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Abstract

The current dietary recommendations for optimal health are designed to increase our 

intake of two bioactive omega-3 (n-3) fatty acids, eicosapentaenoic acid (EPA, 20:5n-

3) and docosahexaenoic acid (DHA, 22:6n-3), abundant naturally in fatty fish such as 

salmon.  Health authorities recommend that the general population consume two to 

three fatty fish meals per week (1) for optimal health and for the prevention of 

cardiovascular disease.  However, some modern Western societies consume only 

modest amounts of fish and seafood (2;3).  Land based vegetable oils may provide an 

alternative to meet these needs.  Linseed and canola oils are rich in α-linolenic acid 

(ALA, 18:3n-3) (4).  ALA can be converted endogenously to EPA and DHA and 

suggests that increasing the dietary intake of ALA may increase the conversion and 

accumulation of DHA in tissues and plasma.  However, elevated dietary intakes of 

ALA in animals and humans results in an increased level of EPA in tissues yet there is 

little or no change in the level of DHA (5-7). The current consensus is that the 

synthesis of DHA from ALA in humans is limited yet the mechanisms involved in 

regulating the accumulation of DHA in tissues are poorly understood.

The reputed rate-limiting enzyme in the conversion of fatty acids is ∆6 desaturase 

(D6D).  ALA is a substrate for D6D and undergoes a series of desaturation and 

elongation reactions to yield n-3 long chain polyunsaturated fatty acids (LCPUFA).  

The final step in the synthesis of DHA from ALA involves translocation of its 

immediate fatty acid precursor, 24:6n-3 from the endoplasmic reticulum to the 

peroxisome to be partially β-oxidised to yield DHA.  The involvement of multiple 

enzymes in the desaturation-elongation pathway, and the integration of other 
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pathways, such as phospholipid biosynthesis, suggests there are various steps that 

may regulate the accumulation of DHA in cell membranes. This thesis aimed to 

examine the possible regulatory steps in the conversion of fatty acids to LCPUFA,

particularly in the synthesis of DHA from n-3 fatty acid precursors.

The human hepatoma cell line, HepG2, was used as an in vitro cell system to examine 

the accumulation of individual fatty acids and their metabolites in isolation from other 

competing fatty acid substrates.  The accumulation of linoleic acid (LA, 18:2n-6) and 

ALA in HepG2 cell phospholipids following supplementation with increasing 

concentrations of each respective fatty acid correlated with that described in vivo, as 

was the accumulation of their conversion products.  The accumulation of DHA in 

cells supplemented with ALA reached a plateau at concentrations above 5 µg/ml and 

paralleled the accumulation of 24:6n-3 in cell phospholipids, suggesting that the ∆6 

desaturation of 24:6n-3 was prevented by increasing concentrations of ALA, thereby 

limiting the accumulation of DHA.  The accumulation of DHA in cells supplemented 

with eicosapentaenoic acid (EPA, 20:5n-3) or docosapentaenoic acid (DPA, 22:5n-3) 

was significantly greater than the level of DHA that accumulated in cells 

supplemented with ALA.  However, regardless of substrate, the level of DHA in cell 

membranes reached a plateau at substrate concentrations above 5 µg/ml.  

This thesis further aimed to examine the effect of fatty acid supplementation on the 

mRNA expression of D6D in HepG2 cells.  The expression and activity of D6D

mRNA is subject to nutritional and hormonal regulation.  The mRNA expression of 

D6D in HepG2 cells following supplementation with oleic acid (OA, 18:1n-9), LA, 

ALA, arachidonic acid (AA, 20:4n-6) or EPA was examined by real time RT PCR.  
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The expression of D6D mRNA was reduced by up to 50% in cells supplemented with 

OA, LA, ALA , AA or EPA compared with control cells and suggests that fatty acids 

modulate the expression of the key enzyme involved in the conversion of fatty acids.  

The effect of fatty acid co-supplementation on the fatty acid composition of HepG2 

cell phospholipids was also examined in an attempt to gain insights into the role of 

D6D and the enzymes involved in peroxisomal β-oxidation on the accumulation of 

DHA from n-3 fatty acid precursors.  The reduction in the accumulation of DHA in 

cells co-supplemented with DPA and docosatetraenoic acid (DTA, 22:4n-6) was 

greater than in cells co-supplemented with DPA and LA, suggesting that peroxisomal 

β-oxidation may have a greater role in determining the accumulation of DHA from 

DPA than the activity of D6D.  Further investigation should be directed towards 

understanding the role that peroxisomal β-oxidation may play in the synthesis of 

DHA from precursor fatty acids.

The fatty acid composition of cell membranes in vivo is a result of several 

physiological processes including dietary intake, phospholipids biosynthesis and fatty 

acid conversion as well as catabolic processes.  This thesis demonstrates that a greater 

understanding of the regulation of the conversion of fatty acids will help to define 

dietary approaches that enhance the synthesis of n-3 LCPUFA from n-3 fatty acid 

precursors to lead to improved outcomes for health.
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1 Literature Review

1.1 DIETARY FAT AND FATTY ACIDS

One of the major energy sources in the typical Western diet is fat, accounting for 26-

53% total energy (9;10). Fat occurs naturally in foods such as red meat, fish, dairy 

foods, eggs and oils.  Aside from its principal role in providing energy to the body, 

dietary fat also influences many physiological processes.  The fatty acid composition 

of cell membranes modulates its structure, fluidity and function, including the 

production of eicosanoids and other secondary messengers (11), receptor function, 

and enzyme activity (12).  Increased cellular fatty acid levels stimulate fatty acid 

oxidation (both mitochondrial and peroxisomal), inhibit glucose uptake and 

glycolysis and promote gluconeogenesis (13).  The fatty acid composition of cell 

membranes therefore plays a major role in regulating cell metabolism.  

Dietary fat commonly consists of three fatty acids esterified to a glycerol backbone 

to form a triglyceride.  Generally, fatty acids are hydrocarbon chains with a carboxyl 

group at one end and a methyl group at the other and can be divided into three groups 

according to their degree of saturation (number of double bonds between carbon 

atoms).  Saturated fatty acids are straight chain fatty acids of variable carbon chain 

length with no double bonds, monounsaturated fatty acids have one double bond 

along the fatty acid chain and polyunsaturated fatty acids (PUFA) contain more than 

one double bond in the fatty acid chain.  Fatty acids are systematically named by the 

number of carbons in the fatty acid chain and the number of double bonds (14).  For 

example, a saturated fatty acid with 16 carbon atoms is systematically named 

hexadecanoic acid (16:0), although its common name is palmitic acid.  Linoleic acid 

(LA, 18:2n-6) and α-linolenic acid (ALA, 18:3n-3) belong to the omega-6 (n-6) and 
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omega-3 (n-3) families, respectively.  The ‘n’ nomenclature refers to the position of 

the double bonds within the carbon chain from the methyl terminus.  N-6 fatty acids 

have their first double bond on the sixth carbon atom from the methyl end, whereas 

n-3 fatty acids have their first double bond on the third carbon atom.

In 1929, Burr et al. (1929) (15) identified LA and ALA as essential for growth and 

reproduction and in preventing the symptoms of essential fatty acid deficiency 

(EFAD).  These symptoms include eczema and poor growth.  ALA is found in plant 

chloroplast membranes where it is synthesized from LA, which in turn is derived 

from acetate (16).  In plants, ALA is found in leaves, mainly in glycolipids, and as 

triglycerides in certain seed oils (rapeseed, flaxseed, perilla seed, chia seed), beans 

(soybeans, navy beans) and nuts (walnuts) (17). LA is a major component of 

safflower oil.  The enzymes responsible for the synthesis of LA and ALA from 

precursor fatty acids are the ∆12 and ∆15 desaturases.  Whilst plants express ∆12 and 

∆15 desaturase, animals, including humans, do not and must consume dietary LA 

and ALA to prevent symptoms of EFAD.  As such, ALA and LA are termed 

essential fatty acids.  The daily dietary intake of ALA in the Western diet is

approximately 1.5 g/d compared with the daily intake of LA of 10.8 g (5).  

In animals, including humans, ALA and LA are fatty acid precursors to the 20 

carbon and 22 carbon PUFA.  Arachidonic acid (AA, 20:4n-6) is derived from LA 

and is the main substrate for a series of enzymes that produce the 2-series

eicosanoids, such as thromboxane, prostaglandins, prostacyclins, leukotrienes and 

lipoxins (18).  ALA can be converted endogenously to eicosapentaenoic acid (EPA, 

20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), although EPA and DHA can be 

consumed directly through the diet.  EPA and DHA are abundant naturally in fatty 
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fish such as salmon.  However, minimal quantities of EPA and DHA are consumed 

compared with LA and ALA.  The average intakes of EPA and DHA are 0.056g/d 

and 0.106g/d, respectively (19).

EPA and DHA are putative antiinflammatory, antiarrhythmic and antiatherogenic 

agents with potent triglyceride lowering effects, and some activity on plasma 

cholesterol, particularly in hypercholesterolemic patients (20).  EPA negates the 

proinflammatory and atherogenic effects of lipid mediators derived from AA through 

its conversion to 3-series eicosanoids (21).  The cardiovascular disease prevention 

conferred by EPA and DHA is attributed to these physiological effects and highlights 

the role that dietary fatty acids play in maintaining health.  Mounting evidence for a

positive role of n-3 fatty acids in health has resulted in health authorities 

recommending an increase in the dietary intake of EPA and DHA.  The American 

Heart Association recommends that the general population consume two to three 

fatty fish meals per week (equivalent to 0.43-0.57 g/d EPA and DHA) (1) for optimal 

health.

However, some modern Western societies consume only modest amounts of fish and 

seafood (2;3).  For instance, Australian adults consume 1/6 the quantity of fish and 

seafood as compared to meat, poultry and game (2;3).  The recommended 

consumption of fish calls for major changes in dietary habits which are unlikely due 

to public perceptions of possible mercury contamination in seafood, dislike of the 

taste and/or smell of fish or the perception that seafood is more expensive than meat

(22;23).  As an alternative, the diet may be enriched with n-3 long chain 

polyunsaturated fatty acids (LCPUFA) by consuming modified foods high in n-3 

LCPUFA or with fish oil supplements, rich in EPA and DHA.  These practices 
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effectively elevate the n-3 LCPUFA status of individuals but rely heavily on 

declining global fish stocks (24).  Exploitation of this natural resource has reduced 

catch size, both the number of fish and their maturity (24) and is no longer 

environmentally sustainable.  Single-cell oils derived from the fermentation of 

microorganisms (microalgae or microfungi) are another source of DHA (25) but are 

expensive to produce in significant quantities (26).  Plant oils have the potential to be 

developed into sustainable and affordable sources of n-3 LCPUFA through the 

transgenic expression of genes encoding LCPUFA biosynthetic pathways from other 

organisms (27;28).  For the first time in seed oils, DHA has been synthesised from 18 

carbon fatty acid precursors in the Arabidopsis thaliana plant (28).  Public 

acceptance of the production of oils from genetically modified (GM) plants will be a 

major challenge for this industry as consumer attitudes towards GM food products 

are largely negative in many of the developed countries (29). This combination of 

factors clearly indicates a need for an alternative sustainable source of n-3 LCPUFA 

to meet the current dietary recommendations for health.

Land based vegetable oils, such as linseed and canola oils, may provide an 

alternative to meet the n-3 recommendations.  Since ALA can be converted to EPA 

and DHA endogenously, it was thought that increasing the dietary intake of ALA 

may increase the conversion and accumulation of DHA in tissues and plasma.  

However, whilst elevated dietary intakes of ALA in animals and humans results in an 

increased level of EPA in tissues, there is little or no change in the level of DHA (5-

7).  Direct measurement of fatty acid conversion in humans using labelled ALA 

supports the conversion of ALA to EPA and docosapentaenoic acid (DPA, 22:5n-3) 

with limited conversion to DHA (6;30-32) suggesting a complex relationship 

between ingested ALA and its conversion to DHA.  
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1.2 HEALTH BENEFITS OF N-3 FATTY ACIDS

Among the n-9, n-6, n-3 and saturated fatty acids, the n-3 fatty acids are associated

with improved health outcomes.  EPA and DHA have shown particular efficacy in 

the prevention of cardiovascular disease (33-37) and in infant development (38-43)

and are also beneficially implicated in arthritis (44) and diabetes (45-47).  Whilst cell 

culture and animal studies support a preventive action of n-3 LCPUFA in 

carcinogenesis (48;49), there is divided opinion on the association between n-3 

LCPUFA intake and cancer risk in humans.  An extensive systematic review of 20 

prospective cohort studies concluded that there was no significant association with n-

3 fatty acids and the incidence of cancer (50).  The role of n-3 LCPUFA in 

cardiovascular disease and infant development are two areas that have received 

considerable research.

The association between the dietary intake of n-3 LCPUFA and cardiovascular 

disease prevention began when Bang and Dyerberg (1980) (51) reported low 

mortality rates from ischemic heart disease in Inuits consuming a high proportion of 

fish.  Several intervention studies have also shown an improvement in cardiovascular 

health following n-3 fatty acid supplementation (33-35;52). Bucher et al. (2002) 

(53) performed a meta-analysis of 11 randomised control trials (RCT) that compared 

dietary or non-dietary (supplements) intake of n-3 LCPUFA (EPA and DHA) with a 

control diet or placebo in patients with coronary heart disease and found significant 

protective effects of EPA and DHA on rates of fatal myocardial infarction, sudden 

death and overall mortality in treatment groups.  In contrast, a Cochrane review by 

Hooper et al. (2004) (54) concluded that the evidence to support a role for dietary n-

3 fatty acids in cardiovascular disease prevention was inconclusive.  The Cochrane 

review has challenged the current opinion and sparked several responses (55-57) to 
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refute the conclusions by Hooper et al. (2004) (54). One of the major criticisms of 

the Cochrane review was the inclusion of the follow-up to the Diet and Reinfarction 

Trial (DART 2) (58), which contributed to the significant heterogeneity between 

studies included in the analysis.  Omitting the DART 2 Study produced similar 

relative risks for cardiovascular disease reported by Bucher et al. (2002) (53).  The 

20% reduction in all-cause mortality reported in patients with pre-existing coronary 

heart disease supplemented with 850 mg EPA and DHA in the GISSI Trial (36) is 

striking evidence for a benefit. There are also sound biochemical theories to explain 

the health benefits conferred by n-3 LCPUFA in preventing cardiovascular disease 

including their activity as antiinflammatory, antiatherogenic and antiarrhythmic 

agents (33;59).  A difficulty in systematic reviews is the heterogeneity between 

studies, including differences in population characteristics, lifestyle, dose and type of 

n-3 LCPUFA.  Overall however, there is evidence to support a role of n-3 fatty acids 

in cardiovascular health.

Benefits of n-3 LCPUFA have also been described for infants.  Nutritional 

intervention studies in infants have been spurred by reported differences in cognitive 

development of breast fed infants and their formula fed counter-parts (43), an 

observation which has been attributed to the fact that human breast milk is a rich 

source of DHA, whereas standard infant formulas contain no DHA (60-62).  

Controversy exists regarding the addition of preformed arachidonic acid (AA, 20:4n-

6) and DHA, as found in human milk, to infant formulas containing only LA and 

ALA, for optimal brain development and to ensure the long-term integrity of 

functional outcomes, such as growth, in infants.  A Cochrane review of n-3 and n-6 

LCPUFA supplementation in preterm infants, which included 11 RCT assessing the 

clinical effects of feeding formula supplemented with n-3 and n-6 LCPUFA, 
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concluded that no long-term benefits were demonstrated for infants receiving 

LCPUFA and there was no evidence that supplementation of formula with n-3 and n-

6 LCPUFA impaired the growth of preterm infants (63).  A review of ten RCT 

designed to test the efficacy and safety of adding either n-3 LCPUFA or a 

combination of n-3 LCPUFA and AA to formulas for term infants (64) found mixed 

evidence for support of an effect of dietary n-3 and n-6 LCPUFA on either visual 

acuity or mental development.  The current consensus is that the benefits of DHA 

supplementation for term infants are smaller than for preterm infants (65). The 

strongest evidence for good developmental outcomes for infants is breastfeeding for 

at least six months (65).

1.3 FATTY ACID METABOLISM

Fatty acids are ingested as triglycerides and phospholipids and hydrolysed in the 

small intestine by pancreatic lipase and other enzymes.  Hydrolysis products 

absorbed by the intestinal mucosa are recombined into triglycerides and 

phospholipids, which combine with apoproteins to form lipoproteins (66).  This 

process solubilises the fatty acids and permits their transport through the blood to 

other tissues where the fatty acid can enter various metabolic pathways.

1.3.1 Fatty acid transport

Fatty acids are transported between organs in the blood either as non-esterified fatty 

acids (NEFA) complexed to albumin or as triglycerides and phospholipids associated 

with chylomicrons and very low density lipoproteins.  Fatty acids associated with 

lipoproteins can be hydrolysed by two related lipases, hepatic lipase and lipoprotein 

lipase (67) enabling entry of fatty acids into the cell either by passive diffusion 

(14;68) or facilitated membrane transport (14;67;69).  Non-protein mediated, passive 

entry of fatty acids involves adsorption to the membrane, protonation, flip-flop 
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within the membrane and desorption into the cytosolic space (68).  Various factors 

can influence the rate of passive fatty acid movement across cell membranes.  These 

include the affinity of fatty acid binding to sites on albumin (70), the transmembrane 

pH gradient, the transmembrane gradient of fatty acids, modification of the fatty acid 

to membrane impermeable derivatives on the trans side of the membrane and the 

utilisation of the fatty acid for anabolic and catabolic processes (71).

Transport of fatty acids through cell membranes may also be facilitated by proteins, 

including fatty acid binding proteins, fatty acid translocase, (FAT, also known as 

CD36) and fatty acid transport proteins.  All three proteins are regulated to some 

degree by members of the peroxisome proliferator-activated receptor (PPAR) family 

of transcription factors (14;72-74).  Inside the cell, fatty acids are bound to 

cytoplasmic fatty acid binding proteins (FABP) (71;75).  It is believed that FABP 

solubilise and protect fatty acid ligands in aqueous spaces and facilitate their

transport in the cytosol (76).  There is evidence that FABP may influence fatty acid 

metabolism through facilitating uptake, transport, sequestration, and/or metabolic 

targeting of fatty acids (77;78).  The discovery of these transport proteins indicates a 

potential regulatory point of entry for fatty acids into various metabolic pathways.  

The cellular uptake of fatty acids with their entry into these pathways may be 

affected by changes in the presence and/or activity of these transport proteins.  

1.3.2 Activation and entry of fatty acids into several metabolic

pathways

Once inside the cell, fatty acids can enter several metabolic pathways (Figure 1-1).  A 

requisite step before entry into these pathways involves activation of fatty acids by 

the action of fatty acyl-CoA synthetases (FAS), abundant in microsomes and 
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mitochondria (75), to form fatty acyl-CoA-thioesters.  The FAS enzymes differ from 

each other with respect to their subcellular locations and their specificities for fatty 

acids of different chain lengths.  The overlapping chain length specificities and tissue 

distributions mean that most saturated or unsaturated fatty acids in the range of 2-22 

carbons can be activated in animal tissues, although at different rates (14). Activated 

fatty acids are also bound to FABP (67) and serve as a reservoir for intracellular fatty 

acyl-CoA that can be transported to various subcellular compartments (79).  Within 

these compartments, the activated fatty acids can be substrates for;

i. β-oxidation; (see Section 1.4)

ii. elongation and desaturation reactions; or (see Section 1.5)

iii. assimilation into complex lipids, including triglycerides, cholesterol esters or 

phospho- and sphingo-lipids (see Section 1.6).

Dietary fatty acid intake, fatty acid conversion and acylation into membrane lipids 

has a concerted influence on the fatty acid composition of cell membranes and 

thereby, cellular function.  
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Figure 1-1. Activation of fatty acids in the cytosol and entry into the desaturation-

elongation pathway or mitochondrial β-oxidation.

PUFA concomitantly increase the expression of CPT-1 and decrease the expression 

of FAS, directing fatty acids towards oxidation and away from the desaturation-

elongation pathway.  Malonyl CoA binds to the N-terminal of CPT-1, inhibiting the 

transport of fatty acid across the mitochondrial membrane.  (ACC; Acetyl CoA 

carboxylase, FAS; fatty acyl-CoA synthetase, CPT-1; carnitine palmitoyltransferase-

1, PUFA; polyunsaturated fatty acid, TG; triglyceride, TCA cycle; tricarboxylic acid 

cycle).
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The expression of genes coding for the enzymes involved in the activation of fatty 

acids is regulated by fatty acids themselves.  Nakamura et al. (2000) (80) reported 

that rats fed a fat-free diet supplemented with 4 weight (wt) % LA reduced hepatic 

FAS mRNA expression by approximately 50%.  Ide et al. (2000) (81) report that 

hepatic FAS mRNA expression was reduced in rats fed a 15% fat diet as either 

perilla oil (containing ~60% total fatty acids as ALA), safflower oil (~77% total fatty

acids as LA), linseed oil (~50% total fatty acids as ALA) and fish oils compared with

rats fed palm oil (40-55% total fatty acids as 16:0).  The reduced expression of FAS 

by dietary PUFA suggests that the activation of fatty acids for entry into metabolic

pathways is tightly controlled.

De novo fatty acid synthesis involves acetyl CoA carboxylase (ACC) and FAS.  The 

carboxylation of acetyl CoA to malonyl CoA is the first committed step in fatty acid 

synthesis.  The malonyl CoA generated by the action of ACC forms the source of 

nearly all the carbons for the fatty acyl chain.  The second step involves the 

activation of the fatty acyl CoA by FAS in the presence of NADPH, which results in 

the esterification of the fatty acid, as described above.  

1.4 β-OXIDATION

The entry of fatty acids into catabolic pathways, such as β-oxidation, is also 

regulated by PUFA.  Fatty acids enhance PUFA transport into mitochondria, the 

major site of fatty acid β-oxidation, via their action on carnitine palmitoyl transferase 

(CPT). The inner mitochondrial membrane is impermeable to CoA and its 

derivatives, therefore fatty acyl CoAs formed in the cytosol cannot directly enter the 

mitochondria for β-oxidation.  Entry of activated fatty acids into the mitochondrion 

is governed by CPT, which transfers the long chain acyl groups from CoA to 
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carnitine to yield a fatty acyl carnitine.  Two isoforms of CPT have been identified 

(82).  CPT-1 is located on the outer mitochondrial membrane, and CPT-2 is on the 

inner membrane.  Peroxisomes and the endoplasmic reticulum also contain CPTs, all 

of which are inhibited by malonyl CoA (75).  PUFA have been shown to regulate the 

activity of CPT-1, thereby regulating entry into fatty acid oxidation (81;83;84).  Ide 

et al. (2000) (81) reports that the activity of CPT-1 is increased by 50% in the liver 

of rats fed dietary perilla and fish oil, compared to those supplemented with palm or 

safflower oil.  PUFA enhance fatty acid oxidation by co-ordinately increasing the 

expression of mitochondrial CPT and peroxisomal acyl CoA oxidase, by decreasing 

the synthesis of malonyl CoA and by decreasing the sensitivity of CPT to malonyl 

CoA inhibition (83;84).  CPT therefore represents another site in the regulation of 

energy metabolism by PUFA. 

Both mitochondria and peroxisomes carry out fatty acid β-oxidation.  This cyclic

process is similar in both organelles, with each cycle containing 

dehydrogenation/oxidation, hydration and thiolytic cleavage steps (Figure 1-2).  In 

general, one cycle of β-oxidation shortens an acyl chain by two carbons, releasing 

one molecule of acetyl-CoA in a process mediated by a sequence of enzymes, each 

of which is specific for its substrate.  However, there are some differences in β-

oxidation between the two organelles.  In mitochondrial β-oxidation, the preferred 

substrates are fatty acids with a chain length of less than 20 carbons.  These fatty 

acids enter the organelle by the carnitine transport system and are usually degraded 

completely to acetyl-CoA via several β-oxidation cycles.  Peroxisomal fatty acid β-

oxidation is capable of oxidising very long chain fatty acids of 24 carbons.  Entry of 

these substrates does not require carnitine but may involve ATP-binding cassette 

transporters such as the adrenoleukodystrophy (ALD) protein (85).  Peroxisomal β-
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oxidation does not proceed to completion but rather only through a few cycles in 

which the acyl chain is shortened and the shortened fatty acyl CoA returns to the 

endoplasmic reticulum for assimilation into cell lipids (85).

