When NAFLD occurs in people with type 2
diabetes, there is an alteration of insulin sensitivity associated with a risk to develop insulin
resistance 15. Moreover, the risk of cardiovascular disease (CVD) increases with severity of NAFLD
and is independent of traditional CVD risk factors 20,25,26, thus increasing risk for myocardial
infarction by an additional 50% even after adjustment for all known cardiovascular risk factors.
Diabetes is a significant risk factor for the development and progression of NAFLD, and up to 70%
of type 2 diabetics have NAFLD. It is difficult to be certain of the true prevalence of steatohepatitis
in people with type 2 diabetes due to lack of liver histology data, but studies have suggested it
occurs in up to 80% of diabetics with NAFLD and abnormal levels of liver enzymes 15,18,27.
NAFLD has a multifactorial pathophysiology involving genetic polymorphisms 28 and metabolic
factors13, such as sedentary lifestyle, increased intake of energy-rich foods 29, malnutrition due to
an imbalanced intake of nutrients (e.g. high fat, high carbohydrates and high protein diet 30, low
fiber intake 31, high fructose intake32), altered gut microbiota composition (dysbiosis) 33-35, obesity
21,29

.

Several research studies have attempted to test treatment in NAFLD: however, these studies have
produced controversial results with limited success and serious safety concerns about long-term
therapy 36-40. For example, the results of trials testing treatment with metformin 41-44
thiazolidinediones 36-38,45 and anti-oxidants such as vitamin E 38, that have focussed primarily on
modifying pathways affecting insulin resistance 46, oxidative stress 38 and lipid metabolism 47 have
produced variable results. In a pilot study, Loomba et al. tested the effect of 1000mg of
metformin twice daily for 48 weeks. The primary outcome was improvement in liver histology
(NASH activity). At the end of the intervention, there was a three-point improvement on the
NASH activity index; however, there was a positive significant correlation between decrease in
NASH activity index score and decrease in body weight (Kg) (r = 0.78: P < 0.0001). During the
study the average weight loos was 6Kg, and the major improvement in the NASH activity index
was mainly in people with weight loss 43. Sanyal et al. tested the effect of pioglitazone or vitamin E
for the treatment of NAFLD and found that both agents were associated with reductions in
hepatic steatosis and lobular inflammation compared with placebo. Vitamin E treatment resulted
in an improvement in steatosis, inflammation and fibrosis in 43% of the patients treated (43% vs.
19% in the placebo group, P=0.001). For the pioglitazone group, there was an improvement in
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steatosis and inflammation in ~60% of patients, whereas improvement in ballooning and fibrosis
was only on ~44% of patients treated (34% patients with overall improvement in pioglitazone
group and 19% patients with overall improvement in the placebo group; P=0.04) 38.
Currently, the EASL-EASD-EASO Clinical Practice Guidelines and the American Association for the
Study of Liver Diseases recommend pioglitazone or high dose vitamin E for the treatment of NASH
1,48

. However, there are limitations in the use of pioglitazone and vitamin E. Pioglitazone is

associated with weight gain, leg swelling, and a small risk of exacerbating heart failure and high
dose of vitamin E might be associated with increased risk of prostate cancer49 and haemorrhagic
stroke 50.
Other studies tested the effect of statins and orlistat demonstrated no clinically important benefit
on the progression of NAFLD when compared to placebo 51,52.
Currently, lifestyle changes may ameliorate steatosis 48 1,53. Several research trials showed that
weight loss is the most effective way to reduce liver fat; a 5% weight loss improves steatosis (25%
reduction in MRI liver fat) 54,55 and there is evidence that ≥10% weight loss could be associated
with a reduction of fibrosis 56-59. Overall, any type of caloric restriction diet is considered
effective, to reduce liver fat in patients with NAFLD 60. A very low calories diet (43%
carbohydrate, 34% protein, and 19.5% fat plus non-starchy vegetables for a total energy intake of
624–700 kcal/day) for 6 moths proved to be effective in reducing liver fat and in normalising
hepatic insulin sensitivity 61,62. However, Kirk et al. evaluated the longitudinal metabolic effects of
short-term (48 h; 2% weight loss) and longer-term (11 wks; 7% weight loss) calorie restriction
(1000 kcal/d energy deficit) with either a high- or low- carbohydrate diet. When compared a lowcarbohydrates high-fat diet with a high-carbohydrates low-fat diet, the low-carbohydrate diet
caused approximately a 3 times greater reduction in hepatic triglycerides content than the high
carbohydrates in short and long period of calorie restriction 63. In a small study, after obtaining
equal weight loss with two dietary interventions that differed in macronutrient composition (lowcarbohydrate and low-calorie diet), the low-carbohydrate diet resulted in signiﬁcantly greater
intrahepatic triglyceride reduction than the low-calorie diet 64. Therefore, a hypocaloric lowcarbohydrate diet is more effective in reducing liver fat than a low-calorie diet. Composition of fat
in the diet also important to improve liver fat reduction. In a randomised controlled trial testing
the effect of a isocaloric diet high in saturated fatty acids or polyunsaturated fatty acids, the
reduction in liver fat was higher in the polyunsaturated fatty acids diet compared with the
saturated fatty acids diet 65.
Typically, within a Westernized diet, omega-6 fatty acid consumption is markedly greater than
omega-3 fatty acid consumption. The potential consequences of an increased ratio of omega-6 to
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omega-3 fatty acid consumption are increased production of pro-inflammatory arachidonic acidderived eicosanoids and impaired regulation of hepatic and adipose function, predisposing to
NAFLD 66. Several studies have shown that a diet with an inadequate intake of “omega-3 essential
fatty acids” is associated with metabolic syndrome 67, cardiovascular disease 68, dyslipidaemia and
fatty liver disease 69,70.
The EASL-EASD-EASO Clinical Practice Guidelines recommends the Mediterranean diet as the diet
of choice for the treatment of NAFLD. Mediterranean diet is rich in vegetables, fruits, whole
grains, seeds, nuts, legumes, and fish48. This diet is rich in monounsaturated fatty acids and
polyunsaturated fatty acids as well as fibres and antioxidants and has been shown to reduce
hepatic fat and improve hepatic insulin sensitivity even without weight loss 71.
Physical activity is also beneficial for reducing liver fat 72,73 and may be promoted in patients who
find difficult to modify their diet and follow dietary recommendation 74,75. In a recent study,
Houghton et al. showed that 12 weeks of exercise significantly produced a 16% reduction in liver
fat compared with an 8% increase in the control group76.
Therefore, the combination of calories restriction as well as dietary pattern associated with
physical activity needs to be considered in the treatment of NAFLD.

5

1.2

Pathogenesis of non-alcoholic fatty liver disease

Hepatic fat accumulation is a consequence of an imbalance between the accumulation and
catabolism of TG in the liver. Figure 1 illustrates the metabolic and pathophysiological processes
contributing to NAFLD and potential links between NAFLD and CVD 20. There are three sources of
metabolites for the hepatic synthesis of TG: a) dietary supply of fatty acids and glucose; b) de
novo synthesis of fatty acids; and c) adipose tissue supply of fatty acids from lipolysis 21.

Figure 1. Mechanisms linking NAFLD to cardiovascular disease (CVD). Schematic figure showing potential
pathogenetic mechanisms linking dietary fat and carbohydrate intake with NAFLD, increased adiposity,
blood pressure and cardiovascular disease 21.
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1.2.1 Role of carbohydrates and fructose in the pathogenesis of
NAFLD
High-carbohydrate diets increase hepatic de novo lipogenesis 77. This is a multi-stage process in
which i) dietary glucose is transported into the liver by Glucose Transporter-2 (GLUT-2) 78; ii)
dietary glucose is phosphorylated by the enzyme Glucokinase and converted by liver-specific
pyruvate kinase into acetyl-CoA; iii) acetyl-CoA is converted into malonyl-CoA in the presence of
insulin (which activates acetyl CoA carboxylase); and iv) malonyl-CoA is the committed substrate
on the fatty acid synthesis pathway. The activity of the glycolytic and lipogenic enzymes is
controlled at the transcriptional level by SREBP-1c (sterol regulatory element binding protein-1-c)
and ChREBP (carbohydrate response element binding protein). SREBP-1c and ChREBP are upregulated in conditions of hyperinsulinaemia and hyperglycaemia respectively 78-80. Interestingly,
fructose metabolism differs markedly from that of glucose as it is insulin independent and is not
regulated by the levels of ATP and citrate. In the liver, fructose is taken up by hepatocytes though
the glucose transporter (GLUT-2) and subsequently phosphorylated to fructose-1-phosphate by
the specific enzyme Fructokinase. Fructose-1-phosphate is metabolized to glyceraldehyde-3phosphate by aldolase B; thereafter, glyceraldehyde-3-phosphate is converted into pyruvate and
subsequently into acetyl-CoA. Fructose also promotes the expression of the transcriptional factors
SREBP-1 and ChREBP, involved in the regulation of de novo lipogenesis 81,82 (Figure 2). The
phosphorylation of fructose also stimulates adenosine monophosphate (AMP) deaminase to
convert adenosine monophosphate in inosine monophosphate (IMP) and then inosine
monophosphate is converted to uric acid 83,84. Abdelmalek et al. showed that a daily fructose
consumption was associated with ﬁbrosis; cumulative odds ratios [95% CI] of ‘‘daily consumption’’
versus ‘‘no fructose consumption’’ were 2.6 [1.4, 5.0] (P =0.004). This was confirmed by a recent
study conducted by Nobili et al. in children and adolescents with NAFLD. They showed that serum
uric concentration and dietary fructose consumption were independently and positively
associated with histologically diagnosed NASH (OR for uric acid = 2.488, 95% CI: 1.87–2.83, p =
0.004; OR for fructose = 1.612, 95% CI: 1.25–1.86, p = 0.001)

85

. In this study fructose

consumption was significantly higher in the NASH group compared with the non-NASH group
(70.4 g/day vs. 52.6 g/day; p = 0.002)86. However, clinical studies to investigate the potential
benefit of lowering uric acid should also be performed.

7

Figure 2. Mechanism linking dietary fructose intake and hepatic fatty acid metabolism. Fructose is
transported into enterocyte by the specific fructose transporter Glucose Transporter-5. In the liver, fructose
metabolism is independent of insulin action and is also not regulated by the levels of ATP and citrate.
Dietary fructose intake increases intrahepatic fructose-1-P. Fructose-1-P can be converted into
glyceraldehyde-3-phosphate and thereby into acetyl Co-A (the precursor for fatty acid synthesis). Thus,
dietary fructose intake may stimulate hepatic de novo lipogenesis and thus potentially be involved in the
pathogenesis of NAFLD.

Moreover, recent studies have also investigated the effect of fructose on intestinal
bacteria. In the intestine, fructose is absorbed by a specific transporter located at the apical side
of the enterocytes: Glucose Transporte-5. Chronic high intake of fructose may cause overgrowth
of intestinal bacteria and increase intestinal permeability, leading to a translocation of bacterial
endotoxin into the bloodstream, which in turn activates Kupffer cells, ultimately causing
inflammation and accumulation of fat in the liver 21,87,88. Currently there are animal studies
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showing the effect of fructose on intestinal barrier leading to NAFLD. After 16 weeks of feeding
mice with 30% fructose solution, liver fat was significantly higher not only compared with liver of
mice fed chow control diet but also compared with mice fed high-fat diet. Moreover, after chronic
fructose consumption there was high bacterial endotoxin levels in the portal plasma and low level
of tight junction protein occluding and zonula occludens 1 in the duodenum89.

1.2.2 Lipids metabolism and the pathogenesis of NAFLD
A prolonged period of imbalanced intake of nutrients leads to a state of allosteric overload that
may cause obesity, insulin resistance, metabolic syndrome features, alteration of gut microbiota
and diabetes 29,88. With a twenty-first century lifestyle that includes physical inactivity and excess
calorie intake, there is a surplus of fat accumulated in ectopic visceral sites in insulin resistant
individuals. For example, with insulin resistance, fat accumulates in visceral organs and tissues,
such as skeletal muscle myocytes, hepatocytes and β-cells, and accumulation of fat in insulinsensitive tissues (such as liver and muscle) tends to impair insulin signalling in these tissues.
Dietary fat is absorbed in the intestine, assembled into chylomicrons and released into the
systemic circulation. About 80% of chylomicrons are hydrolyzed by lipoprotein lipase liberating
the constituent fatty acids, and the residual remnant is delivered to the liver 90. De novo
lipogenesis contributes to very-low-density lipoproteins (VLDL) assembly and may contribute
between 2 and 5% of VLDL-TG production in healthy people and 20 to 30% in pathophysiological
states 91-93. Adipose tissue is the major source of non-esterified fatty acids (NEFAs) which accrue in
the liver and are responsible for approximately 60% of TG accumulation 93. The high flow of NEFAs
to the liver causes a decrease of mitochondrial oxidation and a reduction of TG secretion into the
systemic circulation as VLDL. This mechanism contributes to hepatic TG storage resulting in liver
steatosis and liver inflammation 5.
In the presence of high energy intake and low energy expenditure, adipose tissue is overloaded by
an excess of energy stored as lipid (triacylglycerol). The ability of expansion of the peripheral
adipose tissue provides a temporary buffering capacity that protects the liver from an excessive
flux of free fatty acid which would otherwise promote hepatic lipid accumulation. If this
protective mechanism fails, excessive free fatty acid causes hepatic/peripheral insulin resistance,
hepatic inflammation and in turn increases the risk of progressive liver disease with fibrosis,
cirrhosis and hepatocellular carcinoma 94. Insulin-sensitive individuals tend to easily expand
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adipose tissue in subcutaneous adipose tissue depots in the presence of a twenty-first century
lifestyle, thereby protecting their visceral organs from ectopic fat accumulation. In the presence
of insulin resistance, adipose tissue hormone-sensitive lipase fails to be regulated, causing
uncontrolled lipolysis and thus an increased flow of non-esterified fatty acids to the liver. In
addition, in this scenario, there is increased hepatic gluconeogenesis in insulin-resistant states
with diversion of glucose to the hepatic lipogenesis pathway which further increases the
accumulation of fat in the liver. Excessive storage of fatty acids in hepatocytes and insulin
resistance may increase mitochondrial β-oxidation free-radical production and the production of
reactive oxygen species may induce NF-κB activity, leading to a production of proinflammatory
cytokines, such as TNF-α, IL-6 and IL-8. The increase in oxidative stress may cause mitochondrial
damage and dysfunction, leading to a decrease of oxidative capacity, which in turn may produce
an imbalance between fat oxidation and lipogenesis pathways, ultimately resulting in liver-fat
accumulation and NAFLD 6,19,94. Lifestyle modifications, such as increased physical activity,
positively affect nutritional behaviour, leading to a gradual weight loss, which in turn improves
metabolic syndrome, reduces CV 95 risk and decreases NAFLD96-98. However, the effects of lifestyle
change are not instantaneous, and weight loss should be a gradual process. Moreover, weight loss
and increases in physical activity are often difficult to achieve and consequently there is a need
for novel pharmacological treatments that are capable of controlling risk factors that contribute
to NAFLD and CVD.

1.2.3 Hepatic and Adipose Tissue Function, Inflammation, and
NAFLD
The liver has a central anatomic location in the gastrointestinal tract and is the major metabolic
organ for anabolic and catabolic processes. The liver is linked to the intestine (a) through a unique
vasculature that converges in the portal vein and (b) through the enterohepatic biliary circulation.
The liver has a wide range of functions, inter alia detoxification, hormone production, and plasma
protein synthesis. A major function of the liver is to affect lipid metabolism (e.g., cholesterol
synthesis, de novo lipogenesis, and synthesis of apolipoprotein B100). Among other functions, the
liver stores glycogen, lipid soluble vitamins, iron, and copper. The liver is not designed to store
lipid, and lipid accumulation in hepatocytes is toxic. The quantity and the composition of ingested
food are relevant factors with regard to fat accumulation in the hepatocytes. Over the past three
decades, the food habits of the general population have changed toward a diet characterized by
an increased consumption of fat and carbohydrate. NAFLD is a spectrum of fat-related liver
conditions, and hepatic lipid accumulation plays a pivotal role in the pathogenesis and
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progression of NAFLD. In the jejunum, dietary TG are hydrolysed by pancreatic lipase, resulting in
the release of fatty acids and monoacylglycerol that in turn are absorbed in the small intestine
and utilized to synthesize TG. Subsequently, TG can be synthesized and stored in the adipose
tissue or metabolized in the liver 99. Dietary TG are packaged into chylomicrons, and hepatic TG
are packaged into VLDL in order to transport TG to peripheral tissues. Chylomicrons are
assembled in the enterocytes during the absorptive phase (exogenous pathway), whereas VLDL
particles are secreted from the liver, particularly during the fasting state (endogenous pathway).
In the exogenous pathway, chylomicrons are formed from the coalescence of dietary TG together
with apolipoproteins apoB48, apoAIV, and apoAV. Subsequently, chylomicrons are released into
the lymphatic system, and later they acquire apoAI, apoAII, apoC (CI, CII, CIII), and apoE. ApoCIII is
an inhibitor of lipoprotein lipase, and hypertriglyceridemia can be further exacerbated by low
activity of lipoprotein lipase or by high level of apoCIII. In the peripheral tissues, TGs from the
chylomicrons are hydrolysed by lipoprotein lipase into free fatty acids, and Petersen et al.100 have
shown that a genetic variation of apoCIII is associated with NAFLD, which suggests that variation
in lipoprotein lipase activity may be important in the pathogenesis of NAFLD. In the endogenous
pathway, TGs derived from de novo lipogenesis and circulating NEFA contribute to form nascent
VLDL particles that are secreted from the liver. Nascent VLDL contains only apoB100;
subsequently, it acquires apoA (AI, AII, AIV), apoC (CI, CII and CIII), and apoE. TGs from VLDL
particles are hydrolysed by lipoprotein lipase to form VLDL remnants, and then they are
internalized in the liver, binding to the apoE receptor. In the liver, VLDL remnants are hydrolyzed
by hepatic triglyceride lipase to form low-density lipoprotein (LDL) particles. This overflow from
the transport pathway is clinically crucial, as an excessive transport of VLDL remnants to the liver
increases LDL production, perhaps contributing to NAFLD. Ceramide and sphingolipids can be
transported by VLDL, and in the liver, intestine, and heart, de novo ceramide could be secreted as
part of apolipoprotein B–containing lipoproteins 101; this alteration of lipoprotein structure may
affect hepatic degradation of lipoproteins, with consequent intracellular accumulation of lipid
102,103

, thereby potentially predisposing to NAFLD.

1.2.4 Influence of genotype polymorphism on liver lipid
metabolism
There is evidence showing that genetic variation in both patatin-like phospholipase domaincontaining protein-3 (PNPLA3) (I148M) and the transmembrane 6 superfamily member 2 protein
(TM6SF2) (E167K) influences severity of liver disease, and serum TG concentrations in NAFLD
(Figure 3). Exome wide association study identified the rs738409 C>G single nucleotide
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polymorphism (SNP) in the PNPLA3 gene, encoding for the isoleucine to methionine substitution
at position 148 (I148M). In humans PNPLA3, also called adiponutrin, encodes a 481 amino acid
membrane protein localised in the endoplasmic reticulum and at the surface of lipid droplets 104.
In human, this protein has the highest expression in hepatic stellate cells, retina and hepatocytes.
PNPLA3 has a TG and retinyl-palmitate esterase activity. The functional PNPLA3 148I variant
allows optimal TG hydrolysis whereas the isoleucine to methionine substitution leads to a loss of
lipolytic activity leading an impairment of lipid catabolism, lipid droplets remodelling, and
impairment of VLDL secretions. Interestingly, PNPLA3 I148M gene variant is linked to increased
risk of developing cirrhosis and hepatocellular carcinoma independently from NALFD 105. The
variant protein was found to have reduced enzymatic activity for the hydrolysis of emulsified TG
in hepatocytes. As a result, the secretion of VLDL is impaired. Free fatty acids and TG are stored in
the hepatocytes and hepatic insulin resistance increases. PNPLA3 retinyl-palmitate activity in
hepatic stellate cells may influence hepatic regeneration and differentiation by altering availability
of retinol, a potent regulator of these phenomena. Recently, it has been identified the
rs58542926 C>T genetic variant of the transmembrane 6 superfamily member 2 gene (TM6SF2),
which encodes the loss-of-function lysine (E) to glutamic acid (K) at position 167 substitution
(E167K), as a determinant of hepatic TG content, serum aminotransferases and lower serum
lipoproteins.

Figure 3. Adiponutrin/patatin-like phospholipase domain-containing 3 gene (PNPLA3) and Transmembrane
6 superfamily 2 human gene (TM6SF2) modulation of the liver lipid droplet.
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1.2.5 Enterohepatic Circulation and NAFLD
Imbalances in gut microbiota can increase fat absorption and energy harvest, causing liver fat
accumulation 106. Additionally, recent studies have shown the potential role of the gut microbiota
in the pathogenesis and progression of NAFLD. The liver, biliary tract, intestine, portal venous
circulation, colon, systemic circulation, and kidney are all involved in the enterohepatic circulation
of bile acids 107. Bile acid, water, electrolytes, phosphatidylcholine, cholesterol, and bilirubin are
all components of bile, an iso-osmotic micellar solution produced by the liver. Bile acid synthesis
is important for lipid digestion and absorption, cholesterol catabolism, fat-soluble vitamin
absorption, and glucose and energy homeostasis. Bile acids are produced by cholesterol via two
pathways: (a) a “classic” or natural pathway in which cholesterol is converted to 7-α
hydroxycholesterol by a rate-limiting enzyme, cholesterol 7α-hydroxylase (CYP7A1); and (b) an
“alternate” acidic pathway, in which cholesterol is converted to 27-hydroxy-cholesterol by 27hydroxylase 108. These two pathways form the primary bile acids, i.e., chenodeoxycholic acid and
cholic acid. In the intestine, gut microbiota deconjugate and dehydroxylate primary bile acids to
form secondary bile acids, i.e., urodeoxycholic acids, deoxycholic acid, and lithocholic acid. Bile
acids are natural ligands for farnesoid X receptor (FXR), a nuclear receptor expressed in the liver,
intestine, kidney, and adipose tissue. Chenodeoxycholic acid is the most effective endogenous
ligand for FXR 109,110. CYP7A1 is a rate-limiting enzyme that has a pivotal role in the regulation of
bile acid synthesis. CYP7A1 transcription is inhibited by bile acids, steroid hormones,
inflammatory cytokines, insulin, and growth factors. In physiological conditions, insulin stimulates
CYP7A1 expression. In contrast, in the presence of insulin resistance that is characteristic of
patients with NAFLD, high concentrations of insulin activate SREBP-1c, which inhibits CYP7A1
expression. CYP7A1 expression is also inhibited by increased bile acid synthesis and by an
increased bile acid pool size, returning cholesterol to the liver via the enterohepatic circulation 110.
Inhibition of CYP7A1 decreases chenodeoxycholic acid production and FXR activation, causing
hypercholesterolemia. Moreover, reduced activity of FXR decreases biliary cholesterol content
and decreases the expression of hepatic but not intestinal expression of cholesterol transporters
(ABCG5/G8) 111. Therefore, inhibition of CYP7A1 leads to accumulation of cholesterol and
alteration of enterohepatic circulation, with consequent hepatic lipotoxicity that may have a
deleterious impact on the liver in NAFLD.
Primary bile acids such as chenodeoxycholic acid and cholic acid are influenced in three ways by
gut microbiota to produce secondary bile acids such as urodeoxycholic acid, deoxycholic acid and
lithocholic acid : i) the key process is deconjugation of primary bile acids to form unconjugated
bile acids, that are passively or actively absorbed and returned directly to the liver for
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reconjugation; ii) some chenodeoxycholic acid is modified through epimerization to produce
urodeoxycholic acid; and iii) bacterial 7α-dehydroxylase converts cholic acid to deoxycholic acid
and chenodeoxycholic acid to lithocholic acid in the colon.
Secondary bile acids are highly hydrophobic and toxic, and increased concentrations in the liver
have been linked to inflammation, cholestasis and carcinogenesis 112. Secondary bile acids have
the following toxic effects that have the potential to influence liver disease development and
progression in NAFLD: i) Increased intestinal permeability with decreased expression of tight
junctions. This allows transfer of endotoxin products to the liver. ii) The hydrophobicity of
secondary bile acids allows their interaction with the phospholipids in cell membranes of
hepatocytes inducing perturbations of mitochondrial membranes.
Recent evidence provided by the Farnesoid X Receptor (FXR) Ligand Obeticholic Acid in NASH
Treatment (FLINT) Trial with a FXR agonist (obeticholic acid) created by adding an ethyl group to
chenodeoxycholic acid 113. Treatment with obeticholic acid produced an improvement in liver
disease (in ~45% of patients with NASH). However, obeticholic acid is not well tolerated and
produces side effects such as cholestasis with itching, and a substantial increase in low density
lipoprotein cholesterol.
There is evidence that omega-3 fatty acids can affect lipid metabolism not only in the liver but
also in the intestine. Omega-3 fatty acids increase mRNA expression of the intestinal cholesterol
gene transporter (Abcg5/8) and bile acid transporters that promote cholesterol excretion in
faeces 114. Liver X receptor (LXR) and FXR are two nuclear receptors involved in cholesterol and
bile acid metabolism. The activation of liver X receptor by oxysterols (oxygenated derivatives of
cholesterol) promotes the conversion of cholesterol into bile acids that in turn increases hepatic
TG synthesis and storage by promoting the expression of SREBP-1c. FXR is activated by bile acids
to prevent bile acid accumulation. Moreover, FXR activation decreases hepatic and plasma TG
through suppression of the expression of SREBP-1c. Bile acid–activated FXR also induces the
expression of apoCII that stimulates lipoprotein lipase activity, and it suppresses the expression of
apoCIII (an LPL inhibitor). FXR, via induction of small heterodimer partner, represses the
expression of SREBP-1c and ChREBP, which are responsible for the hepatic de novo lipogenesis115.
Consequently, several potential pathways and mechanisms can be altered to cause a disturbance
in liver lipid homeostasis and may be important in the pathogenesis of NAFLD. There is evidence
that omega-3 fatty acids act as FXR ligands and regulate FXR to affect lipid metabolism 116. In
transgenic mice, capable of converting omega-6 fatty acids into omega-3 fatty acids, Kim et al. 117
have demonstrated that endogenously synthesized omega-3 fatty acids have beneficial effects on
high-fat-diet-induced NAFLD. In this study, endogenously synthesized omega-3 fatty acids are
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shown to upregulate genes involved in cholesterol uptake (Ldl-r), bile acid synthesis (Cyp7a1), and
excretion (Abcg5 and Abcg8) 117. Thus, these collective data suggest that omega-3 fatty acids
increase primary bile acid synthesis and bile acid excretion from the liver and that increased bile
acid synthesis activates FXR, induces the expression of apoCII, and suppresses the expression of
apoCIII, thereby suggesting a mechanism of potential benefit by which omega-3 fatty acids may
ameliorate NAFLD.
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1.3