Figure 1-2. Peroxisomal β oxidation of straight chain fatty acid.

There are two complete sets of β oxidation enzymes present in the peroxisome (86).  

Straight chain acyl CoA oxidase is responsible for the initial oxidation of very long 

chain fatty acyl CoAs (VLCFA), whereas branched chain acyl CoA oxidase oxidises 

branched chain fatty acyl CoA.  Enoyl CoA esters are then hydrated and 

subsequently dehydrogenated by the same enzyme.  The last step is thiolytic 

cleavage, performed by sterol carrier protein X in the case of branched chain 

substrates, whereas straight chain substrates utilise 3-ketoacyl-CoA thiolase.

1.5 CONVERSION OF FATTY ACIDS

The first and rate-limiting enzyme involved in the synthesis of LCPUFAs is ∆6 

desaturase (D6D) (87).  D6D introduces a double bond at the ∆6 position from the 
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carboxyl end of a fatty acid.  This reaction requires molecular oxygen, NAD(P)H and 

the cytochrome b5 electron transport system (88).  

Figure 1-3 shows the series of desaturation and elongations that occur to n-3 and n-6 

fatty acids in the endoplasmic reticulum.  

Figure 1-3. Desaturation and elongation of n-3 and n-6 fatty acids.

Elongation and desaturation steps occur in the endoplasmic reticulum.  The final β-

oxidation step occurs in the peroxisome.  ∆6 desaturase (∆6D) is used twice in the 

synthesis of 22:6n-3 and 22:5n-6 from ALA and LA, respectively.  
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LA and ALA are substrates for this enzyme and compete for active sites on the 

enzyme.  The products of ∆6 desaturation, γ-linolenic acid (GLA, 18:3n-6) and 

stearidonic acid (18:4n-3), are elongated to dihomo-γ-linolenic acid (20:3n-6) and 

20:4n-3, respectively.  Elongation is a multi-enzyme process that adds two carbon 

units to the carboxyl end of the fatty acid chain (79;89).  Biochemical 

characterisation of mammalian elongation systems has indicated that the ‘elongase’ 

step in the conversion of fatty acids actually consists of four enzymatic reactions, 

including condensation, β-keto-reduction, dehydration and enoyl reduction.  The 

predominant pathway for fatty acid elongation also occurs in the endoplasmic 

reticulum.  These enzymes work in concert with the desaturases and use malonyl 

CoA and fatty acyl CoA as substrates for two carbon additions to the fatty acids (79).  

In the cell, there exist multiple microsomal elongation systems with different chain 

length specificity (89;90).  Six distinct elongases have been described, each with 

overlapping substrate specificity.  The chain elongation system accepts a wide 

variety of saturated and unsaturated fatty acids as primers for chain elongation (89).

The products of elongation, 20:3n-6 and 20:4n-3, are then further desaturated to the 

20 carbon fatty acids by ∆5 desaturase (D5D) to generate arachidonic acid (AA, 

20:4n-6) and EPA.  D5D accepts fatty acids with their first double bond at position 

eight (89) and introduces a double bond at the ∆5 position along the carbon fatty-acyl 

chain.  AA and EPA are further elongated to 22:4n-6 and 22:5n-3, respectively, and 

finally to their respective elongation products, 24:4n-6 and 24:5n-3.  These final 

elongation products then become substrates for D6D. Several studies have indicated 

the utilisation of D6D by LA and ALA, and 24:4n-6 and 24:5n-3.  The conversion of 

LA to 18:3n-6 and 24:5n-3 to 24:6n-3 has been demonstrated in COS-7 cells 

expressing the wild type rat D6D (91).  Human skin fibroblasts isolated from a 
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patient with clinical evidence of an inherited abnormality in PUFA metabolism, 

including reduced plasma levels of AA and DHA compared with normal human 

plasma, showed a reduced conversion of labelled LA to AA, 24:4n-6 and 22:5n-6; 

and ALA to 24:5n-3 and DHA, compared with normal human fibroblasts (92).  

Northern blot analysis indicated that the reduced conversion of D6D substrates may 

be due to the 81-94% decrease in D6D mRNA content compared with normal human 

fibroblasts (92).  de Antueno et al. (2001) (93) have also demonstrated that a single 

human D6D is active on LA, ALA, 24:4n-6 and 24:5n-3.  Therefore, it is generally 

accepted that D6D is used twice in the conversion of ALA to DHA (and LA to 

22:5n-6).  

Until recently, a ∆4 desaturase was suspected in the synthesis of DHA and its n-6 

homologue, 22:5n-6, from 24:6n-3 and 24:5n-6 respectively.  In 1991, Sprecher’s 

group demonstrated that DHA was synthesised by further ∆6 desaturation of 24:5n-3 

to 24:6n-3 followed by peroxisomal β-oxidation to DHA (94).  These results were 

recently confirmed by D’andrea et al. (2002) (95).  It is now accepted that the final 

step in the synthesis of DHA (and 22:5n-6) from precursor fatty acids involves 

partial β-oxidation to remove two carbons in the peroxisome.  This process relies on 

the movement of acyl fatty acid groups from the endoplasmic reticulum to the 

peroxisome, a process that must be tightly regulated (96).

Studies in patients with disorders of peroxisomal β-oxidation (Zellwegers syndrome, 

neonatal adrenoleukodystrophy and infantile Refsum disease) indicate the 

involvement of this organelle in the synthesis of DHA.  Patients with Zellwegers 

syndrome, who lack functional peroxisomes, have reduced levels of DHA in tissues, 

especially in brain and retina, but also in liver, kidney and blood (97-99).  Moore et 
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al. (1995) (100) reported that normal human fibroblasts metabolised 1-14C ALA to 

labelled 24:5n-3, 24:6n-3 and DHA.  In contrast, fibroblasts from patients with 

Zellwegers syndrome metabolised labelled ALA to 24:5n-3 and 24:6n-3 but not to 

DHA.  Likewise, 3-14C 22:5n-3, 3-14C 24:5n-3 and 3-14C 24:6n-3 were all 

metabolised to DHA in normal fibroblast but not in fibroblasts from patients with 

Zellwegers syndrome.  When fibroblasts from patients with Zellwegers syndrome 

were supplemented with 1-14C DPA, large amounts of 24:6n-3 accumulated but did 

not proceed further to form DHA (99).  Animal models of Zellwegers syndrome, 

such as the PEX5 knockout mouse model, also support the role of the peroxisome in 

the synthesis of DHA (101).  These animals have a 40% reduction in the level of

DHA in brain tissue compared with the wild type (101).  Fatty acid metabolic studies 

using peroxisomal deficiencies also demonstrate that the synthesis of DHA from 

ALA involves the formation of 24 carbon polyunsaturated intermediates followed by 

partial β-oxidation in the peroxisome to DHA, as described above.  These studies 

highlight the importance of the peroxisome and peroxisomal β-oxidation in the 

synthesis of DHA from ALA.  The involvement of two different organelles in the 

biosynthesis of DHA implies that intracellular movement of fatty acids occurs 

between the endoplasmic reticulum and the peroxisome, representing a further 

regulatory site in the synthesis and accumulation of DHA and the level of DHA in 

cell membranes (102).  

Figure 1-4 is a circular representation of the desaturation-elongation pathway,

depicting the complexities involved in fatty acid conversion and emphasises the use 

of D6D twice in the conversion of ALA (and LA) to DHA (and 22:5n-6).  This 

pathway indicates that there are four competing substrates for D6D.  Therefore, D6D 

is used twice in the synthesis of DHA from ALA.  It has been reported that the 18 
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carbon fatty acid substrates are preferred over the 24 carbon fatty acids (87;95).  The 

endogenous synthesis of LCPUFA from precursor fatty acids is therefore dependent 

on the competition between D6D substrates. The involvement of several enzymatic 

steps in the conversion of PUFA to LCPUFA implicates the desaturation-elongation 

pathway as a potent regulator of the fatty acid composition of cell membranes, and 

particularly the conversion of ALA to DHA.
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Figure 1-4. Circular representation of n-3 and n-6 fatty acid conversion.

Elongation and desaturation occurs in the endoplasmic reticulum.  The final step in 

the synthesis of docosahexaenoic acid (DHA) and 22:5n-6 from α-linolenic acid 

(ALA, 18:3n-3) and linoleic acid (LA, 18:2n-6), respectively, occurs in the 

peroxisome.  The diagram indicates that there are four competing substrates for ∆6 

desaturase and that ∆6 desaturase is used twice in the synthesis of DHA and 22:5n-

6 from ALA and LA, respectively.  EPA; eicosapentaenoic acid, DPA; 

docosapentaenoic acid.

1.5.1 ∆6 desaturase

D6D was first cloned from the cyanobacterium; Synechocystis, and has since been 

cloned from the wild herb; Borage officinalis (103), the nematode; Caenorhabditis 

elegans (104), mice (105), rats (106) and humans (105).  D6D is localised on human 

chromosome 11 (11q12-q13.1) and is expressed in nearly all human tissues, with the 

greatest activities found in the liver, heart and brain (107).  Structurally, the enzyme 
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has two membrane spanning domains and three Histidine-box motifs that are 

characteristic of membrane-anchored desaturases and a cytochrome b5 domain (88).  

Research has shown that D6D enzymatic activity and mRNA expression varies with 

hormonal and nutritional manipulation (80;107-109).  

1.5.1.1 ∆6 desaturase activity

The activity of the microsomal enzyme, D6D, has been examined using isolated rat 

liver microsomes (110;111).  In the presence of co-factors, such as ATP, coenzyme 

A and NADH, microsomal preparations have been used to demonstrate the 

conversion of radiolabelled substrate fatty acids to their immediate products. For 

example, the rate of conversion of ALA to its immediate product, 18:4n-3, was 

greater than the conversion of LA to GLA (110). Studies show the greatest activity 

of D6D when ALA was the substrate, followed by LA and OA (110;111).  24:4n-6 

and 24:5n-3 are also substrates for D6D and are desaturated to yield 24:5n-6 and 

24:6n-3, respectively, however, kinetic studies indicate a greater capacity for D6D to 

desaturate 18 carbon fatty acids over the 24 carbon fatty acids (112).  One study 

using isolated microsomes from human fetal liver has shown a similar pattern of 

activity (113).  The enzyme kinetics of D6D will influence the conversion of 

substrate fatty acids and their availability for incorporation into cellular lipids or β-

oxidation.

The fatty acid composition of the background diet also modulates D6D activity.  

Voss et al. (1991) (94) has shown that the desaturation of LA and 24:5n-3 was 

significantly greater in animals maintained on a fat-free diet compared with those fed 

rat chow containing PUFA (94).  The level of DHA converted from DPA in 

microsomes isolated from rats fed a fat free diet was seven times that observed in rats 
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fed a chow diet (94).  It has also been shown that D6D activity correlates with the 

amount of D6D protein.  In rats treated with clofibric acid, an increase in the activity 

of D6D was attributed to the induction of the protein as administration of an inhibitor 

of protein synthesis (cycloheximide) prevented the increased conversion of LA to 

GLA (114).  A more direct measure of the level of protein is the use of specific 

antibodies to quantify the protein.  Using affinity purified anti-rat D6D rabbit serum, 

Shoji et al. (2003) (115) showed that the increased conversion of [14C] LA to [14C] 

GLA induced by treatment with gemfibrozil correlated to an increase in the level of 

D6D protein.  These studies indicate that the activity of the key enzyme in the 

conversion of fatty acids can be modulated by the diet and thereby affect the 

conversion of substrates and influence the fatty acid composition of cell membranes.

1.5.1.2 mRNA expression of ∆6 desaturase

Dietary studies indicate that hepatic D6D mRNA expression is induced by diets low 

in LA and ALA and suppressed by diets rich in vegetable or marine oils 

(80;105;107).  D6D mRNA expression may be used as a surrogate marker for the 

activity of the enzyme as some studies have shown that the suppression of D6D 

mRNA expression by dietary PUFA is associated with reduced D6D activity in 

rodents (107;108).  Tang et al. (2003) (107) demonstrated that both D6D mRNA 

expression and activity was reduced by 60% in rats fed a high carbohydrate diet 

supplemented with 10 weight (wt) % safflower oil compared with those fed a fat-free 

diet or those supplemented with 10 wt % triolein, a triglyceride composed of oleic 

acid (OA, 18:1n-9).  Also, rats fed a 10 wt % fish oil supplemented diet as compared 

with a chow fed diet resulted in a 40% reduction in D6D activity which correlated 

with a decrease in hepatic mRNA D6D expression (108).  
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Nuclear run-on analysis suggests that modulation of D6D mRNA expression by 

PUFA is due to regulation at the transcriptional level (107).  Fatty acids are thought 

to bind to peroxisome proliferators-activated receptors (PPARs) that bind to 

peroxisome proliferators-activated receptor response elements (PPRE) on the D6D 

gene (116-118).  The group of lipid lowering drugs, known as fibrates, are also 

agonists for PPAR and modulate fatty acid metabolism.  PPREs have been identified 

on genes which are components of the peroxisomal long chain fatty acid β-oxidation 

pathway including the long chain fatty acyl CoA oxidase, the enoyl CoA hydratase 

and the 3-oxoacyl CoA thiolase (reviewed in (119)).  However, there appears to be 

species differences in the control of fatty acid metabolism and their response to 

PPAR agonists.  In rodents, PPAR agonists cause hepatic peroxisome proliferation, 

hepatomegaly and, with prolonged administration, hepatocarcinogenesis, in addition 

to the induction of the fatty acid oxidation enzymes (120).  Unlike isolated 

hepatocytes and tumour derived liver cell lines from rats and mice, human 

hepatocytes and HepG2 cells do not exhibit peroxisome proliferators-dependent 

peroxisome proliferation or induction of peroxisome proliferator-associated genes 

(114).  Species differences in the response to synthetic PPAR agonists may also 

extend to the response to natural PPAR agonists, i.e. fatty acids.  Therefore, the 

expression and regulation of D6D and enzymes involved in peroxisomal β-oxidation

in rodents may not translate to that in humans.  There is considerable research into 

the effect of dietary fatty acids on the mRNA expression of D6D in rodents, as 

described below, yet research into human D6D mRNA expression and its regulation

is sparse.

Diets containing corn oil, safflower oil (containing 77% of total fatty acids as LA) or 

fish oil (rich in EPA and DHA) reduced the expression of D6D mRNA compared 
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with rats maintained on a diet containing either no fat or triolein (105;107).  The 

reduced D6D mRNA expression following LA supplementation may also arise from 

its conversion to AA.  AA has been shown to reduce the expression of D6D mRNA 

dose-dependently in the human liver carcinoma cell line, HepG2 (107).  Therefore, 

the reduced level of D6D mRNA expression following dietary LA supplementation 

may be due to LA, AA or both fatty acids.  Similarly, the suppressive effect of fish 

oil on D6D mRNA expression may be attributed to either levels of EPA or DHA.  

Examination of D6D mRNA expression following dietary supplementation with EPA 

and DHA individually showed that both fatty acids decreased hepatic D6D mRNA 

expression and activity compared with controls (109).  The effect of ALA or DPA n-

3 on D6D mRNA expression has not been investigated.  The regulation of D6D 

mRNA expression will lead to changes in the amount of the enzyme and thereby 

affect the rate and amount of fatty acid synthesis.

While D6D appears to be the rate-limiting step in the desaturation-elongation 

pathway, the overall regulation of the pathway is unclear and may contain several 

points of metabolic control.  The importance of the fatty acid composition of cell 

membranes in disease states suggests that a correlation between the level of D6D 

mRNA expression and the accumulation of fatty acids in cell membranes needs to be 

examined further.  A thorough description of the effect of D6D mRNA expression 

and tissue fatty acid composition has yet to be described.  One of the aims of this 

thesis will be to correlate changes in D6D expression with changes in fatty acid 

composition of cell phospholipids.
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1.5.2 ∆5 desaturase

D5D has been cloned from several animals including humans (121), rats (122) and C. 

elegans (123).  The human D5D gene encodes 444 amino acids and possesses 61% 

amino acid identity and 75% similarity to the human D6D (88).  D5D, like D6D, is a 

microsomal enzyme that is expressed in nearly all human tissues, with the greatest 

activity found in the liver, heart and brain (121).  The D6D and D5D proteins possess 

several other common features, including an identical polypeptide size, two 

membrane-spanning domains, and three histidine-rich regions.  Examination of the 

human genome database revealed that the D5D and D6D genes are positioned in 

reverse sequence orientation to each other on chromosome 11 at 11q12.2 – 11q13 

(121).  The distance between the exon containing the translation initiation codon for 

D6D is approximately 11, 000 base pairs (bp) from the exon that contains the 

translation initiation codon for D5D.  Although the specific promoters for the two 

desaturases have not yet been located, the proximity of the genes suggests that 

transcription of D5D and D6D may be co-ordinately governed by regulatory 

sequences within the 11,000 bp region that is common to both genes (121).

1.6 ACYLATION OF FATTY ACIDS INTO CELLULAR LIPIDS

Activated fatty acids may also be substrates for acylation into phospholipids.  The 

cell membrane is composed of a lipid bilayer with phospholipids constituting the 

most abundant membrane lipid.  Fatty acids are important constituents of 

phospholipids and confer the physical properties of cell membranes.  Of the 

phospholipid classes, phosphatidyl choline (PC) is the most abundant in eukaryotic 

cell membranes, representing approximately 50% of phospholipid mass (124;125).  

Phosphatidyl choline (PC) is synthesised by the CDP-choline (Kennedy) pathway 

(126).  The fatty acyl composition of the diacylglycerol molecule utilised by 
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cholinephosphotransferase in the final step of the CDP-choline pathway determines 

the fatty acyl array for PC synthesised de novo (127).  The fatty acid composition of 

each unique organ or cell suggests that the incorporation of fatty acids into 

phospholipid classes is highly selective and the conversion of fatty acid precursors to 

LCPUFA may be tissue-dependent (128-131).  However, it must be noted that the 

level of n-3 LCPUFA in each tissue generally relates to the intake of n-3 LCPUFA 

although the absolute level is tissue specific.

The selectivity of fatty acids for acylation into membrane lipids represents another 

potential intracellular control in determining the fatty acid composition of cell 

membranes.  1-acyl-sn-glycero-3-phosphocholine (1-acyl-GCP) is an acceptor of 

fatty acids that can be used to model esterification of LCPUFA into membrane lipids.  

In so-called ‘mixing studies’, 1-acyl-GCP is added to microsomes and peroxisomes 

isolated from the liver of rats.  When labelled EPA, DPA (22:5n-3) or DHA were 

incubated in this mixture, 53, 5 and 30 ηmol, respectively, were esterified into 1-

acyl-GPC (132).  Neither 24 carbon fatty acid (24:5n-3 or 24:6n-3) were readily 

esterified into 1-acyl-GCP in these microsomal-peroxisomal mixing studies, 

indicating that 24:5n-3 and 24:6n-3 are poor substrates for esterification.  In cultured 

hepatocytes, only trace amounts of labelled 24:5n-3 and 24:6n-3 were incorporated 

into hepatocyte cell phospholipids (94).  When these fatty acids are generated in the 

endoplasmic reticulum, they preferentially move to the peroxisome for further 

metabolism.  Moreover, the rate of acylation of DHA into 1-acyl-GCP was 8.3-fold 

greater than for DPA (22:5n-3).

Ferdinandusse et al. (2003) (133) demonstrated the different rates of acylation 

between fatty acid substrates in cultured skin fibroblasts.  They report that 24:6n-3 
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was β-oxidised 2.7 times faster than 22:6n-3, while 22:6n-3 was incorporated seven

times faster into different lipid classes than 24:6n-3 (133) indicating that the 24 

carbon fatty acids preferentially move into the peroxisome for β-oxidation rather 

than acylation into cellular lipids.  The rate of acylation appears to be regulated by 

the presence of dietary PUFA. The amount of DHA esterified in hepatocyte 

phospholipids, derived from radiolabelled substrates was about 80-fold greater in 

animals fed a fat-free diet than for hepatocytes from chow-fed animals containing 

PUFA (94). There appears to be a preferred metabolic fate for each fatty acid and an 

inverse relationship between rates of peroxisomal β-oxidation and rates of acylation.  

These events will particularly influence the synthesis of DHA from fatty acids

precursors.

1.7 CONVERSION OF FATTY ACIDS IN ANIMALS

1.7.1 Competition between n-3 and n-6 fatty acids for ∆6 

desaturase

Competition between n-3 and n-6 PUFA for enzymes in the fatty acid synthetic 

pathway has been demonstrated in animals (134).  Mohrhaeur and Holman (1963)

(134) fed rats a fat-free diet with daily supplements of either highly purified ethyl

linoleate or ethyl linolenate, derivatives of LA (n-6) and ALA (n-3), or both.  When 

dietary LA was held constant, increasing the level of dietary ALA suppressed the 

tissue content of n-6 products.  Conversely, when ALA was held constant, increasing 

levels of dietary LA suppressed n-3 products (134) indicating that competition 

between n-3 and n-6 fatty acids exists and that this competition influenced the 

accumulation of LCPUFA.  
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1.7.2 Total PUFA affects the ∆6 desaturation of substrates

The competition between n-3 and n-6 substrates as well as the amount of each 

substrate appears to be important determinants of substrate desaturation and 

elongation in the fatty acid synthetic pathway.  Lands et al. (1990) (135) fed rats 

diets with different ratios of n-3 and n-6 fatty acids and/or different total amounts of 

PUFA (ALA and LA).  The highest level of EPA in plasma phospholipids was 

directly related to the energy percent intake of ALA, regardless of the presence of 

competing n-6 substrates.  Interestingly, the highest level of DHA was observed in 

the liver phospholipids of rats fed a diet with 0.73 en % ALA (and 0.55 en % LA) 

compared with rats maintained on a diets containing up to 11.26 en % ALA.  Despite 

the significantly lower percent energy intake of ALA, the amount of DHA 

synthesised and incorporated into liver phospholipids was 12% of total fatty acids 

compared to 8% in those fed the highest energy percent ALA (11.26 en %).  This 

was mirrored in plasma phospholipids where the level of DHA in rats fed 0.73 en % 

ALA was 7.48 % total fatty acids compared to 5.68 % total fatty acids in those fed 

11.26 en %. Although the amount of ALA available for conversion to DHA was 

highest in the group receiving 11.26 en % ALA, its conversion and accumulation to 

DHA appeared to be inhibited.