Omega-3 polyunsaturated fatty acids

Recently, several studies have shown that a diet with an inadequate intake of “omega-3 essential
fatty acids” is associated with metabolic syndrome, cardiovascular disease, dyslipidaemia and
fatty liver disease 66. Long-chain omega-3 fatty acids belong to a family of polyunsaturated fatty
acids that are known to have important beneficial effects on metabolism and inflammation.
Omega-3 and omega-6 fatty acids were found to be of primary importance for normal growth
thus they were termed “essential fatty acids”. Several studies have analysed the relevance of
essential fatty acids deficiency in the development of metabolic syndrome, cardiovascular
disease, dyslipidemia, fatty liver accumulation [e.g., NAFLD], and hepatic steatosis [e.g., NASH] 66.
Typically, with a Westernized diet, long-chain omega-6 fatty acid consumption is markedly greater
than omega-3 fatty acid consumption. The potential consequences of an alteration in the ratio of
omega-6 to omega-3 fatty acid consumption are: increased production of proinflammatory
arachidonic acid–derived eicosanoids and impaired regulation of hepatic and adipose function,
predisposing to NAFLD 66. If the adipose tissue is inflamed with widespread macrophage
infiltration, the production of adipokines may act to exacerbate liver inflammation and NASH.
Omega-3 fatty acid treatment may have beneficial effects in regulating hepatic lipid metabolism,
adipose tissue function, and inflammation. Recent studies testing the effects of omega-3 fatty
acids in NAFLD are showing promise and suggesting that these fatty acids may be useful in the
treatment of NAFLD66. To date, further research is needed in NAFLD to (a) establish the dose of
long-chain omega-3 fatty acids as a treatment, (b) determine the duration of therapy, and (c) test
whether there is benefit on the different component features of NAFLD (hepatic fat,
inflammation, and fibrosis) (Figure 4).
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Figure 4. Potential beneficial effects of omega-3 fatty acids in liver and adipose tissue to ameliorate NAFLD.
In liver, long-chain omega-3 fatty acids regulate hepatic lipid metabolism by increasing hepatic fatty acid
oxidation and inhibition of SREBP-1c and ChREBP activity (nuclear transcription factors that stimulate
hepatic de novo lipogenesis). In adipose tissue, omega-3 fatty acids have a potential anti-inflammatory
effect by inhibiting macrophage recruitment and activation; decreasing fatty acid release; decreasing
adipokine and cytokine secretion, and favourably affecting the enterohepatic circulation. Furthermore,
omega-3 fatty acids upregulate CYP7A1 expression, increasing bile acid synthesis and excretion. The
potential beneficial consequence of these effects is to ameliorate NAFLD. Abbreviations: ChREBP,
carbohydrate regulatory element–binding protein; CYP7A1, cholesterol 7α-hydroxylase; NAFLD, nonalcoholic fatty liver disease; SREBP, sterol regulatory element–binding protein; TG, triglyceride 66.
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1.3.1 Chemical structure and nomenclature
Omega-3 fatty acids together with omega-6 fatty acids belong to the family of polyunsaturated
fatty acids; these are long-chain fatty acids characterized by the presence of more than two
double bonds in the molecule 66. Polyunsaturated fatty acids contain a carboxyl group at one end
and a methyl group at the other end of the carbon chain; the first double bond is counted from
the methyl end (or omega or n end) of the carbon chain. These fatty acids are classified on the
basis of distinct systems of nomenclature. Common names (e.g., α-linolenic acid, the simplest
omega-3) are vernacular names that often do not follow any classification. Systematic names
(e.g., all-cis-9,12,15-octadecatrienoic acid) describe the molecule counting the double bond
beginning from the carboxylic group; the double bond is labelled as cis or trans depending on the
orientation of the double bond and the shape of the molecule. Shorthand nomenclature is based
on the number of carbon atoms in the molecule and the number and position of double bonds.
There are three different shorthand nomenclatures: (a) delta-x (Δx), in which the double bond is
counted from the carboxylic acid and the prefix cis or trans indicates the stereochemical
conformation of the molecule (e.g., cis-Δ9, cis-Δ12 octadecadienoic acid); (b) n minus x or omega-x
(ω-x), in which “x” is the number of the position of the double bond counting from the terminal “n
or ω” methyl group (CH3) (e.g., α-linolenic acid is an n-3 or ω-3 or omega-3 fatty acid); and (c)
lipid number, whereby the molecule is described according to the number of carbon atoms
forming the fatty acid chain and the number of double bonds present in the fatty acid chain (e.g.,
α-linolenic acid is described as 18:3).

1.3.2 Synthesis and metabolism
Omega-3 fatty acid tissue levels are regulated by both dietary intake and endogenous synthesis
via consecutive elongation and desaturation of omega-3 fatty acid precursors (Figure 5). Δ-5 and
Δ-6 desaturase are key enzymes in the omega-3 fatty acids metabolism as they are responsible for
the double bond formation between two carbons leading to more unsaturated fatty acids 118,119.
In the liver, dietary α-linolenic acid is first metabolized to stearidonic acid [SDA; 18:4(ω-3)] by Δ6desaturase. This first reaction is a rate-limiting step and competes with the conversion of linoleic
acid to arachidonic acid [AA; 20:4(ω-6)] in omega-6 fatty acid metabolism. SDA can be elongated
to form eicosatetraenoic acid that can be desaturated by Δ5-desaturase to form eicosapentaenoic
acid [EPA; 20:5(ω-3)]. At this stage EPA can be further elongated to form docosapentaenoic acid
[DPA; 22:5(ω-3)], and DPA can be converted to docosahexaenoic acid [DHA; 22:6(ω-3)] by Δ6desaturase with the involvement of limited peroxisomal β-oxidation. In omega-3 fatty acid
metabolism, Δ6-desaturase participates twice, once in the first step in which α-linolenic acid is
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desaturated to SDA and subsequently in the conversion of DPA to DHA. In contrast, Δ5-desaturase
activity is utilized for omega-6 fatty acid metabolism only once 120,121. Several factors can influence
the equilibrium of Δ5-desaturase and Δ6-desaturases, including diet, oxidative stress, SNPs, and
liver disease 122. The optimal ratio between omega-6 and omega-3 fatty acids should be 1–4:1. In
a Western diet, however, omega-6 fatty acid consumption is significantly higher than omega-3
fatty acid consumption; as a result, the aforementioned ratio can increase to 10:1 or even 20:1 123.
In the presence of an optimal ratio of omega-6 and omega-3 fatty acids, Δ5-desaturase and Δ6desaturase compete to metabolize these two polyunsaturated fatty acids, although both enzymes
have a greater affinity for omega-3 fatty acids. A diet rich in omega-6 fatty acids causes an
accumulation of AA in the cell membrane, influencing cell transport and favouring the production
of AA–derived eicosanoids. In physiological and pathological conditions, cyclooxygenases and
lipoxygenases can convert AA and EPA into eicosanoids. Eicosanoids are lipid molecules with
signalling functions that have an important role in regulating inflammation. EPA-derived
eicosanoids are 3-series prostaglandins and thromboxanes (with three double bonds in the
carbon chain) and 5-series leukotrienes (with five double bonds in the carbon chain). These EPAderived eicosanoids have an anti-inflammatory effect compared with arachidonic acid–derived
eicosanoids 66,124. These types of eicosanoids are associated with an increased release of
proinflammatory cytokines, neutrophil activation, increased production of reactive oxygen
species, and increased vascular permeability.
Interestingly, several studies described the associations between SNPs of the fatty acid
desaturases (FADS1 and FADS2) gene cluster and members of the elongation-of-very-long-chainfatty-acids (ELOVL) gene family with plasma levels of AA, EPA, DPA and DHA 125-129. FADS1 and
FADS2 are genes encoding for key enzymes in the omega-3 and omega-6 fatty acid series, the Δ-5
and Δ-6 desaturase respectively. Elongases are enzymes encoded by genes within the ELOVL
family and are responsible for catalysing the elongation of the aliphatic chain of carbons leading
to the formation of long-chain omega-3 polyunsaturated fatty acids. Interestingly, FADS and
ELOVL polymorphisms are associated with reduced Δ-5 and Δ-6 desaturase activity and
accumulation of desaturase substrates and a reduction of desaturase products 130,131. Omaga-3
fatty acid supplementation can improve Δ-5 and Δ-6 desaturase activity through a gene-treatment
interaction. Cormier et al. showed that 6 weeks supplementation with 2 g of EPA plus 1 g of DHA
daily in 210 healthy people increased Δ-5 desaturase activity and decreased Δ-6 desaturase
activity increasing omega-3 and omega-6 fatty acid plasma levels 129.
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Figure 5. Synthesis and metabolites of omega-6 and omega-3 fatty acids. In the liver, dietary α-linolenic acid
is metabolized to stearidonic acid by Δ6-desaturase; this first reaction is a rate-limiting step and competes
with the conversion of linoleic acid to arachidonic acid in omega-6 fatty acid metabolism. In omega-3 fatty
acid metabolism, Δ6-desaturase participates twice, once in the first step in which α-linolenic acid is
desaturated to stearidonic acid and subsequently in the conversion of docosapentaenoic acid to
docosahexaenoic acid; in contrast, Δ6-desaturase activity is utilized for omega-6 fatty acid metabolism only
once. Δ5-Desaturase and Δ6-desaturase compete to metabolize these two polyunsaturated fatty acids.
Omega-6 fatty acids produce 2- and 4-series prostaglandins, thromboxanes, and leukotrienes, whereas
omega-3 fatty acids produce 3- and 5-series prostaglandins and leukotrienes as well as resolvins and
protectins. Moreover, in physiological and pathological conditions, cyclooxygenases and lipoxygenases can
convert arachidonic acid and EPA into eicosanoids. Eicosanoids are lipid molecules with signalling functions
that have an important role in regulating inflammation 66. Figure modified from Reference 132.
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1.3.3 Effect of omega-3 fatty acids in NAFLD
The effect of omega-3 fatty acids on TGs primarily involves the suppression of hepatic VLDL apoB
production and apoB pool size. Several tracer studies have demonstrated the effects of omega-3
fatty acids on VLDL metabolism. Chan et al. 133 showed a reduction of TG plasma concentration in
obese people after six weeks of treatment with high doses (4 g) of fish oil capsules comprising
45% EPA and 39% DHA. This reduction was mainly due to the effects of omega-3 fatty acids on
VLDL apoB pool size; the effect of omega-3 fatty acids on VLDL particles was to favour the
conversion of VLDL to LDL 133. This effect involves a decrease in TG synthesis by 35% and an
increase in fatty acid mitochondrial oxidation. In particular, omega-3 fatty acids induce the
aggregation of apoB after its secretion from the endoplasmic reticulum. In the Golgi, this
aggregate material is oxidized and remains in the cell, where it is susceptible to the autophagic
process 134. In a study using cultured hepatocytes, the effects of incubation with palmitic acid,
oleic acid, and DHA on endoplasmic reticulum stress and apoB100 secretion were compared 135.
The investigators found that a long period of incubation with oleic acid provoked endoplasmic
reticulum stress. In contrast, a short incubation period with palmitic acid was sufficient to cause
the same effect on endoplasmic reticulum stress. In addition, palmitic acid favoured ceramide
production. DHA did not induce endoplasmic reticulum stress at any time. All three fatty acids
inhibited the secretion of apoB100, but only DHA induced autophagic degradation. Furthermore,
it has been shown that DHA may interfere with apoCIII gene transcription, thereby potentially
decreasing the negative effect of apoCIII on Lipoprotein lipase activity 136. Fatty acids may have
different chain lengths (short, medium, long, and very long) and may be saturated or unsaturated.
Fatty acids have different metabolic fates, depending on their chain length and degree of
saturation. Short-chain (2–5 carbon atoms) and medium-chain (6–12 carbon atoms) fatty acids
are directly absorbed from the intestine into the blood through intestinal branching capillaries.
Medium chain fatty acids can form medium-chain TG that are not incorporated into chylomicrons.
Medium-chain fatty acids can be rapidly oxidized to form acetyl-CoA in the liver and thus are not
stored in adipose tissue 137. Long-chain (13–21 carbons) and very-long chain (22 or more carbons)
fatty acids are constituents of glycerolipids (mono-, di-, and triglycerides) and sphingolipids with a
backbone comprising ceramide. Increased intake of these fatty acids promotes the accrual of long
chain fatty acyl CoAs, diacylglycerol, sphingolipids, and ceramide in tissue lipid deposits. Increased
plasma levels of sphingolipids have been implicated in the pathogenesis of obesity, insulin
resistance, and NAFLD. Ceramide can be produced by three pathways: (a) de novo ceramide
synthesis from palmitate and serine, (b) sphingomyelin hydrolysis by a neutral sphingomyelinase
and acidic sphingomyelinase, and (c) ceramide salvage by the catabolism of other complex
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sphingolipids. A diet rich in glycerolipids and omega-6 polyunsaturated fatty acids supplies
substrate for de novo ceramide synthesis 138. Sphingomyelinase activity has been found to be
increased in the adipose tissue of obese mice fed a high-fat diet, and these mice had increased
plasma ceramide levels 139. Ceramide may be implicated in the pathogenesis of NASH 140. Recently,
Moles et al. 141 demonstrated that the liver expression of acidic sphingomyelinase is increased in
subjects with NASH. These authors found that acidic sphingomyelinase contributes to the
pathogenesis of liver fibrosis through activation of hepatic stellate cells 141. Haus et al. 142 have
shown that ceramide also induces liver inflammation through activation of nuclear factor-κB (NFκB), tumour necrosis factor-α (TNF-α), and proinflammatory cytokines that in turn induce
ceramide synthesis through activation of plasma membrane enzyme sphingomyelinase. The
accumulation of ceramides in the liver increases the production of reactive oxygen species that
together with proinflammatory cytokines may contribute to the progression of liver steatosis.
Furthermore, ceramide may inhibit insulin action by decreasing phosphorylation and activation of
Akt, a protein kinase involved in the regulation of glucose and lipid metabolism, contributing to
insulin resistance 142. All of these mechanisms are implicated in the pathogenesis of NAFLD.
Ceramide can be produced in caveolae in response to inflammation. Caveolae are dynamic plasma
membrane–located assemblies of cholesterol, sphingolipids (sphingomyelin, ceramide),
glycerophospholipids, TNF-α, and interleukin (IL)-1β receptors. In the presence of inflammation,
the action of TNF-α and IL- 1β can stimulate apoptosis and sphingomyelinase activity, with
consequent production of ceramide 143. Ma and colleagues 144 noted that feeding mice omega-3
fatty acids, but not omega-6 fatty acids, altered the caveolae microenvironment and modified
membrane lipid composition by increasing phospholipid omega-3 fatty acyl content. This
modification positively influences cellular signalling and apoptosis and reduces cholesterol
content in caveolae by 46% compared with omega-6 fatty acids 144. Furthermore, the
incorporation of DHA into the phospholipid in caveolae inhibits the activity of sphingomyelinase,
with a consequent reduction of ceramide production that in turn decreases activity of
proinflammatory cytokines TNF-α and IL-1β 145. High concentrations of glucose and insulin
activate glycolytic/lipogenic enzymes such as glucokinase and liver-pyruvate kinase. Glucose
activates liver-pyruvate kinase, which in turn catalyses the formation of acetyl-CoA from pyruvate,
providing citrate for fatty acid synthesis. The metabolism of fatty acids is regulated by several
nuclear receptors and transcription factors; the former includes the PPAR family, retinoid X
receptor α (RXRα), liver X receptor α (LXRα), and hepatic nuclear factor α and γ (HNF4 α and γ);
among the latter are sterol regulatory element–binding protein-1 (SREBP-1), carbohydrate
response element–binding protein (ChREBP), and max-like factor X (MLX). Notably, these
transcription factors have a pivotal role in controlling hepatic carbohydrate and lipid synthesis and
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oxidation relevant to the pathogenesis of NAFLD 146. Peroxisome proliferator-activated receptors
(PPARs) are transcriptional factors that regulate the expression of genes involved in lipids,
carbohydrates, and protein metabolism. There are three types of PPAR: PPARα, PPARβ/δ, and
PPARγ. PPARα is mainly expressed in the liver and is involved in fatty acid uptake, transport, and
oxidation. Omega-3 fatty acids are potent ligands for PPARs. The activation of PPARα by omega-3
fatty acids promotes mitochondrial and peroxisomal fatty acid oxidation, decreasing their
intracellular accumulation. PPARγ is expressed in liver, muscle, and adipose tissue, and its
activation decreases fatty acid synthesis and TG formation. PPARβ/δ is expressed in the liver,
adipose tissue, and intestine, and the activation of PPARβ/δ enhances fatty acid oxidation 147,148.
In the presence of high insulin levels and oxysterols (oxidized derivatives of cholesterol) there is
an increased activation of LXRα that stimulates the fatty acid biosynthetic pathway through
upregulation of SREBP-1c 149-151. SREBP-1c is one of the three helix-loop-helix leucine zipper
transcription factors (SREBP-1a, SREBP-1c, and SREBP-2) involved in the regulation of enzymes
that catalyze lipogenesis, such as acetyl-CoA carboxylase, fatty acid synthase, and TG synthesis
(e.g., glycerol-phosphate acyltransferase). SREBP-1c is expressed in the liver, adipose tissue, and
skeletal muscle and is very important in the regulation of lipid metabolism. High-carbohydrate
diets increase hepatic de novo lipogenesis through a multistage process in which (a) dietary
glucose is transported into the liver by glucose transporter-2, (b) dietary glucose is
phosphorylated by the enzyme glucokinase and converted by liver-specific pyruvate kinase into
acetyl-CoA, (c) acetyl-CoA is converted into malonyl-CoA in the presence of insulin that activates
acetyl CoA carboxylase, and (d ) malonyl-CoA is the committed substrate on the fatty acid
synthesis pathway. The activity of the glycolytic and lipogenic enzymes is controlled at the
transcriptional level by SREBP-1c and ChREBP. Hepatic de novo lipogenesis accounts for 5% of the
total lipid production in healthy subjects but can increase to 26% in subjects with NASH 93.
Omega-3 fatty acid metabolism is important for the biosynthesis of EPA and DHA. In hepatocytes,
omega-3 fatty acids downregulate expression of several genes involved in lipogenesis by inhibiting
SREBP-1c 152 and upregulate lipid oxidation by activation of PPARα 153, which facilitates fatty acid
transfer into the mitochondria. In hepatocytes, both omega-3 and omega-6 fatty acids
downregulate the activity of SREBP-1c, depressing its lipogenic function 154,155. In particular, DHA
appears to have a specific effect on SREBP-1c gene expression. Jump et al. 156 have shown that
DHA has a unique role in the suppression of the mature nuclear form of SREBP through the
inhibition of 26S proteasome by accelerating 26S proteasome–dependent degradation of nuclear
SREBP-1 156,157. Increased concentrations of blood glucose stimulate hepatic lipogenesis, activating
ChREBP, which is a transcriptional regulator expressed in the liver and modulated by glucose 158.
Under basal conditions, ChREBP is phosphorylated and localized in the cytosol of hepatocytes.

24

High glucose concentrations stimulate the glycolytic pathway, resulting in increased production of
glyceraldehyde 3-phosphate and fructose-6-P, which results in the formation of xylulose 5phosphate. Xylulose 5-phosphate activates protein phosphatase that dephosphorylates ChREBP,
and the protein phosphatase thereby stimulates translocation of ChREBP from the cytosol to the
nucleus 159. Dephosphorylated ChREBP moves into the hepatocyte nuclei in the form of a
heterodimer ChREBP/max-like factor X. In the nucleus, the heterodimer binds to its response
element (ChoRE), thereby activating glycolytic and lipogenic gene expressions that include liverpyruvate kinase, acetyl-CoA carboxylase, and fatty acid synthase 160. Hepatocyte nuclear factor 4
alpha binds the liver-pyruvate kinase element adjacent to the carbohydrate receptor for full
glucose activation of liver-pyruvate kinase gene transcription. SREBP-1c and ChREBP are
upregulated in conditions of hyperinsulinemia and hyperglycaemia, respectively. Thus, in
situations of increased insulin and increased glucose concentrations, such as in type 2 diabetes,
liver lipid accumulation is promoted, potentially affecting NAFLD development. Interestingly, it
has been shown that DHA reduces ChREBP activity by reducing ChREBP and max-like factor X
nuclear abundance and by interacting with HNF4α and liver-pyruvate kinase promoter activity 161,
therefore suggesting a novel mechanism by which DHA may act to decrease lipogenesis in NAFLD.
Patients with NAFLD often develop insulin resistance and type 2 diabetes mellitus 162. Moreover,
the presence of NAFLD and type 2 diabetes increases the risk of NASH. With normal insulin
sensitivity, insulin binds to the insulin receptor substrate protein, resulting in the phosphorylation
of tyrosine residues. Tyrosine phosphorylation of insulin receptor substrate-1 and -2 initiates a
cascade of events that lead to translocation of glucose transporter-4 into the cell membrane for
glucose transport into the cytoplasm 163. With liver fat accumulation, an excess of diacylglycerol in
hepatocytes causes insulin resistance by inhibiting the tyrosine kinase activity 164. Omega-3 fatty
acids can favourably affect lipid metabolism and insulin sensitivity by inducing phosphorylation of
adenosine monophosphate-activated protein kinase in the liver and in adipose tissue. DHA
activates adenosine monophosphate-activated protein kinase and stimulates lipid oxidation in
hepatocytes, adipocytes, and skeletal muscle, modulating glucose and lipid metabolism. Similarly,
EPA-activated adenosine monophosphate-activated protein kinase stimulates muscle glucose
uptake, improving insulin sensitivity 165. Adipose tissue has an important role in regulating energy
homeostasis and produces several proinflammatory adipokines, such as TNF-α, IL-8, IL-6, IL-1β,
and monocyte chemoattractant protein-1, as well as hormones such as leptin, adiponectin, and
resistin. Excessive calorie intake may induce defective adipose tissue expansion, leading to
adipocyte injury, inflammation, and death; this typically occurs in centrally obese people. In
adipocytes overloaded with lipids, insulin fails to suppress hormone-sensitive lipase-mediated
lipolysis, increasing release of NEFAs into the circulation. When this occurs, NEFAs are redirected
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to the liver, where they are oxidized or re-esterified into TG and secreted via VLDL. The
aforementioned rise of NEFAs in the circulation combined with insulin resistance caused by
excessive calorie intake produces an increase in CD36 fatty acid transporter expression 166. CD36 is
a lipid chaperone for oxidized LDL and NEFAs. In monocytes and macrophages, its expression is
regulated by PPARα/γ. CD36 interacts with oxidized LDL and jun-N-terminal kinase, triggering
adipocyte inflammation. Additionally, the Toll-like receptor (TLR)/CD36 complex stimulates NF-κB,
causing adipocyte secretion of adipokines, furthering inflammation 167. Proinflammatory
adipokines may cause liver inflammation, and DHA (and to a lesser extent EPA) suppresses
PPARα/γ-mediated upregulation of CD36 expression 168. Adiponectin is a hormone produced by
adipose tissue that is decreased in obesity and NAFLD. Adiponectin has a beneficial effect on the
liver by decreasing lipid accumulation and by protecting the liver from inflammation and fibrosis.
Inflammation of adipose tissue causes decreased production of adiponectin, resulting in a failure
to suppress intracellular production of reactive oxygen species, with consequent upregulation of
NF-κB. Omega-3 fatty acids can increase levels of adiponectin secondary to PPARγ stimulation 169,
thereby potentially decreasing the risk of progression from hepatic steatosis to NASH. The
production of proinflammatory adipokines causes the recruitment of macrophages in adipose
tissue, stimulating the production of TNF-α, IL-6, and reactive oxygen species and increasing
adipocyte lipolysis. The combined effect increases the flow of fatty acids and cytokines to the
liver, causing endoplasmic reticulum stress and activating Kupffer cells. Subsequently,
endoplasmic reticulum stress and Kupffer cell activation trigger liver inflammation, potentially
promoting development of NASH 170.
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2. Aims and Hypotheses
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2.1

Aims
This thesis aims are:
1) to assess whether 15-18 months treatment with 4 g of highly purified DHA+EPA daily
has a beneficial effect on:
a.

liver fat percentage measured by magnetic resonance spectroscopy (MRS)
scan in three discrete liver zones and

b. two algorithmically derived, histologically validated liver fibrosis scores 7,171.
2) to test whether either PNPLA3 (I148M) or TM6SF2 (E167K) genotypes affect:
a. the level of DHA and EPA enrichment;
b. end of study liver fat percentage; and
c. end of study fasting TG concentration, in patients with NAFLD treated for 15–
18 months with 4 g of DHA+EPA daily.
3) to test whether:
a. SNPs of the FADS gene cluster and ELOVL gene family affect:
i. Δ-5 and Δ-6 desaturase activities as determined by product-to-precursor
ratios (see Figure 11),
ii. DHA, EPA and AA percentage in erythrocyte membranes, and
iii. liver fat percentage measured by MRS;
b. to test whether there is a gene-DHA+EPA interaction affecting
i. both Δ-5 and Δ-6 desaturase activities,
ii. DHA, EPA and AA percentage in erythrocyte membranes.
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2.2

Hypotheses

First hypothesis:
Treatment with high dose (4 g/day) of highly purified DHA+EPA for 15-18 months will
have a beneficial effect on:
a. liver fat percentage measure by magnetic resonance spectroscopy (MRS) scan
in three discrete liver zones and
b. two algorithmically derived, histologically validated liver fibrosis scores 7,171.
Second hypothesis:
In patients with NAFLD, either PNPLA3 (I148M) or TM6SF2 (E167K) genotypes:
a) reduce the level of DHA and EPA enrichment;
b) increase end of study liver fat percentage; and
c) reduce end of study fasting TG concentration, after 15–18 months treatment
with 4 g of DHA+EPA daily.
Third hypothesis
a. In patients with NAFLD, SNPs of the FADS gene cluster and ELOVL gene family affect
i. Δ-5 and Δ-6 desaturase activities as determined by product-to-precursor
ratios (see Figure 11),
ii. DHA, EPA and AA percentage in erythrocyte membranes, and
iii. liver fat percentage measured by MRS;
b. to test whether there is a gene-DHA+EPA interaction affecting
i. both Δ-5 and Δ-6 desaturase activities,
ii. DHA, EPA and AA percentage in erythrocyte membranes.
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3. Methods
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3.1

Study design

The WELCOME study 172 (Wessex Evaluation of fatty Liver and Cardiovascular markers in NAFLD
with OMacor thErapy; www.clinicalTrials.gov registration number NCT00760513) was a
randomized double-blind placebo controlled trial testing the effects of high dose omega-3 fatty
acid ethyl esters in participants with NAFLD recruited from six hospitals in the South of England.
The WELCOME study was approved by the local ethics committee (REC: 08/H0502/165).

3.2

Patient selection

Participants with fatty liver disease were identified from secondary care clinics, at University
Hospital Southampton diagnosed on either radiological or biopsy criteria for NAFLD.

3.3

Recruitment

At University Hospital Southampton NHS Foundation Trust, potential participants with a diagnosis
of NAFLD established as part of their attendance at Hospital Clinic were contacted by means of
personal contact from the research team. Contact occurred at their Hospital Clinic attendance or
by letter of invitation from the research team. Outside Southampton, at Poole Hospital NHS Trust,
Portsmouth Hospitals NHS Trust, Royal Bournemouth and Christchurch Hospitals NHS Trust,
Basingstoke and North Hampshire NHS Trust, Winchester and Eastleigh Healthcare NHS Trust, and
the Isle of Wight NHS Trust, collaborators (medical doctors responsible for the care of people with
NAFLD) acted as ‘post boxes’ and informed potential participants about the study, providing them
with a patient information sheet and asking them if interested to get in touch with the research
team members in Southampton listed on the patient information sheet.

3.4

Randomisation

All participants gave written, informed consent. After completion of baseline study tests, 103
participants who met the inclusion criteria were randomised (See figure 8 for the consort
diagram) in groups of four to either omega-3 fatty acids 4 g/day or placebo (olive oil) 4 g/day for
15–18 months treatment. Patients were randomised according to standardized procedures
(computerized block randomisation) by a research pharmacist at University Hospital Southampton
NHS Foundation Trust. Simple randomisation in blocks of four, either to trial medication or
placebo was used. During the study period, there was no specific intervention to advocate change
in lifestyle that might influence NAFLD. As part of usual patient care in the region, all patients with
NAFLD attending clinic were routinely given general healthy lifestyle advice.
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3.5

Intervention

Omacor and placebo capsules were of similar appearance and taste; capsules were stored at the
hospital pharmacy and dispensed at baseline visit and at 6 and 12 months follow-up. Compliance
to the treatment was evaluated by capsule count at every visit, and serious adverse events were
recorded. Omacor and placebo were provided by Pronova Biopharma through Abbott Laboratories.

3.5.1 Active group
51 participants were randomised to receive 4 g per day of omega-3 fatty acid ethyl esters: Omacor
1 g contains eicosapentaenoic acid (EPA) 460 mg and docosahexaenoic acid (DHA) 380 mg as ethyl
esters (Omacor/Lovaza, Pronova, Sandefjord, Norway; approved by the Food and Drug
Administration and the European Medicines Agency for the treatment of hypertriglyceridemia).

3.5.2 Placebo group
52 participants were randomised to receive 4 g per day of olive oil. Olive oil that contained ~67%
oleic acid, ~15% linoleic acid, ~15% palmitic acid, ~2% stearic acid and ~1% alpha linolenic acid was
chosen as the placebo. Olive oil (4 g/day) has been chosen because oleic acid is common within the
diet, and this dose of olive oil was isocaloric with the intervention. This dose and choice of placebo
is the same as has been used by others, testing the effects of 8 weeks treatment with 4 g/day
omega-3 oil (4 × 1000-mg capsules of 56% docosahexaenoic acid and 27% eicosapentaenoic acid)
on NAFLD in women with polycystic ovarian syndrome 173.
Participants were advised to take 2 g b.d.; but if participants preferred to take 4 g o.d., that was
considered acceptable.
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3.6

Inclusion and exclusion criteria

The inclusion criteria for participation in the study were age >18 years and: 1) a recent (<3 years)
histological diagnosis of non-alcoholic steatosis or steatohepatitis in keeping with NAFLD 174; or 2)
steatosis diagnosed by ultrasound, CT or magnetic resonance imaging in a patient who also had
either diabetes and/or features of the metabolic syndrome. All participants underwent an
assessment of liver fat percentage by magnetic resonance spectroscopy (MRS) examination at
recruitment, to establish the baseline liver fat percentage at entry into the trial. Exclusion criteria
included known other causes of liver disease (e.g. hepatitis A, B or C, primary biliary cirrhosis,
Wilson's disease, autoimmune hepatitis and haemochromatosis). These conditions were excluded
with blood tests. Subjects were also excluded if alcohol consumption was >35 units per week for
women and >50 units per week for men. These thresholds of alcohol consumption were chosen
because at the time of the study design alcohol intake above these thresholds was considered
harmful to the liver 175. Nonetheless, at recruitment, only one man was consuming >21 units of
alcohol per week and one woman was consuming >14 units per week. Additional exclusion criteria
were: decompensated acute or chronic liver disease; cirrhosis; pregnancy or breast feeding; and
hypersensitivity to Omacor, soya or any of the excipients.

3.7

Study visit overview and follow-up

During the trial, participants attended the clinical research facility (Wellcome Trust Clinical Research
Facility at University Hospital Southampton NHS Foundation Trust) at 6 months and at 12 months
for simple haematological and biochemical blood tests that were undertaken as a safety check
(Figure 6).
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Figure 6. Schedule, visits and timescale of the randomized controlled trial. Schematic figure of study design.
The period of time from −4 to 0 months of study was dedicated to recruitment of potential participants,
screening and baseline visits (visit 1 and visit 2). At time point 0 we block-randomised participants to purified
omega-3 fatty acid ethyl esters 4 g daily or placebo olive oil 4 g daily. During the trial, participants attended the clinical
research facility at 6 months and at 12 months for simple blood tests undertaken as a safety checklist (visit 4 and visit 5).
The end of study visits were performed at 15–18 months (visit 6 and visit 7). Visit 3 and visit 8 were extra visits to allow
participants with restricted time to complete at their convenience the clinical tests.

Visits 1 & 2 (+/-3)

4

5

6 & 7 (+/-8)

Months of study
-4

0

4-6

10-12

15-18

At each visit, participants were specifically asked about any adverse events. Medication records
were also reviewed during the study visits. After completing 15–18 months randomisation to either
Omacor or placebo, subjects returned for end of study investigations that included a repeat
measurement of liver fat by MRS examination. 95/103 randomised participants completed the
study. Details of reasons for participant withdrawal from the study are presented in Table 1.
The progress of the trial was divided into 6 steps:
Months 0–3 Staff recruitment, Ethics application
Months 4–15 Recruitment of retrospective cohort & baseline phenotyping
Months 4–15 Randomisation to 15–18 months placebo controlled trial
Months 4–15 Recruitment of prospective new referrals
Months 4–41 Placebo controlled trial and analyses of baseline data
Months 41–48 Follow-up phenotyping and analyses of results.
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Table 1. Reasons for withdrawal
o
o
o
o
o

o
o
o
o
o

Pre-existing difficulties with venesection/priority of other on-going clinical treatment
Death from bronchopneumonia diagnosed following randomisation
Allergy to salmon discovered following recruitment
Insufficient time to continue with study
Reliant on friends and family to travel long distance for visits and felt that health was also
not up to the commitment. Offers of travel assistance and reduced visit schedule declined.
Also could not tolerate magnetic resonance imaging (MRI) and MRS examination
Serious health concerns that, although successfully treated, meant the volunteer felt unable
to continue frequent hospital visits and tests
Withdrawal for personal/family reasons that volunteer was unwilling to discuss with study
team
No longer able to fulfil time commitment due to family problems
Relocation of work and no longer able to fulfil time commitment
Unwilling to continue. Research team unable to contact participant

N.B. Some participants had more than one reason for withdrawal.
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3.7.1 Detail of follow-up of non-compliant subjects &
withdrawal of subjects.


Subjects were withdrawn if they developed a serious chronic illness that affected their
liver condition.



Subjects were withdrawn if they required treatment with a known hepatotoxic drug.



Subjects were withdrawn if they developed a medical condition that would affect their
consumption of trial medication.



In all instances, a member of the research team discussed withdrawing from the trial with
the volunteer.



Data were collected up to the point of withdrawal.



Withdrawn subjects were offered a follow up in the liver clinic at Southampton University
Hospitals Trust.



Data storage and handling and record keeping was taken place on password protected
Personal Computers operated by members of the research team. Members of the
research team were responsible for data collection, recording and quality. Data were
collected and analysed using standard software packages such as Excel and SPSS statistics.
Double entry and cross validation techniques were used to ensure the quality of the data.



Source data were stored in a secure research office at the Wellcome Trust Clinical
Research Facility at Southampton University Hospitals Trust during the Trial. After
cessation of the study, records were stored in a secure room at The Institute of
Developmental Sciences (IDS) Building, University of Southampton, MP 887 Southampton
General Hospital, Tremona Rd, Southampton SO16 6YD, in accordance with adherence to
Data Protection Act 1998.



The Investigator(s)/Institution will permit monitoring, audits, REC and MHRA review (as
applicable) and provide direct access to source data and documents.
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3.8

Baseline and end of study measurements
3.8.1 Biochemical and anthropometric measurements

Glucose, insulin, total cholesterol, HDL-cholesterol, TG, platelets, alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and γ-glutamyl transferase were measured in fasting serum
using commercially available kits according to the manufacturers' instructions. Tissue inhibitor of
matrix metalloproteinase-1 (TIMP-1) and hyaluronic acid (HA) were analysed using an ELISA kit
Dynex DS2 platform. The Procollagen-III N-terminal Propeptide (PIIINP) assay was performed with
a UniQ radioimmunoassay kit supplied by Orion Diagnostica (Product no.68570). We generated
two different histologically-validated liver fibrosis scores 7,171. The first of these scores comprised
measurement of HA, PIIINP and TIMP-1 171 and the second validated algorithmically-derived score
(NAFLD fibrosis score) used age (years), body mass index (BMI), impaired fasting glucose/diabetes
(yes/no), ALT/AST ratio, platelet count and albumin concentration 7. Blood pressure was
measured using a Marquette Dash 3000 monitor (GE Healthcare, Little Chalfont, Bucks, UK) on the
non-dominant arm after subjects had become acclimatised and had rested for at least 60 min; the
mean of three measurements was calculated. Waist circumference was measured over bare skin
midway between the costal margin and the iliac crest. Hip circumference was measured at the
widest part between the greater trochanter and lower buttock level. BMI was calculated as height
(m) squared divided by weight (kg). Bioelectrical impedance (Bodystat 1500; Bodystat, Isle of
Man, UK) was used to determine body composition. Metabolic syndrome was defined using the
International Diabetes Federation criteria 176.

3.8.2 Assessment

of

compliance

and

measurement

of

erythrocyte DHA and EPA enrichment
DHA and EPA concentrations were measured in erythrocytes at the beginning and at the end of
the study to evaluate erythrocyte enrichment during the study in all participants. Enrichment was
defined as the difference between end of study and baseline measurements. Measurement of
omega-3 fatty acids in erythrocytes is a validated proxy for liver tissue concentrations of omega-3
fatty acids 177,178. Measurement of omega-3 fatty acids in erythrocytes at baseline and end of
study was also used as a measure to assess compliance with study allocation to Omacor in that
arm of the trial. To quantify the magnitude of tissue enrichment with omega-3 fatty acids due to
the effects of Omacor treatment, erythrocyte fatty acids were analysed by gas chromatography at
both baseline and upon completion of the trial period of intervention. Thawed packed red cells (1
ml) were mixed vigorously with 5 ml chloroform:methanol (2:1 vol/vol); butylated hydroxytoluene
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(50 mg/L) was included in the chloroform:methanol as an antioxidant. After centrifugation the
organic phase that includes the extracted total lipid was collected. This was dried down under
nitrogen at 40 °C and redissolved in 0.5 ml toluene. Fatty acid methyl esters (FAMEs) were formed
by incubation of the entire lipid extract with 1 ml methanol containing 2% (vol/vol) H2SO4 at 50
°C for 2 h. After cooling, samples were neutralized by addition of 1 ml of a solution of 0.25 M
KHCO3 and 0.5 M K2CO3. Then FAMEs were extracted into 1 ml hexane, dried down, redissolved
in a small volume (150 μl) of hexane, and separated by gas chromatography. Gas chromatography
was performed on a Hewlett Packard 6890 gas chromatograph fitted with a BPX-70 column (30 m
× 0.22 mm × 0.25 μm). Inlet temperature was 300 °C. Oven temperature was initially 115 °C and
this was maintained for 2 min post-injection. Then the oven temperature was programmed to
increase to 200 °C at the rate of 10 °C/min, to hold at 200 °C for 16 min, and then to increase to
240 °C at the rate of 60 °C/min and then to hold at 240 °C for 2 min. The total run time was 37
min. Helium was used as the carrier gas. FAMEs were detected by a flame ionization detector held
at a temperature of 300 °C. The instrument was controlled by, and data were collected using,
HPChemStation (Hewlett Packard). FAMEs were identified by comparison of retention times with
those of authentic standards run previously. Intra-assay coefficients of variance (CVs) for EPA,
DPA and DHA were 3.0%, 1.0% and 2.0% respectively. Inter-assay CVs for EPA, DPA and DHA were
5.0%, 6.1% and 2.2% respectively.

3.8.3 Body fat (total body fat, regional body fat and visceral fat)
Radiological assessments of body fat i.e. dual-energy X-ray absorptiometry (DEXA), and magnetic
resonance imaging (MRI) and liver fat magnetic resonance spectroscopy (MRS) were undertaken
at both baseline and end of study. DEXA and horizontal five-slice cross-sectional MRI were used to
evaluate in detail absolute amount and relative percentages of body fat, truncal fat and visceral
fat. DEXA scanning was undertaken with a Delphi W instrument (Hologic, Bedford, MA, USA) using
a standard visual method to divide images into trunk, limb and head. MRI images were acquired
from five non-contiguous slices of the abdomen, extending from 5 cm below to 15 cm above L4–
L5, to obtain a more accurate estimation of visceral fat than from a single slice. Axial scans were
acquired with participants in the supine position. Participants were scanned on a 1.5 T MR
scanner (Siemens Avanto, Syngo software release B17; Siemens AG, Munich, Germany) using a
32-channel body coil. A gradient echo 2D FLASH (fast low angle shot) sequence (TR = 111 ms, TE =
4.18 ms, flip angle = 70°, slice width = 10 mm, slice spacing = 50 mm) was used to obtain T1weighted images. In order to accommodate the circumference of the individual being scanned
within the image, the field of view was varied. The MR images were analysed using a proprietary
software package (Mimics 14.0; Materialise NV, Leuven, Belgium) to identify regions of
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subcutaneous and visceral fat within the cross-sectional abdominal MR images. This package
enabled identification of subcutaneous and visceral fat. By examining the histogram of pixel
values present in the image, threshold levels could be set. Since fat pixels were the highest value
pixels in the image, fat tissue could be identified from other tissue in the images. Some manual
intervention was required when using this technique, as there was some variation in signal
intensity across the image, which is often the case in large field-of-view MR images. Three
different masks were created; one comprising the whole cross-section of the body, one containing
the visceral fat region and one containing the subcutaneous fat region. It was possible to
determine the number of pixels contained within each of these masks, and hence calculate the
areas of subcutaneous fat and visceral fat, and compare them with the total cross-sectional area.
Adipose tissue volume was converted to mass in kg using a density of 0.92 kg/l for adipose tissue.

3.8.4 Mean liver fat percentage
Participants underwent MR spectroscopy (MRS) of the liver to measure the quantity of liver fat
accumulated in three discrete liver zones, at baseline and follow-up. Three 20 × 20 × 20 mm3
spectroscopic volumes of interest (VOI) were positioned within segments 3 (inferior sub-segment
of the lateral segment), 5 (inferior sub-segment of the anterior segment) and 8 (superior subsegment of the anterior segment) of the liver, avoiding major blood vessels, intra-hepatic bile
ducts, and the lateral margin of the liver. For the second visit scan, these VOI positions were
copied from the first scan, to ensure consistency. A PRESS (point resolved spectroscopy) spin echo
pulse sequence was used to acquire the spectroscopic data. The pulse sequence used a TR = 1500
ms, TE = 3 ms, flip angle = 90°, bandwidth = 1000 Hz, 8 averages and acquisition duration of 1024
data points, with no water suppression. The acquisition was obtained in a breath hold
examination of 18 s. Spectra were post-processed using Siemens scanner software. This was a
fully automated process and involved several steps, starting with filtering the data using a
Hanning filter, zero-filling the data, baseline correction, phase correction and finally curve fitting
was performed (with 4 iterations) to identify the water and lipid peaks. Values for the lipid and
water peak integrals were produced for each VOI and recorded for each subject.
With regard to precision for the liver MRS, I analysed the data of repeated scan measurements of
liver fat percentage (7 patients were scanned twice by the same radiographer). The mean and
standard deviation (SD) of MRS liver fat percentage for the first scan was 37.86% (20.34) and for
the repeated scan was 37.57% (20.24). I also performed a paired sample t-test that showed no
significant difference between the two means (p=0.98). A Bland-Altman plot is shown as Figure 7.
As all pairs of observations lie within 1.96-SD of the mean it is reasonable to assume that the
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method is reasonably precise. Moreover, the result of the regression analysis confirmed that there
are no proportional bias (Mean between first and second scan: β=0.005; p=0.88).

Figure 7. Bland-Altman plot shows that the MRS scans provide precise data.

With regard to accuracy for the liver MRS, there is recent evidence showing that MRS results
correlate strongly with histopathology results 179-181. In one recent study Nasr et al. showed a
strong correlation between MRS with liver histopathology results (r=0.87; P < .001). With a cut-off
value of 3% the sensitivity and specificity were 79% and 100% respectively [AUROC (95% CI) =
0.969 (0.933-1.000)] 181. Although I have liver biopsy data for approximately 50 patients, I was not
able to measure accuracy for the liver MRS estimation of liver fat percentage for the following
reasons:
Although histological assessment of liver fat is the current ‘gold standard’ for assessing liver fat
accumulation, in the WELCOME Study some patients had their liver biopsy two or three years
before the baseline MRS measurement. As it is well accepted that liver fat changes with lifestyle
alterations such as weight loss, change in diet or increases in physical activity, comparisons
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between liver histology and MRS estimation of liver fat would be unreliable in the WELCOME
study because of this separation in time. I have added this as a limitation to my final Discussion.
Additionally, although liver biopsy is the reference procedure for grading liver fat accumulation,
this procedure has limitations 182. First, the liver is not necessarily uniformly affected by fat
accumulation and since the volume of a needle biopsy sample represents a very minor fraction of
the whole organ (0.05 cm3, 25-mm length), sampling variation is a relevant issue to consider since
a too small biopsy (sampling error) can result in substantial misdiagnosis and staging inaccuracy
183,184

. Secondly, since these grading estimations are subjective, there is considerable inter- and

intra-individual variation in steatosis grading at histopathology 185-187.

3.8.5 Diet
Change in diet during the study period was assessed by completion of a food frequency
questionnaire (FFQ) at baseline and at the end of the study. This questionnaire comprises more
than twenty groups of food and the frequency options where based on weekly consumption.
From these reported weekly frequencies of foods consumption, a ‘prudent diet score’ using
principal component analyses was generated 188. These components are independent linear
combinations of dietary variables that account for maximum variance and each component
identifies a pattern of consumption of certain foods. A “prudent diet” was identified as being a
healthy diet specifically rich in fruit and vegetables and that contained fewer dietary calories from
simple carbohydrates and saturated or trans-fatty acids (e.g. prudent diet: wholemeal bread,
yoghurt, and fish). The prudent diet score is a continuous variable and changes in this
measurement during the trial will be analysed by comparing baseline measurement with end of
study measurement, in order to assess whether participation in the trial results in a change in the
participant's diet.

3.8.6 Cardiorespiratory fitness
Cardiorespiratory fitness measured in terms of maximal oxygen uptake (peak VO2) was determined
from breath-by-breath analysis of oxygen consumption and CO2 production using a Cortex
metalyser 3B instrument (Cortex Biophysik, Germany) during maximal treadmill exercise (Woodway
P55 treadmill) utilising a modified Bruce protocol, with 12-lead ECG monitoring throughout the test.
Volunteers were advised to avoid strenuous exercise and alcohol for 24 h prior to testing.
Volunteers were encouraged to continue until the respiratory exchange ratio was N1.1 and they
reached at least 90% of their predicted maximum heart rate (as determined by 220 − age), unless
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they experienced chest pain or felt unwell. Cardiorespiratory fitness was measured by peak VO2
which was corrected for total body weight.

3.8.7 Physical activity energy expenditure
Physical activity levels were assessed at baseline and at the end of the study by measuring total
energy expenditure using a SenseWear Pro3 armband (Bodymedia, Pittsburgh, USA) 189 for
approximately 4 days on each occasion. The SenseWear armband is a compact and lightweight
~82 g device worn around the upper arm that is well tolerated and contains sensors for 2 plane
accelerometry, near body temperature, skin temperature and the galvanic skin response. The
SenseWear Pro3 armband allows reliable measurement of physical activity energy expenditure
levels and calculation of total energy expenditure recordings. Assessment of any change in
physical activity at the end of the trial was undertaken by comparing baseline and end of study
data to assess whether participation in the trial resulted in any change in this behaviour.