Other dietary animal interventions demonstrate the paucity in the accumulation of 

DHA following supplementation with relatively high en % ALA (summarised in 

Figure 1-5).  Increasing the en % of ALA (constant en % LA) in the diet of hamsters 

reduced the level of DHA in plasma phospholipids in those fed the high ALA diet 

(136). However, the diet did contain trace amounts of DHA (0.2% total fatty acids) 

which may have altered the conversion of fatty acids.  There was a proportional 
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enrichment in EPA and DPA, but not in DHA, which decreased in the group fed the 

highest energy percent ALA.  In hamsters fed the lowest en % ALA (0.37 en %) the 

level of DHA in plasma phospholipids was 9.88 ± 0.69 % DHA total fatty acids 

compared to 7.69 ± 0.19 % total fatty acids in the group receiving the highest energy 

percent of ALA, (14.58 en %) (136).  Studies in marmosets also show that low 

dietary PUFA (2.15 en %) elevated the level of DHA in erythrocytes (137) and 

cardiac membranes (138) compared with those on a high PUFA diet (9.1 en %).  In 

newborn piglets fed increasing amounts of ALA while keeping the level of LA 

constant, the accumulation of ALA, EPA and DPA was directly related to the en% of 

ALA in the formula (139).  The accumulation of DHA was highest in piglets fed a 

formula containing 3.6 en% ALA.  In these animals, the level of DHA in plasma 

phospholipids was 6.36 ± 1.00% total fatty acids compared to 4.33 ± 0.95% total 

fatty acids in animals fed 16 en% ALA (139).  The dose-dependent accumulation of 

EPA suggests that the reduced accumulation of DHA with increasing dietary ALA 

was not attributable to competition between LA and ALA at the first desaturation 

step but rather to events beyond the ∆5 desaturation of 20:4n-3 to EPA (20:5n-3).  In 

those studies where the en % of ALA was increased; there was a counter-intuitive 

decrease in the level of DHA, suggesting that the enzymes utilised by ALA to 

synthesise DHA were saturated or inhibited.  Hence, high dietary ALA reduces its 

conversion to DHA.  Figure 1-5 shows that low dietary en % ALA results in a greater 

accumulation of DHA compared with higher en % ALA.  The highest accumulation 

of tissue DHA occurs in a narrow range of en % ALA.  In contrast, dietary LA does 

not appear to have a large influence on the accumulation of DHA in tissues (

Figure 1-5).  The total en % of LA and ALA and their ratio to each other appear to be 

important factors in determining the optimal synthesis of DHA.
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Figure 1-5. Accumulation of docosahexaenoic acid (DHA) in plasma phospholipids of animals fed different energy % of dietary PUFA (linoleic acid 

(LA) and α-linolenic acid (ALA)).  Dietary interventions were performed in rats (Gibson et al. 1992a (140), Lands et al. 1990 (135)), marmosets 

(Gibson et al. 1992b (137)), pigs (Blank et al. 2002 (139)) and hamsters (Morise et al. 2004 (136))..
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These animal studies suggest that competition exists between fatty acids of the same 

class for enzymes in the pathway, which may affect the fatty acid composition of cell 

membranes and the accumulation of LCPUFA from precursors.  In the synthesis of 

DHA from ALA, both ALA and its downstream product, 24:5n-3, utilise D6D.  In 

isolated liver microsomes from rats fed a fat-free diet, increasing concentrations of 

[1-14C] ALA inhibited the desaturation of [1-14C] 24:5n-3.  Conversely, increasing 

amounts of [3-14C] 24:5n-3 only slightly reduced the amount of ALA that was 

desaturated, suggesting that ALA is the preferred substrate for D6D (112).  The 

competition between n-3 fatty acids, particularly ALA and 24:5n-3, for enzymes in 

the pathway also explains the poor accumulation of DHA observed in human 

intervention studies, described below (see Section 1.8).  It was hypothesised that high 

dietary intakes of ALA depress the synthesis of DHA by inhibiting the desaturation 

of 24:5n-3 to 24:6n-3 through its competition for D6D.

1.8 CONVERSION OF FATTY ACIDS IN HUMANS

The observation that elevated dietary intakes of ALA in humans results in an 

increased level of EPA but little or no change in the level of DHA in tissues or 

plasma (6;30-32;141) (summarised in Table 1-1) (see also (142) for a more extensive 

review) suggests that the endogenous synthesis and accumulation of LCPUFA from 

precursor fatty acids is complex.  Such reports have led to the general consensus that 

the synthesis of DHA from ALA is limited in humans.  Several studies have reported 

the effects of feeding high-ALA oils, typically linseed oil, containing approximately 

50% ALA, on the fatty acid composition of plasma lipids.  Sanders et al. (1983) (6)

supplemented the diet of healthy human volunteers with 20 ml of linseed oil daily.  

This is equivalent to approximately 10 g/d ALA (~ 5 en %) and represents four and a 

half times the recommended dietary intake (as recommended by US National 
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Institute of Health (8) and Australia (NHMRC 1992, Australia, National Heart 

Foundation 1999, Australia)).  Despite the high intake of linseed oil, only a small 

proportion of ALA was incorporated into platelet phosphoglycerides and suggests 

that ALA does not readily accumulate into cell lipids (6).  EPA was significantly 

elevated yet there was no change in the level of DHA, suggesting a lack of 

conversion further down the desaturation-elongation pathway.  The poor conversion 

of ALA to DHA in this study may result from the competition between ALA and LA 

for active sites on D6D as LA was not excluded in this study, providing an estimated 

4 en %.  Indeed, Emken et al. (1994) (143) have shown a 40-54% reduction in the 

conversion of ALA when the dietary intake of LA was doubled.

Another human intervention trial also indicated a limited conversion of ALA to DHA 

in humans (141).  The fatty acid profile of individuals on a typical Western diet, rich 

in n-6 fats was compared with those maintaining a high n-3 (ALA) diet by using 

linseed oil and linseed spread and avoiding n-6 rich foods for four weeks.  The 

amount of ALA consumed correlated with the level of ALA and EPA in plasma, 

neutrophils, mononuclear cells, erythrocytes and platelet phospholipids but inversely 

correlated with the level of DHA.  However, participants were allowed two fish 

meals/week providing a source of EPA and DHA which may have affected the level 

of DHA in tissues due to the mechanisms mentioned previously.

De Groot et al. (2004) (144) supplemented pregnant women with 2.8 g/d of ALA 

contained in a margarine spread and measured the level of n-3 LCPUFA following 

supplementation.  Plasma concentrations of EPA and DPA increased by 30% and 

15% respectively but DHA did not differ between the ALA supplemented and 

control groups.  In a linseed oil supplementation trial in vegetarian men, 
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consumption of 15.4 g/d of ALA resulted in 7-, 4.5-, and 1.5-fold increases of plasma 

ALA, EPA and DPA, respectively, with no change in DHA (145).  The studies 

presented in Table 1-1 indicate that there is a limitation in the accumulation of DHA 

from ALA in humans.  The increased accumulation of DPA in tissues following 

supplementation with ALA suggests that the limitation may be at a point beyond the 

conversion of ALA to DPA, for instance, at the second ∆6 desaturation step in the 

synthesis of DHA from ALA, the translocation of substrates (24:6n-3) from the 

endoplasmic reticulum to the peroxisome, peroxisomal β-oxidation or translocation 

back to the endoplasmic reticulum for membrane lipid biosynthesis.

1.8.1 Conversion of fatty acids in humans: stable isotope studies

The interpretation of human intervention studies is problematic due to the wide 

availability of other fatty acids in the diet and the potential for dietary fatty acids to 

modulate the conversion of other fatty acids to LCPUFA (146-148).  By 

administering a short term administration of a bolus of ALA labelled with a stable 

isotope and monitoring the conversion of ALA to LCPUFA this problem can be 

briefly circumvented.  Table 1-1 summarises several studies using stable isotopes to 

estimate the conversion of ALA to EPA and DHA in humans.  Emken et al. (1994) 

(143) described the total percent conversion of deuterated ALA to deuterated EPA, 

DPA and DHA in a group of healthy males at 6.0%, 3.5% and 3.8%, respectively 

(149).  As human fatty acid supplementation trials are affected by the influence of 

the background diet, so too are stable isotope studies (146;148).  The study by 

Pawlosky et al. (2003) (147) demonstrates the effect of background diet on the 

conversion of labelled ALA, with reduced conversion of DPA to DHA being 

reported following consumption of a fish-based diet compared with a beef-based diet

(147). The influence of gender on the conversion of fatty acids was also evident 
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when the fractional conversion of DPA to DHA was calculated separately for men 

and women. The reduced conversion of DPA to DHA was only observed in women 

consuming the fish-based diet (147).  Differences in study design, background diet 

and the description of results contribute to the heterogeneity of the studies presented 

in Table 1-1.  However, stable isotope studies indicate that in free-living populations 

the conversion of ALA to DHA is marginal.

1.8.2 Conversion of fatty acids: differences between women and 

men

Differences in the percent conversion of ALA to n-3 LCPUFA have been described 

between women and men and suggest that hormonal control may be involved in 

regulating the expression and activity of desaturation and elongation enzymes. The 

total percent conversion of deuterated ALA to deuterated EPA, DPA and DHA was 

reportedly 6.0%, 3.5% and 3.8%, respectively, in a group of healthy males (143).  

Another study reported that the conversion of [13C] labelled ALA to DHA was 

undetectable in men (31), while the conversion in women was 9% (32).  A study in 

volunteers consuming a strictly controlled diet, containing no n-3 fatty acids from 

fish and a constant amount of ALA, for three weeks found that the amount of DHA 

derived from ALA was higher in women (14.6 ± 3.9%) than in men (150).  In male-

to-female gender reassignment patients the level of DHA in plasma cholesterol esters 

increased after administration of ethinyl estradiol plus cyproterone acetate (drugs 

which mimic female hormones) for four months.  In female-to-male gender 

reassignment patients, the level of DHA was reduced after four months of 

testosterone administration (150).  The increased accumulation of DHA in women 

appears to be due to the influence of oestrogen on fatty acid synthesis. The increased 

conversion of [13C] ALA to [13C] DHA in women compared to men suggests up-
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regulation of the desaturation and elongation pathway and also increased partial β-

oxidation in the peroxisome, perhaps by oestrogen.  This is consistent with the 

observation that women taking 30-35 µg ethynyloestradiol/d in a contraceptive pill, 

which represents an increase in oestrogen exposure compared with the menstrual 

cycle, had 2.5-fold greater conversion of [13C] ALA to DHA than those who did not 

take synthetic oestrogens (31).

Ingested ALA has several metabolic fates.  Apart from being a substrate for fatty 

acid synthesis, a major catabolic route of metabolism of ALA is complete oxidation 

to CO2.  In a study in humans, between 16 and 20% of ALA was expired as CO2 in 

12 h (151).  In addition to the excretion of CO2 on breath, carbon released from fatty 

acid β-oxidation may be recycled and used for fatty acid synthesis de novo.  Citrate 

released from mitochondria into the cytosol is cleaved to form acetyl-CoA and 

oxaloacetate.  The acetyl CoA is then available for fatty acid biosynthesis.  There 

appears to be reciprocal relationship between partitioning of [13C] ALA towards β-

oxidation and carbon recycling into saturated and monounsaturated fatty acids, and 

conversion to EPA, DPA and DHA.  Women preferentially partition fatty acids 

towards synthesis whereas men use fatty acids as an energy source to a greater extent 

than women (152).  It is well accepted that the presence of other fatty acids in the 

diet affects the conversion and accumulation of LCPUFA from precursor fatty acids.  

Studies which have examined the conversion of labelled fatty acids to their long 

chain metabolites in women and men indicate that the conversion of fatty acids is 

also subject to hormonal regulation.
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Reference Study 
population

Dietary intervention Duration
(weeks)

Outcome

James et al. 
2003 (153)

45 M + post-
menopausal F

0.75 g for 3 weeks then 
1.5 g for the following 3 
weeks of ALA, SDA or 
EPA ethyl ester

6 • Increased concentration of EPA and DPA in plasma and erythrocyte 
phospholipids following supplementation with SDA and EPA.

• No change in the concentration of DHA in plasma phospholipids or 
erythrocytes with any dietary group.

Mantzioris 
et al. 1995 
(141)

30 M Control (Typical Western 
diet, high in LA) versus 
High-ALA group (13.0 
g/d ALA)

4 • Intake of ALA correlated with the concentration of EPA in plasma, 
neutrophils, mononuclear cells, erythrocytes and platelet phospholipids but 
inversely correlated with DHA.

Walace et 
al. 2003 
(154)

40 M + F Placebo (palm oil-
soyabean oil (80:20 
w/w), 3.5 g/d ALA, 0.44 
g/d EPA+DHA, 0.94 g/d 
EPA+DHA, or 1.9 g/d 
EPA+DHA 

12 • Increased intake of ALA did not increase the concentration of ALA in 
plasma phospholipids but increased the concentration of EPA by 60%.

• No change in the concentration of DHA in plasma phospholipids following 
supplementation with ALA

• The concentration of EPA and DHA in plasma phospholipids was increase 
in all subjects consuming EPA+DHA.

Harper et 
al. 2006 
(155)

49 F + 7 M
(chronically ill)

Control (5.2 g/d olive oil) 
versus 5.2 g/d flaxseed 
oil (3.0 g/d ALA) 

26 • 70 % increase in the concentration of ALA in plasma lipids in the group 
receiving flaxseed oil, concomitant with a 60% increase in EPA and a 34% 
increase in DPA.

• The level of DHA in plasma lipids was unaffected in both groups

De Groot et 
al. (144)

58 F (pregnant) From week 14 of 
gestation to delivery, 
pregnant women 
consumed 2.8 g/d ALA 
and 9.0 g/d LA or 10.9 
g/d LA (control).

26 • Plasma concentrations of EPA and DPA increased by 30% and 15% 
respectively but DHA did not differ between the ALA supplemented and 
control groups.
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Reference Study 
population

Dietary intervention Duration
(weeks)

Outcome

Li et al. 
1999 (145)

17 M 
(vegetarians)

Moderate-ALA diet 
(LA:ALA 3:1, 13.1 g/d 
LA, 3.7 g/d ALA) versus 
high-ALA diet (LA:ALA 
1:1, 17.4 g/d LA, 15.4 g/d 
ALA).

4 • Significant increase in the level of EPA and DPA in platelet phospholipids 
in subjects consuming the high-ALA diet.

• Significant increase in ALA and EPA in plasma phospholipids in subjects 
consuming the high-ALA diet.

• The level of DHA in platelets and plasma phospholipids was unaffected by 
both diets.

Stable isotope studies
Vermunt et 
al. 1999 
(146)

15 M + F OA-rich diet, ALA-rich 
diet (6.8 g/d), EPA+DHA-
rich diet (1 g EPA + 0.6 g 
DHA).
Following 6 weeks of the 
dietary intervention, 45 mg 
[13C] ALA methyl ester 
was administered.

6 • [13C] enrichment of ALA, EPA, DPA and DHA was reduced in ALA-rich 
and EPA+DHA-rich diets compared with OA-rich diet.

• Minimal [13C] enrichment of EPA, DPA and DHA in the EPA+DHA-rich 
diet.

Goyens et 
al. (156)

15 M + 15 F Control (LA:ALA 19:1; 7 
en% LA, 0.4 en% ALA.), 
Low LA (LA:ALA 7:1; 3 
en% LA, 0.4 en% ALA), 
High ALA (LA:ALA 7:1; 
7 en% LA, 1.1 en% ALA).
At 19 and 61 d, subjects 
ingested 11.4 g [13C] ALA.

61 d • The level of ALA and EPA in plasma phospholipids in subjects consuming 
the low-LA and high- ALA diets increased significantly compared to the 
control group.

• The level of DPA in plasma phospholipids increased significantly in 
subjects consuming the high-ALA diet.

• The level of DHA in plasma phospholipids was not significantly different 
between dietary groups.

• 5.2% ALA was converted to DPA in subjects consuming the low-LA diet.
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Reference Study 
population

Dietary intervention Duration
(weeks)

Outcome

Stable isotope studies continued
Pawlosky 
et al. 2003 
(147)

5 M + 5 F Beef-based diet (no 
seafood or seafood 
products) for 3 weeks 
followed by a fished-based 
diet for another 3 weeks, 
after which 1 g [2H] ALA 
ethyl ester was 
administered.

6 • Elevated concentration of EPA and DHA in plasma lipids during the fish-
based diet compared with beef-based diet.

• Reduced conversion of DPA to DHA following consumption of fish-based 
diet compared with the beef-based diet.

Pawlosky 
et al. (157)

4 M + 4 F Beef-based diet for 21 d. 
During the final week of 
the dietary intervention, 1 g 
[2H] ALA ethyl ester was 
administered.

3 • 0.2% [2H] ALA converted to EPA, 0.13% [2H] ALA converted to DPA, 
0.05% [2H] ALA converted to DHA.

Emken et 
al. 1999 
(148)

6 M High-DHA diet (6.5 g/d 
DHA) versus low-DHA 
diet (<0.1 g/d DHA) for 90 
d prior to administration of 
[2H] ALA triglyceride.

90 d • DHA supplementation reduced the conversion of ALA to EPA and DHA 
by 76 and 88% respectively.
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Reference Study 
population

Dietary intervention Duration
(weeks)

Outcome

Stable isotope studies continued
Emken et al. 
1994 (143)

7 M SAT diet containing 15.1 g 
LA versus PUFA diet 
containing 29.8 g LA for 12 
d prior to administration of a 
mixture of [2H] ALA and LA 
triglycerides.

12 d • The total percent conversion of deuterated ALA to deuterated EPA, DPA 
and DHA was 6.0%, 3.5% and 3.8%, respectively, in all subjects.

• Conversion of [2H] ALA and LA was reduced by 40-54% when dietary 
intake of LA was increased from 15.1 g/d to 29.8 g/d.

Burdge et al. 
2002 (31)

6 F 0.7 g [13C] ALA free fatty 
acid

Once only 
adminitrat
-ion

• Conversion of ALA to EPA, DPA and DHA was 21, 6 and 9 %, 
respectively, in plasma lipids.

Burdge et al. 
2002 (32)

6 M 0.7 g [13C] ALA free fatty 
acid

Once only 
adminitrat
-ion

• Conversion of ALA to EPA and DPA was 8 and 8%, respectively, in 
plasma lipids.  Conversion of ALA to DHA was not detected.

Table 1-1. Accumulation of n-3 LCPUFA in human populations: a summary of current evidence.
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1.9 CONVERSION OF FATTY ACIDS IN VITRO

One of the major limitations of animal and human studies is the influence of other 

dietary fatty acids on the synthesis of DHA from ALA and the difficulty in 

controlling their concentration.  In vitro models of fatty acid metabolism allow the 

conversion of individual fatty acids to be examined in isolation of other fatty acids.  

Several epithelial cell lines have been used to demonstrate the capacity of cell lines 

to mimic in vivo fatty acid metabolism.  De Antueno et al. (2001) (158) reported the 

conversion of radiolabelled LA to 18:3n-6 in the ZR-75-1 (human mammary 

carcinoma) cell line.  Following ∆6 desaturation, GLA was elongated to 20:3n-6 and 

further desaturated (∆5) to 20:4n-6 and then elongated to 22:4n-6 (158), following 

the desaturation-elongation pathway described in Figure 1-3.  Northern blot analysis 

of the ZR-75-1 cell line indicated the presence of both ∆5 and ∆6 desaturase 

transcripts (158) and indicates the usefulness of this cell line as an in vitro model of 

fatty acid conversion.

The competition between LA and ALA for common enzymes in the desaturation-

elongation pathway reported in vivo is also demonstrated in vitro.  When unlabeled 

fatty acids, ALA, EPA, DHA, LA and AA were added to cell culture media of 

intestinal CaCo-2 cells in the presence of radiolabelled ALA and LA, the metabolism 

of labelled PUFA to LCPUFA was reduced (159).  The addition of unlabelled AA 

and EPA reduced the conversion of radiolabelled ALA to EPA by 75.8% and 90.3%, 

respectively.  As the ratio of LA to ALA increased, conversion and incorporation of 

labelled ALA into CaCo-2 cell lipids decreased (159). Further elongation and 

desaturation of radiolabelled DPA to radiolabelled DHA was not detected (159).  

However, Dokko et al. (1998) (160) examined the metabolism of labelled LA in 
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HepG2 cells but did not observe any conversion to AA.  This was also reported by 

Marra et al. (1992) (161) in a study using the SK-Hep1 cell line.  The inability of 

these cell lines to convert LA to AA may have resulted from the development of 

essential fatty acid deficiency, which has been suggested to cause reduced

conversion of n-6 fatty acids to their long chain derivatives (162).  Melin and Nilsson

(1997) (162) reported that an essential fatty acid deficient state occurs after five to 

ten days of culture in the absence of essential fatty acids.  In both reports, cells were 

confluent and were cultured for more than five days prior to fatty acid 

supplementation, which may explain the inability to convert LA to AA.  The 

conversion of LA to AA has been described in other cell lines cultured over a shorter 

time period (158). In the SK-Hep1 cell line, [14C] ALA was converted to 20:5n-3 

and 22:5n-3 but its conversion to DHA was not detected (161).  The conversion of 

fatty acids and the competition between fatty acid substrates reported in cell lines 

aligns with that described in vivo and suggests that in vitro cell systems may provide 

a tool in examining the potential limitations in the conversion of ALA to DHA.

1.9.1 mRNA expression of ∆6 desaturase in vitro

Several in vitro studies have utilised transformed liver cell lines to demonstrate the 

conversion of labelled ALA to EPA, DPA and DHA (163) and to examine the 

mRNA expression of the key enzymes involved in this conversion, and more 

specifically, D6D. Nara et al. (2002) (164) showed a ~50% decrease in D6D mRNA 

expression in HepG2 cells in the presence of AA, EPA and DHA, compared to cells 

without PUFA supplements or cells supplemented with oleic acid (18:1n-9), in 

agreement with that reported in animals (80;105;107).  Tang et al. (2003) (107)

showed a dose-dependent decrease in D6D mRNA expression in HepG2 cells 

supplemented with AA. These studies indicate that the expression of D6D is 
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modulated by fatty acids.  However, there is a lack of studies that thoroughly 

investigate the effect of D6D mRNA expression on the composition of cell 

membranes and whether this is in fact the limiting step in the conversion of ALA to 

DHA.

HepG2 cells are a useful cell system to examine the influence of D6D mRNA 

expression and fatty acid supplementation on the fatty acid composition of cell 

membranes. The human hepatoma cell line, HepG2 is of particular interest as the 

liver is the primary site for the synthesis of fatty acids.  The HepG2 cell line exhibits 

many differentiated functions of human liver cells, including expression of secretory 

proteins such as albumin, transferrin and fibrinogen (165;166) and retains many 

normal hepatic metabolic functions, including lipoprotein and apolipoprotein 

synthesis and cholesterol metabolism (160;167).  The use of this cell line, however, 

is not without its limitations.  Like many cell lines, HepG2 cells are derived from 

neoplastic tissues and as such are de-differentiated in some way from the original 

hepatocyte (168).  Primary human hepatocytes may provide an alternative but are 

associated with limited supply, heterogeneity and quality (168;169), including the 

loss of liver-specific functions with time in culture (165).  The use of the HepG2 cell 

line in previous studies however does suggest its use as a suitable model of fatty acid 

conversion and will allow direct comparison between the data produced in this thesis 

with other studies in the field.

1.10 AIMS

Numerous intervention studies have attempted to elevate the level of DHA in tissues 

by increasing dietary ALA without success.  While it is generally accepted that the 

conversion of ALA to DHA is limited, there is little understanding as to the 

mechanisms governing this limitation. There are several plausible explanations for 
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the disparity between the intake of ALA and its conversion to DHA in vivo.  

Regulation of the concentration of DHA in tissues and plasma may involve simple 

substrate competition between n-3 and n-6 PUFA for common enzymes in the 

pathway, preferential esterification of certain fatty acids into cell lipids or 

peroxisomal β-oxidation or mitochondrial oxidation of fatty acids or a combination 

of these processes.  The expression of the D6D mRNA may also influence membrane 

fatty acid composition by affecting the amount of D6D protein available for the 

conversion of fatty acids.

Much of our understanding of fatty acid conversion and accumulation into cell lipids 

has been gained from in vivo and in vitro studies.  However, interpretation of in vivo

studies is often limited by the multitude of other dietary fatty acids which can 

influence the conversion of fatty acids (147).  Animal studies which examine the 

conversion and accumulation of a single, pure fatty acid do so by depleting the diet 

of all fat, thereby inducing essential fatty acid deficiency and altering the metabolic 

state of the animal (107;134).  The altered metabolic state will affect the metabolism

of fatty acids and the fatty acid composition of cell membranes.  In vitro studies 

examining the conversion of labelled fatty acid substrates have demonstrated the 

kinetics of D6D yet are limited in their ability to show gross changes in the fatty acid 

composition of cell membranes as minute quantities of labelled fatty acids are 

administered and measured and radioactivity may not reliably be converted to mass. 

Moreover, it has been shown that the phospholipid distribution of incorporated 

labelled fatty acids may differ markedly from that of endogenous fatty acids (170).  

Furthermore, supplementation of animals with individual, pure fatty acids would be 

prohibitively expensive and more so in humans.
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In vitro studies are advantageous in allowing cells to be supplemented with fatty 

acids individually and exclusively of other fatty acids.  However, there is limited in 

vitro data which thoroughly describes the fatty acid composition of cell membranes 

following supplementation with individual fatty acids.  Of the limited data available, 

there is some discrepancy between the conversion and accumulation of fatty acids in 

vitro with that compared with in vivo and requires further investigation.