3.8.8 DNA analyses
Blood was collected from participants at baseline for determination of polymorphisms in the gene
encoding PNPLA3. DNA was extracted from 200 μl whole blood using QIAamp blood DNA blood
mini kit (Qiagen, 51106), as per manufacturer’s instructions. All samples were eluted in 200 μl
DNAse free water. Quality and quantity of DNA was confirmed by spectrophotometry using a
Nanodrop 2000 (Thermo Scientific), where all samples had a 260/280 ratio ≥1.8. PCR primers
were designed using PyroMark Assay Design 2.0 software (Biotage) to investigate the SNP
rs738409 in the human PNPLA3-I148M gene variant. PCR was carried out on 25 ng DNA using 25
μl KAPA2G Robust Hot Start Taq (Anachem, KK5702) and 0.2μM of forward (5’
AGCAGAGAAAGCCGACTTACCAC 3’) and reverse (5’ GGGTGCTCTCGCCTATAACTTC 3’) primers in a
50 μl reaction. PCR products were immobilised on streptavidin–sepharose beads (GE Healthcare
UK Ltd., 17-5113-01), washed, denatured and released into annealing buffer containing the
sequencing primer (5’ ATGTTCCTGCTTCAT 3’). PNPLA3 SNP genotype was analysed using
Pyromark ND 1.0 Software (Biotage). TM6SF2 genotype was determined using TaqMan
C_89463510_10 Genotyping assay (Life technologies 4351379) and TaqMan Genotyping Master
Mix (Life Technologies, 4371353) and analysed using LightCycler 480 SW 1.5.1 software (Roche).
The rs58542926 C>T (E167K, TM6SF2) single-nucleotide polymorphisms were assessed in
duplicate. Analytical pass rate was 100%.
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3.9

Sample size and power calculation

Based on previous published literature at the time of the design of the protocol in 2007/2008, a
15% decrease in liver fat was estimated after omega-3 fatty acid treatment. Subsequently, in 2012
a systematic review and meta-analysis of omega-3 fatty acid supplementation in the treatment of
NAFLD produced a similar estimate of the effect size of treatment to decrease liver fat 190. This
meta-analysis suggested a Hedge's g pooled effect size of omega-3 fatty acid treatment to
decrease liver fat of -0.97 (95%CIs -1.35, -0.58, p<0.0001). With a sigma of 0.3, a pooled effect size
of -0.97 represents a ~30% decrease in liver fat percentage, with omega-3 fatty acid treatment.
Assuming a sigma of 0.3, and an alpha of 0.05; and allowing for a 15% drop out rate, as specified
originally in the protocol, the estimated sample size of 50 people in each group provides 99%
power to detect a 30% change in liver fat (two tailed test). There would be 86% power to detect
the more conservative estimate of a 20% difference in liver fat with omega-3 treatment. With an
estimated value for sigma of 0.3, and an alpha of 0.05, a sample size of 50 participants in each
arm would give 94% power to detect this difference in liver fat.
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4. Results
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4.1

The effect of highly purified high dose Docosahexaenoic acid (DHA)

and Eicosapentaenoic acid (EPA) treatment in NAFLD.
4.1.1 Introduction
Since the prevalence of major risk factors for NAFLD (obesity, insulin resistance and type 2
diabetes) has increased worldwide, NAFLD is rapidly becoming an important problem for patients
and health care professionals. Progression of liver disease is often silent and NAFLD may be
overlooked as it presents with other serious conditions such as type 2 diabetes and cardiovascular
disease (CVD) 21,191. NAFLD is often associated with obesity and other features of the metabolic
syndrome and strategies that produce weight loss can be very effective in lowering liver fat
content, although whether such strategies are effective in improving other components of NAFLD
is uncertain 6,94. Although treatments are available for individual components of the metabolic
syndrome (e.g. glucose intolerance, increased blood pressure, dyslipidaemia, and obesity) 192,
whether these treatments are effective in NAFLD is unproven. Studies that have attempted to
treat NAFLD by targeting specific pathways in the pathogenesis of NAFLD have to date met with
limited success. For example, the results of trials testing treatment with thiazolidinediones 36,37
and anti-oxidants such as vitamin E 38, that have focussed primarily on modifying pathways
affecting insulin resistance 46, oxidative stress 38 and lipid metabolism 47 have produced variable
results. These relatively small trials have also generated controversy, not least because any
positive effects of treatment are limited by side-effects and concerns about long term safety of
glitazones 193and the high dose of vitamin E required 194. Typically, within a Westernized diet,
omega-6 fatty acid consumption is markedly greater than omega-3 fatty acid consumption 69. The
potential consequences of an increased ratio of omega-6 to omega-3 fatty acid consumption are
increased production of pro-inflammatory arachidonic acid-derived eicosanoids and impaired
regulation of hepatic and adipose function, predisposing to NAFLD. Recently, several studies have
shown that a diet with an inadequate intake of “omega-3 essential fatty acids” is associated with
metabolic syndrome 67, cardiovascular disease 68, dyslipidaemia and fatty liver disease 70.
The aim of this chapter is to assess whether 15-18 months treatment with 4 gr of highly purified
DHA+EPA daily has a beneficial effect on:
a. liver fat percentage measure by magnetic resonance spectroscopy (MRS) scan in
three discrete liver zones and
b. two algorithmically derived, histologically validated liver fibrosis scores 7,171.
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4.1.2 Hypothesis
Treatment with high dose (4 g/day) of highly purified DHA+EPA for 15-18 months will have a
beneficial effect on:
a. liver fat percentage measure by magnetic resonance spectroscopy (MRS) scan in
three discrete liver zones and
b. two algorithmically derived, histologically validated liver fibrosis scores 7,171
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4.1.3 Methods
4.1.3.1 Patients
One hundred and three participants were randomized (Figure 8) to either Omacor (DHA+EPA) 4 g
per day [(n=51; 1 g of Omacor contains 460 mg of EPA and 380 mg of DHA as ethyl esters] or 4 g
per day of placebo [(olive oil; n=52; 1 g of olive oil contains 600 mg of oleic acid plus lesser
amounts of linoleic, palmitic, stearic, and α-linolenic acids]. DHA+EPA and placebo capsules were
gelatine coated and of similar appearance and taste. Erythrocyte EPA and DHA enrichment
(between baseline and end of study) were measured to test adherence to the intervention in the
DHA+EPA group and monitor contamination with DHA and EPA in the placebo group. Compliance
with the allocated medication was also monitored by recording returned unused capsules.

4.1.3.2 Inclusion and Exclusion Criteria.
Inclusion and exclusion criteria have been described previously (See chapter 3.6). Briefly, subjects
were eligible (1) with histological confirmation of NAFLD or (2) imaging evidence of liver fat
(ultrasound, MRI, or computed tomography scan), features of metabolic syndrome 195, and
exclusion of other liver conditions causing liver fat accumulation or cirrhosis. Subjects were also
excluded if alcohol consumption was >35 units (1 unit is 7.9 g of alcohol) per week for women and
>50 units per week for men, which was the threshold for harmful alcohol consumption at the
beginning of WELCOME study recruitment 175. Additional exclusion criteria were pregnancy,
breastfeeding, and hypersensitivity to DHA+EPA, soya, or the excipients.

4.1.3.3 Biochemical Measurements, Body Composition and Energy Expenditure.
All measurements (including MRS liver fat percentage) were undertaken at baseline and end of
study. Fibrosis markers, including hyaluronic acid (HA), procollagen-III N-terminal propeptide
(PIIINP), and tissue inhibitor of matrix metalloproteinase 1 (TIMP-1), were measured along with
cytokeratin 18 (CK18), which has been used to assess non-alcoholic steatohepatitis (NASH) 196.
Energy expenditure was assessed by measurement of metabolic equivalent of task (MET);
SenseWear Pro 3 Armband monitor; BodyMedia, Inc., Pittsburgh, PA). Any change in diet during
the study was assessed by food frequency questionnaire. A “prudent diet score” as healthy diet
index was also generated using principal component analyses 188.
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4.1.3.4 Measurement of erythrocyte DHA and EPA enrichment
DHA and EPA concentrations in erythrocytes membrane were measured in all participants at the
beginning and at the end of the study to evaluate erythrocyte enrichment. Enrichment was
defined as the difference between end of study and baseline measurements. Measurement of
omega-3 fatty acids in erythrocytes is considered a validated proxy for liver tissue concentrations
of omega-3 fatty acids 177,178. Measurement of omega-3 fatty acids in erythrocytes at baseline and
end of study was also used as a measure to assess compliance with study allocation to DHA+EPA
in that arm of the trial. To quantify the magnitude of tissue enrichment with omega-3 fatty acids
after DHA+EPA treatment, erythrocyte fatty acids were analysed by gas chromatography at both
baseline and upon completion of the trial period of intervention.

4.1.3.5 Mean liver fat percentage
Participants underwent MR spectroscopy (MRS) of the liver to measure the quantity of liver fat
accumulated in three discrete liver zones, at baseline and follow-up. Three 20 × 20 × 20 mm3
spectroscopic volumes of interest (VOI) were positioned within segments 3 (inferior sub-segment
of the lateral segment), 5 (inferior sub-segment of the anterior segment) and 8 (superior subsegment of the anterior segment) of the liver, avoiding major blood vessels, intra-hepatic bile
ducts, and the lateral margin of the liver. For the second visit scan, these VOI positions were
copied from the first scan, to ensure consistency.

4.1.3.6 Statistical analysis
Statistical analyses were performed using SPSS for Windows. The normal distribution of the data
was tested by the Shapiro–Wilk and Kolmogorov–Smirnov tests. Data were adjusted for potential
confounders (e.g. age, sex, alcohol consumption, and weight loss, increased physical activity and
change in diet during the study). Data are reported as mean and standard deviation for normally
distributed variables, or as median and interquartile range for non-normally distributed variables.
Comparison of mean values of continuous variables from the two groups was undertaken using
paired t-test and when variables were not normally distributed, the Wilcoxon Signed rank test
was undertaken. The Pearson and Spearman rank correlation coefficients were used to
investigate factors associated with liver fat percentage at baseline. Multivariable linear regression
was undertaken with liver fat percentage and each of the algorithmically-derived liver fibrosis
scores, as the respective outcomes to test the effects of tissue omega-3 fatty acid enrichment due
to the intervention. Explanatory variables: 1) Percentage enrichment of EPA or DHA, measured in
erythrocytes as the difference between baseline and end of study percentages; and separately 2)
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allocation to DHA+EPA or to placebo, as a binary indicator variable were included in the
regression model to test the effects of omega 3 fatty acid enrichment due to DHA+EPA treatment.
Where variables were not normally distributed, logarithmic transformation was undertaken to
normalise the distribution. In order to adjust the regression models for potential confounding
factors such as change in weight, change in diet, or change in physical activity during the period of
the intervention, the mathematical difference between baseline and end of study data for weight,
prudent diet score 188 and metabolic equivalent of tasks (METs) (as a measure of energy
expenditure) were calculated 197. Analyses were also adjusted for NAFLD severity (as indicated by
the measurement of liver fat percentage, NAFLD fibrosis biomarker scores, and Cytokeratin-18)
and BMI. Both intention-to-treat (ITT) analysis and per protocol analysis were undertaken. For ITT
analyses, complete case analysis was undertaken with exclusion of cases with missing data.
Analytic comparisons of baseline data in participants with missing end of study data and
participants with complete data was undertaken. Per protocol analysis included all participants
who consumed ≥50% of their supplement in the time period from randomization to final visit and
had a baseline average liver fat percentage ≥5% for the mean of the three liver zones. A p-value of
<0.05 was considered statistically significant for all analyses. No interim analyses during the trial
were planned.

4.1.4 Results
4.1.4.1 Baseline and end of study characteristics according to randomisation group
At baseline, 103 people were randomised to either DHA+EPA or placebo (Figure 8). Tables 2
shows baseline characteristics in placebo and DHA+EPA groups at randomisation. At baseline,
there were clear differences in some of the parameters between DHA+EPA and placebo group.
For example, by chance, participants in the treatment group were approximately six years
younger than participants in the placebo group. Moreover, again by chance, the ratio of men to
women in each group showed that there was a higher proportion of men in the placebo group;
whereas, there was an equal proportion of men and women in the DHA+EPA group. In addition,
some anthropometric data such as BMI, waist circumference, total fat (g) measured with DEXA
and visceral fat measured with MRI scan were higher by chance in the DHA+EPA group compared
to placebo. With regard to lipid and liver profile, plasma TG were higher in the DHA+EPA group,
whereas serum hyaluronic acid was lower in the DHA+EPA group compared to placebo.
Therefore, these differences between placebo and treatment group were taken in account during
the data analysis, with adjustment for age, sex, BMI, waist circumference, DEXA total fat, MRI
visceral fat, TG and HA) as potential confounders, depending on the outcome examined. Ninety-
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five participants completed the trial (55 men and 40 women) and inadequate MRS data were
obtained for 4 of these 95 participants. Therefore, the end-of-study liver fat percentage was
available on 91 participants for the primary and secondary analyses.
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Figure 8. Consort diagram showing recruitment to the study.
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Table 2. Baseline variables in placebo and DHA+EPA groups at randomisation
Placebo

DHA+EPA

p value

Age (yr)

54.0 (9.6)

48.6 (11·1)

0.09

Sex (M/F)

35/17

25/26

0.08

Diabetes (%)

9.0

9.0

0.9

Weight (kg)

93 (14.4)

97 (17)

0.2

BMI (kg/m2)

32.0 (4.3)

34.3 (5.8)

0.02

Waist circumference (cm)

108.1 (11.9)

112.8 (12.0)

0.06

Diastolic blood pressure (mmHg)

85.3 (8.1)

84.7 (11.8)

0.8

Systolic blood pressure (mmHg)

137.7 (15·9)

138.2 (16.7)

0.9

*Fasting plasma glucose (mmol/L)

6.2 (2.0)

6.2 (2.8)

0.3

*Fasting plasma insulin (μUnit/ml )

11.3 (12.2)

13.6 (11.9)

0.8

*HbA1c (% total)

6.1 (1.6)

5.9 (1.2)

0.2

*Plasma triglycerides (mmol/L)

1.4 (0.9)

1.8 (1.2)

0.04

Plasma cholesterol (mmol/L)

4.8 (1.3)

4.9 (1.1)

0.4

LDL-cholesterol (mmol/L)

2.7 (0.8)

3.0 (0.9)

0.3

HDL-cholesterol (mmol/L)

1.1 (0.3)

1.0 (0.2)

0.1

*ALT (IU/L)

56.0 (34)

54.0 (43)

0.6

*AST (IU/L)

41.5 (19)

38.0 (24)

0.2

*DEXA total fat mass (g)

32390.1 (8140)

37500.7 (15109)

0.08

DEXA total lean mass (g)

58536.4 (10933.0)

58033.9 (12370.1)

0.8

DEXA andro/gynoid (ratio)

1.2 (0.2)

1.2 (0.1)

0.1

MRI subcutaneous fat (%)

30.2 (9.5)

34.2 (9.8)

0.05

MRI visceral fat (%)

16.7 (4.5)

15.6 (5.1)

0.3

*Hyaluronic acid (μg/L)

22.5 (27.0)

18.0 (21.0)

0.04

*PIIINP (μg/L)

5.1 (1.9)

5.4 (3)

0.6

*MRS liver fat %

21.7 (19.3)

23.0 (36.2)

0.75

NAFLD Fibrosis score

-1.7 (1.3)

-1.5 (1.4)

0.6

** Liver fibrosis score

9.0 (0.8)

8.8 (0.8)

0.34

Erythrocyte DHA (%)

4.2 (1.4)

3.9 (1.2)

0.32

Variables

Erythrocyte EPA (%)
0.9 (0.4)
0.8 (0.3)
0.43
Variables that are normally distributed are expressed as mean (standard deviation (SD)). Variables
that are non-normally distributed (*) are expressed as median (inter-quartile range (IQR)).
** Fibrosis score calculated from PIIINP, HA and TIMP-1171
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Table 3. Comparison between baseline and end of study data in all participants randomised to
placebo or DHA+EPA.
Placebo

DHA+EPA

Variables

Baseline

End of study

p-value

Baseline

End of study

p-value

Age (yr)

54.0 (9.6)

55.4 (9.6)

n.a

48.6 (11.1)

50.1 (11.1)

n.a

Sex (M/F)

35/17

32/16

n.a

25/26

23/24

n.a

Diabetes (%)

9.0

7.5

n.a

9.0

7.6

n.a

Weight (kg)

94.5 (15.8)

90.4 (16.3)

0.76

96.5 (17)

94.1 (13)

0.38

32.4 (4.5)

30.8 (4.5)

0.74

34.0 (5.8)

33.4 (4.9)

0.30

Diet (FFQ-PCA)

0.09 (0.97)

-0.07(0.9)

0.46

-0.1 (1.0)

0.03 (1.0)

0.55

BMI

(kg/m2)

Waist circumference (cm)

108.1 (11.5)

107.7 (10.3)

0.65

114.4 (13.4)

112.3 (10.4)

0.96

Diastolic blood pressure (mmHg)

86.3 (7.4)

84.9 (6.5)

0.75

85.4 (12.3)

81.7 (8.2)

0.006

Systolic blood pressure (mmHg)

137.7 (15.1)

13 5.9 (11.3)

0.2

138.2 (17.4)

133.3 (13.7)

0.004

*Fasting plasma glucose (mmol/L)

5.4 (1.9)

5.5 (2.8)

0.4

5.4 (1.3)

5.4 (2.0)

0.3

*Fasting plasma insulin (μUnit/ml )

11.7 (11.2)

10.2 (9.3)

0.68

12.3 (7.1)

13.9 (6.4)

0.18

*HbA1c (% total)

6.1 (1.6)

6.2 (1.6)

0.2

5.9 (1.2)

5.9 (1.4)

0.3

*Plasma triglycerides (mmol/L)

1.5 (0.5)

1.8 (0.6)

0.05

1.8 (0.7)

1.5 (1.2)

0.02

Plasma cholesterol (mmol/L)

4.5 (0.8)

4.8 (1)

0.28

4.9 (1.1)

4.7 (1.1)

0.17

LDL-cholesterol (mmol/L)

2.7 (0.7)

2.8 (0.8)

0.38

3.0 (0.9)

2.8 (0.9)

0.12

HDL-cholesterol (mmol/L)

1.1 (0.3)

1.1 (0.2)

0.91

1.0 (0.2)

1.1 (0.3)

< 0.0001

*ALT (iU/L)

56.5 (43)

46.5 (32)

0.4

55.0 (43)

44.0 (37)

0.6

*AST (iU/L)

42.5 (31)

35.0 (21)

0.1

39.0 (24)

34.0 (28)

0.7

Platelets

(x109/L)

215.4 (52.7)

210.0 (49.5)

0.21

213.0 (70.0)

207.3 (71.8)

0.34

VO2max (ml/min/kg)

27.8 (5.1)

25.4 (5.3)

0.0001

25.9 (7.6)

23.9 (9.2)

0.001

METs

1.5 (1.4)

1.2 (0.2)

0.22

1.1 (0.2)

1.1 (0.2)

0.32

*DEXA total fat mass (g)

33251.9
(8734)

30821.5
(8136)

0.34

38127.7
(10565)

35694.1
(8061.6)

0.09

DEXA total lean mass (g)

59017.2
(11343.8)

56395.5
(11237)

0.14

56352.8
(11563.7)

56218.2
(10799.3)

0.61

DEXA andro/gynoid (ratio)

1.2 (0.2)

1.2 (0.1)

0.13

1.2 (0.1)

1.1 (0.1)

0.72

MRI subcutaneous fat (%)

30.4 (9.7)

28.8 (9)

0.43

35.4 (10.5)

32 (9.6)

0.47

MRI visceral fat (%)

16.7 (4.7)

16.5 (5.4)

0.36

15.2 (5.1)

15.9 (4.7)

0.67

*Hyaluronic acid (μg/L)

22.5 (28.0)

34.0 (38.0)

0.003

18.0 (21.0)

29.0 (31.0)

< 0.0001

*PIIINP (μg/L)

5.1 (1.9)

4.8 (2.5)

0.18

5.4 (2.6)

4.9 (2.2)

0.49

TIMP-1 (ng/ml)

309.1 (90.2)

358.9 (88.4)

0.002

303.4 (126.5)

351.3 (72.6)

0.01

CK-18 M65 (IU/L)

688.6 (424.6)

389.5 (416)

0.007

515.1 (326.4)

701.1 (623.4)

0.31

*MRS liver fat %

21.7
(13.7, 32.3)

19.7
(11.3, 28.0)

0.03

23.0 (12.0,
47.5)

16.3 (9.0,
30.7)

0.04

NAFLD Fibrosis score

-1.7 (1.3)

-0.82 (1.2)

< 0.0001

-1.5 (1.4)

-0.7 (1.5)

< 0.0001

** Liver fibrosis score

9.0 (0.8)

9.2 (0.8)

0.01

8.8 (0.8)

9.1 (0.9)

0.002

Erythrocyte DHA (%)

4.1(1.6)

5.0 (1)

0.002

3.8 (1.2)

7.1 (1.3)

< 0.0001

Erythrocyte EPA (%)

0.9 (0.4)

1.0 (0.2)

0.17

0.8 (0.3)

2.4 (1.8)

< 0.0001

Variables that are normally distributed are expressed as mean ± standard deviation (SD). *Variables that are
non-normally distributed are expressed as median ± inter-quartile range (IQR).
** Fibrosis score calculated from PIIINP, HA and TIMP-1 171
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4.1.4.2 End of study results
Ninety-five participants completed the study (55 men and 40 women). Table 4 shows the changes
between baseline and end-of-trial measurements, stratified by randomisation group, for the main
anthropometric and biochemical variables. From capsule counts at 6 and 12 months and at the
end of study, we estimated that all participants consumed >50% of their study medication and
78% consumed >75%. No serious adverse events occurred that were attributed to medication.
Alcohol consumption was not associated with baseline liver fat percentage (p=0.93).
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Table 4. Main anthropometric and biochemical variables at baseline and end of study according to
randomization group.
Placebo

DHA+EPA

Variables

Baseline

End of study

p-value

Baseline

End of study

p-value

BMI (kg/m2)

32.0 (4.5)

30.8 (4.5)

0.31

34.4 (5.8)

33.4 (4.9)

0.3

Waist circumference (cm)

108.1 (11.9)

107.7 (10.3)

0.45

112.8 (12.0)

112.3 (10.4)

0.87

*Fasting plasma glucose (mmol/L)

6.2 (2.0)

6.7 (3.0)

0.12

6.2 (2.8)

6.1 (2.0)

0.81

MRI subcutaneous fat (%)

30.2 (9.5)

28.8 (9)

0.46

34.2 (9.8)

32 (9.6)

0.47

MRI visceral fat (%)

16.7 (4.5)

16.5 (5.4)

0.35

15.6 (5.1)

15.9 (4.7)

0.67

*HbA1c (% total)

6.1 (1.6)

6.0 (2.0)

0.14

5.9 (1.2)

5.7 (2.0)

0.53

*Plasma triglycerides (mmol/L)

1.4 (0.5)

1.8 (0.6)

0.08

1.8 (1.2)

1.5 (1.2)

0.018

Plasma cholesterol (mmol/L)

4.8 (1.3)

4.8 (1)

0.25

4.9 (1.1)

4.7 (1.1)

0.18

LDL-cholesterol (mmol/L)

2.7 (0.8)

2.8 (0.8)

0.44

3.0 (0.9)

2.8 (0.9)

0.14

HDL-cholesterol (mmol/L)

1.1 (0.3)

1.1 (0.2)

0.87

1.0 (0.2)

1.1 (0.3)

< 0.0001

*ALT (iU/L)

56.0 (34)

48.5 (25)

0.06

54.0 (43)

44.0 (34)

0.70

*AST (iU/L)

41.5 (19)

35.0 (17)

0.04

38.0 (24)

30.0 (27)

0.83

Variables that are normally distributed are expressed as mean (SD). Variables that are non-normally
distributed (*) are expressed as median (IQR).
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4.1.4.3 DHA and EPA erythrocytes enrichment after 15-18 months treatment with
DHA+EPA.
DHA and EPA erythrocytes enrichment was measured after 15-18 months of treatment with 4 g of
DHA+EPA daily. Based on previous literature a minimum 2% increase in erythrocyte DHA and a
minimum 0.7% increase in erythrocyte EPA was hypothesized after DHA+EPA intervention 198,199.
The omega-3 fatty acid index is the sum of DHA and EPA in erythrocyte membranes and is
expressed as a percentage of total erythrocyte fatty acids. At baseline, the omega-3 fatty acid
index was between 4 and 5%, which is associated with an intermediate level of cardiovascular
risk. To improve the omega-3 fatty acid index to a value proposed to result in significantly
decreased CV risk 200, a 0.7% increase in EPA and a 2% increase in DHA would be sufficient. Figure
9 shows the percentage enrichment in erythrocyte DHA and EPA between baseline and end of
study in participants randomized to placebo or DHA+EPA.
Enrichment was highly variable in the DHA+EPA group and 5 and 6 participants in the DHA+EPA
group did not reach the pre-specified threshold for EPA and DHA enrichment, respectively. In the
placebo group, no enrichment was expected between baseline and end of study in all participants
in this group, but 3 and 4 participants reached the thresholds set for the DHA+EPA group, for EPA
and DHA, respectively. One participant in the placebo group admitted to taking cod liver oil during
the study and another markedly increased consumption of fish.