This thesis will use the HepG2 cell line to model the accumulation of fatty acids into 

cell membranes in vivo.  This cell line reportedly retains many of the hepatic 

metabolic functions of the normal human liver (160;165-167), the primary site for 

the conversion of ALA to EPA and DHA.  Changes in the fatty acid composition of 

HepG2 cell phospholipids following supplementation with single fatty acids will be

examined in an attempt to gain insights into the potential regulatory steps in the 

conversion of fatty acids in vivo.  The accumulation of fatty acids (a net effect of 

conversion and incorporation) into cell phospholipids following supplementation 

with individual fatty acids is presented in this thesis.  Measuring the fatty acid 

composition of HepG2 cell phospholipids following fatty acid supplementation 

demonstrates mass changes in the fatty acid composition of cell phospholipids rather 

than the conversion of a fatty acid substrate to their immediate product, as in stable 

isotope studies. In this way, an in vitro system may be used to model the mass 

changes in the fatty acid composition of tissues in vivo that may occur following 

supplementation with fatty acids.  This thesis aims to:

(i.) examine the conversion of PUFA to LCPUFA through the accumulation of 

LCPUFA in HepG2 cell phospholipids following incubation with PUFA; and 

(ii.) delineate the possible regulatory steps in the conversion of ALA, and other n-

3 fatty acids, to DHA.
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2 Materials and Methods

This chapter describes in detail the most utilised methods of this thesis, namely cell 

culture of HepG2 cells and fatty acid analysis.  Modifications to these methods are 

described in each chapter as appropriate.

2.1 MATERIALS

Dulbecco’s Modified Eagle’s Medium (DMEM), foetal bovine serum (FBS), L-

glutamine, penicillin-streptomycin and trypsin were purchased from SAFC 

Biosciences, Victoria, Australia.  Free fatty acids (FFA) and authentic lipid standards 

were obtained from Nu-Check-Prep Inc (Elysian, MN, USA).  The C17:0 

phospholipid (diheptadecanoyl) and C17:0 triglyceride (triheptadecanoin) internal 

standard was from Sigma (St. Louis, MO, USA) and the C17:0 cholesterol ester 

(cholesteryl heptadecanoate) internal standard were from Nu-Check-Prep Inc. 

(Elysian, MN, USA).  BSA, dimethyl sulfoxide (DMSO) and trypan blue solution 

were from Sigma (St. Louis, MO, USA).  Tissue culture ware was from Greiner Bio 

One (Frickenhausen, Germany).  All other chemicals and reagents were of analytical 

grade.

2.2 CELL CULTURE

The human hepatocellular carcinoma cell line, HepG2, was used in all experiments.  

Dulbecco’s Modified Eagle’s Medium (DMEM) liquid medium containing 4500 

mg/L dextrose, 4 mg/L pyridoxine hydrogen chloride and 110 mg/L sodium pyruvate 

was used in cell culture.  L-glutamine, penicillin-streptomycin and FBS were added 

to the media immediately prior to use.  HepG2 cells were obtained from American 

Type Culture Collection (Rockville, MD, USA) and cultured in DMEM 
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supplemented with 10% FBS, 2mM L-glutamine, 50 U/ml penicillin and 37.5 U/ml 

streptomycin (growth medium).

2.2.1 Cell thawing

Cryopreserved HepG2 cells in cryovials were removed from liquid nitrogen and 

placed into a 37°C water bath until thawed.  The cell suspension was transferred to a 

sterile 15 ml tube and 9 ml of pre-warmed growth medium was slowly added to the 

cell suspension.  Cells were centrifuged at 310 g for 5 min.  The supernatant was 

aspirated and the cells were resuspended in 5 ml of fresh growth medium and 

transferred into a 25 cm2 tissue culture flask (Greiner Bio One, Frickenhausen, 

Germany).  The cells were incubated at 37°C in a 5% CO2 humidified incubator for 

48 h, at which point the medium was replaced.

2.2.2 Passaging cells

After 72 h, cells cultured in 25 cm2 tissue culture flasks were 80% confluent.  At this 

time the medium was aspirated and the cells were washed twice with sterile 

phosphate buffered saline containing 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4 

and 1.47 mM KH2PO4 (pH 7.3) to remove all traces of growth medium.  The cells 

were harvested by adding one ml trypsin-ethylenediaminetetraacetic acid (EDTA) 

solution, containing 0.25% (w/v) (1: 250) porcine trypsin and 0.02% (w/v) EDTA to 

the flask and incubating the cells for 5 min at 37°C in a 5% CO2 humidified 

incubator.  Non-adherent cells were resuspended in 10 ml growth medium, 

transferred to a sterile 15 ml tube and centrifuged at 310 g for 5 min.  The 

supernatant was aspirated and the cells were resuspended in 5 ml growth medium, 

transferred to a 75 cm2 tissue culture flasks (Greiner Bio One, Frickenhausen, 

Germany) and placed into a 37°C, 5% CO2 humidified incubator.  This process was 

repeated several times to produce a working cell bank that contained HepG2 cells 
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between passage 22 to 28 stored in liquid nitrogen for use in the experiments 

described in the following chapters.  Cells cultured for the cell bank were frozen and 

stored in liquid nitrogen as described below.

2.2.3 Cell freezing

At 80% confluence, HepG2 cells were harvested from 75 cm2 tissue culture flasks 

using trypsin-EDTA solution, as described in Section 2.2.2, and resuspended in an 

appropriate volume of freezing medium to yield 5 × 106 cells per ml of freezing 

medium.  The freezing medium contained 70% (v/v) DMEM, 20% (v/v) FBS and 

10% (v/v) DMSO.  One ml of the cell suspension was transferred into cryogenic 

vials (Nalgene Nunc International, Naperville, IL, USA) and stored in liquid 

nitrogen.

2.2.4 Seeding cells

HepG2 cells grown in 75 cm2 tissue culture flasks for fatty acid experiments were 

harvested at 80% confluence.  Non-adherent cells were resuspended in 10 ml growth 

medium, transferred to a sterile 15 ml tube and centrifuged at 310 g for 5 min.  The 

supernatant was aspirated and the cells were resuspended in 5 ml growth medium.  

To determine the number of cells in suspension, a 50 µL aliquot of the cell 

suspension was transferred into an eppendorf tube and diluted in 450 µL phosphate 

buffered saline (PBS).  Ten µL of the diluted cell suspension was loaded into a 

haemocytometer and viewed under a light contrast microscope.  The number of cells 

in four quadrants of the haemocytometer were counted, averaged and multiplied by 

dilution factors to determine the total number of cells in suspension.  This number 

was used to determine the volume of cell suspension required to seed HepG2 cells 

into six-well tissue culture plates (Greiner Bio One, Frickenhausen, Germany).  
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HepG2 cells were seeded into six-well tissue culture plates at a density of 4 × 105

cells/ml in 2 ml of growth medium.

2.2.5 Cell viability

A separate 10 µL aliquot of the diluted cell suspension was added to 10 µL 0.4% 

(w/v) trypan blue solution (trypan blue dye in 0.81% sodium chloride and 0.06% 

potassium phosphate) (Sigma, St. Louis, MO, USA).  Cells with an intact membrane 

exclude the trypan blue dye and are considered viable.  Viable cells and non-viable 

cells were counted using a haemocytometer.  The percent viability was determined 

by dividing the number of viable cells by the total number of cells. In all 

experiments described in this thesis, cell viability was determined by trypan blue 

exclusion.

2.2.6 Supplementation of HepG2 cells with fatty acids

2.2.6.1 Preparation of media

FFA were diluted in analytical grade ethanol to prepare stock solutions at a 

concentration of 10 mg/ml.  Aliquots of each FFA stock solution were stored in 1.5 

ml glass vials at -20°C.  Fatty acid supplemented serum-free DMEM was prepared 

immediately prior to use by diluting the FFA stock solution in serum-free DMEM to 

achieve final concentrations ranging from 0.5-20 µg/ml of the fatty acid.  Serum-free 

media was used since DMEM supplemented with FBS contains fatty acids including 

DHA (Table 2-1).  Moreover, serum free media contains 0.89 ± 0.04 µg/ml of lipid 

compared with 28.97 ± 0.73 µg/ml in DMEM + 10% FBS.

2.2.6.2 Cell culture

A series of experiments were performed to determine an appropriate protocol for 

culturing HepG2 cells for investigating the accumulation of fatty acids in cell lipids.  
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The cells could not be cultured in DMEM +10% FBS for the entirety of experiments 

involving fatty acid supplementation as DMEM + 10% FBS contained DHA and 

other fatty acids (Table 2-1).  The use of DMEM + 10% charcoal stripped FBS 

(Sigma, Deisenhofen, Germany) was investigated as charcoal stripped serum 

contained 26.15 ± 5.25 µg/ml total lipid compared with 169.61 ± 4.30 µg/ml total 

lipid in standard FBS.  However, the number of cells after 6 d culture in DMEM + 

10% charcoal stripped FBS were significantly lower (1.9 × 106 cells/ 12.5cm2) 

compared with cells maintained in DMEM + 10% FBS (9.65 ± 0.74 × 106/ 12.5 cm2).  

Cells were seeded and cultured for 3 d in DMEM + 10% FBS to promote growth of 

the cells and then the media was replaced with either DMEM containing 10% 

charcoal stripped serum or serum-free DMEM supplemented with 10 µg/ml ALA 

bound to BSA for 24 h or 48 h.  The conditions that produced the greatest 

accumulation of DHA in cell phospholipids following supplementation with ALA 

without compromising cell number or viability were considered optimal.  The 

optimal conditions are described below.

For the majority of the experiments described in the following chapters, HepG2 cells 

were seeded into six-well tissue culture plates and incubated at 37°C in a 5% CO2

humidified incubator for 72 h.  After 72 h, the medium was removed and the cells 

were washed twice with 1 ml PBS to remove any remaining fatty acid in the 

medium.  Two ml of serum free DMEM supplemented with FFA bound to 

essentially fatty acid-free BSA was added to each well.  The molar ratio of fatty acid 

to albumin was 4:1.  The media was replaced after 24 h with freshly prepared serum-

free medium containing the supplemented fatty acid for a further 24 h.
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Table 2-1. Fatty acid composition of serum free DMEM and DMEM with 10% FBS.

Media was extracted for total fatty acid analysis by gas chromatography as described in Materials and Methods.  Values are means ± SE. ND not 

detected, # The sum of total fatty acids in serum free DMEM and DMEM + 10% FBS equals 100 with the inclusion of other fatty acids not included in 

this table. * The remaining 90.5% of the total fatty acids in serum free media was 3-t-butyl-4 hydroxyanisole as described in Section 2.3.3.

Serum free DMEM+10% FBS Serum free* DMEM+10% FBS
Fatty acid µg/ml % total fatty acids#

Total Saturates 0.34 ± 0.34 11.75 ± 0.26 3.70± 3.70 40.59± 0.23
18:1n-9 0.55 ± 0.06 7.16 ± 0.22 5.83± 0.81 24.72± 0.13

Total Monounsaturates 0.55 ± 0.06 10.49 ± 0.31 5.83± 0.81 36.19± 0.17
20:3n-9 nd nd nd nd

Total n-9 0.55 ± 0.06 7.65 ± 0.25 5.83± 0.81 26.39± 0.18
18:2n-6 nd nd nd nd
18:3n-6 nd nd nd nd
20:3n-6 nd 0.72 ± 0.05 nd 2.47± 0.11
20:4n-6 nd 2.51 ± 0.07 nd 8.67± 0.03
22:5n-6 nd nd nd nd

Total n-6 3.23 ± 0.12 11.14 ± 0.13
18:3n-3 nd nd nd nd
20:5n-3 nd 0.11 ± 0.11 nd 0.37± 0.37
22:5n-3 nd 1.45 ± 0.03 nd 5.01± 0.21
22:6n-3 nd 1.94 ± 0.04 nd 6.70± 0.31

Total n-3 3.50 ± 0.07 12.08± 0.27
Total Fat µg/ml 0.89 ± 0.40 28.97 ± 0.73
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2.2.7 Cell harvest

After 48 h incubation with fatty acid supplemented medium, the cells were harvested 

using trypsin-EDTA solution.  Fifty µL of trypsin-EDTA solution was added to each 

well and the six-well tissue culture plate was incubated at 37°C in a 5% CO2 ,

humidified incubator for 5 min.  Cells from three wells were collected and pooled in 

1.5 ml PBS and transferred into an eppendorf tube.  Fifty µL of the cell suspension 

was used to determine cell number and viability as described above (see Section 

2.2.4).  The cell suspension was transferred to a glass tube for fatty acid analysis (see 

Section 2.3).

2.3 FATTY ACID ANALYSIS

2.3.1 Lipid analysis of HepG2 cells

Lipids were extracted from cells, suspended in PBS, with chloroform-methanol (2:1, 

by vol) according to the method of Folch et al. (1957) (171).  Two ml methanol and 

80 µL C17:0 (phospholipid, triglyceride, cholesterol ester, 1:1:1 by vol) as internal 

standard were added to the cell suspension and mixed well, followed by the addition 

of 4 ml chloroform.  The glass extraction tube was shaken vigorously and allowed to 

stand for 5 min at room temperature.  Samples were centrifuged at 1500 g for 10 min 

to separate the aqueous and organic phase.  The organic phase containing lipid, was 

extracted and transferred to a glass scintillation vial and evaporated under a stream of 

nitrogen.  The lipid extract was reconstituted in 150 µL chloroform: methanol (9:1, 

by vol) and spotted onto 0.3 mm Silica Gel (60H) thin layer chromatography (TLC) 

plates (Merck, Darmstadt, Germany).  Lipid fractions were separated by thin layer 

chromatography (TLC) using a mobile-phase of petroleum spirits, diethyl ether and 

glacial acetic acid (180:30:2, by vol) and visualised under ultraviolet light.  
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Phospholipid, triglyceride and cholesterol ester fractions were identified by 

comparison to a TLC reference standard (Nu-Check-Prep Inc., Elysian, MN, USA) 

and collected into separate 2 ml glass vials containing 2 ml 1 % sulphuric acid in 

methanol (v/v) with 0.005% butylated hydroxyanisole (BHA) (w/v) as antioxidant.  

The lipid fractions were methylated at 70°C for 3 h.  The resulting FAME were 

extracted into 250 µL distilled water and 500 µL n-heptane.  The upper heptane layer 

containing the FAME was removed and transferred to gas chromatography vials 

containing anhydrous sodium sulphate.  The samples were concentrated under a 

stream of nitrogen to a final volume of 100 µL for analysis by gas chromatography.

2.3.2 Fatty acid analysis of media

Fatty acid-supplemented media was analysed to compare the actual concentration of 

the supplemented fatty acid in the medium with the theoretical concentration.  The 

fatty acid composition of DMEM + 10% FBS and serum free DMEM was also 

analysed (Table 2-1).  A 1 ml aliquot of medium was transferred to a glass extraction 

tube and weighed before the addition of 0.5 ml cold isotonic saline (Baxter, 

Deerfield, IL, USA), 2 ml of methanol and 80 µL of C17:0 FFA (Sigma, St Louis, 

MO, USA) as internal standard. The sample was mixed well and 4 ml of chloroform 

was added.  The glass extraction tube was shaken vigorously and allowed to stand for 

5 min at room temperature.  Samples were centrifuged at 1500 g for 10 min to 

separate the aqueous and organic phase.  The chloroform layer, containing lipid, was 

extracted and transferred to a glass scintillation vial and evaporated under nitrogen.  

The lipid extract was reconstituted in 5 ml 1 % sulphuric acid in methanol (v/v) with 

0.005% BHA (w/v) as antioxidant.  Total lipids were methylated at 70°C for 2 h.  

The resulting FAME were extracted into 750 µL distilled water and 2 ml n-heptane.  

The upper heptane layer containing the FAME was removed and transferred to gas 
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chromatography vials containing anhydrous Na2SO4  and evaporated under nitrogen 

to approximately 600 µL for analysis by gas chromatography.

2.3.3 Analysis of FAME by gas chromatography

FAME were measured by gas chromatography on a BPX-70 50 m capillary column 

coated with 70% cyanopropyl polysilphenylene-siloxane (0.25 µm film thickness and 

0.32 mm internal diameter SGE, Victoria, Australia) on a Hewlett-Packard 6890 gas 

chromatograph (GC) (Hewlett Packard, Palo Alto, CA, USA) fitted with a flame 

ionisation detector.  Helium was the carrier gas and the split-ratio was 20:1.  The 

injection port temperature was 250°C and the detector temperature was 300°C.  The 

initial column temperature was 140°C and increased to 220°C at a rate of 5°C/min 

and held at 220°C for up to 3 min.  The identity of each fatty acid peak was 

ascertained by comparison of peak retention time to an authentic lipid standard 

(NuChek Prep, MN, USA) (Figure 2-1).  The standard contained 52 FAME however, 

the GC program only measured 48 of these FAME of relevance to the samples being 

analysed.  The relative amount of each fatty acid (% of total fatty acid) was 

quantified by integrating the area under the peak and dividing the result by the total 

area for all fatty acids.  A typical trace of the GC analysis of FAME derived from 

HepG2 cell phospholipids is shown in 

Figure 2-2.  The limit of detection was 0.05% total fatty acids.

In the gas chromatographic analysis of media, a peak eluted at the same retention 

time as LA.  This was analysed by gas chromatography-mass spectrometry (GC-MS) 

and identified as 3-t-butyl-4-hydroxyanisole.  This appeared to be characteristic of 

the cell culture media as peaks that eluted at this retention time in lipid extracts from 

HepG2 cells were identified as the FAME of LA by GC-MS.  The fatty acid 
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composition of media is summarised in Table 2-1.  The majority of fatty acids 

accumulated in the phospholipid fraction of HepG2 cell lipid extracts, accounting for 

approximately 66% of the total fat content.  Minimal quantities accumulated in the 

cholesterol ester fraction and approximately 33% accumulated in triglycerides (Table

2-2).  The fatty acid composition of HepG2 cell phospholipids following 

supplementation with fatty acids is reported in this thesis given that this fraction 

represented the greatest accumulation of fatty acids in HepG2 cell lipids.
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Figure 2-1.  Gas chromatogram of authentic lipid standards (NuChek Prep, MN, USA).

The retention time of each fatty acid peak in the standard was used to compare and identify peaks eluted from samples.
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Figure 2-2.  A typical gas chromatogram of fatty acid methyl esters derived from HepG2 cell phospholipids. 

HepG2 cells were supplemented with 10 µg/ml docosapentaenoic acid (22:5n-3) for 48 h and then harvested for fatty acid analysis, as described in 

Materials and Methods.
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Table 2-2. Concentration of fatty acids in phospholipid, triglyceride and cholesterol ester fractions of HepG2 cells supplemented with serum-free 

medium containing 5 µg/ml ALA. ND not detected

Lipid fraction Phospholipids Triglycerides Cholesterol esters
µg/million cells

Fatty acid
Total Saturates 12.75 ± 0.52 6.00 ± 0.82 0.16 ± 0.02
18:1n-9 5.35 ± 0.26 4.66 ± 0.50 0.29 ± 0.01

Total Monounsaturates 16.51 ± 0.97 11.29 ± 1.12 0.57 ± 0.02
20:3n-9 0.39 ± 0.24 0.02 ± 0.01 nd

Total n-9 7.80 ± 0.33 5.48 ± 0.59 0.32 ± 0.02
18:2n-6 0.34 ± 0.05 0.07 ± 0.04 0.09 ± 0.01
18:3n-6 0.01 ± 0.01 0.03 ± 0.01 nd
20:3n-6 0.15 ± 0.01 0.01 ± 0.004 nd
20:4n-6 0.97 ± 0.03 0.02 ± 0.004 nd
22:5n-6 0.05 ± 0.003 nd

Total n-6 2.36 ± 0.28 0.18 ± 0.05 0.09 ± 0.01
18:3n-3 0.70 ± 0.08 0.37 ± 0.11 0.04 ± 0.001
20:5n-3 1.73 ± 0.05 0.04 ± 0.01 nd
22:5n-3 0.44 ± 0.03 0.10 ± 0.02 nd
22:6n-3 1.66 ± 0.04 0.13 ± 0.02 nd

Total n-3 5.04 ± 0.15 1.05 ± 0.26 0.09 ± 0.02
Total Fat µg/million cells 38.14 ± 1.66 18.90 ± 2.09 0.95 ± 0.06



57

2.4 IDENTIFICATION OF 24 CARBON FATTY ACIDS IN HEPG2 

CELL LIPID FRACTIONS

In HepG2 cells supplemented with ALA, EPA and DPA, two peaks beyond the 

retention time of DHA were apparent in the GC analysis of FAME in the 

phospholipid fraction (Figure 2-3A).  These peaks were suspected to be the chain 

elongation product of DPA, 24:5n-3 and the ∆6 desaturation product of 24:5n-3, 

24:6n-3.  Commercial standards for 24:5n-3 and 24:6n-3 were not available, 

however, these fatty acids occur in the jellyfish Aurelia sp. (172).  FAME from the 

phospholipid fraction of HepG2 cells supplemented with DPA were sent to 

laboratories at the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO), Marine Research, Hobart, Tasmania, Australia for analysis by gas 

chromatography.  At the laboratories, the retention times of these unknown peaks 

were compared with FAME derived from the Aurelia sp.  GC analysis of the FAME 

from HepG2 cells at CSIRO Marine Research Laboratories identified two peaks that 

had comparable retention times to 24:5n-3 and 24:6n-3 in the jelly fish Aurelia sp.  

The mass spectra of these unknown peaks were also examined.

2.4.1 Gas Chromatography-Mass Spectrometry analysis

FAME were analysed by GC-MS on a Hewlett Packard 6890 GC (Palo Alto, CA, 

USA) equipped with a BPX-70 50 m capillary column (0.25 µm film thickness and 

0.22 mm internal diameter SGE, Victoria, Australia), and a 5972 mass selective 

detector.  Helium was the carrier gas at a flow of 1.9 ml/min.  For analysis, 2 µL 

volumes were injected into a split/splitless injector set at 250°C with a split ratio of 

20:1.  The initial column temperature was 140°C and increased to 220°C at a rate of 

5°C/min, which was held at 220°C for 2 min.  A second heat ramp to 260°C 
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(20°C/min) was performed and maintained at 260°C for 8 min.  A 70 eV ionisation 

potential was applied and the mass spectrometry acquisition of each sample was set 

to SCAN mode.

GC-MS analysis of these FAME also eluted two unknown peaks at 20.01 min and 

20.34 min (Figure 2-3A).  The fragment pattern for the first unknown peak was 

(major ions at m/z) 79, 91, 108, 119, 133, 147, 161 and 186 corresponding to 24:5n-3 

as described in the jellyfish Aurelia sp. (172) (Figure 2-3B) and also contained the 

characteristic ion at m/z 108, typical of fatty acids with an n-3 terminal group (173).  

The mass spectra of the second unknown peak contained 79, 91, 105, 119, 128, 137, 

147, 157 and 193 corresponding to 24:6n-3 as described in the jellyfish Aurelia sp. 

(172)(Figure 2-3C).  The mass spectra and retention times of these peaks confirmed 

that they were 24:5n-3 and 24:6n-3, respectively.  The homologous n-6 FAME were 

also identified in the phospholipid fraction of HepG2 cells supplemented with 

docosatetraenoic acid (DTA, 22:4n-6).  Analysis by GC-MS identified a major ion at 

m/z 150, characteristic of fatty acids with an n-6 terminal moiety (173).  The 

retention time and mass spectra of these peaks indicated that they were 24:4n-6 and 

24:5n-6.
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Figure 2-3. Gas Chromatography-Mass Spectrometry analysis of unknown fatty acid 

methyl esters in the phospholipid fraction of lipid extracted from HepG2 cells 

supplemented with 10 µg/ml docosapentaenoic acid.

(A) Gas chromatogram of HepG2 cell phospholipid fraction containing two unknown 

peaks at 20.01 min and 20.34 min respectively. (B) Mass spectra of unknown peak 

1, subsequently identified as 24:5n-3.  (C) Mass spectra of unknown peak 2, 

subsequently identified as 24:6n-3.
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2.5 STATISTICAL ANALYSIS

One-way analysis of variance (ANOVA) and Bonferroni post hoc statistical tests 

(SPSS Inc Chicago, IL, USA) were used to compare means following fatty acid 

supplementation on means of at least three separate replicates.  Statistical 

significance was defined as p < 0.05.  Data are expressed as mean ± standard error 

(SE).
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3 Conversion of ALA and LA in HepG2 cells

3.1 INTRODUCTION

In vivo dietary intervention studies indicate a limitation in the accumulation of DHA 

following supplementation with ALA (7;30-32;174).  This observation may be partly 

explained by the intake of dietary LA, which is typically 10-fold higher than the 

intake of ALA in most populations (65;175;176).  As described in Chapter 1, ALA 

and LA utilise common enzymes in their conversion to LCPUFA. Therefore dietary 

LA will compete with dietary ALA for enzymes involved in the synthesis of DHA 

from ALA.  The reported rate-limiting enzyme in the synthesis of DHA from ALA is 

D6D, with ALA allegedly being the preferred substrate (96).  The affinity of D6D for

ALA is approximately two to three times that of LA (113) yet the dietary intake of 

LA is generally greater.  The competition for D6D also extends to the conversion of 

the 24 carbon fatty acids (24:5n-3 and 24:4n-6) to DHA and 22:5n-6, respectively.  

The extent to which the competition between n-3 and n-6 fatty acids for common 

enzymes contributes to the poor accumulation of DHA from ALA described in 

human supplementation trials is unclear.  The use of D6D twice in the synthesis of 

DHA from ALA suggests that ALA itself may also be a key regulator of

accumulation of DHA from ALA.  

This chapter aimed to examine the accumulation of LCPUFA in HepG2 cell 

phospholipids following supplementation with ALA or LA individually and 

exclusively of each other.  The fatty acid composition of HepG2 cell phospholipids

following fatty acid supplementation was compared with the accumulation of n-3 and 

n-6 fatty acids in tissues in vivo to establish the use of this human cell line as a model 

of dietary supplementation in vivo. The dynamics of fatty acid uptake and 
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accumulation were also examined by measuring the accumulation of ALA and its 

metabolites in HepG2 cell phospholipids over 48 h.

3.2 MATERIALS AND METHODS

The materials and methods used were those described in Chapter 2, with the 

following changes.

3.2.1 Cell culture

HepG2 cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-

glutamine, 50 U/ml penicillin and 37.5 U/ml streptomycin.  Cells were grown in 75 

cm2 tissue culture flasks and incubated at 37°C in a 5% CO2 humidified incubator.  

At 80% confluence, HepG2 cells were harvested and seeded into six-well plates 

(Greiner Bio One, Frickenhausen, Germany) as described in Section 2.2.4.  After 72 

h, the medium was removed and replaced with serum-free DMEM supplemented 

with increasing amounts of ALA or LA bound to fatty acid-free BSA.  Stock 

solutions of these fatty acids were prepared in ethanol at a concentration of 10 mg/ml

and diluted in serum-free medium to achieve final concentrations ranging from 0.5-

20 µg/ml ALA or LA.  Cells were harvested after 48 h incubation with the fatty acid.  

To measure the accumulation of fatty acids over time, HepG2 cells were cultured in 

DMEM with 10% FBS for 72 h.  The media was then replaced with serum free 

DMEM supplemented with 20 µg/ml ALA bound to BSA.  Cells were harvested at 

time zero, then at 1, 2, 6, 12, 24 and 48 h after supplementation with ALA.  The fatty 

acid composition of HepG2 cells maintained in serum-free DMEM, supplemented 

with the equivalent concentration of BSA, was measured at each time as the control.

3.2.2 Fatty acid analysis

Total lipids were extracted from cells following procedures described in Chapter 2.
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3.2.3 Statistical analysis

Fatty acid analyses were performed on means of at least three separate replicates as 

described in Section 2.5.  Where appropriate, regression analysis was used to fit 

curves of best fit to the data (SPSS SigmaPlot Inc Chicago, IL, USA).

3.3 RESULTS

3.3.1 Accumulation of n-3 fatty acids

The accumulation of ALA into cell phospholipids was concentration-dependent,

increasing from 0.12 ± 0.11% to 7.05 ± 0.53% total fatty acids over the concentration 

range tested (0.5-20 µg/ml ALA) (Figure 3-1).  The accumulation of EPA and DPA

was also dependent on the concentration of ALA in the media (Figure 3-1).  The 

level of EPA in cell phospholipids increased 47-fold from 0.15 ± 0.02% to 7.07 ±

0.74% total fatty acids and the level of DPA increased 7-fold, from 0.25 ± 0.05% to 

1.91 ± 0.31% total fatty acids.  In contrast, the level of DHA in cell phospholipids 

peaked following supplementation with 5 µg/ml ALA and did not increase with 

further increases in the concentration of ALA.  At its peak, the level of DHA in cell 

phospholipids had increased 1.7-fold from 2.62 ± 0.06% to 4.44 ± 0.33% total fatty 

acids.

The accumulation of 24:5n-3 and 24:6n-3 in cell phospholipids was also measured.  

There was a dose-dependent relationship between the accumulation of the D6D 

substrate, 24:5n-3 in cell phospholipids and the concentration of ALA in the media 

(Figure 3-2).  The accumulation of the product of D6D, 24:6n-3, however, paralleled 

the accumulation of DHA. There was an increase in the level of 24:6n-3, up to 5 
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µg/ml ALA supplementation but no increase with increased concentrations of ALA

(Figure 3-2).

The fatty acid composition of HepG2 cell phospholipids following supplementation 

with increasing concentrations of ALA are summarised in Table 3-1.  The level of 

saturated fatty acids increased concomitant with a decrease in the total level of 

monounsaturated fatty acids in HepG2 cell phospholipids following supplementation 

with increasing concentrations of ALA, suggesting an exchange in the distribution of 

fatty acids with ALA-supplementation.  The total level of n-9 fatty acids decreased 

with increasing concentration of ALA.  However, with ALA supplementation, the 

level of n-6 fatty acids did not change.
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Figure 3-1. The accumulation of α-linolenic acid (18:3n-3, ALA) (=), 

eicosapentaenoic acid (20:5n-3, EPA) (¡), docosapentaenoic acid n-3 (22:5n-3, 

DPA) (q), and docosahexaenoic acid (22:6n-3, DHA) (s) in HepG2 cell 

phospholipids of cells supplemented with ALA.  

HepG2 cells were cultured as described and supplemented with increasing 

concentrations of ALA for 48 h.  Values are means ± SE of at least three 

independent experiments with three replicates in each experiment.  Values with 

different symbols are significantly different from each other (p < 0.05) within each 

fatty acid group.  Regression curves have been fitted to the data.
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Figure 3-2 The accumulation of 24:5n-3 (=) and 24:6n-3 (¡) in HepG2 cell 

phospholipids following supplemented with  α-linolenic acid (18:3n-3, ALA).

HepG2 cells were cultured as described and supplemented with increasing 

concentrations of ALA for 48 h.  Values are means ± SE of at least three 

independent experiments with three replicates in each experiment.  Values with 

different symbols are significantly different from each other (p < 0.05) within each 

fatty acid group.  Regression curves have been fitted to the data.
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BSA control 0.5µg/ml ALA 1µg/ml ALA 5µg/ml ALA 10µg/ml ALA 12µg/ml ALA 15µg/ml ALA 20µg/ml ALA

Fatty acid % total fatty acids

Total Saturates 29.69 ± 0.20 a 30.06 ± 0.38 a 31.27 ± 0.60 a, b 33.18 ± 0.18 a, b, c 35.12 ± 0.54 b, c 34.94 ± 0.90 b, c 35.33 ± 0.77 b, c 35.29 ± 1.44 c

18:1n-9 OA 20.72 ± 0.48 a 19.53 ± 0.25 a, b 18.95 ± 1.09 a, b 16.57 ± 0.49 b, c 13.98 ± 0.64 c, d 13.33 ± 0.82 c, d 11.85 ± 0.98 d 11.23 ± 0.75 d

Total Monounsaturates 51.81 ± 0.20 a 51.02 ± 0.42 a 49.43 ± 1.20 a 44.74 ± 0.26 b 38.44 ± 1.31 c 36.80 ± 1.40 c, d 33.76 ± 1.94 c, d 32.34 ± 1.60 d

20:3n-9 5.30 ± 0.31 a 5.21 ± 0.29 a 4.85 ± 0.16 a, b 3.50 ± 0.23 b, c 2.63 ± 0.30 c 2.69 ± 0.30 c 2.35 ± 0.26 c 2.24 ± 0.21 c

Total n-9 33.15 ± 0.25 a 31.82 ± 0.33 a 30.70 ± 0.53 a 25.11 ± 0.65 b 20.64 ± 0.95 c 20.08 ± 1.29 c 18.21 ± 1.37 c 17.56 ± 1.20 c

18:2n-6 LA 0.74 ± 0.05 a, b 0.67 ± 0.01 a 0.73 ± 0.06 a, b 0.70 ± 0.02 a, b 0.83 ± 0.03 a, b 0.83 ± 0.03 a, b 0.92 ± 0.08 b 0.86 ± 0.01 a, b

18:3n-6 0.08 ± 0.03 a 0.11 ± 0.01 a 0.10 ± 0.01 a 0.10 ± 0.003 a 0.09 ± 0.01 a 0.09 ± 0.003 a 0.09 ± 0.02 a 0.09 ± 0.02 a

20:3n-6 0.49 ± 0.02 a 0.47 ± 0.02 a, b 0.47 ± 0.02 a, b 0.45 ± 0.01 a, b 0.44 ± 0.01 a, b 0.45 ± 0.01 a, b 0.43 ± 0.01 a, b 0.43 ± 0.01 b

20:4n-6 AA 2.99 ± 0.12 a 2.87 ± 0.04 a 2.84 ± 0.07 a 2.69 ± 0.04 a 2.78 ± 0.13 a 2.95 ± 0.24 a 2.94 ± 0.34 a 2.64 ± 0.08 a

22:5n-6 DPAn-6 0.14 ± 0.04 a 0.13 ± 0.05 a 0.12 ± 0.04 a 0.12 ± 0.01 a 0.13 ± 0.01 a 0.15 ± 0.02 a 0.16 ± 0.03 a 0.14 ± 0.03 a

Total n-6 4.93 ± 0.22 a 4.84 ± 0.30 a 4.81 ± 0.20 a 4.46 ± 0.21 a 4.54 ± 0.16 a 4.72 ± 0.24 a 4.76 ± 0.37 a 4.40 ± 0.13 a

18:3n-3 ALA 0.12 ± 0.11a 0.10 ± 0.06a 0.16 ± 0.02a 1.19 ± 0.16 a,d 3.72 ± 0.76 b,d 4.53 ± 0.67 b,c 5.94 ± 1.00 b,c 7.05 ± 0.53 c

20:5n-3 EPA 0.15 ± 0.02a 0.67 ± 0.02a 1.08 ± 0.09 a,b 3.87 ± 0.34 b,c 5.73 ± 0.56 c,d 6.12 ± 0.87 c,d 7.05 ± 1.24 c,d 7.07 ± 0.74 d

22:5n-3 DPAn-3 0.25 ± 0.05a 0.34 ± 0.02a 0.41 ± 0.01a 0.87 ± 0.03 a,b 1.33 ± 0.12 b,c 1.49 ± 0.20 b,c 1.67 ± 0.24 b,c 1.91 ± 0.31c

22:6n-3 DHA 2.62 ± 0.06 a 2.90 ± 0.06 a,c 3.13 ± 0.08 a,b 4.44 ± 0.33b 4.40 ± 0.28b 4.37 ± 0.41b 4.28 ± 0.47 b,c 3.93 ± 0.22 b,c

Total n-3 3.99 ± 0.24 a 4.80 ± 0.08 a 5.59 ± 0.23 a, b 11.44 ± 0.59 b, c 16.81 ± 1.27 c, d 18.42 ± 1.77 d, e 21.13 ± 2.10 d, e 22.69 ± 1.44 e

Table 3-1. Fatty acid composition of HepG2 cell phospholipids of cells supplemented with α-linolenic acid (18:3n-3, ALA).

HepG2 cells were cultured as described and supplemented with increasing concentrations of ALA for 48 h.  Values are means ± SE of at least three 

replicates.  Values with different superscripts are significantly different from each other (p < 0.05) by Bonferroni post-hoc test. (p < 0.05).



68

3.3.2 Accumulation of preformed DHA

To examine whether the limited accumulation of DHA from ALA was due to a 

limitation in its incorporation into cell phospholipids, the accumulation of DHA 

derived from ALA was compared with the accumulation of DHA when it was 

supplemented preformed in the media.  DHA readily accumulated in HepG2 cell 

phospholipids when it was supplied in the media, increasing from 3.14 ± 0.27% in 

control cells to 16.26 ± 0.61% total fatty acids in cells supplemented with 10 µg/ml 

DHA (Figure 3-3).  The accumulation of DHA in cell phospholipids when supplied 

directly in the media was also curvilinear and appears to approach a plateau.  The 

fatty acid composition of HepG2 cell phospholipids following supplementation with 

increasing concentrations of DHA are summarised in Table 3-2.  The total level of 

saturated fatty acids in cell phospholipids increased following supplementation with 

DHA.  The total level of monounsaturated fatty acids and n-9 fatty acids decreased 

with increasing concentrations of DHA.  The level of EPA in HepG2 cell 

phospholipids increased linearly with increasing concentrations of DHA.  The total 

level of n-6 fatty acids in cell phospholipids was unchanged by the supplementation 

of HepG2 cells with DHA.  
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Figure 3-3. The accumulation of docosahexaenoic acid (22:6n-3, DHA) in HepG2 

cell phospholipids following supplemented with  α-linolenic acid (18:3n-3, ALA) (=) 

or preformed DHA (n).

HepG2 cells were cultured as described and supplemented with increasing 

concentrations of ALA for 48 h.  Values are means ± SE of at least three 

independent experiments with three replicates in each experiment.  Values marked 

with an asterisk were significantly different (p < 0.05) between supplementation 

groups.  Regression curves have been fitted to the data.
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Table 3-2. Fatty acid composition of HepG2 cell phospholipids of cells supplemented with preformed docosahexaenoic acid (22:6n-3, DHA).Values 

are means ± SE of at least three replicates.  HepG2 cells were cultured as described and supplemented with increasing concentrations of DHA for 48 

h.  Values with different superscripts are significantly different from each other (p < 0.05) by Bonferroni post-hoc test. (p<0.05).

BSA control 1 µg/ml DHA 2.5 µg/ml DHA 5 µg/ml DHA 10 µg/ml DHA

Fatty acid % total fatty acids

Total Saturates 29.13 ± 0.13 a 30.73 ± 0.13 a 32.33 ± 0.65 a, b 34.91 ± 0.93 b, c 37.29 ± 1.01 c

18:1n-9 OA 19.50 ± 0.84 a 17.57 ± 0.03 a, b 16.70 ± 0.92 a, b 14.88 ± 0.71 c, d 12.78 ± 0.32 d

Total Monounsaturates 52.15 ± 0.79 a 46.46 ± 0.25 a, b 43.35 ± 2.30 b, c 38.05 ± 2.19 c, d 32.71 ± 1.63 d

20:3n-9 4.56 ± 0.35 a 3.24 ± 0.04 a, b 3.08 ± 0.41 b 2.57 ± 0.21 b 2.12 ± 0.08 b

Total n-9 29.71 ± 1.69 a 24.96 ± 0.09 a, b 24.10 ± 2.02 a, b 21.17 ± 1.44 b 18.02 ± 0.78 b

18:2n-6 LA 1.43 ± 0.31 a 1.81 ± 0.01 a 1.72 ± 0.48 a 2.40 ± 0.81 a 3.34 ± 1.26 a

18:3n-6 0.11 ± 0.03 a 0.06 ± 0.05 a 0.12 ± 0.002 a 0.04 ± 0.04 a 0.03 ± 0.03 a

20:3n-6 0.63 ± 0.07 a 0.76 ± 0.01 a 0.68 ± 0.09 a 0.76 ± 0.13 a 0.79 ± 0.12 a

20:4n-6 AA 3.39 ± 0.28 a 3.64 ± 0.05 a 3.24 ± 0.35 a 3.44 ± 0.46 a 3.42 ± 0.40 a

22:5n-6 DPA n-6 0.18 ± 0.08 a 0.22 ± 0.002 a 0.11 ± 0.05 a 0.025 ± 0.00 a 0.025 ± 0.00 a

Total n-6 5.92 ± 0.77 a 6.48 ± 0.10 a 5.89 ± 0.94 a 6.65 ± 1.34 a 7.61 ± 1.71 a

18:3n-3 ALA 0.13 ± 0.10 a 0.025 ± 0.00 a 0.01 ± 0.01 a 0.025 ± 0.00 a 0.025 ± 0.00 a

20:5n-3 EPA 0.18 ± 0.06 a 0.26 ± 0.001 a 0.53 ± 0.17 a, b 1.20 ± 0.29 b 2.11 ± 0.15 c

22:5n-3 DPA n-3 0.33 ± 0.06 a 0.29 ± 0.02 a 0.26 ± 0.03 a 0.36 ± 0.05 a 0.37 ± 0.07 a

22:6n-3 DHA 3.14 ± 0.27 a 9.33 ± 0.10 b 11.60 ± 1.34 b, c 14.00 ± 0.17 c, d 16.26 ± 0.61 d

Total n-3 5.15 ± 0.68 a 11.03 ± 0.06 b 13.23 ± 1.59 c 16.10 ± 0.46 c, d 19.15 ± 0.78 d
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3.3.3 Accumulation of n-3 fatty acids over a 48 hour time-course

The change in fatty acid composition of HepG2 cell phospholipids over the 48 h 

supplementation period was also investigated.  The maximum accumulation of ALA 

in HepG2 cell phospholipids occurred at 6 h, increasing from 0.29 ± 0.18% total fatty 

acids prior to supplementation with ALA to 8.97 ± 0.39% total fatty acids at 6 h 

(Figure 3-4).  After 48 h, the level of ALA had equilibrated to 6.26 ± 0.52% total 

fatty acids.  The rate of accumulation of ALA calculated from the area-under-the-

curve was 279.40 % total fatty acid•h.  The level of EPA increased steadily over the 

48 h supplementation period. The rate of accumulation of EPA calculated from the 

area-under-the-curve was 258.14 % total fatty acid•h. The level of DHA remained 

relatively unchanged (Figure 3-4).  However, Figure 3-5 shows that the level of DHA 

in HepG2 cells maintained in serum-free DMEM gradually decreased over 48 h.  The 

level of DHA in HepG2 cell phospholipids immediately prior to supplementation 

with ALA was 4.26 ± 0.58% total fatty acids, which was attributed to the availability 

of DHA in DMEM + 10% FBS, containing 6.70 ± 0.31% DHA total fatty acids.  

Incubation of HepG2 cells with 20 µg/ml ALA maintained the initial level of DHA 

so that there was a net increase in the level of DHA over the 48 h supplementation 

period compared with control cells, indicating synthesis. The rate of accumulation of 

DHA and DPA calculated from the area-under-the-curve was 207.70 % total fatty 

acid•h and 63.90 % total fatty acid•h, respectively.  
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Figure 3-4. The accumulation of α-linolenic acid (18:3n-3, ALA) (=), 

eicosapentaenoic acid (20:5n-3, EPA) (¡), docosapentaenoic acid n-3 (22:5n-3, 

DPA) (q), and docosahexaenoic acid (22:6n-3, DHA) (s) in HepG2 cell 

phospholipids of cells supplemented with 20 µg/ml ALA over 48 h.  HepG2 cells 

were cultured as described and supplemented with 20 µg/ml ALA and harvested at 

the times indicated to 48 h.  Values are means ± SE of at least three independent 

experiments with three replicates in each experiment. Values with different symbols 

are significantly different from each other (p < 0.05) within each fatty acid group.  

There was no significant difference in the level of DPA or DHA between each time 

point.
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Figure 3-5. The content of docosahexaenoic acid in cell phospholipids of HepG2 

cells incubated in serum free DMEM supplemented with 20 µg/ml α-linolenic acid 

(18:3n-3, ALA), bound to BSA, (=), or serum free DMEM with BSA alone (¡) and 

the net change in the level of docosahexaenoic acid (22:6n-3, DHA) (dashed line).  

HepG2 cells were cultured as described and supplemented with 20 µg/ml ALA and 

harvested at the times indicated to 48 h.  Values are means ± SE of at least three 

independent experiments with three replicates in each experiment. Values marked 

with an asterisk are significantly different from cells supplemented with ALA by 

Independent Student’s T-test (p <0.05).
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3.3.4 Accumulation of n-6 fatty acids

The fatty acid composition of HepG2 cells supplemented with the n-6 essential fatty 

acid, LA was also examined.  The fatty acid composition of HepG2 cell 

phospholipids following supplementation with increasing concentrations of LA are 

summarised in Table 3-3.  The accumulation of LA into cell phospholipids was 

concentration-dependent as was the accumulation of AA (Figure 3-6).  After 

supplementation with 20 µg/ml LA, the level of LA in cell phospholipids increased 

20-fold from 0.73 ± 0.06% to 15.92 ± 0.24% total fatty acids.  The level of AA 

increased 3.6-fold from 2.94 ± 0.14% to 10.6 ± 0.83% total fatty acids and DPA n-6 

(22:5n-6) increased 7-fold from 0.17 ± 0.01% to 1.19 ± 0.17% total fatty acids.  The 

D6D product of LA, GLA (18:3n-6), did not accumulate in significant amounts.  The 

level of saturated fatty acids increased concomitant with a decrease in the total level 

of monounsaturated fatty acids in HepG2 cell phospholipids following 

supplementation with increasing concentrations of LA, suggesting an exchange in the 

distribution of fatty acids following LA-supplementation.  Under conditions of LA 

supplementation, the total level of n-3 fatty acids did not change.
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Figure 3-6. The accumulation of linoleic acid (18:2n-6, LA) (=) and arachidonic acid 

(20:4n-5, AA) (�) in HepG2 cell phospholipids of cells supplemented with LA.  

HepG2 cells were cultured as described and supplemented with increasing 

concentrations of LA for 48 h.  Values are means ± SE of at least three independent 

experiments with three replicates in each experiment.  Values with different symbols 

are significantly different from each other (p < 0.05) within each fatty acid group.  

Regression curves have been fitted to the data.
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BSA control 0.5µg/ml LA 1µg/ml LA 5µg/ml LA 10µg/ml LA 12µg/ml LA 15µg/ml LA 20µg/ml LA

Fatty acid % total fatty acids

Total Saturates 29.63 ± 0.18 a 29.68 ± 0.10 a 29.92 ± 0.06 a 32.37 ± 0.45 b 33.92 ± 0.33 b, c 33.45 ± 0.25 b, c 33.80 ± 0.45 b, c 34.55 ± 0.30 c

18:1n-9 OA 20.69 ± 0.52 a 19.20 ± 0.47 a 18.75 ± 0.52 a 15.33 ± 0.82 b 12.76 ± 0.59 b, c 12.15 ± 0.65 b, c 10.89 ± 0.68 c 9.86 ± 0.87 c

Total Monounsaturates 51.99 ± 0.27 a 51.03 ± 0.45 a 49.32 ± 0.41 a 40.99 ± 1.49 b 34.46 ± 1.18 c 31.69 ± 0.83 c, d 28.88 ± 0.74 d, e 26.92 ± 1.67 e

20:3n-9 5.36 ± 0.36 a 5.58 ± 0.41 a 5.38 ± 0.31 a, c 2.86 ± 1.26 a, b 2.15 ± 0.89 b 2.67 ± 0.07 c, d 2.28 ± 0.07 c, d 2.12 ± 0.19 d

Total n-9 33.19 ± 0.31 a 31.97 ± 0.64 a 30.98 ± 0.74 a 23.39 ± 0.47 b 18.97 ± 0.55 c 18.51 ± 0.58 c, d 16.67 ± 0.86 c, d 15.02 ± 1.22 d

18:2n-6 LA 0.73 ± 0.06 a 1.70 ± 0.03 a,b 2.86 ± 0.26 b 7.97 ± 0.23 c 11.64 ± 0.26 d 13.42 ± 0.37 d 14.67 ± 0.64 d 15.92 ± 0.24 e

18:3n-6 0.11 ± 0.03 a 0.12 ± 0.06 a,b 0.26 ± 0.01 b 0.43 ± 0.02 c 0.44 ± 0.02 c 0.44 ± 0.01 c 0.44 ± 0.02 c 0.43 ± 0.01 c

20:3n-6 0.48 ± 0.02 a 0.65 ± 0.02 a 0.91 ± 0.04 a 2.27 ± 0.12 b 2.75 ± 0.06 b 2.73 ± 0.13 b 2.83 ± 0.22 b 2.83 ± 0.20 b

20:4n-6 AA 2.94 ± 0.14 a 2.92 ± 0.01 a 3.24 ± 0.06 a 6.06 ± 0.33 b 8.26 ± 0.46 b,c 9.03 ± 0.49 c,d 10.14 ± 0.47 c,e 10.60 ± 0.83 d,e

22:5n-6 DPAn-6 0.17 ± 0.01 0.19 ± 0.01 0.21 ± 0.00 0.40 ± 0.20 0.61 ± 0.31 0.73 ± 0.31 0.87 ± 0.38 1.19 ± 0.17

Total n-6 4.78 ± 0.28 a 5.90 ± 0.31 a 7.83 ± 0.59 a 17.65 ± 0.66 b 24.37 ± 0.58 c 27.26 ± 0.61 c, d 30.09 ± 0.61 d, e 32.22 ± 1.70 e

18:3n-3 ALA 0.11 ± 0.13 a 0.025 ± 0.00 a 0.025 ± 0.00 a 0.025 ± 0.00 a 0.025 ± 0.00 a 0.025 ± 0.00 a 0.22 ± 0.22 a 0.025 ± 0.00 a

20:5n-3 EPA 0.14 ± 0.02 0.11 ± 0.03 0.13 ± 0.03 0.11 ± 0.02 0.10 ± 0.01 0.06 ± 0.01 0.05 ± 0.02 0.07 ± 0.01

22:5n-3 DPAn-3 0.24 ± 0.06 0.18 ± 0.01 0.18 ± 0.01 0.17 ± 0.01 0.16 ± 0.01 0.20 ± 0.04 0.25 ± 0.09 0.17 ± 0.01

22:6n-3 DHA 2.61 ± 0.08 a 2.53 ± 0.06 a 2.56 ± 0.01 a 2.47 ± 0.01 a 2.29 ± 0.07 a, b 2.40 ± 0.16 a, b 1.88 ± 0.28 b 2.11 ± 0.06 a, b

Total n-3 3.95 ± 0.29 3.70 ± 0.07 3.64 ± 0.08 3.45 ± 0.04 3.17 ± 0.06 3.14 ± 0.16 2.99 ± 0.13 2.75 ± 0.07

Table 3-3. Fatty acid composition of HepG2 cell phospholipids of cells supplemented with linoleic acid (18:2n-6, LA). 