57

Figure 9. Percentage change in erythrocyte DHA and EPA concentration between baseline
and end of study in placebo and DHA+EPA groups.
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4.1.4.4 ITT Analyses and secondary analyses
Table 5 shows the results of the regression models for the ITT analyses and secondary analyses at
baseline and end-of-study. Data for change in plasma TG concentration are shown for comparison
(DHA+EPA is licensed for lowering plasma TG concentrations). In the ITT analyses, in the fully
adjusted model, there was a 3.64% decrease in liver fat % (β=-3.64; 95% CI: -8.0, 0.8; p=0.1) with
DHA+EPA treatment. Secondary analyses (Table 5) were undertaken to test the association
between DHA or EPA enrichment and each of the primary outcomes (adjustments as per the ITT
analysis). Erythrocyte DHA enrichment was independently associated with a decrease in liver fat
percentage (-1.7% for each 1% DHA enrichment; β=-1.7; 95% CI: -2.9, -0.5; p=0.007 in the fully
adjusted model). In this cohort, there were only 9 patients with high NAFLD fibrosis score and 14
with high liver fibrosis score. There was no improvement in either liver fibrosis score with
DHA+EPA or with DHA or EPA enrichment. At the end of the study, there was no significant
difference in changing MRS liver fat between placebo and treatment group. The t-test comparison
between placebo and treatment group showed no significant benefit of DHA+EPA treatment in
reducing MRS liver fat (MRS liver fat difference between placebo and treatment group p=0.3). In a
regression model using MRS liver fat percentage difference as outcome and randomisation group
as explanatory variable, the unstandardized β coefficient for the randomisation group was -1.6
(95% CI -6.3, 2.9) and the p value was not significant (p=0.4). Therefore, the decrease in liver fat at
the end of the study was similar in both placebo and treatment group.
Because there was clear evidence of contamination with DHA and EPA enrichment in some
participants in the placebo group, and there was also poor enrichment with DHA and EPA in some
participants in the treatment group (Figure 9), the relationships between liver fat percentage at
recruitment and the change in liver fat percentage between baseline and end of study was
assessed in all participants, stratifying by the pre-specified threshold for erythrocyte DHA
enrichment (<2% and ≥2%) and regardless of randomization group (Figure 10). For those
individuals achieving a ≥2% absolute increase in DHA between baseline and end of study, there
was a strong inverse association between liver fat percentage at recruitment and the change in
liver fat percentage between baseline and end of study.
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Table 5. Baseline and end of study results and regression models testing the effects of the
intervention on liver fat percentage and two biomarker scores for liver fibrosis (and triglyceride),
adjusted for baseline measurement of outcome only* and fully adjusted**

Difference in
change from
baseline to
end of study*
Placebo

Treatment

(95% CI)
DHA+EPA
treatment
Primary
analysis

Primary
outcomes

Adjusted
difference in
change from
baseline to
end of study**

Adjusted
difference in
change from
baseline to end
of study**

(95% CI)

(95% CI)

DHA+EPA
treatment

% Erythrocyte
EPA enrichment

Primary
analysis

Secondary
analysis

Secondary analysis

Adjusted
difference in
change from
baseline to end of
study**
(95% CI)
%Erythrocyte DHA
enrichment

Baseline

End of
study

Baseline

End of
study

21.7

19.7

23.0

16.3

-1.7 (-6.3, 3.0)

-3.64 (-8.0, 0.8)

-1.0 (-2.7, -0.6)

-1.7 (-2.9, -0.5)

(19.3)

(18.0)

(36.2)

(22.0)

p=0.48

p=0.1

P=0.20

P=0.007

#Liver
fibrosis
score

9.2
(0.8)

-0.001 (-0.3,
0.3)

0.14 (-0.26,
0.33)

0.03 (-0.1, 0.1)

8.8 (0.8)

9.1
(0.9)

0.01 (-0.1, 0.1)

9.0 (0.8)

p=1.0

P=0.8

P= 0.86

P= 0.50

NAFLD
fibrosis
score

-1.7
(1.3)

-0.03 (-0.4,
0.3)

0.01 (-0.3, 0.3)

0.00 (-0.1, 0.1)

0.01 (-0.1, 0.1)

p=0.9

p=0.9

p=0.6

-0.2 (-0.6, 0.1)

-0.4 (-0.8, -0.1)

-0.2 (-0.3, -0.1)

-0.1 (-0.2, -0.0)

P=0.2

P=0.02

P=0.002

P=0.007

Liver fat %

Plasma
triglyceride
(mmol/L)

-0.8
(1.2)

-1.5
(1.4)

-0.7
(1.5)

p=0.9

1.4 (0.5)

1.8
(0.6)

1.8 (1.2)

1.5
(1.2)

Baseline and end of study results for primary outcomes and for serum triglyceride concentrations are
reported either as means and SDs or median and IQRs (liver fat % and plasma triglyceride concentration).
Results of regression models testing the effects of DHA+EPA randomisation (ITT analyses) and EPA and DHA
percentage enrichment (secondary analyses) between baseline and end of study are shown.
For each primary outcome (liver fat %, # Liver fibrosis score and NAFLD fibrosis score); the difference in
outcome, represents the change in the outcome between baseline and end of study (* adjusted for baseline
measurement of the outcome variable only, and ** adjusted for baseline measurement of the outcome plus
age, sex, change in weight (Kg) between baseline and end of study and change in CK18 concentration
between baseline and end of study and change in DHA or EPA).
#Liver fibrosis score (score derived from TIMP-1, HA and PIIINP concentrations, see Methods).
Triglyceride data are presented for comparison as this dose of Omacor treatment is licensed for the treatment
of high triglyceride concentrations.
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Figure 10. Scatter plots showing the relationships between baseline liver fat % at recruitment and
the change in liver fat % between baseline and end of study for all participants stratified by
erythrocyte DHA enrichment (A) ≥2% DHA enrichment (between baseline and end of study) or (B)
<2% erythrocyte DHA enrichment.

A. Participants achieving erythrocyte DHA enrichment ≥2%.

[R2 =0.51, p < 0.0001]
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B. Participants with erythrocyte DHA enrichment <2%.

[R2 =0.16, p =0.004]
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C. Scatterplot showing the relationship between DHA enrichment and MRS liver fat
percentage difference in all participants recruited in the study.

D Scatterplot showing the relationship between DHA enrichment and MRS liver fat
percentage difference considering only participants who reached the ≥2% DHA
enrichment threshold.
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4.1.4.5 Magnitude of the Effect to Decrease Percentage of Liver Fat by Percentage of DHA
Enrichment
The magnitude of the effect of each 1% DHA enrichment to decrease liver fat percentage
adjusting for change in physical activity during the study (available in n=82 of 91 participants) was
further investigated. In a regression model that included liver fat percentage difference as the
outcome, and age, sex, difference in body weight (kg), difference in CK18 (as a marker of
apoptosis and necrosis), difference in MET, between baseline and follow-up, and DHA percentage
enrichment as the explanatory variables; each 1% DHA enrichment was associated with a 3.3%
reduction in liver fat percentage (β=-3.3; 95% CI: -4.8, -1.8; p<0.0001).
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4.1.5 Discussion
The results described in this chapter show that treatment with high dose of highly purified DHA
and EPA for 15-18 months in people with NAFLD did not have a beneficial effect on liver fat
percentage and on two biomarker scores for liver fibrosis. At the end of the study, there was no
significant difference in changing MRS liver fat between placebo and treatment group.
When the ITT analysis was performed, the results show that treatment with high dose of highly
purified DHA and EPA for 15-18 months in people with NAFLD did not have a beneficial effect on
liver fat percentage and on two biomarker scores for liver fibrosis. Despite the negative result on
the primary outcomes, the ITT analyses showed a trend toward a decrease in liver fat percentage
with DHA+EPA treatment. However, the results of the ITT analysis were attenuated by the poor
adherence to the DHA+EPA intervention (in the treatment group), and by the contamination with
DHA and EPA (in the placebo group). Further regression analysis was undertaken after excluding
the two participants who admitted to being protocol violators.
With these two participants excluded, there was an improvement in the effect of DHA+EPA
treatment to decrease liver fat percentage (-4.2%; β=-4.2; 95% CI: -8.6, 0.1; p=0.057).
In the secondary analysis, this problem was circumvented by using erythrocyte DHA percentage
enrichment or erythrocyte EPA percentage enrichment as the exposure variable instead of using
randomisation group. Thus, it was possible to test the effect of percentage DHA enrichment (or
percentage EPA enrichment), regardless of randomization group on each of the primary
outcomes.
Interestingly, in the secondary analyses, there was a substantial decrease in liver fat percentage
with high-percentage DHA erythrocytes enrichment. The model for the secondary analysis was
adjusted for several confounders such as age, sex, difference in body weight (kg), MET difference
and CK18 difference. In this adjusted model, the variable that was significantly correlated with
MRS liver fat percentage difference was DHA enrichment. For each 1% DHA enrichment was
associated with a 3.3% reduction in liver fat percentage (β =-3.3; 95% CI: -4.8, -1.8; p<0.0001).
Consequently, for a 6% enrichment in DHA, there was a (6x3.3%)=~20% decrease in liver fat
percentage. Recently, Nobili et al. tested the effect of 18 months of treatment with DHA in
children with NAFLD. Liver biopsy was undertaken before and after treatment. In this study, the
investigators found that DHA improved hepatic steatosis, ballooning, and inflammation201.
With regard to liver fibrosis, there was no suggestion of benefit of DHA+EPA treatment on the two
liver fibrosis scores that might have indicated an effect of treatment in NASH (See Table 5).
Probably, the treatment with DHA+EPA needs to be tested for a longer period than 18 months if
any improvement in liver fibrosis is secondary to improvements in liver fat or liver inflammation.
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Importantly, we did not observe any deterioration in either fibrosis score during the period of the
study.
In the exclusion criteria, the alcohol threshold was based on the UK Governmental Guidelines (21
and 14 units of alcohol per week for men and women, respectively); however, only one man and
one woman had consumed alcohol above the limits preceding enrolment. Exclusion of these 2
subjects did not affect the results, and inclusion of baseline alcohol consumption as a continuous
exposure variable in the regression model shown in Table 5 did not affect the association
between DHA and liver fat percentage. Furthermore, in this model, alcohol intake was not
associated with liver fat percentage (β=0.005; 95% CI: -0.304, 0.314; p=0.98). However, the
alcohol consumption was documented only at baseline and at end of study; therefore, there is the
possibility that, during the study, alcohol consumption may have changed.
In conclusion, erythrocyte DHA enrichment with DHA+EPA treatment is linearly associated with
decreased mean liver fat percentage, calculated from liver fat percentage in three discrete liver
regions, in patients with NAFLD. These data suggest that substantial decreases in liver fat
percentage can be achieved with high levels of erythrocyte DHA enrichment in patients with
NAFLD.
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4.2

The Treating liver fat and serum triglyceride levels in NAFLD, effects of

PNPLA3 and TM6SF2 genotypes
4.2.1 Introduction
Genetic variation in both patatin-like phospholipase domain-containing protein-3 (PNPLA3)
(I148M) and the transmembrane 6 superfamily member 2 protein (TM6SF2) (E167K) influences
severity of liver disease, and serum TG concentrations in non-alcoholic fatty liver disease (NAFLD),
but whether either genotype influences the responses to treatments is uncertain. In NAFLD,
patients with the homozygous I148M/M gene variant of the patatin-like phospholipase domaincontaining protein-3 (PNPLA3) have higher levels of liver fat accumulation 202,203 and lower serum
fasting TGs concentration, compared to those without the homozygous gene variant204. An exome
wide association study identified the rs738409 C>G single nucleotide polymorphism (SNP) in the
PNPLA3 gene, encoding for the isoleucine to methionine substitution at position 148 (I148M). In
humans, PNPLA3, also called adiponutrin, encodes a 481 amino acid membrane protein localised
in the endoplasmic reticulum and at the surface of lipid droplets 104. In humans, this protein has
the highest expression in hepatic stellate cells, retina and hepatocytes. PNPLA3 has a TG and
retinyl-palmitate esterase activity. The functional PNPLA3 148I variant allows optimal TG
hydrolysis whereas the isoleucine to methionine substitution leads to a loss of lipolytic activity
leading an impairment of lipid catabolism, lipid droplets remodelling, and impairment of VLDL
secretion205. Interestingly, PNPLA3 I148M gene variant is linked to increased risk of developing
cirrhosis and hepatocellular carcinoma independently from NALFD 105. The variant protein was
found to have reduced enzymatic activity for the hydrolysis of emulsified TG in hepatocytes. As a
result, the secretion of VLDL is impaired. PNPLA3 retinyl-palmitate activity in hepatic stellate cells
may influence hepatic regeneration and differentiation by altering availability of retinol, potent
regulators of these phenomena. Recently, it has been identified the rs58542926 C>T genetic
variant of the transmembrane 6 superfamily member 2 gene (TM6SF2), which encodes the lossof-function lysine (E) to glutamic acid (K) at position 167 substitution (E167K), as a determinant of
hepatic TG content, serum aminotransferases and lower serum lipoproteins (Figure 3) 206-208.
Although genetic variation in both PNPLA3 and TM6SF2 is known to influence severity of liver
disease, and fasting serum TG concentrations in NAFLD, it is presently uncertain whether either
genotype influences the responses to treatments for NAFLD.
The aim of this chapter is to test whether either PNPLA3 (I148M) or TM6SF2 (E167K) genotypes
affected:
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a) the level of DHA and EPA enrichment in erythrocytes;
b) end of study liver fat percentage; and
c) end of study fasting TG concentration, in patients with NAFLD treated for 15–18
months with 4 g of DHA+EPA daily.

4.2.2 Hypothesis
In patients with NAFLD, either PNPLA3 (I148M) or TM6SF2 (E167K) genotypes affect:
a) the level of DHA and EPA enrichment in erythrocytes;
b) end of study liver fat percentage; and
c) end of study fasting TG concentration, after 15–18 months treatment with 4 g
of DHA+EPA daily.
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4.2.3 Methods
4.2.3.1 Study design
PNPLA3 and TM6SF2 genotypes were measured in 103 participants of the WELCOME study.
Consort diagram and the baseline characteristics of both placebo and active groups have been
reported in Chapter 3.8. All participants had NAFLD and features of metabolic syndrome.
Metabolic syndrome was defined using the International Diabetes Federation criteria 195, the
criteria for defining NAFLD were reported in Chapter 3.8. Blood pressure was measured using a
Marquette Dash 3000 monitor (GE Healthcare, Little Chalfont, Bucks, UK) in the non-dominant
arm. Waist circumference was measured over bare skin, midway between the costal margin and
the iliac crest. Hip circumference was measured at the widest part between the greater
trochanter and lower buttock level. Radiological assessments of body fat (dual-energy X-ray
absorptiometry, DEXA) were undertaken at both baseline and end of study. DEXA scanning was
undertaken with a Delphi W instrument (Hologic, Bedford, MA, USA) to assess percentage body
fat, fat distribution and lean mass. Glucose, insulin, total cholesterol, HDL-cholesterol, TG, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) and cytokeratin-18 (CK-18 M65 as a
marker of liver apoptosis 196) were measured in fasting serum. For measurement of serum TG
concentration, the intra-assay coefficient of variation (CV) was 1% and the inter-assay CV was
1.7%, for TG concentrations <1 mmol/L. Magnetic resonance imaging (MRI) of abdominal visceral
and subcutaneous fat and MR spectroscopy of hepatic lipid content were undertaken at the
beginning and at the end of the study. Any change in diet during the study was assessed by food
frequency questionnaire and we also generated a ‘prudent diet score’ as a healthy diet index,
using principal component analyses 188. Drug medication was recorded at each study visit. At 6
months, 12 months and end of study, participants returned all used study capsules. Returned
capsules were counted to assess compliance to allocated DHA+EPA or placebo.

4.2.3.2 DNA analyses
Blood was collected from participants at baseline for determining polymorphisms in the gene
encoding PNPLA3 and TM6SF2. DNA was extracted from 200 μl whole blood using QIAamp blood
DNA blood mini kit (Qiagen, 51106), as per manufacturer’s instructions. All samples were eluted
in 200 μl DNAse free water. Quality and quantity of DNA was confirmed by spectrophotometry
using a Nanodrop 2000 (Thermo Scientific), where all samples had a 260/280 ratio ≥1.8. PCR
primers were designed using PyroMark Assay Design 2.0 software (Biotage) to investigate the SNP
rs738409 in the human PNPLA3-I148M gene variant. PCR was carried out on 25 ng DNA using 25
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μl KAPA2G Robust Hot Start Taq (Anachem, KK5702) and 0.2 μM of forward
(5’AGCAGAGAAAGCCGACTTACCAC 3’) and reverse (5’GGGTGCTCTCGCCTATAACTTC 3’) primers in
a 50 μl reaction. PCR products were immobilised on streptavidin–sepharose beads (GE Healthcare
UK Ltd., 17-5113-01), washed, denatured and released into annealing buffer containing the
sequencing primer (5’ATGTTCCTGCTTCAT 3’). PNPLA3 SNP genotype was analysed using Pyromark
ND 1.0 Software (Biotage). TM6SF2 genotype was determined using TaqMan C_89463510_10
Genotyping assay (Life technologies 4351379) and TaqMan Genotyping Master Mix (Life
Technologies, 4371353) and analysed using LightCycler 480 SW 1.5.1 software (Roche). The
rs58542926 C>T (E167K, TM6SF2) single-nucleotide polymorphisms were assessed in duplicate.
Analytical pass rate was 100%.

4.2.3.3 Statistical analyses for the secondary
All statistical analyses were performed using SPSS for Windows (version 21.0; SPSS). Baseline and
end of study characteristics in DHA+EPA and placebo groups were examined. Data are reported as
means and 95% CIs or SDs for normally distributed variables, or as median and interquartile range
(IQR), or ranges with maxima and minima for non-normally distributed variables. Comparisons of
means between groups were performed by using t-tests for normally distributed variables and
Mann Whitney U for non-normally distributed unpaired variables. Comparisons of paired data
were tested by paired t tests, Wilcoxon signed rank and McNemar’s tests. Multivariable linear
regression modelling with backwards elimination was undertaken to test independent
associations with these outcome variables: a) end of study TG concentration, b) end of study liver
fat % c) DHA or EPA percentage enrichment in erythrocytes (end of study % minus baseline %). In
each of these separate regression models, we adjusted for the baseline measurement of the
outcome measure in question. Covariates, potential confounders and change in potential
confounders between baseline and end of study were included, to test the independence of
associations between key exposures and the outcome in question. Explanatory variables that
were included in the models were continuous or categorical. For PNPLA3 and TM6SF2 genotype, a
binary indicator variable was created and coded as 148I/M+148I/I=0 and 148M/M=1, or TM6SF2
167E/E=0 and TM6SF2 167E/K+167K/K=1 respectively. Differences between variables in PNPLA3
genotype groups and in TG quartile groups were tested by ANOVA or Kruskal Wallis depending on
whether variables were normally or non-normally distributed. A P value of <0.05 was considered
to be statistically significant. ANCOVA analyses were also undertaken test the effects of allelic
variation of the genotypes for PNPLA3 and TM6SF2 on the study outcomes and to estimate the
adjusted mean differences, according to genotype, between baseline and end of study in the
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study outcomes. Each ANCOVA model was adjusted for the same potential confounders as shown
in the linear regression models.

4.2.4 Results
4.2.4.1 Subject characteristics
Table 6 summarises the baseline and end of study results for the main anthropometric and
biochemical variables, according to randomisation group. Ninety-five participants completed the
study (55 men and 40 women) and 32 of these had diabetes. At baseline, fasting TG concentration
and BMI were higher in the DHA+EPA group compared with the placebo group (p=0.04 and
p=0.02, respectively). At baseline, there were no differences between the groups in MRI visceral
fat measurements, waist circumference and weight. At baseline, 7.4% (n=7) of participants were
taking fibrates, 6.3% (n=6) were taking ezetimibe, 44.2% (n=42) were taking statins, 4.2% (n=4)
were taking orlistat and 9.5% (n=9) were taking levothyroxine. At the end of the study, there were
9.5% (n = 9) of people taking fibrates, 5.3% (n = 6) people were taking ezetimibe, 49.5% (n = 47)
people taking statins, 1.1% (n = 1) were taking orlistat (Table 6), 10.5% (n=10) were taking
levothyroxine. With regard to other metabolic and biochemical variables, there were no
significant differences between randomisation groups (Table 6). Diet (assessed by prudent diet
score) and alcohol intake did not change significantly during the study in either group. Capsule
count at 6 months, 12 months and at end of study confirmed that compliance with treatment was
at least 78% of all allocated capsules in all participants during the duration of the study. Table 6
also shows fatty acid percentages in erythrocytes at baseline and at the end of study in the
placebo and DHA+EPA groups. Despite very good compliance with the DHA+EPA intervention in
the treatment arm, there was very variable DHA and EPA enrichment between individuals. Some
individuals had only limited enrichment of either fatty acid while others had excellent enrichment,
which did not relate to numbers of capsules consumed. For example, for DHA and EPA, the range
of change in concentrations in erythrocyte membranes was from -1.8% to +5.6% (DHA) and from 0.9% to +6.2% (EPA). In the placebo group, there was no change in enrichment in EPA and there
was a very small increase in DHA enrichment. 42 participants had the PNPLA3 148I/I genotype, 43
had the 148I/M genotype and 13 had the 148M/M genotype. Tables 7 describe the baseline
characteristics of the cohort stratified by PNPLA3 genotype. With regard to MRS liver fat
percentage, there was a trend towards an increase in liver fat in the group of participants carrying
the GG genotype (mean liver fat GG genotype=25.1%; SD=1.8) compared to the group of
participants carrying the CC and CG genotype (mean liver fat CC genotype=19.4%; SD=2.5 and
mean liver fat CG genotype=19.9%; SD=2.3) (Table 7). However, there were no significant
differences between the three genotypes groups (p=0.3). Moreover, there was no difference in
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liver fat percentage between GG and CC group (mean liver fat GG genotype=25.1%; SD=1.8 and
mean liver fat CC genotype=19.4%; SD=2.5; p=0.1).
There were between group differences for DHA percentage (p = 0.03). With regard to TM6SF2
(E167K) genotype, 80 participants had the TM6SF2 167E/E genotype, 15 had the TM6SF2 167E/K
genotype and three had the TM6SF2 167K/K genotype (Table 8).
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Table 6. Baseline and end of study biochemical variables, anthropometric characteristics and lipid
lowering medication.

Placebo group

DHA+EPA group

Variables

Baseline

End of study

p-value

Baseline

End of study

p-value

Age (y)

54.0 (9.6)

55.4 (9.6)

n/a

48.6 (11.1)

50.1 (11.1)

n/a

Sex (M/F)

35/17

32/16

n/a

25/26

23/24

n/a

Weight (kg)

94.5 (15.8)

90.4 (16.3)

0.76

96.5 (17)

94.1 (13)

0.38

BMI (kg/m2)

32.4 (4.5)

30.8 (4.5)

0.74

34.0 (5.8)

33.4 (4.9)

0.30

Prudent Diet Score*

0.09 (0.97)

-0.07(0.9)

0.46

-0.1 (1.0)

0.03 (1.0)

0.55

Alcohol intake (Units/week)

6.3

6.8

0.88

2.3

2.2

0.67

Waist circumference (cm)

108.1 (11.5)

107.7 (10.3)

0.65

114.4 (13.4)

112.3 (10.4)

0.96

86.3 (7.4)

82.9 (6.5)

0.75

85.4 (12.3)

81.7 (8.2)

0.006

137.7 (15.1)

133.9 (11.3)

0.13

138.2 (17.4)

133.3 (13.7)

0.004

6.2 (2.0)

6.7 (3.0)

0.07

6.2 (1.2)

6.1 (2.0)

0.77

11.7 (11.2)

10.2 (9.3)

0.68

12.3 (7.1)

13.9 (6.4)

0.18

HbA1c (%)

6.7 (1.2)

6.0 (2.0)

0.18

5.9 (0.9)

5.7 (2.0)

0.64

Serum triglycerides (mmol/L)

1.5 (0.5)

1.8 (0.6)

0.05

1.8 (0.7)

1.5 (1.2)

0.018

Serum cholesterol (mmol/L)

4.5 (0.8)

4.8 (1)

0.28

4.9 (1.1)

4.7 (1.1)

0.17

LDL-cholesterol (mmol/L)

2.7 (0.7)

2.8 (0.8)

0.38

3.0 (0.9)

2.8 (0.9)

0.12

HDL-cholesterol (mmol/L)

1.1 (0.3)

1.1 (0.2)

0.91

1.0 (0.2)

1.1 (0.3)

< 0.0001

ALT (IU/L)

59.5 (45)

48.5 (25)

0.03

55.0 (51)

44.0 (34)

0.89

AST (IU/L)

50.0 (25)

35.0 (17)

0.02

39.0 (24)

30.0 (27)

0.97

DEXA total fat mass (g)

33252
(8734)

30822 (8136)

0.34

38128
(10565)

35694
(8061.6)

0.09

DEXA total lean mass (g)

59017
(11344)

56396
(11237)

0.14

56353
(11564)

56218
(10799)

0.61

DEXA andro/gynoid (ratio)

1.2 (0.2)

1.2 (0.1)

0.13

1.2 (0.1)

1.1 (0.1)

0.72

MRI subcutaneous fat (%)

30.4 (9.7)

28.8 (9)

0.43

35.4 (10.5)

32.0 (9.6)

0.47

MRI visceral fat (%)

16.7 (4.7)

16.5 (5.4)

0.36

15.2 (5.1)

15.9 (4.7)

0.67

MRS liver fat %

21.7
(13.7, 32.3)

19.7
(11.3, 28.0)

0.006

23.0 (12.0,
47.5)

16.3 (9.0,
30.7)

0.01

Diastolic blood pressure
(mmHg)
Systolic blood pressure
(mmHg)
Fasting plasma glucose
(mmol/L)
Fasting plasma insulin
(μUnit/ml )
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Erythrocyte DHA (%)
enrichment
Erythrocyte EPA (%)
enrichment
Fibrates n

4.1 (1.6)

5.0 (1)

0.002

3.8 (1.2)

7.1 (1.3)

< 0.0001

0.9 (0.4)

1.0 (0.2)

0.17

0.8 (0.3)

2.4 (1.8)

< 0.0001

4

4

1.0

3

5

0.5

Statins n

23

23

1.0

19

24

0.06

Ezetimibe n

5

3

0.5

1

2

1.0

Variables that are normally distributed are expressed as mean (standard deviation (SD)). Variables that are
non-normally distributed are expressed as median (inter-quartile range (IQR)).
*Prudent Diet Score (continuous variable derived from food frequency questionnaire).

Table 7. Baseline characteristics according to PNPLA3 genotype (I148M)
Genotypes
Phenotypes

P value
(difference between
groups)

C/C
N=42

C/G
N=43

G/G
N=13

96.8
(20.2)
34.6 (6.5)

97.9
(15.4)
33.2 (4.8)

89.3
(10.8)
31.7 (4.5)

5.3 (1.9)

5.5 (1.2)

5.4 (2.0)

0.3

2.5 (2.4)

3.1 (4.6)

2.6 (1.1)

0.3

1.6 (1.2)

1.7 (0.9)

1.4 (0.3)

0.4

Serum cholesterol (mmol/L)

4.9 (0.9)

4.6 (1.1)

4.6 (0.7)

0.3

HDL-cholesterol (mmol/L)

1.1 (0.4)

1.1 (0.3)

1.1 (0.3)

0.9

LDL-cholesterol (mmol/L)

3.0 (0.9)

2.7 (0.9)

2.9 (0.7)

0.5

ALT (IU/L)

53 (44)

55 (33)

70 (65)

0.4

AST (IU/L)

38 (21)

39 (26)

45 (54)

0.5

Erythrocyte EPA (%) baseline

0.8 (0.3)

0.9 (0.4)

0.7 (0.3)

0.1

Erythrocyte DHA (%) baseline

3.7 (1.2)

4.3 (1.4)

3.6 (1.4)

0.03

MRS liver fat (%)

19.4 (2.5)

19.9 (2.3)

25.1 (1.8)

0.3

Weight (kg)
BMI (kg/m2)
Fasting plasma glucose
(mmol/L)
HOMA-IR
Serum triglyceride (mmol/L)

0.5
0.2

Variables that are normally distributed are expressed as mean (standard deviation (SD)). Variables that are
non-normally distributed are expressed as median (inter-quartile range (IQR)). (CC = 148II, C/G=148 IM, GG=
148MM).
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Table 8. Baseline characteristics according to TM6SF2 genotype
Genotypes
CC

CT+TT

Weight (kg)

94.9 (15.1)

98.5 (20.9)

P value
(difference between
groups)
0.5

BMI (kg/m2)
Fasting plasma glucose
(mmol/L)
HOMA-IR
Serum triglyceride
(mmol/L)
Serum cholesterol
(mmol/L)
HDL-cholesterol
(mmol/L)
LDL-cholesterol
(mmol/L)
ALT (IU/L)

32.6 (4.5)

35.4 (8.1)

0.05

6.3 (2.7)

6.1 (1.3)

0.6

2.7 (2.9)

4.0 (5.8)

0.7

1.6 (1.1)

1.5 (0.7)

0.02

4.7 (1.0)

4.5 (0.9)

0.1

1.0 (0.4)

1.0 (0.3)

0.6

2.8 (1.0)

2.8 (0.6)

0.3

55.0 (51)

55.0 (58)

0.8

AST (IU/L)

42.0 (24)

39.0 (40)

0.8

MRS liver fat %
Erythrocyte EPA (%)
baseline
Erythrocyte DHA (%)
baseline

28.5 (20.3)

29.0 (19.1)

0.9

1.1 (1.4)

0.5 (0.7)

0.1

4.0 (1.4)

4.1 (0.8)

0.6

Phenotypes

Variables that are normally distributed are expressed as mean (standard deviation (SD)). Variables that are
non-normally distributed are expressed as median (inter-quartile range (IQR)). (CC = TM6SF2 167E/E, C/T=

TM6SF2 167E/K, TT= TM6SF2 167K/K).
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4.2.4.2 The effects of PNPLA3 (I148M) and TM6SF2 (E167K) genotypes on DHA and EPA
enrichment
The results of this chapter show that, PNPLA3 148M/M genotype, and not either the TM6SF2
(E167K), TM6SF2 167E/K+K/K or TM6SF2 167E/E genotypes, was associated with an increase in
liver fat percentage (+1.2%) at the end of the study regardless of randomisation group. In the
treatment group, there were two participants carrying the PNPLA3 148M/M genotype, therefore
it was not possible to compare the treatment group with the placebo group. However, in the
treatment group there was a trend towards an increase in MRS liver fat percentage at the end of
the study. Whereas, in the placebo group there were eight people carrying the PNPLA3 148M/M
genotype and at the end of the study there was no change in the MRS liver fat percentage. The
independent association of PNPLA3 (I148M) 148M/M genotype with either erythrocyte DHA or
EPA % enrichment between baseline and end of study was tested. For DHA enrichment, the
multivariable linear regression model included % change in erythrocyte DHA enrichment (end of
study – baseline % enrichment) as the outcome, and age, sex, baseline liver fat %, PNPLA3
148M/M genotype, TM6SF2 genotype TM6SF2 167E/K+167K/K, BMI, diabetes, % DHA enrichment
at baseline, total fat mass, change in CK- 18 M65 (between end of study and baseline), TG
concentration at baseline, use of orlistat, L thyroxine, fibrates, beta blockers, and thiazide
diuretics at baseline and capsule count as explanatory variables. In this model, PNPLA3 148M/M
was independently associated with % DHA enrichment (unstandardized β coefficient enrichment 1.02 (95%CI -1.97, -0.07), p=0.036). In contrast, when this regression model was adjusted to test
associations between PNPLA3 148M/M genotype and % EPA enrichment, there was no significant
association (unstandardized β coefficient -0.31 (95%CI -1.38, 0.75), p=0.56). TM6SF2 genotype
was not independently associated with either EPA or DHA enrichment.

4.2.4.3 Effect of PNPLA3 and TM6SF2 genotypes on end of study liver fat percentage and
end of study triglyceride concentration
Between baseline and end of study the change in liver fat % was -7.0 (14) (median and IQR) in the
PNPLA3 148I/I+148M/M genotype groups compared with +1.2 (9.0) (median and IQR) in the
148M/M group (p=0.027). The change in liver fat was -4% (20) (median and IQR) in the TM6SF2
167EE genotype and in the TM6SF2 167E/K+K/K genotype it was 0.75 (12.3) (median and IQR). In
the DHA+EPA group, the mean of MRS liver fat difference in people carrying the CC genotype
(n=21) was -6%, whereas in people carrying the GG genotype (n=2) was +8% (p=0.2). In the
placebo group, the mean and standard deviation (SD) of MRS liver fat difference in people
carrying the CC genotype (n=19) was -7% (SD 10), whereas in people carrying the GG genotype
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(n=8) was -0.4% (SD 9) (p=0.1). Between baseline and end of study the change in serum TG
concentration was (median and IQR) -0.1 (0.8) in the PNPLA3 148I/I+148M/M genotype groups
compared with +0.3 (0.9) in the 148M/M group (p=0.22). In the presence of the TM6SF2 167EE
genotype the changes in TG were -0.1 mmol/L (0.8) (median and IQR) and -0.1 mmol/L (0.6)
(median and IQR) in the TM6SF2 167E/K+K/K genotype group respectively. The effect of PNPLA3
I148M/M genotype on end of study liver fat percentage and end of study TG concentration was
then investigated adjusting for covariates and potential confounders. Table 9 shows the factors
independently associated with the end of study liver fat %. DHA enrichment and decrease in
weight (kg) during the 15-18 months of the trial, were both independently associated with end of
study % liver fat and baseline % liver fat was also independently associated with end of study %
liver fat.
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Table 9. Factors independently associated with end of study liver fat percentage with DHA+EPA
treatment.

Variables

Unstandardized B coefficient

95%CI

p-value

Baseline liver fat (%)

-0.39

Total body fat mass (kgs)

0.58

0.09, 1.07

0.021

Change in body weight (kg)

0.79

0.25, 1.32

0.004

PNPLA3 (I148M) genotype GG

9.5

2.53, 16.39

0.008

% DHA enrichment

-1.50

-2.82, -0.19

0.025

-0.60, -0.28 <0.0001

Factors included in the model, age, sex, baseline liver fat %, PNPLA3 genotype, TMS6SF2 genotype, % DHA
enrichment (end of study – baseline % enrichment), baseline serum triglyceride, total fat mass, change in
M65 (between end of study and baseline), BMI, diabetes, change in weight, use of orlistat at baseline, use of
L thyroxine at baseline and capsule count. R2=0.54, p<0.0001.

Additionally, PNPLA3 148M/M genotype was independently associated with end of study % liver
fat (β=9.5 (95%CI 2.53, 16.39), p=0.008). Overall this model (Table 9) accounted for 54% of the
variance in end of study % liver fat (R2=0.54, p<0.0001). The effect of PNPLA3 148M/M genotype
on end of study TG concentration was then investigated. From the results of univariate analyses
(data not shown), factors included in the model, were age, sex, baseline liver fat %, MRS
difference, PNPLA3 genotype, TM6SF2 167E/K+K/K, BMI, diabetes, % EPA enrichment (end of
study – baseline % enrichment), total fat mass, change in M65 (between end of study and
baseline), TG concentration at baseline, and use of orlistat, L thyroxine, fibrates, beta blockers,
and thiazide diuretics at baseline, and capsule count. Factors that were independently associated
with end of study TG concentrations are shown in Table 10. In contrast to the data for end of
study % liver fat, PNPLA3 148M/M genotype was not associated with end of study TG
concentration (β=-0.11 (95%CI -0.64, 0.42), p=0.68). Additionally, % EPA enrichment (β=-0.19
(95%CI -0.31, -0.07), p=0.002) and not % DHA enrichment was independently associated with end
of study TG concentration. Factors included in the regression model shown in Table 10 explained
56% of the variance in end of study TG concentration (R2=0.56, p<0.0001). There was not
relationship between TM6SF2 genotype and MRS liver fat or fasting TG concentrations. However,
there was a significant difference in fasting TG at baseline by genotype; for the TM6SF2
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167E/K+K/K genotype, TG at baseline were lower (1.5 mmol/L (0.7) (median and IQR)) than for
the TM6SF2 167E/E genotype (1.8 mmol/L (1.4) (median and IQR)) (p=0.02).
Since the evidence suggests that PNPLA3 148M/M genotype influences hepatic fat accumulation
and liver damage with an additive effect of each 148M allele 209 210, the additive effective of allelic
variation for PNPLA3 (I148M) genotype on change in liver fat percentage and change in fasting
serum TG was tested between baseline and end of study. Each ANCOVA model (Table 11) was
adjusted for the same potential confounders as shown in Tables 9 and 10. These data show that
although there was a change in liver fat % between baseline and end of study in each PNPLA3
genotype, the adjusted mean difference in liver fat % was greater for PNPLA3 148I/I and for
PNPLA3 148IM/M (with a decrease in liver fat % between baseline and end of study), compared
with the PNPLA3 148M/M group where there was a small increase in liver fat %. For change in TG
concentration between baseline and end of study, there was no significant effect of PNPLA3
genotype (in keeping with the results of regression modelling presented in Table 9).
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Table 10. Factors independently associated with end of study fasting triglyceride concentration
with DHA+EPA treatment.

Variables

Unstandardised B coefficient

95%CI

p-value

Age (y)

-0.03

Being male

0.54

Baseline triglycerides (mmol/L)

-0.47

-0.60, -0.34 <0.0001

Total body fat mass (kg)

-0.03

-0.05, -0.01

0.003

Capsule count

-0.24

-0.45, -0.03

0.025

Use of beta blockers

0.85

0.07, 1.63

0.034

% EPA enrichment

-0.19

-0.31, -0.07

0.002

-0.05, -0.02 <0.0001
0.13, 0.97

0.011

Factors included in the model, age, sex, baseline liver fat %, PNPLA3 genotype, TMS6SF2 genotype, % EPA
enrichment (end of study – baseline % enrichment), BMI, total fat mass, diabetes, change in M65 (between
end of study and baseline), change in weight, triglyceride concentration at baseline, and use of orlistat, L
thyroxine, fibrates, beta blockers, and thiazide diuretics at baseline and capsule count. (N.B. PNPLA3
genotype GG (I148M) (B coefficient -0.02 (95%CI -0.52, 0.49, p=0.95). Final model R2=0.56, p<0.0001).
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Table 11. Adjusted mean differences for change in liver fat percentage, change in serum fasting
triglyceride concentration and change in DHA percentage enrichment with DHA+EPA treatment,
according to PNPLA3 genotype.
Genotypes
Phenotypes

CC
N=42

CG
N=43

GG
N=13

Adjusted mean change in liver fat %
(95%CI)

-7.05 (-10.77, 3.33)

-7.30 (-10.75, 3.85)

2.75 (-4.22,
9.73)

*Adjusted mean change in triglyceride
(mmol/L) (95%CI)

-0.12 (-0.41,
1.62)

-0.09 (-0.36,
0.17)

-0.20 (-0.71,
0.31)

1.84 (1.27,
2.41)

2.06 (1.52,
2.60)

0.75 (-0.23,
1.72)

§Adjusted mean change in DHA (%)
(95%CI)

Change in liver fat %: ANCOVA model adjustments: age, sex, baseline liver fat %, PNPLA3 genotype, TM6SF2,
BMI, diabetes, % DHA enrichment (end of study – baseline % enrichment), baseline serum triglyceride, total
fat mass, change in M65 (between end of study and baseline), change in weight, use of orlistat at baseline,
use of L thyroxine at baseline and capsule count.
Pairwise comparisons C/C v GG, p=0.02 and C/G v GG p=0.012.
*Change in triglycerides: ANCOVA model adjustments: age, sex, baseline liver fat %, PNPLA3 genotype,
TM6SF2, BMI, diabetes, % EPA enrichment (end of study – baseline % enrichment), total fat mass, change in
M65 (between end of study and baseline), change in weight, triglyceride concentration at baseline, and use
of orlistat, L thyroxine, fibrates, beta blockers, and thiazide diuretics at baseline and capsule count. Pairwise
comparisons C/C v GG, p=0.8 and C/G v GG p=0.71
§Change in DHA % enrichment: ANCOVA model adjustments: age, sex, baseline liver fat %, PNPLA3 genotype,
TM6SF2, BMI, diabetes, % DHA baseline, baseline serum triglyceride, total fat mass, change in M65 (between
end of study and baseline), change in weight, use of orlistat at baseline, use of L thyroxine at baseline and
capsule count. Pairwise comparisons C/C v GG, p=0.06 and C/G v GG p=0.023
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4.2.5 Discussion
The results of this chapter show that, PNPLA3 148M/M genotype, and not either the TM6SF2
(E167K), TM6SF2 167E/K+K/K or TM6SF2 167E/E genotypes, was associated with an increase in
liver fat percentage (+1.2%) at the end of the study regardless of randomisation group. In the
treatment group, there were two participants carrying the PNPLA3 148M/M genotype, therefore
it was not possible to compare the treatment group with the placebo group. However, in the
treatment group there was a trend towards an increase in MRS liver fat percentage at the end of
the study. Whereas, in the placebo group there were eight people carrying the PNPLA3 148M/M
genotype and at the end of the study there was no change in the MRS liver fat percentage. In
contrast, neither PNPLA3 (I148M), nor TM6SF2 (E167K) genotypes were associated with end of
study serum TG concentrations. Interestingly, after adjusting for baseline liver fat percentage,
baseline body fat mass, and other covariates and confounders, the key independent factors
associated with end of study liver fat percentage, were: a) a decrease in weight during the trial, b)
baseline body fat, c) an increase in tissue percentage of DHA enrichment, d) PNPLA3 148M/M
genotype, and e) baseline liver fat percentage (Table 9).
A meta-analysis of 16 studies (2937 subjects) across different populations with NAFLD assessed
the strength of the effect of PNPLA3 148M/M genotype on liver fat. In this meta-analysis, PNPLA3
148M/M genotype was associated with 73% higher liver fat content compared with the 148I/I
variant 209. In keeping with this evidence, in the WELCOME study participants at baseline, median
liver fat percentage was 28.5% in subjects with PNPLA3 148M/M compared with 22.6% in subjects
with 148I/I or 148I/M. However, to date it is uncertain how PNPLA3 148M/M genotype modifies
any response to treatment interventions in NAFLD. Recently it has been suggested that there was
a greater reduction in liver fat percentage with a 12 month lifestyle intervention in subjects with
the PNPLA3 148M/M genotype 211 than in subjects with 148I/M or 148I/I genotype. However,
initial baseline mean liver fat percentage in the intervention group was surprisingly low (i.e. 5.5%)
and was only 4.3% in the PNPLA3 148M/M group. As can be seen from these results and from the
unstandardized β coefficient in Table 9, even after adjusting for baseline liver fat percentage,
PNPLA3 148M/M genotype was associated with 10% higher end of study liver fat than seen in
subjects with either PNPLA3 148I/I or 148I/M. Importantly, this effect of PNPLA3 148M/M
genotype was independent of any benefit conferred by decrease in body weight and increased
percentage of DHA enrichment (Table 9).
DHA+EPA treatment produced highly variable inter-individual DHA and EPA tissue enrichment,
and importantly this enrichment was independent of compliance and the numbers of capsules
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returned unused during the trial. PNPLA3 148M/M was associated with decreased DHA
enrichment but was not associated with EPA enrichment. It is known that omega-3 fatty acids are
rapidly incorporated into plasma membranes where they affect membrane fluidity and
membrane permeability 212 and that measurement of erythrocyte DHA and EPA enrichment is
considered a good proxy for omega-3 fatty acid enrichment and bioavailability in liver 213.
However, based the results shown in this chapter, PNPLA3 I148M is involved in DHA/EPA
mobilization in the liver, and subjects with PNPLA3 148M/M genotype have lower levels of DHA
214

. Additionally, omega-3 fatty acids decrease the expression of sterol response element binding

protein 1c (SREBP1c), a key regulatory factor in hepatic lipogenesis 215, and recently it has been
shown that carriers of the PNPLA3 148M allele have decreased de novo lipogenesis 216. Thus, it is
possible that the lack of response to DHA+EPA treatment in decreasing liver fat percentage in
subjects with PNPLA3 I148M/M could be due to the fact that these subjects already have low
levels of de novo lipogenesis. That said, it is not known whether PNPLA3 I148M/M genotype
affects the incorporation of DHA (or EPA) into the liver lipid droplet, although recent evidence in a
small study in children suggests that the PNPLA3 148M/M genotype attenuates the benefit of
DHA to decrease liver fat 217. These data in children are in agreement with, and are extended by,
our data, showing PNPLA3 148M/M genotype is associated with lower levels of DHA enrichment.
Importantly, PNPLA3 I148M/M genotype is associated with a ~1 SD decrease (i.e. a 1.2%
decrease) in erythrocyte DHA enrichment (unstandardized β coefficient -1.02 (95% CI -1.97, 0.07), p=0.036). A 1 SD decrease in percentage of DHA enrichment means that most individuals
with the PNPLA3 I148M/M genotype do not achieve the 2% DHA enrichment threshold that was
necessary to achieve satisfactory reductions in liver fat in this cohort 218. Since the results in
Chapter 4.2 show that higher levels of percentage DHA enrichment are associated with lower
levels of liver fat 218, it is noteworthy that most patients with PNPLA3 I148M/M genotype do not
achieve high levels of percentage DHA enrichment. Similarly, others have shown an effect of
PNPLA3 genotype to modify treatment effect and a recent research study by Dongiovanni et al. 219
has shown that statin treatment was associated with a reduction in liver fat content and
inflammation in individuals with NAFLD, carrying the PNPLA3 148I/I genotype. The effect was
absent in those with the PNPLA3 148M/M genotype. The mechanism by which PNPLA3 I148M/M
genotype affects fasting TG concentration is still uncertain. Hyysalo et al. showed in non-obese
people with NAFLD that the PNPLA3 I148M/M genotype is associated with hepatic hydrolysis of
TG, reducing hepatic VLDL secretion 204 but it is uncertain whether the PNPLA3 I148M/M
genotype modifies any change in TG concentrations induced by an intervention. The daily
treatment with 4 g of DHA+EPA in this study provided similar amounts of DHA (1520 mg) and EPA
(1840 mg) as ethyl esters and the data reported in this chapter suggest that a greater TG-lowering
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effect was associated with EPA enrichment rather than DHA enrichment. Table 9 shows the
factors that were associated with end of study fasting serum TG concentrations (adjusting for
baseline measurement and other confounders and covariates). These data show that many
factors (but not PNPLA3 or TM6SF2 genotypes) were independently associated with TG
concentrations and, as expected, compliance (capsule count) was independently associated with
end of study TG concentration. This finding is also consistent with licensing data for DHA+EPA for
the treatment for high serum TG concentrations, where 4 g per day is the highest licenced dose,
and 4 g is more effective in lowering serum TG concentrations than 2 to 3 g/day. It is possible that
PNPLA3 I148M genotype only influences VLDL secretion (and thereby fasting TG concentrations),
when there are specific hepatic lipids available for incorporation into the secreted VLDL particle 30.
Thus, it is plausible that PNPLA3 I148M genotype may have little or no effect on VLDL levels when
there is a modification in the quality of fatty acids and the type of hepatic lipid content 220 (e.g.
which may occur after DHA treatment).
This study is the first study to test the effects of the PNPLA3 (I148M) and TM6SF2 (E167K)
genotypes on relevant end points in NAFLD as part of an intervention trial testing the effects of
high dose DHA+EPA treatment in adults. The data presented in this chapter showed the effects of
genotypes on change in liver fat percentage and change in serum TG concentration in NAFLD,
rather than testing the effect of genotypes on changes in liver fibrosis biomarkers or other
biomarkers of NAFLD severity that are known to be affected by PNPLA3 (I148M) and TM6SF2
(E167K). The reason for this was that these measures did not change between baseline and end of
study during the trial.
In conclusion, DHA enrichment and loss of weight during the randomised double-blind placebo
controlled trial both independently decreased end of study liver fat percentage, adjusting for
baseline liver fat percentage and all other measured covariates and confounders. PNPLA3
148M/M, but not TM6SF2, genotype was strongly and negatively associated with DHA tissue
enrichment and was associated with markedly higher (~10%) end of study liver fat levels. In
contrast, end of study fasting TG concentrations were strongly associated with percentage of EPA
enrichment but not PNPLA3 (I148M) or TM6SF2 (E167K) genotypes.
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4.3 The effect of Fatty Acid Desaturase (FADS) and Elongase (ELOVL)
polymorphisms on indexes of desaturase activity and liver fat in NAFLD.
4.3.1 Introduction
Tissue levels of omega-3 and omega-6 fatty acids are affected by both dietary intake and
endogenous synthesis that occurs via desaturation and elongation of fatty acid precursors (ALA
and LA). The fatty acid desaturase 1 and fatty acid desaturase 2 (FADS1 and FADS2) genes encode
for Δ-5 and Δ-6 desaturases, that are key enzymes mainly expressed in the liver and are
responsible for catalysing the formation of double bonds at the Δ-5 and Δ-6 positions in long chain
polyunsaturated fatty acids, respectively. Both genes, FADS1 and FADS2, are oriented head-tohead and localized in a cluster on chromosome 11 (11q12-13.1). Elongases are enzymes
responsible for catalysing the elongation of the aliphatic chain of carbons adding two carbon units
to the carboxylic end of a fatty acid chain, leading to the formation of long-chain omega-3 and
omega-6 polyunsaturated fatty acids 221. Elongases are encoded by members of the elongation-ofvery-long-chain-fatty-acids (ELOVL) gene family located on chromosome 6 222. Several genomewide association (GWA) studies have shown that single nucleotide polymorphisms (SNPs) in both
FADS1-FADS2 gene clusters and ELOVL gene family were strongly associated with: higher EPA and
lower DHA proportions 125,223, NAFLD 224, metabolic syndrome, 225 and dyslipidaemia125-129,223.
These studies have also shown that low Δ5-desaturase enzyme activity was associated with
accumulation of desaturase substrates and low desaturase products 130,131(See Figure 11). Other
investigations have found that the concurrence of low Δ-5 desaturase activity and high Δ6desaturase activity was associated with dyslipidaemia, suggesting that heritable differences in
omega-3 and omega-6 fatty acids metabolism also influenced plasma lipid profiles 226-229.
Currently, it is unclear whether treatment with omega-3 fatty acids can affect Δ-5 and Δ-6
desaturase enzyme activities in people with NAFLD through a gene-DHA+EPA interaction.
The aims of this chapter are to test whether:
a. SNPs of the FADS gene cluster and ELOVL gene family affect:
i. Δ-5 and Δ-6 desaturase activities as determined by product-to-precursor
ratios (see Figure 11),
ii. DHA, EPA and AA percentage in erythrocyte membranes, and
iii. liver fat percentage measured by MRS;
b. to test whether there is a gene-DHA+EPA interaction affecting
i. both Δ-5 and Δ-6 desaturase activities,
ii. DHA, EPA and AA percentage in erythrocyte membranes.
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Figure 11. Influence of Δ-5 and Δ-6 desaturase activity on omega-6 and omega-3 fatty acid
product/precursor ratio. Influence of Δ-5 and Δ-6 desaturase activities on long-chain polyunsaturated fatty
acid synthesis. Erythrocyte fatty acid composition reflects both dietary intake and the endogenous
efficiency of elongation and desaturation of their dietary precursors (LA and ALA). The red arrows show
that the decrease in Δ-5 desaturase activity and increase in Δ-6 desaturase activity result in accumulation of
Δ-5 desaturase substrates DGLA and ETA (green arrows).