HepG2 cells were cultured as described and supplemented with increasing concentrations of LA for 48 h.  Values are means ± SE of at least three 
replicates.  Values with different superscripts are significantly different from each other (p < 0.05) by Bonferroni post-hoc test. (p < 0.05).
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3.3.5 Cell number and viability

Supplementation of HepG2 cells with increasing concentrations of ALA or LA, 

bound to BSA, did not affect cell number or viability compared with control cells (p 

> 0.05) (Figure 3-7). The number of cells increased over the 48 h supplementation 

period, almost doubling from the beginning of supplementation to the end at 48 h 

(Figure 3-8).  Cell viability did not change over the 48 h supplementation period with 

either fatty acid (Figure 3-8).
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Figure 3-7.  Cell number and viability of HepG2 cells supplemented with increasing 

concentrations of α-linolenic acid (18:3n-3, ALA) or linoleic acid (18:2n-6, LA). 

HepG2 cells were incubated for 48 h with increasing concentrations of ALA or LA 

bound to BSA in serum-free DMEM.  Cell number was determined at the end of the 

supplementation period as described in Section 2.2.4.  Cell viability was determined 

by trypan blue exclusion as described in Section 2.2.5.
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Figure 3-8.  Cell number and viability of HepG2 cells supplemented with 20 µg/ml α-

linolenic acid (18:3n-3, ALA) over a 48 h time-course. 

HepG2 cells were incubated for with 20 µg/ml ALA bound to BSA in serum-free 

DMEM.  Cells were harvested immediately prior to supplementation (t=0), then at 1, 

2, 6, 12, 24 and 48 h supplementation.  Cell number was determined at the end of 

the supplementation period as described in Section 2.2.4.  Cell viability was 

determined by trypan blue exclusion as described in Section 2.2.5.
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3.4 DISCUSSION

The pattern of accumulation of LCPUFA following supplementation with ALA and

LA in HepG2 cells described here supports the proposed pathway of fatty acid 

conversion (93-95) and indicates that the HepG2 cell system is a suitable model for 

examining the conversion and accumulation of fatty acids into cell lipids.  Other cell 

lines including human mammary carcinoma cells, ZR-75-1 (158), and human colon 

carcinoma cells, CaCo-2 (159), have been used to demonstrate the capacity of in 

vitro cell systems to mimic in vivo fatty acid conversion using labelled fatty acids.  

However, this is the first study to thoroughly describe mass fatty acid compositional 

changes in HepG2 cell phospholipids following supplementation with ALA and LA.  

The fatty acid composition of cell phospholipids following supplementation, a net 

effect of fatty acid conversion and incorporation into cell phospholipids, was 

measured in order to evaluate the efficacy of ALA and LA in altering membrane 

fatty acid composition and to compare the accumulation of fatty acids with that 

described in vivo (6;7;30;157).  The limited accumulation of DHA from ALA 

described here in HepG2 cells is consistent with that described in vivo.  A dose-

response relationship between ALA and the level of EPA in cell phospholipids, 

concomitant with a limitation in the accumulation of DHA with increasing 

concentration of ALA, was observed in HepG2 cells.  The linear accumulation of 

EPA in cells supplemented with increasing concentrations of ALA suggests that the 

conversion of ALA to EPA, which involves D6D and D5D, may not be the limiting 

steps in the accumulation of DHA from ALA.  The dose-dependent accumulation of 

DPA and 24:5n-3 in cells supplemented with ALA also suggests that the enzymes 

involved in the elongation of fatty acids and incorporation into cell phospholipids 

was not limiting.  However, the curvilinear accumulation of the D6D products, 



80

24:6n-3 and DHA, implicates D6D and events following the ∆6 desaturation of

24:5n-3 in regulating the accumulation of DHA.  The data in Figure 3-2 suggests that 

the limited accumulation of DHA in cell phospholipids following supplementation 

with ALA may be due to competition between ALA and 24:5n-3 for active sites on 

D6D.  D6D is used twice in the synthesis of DHA from ALA. With increasing 

concentrations of ALA, the ∆6 desaturation of 24:5n-3 to 24:6n-3 may be 

competitively inhibited.  Because D6D has a higher affinity for ALA than 24:5n-3 

(95), it is reasonable to suggest that the ∆6 desaturation of 24:5n-3 is inhibited with 

increasing concentrations of ALA, preventing the synthesis of DHA from ALA.

The level of DHA in cell phospholipids when supplied preformed was significantly 

elevated, compared with cells supplemented with ALA and suggests that HepG2 

cells have the capacity to incorporate up to 16% total fatty acids as DHA into cell 

phospholipids.  The increased incorporation of DHA may be due to an increased pool 

of DHA available for acylation into cell phospholipids compared with that available 

from the conversion of ALA.  However, the accumulation of preformed DHA in cell 

phospholipids was curvilinear and suggests that acylation of DHA into cell 

phospholipids and/or trafficking of fatty acid between organelles may also be 

important regulatory steps in the accumulation of DHA (177;178).

There are clear parallels between the accumulation of n-3 and n-6 fatty acids in 

HepG2 cells when compared to an in vivo system as demonstrated by an early study 

by two pioneers in the field, Mohrhauer and Holman (1963) (134).  By examining

the total fatty acid composition of the liver of rats maintained on a fat-free diet 

supplemented with increasing amounts of pure ALA or LA as the only source of 

dietary fat they demonstrated a dose-dependent increase in the level of ALA in the 
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livers of supplemented rats, with an accompanying increase in the level of EPA and 

DPA (134).  The level of DHA in liver lipids increased dramatically when ALA 

provided up to 1% calories.  Further increases in percent calories of ALA, in the 

absence of competing n-6 substrates, did not significantly elevate the accumulation 

of DHA in liver lipids (134) and mirrors the pattern of accumulation of DHA 

reported here in HepG2 cells.  The pattern of accumulation of n-6 fatty acids in vitro

(Figure 3-6) also paralleled that described in rats maintained on a fat free diet 

supplemented with increasing calories of pure LA (134).  Mohrhauer and Holman 

(1963) report a dose-dependent increase in the level of LA in the livers of 

supplemented rats, with an accompanying increase in the level AA (134). The pattern

of n-3 and n-6 fatty acid accumulation in rats and HepG2 cells are remarkably 

similar and provides further support for the use of this cell line as a model of fatty 

acid conversion in vivo. 

The competition between ALA and 24:5n-3 for D6D inferred from the pattern of 

accumulation of fatty acids reported here in HepG2 cells may explain the limited 

accumulation of DHA in tissues following ALA-supplementation in vivo.  In a meta-

regression analysis of plasma phospholipid n-3 fatty acid concentration following 

ALA supplementation in humans, a linear dose-response relationship was reported 

for ALA and EPA, however the concentration of DHA was unaffected by ALA 

supplementation of up to 14 g/d (179).  In animals fed increasing amounts of ALA, a 

proportional enrichment of EPA in tissues has been reported but, counter-intuitively, 

the level of DHA was reduced in animals fed the highest amount of ALA (136;139).

The direct relationship between ALA-supplementation and the level of EPA in cell 

membranes and the poor accumulation of DHA following supplementation with 
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ALA was also evident in HepG2 cells.  Even in the absence of competing n-6 

substrates, a limitation in the accumulation of DHA following supplementation with 

increasing amounts of ALA was observed in HepG2 cell phospholipids.  The 

regulation of DHA synthesis by ALA is surprising and indicates that dietary 

interventions using ALA-rich dietary fats may not be useful in elevating the level of 

DHA in tissues even when the dietary intake of LA is minimal.

There are marked parallels between the in vivo and in vitro metabolism of ALA yet

the metabolism of LA between the two models displays some significant differences.  

There appears to be a greater level of regulation in the accumulation of AA from LA 

in vivo compared with the level of regulation in vitro.  Conversion of LA to AA 

involves ∆6 desaturation of LA followed by chain elongation to 20:3n-6 and then ∆5 

desaturation to yield AA.  An almost five-fold increase the dietary intake of LA in 

marmosets reduced the level of AA in erythrocyte phospholipids by 20% (180).

Concomitant with this reduction was an increase in the level of LA in erythrocyte 

phospholipids suggesting that LA competes with AA for incorporation into tissue 

phospholipids.  One study has shown however, that increased dietary intakes of LA 

elevated the level of AA in plasma phospholipids by 48% (140).  Many of animal

studies are complicated by the presence of other fatty acids in the diet, particularly 

ALA (140;180).  Discrepancies among animal studies may be explained by a critical 

dose of LA at which point the synthesis and accumulation of AA is maximal.  Lands 

et al. (1990) (135) developed an empirical equation from rat feeding studies and 

showed a hyperbolic relationship between tissue AA and the intake of LA ranging 

from 0 to 0.33 en%.  A dietary intake of LA greater than 0.33 en% resulted in no 

further increase in the concentration of AA (135).  It may be possible that the 

concentrations used in the experiments performed here in HepG2 cells were below 
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the point at which the conversion of LA to AA becomes saturated.  It is more likely 

that the discrepancy between the accumulation of AA from LA in HepG2 cell 

phospholipids with that reported in vivo results from competition between LA and 

ALA for D6D since D6D has a higher affinity for ALA (96).

In conclusion, the limited accumulation of DHA from ALA reported here is 

consistent with the concept that the synthesis of DHA from ALA is tightly regulated.  

The linear accumulation of EPA in HepG2 cells following supplementation with 

increasing concentrations of ALA indicates that the conversion of ALA is not limited 

at the first ∆6 desaturation step.  The accumulation of the immediate secondary D6D 

substrate, 24:5n-3, was also linear and suggests that the elongation of DPA to 24:5n-

3 was not limiting.  In contrast, the accumulation of the post D6D product, 24:6n-3 in 

cell phospholipids was curvilinear and paralleled the accumulation of DHA 

following supplementation with increasing concentrations of ALA.  The utilisation of 

D6D by both 24:5n-3 and ALA infers that competition between 24:5n-3 and ALA for 

active sites on D6D will directly influence the capacity for cell membranes to 

accumulate DHA in significant amounts.  The incorporation of DHA into cell 

phospholipids will also influence the accumulation of DHA in cell membranes.  The 

pattern of accumulation of n-3 LCPUFA in HepG2 cells supplemented with ALA 

implicates the competition between ALA and 24:5n-3 as a major point of regulation 

in the synthesis of DHA from ALA and may explain why ALA intervention trials in 

animals and humans have been ineffective at increasing tissue levels of DHA.
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4 Metabolism of LCPUFA in HepG2 cells

4.1 INTRODUCTION

The final enzymatic steps in the conversion of DPA to DHA had been controversial 

until it was demonstrated that the same D6D acts on both 18 carbon fatty acids and 

24 carbon fatty acids (95).  DPA is elongated to 24:5n-3, which is desaturated by 

D6D in the endoplasmic reticulum to yield 24:6n-3, this is then translocated to the 

peroxisome where two carbons are removed by β-oxidation to yield DHA (95).  In 

Chapter 3, a limited accumulation of DHA from ALA in HepG2 cell membranes was 

observed and may be explained by the competition between ALA and 24:5n-3 for 

D6D with increasing concentrations of ALA.  In the absence of ALA, there is only 

one D6D substrate involved in the synthesis of DHA from EPA or DPA, that is, 

24:5n-3.  When EPA or DPA is the only available fatty acid in vitro, the ∆6 

desaturation of 24:5n-3 is not competitively inhibited by ALA.  This suggests that 

supplementation with EPA or DPA may enhance the accumulation of DHA in cell 

membranes by bypassing the first ∆6 desaturation step required in the synthesis of 

DHA from ALA.  It was hypothesised that the accumulation of DHA in HepG2 cells 

supplemented with EPA or DPA would be greater than the accumulation from ALA 

due to a reduced D6D requirement.  

This chapter examines the accumulation of n-3 LCPUFA in cells supplemented with 

EPA or DPA.  The accumulation of n-6 LCPUFA was also examined in cells 

supplemented with docosatetraenoic acid (DTA, 22:4n-6, is the n-6 homologue of 

DPA) to demonstrate the parallels between the accumulation of n-3 and n-6 fatty 

acids.  The accumulation of preformed DHA in HepG2 cell phospholipids is also 

presented (as in Chapter 3).  To determine whether competition for incorporation into 



85

cell phospholipids between fatty acids contributes significantly to the limited 

accumulation of DHA from n-3 fatty acid precursors, the accumulation of DHA in 

cell phospholipids in the presence of other fatty acids was examined.

4.2 MATERIALS AND METHODS

The materials and methods used were those described in Chapter 2, with the 

following changes.

4.2.1 Cell culture

HepG2 cells were cultured and seeded into six-well plates as described in Section 

3.2.1.  After 72 h, the medium was removed and replaced with serum-free DMEM 

supplemented with EPA, DPA, DTA or DHA bound to fatty acid-free BSA.  Stock 

solutions of these fatty acids were prepared in ethanol at a concentration of 10 mg/ml 

and diluted in serum-free medium to achieve final concentrations ranging from 1-10 

µg/ml EPA, DPA, DTA or DHA.  Cells were harvested after 48 h supplementation

with the fatty acid (described in Section 2.2.7).  In experiments aimed to examine the 

competition between fatty acids for incorporation into cell phospholipids, HepG2 

cells were supplemented with serum-free medium containing 5 µg/ml DHA, bound 

to BSA, alone or in addition to 1 - 10 µg/ml ALA, LA or EPA.  Cells were harvested, 

as described previously (Section 2.2.7) after 2 h supplementation.  The 

supplementation time was reduced to limit the conversion of the supplemented fatty 

acids to long chain metabolites.

4.2.2 Fatty acid analysis

Lipids were extracted from cells following procedures described in Chapter 2.  
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4.2.3 Statistical analysis

Fatty acid analyses were performed on means of at least three separate replicates as 

described in Section 2.5.

4.3 RESULTS

4.3.1 Accumulation of n-3 fatty acids

The accumulation of EPA in cell phospholipids in HepG2 cells supplemented with 

EPA was concentration dependent as was that of its elongation product, DPA (Figure

4-1).  After supplementation with 10 µg/ml EPA, the level of EPA in cell 

phospholipids increased 30-fold from 0.30 ± 0.02% to 9.50 ± 1.02% total fatty acids.  

The level of DPA in cell phospholipids increased 12.6-fold from 0.30 ± 0.02% to 

3.79 ± 0.51% total fatty acids.  There was a gradual increase in the level of DHA 

following supplementation with EPA.  Initially, the level of DHA increased with 

dose, however Figure 4-1 shows that with higher concentrations of EPA (i.e. above 5 

µg/ml), the accumulation of DHA did not increase.  The maximum level of DHA in 

cell phospholipids was 6.28 ± 0.91% total fatty acids in HepG2 cells supplemented 

with 10 µg/ml EPA.  These results are summarised in Table 4-1.
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Figure 4-1. The accumulation of eicosapentaenoic acid (20:5n-3, EPA) (=), 

docosapentaenoic acid (22:5n-3, DPA) (�) and docosahexaenoic acid (22:6n-3, 

DHA) (q) in cell phospholipids of HepG2 cells supplemented with EPA.

HepG2 cells were seeded and grown as described.  After 72h the medium was 

replaced with serum-free medium containing increasing amounts of EPA bound to 

BSA.  The cells were harvested for lipid analysis following 48h supplementation with 

EPA.  Values with different symbols are significantly different from each other (p < 

0.05) within each fatty acid group by one-way ANOVA with Bonferroni post-hoc test.  

Values are means ± SE of at least three independent experiments with three 

replicates in each experiment.
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Table 4-1. Fatty acid composition of HepG2 cell phospholipids of cells supplemented with eicosapentaenoic acid (20:5n-3, EPA).

HepG2 cells were cultured as described and supplemented with increasing concentrations of EPA for 48 h.  Values are means ± SE of at least three 

replicates.  Values are means ± SE of at least three independent experiments with three replicates in each experiment.  Values with different 

superscripts are significantly different from each other (p < 0.05) by one-way ANOVA with Bonferroni post-hoc test.  

BSA control 1 µg/ml EPA 2.5 µg/ml EPA 5 µg/ml EPA 10 µg/ml EPA
Fatty acid % total fatty acids
Total Saturates 29.75 ± 0.60 a 31.03 ± 0.17 a, b 32.66 ± 0.28 b, c 34.64 ± 0.41 c 37.42 ± 0.39 d

18:1n-9 OA 16.93 ± 0.12 a 16.17 ± 0.60 a 15.27 ± 0.35 a, b 13.82 ± 0.49 b 11.57 ± 0.40 c

Total Monounsaturates 51.17 ± 0.01 a 48.64 ± 0.55 a, b 45.10 ± 1.40 b, c 40.66 ± 1.33 c 34.07 ± 1.15 d

20:3n-9 5.13 ± 0.12 a 4.35 ± 0.33 a, b 3.52 ± 0.38 b, c 2.79 ± 0.23 c 2.22 ± 0.18 c

Total n-9 29.99 ± 0.26 a 27.50 ± 0.68 a, b 24.64 ± 1.09 b, c 21.26 ± 1.08 c, d 17.80 ± 0.63 d

18:2n-6 LA 0.79 ± 0.08 a 0.80 ± 0.097 a 0.81 ± 0.096 a 0.81 ± 0.11 a 0.81 ± 0.15 a

18:3n-6 0.10 ± 0.02 a 0.11 ± 0.004 a 0.11 ± 0.003 a 0.10 ± 0.003 a 0.05 ± 0.026 a

20:3n-6 0.46 ± 0.05 a 0.46 ± 0.050 a 0.46 ± 0.042 a 0.44 ± 0.038 a 0.42 ± 0.049 a

20:4n-6 AA 2.95 ± 0.29 a 2.87 ± 0.24 a 2.76 ± 0.21 a 2.67 ± 0.21 a 2.61 ± 0.32 a

22:5n-6 DPAn-6 0.16 ± 0.07 a 0.20 ± 0.0004 a 0.17 ± 0.012 a 0.14 ± 0.018 a 0.08 ± 0.042 a

Total n-6 4.53 ± 0.46 a 4.52 ± 0.37 a 4.36 ± 0.31 a 4.21 ± 0.31 a 4.03 ± 0.41 a

18:3n-3 ALA 0.01 ± 0.005 a 0.025 ± 0.00 a 0.02 ± 0.020 a 0.025 ± 0.00 a 0.03 ± 0.032 a

20:5n-3 EPA 0.10 ± 0.003 a 1.55 ± 0.33 a 3.60 ± 0.79 a, b 6.15 ± 0.96 b, c 9.50 ± 1.02 c

22:5n-3 DPAn-3 0.30 ± 0.02 a 0.76 ± 0.081 a, b 1.39 ± 0.26 a, b 2.25 ± 0.34 b 3.79 ± 0.51 c
22:6n-3 DHA 2.58 ± 0.35 a 3.64 ± 0.56 a, b 4.91 ± 0.54 a, b 6.04 ± 0.090 b 6.28 ± 0.91 b

Total n-3 4.43 ± 0.30 a 7.25 ± 0.85 a, b 11.04 ± 1.44 b, c 15.34 ± 1.14 c 20.30 ± 0.50 d
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The level of DPA in cells supplemented with DPA also increased linearly with dose, 

as did the accumulation of its retroconversion product, EPA (Figure 4-2).  The level 

of DPA in cell phospholipids increased from 0.66 ± 0.34% to 3.51 ± 0.56% total 

fatty acids over the concentration range tested (1 – 10 µg/ml DPA).  The level of 

EPA in cell phospholipids increased almost 12-fold from 0.20 ± 0.13% to 2.36 ±

0.26% total fatty acids.  The accumulation of 24:5n-3 and 24:6n-3 was also measured 

(Figure 4-3).  The accumulation of both 24:5n-3 and 24:6n-3 was dependent on 

substrate concentration.  The level of the D6D substrate, 24:5n-3, increased from 

0.15 ± 0.10% total fatty acids in control cells to 1.33 ± 0.10% total fatty acids in cells 

supplemented with 10 µg/ml DPA.  The product of ∆6 desaturation, 24:6n-3, also 

increased following supplementation with DPA.  24:6n-3 increased 4.4-fold from 

0.21 ± 0.12% total fatty acids in control cells to 0.92 ± 0.07% total fatty acids in 

HepG2 cells supplemented with 10 µg/ml DPA.  The accumulation of DHA peaked 

following supplementation with 5 µg/ml DPA and did not increase with higher 

concentrations of DPA (Figure 4-2), following a similar trend to that observed in 

cells supplemented with ALA and EPA.  At its peak, the level of DHA in cell 

phospholipids had increased almost 2-fold from 3.36 ± 0.79% in control cells to 6.53 

± 0.10% total fatty acids.  These results are summarised in 

Table 4-2.
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Figure 4-2.  The accumulation of docosapentaenoic acid (22:5n-3, DPA) (�), 

eicosapentaenoic acid (20:5n-3, EPA) (=) and docosahexaenoic acid (22:6n-3, 

DHA) (q) in cell phospholipids of HepG2 cells supplemented with DPA.  

Conditions as described in Figure 4-1.  Values with different symbols are 

significantly different from each other (p < 0.05) within each fatty acid group.  Values 

are means ± SE of at least three independent experiments with three replicates in 

each experiment.

[DPA] µg/mL

0 2 4 6 8 10 12

%
 to

ta
l f

at
ty

 a
ci

ds
 c

el
l p

ho
sp

ho
lip

id
s

0

2

4

6

8

EPA

DPA

DHA

a

d

c

bc

aba

c

b

ab

aa

a

b
b

b



91

Figure 4-3. The accumulation of 24:5n-3 (=), and 24:6n-3 (�) in cell phospholipids 

of HepG2 cells supplemented with docosapentaenoic acid (22:5n-3, DPA).