Estimates of Δ-5 and Δ-6
desaturase activities:
Δ-5 desaturase activity= AA/DGLA
Δ-6 desaturase activity = DGLA/LA
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4.3.2 Hypotheses
a. In patients with NAFLD, SNPs of the FADS gene cluster and ELOVL gene family affect
i. Δ-5 and Δ-6 desaturase activities as determined by product-to-precursor
ratios (see Figure 11),
ii. DHA, EPA and AA percentage in erythrocyte membranes, and
iii. liver fat percentage measured by MRS;
b. to test whether there is a gene-DHA+EPA interaction affecting
i. both Δ-5 and Δ-6 desaturase activities,
ii. DHA, EPA and AA percentage in erythrocyte membranes.
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4.3.3 Methods
4.3.3.1 Subject and measurements
In 103 WELCOME study participants, sixteen SNPs in FADS1, FADS2 gene cluster and ELOVL gene
family were genotyped. All participants had NAFLD and features of metabolic syndrome defined
using the International Diabetes Federation criteria 195, the criteria for defining NAFLD were
reported previously (Chapter 3.2). MRS of hepatic lipid content was undertaken at the beginning
and at the end of the study. Any change in diet during the study was assessed by food frequency
questionnaire and a ‘prudent diet score’ as a healthy diet index was also generated, using
principal component analyses as previous described 188.

4.3.3.2 DNA analysis
Sixteen SNPs of the FADS1-FADS2 gene locus (rs174545, rs174546, rs174547, rs174548, rs174550,
rs174555, rs174556, rs174549, rs174574, rs174576, rs174577, rs174568, rs1535, rs174581,
rs174562, rs174561) and 2 SNPs of the ELOVL2 gene region (rs12195587 and rs4532436) were
genotyped with Sequenom MassARRAY iPLEX Gold assays (Sequenom, San Diego, CA).

4.3.3.3 Statistical analysis
All statistical analyses were performed using SPSS for Windows (version 23.0; SPSS). We examined
baseline and end of study characteristics in DHA+EPA and placebo groups. Data are reported as
means and SDs for normally distributed variables, or as median and interquartile range (IQR) for
non-normally distributed variables. Comparisons of means between groups were performed by
using t-tests for normally distributed variables and Mann Whitney U for non-normally distributed
unpaired variables. Estimates of Δ-5 and Δ-6 desaturase activities were computed using productto-precursor ratios: (C20:4n-6, arachidonic acid, AA):(C20:3n-6 dihomo-γ-linolenic acid, DGLA),
and (C20:3n-6, DGLA):(C18:n-6, linoleic acid, LA), respectively, as previously described 230. The
selected SNPs of the FADS gene cluster (rs174545, rs174546, rs174547, rs174548, rs174550,
rs174555, rs174556, rs174549, rs174574, rs174576, rs174577, rs174568, rs1535, rs174581,
rs174562, rs174561) and the ELVOLV family (ELOVL2 rs12195587, ELOVL2 rs4532436) were
studied. Multivariable linear regression modelling with stepwise elimination approach was
undertaken to investigate associations between genotypes and the following outcomes in the
baseline data-set: a) Δ-5 and Δ-6 desaturase activity, b) DHA, EPA and AA erythrocyte
concentration, and c) MRS liver fat percentage. Additionally, multivariable linear regression
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modelling with stepwise elimination was undertaken to test the effect of genotype-DHA+EPA
interaction on the following end of study outcomes: a) Δ-5 and Δ-6 desaturase activity, b) DHA,
EPA and AA erythrocyte concentration, and c) MRS liver fat percentage. Each of these separate
regression models was adjusted for the baseline measurement of the outcome measured in
question. Covariates, potential confounders and change in potential confounders between
baseline and end of study were included, to test the independence of associations between key
exposures and the outcome in question. Explanatory variables that were included in the models
were continuous or categorical. The MIXED model was used to test for the effect of the genotype
× DHA+EPA treatment interaction for the FADS rs174556 on Δ-5 desaturase activity adjusted for
age, sex and BMI. For the selected SNPs within the FADS gene cluster and ELOVL gene family, a
binary indicator variable was created and coded per minor allele = 1 and major allele = 0.
Dichotomous variables were created for both Δ-5 and Δ-6 desaturase activity to indicate low and
high enzymatic activity. Low desaturase activity was defined = 0 (below the median) and high
desaturase activity was defined = 1 (above the median). All genotype distributions were tested for
deviation from Hardy-Weinberg equilibrium using a χ2 test with 1 df (P>0.05).
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4.3.4 Results
4.3.4.1 Baseline association between SNPs of the FADS gene cluster and ELOVL family and
Δ-5 and Δ-6 desaturase activities
In 103 WELCOME study participants, sixteen of the SNPs of the FADS gene cluster and two SNPs of
the ELOVL family were genotyped. Mean and standard deviation or median and interquartile
range for baseline characteristics of biochemical measurements and erythrocyte fatty acids
percentage are shown in Table 12. Frequencies of the alleles for the selected SNPs within the
FADS gene cluster and ELOVL gene family analysed in the WELCOME study cohort are shown in
Table 13. These SNPs were chosen for the current analysis because of their previous association
with omega-3 fatty acid synthesis and desaturase activity 119,129,231. All genotypes were in HardyWeinberg equilibrium.
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Table 12. Baseline biochemical variables, anthropometry characteristics and erythrocytes fatty acid
percentage.
Variables

Mean –Median

SD-IQR

Minimum-Maximum

Weight (Kg)

94.3

±16.1

59.2-130

Height (cm)

169

±9.5

146-189

Waist circumference

110

±11.7

86-153

BMI (Kg/m2)

33

±5

Glucose (mmo/l)*

5.5

1.7

4-19

HbA1c (%tot)*

6.6

±1.6

4.9-13.3

Cholesterol (mmol/l)

4.7

±1.0

2.5-8.1

HDL (mmol/l)

1.1

±0.3

0.5-1.8

LDL (mmol/l)*

2.9

±0.9

1.1-5.5

Chol/HDL ratio

4.6

±1.4

2.3-8.7

TG (mmol/l)*

1.6

1.0

0.6-3.7

ALT (iu/l)*

56

46

19-206

AST (iu/l)*

41

37

18-254

GGT (U/l)*

50

73

17-1377

Hyaluronic acid (ug/l)*

23

29

10-253

P3 N terminal peptide
(ug/l)*

5.4

2.8

2.3-23.3

MRS average

21

26

1.7-85

EPA [20:5(n-3)]

0.9

±0.4

0.3-2.5

DHA [22:6(n-3)]

4

±1.4

0.9-8.5

ARA [20:4(n-4)]

12.7

±2.7

5-17.6

GLA [20:3n-6]

1.9

0.6

0.9-3.4

ALA [20:3n-6]

0.23

0.16

0.04-0.9

22.6-50.2

Normally distributed data are expressed as mean ± standard deviation (SD).
*Non-normally distributed data are expressed as median ± inter-quartile range (IQR).
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Table 13. Characteristics of SNPs within the FADS gene cluster and ELOVL gene family.
SNP

Minor/major
allele

MAF
%

FADS1
rs174545

G/C

39

rs174546

T/C

41

rs174547

C/T

39

rs174548

G/ C

34

rs174549

A/G

33

rs174550

C/T

39

rs174555

C/ T

33

rs174556

T/ C

33

rs1535

G/ A

40

rs174568

T/ C

39

rs174574

A/C

41

rs174576

A/C

40

rs174577

A/C

40

rs174581

A/G

40

rs174561*

C/ T

33

rs174562*

C/T

35

rs12195587

A/G

17

rs4532436

G/C

56

FADS2

ELOVL2

Distribution of the minor and major allele for the FADS1, FADS2 and ELOVL genes in the WELOCME study
population. The minor allele frequency and Hardy-Weinberg equilibrium was calculated using
http://oege.org/software/hwe-mr-calc.shtml
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4.3.4.2 Associations between baseline Δ-5 and Δ-6 desaturase activities and SNPs within
the FADS gene cluster and ELOVL gene family
In order to study associations between estimates of Δ-5 and Δ-6 desaturase activities and minor
allele of the SNPs within the FADS gene cluster and ELOVL gene family, a stepwise linear
regression model using baseline Δ-5 or Δ-6 desaturase activities as outcome and age, sex, BMI and
all SNPs for the FADS gene cluster as the explanatory variables, two SNPs FADS1 rs174556 (β=-1.4;
95% CI -1.9, 0.7; p<0.0001) and FADS2 rs1535 (β=-1.4; 95% CI -2, -0.8; p<0.0001) were inversely
associated with baseline Δ-5 desaturase activity. These inverse associations were suggesting that
carriers of the minor alleles of the above SNPs (rs174556 and rs1535) had lower Δ-5 desaturase
activity compared with common homozygotes. Besides, one SNP of FADS1 rs174546 (β=1.3; 95%
CI 0.6, 2.1; p<0.0001), was found to be positively associated with baseline Δ-5 desaturase activity
suggesting that there was an increase in desaturase activity in the presence of the minor allele.
With regard to Δ-6 desaturase activity, the minor allele of the FADS1 rs174556 (β=0.05; 95% CI
0.01, 0.1; p=0.02) and FADS2 rs1535 (β=0.02; 95% CI 0.009, 0.04; p=0.002) were associated with
an increased Δ-6 desaturase activity (Table 14).

4.3.4.3 Association between Δ-5 and Δ-6 desaturase activities, FADS1, FADS2 and MRS
liver fat percentage
Table 14 A, B, and C describes the baseline characteristics of the cohort stratified by FADS2
rs1535, rs174546 and rs174556 genotype. There were between group differences for Δ-5 and Δ-6
desaturase activities and for upstream fatty acid erythrocytes percentage. Δ-5 desaturase activity
was lower (p≤0.0001) and Δ-6 desaturase activity was higher (p=0.02) in people carrying the
minor allele compared with people carrying the homozygote-dominant. This combination of low
Δ-5 desaturase activity and high Δ-6 desaturase activity resulted in an increase in the upstream
fatty acid products (DGLA p≤0.0001, and ETA p= 0.005) in the group of people carrying the minor
allele compared with people carrying the homozygote dominant. Moreover, there was a trend
towards an increase in MRS liver fat percentage in the FADS rs1535 minor allele group compared
with the homozygote-dominant. In order to understand the association between MRS liver fat, Δ5 and Δ-6 desaturase activities, and FADS rs1535 genotype, three linear regression models were
designed. The first regression model was designed using MRS liver fat at baseline as outcome and
age, sex, BMI and Δ-5, and Δ-6 desaturase activities as explanatory variables. From this regression
model, only Δ-5 desaturase activity (β=-0.2; 95% CI -0.3, -0.09; p=0.001) was significantly and
inversely associated with baseline MRS liver fat accumulation. These data suggest that low Δ-5
desaturase activity was associated with high percentage MRS liver fat. Interestingly, in the second
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regression model adjusted for age, sex, BMI and SNPs of the FADS gene cluster and ELOVL family
and with MRS liver fat at baseline as outcome, only FADS2 rs1535 was independently and
positively associated with MRS liver fat percentage at baseline (β=0.7 95% CI 0.08, 1.3; p=0.03).
It is noteworthy that, when FADS2 rs1535 was added to the third model comprising MRS liver fat
as the outcome, and age, sex, BMI, Δ-5 desaturase, and Δ-6 desaturase as explanatory variables,
only Δ-5 desaturase (β=-4.2; 95% CI -7.2, -1.2; p=0.006) and BMI (β=0.8; 95% CI 0.04, 1.5; p=0.04)
were independently associated with MRS liver fat, and these two explanatory factors together
explained 12% of the variance in liver fat percentage (Figure 12).
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Table 14 A. Baseline characteristics according to FADS rs1535 genotype.

Variables

FADS2 rs1535

p-value

Major (n=41)

Minor (n=52)

Cholesterol (mmol/l)*

4.6 (0.9)

4.7 (1.4)

0.5

HDL (mmol/l)

1.0 (±0.3)

1.1 (±0.3)

0.4

LDL (mmol/l)

2.9 (±0.7)

2.9 (±0.9)

0.8

Chol/HDL

4.7 (2.4)

4.8 (2.2)

0.7

TG (mmol/l)*

1.6 (1.0)

1.7 (1.2)

0.9

AST (iu/l)*

42 (26)

38 (21)

0.5

ALT (iu/l)*

57 (48)

50 (39)

0.3

HA (ug/l)*

23 (32)

21 (27)

0.5

PIIINP (ug/l)*

6 (2.2)

5 (2.7)

0.1

MRS (%)*

18.3 (23.5)

25 (27)

0.2

Δ-5 desaturase (%)*

7.7 (1.7)

6 (1.5)

<0.0001

Δ-6 desaturase (%)

0.1 (0.03)

0.2 (0.05)

0.02

EPA (20:5n-3) (%)

0.8 (±0.3)

0.9 (±0.4)

0.2

DHA (22:6n-3) (%)

3.9 (±1.2)

4.1 (±1.5)

0.4

AA (20:4n-6) (%)*

14 (2.3)

13 (3.1)

0.07

LA (18:2n-6) (%)

12.5 (±2.1)

13.2 (±2)

0.1

GLA (18:3n-6) (%)*

0.2 (0.1)

0.14 (0.07)

0.05

ALA (18:3n-3) (%)*

0.24 (0.2)

0.25 (0.1)

0.5

DGLA (20:3n-6) (%)

1.7 (±0.3)

2.1 (±0.4)

<0.0001

ETA (20:4n3) (%)

0.08 (±0.03)

0.1 (±0.04)

0.005

DPA (22:5n-6) (%)*

2.3 (0.8)

2.4 (0.5)

0.3

Variables that are normally distributed are expressed as mean ± standard deviation (SD). *Variables that are
non-normally distributed are expressed as median ± inter-quartile range (IQR).
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Table 14 B. Baseline characteristics according to FADS rs174546 genotype.

rs174546

Variables

p-value

Major

Minor

BMI

31.1 (8.4)

32 (7.2)

0.7

Cholesterol*

4.6 (1.4)

4.5 (1.3)

0.3

HDL

1.0 (0.3)

1.0 (0.2)

0.6

LDL

2.9 (0.8)

2.8 (0.9)

0.9

Chol/HDL

4.9 (1.5)

4.7 (1.5)

0.3

Triglycerides*

1.6 (1.0)

1.7 (1.3)

0.3

AST*

38 (21)

39 (22)

0.9

ALT*

51 (40)

54 (35)

0.6

HA*

17.5 (34)

21.5 (24)

0.4

PIIINP*

5.4 (2.2)

5.0 (2.4)

0.4

MRS*

22.6 (2.2)

20.8 (2.2)

0.9

D5D*

0.5 (1.8)

0.5 (1.2)

0.1

D6D

0.007 (0.03)

0.006 (0.03)

0.9

EPA

0.8 (0.2)

0.9 (0.4)

0.3

DHA

3.8 (0.9)

4 (1.5)

0.5

Arachidonic acid*

13.4 (2.5)

12.4 (5.3)

0.06

Linoleic acid

12.4 (2.1)

13.2 (2)

0.1

Alpha Linolenic acid*

0.3 (0.1)

0.3 (0.2)

0.9

DiHomo g Linolenic acid

1.7 (0.3)

2.0 (0.4)

<0.0001

Eicosatetraenoic acid

0.08 (±0.03)

0.11 (±0.04)

<0.0001

Variables that are normally distributed are expressed as mean ± standard deviation (SD). *Variables that are
non-normally distributed are expressed as median ± inter-quartile range (IQR).
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Table 14 C. Baseline characteristics according to FADS rs174556 genotype.

rs174556

Variables

p-value

Major (n=41)

Minor (n=52)

BMI

33 (7.6)

32.6 (6.8)

0.7

Cholesterol *

4.5 (1.4)

4.7 (1.3)

0.2

HDL

1.0 (0.4)

1.1 (0.4)

0.4

LDL

2.8 (±0.8)

2.9 (±0.9)

0.6

Chol/HDL

4.7 (2.2)

4.4 (2)

0.9

Triglycerides*

1.5 (0.7)

1.8 (1.2)

0.4

AST*

41 (23)

38 (27)

0.7

ALT*

56 (53)

53 (45)

0.3

HA*

24 (31)

22 (27)

0.9

PIIINP*

6 (1.9)

5.3 (3.4)

0.2

MRS*

20.6 (30)

22.1 (26.3)

0.9

D5D*

0.6 (2.0)

0.4 (1.2)

0.1

D6D

0.007 (0.02)

0.006 (0.03)

0.9

EPA

0.8 (0.4)

1.0 (0.5)

0.01

DHA

3.8 (1.2)

4.2 (1.5)

0.1

Arachidonic acid*

13.7 (2.6)

13.1 (2.5)

0.2

Linoleic acid

12.5 (2.2)

13.2 (1.9)

0.08

Alpha Linolenic acid*

0.26 (0.1)

0.29 (0.2)

0.4

DiHomo g Linolenic acid

1.7 (0.4)

2.1 (0.4)

<0.0001

Eicosatetraenoic acid

0.1 (0.04)

0.08 (0.03)

<0.0001

Variables that are normally distributed are expressed as mean ± standard deviation (SD). *Variables that are
non-normally distributed are expressed as median ± inter-quartile range (IQR).
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Figure 12. Proposed direction of the associations between FADS rs1535, Δ-5 desaturase activity,
and MRS liver fat percentage (schematic developed from the results of regression modelling data.
Carriers of the minor allele for the SNP rs1535 have low Δ-5 desaturase activity that in turn leads
to an increase accumulation of liver fat.
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4.3.4.4 Association between baseline desaturase activity, SNPs of the FADS gene cluster
and ELOVL family, and DHA, EPA and AA erythrocyte percentage
In order to study associations between baseline erythrocyte percentage of DHA, EPA or AA and
estimates of baseline Δ-5 and Δ-6 desaturase activities, and minor allele of the SNPs within the
FADS gene cluster and ELOVL gene family, three regression models were built using DHA, EPA or
AA as outcomes and age, sex BMI, Δ-5 and Δ-6 desaturase activity, and SNPs of the FADS gene
cluster and ELOVL family as explanatory variables.
The results from the first regression model show that baseline DHA erythrocyte percentage was
independently and positively associated with baseline Δ-5 desaturase activity (β=0.3; 95% CI 0.2,
0.5; p<0.0001), FADS2 rs1535 (β=0.8 95% CI 0.2, 1.5; p=0.009) and FADS rs174546 (β=2.1; 95% CI
0.1, 3.9; p=0.04). The second regression model shown that baseline AA erythrocyte percentage
was independently and positively associated with Δ-5 desaturase activity (β=1.3; 95% CI 1.0, 1.5;
p<0.0001) and FADS rs174546 (β=0.2; 95% CI 0.04, 0.34; p=0.01) (Table 15).
In the third regression model EPA erythrocyte percentage was positively associated with Δ-5
desaturase activity (β=0.05; 95% CI 0.006, 0.1; p=0.03), FADS2 rs1535 (β=0.2; 95% CI 0.005, 0.4;
p=0.04) and FADS1 rs174556 (β=0.2; 95% CI 0.01, 0.3; p=0.034) suggesting that carriers of this
specific minor allele were characterised with an accumulation of Δ-5 desaturase substrate in the
omega-3 series.
There was no significant interaction between the SNPs of the ELOVL2 gene family and baseline Δ5 desaturase substrate, MRS liver fat, DHA, EPA or AA erythrocyte concentration. Furthermore, in
light of the observed associations with omega-3 and omega-6 fatty acids downstream products,
the associations of SNPs of the FADS gene cluster or ELOVL family with concentrations of total
cholesterol, LDL-C, HDL-C, TG, and total cholesterol/HDL-C ratio, were studied; however, none
were significant (all p > 0.05).
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Table 15. Fatty acids percentage according to Δ-5 and Δ-6 desaturase activities.

Low Δ-5
desaturase
activity

High Δ-5
desaturase
activity

DHA%

3.6 (±1.4)

4.4 (±1.3)

EPA%*

0.8 (0.4)

1 (0.4)

AA%

11.6 (±2.6)

14 (±2.1)

LA%

13.5 (±2.4)

12.6 (±1.7)

ALA%*

0.25 (0.2)

0.23 (0.13)

DGLA%*

2.1 (0.4)

1.7 (0.3)

ETA%

0.1 (±0.04)

0.09 (±0.03)

MRS%*

29.1 (35.6)

17.6 (20.6)

High Δ-6
desaturase
activity

P values

0.1 3.9 (±1.5)

4 (±1.3)

0.4

0.2 0.8 (0.4)

0.9 (0.4)

0.6

<0.0001 12.5 (±2.7)

13.3 (±2.5)

0.018

0.025 13.7 (±2)

12.1 (±1.7)

<0.0001

0.23 (0.1)

0.2

2.2 (0.4)

<0.0001

0.089
(±0.037)

0.1 (±0.03)

0.001

0.05 21 (27.9)

18.4 (26.5)

0.9

P values

Low Δ-6
desaturase
activity

0.3 0.25 (0.24)

<0.0001 1.7 (0.49)

0.009

Normally distributed data are expressed as mean ± standard deviation (SD).
*Non-normally distributed data are expressed as median ± inter-quartile range (IQR).
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4.3.4.5 Gene-DHA+EPA interaction between DHA+EPA treatment and FADS genes
Table 15 shows the changes between baseline and end-of-trial measurements, stratified by
randomization group, for the main erythrocytes fatty acids associated with Δ-5 and Δ-6
desaturase activities. After 15-18 months of 4 g of DHA+EPA treatment daily, Δ-5 desaturase
activity significantly increased in both placebo and active group, whereas Δ-6 desaturase activity
increased only in the placebo group (Table 16). These results had different effects on
polyunsaturated fatty acid metabolism: in the placebo group, the increase in Δ-5 and Δ-6
desaturase activity was probably due to the 4Kg weight loss and it was associated with 1.3%
increase in erythrocyte AA enrichment; whereas, in the DHA+EPA group the increase in Δ-5
desaturase activity was associated with no change in ETA and significantly decrease AA
erythrocyte percentage (Table 16).
Moreover, treatment with DHA+EPA resulted in a gene-diet effect on some of the SNPs of the
FADS gene cluster. In a MIXED model for repeated measures including the effects of time
(supplementation), genotype and the interaction [genotype (FADS rs174556) × supplementation
(DHA+EPA enrichment)] adjusted for age sex and BMI, gene-DHA+EPA interaction [genotype
(FADS rs174556) × supplementation (DHA+EPA enrichment)] was associated with estimates of Δ-5
desaturase activity difference. There was a significant main effect of the FADS rs174556 ×
DHA+EPA interaction on Δ-5 desaturase activity: F (1, 87) =16.5, p<0.0001. The gene-DHA+EPA
effect was confirmed with the regression model using Δ-5 desaturase activity difference as
outcome and age, sex, BMI difference, Δ-5 desaturase activity at baseline and FADS rs174556 as
explanatory variables. The results of the regression model showed that, carriers of the minor
allele of the FADS rs174556 (β=-0.8; 95% CI -1.3, -0.2; p=0.007) had 0.6% increase in Δ-5
desaturase activity compared with baseline. Interestingly, when the same linear regression model
for MRS was repeated using MRS difference as outcome, and age, sex, DHA erythrocyte
enrichment, BMI difference, Δ-5 desaturase difference, Δ-6 desaturase difference, rs1535 and
MRS at baseline as explanatory variables, both Δ-5 desaturase difference (β=-2.3; 95% CI -4.3, 0.3; p=0.03) and BMI difference (β=2.6; 95% CI 1.1, 4.1; p=0.001) were again the only two
variables that were independently associated with MRS difference. At the end of the study, delta
5 desaturase activity increased in both groups. In order to understand the increase in delta-5
desaturase activity in placebo and treatment group, two simple regression models were built
using delta-5 desaturase difference as outcome and weight difference or DHA and EPA
enrichment as explanatory variables. In the first model, delta 5 desaturase difference was the
outcome and weight difference was the explanatory variable. With regard to the placebo group,
the unstandardized β coefficient for weight difference was 2.2 (95% CI 1.1, 4.3; p=0.03). Whereas,
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in the DHA+EPA group, there was no significant association between weight loss and increase in
delta 5 desaturase activity at the end of the study (p=0.4). In the second model, delta 5
desaturase difference was the outcome and DHA and EPA enrichment were the explanatory
variables. In the placebo group there was a significant association between DHA enrichment and
increase in delta 5 desaturase activity (β=3 95% CI 1.3, 7.9; p=0.01). In addition, in the treatment
group, there was a significant association between DHA enrichment and increase in delta 5
desaturase activity (β=1.9 95% CI 1.03, 3.5; p=0.03). However, when the analyses were repeated
without the protocol violators in the placebo group, the association between DHA enrichment
and delta 5 desaturase activity was not significant (p=0.98). There was no association between
EPA enrichment and increase in delta 5 desaturase activity.
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Table 16. Characteristics of fatty acid erythrocytes percentage and desaturase activity at baseline
and end of study according to randomisation group.
Placebo
Variables

DHA+EPA

Baseline

End of study

p-value

Baseline

End of study

p-value

Δ-5 desaturase activity
(20:4n-6/20:3n-6) *

6.5 (2)

7.2 (1.8)

<0.0001

6.9 (2.3)

7.5 (1.7)

<0.0001

Δ-6 desaturase activity
(20:3n-6/18:2n-6) *

0.14 (0.03)

0.16 (0.03)

<0.0001

0.14 (0.06)

0.15 (0.04)

0.3

Eicosatetraenoic acid (20:4n-3) ETA

0.1 (±0.04)

0.11 (±0.05)

0.5

0.1 (±0.04)

0.11 (±0.04)

0.1

Eicosapentaenoic acid (20:5n-3)
EPA*

0.9 (0.4)

1.0 (0.2)

0.17

0.8 (0.3)

2.4 (1.8)

< 0.0001

Docosahexaenoic acid (22:6n-3)
DHA

4.1(±1.6)

5.0 (±1)

0.002

3.8 (±1.2)

7.1 (±1.3)

< 0.0001

Linoleic acid (18:2n-6)
LA

13 (±2.4)

12 (±2.4)

0.001

13 (±2.8)

11.6 (±2.1)

P<0.0001

DiHomo γ Linolenic acid (20:3n-6)
DGLA

1.9 (±0.6)

1.9 (±0.5)

0.13

1.9 (±0.4)

1.7 (±0.3)

P<0.0001

Arachidonic acid (20:4n-6)*
AA

13.3 (1.8)

14.6 (2.2)

<0.0001

13.7 (3.1)

12.4 (2.9)

P<0.03

Plasma desaturase activity (%)

Omega-3 fatty acids
(erythrocyte %)

Omega-6 fatty acids
(erythrocyte %)

Variables that are normally distributed are expressed as mean ± standard deviation (SD).
Variables that are non-normally distributed* are expressed as median ± inter-quartile range (IQR).
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4.3.5 Discussion
4.3.5.1 Baseline results
The baseline results analysed in this chapter investigating the effects of 4 g of DHA+EPA treatment
daily show three significant findings.
First, the minor alleles for the FADS2 rs1535 and FADS1 rs174556 were associated with low Δ-5
desaturase activity and high Δ-6 desaturase activity. This is consistent with other research studies
showing that patients carrying the minor allele of the FADS genes had low Δ-5 desaturase activity,
due to a decrease in the transcriptional levels of the genes encoding for Δ-5 desaturase activity
127

.

This combination of low Δ-5 desaturase activity and high Δ-6 desaturase activity has been shown
to have effects on both upstream and downstream products of the omega-3 and omega-6 fatty
acid series127,229 . Specifically, it causes accumulation of Δ-5 desaturase substrates di-homo-γlinolenic acid (DGLA, 20:3n-6) and eicosatetraenoic acid (ETA, 20:4n3), and the reduction of Δ-5
desaturase downstream products in the omega-3 and omega-6 fatty acid series (See Figure 11).
These changes in the desaturase enzymatic activity due to SNPs on the FADS1 and FADS2 genes
can affect endogenous synthesis of EPA, DHA, and AA from essential fatty acids, ALA, and LA. In
line with the literature, in the WELCOME study cohort, Δ-5 and Δ-6 desaturase activity levels were
found to be independently associated with DHA, EPA and AA percentage in erythrocyte
membranes. Namely, subjects with low Δ-5 and Δ-6 desaturase activity levels had lower DHA, EPA
(downstream products) and significantly lower AA percentage in erythrocyte membranes
compared with subjects with high Δ-5 and Δ-6 desaturase activity levels (Table 15).
Interestingly, low Δ-5 desaturase activity was also associated with high MRS percentage of liver
fat compared with subjects with high Δ-5 desaturase activity. This association between Δ-5
desaturase activity and high MRS percentage liver fat was also confirmed in the adjusted
regression model. This is consistent with several previous studies in which both Δ-5 and Δ-6
desaturase enzymes were found to be lower in the liver of patients with obesity and NAFLD
compared to healthy subjects 122,223,232.
When patients carrying the minor allele of the FADS2 rs1535 were compared with patients with
the common homozygotes (Table 14), MRS liver fat was found to be higher in the presence of the
minor allele. However, when this association was studied in a regression model adjusted for
different confounders, only low Δ-5 desaturase activity was associated with high MRS liver fat
percentage.
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Secondly, the minor alleles of the FADS2 rs1535 were correlated with high ETA erythrocyte
percentage. This finding was consistent with the aforementioned results showing an accumulation
of Δ-5 desaturase substrates, and low Δ-5 desaturase downstream products.
Thirdly, the minor allele for the FADS rs174546 was correlated with high DHA and AA percentage
on erythrocyte membranes. This was consistent with the result showing that carriers of the minor
allele for the FADS rs174546 were also associated with high Δ-5 desaturase activity explaining the
high levels of downstream products DHA and AA.
At the end of the study, there was a significant increase in delta 5 desaturase activity in both
placebo and treatment group. This increase was significantly associated with weight loss in the
placebo group and with DHA enrichment in the treatment group. Each 1Kg of weight loss was
associated with 2.2% increase in delta 5 desaturase activity, whereas in the treatment group, DHA
enrichment but not weight loss was significantly associated with an increase in delta 5 desaturase
activity. EPA was not associated with delta 5 desaturase activity
Interestingly, a gene-DHA+EPA interaction was found between DHA+EPA intake and FADS1
rs174556 in people with NAFLD. The effect of this gene-DHA+EPA interaction was a reduction of
the negative influence of the minor allele of the FADS1 rs174556 on Δ-5 desaturase activity. At
the end of this study, carriers of the minor allele of the FADS1 rs174556 had 0.6% increase in Δ-5
desaturase activity compared with baseline.
Previous studies described the effect of omega-3 fatty acids on Δ-5 desaturase and Δ-6 desaturase
activity. Data reported in this chapter did not show a beneficial effect of DHA+EPA on Δ-6
desaturase activity. However, the effect of the gene-DHA+EPA interaction in increasing Δ-5
desaturase activity was not in line with a previous study by Cormier et al. In this study, they
showed that supplementation with 2 g of EPA plus 1 g of DHA daily for 6 weeks in 210 healthy
people subjects increased Δ-5 desaturase activity and decreased Δ-6 desaturase activity, affecting
omega-3 and omega-6 fatty acid plasma levels 129.
.
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Figure 13. Suggested sequence of events linking FADS rs1535 and FADS rs174556 genotypes with
Δ-5 desaturase activity and MRS liver fat percentage.

4.3.5.2 Possible explanation for the DHA+EPA gene-diet effect
The chromosome region associated with FADS1 and FADS2 gene expression overlaps with a
conserved region containing predicted binding sites for SREBP-1. This was shown by Reardon et al.
who found that the minor haplotype was associated with enhanced response to SREBP-1c in a
binding site with shared regulatory activity for both FADS1 and FADS2 233. In people with NAFLD
SREBP-1c is upregulated increasing de novo fatty acid synthesis in the liver that in turn leads to
liver fat accumulation 21,66.
There are two mechanisms that might explain this gene-DHA+EPA interaction. First, omega-3 fatty
acids can influence Δ-5 and Δ-6 desaturase activity levels through inhibiting the proteolytic
release of mature SREBP-1c from its membrane-bound precursor. This in turn reduces SREBP-1c
mRNA stability diminishing SREBP-1c precursor synthesis 122,234. In NAFLD patients, the reduction
in liver Δ-5 and Δ-6 desaturase activities may result in omega-3 fatty acids depletion induced by
SREBP-1c expression and upregulation of lipogenic genes, leading to reduced desaturase synthesis
and activity 235. Secondly, high intake of EPA and DHA increases mRNA expression of FADS1 gene
in the liver, and consequently increases Δ-5 desaturase activity, resulting in an increase of
endogenous production of EPA and DHA (Figure 14).
Figure 14. Suggested sequence of events linking DHA+EPA treatment, FADS 1 genotype and
desaturase with MRS liver fat.
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4.3.5.3 Limitations
The analysis conducted in the WELCOME study cohort did not show any effect of the ELOVL gene
family on the omega-3 and omega-6 fatty acid metabolism. Moreover, Δ-5 and Δ-6 desaturase
activity levels had no influence on the lipid profile. This is inconsistent with findings in the
literature 226-229. This lack of significant results might be due to the small number of WELCOME
study participants and consequent lack of power, as all the research studies discussed in this
chapter included larger number of subjects 236.

4.3.5.4 Conclusions
The baseline data from the WELCOME study participants showed that the combination of low Δ-5
desaturase activity and high BMI was associated with high MRS liver fat. Moreover, the minor
alleles for the SNPs FADS1 rs174556 and FADS2 rs1535 were associated with low Δ-5 desaturase
activity, resulting in low erythrocytes DHA, EPA and AA fatty acid percentage.
The baseline data from the WELCOME study participants showed that SNPs of the FADS gene
cluster (FADS1 rs174556, FADS2 rs1535 and FADS rs174546) and not ELOVL gene family were
associated with alteration in Δ-5 and Δ-6 desaturase activity. This in turn was affecting the
variability in erythrocyte fatty acid composition and MRS liver fat percentage. Moreover, the
combination of low Δ-5 desaturase activity and high BMI was associated with high MRS liver fat.
In addition, at the end of the study, there was a gene-DHA+EPA interaction between treatment
with and FADS1 rs174556 and Δ-5 desaturase activity. Namely, treatment with DHA+EPA was
associated with a 0.6% increase in Δ-5 desaturase activity in people carrying the minor allele for
the FADS1 rs174556 compared with baseline.
In conclusion, this chapter describes the association between SNPs of the FADS gene cluster and
omega-3 and omega-6 fatty acid metabolism with consequent implication for the production of
AA, DHA and EPA. Moreover, the increase in delta 5 desaturase activity was significantly
associated with weight loss in the placebo group and with DHA enrichment in the treatment
group. Each 1Kg of weight loss was associated with 2.2% increase in delta 5 desaturase activity,
whereas in the treatment group, DHA enrichment but not weight loss was significantly associated
with an increase in delta 5 desaturase activity. EPA was not associated with delta 5 desaturase
activity.
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5. Discussion
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5.1

Overview of the WELCOME study

The WELCOME study was the first randomized, double-blind, placebo-controlled trial to test the
efficacy of a 15-18 months treatment with a high dose (4 g daily) of highly purified DHA+EPA on a
quantitative measurement of liver fat in NAFLD and relate changes in erythrocyte DHA+EPA
enrichment to changes in liver fat percentage.

5.2

Rationale underpinning the WELCOME study

The WELCOME study was designed based on the previous published literature, at a time when
there was controversy as to whether omega-3 fatty acids had a beneficial effect on NAFLD.
The WELCOME study differed markedly from previous studies in five cardinal areas: (1) duration
of the treatment, (2) dosage of omega-3 fatty acids, (3) composition of the omega-3 fatty acid
treatment, (4) lack of testing for both adherence to the omega-3 intervention and for
contamination with omega-3 fatty acids obtained from other readily available sources, using DHA
and EPA measurements, and (5) the semi-quantitative measures for assessing changes in liver fat
percentage.
Hereafter, I will discuss these five unique characteristics of the WELCOME study.

1. Duration
In the literature, there was evidence of omega-3 fatty acid interventions with markedly different
durations 190. The duration of the WELCOME study treatment was chosen based on a recent metaanalysis by He et al. showing effectiveness of ≥12 months treatment with omega-3 fatty acids on
AST, TG and liver fat and studies from Capanni, Sofi and Spadaro showing a beneficial effect of
omega-3 fatty acids on liver fat and liver enzymes after 6-12 months treatment 237-240.

2. Dosage
The dosage of 4 g of DHA+EPA daily was selected for two reasons. First, in light of its proven
effectiveness in hypertriglyceridemia 241. Secondly, it was hypothesised that this dosage would
raise the erythrocyte level of EPA and DHA above the pre-specified level of 0.7% and 2%
respectively. This level is deemed to be the minimum increase for improving the DHA+EPA sum
after treatment to a value proposed to result in significantly decreased risk of CVD 200.

3. Composition and chemical purity of WELCOME study treatment
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The WELCOME study treatment differed from all previous studies both for its composition and
chemical purity.
The composition of the WELCOME study treatment was 380 mg DHA and 460 mg EPA per g of oil.
Notably, contrary to fish oil preparations used in other studies no lipid-soluble vitamins A and D
were present 190. This combination was chosen because of the different characteristics of DHA and
EPA and specifically because they produce different lipid mediators: EPA-derived eicosanoids and
DHA-derived resolvins and protectins. EPA-derived eicosanoids have an anti-inflammatory effect.;
DHA-derived resolvins and protectins have a role in the resolution of inflammation and have thus
been described as ‘‘specialized pro-resolving lipid mediators’’242. The key function of these
mediators is to reduce liver macrophage infiltration, and induce a specific hepatic miRNA
signature, in order to reduce inflammatory adipokine expression 243,244. Moreover, DHA also
inhibits the secretion of apoB-100 by promoting its autophagic degradation causing a reduction in
VLDL synthesis in the liver 66.
With regard to the chemical purity of the WELCOME study treatment, the conscientious decision
was made to select the most highly purified DHA and EPA available on the market. This decision
was made to avoid contamination with polluting particles and reduce toxicity due to other
compounds that might be present within the fish oil preparation. This was again a substantial
departure from previous studies.

4. Compliance
Compliance was monitored with capsule count at every visit and with measurement of DHA and
EPA on erythrocytes membrane using gas chromatography before and after the study. At the end
of the study, enrichment of DHA and EPA was measured as the difference between end of study
and baseline. Moreover, participants were asked if they had side effects or adverse events. A few
people had difficult digest the capsules, but this was resolved by splitting the dose in
correspondence of the three main meals during the day. In previous studies in the literature,
compliance was never assessed through a rigorous procedure bur merely through subjective
interactions.

5. Quantification of liver fat
In the WELCOME study, liver fat was assessed by way of two independent, yet synergistic,
methods: magnetic resonance spectroscopy (MRS) and non-invasive markers of liver function, and
NAFLD disease severity. This was a unique feature and a substantial departure from the
traditional approach of carrying out this measurement solely through liver biopsy.
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The choice to use MRS over liver biopsy was based on multiple reasons. First, liver biopsy is
invasive, expensive, and subject to sampling variability 183-187, and many investigators currently
consider it a high-risk procedure that is unacceptable as a research test for monitoring NAFLD.
Also, liver biopsy evaluates only a tiny portion (0.05 cm3) of the liver (800-1,000 cm3), and NAFLD
is often a patchy disease. Secondly, MRS is currently considered the non-invasive gold-standard
technique for assessing liver fat percentage and has excellent reproducibility and sensitivity 245,246
with a coefficient of variance of only 8%, and liver fat signals of only 0.2% are clearly evident
above the noise level 246.
With regard to non-invasive markers of liver function, and NAFLD disease severity, the WELCOME
study adopted algorithms that have been developed to generate a score (ELF score) utilizing HA
and PIIINP, in combination with another marker TIMP-1 171. It has been suggested that this
approach can engender an increase in specificity and sensitivity for diagnosing NAFLD247. The liver
unit in Southampton is routinely using these non-invasive markers in routine clinical practice and
our experience replicates the published literature. Whilst other non-invasive approaches also
include measurement of liver stiffness using the ultrasound technique ‘fibroscan’, this
methodology has limited applicability in groups who are obese as obtaining reproducible data
with this technique can be a problem 248.

5.3

Findings of the WELCOME study

The findings of the WELCOME study can be schematically described as follows.
First, as analysed in chapter 4.2, after 15-18 months of daily DHA+EPA treatment there was a
beneficial effect of erythrocyte DHA enrichment (≥2%) in reducing liver fat. Specifically, patients
with high liver fat percentage obtained the most benefit from achieving good DHA enrichment
(≥2%): a 6% enrichment in DHA resulted in a (6x3.3%)= ~20% decrease in liver fat percentage.
Moreover, there was an improvement of the genotype effect on Δ-5 desaturase activity. The
beneficial effect of DHA on liver fat found in the WELCOME study was consistent with previous
published literature 201,249-252. Nobili et al. conducted two clinical trials testing the effect of DHA
supplementation in children with NAFLD. The authors showed specific beneficial effects of DHA
on liver biopsy with improvement on hepatic steatosis, ballooning, and inflammation NAS, but
DHA was ineffective on fibrosis 201,250. Pacifico and colleagues, showed that after 6 months of DHA
supplementation in children with NAFLD, MRS liver fat was reduced by 53.4% (95% CI, 33.4-73.4;
p= 0.04) and epicardial adipose tissue was reduced by 14.2% (95% CI 0-28.2%; p= 0.01) in the DHA
group.
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Secondly, as described in chapter 4.4, that low Δ-5 desaturase activity affected erythrocyte fatty
acid composition, consequently reducing DHA and EPA erythrocyte concentration. Interestingly,
at the end of the study there was a gene-DHA+EPA interaction. Namely, the negative effect of
FADS1 rs174556 on Δ-5 desaturase activity was reduced by 0.6% and this was confirmed by the
MIXED model for repeated measures including the effect of time (supplementation).
Thirdly, as shown in chapters 4.3 and 4.4, polymorphisms for PNPLA3 and the FADS1 and FADS2
gene clusters were contributing to the variability of erythrocytes fatty acid composition and
therefore to the variability of DHA erythrocyte enrichment.
Fourthly, as discussed in chapter 4.3, PNPLA3 148M/M genotype, and not either the TM6SF2
(E167K), TM6SF2 167E/K+K/K or TM6SF2 167E/E genotypes, was associated with an increase in
liver fat percentage (+1.2%) at the end of the study regardless of randomisation group. In the
treatment group, there were two participants carrying the PNPLA3 148M/M genotype, therefore
it was not possible to compare the treatment group with the placebo group. However, in the
treatment group there was a trend towards an increase in MRS liver fat percentage at the end of
the study. Whereas, in the placebo group there were eight people carrying the PNPLA3 148M/M
genotype and at the end of the study there was no change in the MRS liver fat percentage.
PNPLA3 is a multifunctional enzyme with both triacylglycerol lipase and acylglycerol Oacyltransferase activity that participates in triacylglycerol hydrolysis. Whereas, the isoleucine to
methionine substitution leads to a loss of lipolytic activity leading to an impairment of lipid
catabolism, lipid droplets remodelling, and impairment of VLDL secretions, increasing liver fat
accumulation and affecting DHA metabolism. PNPLA3 I148M variant is attached on the surface of
lipid droplets reducing TG breakdown leading to lipid retention in the hepatocyte lipid droplet
slowing down the conversion of ethyl ester (chemical composition of WELCOME study capsules)
to TGs.
Sixthly, as analysed in chapter 4.4, FADS genotypes regulate Δ-5 and Δ-6 desaturase activity
affecting erythrocytes fatty acid composition. FADS2 rs1535 and FADS1 rs174556 were associated
with low Δ-5 desaturase activity and high Δ-6 desaturase activity. This combination of low Δ-5
desaturase activity and high Δ-6 desaturase activity has been shown to have effects on both
upstream and downstream products of the omega-3 and omega-6 fatty acid series. This
combination results in an accumulation of di-homo-γ-linolenic acid (DGLA, 20:3n-6) and
eicosatetraenoic acid (ETA, 20:4n3), and a reduction of Δ-5 downstream products in the omega-3
fatty acid series (DHA and EPA). Moreover, there was an influence of Δ-5 desaturase activity on
baseline level of MRS liver fat.
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5.4

Limitations

The WELCOME study was designed to avoid the limitations of many previous studies, such as the
non-blinding of participants and investigators, and the lack of a placebo for the control group.
Despite this effort, the WELCOME study does have two limitations.
First, small sample size. However, this limitation is not substantial, as this was a proof-of-concept
study to test efficacy of the DHA+EPA intervention and DHA and EPA enrichment to decrease liver
fat percentage and liver fibrosis scores.
Secondly, treatment duration. The choice to limit treatment duration to 15-18 months was based
on the hypothesis that this would be an adequate time frame to assess variation in liver fat
caused by a DHA+EPA intervention. A longer treatment duration would have been required to
assess whether DHA+EPA have a positive effect on fibrosis and NASH, as these are more advanced
stages and NAFLD the reversal of which likely requires lengthier interventions.

5.5

NICE NAFLD guidelines: present state and possible future evolution

At present, the NICE NAFLD guidelines (ng49) do not recommend omega-3 fatty acids to adults
with NAFLD because there is not enough evidence of their beneficial effect. They recommend
pioglitazone or vitamin E for adults with advanced liver fibrosis, whether they have diabetes or
not. These treatments are prescribed only in secondary and tertiary care settings because of their
side-effects and concerns about long term safety 193,194.
However, there is increasing evidence that the paradigm on which these guidelines were
originally based is shifting. On one hand, the results of trials testing treatment with
thiazolidinediones 36 and anti-oxidants such as vitamin E 38, that have focused primarily on
modifying pathways affecting insulin resistance 46, oxidative stress 38 and lipid metabolism 190 have
produced variable results. These relatively small trials have also generated controversy, not least
because any positive effects were limited by side-effects and concerns about long term safety of
glitazones 193 and the high dose of vitamin E required 194.
On the other, there is increasing support for the hypothesis that omega-3 fatty acids treatment
might have a beneficial effect on NAFLD, with minimal side effects 66. First, several biological
mechanisms have been identified that support this hypothesis; notably, it has been shown that
these omega-3 fatty acids have a beneficial effect on bioactive metabolites, alteration of
transcription factor activity such as peroxisome proliferator-activated receptors (PPARs), sterol
regulatory element-binding protein 1c (SREBP-1c) and carbohydrate-responsive element-binding
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protein (ChREBP) 66. Secondly, a recent systematic review and meta-analysis has shown a benefit
of omega-3 fatty acid treatment on liver fat in NAFLD 190. This body of evidence is not diminished
by a recent trial in which treatment involving high doses of EPA failed to show an improvement in
NAFLD histological score 253. There is considerable evidence that EPA and DHA have different
biological effects: in men, the conversion of EPA to DHA is <1%, whereas in women is up to 9% 254258 259

. In light of these physiological effects, it is not surprising that Sanyal et al. did not find that

EPA treatment on its own had a beneficial effect on NAFLD. Results of the WELCOME trial suggest
that DHA would be more effective than EPA.
The WELCOME study lends additional support to the hypothesis that omega-3 fatty acids
treatment might have a beneficial effect on NAFLD, with minimal side effects. Although there was
no beneficial effect of DHA+EPA in reducing liver fat, data presented in Chapter 4.1.4.4 showed
that there was a significant association between in DHA erythrocyte enrichment and decrease in
liver fat percentage.
Before suggesting a revision of the extant NICE NAFLD guidelines further studies are required. In
particular it is necessary to consider different factors that might affect DHA erythrocyte
enrichment and thus its beneficial effect on liver that accumulation.

5.6

Conclusions

The novel data presented in this thesis show that erythrocyte DHA enrichment after 4 g of
DHA+EPA treatment daily, was independently associated with a decrease in MRS liver fat
percentage. Moreover, at the end of the study, there was a gene-DHA+EPA interaction between
treatment with DHA+EPA and FADS1 rs174556 resulting in a 0.6% increase in Δ-5 desaturase
activity in people carrying the minor allele for the FADS1 rs174556, compared with baseline. The
results presented in this thesis also show several important genetic factors that might influence
the therapeutic effect of DHA erythrocyte enrichment to decrease liver fat. For example, the
PNPLA3 148M/M variant was associated with low DHA enrichment with DHA+EPA treatment and
the FADS2 rs1535 and FADS1 rs174556 SNPs were associated with low Δ-5 desaturase activity and
low DHA enrichment.
Based on the results presented in my thesis, my recommendations are that new randomised
placebo controlled trials are needed in patients who have the early stages of NAFLD, to test the
effect of DHA treatment at a dose of >1520 mg/day (dosage based on the use of 4 g of daily
DHA+EPA treatment with Omacor in the WELCOME study) for 15 months. Moreover, these trials
should stratify patients according to PNPLA3 I148M genotype and FADS rs1535 polymorphism as
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these are important gene variants that might influence the therapeutic effect of DHA enrichment
and thereby affect responses to treatment in NAFLD.
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