Conditions as described in Figure 4-1.  Values with different symbols are 

significantly different from each other (p < 0.05) within each fatty acid group.  Values 

are means ± SE of at least three independent experiments with three replicates in 

each experiment.
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BSA control 1 µg/ml DPA 2.5 µg/ml DPA 5 µg/ml DPA 10 µg/ml DPA
Fatty acid % total fatty acids
Total Saturates 30.34 ± 1.33 a 30.65 ± 0.61 a 32.55 ± 0.31 b 33.76 ± 0.61 b 32.39 ± 2.12 c

18:1n-9 OA 16.32 ± 0.16 a 15.73 ± 0.27 a 15.21 ± 0.42 a, b 14.25 ± 0.38 b 11.75 ± 0.60 c

Total Monounsaturates 50.47 ± 0.84 a 49.99 ± 0.56 a 46.15 ± 1.32 b 42.89 ± 0.74 b 38.33 ± 0.64 c

20:3n-9 4.25 ± 0.44 a 3.92 ± 0.11 b 2.80 ± 0.28 c 2.57 ± 0.04 c, d 2.37 ± 0.12 d

Total n-9 27.66 ± 1.81 a 26.23 ± 0.43 b 23.20 ± 0.43 c 21.45 ± 0.17 c 19.69 ± 0.85 d

18:2n-6 LA 0.79 ± 0.02 a 0.78 ± 0.04 a 0.89 ± 0.07 a 0.89 ± 0.04 a 1.00 ± 0.13 a

18:3n-6 0.12 ± 0.01 a 0.12 ± 0.00 a 0.11 ± 0.01 a 0.11 ± 0.01 a 0.40 ± 0.18 a

20:3n-6 0.44 ± 0.01 a 0.45 ± 0.02 a 0.49 ± 0.04 a 0.46 ± 0.02 a 0.71 ± 0.17 a

20:4n-6 AA 2.82 ± 0.23 a 2.84 ± 0.12 a 2.86 ± 0.24 a 2.77 ± 0.23 a 2.52 ± 0.15 a

22:5n-6 DPAn-6 0.20 ± 0.02 a 0.20 ± 0.01 a 0.16 ± 0.002 a 0.15 ± 0.003 a 0.44 ± 0.18 a

Total n-6 4.44 ± 0.30 a 4.45 ± 0.18 a 4.60 ± 0.37 a 4.45 ± 0.31 a 6.11 ± 1.32 a

18:3n-3 ALA 0.09 ± 0.08 0.01 ± 0.01 0.08 ± 0.04 0.20 ± 0.19 0.34 ± 0.18
20:5n-3 EPA 0.20 ± 0.13 a 0.26 ± 0.03 a 1.02 ± 0.28 a, b 1.73 ± 0.30 b 2.36 ± 0.26 c

22:5n-3 DPAn-3 0.66 ± 0.34 a 0.85 ± 0.08 a, b 1.98 ± 0.32 b, c 2.88 ± 0.26 c 3.51 ± 0.56 d

24:5n-3 0.15 ± 0.10 a 0.19 ± 0.02 a 0.62 ± 0.13 a, b 0.85 ± 0.08 b, c 1.33 ± 0.10 c

24:6n-3 0.30 ± 0.12 a 0.40 ± 0.01 a 0.58 ± 0.02 a 0.64 ± 0.02 b 0.92 ± 0.07 b

22:6n-3 DHA 3.36 ± 0.79 a 3.97 ± 0.22 a 5.72 ± 0.41 b 6.53 ± 0.10 b 6.39 ± 0.73 b

Total n-3 6.19 ± 1.35 a 7.14 ± 0.34 a 11.15 ± 1.15 b 13.86 ± 0.77 b 16.63 ± 0.93 c

Table 4-2. Fatty acid composition of HepG2 cell phospholipids of cells supplemented with docosapentaenoic acid (22:5n-3, DPA). 

HepG2 cells were cultured as described and supplemented with increasing concentrations of DPA for 48 h.  Values are means ± SE of at least three 

independent experiments with three replicates in each experiment.  Values with different superscripts are significantly different from each other (p < 

0.05) by one-way ANOVA with Bonferroni post-hoc test.
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4.3.2 Comparison between the accumulation of DHA in HepG2 

cells following supplementation with ALA, EPA or DPA

The level of DHA in cell phospholipids was significantly elevated (p < 0.05) 

following supplementation with EPA or DPA compared with cells supplemented 

with ALA (Figure 4-4).  The level of DHA that accumulated in cell phospholipids 

was directly related to the level of DPA in cell phospholipids with an r2 coefficient of 

0.9801 (Figure 4-5).  When DHA was supplemented preformed in the media, the 

level of DHA in cell phospholipids increased 5.2-fold from 3.14 ± 0.27% total fatty 

acids in control cells to 16.26 ± 0.61% total fatty acids in cells supplemented with 10 

µg/ml DHA (Figure 4-4).
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Figure 4-4. The accumulation of docosahexaenoic acid (22:6n-3, DHA) in cell 

phospholipids of HepG2 cells supplemented with α-linolenic acid (18:3n-3, ALA) 

(=), eicosapentaenoic acid (20:5n-3, EPA) (q), docosapentaenoic acid (22:5n-3, 

DPA) (�) or DHA (¢).  Conditions as described in Figure 4-1.  Values are means ±

SE of at least three independent experiments with three replicates in each 

experiment.  Values with different symbols are significantly different from each other 

(p < 0.05) between each supplementation group.  Regression curves have been 

fitted to the data.
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Figure 4-5. The linear relationship between the level of docospentaenoic acid 

(22:5n-3, DPA) and docosahexaenoic acid (22:6n-3, DHA) in HepG2 cell 

phospholipids following supplementation with increasing concentrations of α-

linolenic acid (18:3n-3, ALA) (<), EPA (<) and DPA (p).  Conditions as described 

in Figure 4-1.  Values are means of at least three independent experiments with 

three replicates in each experiment. r2 = 0.9801.
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4.3.3 Accumulation of n-6 fatty acids

The metabolism and accumulation of the n-6 homologue of DPA, DTA was also 

examined.  The accumulation of DTA in HepG2 cell phospholipids was dose-

dependent, increasing from 0.14 ± 0.03% total fatty acids in control cells to 4.88 ±

0.54% total fatty acids in cells supplemented with 10 µg/ml DTA (Figure 4-6).  The 

retroconversion product of DTA, AA, increased linearly following supplementation 

with DTA.  The level of AA in cell phospholipids increased 2.8-fold, increasing from 

2.44 ± 0.31% total fatty acids in control cells to 6.91 ± 0.55% total fatty acids in cells 

supplemented with 10 µg/ml DTA.  There was a dose-dependent increase in 24:4n-6 

and 24:5n-6 in cell phospholipids following supplementation with DTA (Figure 4-7).  

Similar to the accumulation of DHA in cells supplemented with n-3 fatty acid

precursors, the accumulation of the homologous n-6 fatty acid, 22:5n-6, increased 

following supplementation with increasing concentrations of DTA but further 

supplementation above 5 µg/ml did not result in further increases.  These results are 

summarised in 

Table 4-3.

The accumulation of DPA (n-3) and DTA (n-6) in HepG2 cell phospholipids 

following supplementation with each respective fatty acid paralleled each other 

(Figure 4-8).  The accumulation of the retroconversion products of DTA and DPA,

AA and EPA, respectively, paralleled each other, although the level of AA in cell 

phospholipids was 2.9-fold greater than the accumulation of EPA in DPA-

supplemented cells (Figure 4-9). 
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Figure 4-6. The accumulation of arachidonic acid (20:4n-6, AA) (=), 

docosatetraenoic acid (22:4n-6, DTA) (�) and docosapentaenoic acid (22:5n-6) (q) 

in the phospholipid fraction of HepG2 cells supplemented with DTA.

Conditions as described in Figure 4-1.  Values with different symbols are 

significantly different from each other (p < 0.05) within each fatty acid group.  Values 

are means ± SE of at least three independent experiments with three replicates in 

each experiment.
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Figure 4-7. The accumulation of 24:4n-6 (=) and 24:5n-6 (�) in the phospholipid 

fraction of HepG2 cells supplemented with docosatetraenoic acid (22:4n-6, DTA).

HepG2 cells were seeded and grown as described.  After 72h the medium was 

replaced with serum-free medium containing increasing amounts of DTA bound to 

BSA.  The cells were harvested for lipid analysis following 48h supplementation with 

DTA.  Values with different symbols are significantly different from each other (p < 

0.05) within each fatty acid group.  Values are means ± SE of at least three 

independent experiments with three replicates in each experiment.
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Table 4-3.  Fatty acid composition of HepG2 cell phospholipids of cells supplemented with docosatetraenoic acid (22:4n-6, DTA).

HepG2 cells were cultured as described and supplemented with increasing concentrations of DTA for 48 h.  Values are means ± SE of at least three 
independent experiments with three replicates in each experiment.  Values with different superscripts are significantly different from each other (p < 
0.05) by one-way ANOVA with Bonferroni post-hoc test.  

Fatty acid BSA control 2.5 µg/ml DTA 5 µg/ml DTA 10 µg/ml DTA
Total Saturates 29.40 ± 0.77 a 32.70 ± 0.16 a, b 35.55 ± 0.53 b 37.07 ± 1.09 b

18:1n-9 OA 17.50 ± 0.34 a 15.94 ± 0.13 a 15.03 ± 0.40 a, b 13.34 ± 0.48 b

Total Monounsaturates 51.23 ± 0.94 a 47.18 ± 0.33 a, b 43.20 ± 0.44 b, c 38.86 ± 0.97 c

20:3n-9 1.88 ± 1.11 a 1.33 ± 0.71 a 1.18 ± 0.63 a 0.96 ± 0.50 a

Total n-9 32.49 ± 1.85 a 29.26 ± 1.30 a 26.47 ± 1.34 a 23.28 ± 1.60 a

18:2n-6 LA 0.90 ± 0.05 a 0.77 ± 0.07 a 0.75 ± 0.07 a 0.80 ± 0.11 a

18:3n-6 0.06 ± 0.02 a 0.07 ± 0.03 a 0.08 ± 0.03 a 0.08 ± 0.03 a

20:3n-6 0.30 ± 0.09 a 0.27 ± 0.08 a 0.27 ± 0.09 a 0.27 ± 0.08 a

20:4n-6 AA 2.44 ± 0.31 a 3.37 ± 0.28 a 4.77 ± 0.33 a, b 6.91 ± 0.55 b

22:4n-6 DTA 0.20 ± 0.09 a 1.96 ± 0.23 a, b 3.14 ± 0.34 b, c 4.88 ± 0.54 c

22:5n-6 DPAn-6 0.20 ± 0.09 a 0.17 ± 0.09 a 0.16 ± 0.08 a 0.14 ± 0.08 a

24:4n-6 0.025 ± 0.00 a 0.27 ± 0.05 b 0.55 ± 0.13 b 1.05 ± 0.22 b

24:5n-6 0.025 ± 0.00 a 0.26 ± 0.06 b 0.43 ± 0.06 b 0.61 ± 0.08 b

Total n-6 7.93 ± 1.09 a 10.38 ± 0.83 a, b 12.84 ± 1.13 a, b 17.14 ± 1.29 b

18:3n-3 ALA 0.11 ± 0.04 a 0.11 ± 0.04 a 0.12 ± 0.04 a 0.13 ± 0.04 a

20:5n-3 EPA 0.12 ± 0.02 a 0.11 ± 0.01 a 0.09 ± 0.01 a 0.08 ± 0.01 a

22:5n-3 DPAn-3 0.27 ± 0.08 a 0.25 ± 0.07 a 0.22 ± 0.06 a 0.19 ± 0.05 a

24:5n-3 1.98 ± 0.37 a 1.63 ± 0.21 a 1.49 ± 0.17 a 1.26 ± 0.15 a

24:6n-3 0.04 ± 0.01 a 0.04 ± 0.02 a 0.03 ± 0.01 a 0.02 ± 0.01 a

22:6n-3 DHA 0.23 ± 0.03 a 0.18 ± 0.02 a 0.14 ± 0.02 a 0.10 ± 0.01 a

Total n-3 3.44 ± 0.71 a 2.90 ± 0.42 a 2.68 ± 0.35 a 2.22 ± 0.27 a
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Figure 4-8. The accumulation of docosatetraenoic acid (22:4n-6, DTA) (¢) and 

docosapentaenoic acid (22:5n-3, DPA) (£) in the phospholipid fraction of HepG2 

cells supplemented with DTA or DPA, respectively.

HepG2 cells were seeded and grown as described.  After 72h the medium was 

replaced with serum-free medium containing increasing amounts of DTA bound to 

BSA.  The cells were harvested for lipid analysis following 48h supplementation with 

DTA.  Values are means ± SE of at least three independent experiments with three 

replicates in each experiment.
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Figure 4-9. The accumulation of eicosapentaenoic acid (20:5n-3, EPA) (�) and 

arachidonic acid (20:4n-6, AA) (=) in the phospholipid fraction of HepG2 cells 

supplemented with docosapentaenoic acid (22:5n-3, DPA) or docosatetraenoic acid 

(22:4n-6, DTA), respectively.

HepG2 cells were seeded and grown as described.  After 72h the medium was 

replaced with serum free medium containing increasing amounts of DPA or DTA 

bound to BSA.  The cells were harvested for lipid analysis following 48h 

supplementation with each respective fatty acid.  Values are means ± SE of at least 

three independent experiments with three replicates in each experiment.
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4.3.4 Competition between fatty acids for incorporation into 

membranes

The fatty acid composition of HepG2 cells co-supplemented with DHA and 

increasing concentrations of ALA, LA or EPA was measured to examine the 

competition between fatty acids on the accumulation of DHA into cell lipids.  The 

incubation time in these experiments was reduced to 2 h to limit the conversion of 

the supplemented fatty acid.  After 2 h supplementation with 5 µg/ml DHA, the level 

of DHA in HepG2 cell phospholipids was 8.09 ± 0.44% total fatty acids.  The level 

of DHA in cell phospholipids was unaffected by the addition of increasing 

concentrations of LA or EPA (p > 0.05) (Figure 4-10).
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HepG2 cells were seeded and grown as described.  After 72 h the medium was 

replaced with serum-free medium containing 5 µg/ml DHA, bound to BSA, alone or 

with the addition of either 1, 5 or 10 µg/ml ALA (A), LA (B) or EPA (C).  The cells 

were harvested for lipid analysis following 2 h supplementation with the fatty acid/s.  

Values are means ± SE of at least three independent experiments with three 

replicates in each experiment.  Values are not statistically different from each other 

(p > 0.05) by one-way ANOVA with Bonferroni post-hoc analysis.

4.4 DISCUSSION

In this chapter, EPA and DPA were identified as more efficient n-3 fatty acid 

substrates in elevating the content of DHA in cell phospholipids compared with 

ALA.  The absence of competition between ALA and 24:5n-3 for D6D in EPA- and 

DPA-supplemented cells may have contributed to the elevated accumulation of 

DHA.  A strong predictor for the accumulation of DHA in cell phospholipids from n-

3 fatty acid precursors was the level of DPA in cell phospholipids (Figure 4-5).  DPA 

is the most immediate precursor to DHA and readily accumulates in cell 

phospholipids following supplementation with EPA or DPA.  The elevated 

accumulation of DHA from EPA or DPA compared with ALA has also been 

demonstrated in the human neuroblastoma cell line, SH-SY5Y (181), cerebral 

endothelial cells (182;183) and retinal endothelial cells (183).  The level of DHA in 

brain and retina is reportedly several hundred-fold more than the level of EPA (179), 

therefore studies in neural tissue may not reflect the conversion of fatty acids in 

HepG2 cells.  Given the potential for tissue specific accumulation of individual fatty 

acids, particularly retinal and neural cells (129;184;185), a thorough examination of 

the accumulation of DHA from EPA and DPA in HepG2 cells is warranted.  



105

EPA was converted to DHA more so than ALA in HepG2 cells, however, in humans, 

supplementation with pure EPA does not affect the level of DHA in tissues 

suggesting a greater level of regulation in vivo (186-188).  James et al. (2003) (153)

compared the fatty acid composition of plasma phospholipids between subjects 

supplemented with stearidonic acid (SDA, 18:4n-3) or EPA.  Dietary 

supplementation with SDA or EPA significantly increased the level of EPA and DPA 

in erythrocyte and plasma phospholipids, however, the concentration of DHA was 

unaffected (153).  Other studies show that supplementation with approximately 4 g/d 

of pure EPA ethyl ester results in significant increases in EPA concentration in 

plasma lipids, but no increase in the concentration of DHA (186-189).  The potential 

role of DPA in elevating n-3 LCPUFA status has been largely ignored despite recent 

research which shows that DPA contributes almost 30% total n-3 LCPUFA in our 

diet (2). The results presented in this Chapter indicates a need to assess the efficacy 

of DPA in elevating the concentration n-3 LCPUFA, particularly DHA, in humans.

Irrespective of the substrate fatty acid, the accumulation of DHA from ALA, EPA or 

DPA reached a plateau with increasing concentration of the substrate.  The 

incorporation of EPA into membrane lipids may divert its continued elongation and 

progression of EPA towards the synthesis of DHA.  In ALA-, EPA- and DPA-

supplemented HepG2 cells, the level of EPA in cell phospholipids increased 47-, 30-

and 12-fold, respectively, and represented the greatest increase in the level of PUFA 

in cell phospholipids compared to other PUFA in cell phospholipids.

It has been shown that the primary product of DPA metabolism in retinal and 

cerebral endothelial cells is EPA, followed by DHA, 24:5n-3 and 24:6n-3 (183).  The 

entry of DPA into peroxisomal β-oxidation and subsequent retroconversion to EPA 
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may also divert the conversion of DPA away from the synthesis of DHA to 

contribute to the limited accumulation of DHA in cell phospholipids.  In cells 

supplemented with DTA, the preferential incorporation of 20:4n-6 may limit the 

conversion of DTA to 22:5n-6 and the subsequent incorporation of 22:5n-6 into cell 

lipids, analogous to the way EPA is preferentially incorporated into cell lipids, thus

preventing its continued synthesis towards DHA in cells supplemented with DPA.  

The preferential esterification of [1-14C] 20:4n-6 from [3-14C] 22:4n-6 (DTA) rather 

than continued β-oxidation has been demonstrated using microsomes and 1-acyl-

GPC (190;191).  The preferential incorporation of n-3 and n-6 20 carbon fatty acids

into cell phospholipids may be important determinants of the fatty acid composition 

of cell membranes and the conversion of substrate fatty acids to n-3 and n-6 

LCPUFA.

Regardless of substrate, the accumulation of DHA in cells supplemented with n-3 

fatty acid, and its homologue, 22:5n-6, in cells supplemented with DTA, approached 

a plateau.  The linear accumulation of the elongation products of EPA and DPA, 

including DPA and 24:5n-3, respectively, suggests that the elongation of EPA and 

DPA was not limited (Figure 4-1, Figure 4-3).  The accumulation of the D6D 

product, 24:6n-3, in DPA- supplemented cells was also linear suggesting that the 

activity of D6D was not limited at the concentrations used here (Figure 4-3).  

Similarly, the accumulation of 24:4n-6 and 24:5n-6 was linear (Figure 4-7).  It may 

be inferred, therefore, that the level of DHA in cell phospholipids may be regulated 

by events post-D6D, including translocation of 24:6n-3 to the peroxisome (96), β-

oxidation of 24:6n-3 to DHA, or translocation of DHA out of the peroxisome for 

incorporation into cellular lipids.
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The incorporation of preformed fatty acids into diacylglycerol for use in 

phospholipid synthesis de novo may also influence the fatty acid composition of cell 

phospholipids (192).  The fatty acyl composition of the diacylglycerol molecule 

utilised in the CDP-choline pathway determines the fatty acyl array for 

phosphotidylcholine synthesis (127). The acyl chain composition of phospholipids 

may also be remodelled by a deacylation-reacylation cycle (193).  In this way, the 

fatty acid composition of cell phospholipids may be modified to maintain the typical 

fatty acid composition of the tissue (193).  In the heart, a large proportion of 

phosphatidylcholine undergoes remodelling in order to acquire the proper acyl 

groups to maintain electrical signal generation and conduction imperative to cardiac 

function (194).  The remodelling of acyl chains may explain, in part, the limited 

effect of fatty acid co-supplementation on the fatty acid composition of HepG2 cell 

phospholipids (Figure 4-10).  The marked increase in the accumulation of DHA in 

cells supplemented with preformed DHA and the marginal reduction in the level of 

DHA following co-supplementation with other fatty acids suggests that the supply of 

diacylglycerol for use in the CDP-choline pathway was not limiting under the 

conditions used here.

In conclusion, this chapter described the accumulation of n-3 and n-6 LCPUFA in 

HepG2 cell phospholipids.  The synthesis of 22:5n-6 from 24:4n-6 proceeds via a 

pathway analogous to the synthesis of DHA from DPA (195).  The similar rates of 

accumulation of DTA and DPA, and the paralleled accumulation of their respective 

products of retroconversion (AA and EPA) supports the proposed common use of 

enzymes involved in fatty acid conversion by n-3 and n-6 fatty acids.  The 

accumulation of n-6 fatty acids in HepG2 cell phospholipids showed marked 

congruency with the accumulation of n-3 fatty acids (Figure 4-8, Figure 4-9).  It was 
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hypothesised that HepG2 cells supplemented with n-3 fatty acid substrates 

downstream of ALA would accumulate DHA more readily as the competition 

between ALA and 24:5n-3 for D6D would be bypassed.  HepG2 cells supplemented 

with EPA or DPA did indeed show significantly higher levels of DHA in 

phospholipids, however, the accumulation of DHA was limited with increasing 

concentrations of substrate.  Regulation of the expression and activity of D6D may 

partly explain the non-linearity in the accumulation of DHA from n-3 LCPUFA 

precursors and is addressed in the following chapter.  The linear accumulation of 

EPA and AA in cells supplemented with EPA, DPA and DTA, respectively, suggests 

that the preferential incorporation may divert the conversion of these fatty acids to

LCPUFA. This will be addressed in Chapter 6.
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5 D6D mRNA abundance and DHA incorporation in HepG2 cells

5.1 INTRODUCTION

The synthesis of LCPUFA from ALA and LA has been well documented, yet 

regulation of the pathway, particularly the regulation of the conversion of ALA to 

DHA, remains a focus of investigation.  There are several plausible explanations for 

the non-linearity between the supplementation of n-3 fatty acid substrates and their 

conversion to DHA in vitro.  Fatty acids may enter several pathways including direct 

incorporation into structural lipids, β-oxidation and conversion to LCPUFA (151).  

D6D is an integral enzyme in the conversion of 18 carbon fatty acids to LCPUFA 

(87;94) and is subject to regulation at the transcriptional level (107).  Dietary studies 

in animals indicate that hepatic D6D mRNA expression and activity is induced by 

diets low in essential fatty acids and suppressed by diets rich in polyunsaturated 

vegetable or marine oils (80;105;107;108). Changes in the level of D6D mRNA may 

affect the amount of D6D protein available for the synthesis of DHA from n-3 fatty 

acid substrates.  However, it is unclear from the literature the extent that the down-

regulation of D6D gene expression affects the level of LCPUFA in cell membranes.  

This chapter aimed to examine the effect of fatty acid supplementation on the mRNA 

abundance and protein expression of D6D and the fatty acid composition of HepG2 

cell phospholipids.

5.2 MATERIALS AND METHODS

The materials and methods used were those described in Chapter 2, with the 

following additional methods.
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5.2.1 Cell culture

HepG2 cells were cultured and seeded into six-well plates as described in Section 

3.2.1.  After 72 h, the medium was removed and replaced with serum-free DMEM 

supplemented with 20 µg/ml OA, LA, ALA, AA or EPA bound to essentially fatty 

acid-free BSA.  Stock solutions of these fatty acids were prepared in ethanol at a 

concentration of 10 mg/ml and diluted in serum-free medium to achieve the final 

desired concentration.  After 48 h incubation with the respective fatty acids, cells 

were harvested for lipid (described in Section 2.2.7), RNA (described in Section 

5.2.3) or protein extraction (described in Section 5.2.5).  The mRNA expression of 

D6D was examined after 1, 2, 6, 12, 24 and 48 h supplementation with 20 µg/ml 

ALA.

5.2.2 Fatty acid analysis

Lipids were extracted from cells following procedures described in Chapter 2.

5.2.3 RNA extraction

Total RNA was isolated using a commercially available kit (Qiagen, CA, USA).  To 

remove contaminating genomic DNA, RNA samples were treated with RNase-Free 

DNase (Qiagen, CA, USA).  The yield of purified RNA samples was determined by 

absorbance at 260 ηm. Equal loading and integrity of RNA samples were confirmed 

by ethidium bromide fluorescence of ribosomal 18S and 28S RNA.

5.2.4 Real-time RT-PCR

Quantitative real-time PCR analysis (Corbett Rotorgene 3000, Sydney, Australia) 

was performed using SYBR green fluorescence was used to determine the relative 

abundance of D6D mRNA.  Two µg of total RNA was reverse transcribed with 

random hexamers according to the manufacturer’s instructions (Ambion, Austin, TX, 
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USA).  Each amplification mixture (20 µl) contained 0.5 µl of cDNA, 90 nM 

forward D6D primer (5′-CTGCCAACTGGTGGAATCATC), 90 nM reverse D6D 

primer (5′-ACAAACACGTGCAGCATGTTC) and PCR master mix (Stratagene, La 

Jolla, CA, USA).  Published primer sequences were used for the forward and reverse 

D6D primers (164).  The PCR product was estimated at 93 bp and was confirmed on 

a 2% agarose gel in comparison to the DNA marker, pUC 19, (AMS Biotechnology, 

Oxon, UK). The mRNA abundance relative to that of the house keeping gene, 

cyclophilin A, was measured using the comparative CT (Threshold cycle) method.  

The forward and reverse cyclophilin A primers were 5′-

GGTTGGATGGCAAGCATGTG and 5′-TGCTGGTCTTGCCATTCCTG, 

respectively.  Cyclophilin A, a ubiquitously expressed gene, regulates protein folding 

and is routinely used as a housekeeping gene (196;197).  Thermal cycling conditions 

comprised an initial denaturation step at 95°C for 10 min followed by 35 cycles of 

denaturation at 94°C for 30 s, annealing of primers at 55°C for 30 s and extension at 

72°C for 30 s.  After 35 cycles, a melt curve was generated by heating the sample to 

72°C for 5 s and 99°C for 5 s.  

Six replicates of cDNA amplification were performed.  The PCR amplification 

products were sent to the Flinders University DNA Sequencing Facility, Adelaide, 

Australia, for direct sequencing to confirm their identities with the D6D and 

cyclophilin A gene sequences, respectively.  Sequence analysis was performed using 

GeneDoc Multiple Sequence Alignment Editor Version 2.6 Software (Boston, MA, 

USA). The D6D reverse and forward sequences were aligned with the reported D6D 

gene sequence (198) (GenBank Accession Number AF084559).
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5.2.5 Protein extraction

At the end of supplementation with fatty acids, the medium was aspirated and the 

cells were washed twice with ice-cold PBS.  Cells were collected in ice-cold Radio 

Immuno Precipitation Assay (RIPA) buffer (150 mM NaCl, 64 mM Tris base, 1% 

NP-40 and 0.5% sodium deoxycholate) and centrifuged at 14,000 g for 15 min in a 

pre-cooled ultracentrifuge.  Total protein of each cell lysate was determined by the 

bicinchoninic acid (BCA) colorimetric method (Pierce, Rockford, IL, USA)

(199;200) with BSA as the standard.

5.2.6 SDS-PAGE

50 µg protein was reduced in loading buffer containing 5% (v/v) β-mercaptoethanol 

and the samples were denatured at 95°C for 1 min.  Reduced protein samples were 

fractionated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) using a 10% acrylamide resolving gel and a 4% acrylamide stacking gel 

under constant voltage (100 V) for 1 h.  The proteins were identified by comparison 

of the apparent molecular weights with those of a protein ladder (Invitrogen, 

Carlsbad, CA) that were electrophoresed under identical conditions.

5.2.7 Western blot analysis

Fractionated proteins were electrophoretically transferred to nitrocellulose 

membranes (Schleicher and Schuell, Whatman Group, Dassel, Germany).  The 

membrane was probed with two polyclonal anti rat D6D sera, both of which were 

kindly donated by Professor Philippe Legrand (Laboratoire de Biochimie, INRA-

ENSA, 35590 Saint-Gilles, France) (95).  To determine an appropriate dilution of 

primary antibody in applications with the HepG2 cell line, 50 µg of reduced protein 

was fractionated by SDS-PAGE and electrophoretically transferred on to 

nitrocellulose membranes.  The membrane was saturated in PBS containing 0.1% 
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Tween-20 (Sigma, St Louis, MO, USA) and 5% skim milk powder (w/v) for 1 h at 

room temperature. The membrane was then probed with serial dilutions of serum 1, 

serum 2, or both sera, ranging from 1:16000 to 1:1000, diluted in PBS containing 

0.1% Tween-20 and 5% skim milk powder (w/v) at 4°C over night.  Rabbit 

antibodies were revealed with horseradish-peroxidase-conjugated goat anti-rabbit 

immunoglobulins (Dako Corp., Glostrup, Denmark) diluted in PBS containing 0.1% 

Tween-20 and 5% skim milk powder (w/v) at 1:2000 for 1 h at room temperature.  

Washes were performed in PBS containing 0.1% Tween-20.  Peroxidase activity was 

revealed by following the procedure provided for the ECL Super Signal West Pico 

detection kit (Pierce, Rockford, IL, USA).  High background fluorescence was 

observed when the membrane was probed with a 1:2000 dilution of the two anti-rat 

D6D primary antibodies (serum 1 and 2) and a 1:2000 dilution of the secondary 

antibody.  To determine whether this fluorescence was due to non-specific binding of 

the primary and secondary antibodies, the membrane was probed with the secondary 

antibody only.  Figure 5-1 (A) indicates that the high background fluorescence was 

from the primary antibodies.  To reduce the high background fluorescence, an 

optimal dilution of the primary antibodies was determined by probing the membrane 

with serial dilutions of serum 1, serum 2 or both sera.  Figure 5-1 (B) indicates that 

optimal sensitivity, which was defined by minimal background fluorescence and the 

identification of bands, was achieved with a 1:1 mixture of serum 1 and 2 diluted to 

1:1000.  The integrity of extracted protein was assessed by probing the membrane 

with a β-tubulin primary antibody, which was detected with the horseradish-

peroxidase-conjugated goat anti-rabbit immunoglobulins, as described.  Figure 5-2

indicates that the protein extracted from HepG2 cells was not degraded, as a single β-

tubulin band of the expected size (55 kDa) was detected when the membrane was 

probed with anti-β-tubulin antibodies.  The use of these anti-rat D6D antibodies in 
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COS-7 cells transfected with rat D6D previously revealed a single band at 45 kDa 

(95).

Figure 5-1. Western blot analysis of ∆6 desaturase in HepG2 cell protein lysates.

Total cell protein lysates (50 µg) from HepG2 cells were resolved by SDS-PAGE 

and blotted.  (A) The blot was probed with anti-rat ∆6 desaturase sera (serum 1 (S1)

and serum 2(S2)) at 1:2000 dilution (1° antibody) and revealed with horseradish-

peroxidase-conjugated goat anti-rabbit immunoglobulins (2° antibody) diluted to 

1:2000.  Exposure time was 30 s.  (B) The blot was probed with serial dilutions of 

anti-rat ∆6 desaturase sera (S1 and S2), as indicated, and detected with 

horseradish-peroxidase-conjugated goat anti-rabbit immunoglobulins diluted to 

1:2000.  The previous use of these anti-rat D6D antibodies in COS-7 cells 
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transfected with rat ∆6 desaturase revealed a single band at 45 kDa (95).  Exposure 

time was 1 min.

Figure 5-2. Detection of β-tubulin in HepG2 cells.  Total cell protein lysates (50 µg) 

were resolved by SDS-PAGE and blotted.  The blot was probed with anti-β-tubulin 

antibody at 1:1000 dilution.  The expected size of β-tubulin of is 55 kDa.  Detection 

was performed using chemifluorescence after 5 s.

5.2.8 Statistical analysis

Fatty acid analyses were performed on means of at least three independent 

experiments.  The mean D6D mRNA abundance was compared from at least five 

separate replicates.  ANOVA and Bonferroni post hoc statistical tests (SPSS Inc 

Chicago, IL, USA) were used to compare means following fatty acid 

supplementation.  Statistical significance was defined as p < 0.05.  Data are 

expressed as mean ± SE.
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5.3 RESULTS

5.3.1 Real-time RT PCR analysis

5.3.1.1 RNA extraction

The yield, purity and quality of extracted RNA were determined by ethidium 

bromide fluorescence before use in downstream applications (Figure 5-3).

Figure 5-3. Purity and integrity of RNA extracted 

from HepG2 cells.

RNA was extracted from HepG2 cells using a 

commercial kit (Qiagen, CA, USA) according to the 

manufacturer’s instructions.  The purity and integrity 

of the extracted RNA was examined by 

electrophoresis on a formaldehyde-agarose gel, 

followed by staining with ethidium bromide.

5.3.1.2 Primer efficiency

The amplification efficiency of each primer pair (D6D and cyclophilin A) was 

compared by measuring the change in CT with template dilution.  Curves were 

generated from cDNAs made from increasing amounts of total RNA (0.125, 0.25, 

0.5, 1, 2 µg).  The change in threshold cycle (∆CT = CT D6D-CT cyclophilin A) was 

calculated for each dilution (Y-axis) and graphed against the logarithm of template 

concentration (X-axis) (Figure 5-4).  The amplification efficiency for each gene was 

calculated according to the following equation: E = 10(-1/S), where S is the slope of 

28S rRNA

18S rRNA
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the curve (201).  The slope of the line was < 0.1, therefore the amplification 

efficiencies of each gene were equal and the ∆CT method was used to analyse the 

data (Figure 5-4).

Figure 5-4. PCR amplification efficiency of ∆6 desaturase and cyclophilin A primers.

The difference in CT values (∆CT) was plotted against log template amount.  The 

difference in PCR efficiency was determined by calculating the slope of the line 

(0.087).  

5.3.1.3 PCR Product

The D6D PCR product was analysed by Agarose gel electrophoresis to examine the 

presence of any contaminating genomic DNA in the isolated RNA or the formation 

of primer-dimers.  Melt curves were also performed at the end of 35 cycles to check 

for these contaminants.  Agarose gel electrophoresis (Figure 5-5 A) and melt curve 

analysis (Figure 5-6 C) of the D6D PCR product indicated that the primers were 

specific for D6D and there was no contaminating genomic DNA as the primers did 

not form primer-dimers.  The D6D PCR product was detected at its predicted size of 
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93 bp. The sequence of the D6D forward and reverse products is shown in Figure

5-5 (B) and agrees with the reported cDNA sequence (GenBank Accession Number 

AF084559) (198).  PCR amplification of the no-template control and reverse 

transcription negative control (Figure 5-6 A and B) indicates that there was no 

contaminating DNA.  Also shown is a typical real time PCR trace showing the 

amplification of D6D and cyclophilin A (Figure 5-7).  The CT value of D6D was 

compared with that of cyclophilin A to normalise the expression of D6D between 

samples (∆CT).
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Figure 5-5. Agarose gel electrophoresis of the ∆6 desaturase PCR product (93 bp).  M; marker, P; PCR product. (B) Sequence alignment of ∆6 

desaturase reverse (D6DR) and forward (D6DF) PCR products.  Delta6DSas is the published sequence of ∆6 desaturase (198).  The areas shaded in 

orange are the forward and reverse primers.  The areas shaded in grey indicate the alignment between the PCR product sequence and the published 

sequence.  Line four is the consensus sequence; bases written in lower case indicate that either the reverse or forward sequence correlates with the 

published sequence.  Bases written in capital letters indicate that both the reverse and forward sequence correlated with the published sequence.
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Figure 5-6. No template control, reverse transcription (RT) negative and melt curve 

analysis of the ∆6 desaturase PCR product using cDNA reverse transcribed from 

RNA isolated from HepG2 cells as a template. 

(A). No template control. (B) RT negative control (C) Melt curve analysis of PCR 

product showing a single melting peak. 

B

C

A
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Figure 5-7. Amplification analysis of the housekeeping gene (cyclophilin A) and ∆6 

desaturase gene using cDNA reverse transcribed from RNA isolated from HepG2 

cells as a template (CT; cycle threshold).

5.3.2 ∆6 desaturase mRNA abundance

The effect of fatty acid supplementation on the mRNA abundance of D6D in HepG2 

cells was assessed by quantitative RT-PCR.  In the presence of 20 µg/ml of OA, LA, 

ALA, AA or EPA the abundance of D6D mRNA was significantly reduced by 39 ±

6.6%, 40 ± 2.2%, 31 ± 5.2%, 55 ± 4.8% and 52 ± 5.0%, respectively (Figure 5-8), 

compared with control cells maintained in serum-free media with BSA.  The 

suppression of D6D mRNA was not specific to any particular class of fatty acid as all 

fatty acids tested suppressed D6D mRNA abundance (p < 0.05).  Supplementation 

with the LCPUFA, AA and EPA, appeared to suppress the expression of D6D 

mRNA more so than the 18 carbon fatty acids, although this reduction was not 

statistically significant (p > 0.05).

Cyclophilin A

∆6 desaturase

CT
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At time course on the effect of ALA supplementation (20 µg/ml) on the abundance 

of D6D mRNA over a 48 h supplementation period was also examined (Figure 5-9).  

D6D mRNA abundance was significantly reduced after 24 h supplementation with 

ALA.  However, at 48 h, the time at which the medium was refreshed, the D6D 

mRNA abundance was equivalent to that observed in cells harvested at 0 h or 

maintained in serum-free medium for 48 h.  The fatty acid composition of HepG2 

cells supplemented with 20 µg/ml ALA over the 48 h supplementation period was 

described in Chapter 3 (Figure 3-4).  
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Figure 5-8. Relative abundance of ∆6 desaturase mRNA compared with the 

housekeeping gene, cyclophilin A, in HepG2 cells following supplementation with 

20µg/ml oleic acid (18:1n-9, OA), linoleic acid (18:2n-6, LA), α-linolenic acid (18:3n-

3, ALA), arachidonic acid (20:4n-6, AA) and eicosapentaenoic acid (20:5n-3, EPA).  

HepG2 cells were seeded and grown as described.  After 72h the medium was 

replaced with serum-free medium containing BSA-bound fatty acids for a further 48 

h, as described in materials and methods.  The cells were harvested for RNA 

extraction and real-time quantitative PCR analysis.  Values are means ± SE of at 

least five replicates.  Values with different symbols are significantly different (p < 

0.05) from each other by one-way ANOVA with Bonferroni post-hoc analysis.  
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Figure 5-9.  Relative abundance of ∆6 desaturase mRNA to the housekeeping gene, 

cyclophilin A, in HepG2 cells immediately prior to supplementation (0 h) and then at 

1, 2, 6, 12, 24 and 48 h after supplementation with 20 µg/ml α-linolenic acid (18:3n-

3, ALA).

HepG2 cells were seeded and grown as described.  After 72 h the medium was 

replaced with serum-free medium containing 20 µg/ml ALA bound to BSA.  The cells 

were harvested for RNA extraction and real-time quantitative PCR analysis 

immediately prior to supplementation with ALA (0 h), and then at 1, 2, 6, 12, 24 and 

48 h after supplementation.  SF; cells maintained in serum-free medium for 48 h. 

Values are means ± SE of at least five replicates.  Values with different symbols are 

significantly different (p < 0.05) from each other by one-way ANOVA with Bonferroni 

post-hoc analysis.
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5.3.3 ∆6 desaturase protein expression

To determine whether the mRNA abundance of D6D correlated with the protein 

level of D6D, Western blot analysis of D6D protein in HepG2 cells supplemented 

with fatty acids was performed. Figure 5-10 shows the Western blot analysis of total 

cell protein lysates from HepG2 cells supplemented with the fatty acids OA, EPA, 

AA, ALA or LA or maintained in serum free media.  The previous use of the anti-rat 

D6D antibodies in COS-7 cells transfected with rat D6D revealed a single band at 45 

kDa (95).  In the HepG2 cells used here, Western blot analysis of HepG2 cell protein 

did not detect any bands at 45 kDa but detected five bands at approximately 30, 35, 

60, 78 and 100 kDa.  Although the D6D protein could not be clearly identified, the 

expression of these bands was consistent between cells supplemented with OA, LA, 

ALA, AA and EPA and cells maintained in serum-free media.
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Figure 5-10. Detection of ∆6 desaturase in HepG2 cells supplemented with 20 µg/ml 

oleic acid (18:1n-9, OA), eicosapentaenoic acid (20:5n-3, EPA), arachidonic acid 

(20:4n-6, AA), α-linolenic acid (18:3n-3, ALA) or linoleic acid (18:2n-6, LA) bound to 

BSA in serum free DMEM or maintained in DMEM + 10% FBS (FBS) or serum free 

DMEM (serum free) for 48 h.  Total cell protein lysates (50 µg) were resolved by 

SDS-PAGE and blotted.  The blot was probed with anti-rat ∆6 desaturase sera 

(serum 1 and 2) at 1:1000 dilution.  Detection was performed using 

chemifluorescence after 30 s.  Molecular masses are indicated in kDa.
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5.3.4 Fatty acid analysis

Despite the reduction in D6D mRNA abundance by all fatty acids examined, the 

concentration of D6D conversion products (20:3n-9, AA and EPA), in respective 

OA, LA and ALA supplemented cells were elevated above that observed in control 

cells (Table 5-1).  There was a significant increase in the level of OA and its product, 

20:3n-9, in cells supplemented with 20 µg/ml OA.  In cells supplemented with 20 

µg/ml OA, the level of OA in cell phospholipids increased from 20.69 ± 052% total 

fatty acids in control cells to 30.74 ± 0.66% total fatty acids and the level of 20:3n-9 

increased from 5.36 ± 0.36% total fatty acids to 7.37 ± 0.19% total fatty acids.  The 

level of n-3 and n-6 fatty acids was unchanged in cells supplemented with OA 

compared with control cells (Table 5-1).  The fatty acid composition of HepG2 cells 

supplemented with 20 µg/ml LA and 20 µg/ml ALA has been described in (Section 

3.3.4) and (Section 3.3.1), respectively.  Following supplementation with 20 µg/ml 

AA, the level of AA in HepG2 cell phospholipids increased dramatically, as did the 

level of 22:5n-6, which increased 10-fold from 0.17 ± 0.01% in control cells to 1.73 

± 0.10% total fatty acids.  The total level of monounsaturated and n-9 fatty acids 

were reduced, however, the total level of n-3 fatty acids was unchanged compared 

with control cells (Table 5-1).  In HepG2 cells supplemented with 20 µg/ml EPA, the 

level of EPA in cell phospholipids increased from 0.14 ± 0.02% total fatty acids to 

14.95 ± 0.51% total fatty acids.  The level of DPA and DHA also increased 

significantly (p < 0.05), increasing from 0.24 ± 0.06% total fatty acids and 2.61 ±

0.08% total fatty acids in control cells to 5.38 ± 0.21% total fatty acids and 4.48 ±

0.13% total fatty acids, respectively (Table 5-1)
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Fatty acid BSA control 20µg/ml OA 20µg/ml EPA 20µg/ml AA 20µg/ml ALA 20µg/ml LA
Total Saturates 29.63 ± 0.18a 28.05 ± 0.32a 38.57 ± 0.60c,d 36.31 ± 0.62b,d 35.29 ± 1.44b,c 34.55 ± 0.30b

18:1n-9 OA 20.69 ± 0.52a 30.74 ± 0.66b 10.16 ± 0.66c 9.94 ± 0.68c 11.23 ± 0.75c 9.86 ± 0.87c

Total Monounsaturates 51.99 ± 0.27a 48.42 ± 0.29a 29.26 ± 0.26b,c 29.57 ± 0.19b,c 32.34 ± 1.60c 26.92 ± 1.67b

20:3n-9 5.36 ± 0.36a 7.37 ± 0.19b 1.85 ± 0.00c 1.92 ± 0.03c 2.24 ± 0.21c 2.12 ± 0.19c

Total n-9 33.19 ± 0.31a 44.96 ± 0.57b 15.28 ± 0.72c 15.71 ± 0.72c 17.56 ± 1.20c 15.02 ± 1.22c

18:2n-6 LA 0.73 ± 0.06a 0.59 ± 0.03a 0.61 ± 0.02a 0.63 ± 0.03a 0.86 ± 0.01a 15.92 ± 0.24b

18:3n-6 0.11 ± 0.03a 0.08 ± 0.00a 0.06 ± 0.03a 0.10 ± 0.05a 0.09 ± 0.02a 0.43 ± 0.01b

20:3n-6 0.48 ± 0.02a 0.36 ± 0.01a 0.34 ± 0.03a 0.47 ± 0.08a 0.43 ± 0.01a 2.83 ± 0.20b

20:4n-6 AA 2.94 ± 0.14a 2.56 ± 0.07a 2.39 ± 0.03a 22.53 ± 0.65c 2.64 ± 0.08a 10.60 ± 0.83b

22:5n-6 0.17 ± 0.01a 0.16 ± 0.01a 0.07 ± 0.00a 1.73 ± 0.10c 0.14 ± 0.03a 1.19 ± 0.17b

Total n-6 4.78 ± 0.28a 3.80 ± 0.12a 3.51 ± 0.11a 27.83 ± 0.73c 4.40 ± 0.13a 32.22 ± 1.70b

18:3n-3 ALA 0.11 ± 0.13a 0.01 ± 0.01a 0.03 ± 0.00a 0.02 ± 0.02a 7.05 ± 0.53b 0.05 ± 0.00 a

20:5n-3 EPA 0.14 ± 0.02a 0.08 ± 0.00a 14.95 ± 0.51c 0.04 ± 0.01a 7.07 ± 0.74b 0.07 ± 0.01a

22:5n-3 DPA 0.24 ± 0.06a 0.30 ± 0.01a 5.38 ± 0.21c 0.23 ± 0.02a 1.91 ± 0.31b 0.17 ± 0.01a

22:6n-3 DHA 2.61 ± 0.08a 2.14 ± 0.06a,c 4.48 ± 0.13b 1.48 ± 0.14c 3.93 ± 0.22b 2.11 ± 0.06a

Total n-3 3.95 ± 0.29a 2.53 ± 0.07a 25.35 ± 0.39b 2.35 ± 0.07a 22.69 ± 1.44b 2.75 ± 0.07a

Table 5-1. Fatty acid composition of HepG2 cell phospholipids of cells supplemented 20µg/ml oleic acid (18:1n-9, OA), eicosapentaenoic acid (20:5n-

3, EPA), arachidonic acid (20:4n-6, AA), α-linolenic acid (18:3n-3, ALA) and linoleic acid (18:2n-6, LA). HepG2 cells were cultured as described in 

Materials and Methods and supplemented with for 20µg/ml OA, LA, ALA, AA and EPA 48 h.  Values are means ± SE of at least three replicates.  

Values with different superscripts are significantly different from each other (p < 0.05).



129

5.4 DISCUSSION

The mRNA abundance of D6D in HepG2 cells was significantly reduced following 

supplementation with OA, EPA, AA, ALA or LA compared with cells maintained in 

serum-free media.  However, the accumulation of fatty acid conversion products 

suggests that the activity of the D6D protein may not be reduced despite a report that 

showed the presence of these fatty acids suppressed D6D mRNA abundance (107).  

Despite a reduction in D6D mRNA abundance by up to 50%, the accumulation of 

fatty acid conversion productions was increased compared with control cells.

Western blot analysis of HepG2 cell protein did not specifically identify D6D, 

suggesting non-specific binding of the polyclonal antibodies. D6D antibodies were 

not commercially available at the time of this publication, however two research 

groups have developed an antibody.  I was able to acquire antibodies raised against 

the rat D6D developed by Professor Philippe Legrand and colleagues (95).  Due to 

the limited availability of a human D6D antibody, a rat antibody was used to 

examine D6D protein expression in a human cell line.  The rat and human D6D share 

95.5% amino acid sequence identity and both are 444 amino acids in length.  The 

sequence identity over the region that the primary antibodies, serum 1 and serum 2, 

were raised was 92.5 and 85.5%, respectively.  D’Andrea et al. (2002) (95)

performed Western Blot analysis of the total homogenate obtained from COS-7 cells 

transfected with the full length (1335 bp) open reading frame of rat D6D and 

detected a single band at 45 kDa.  This band was not detected in non-transfected 

cells.  In a previous study, Western blot analysis of rat microsomes using an affinity-

purified anti-rat D6D antibody identified a protein at 52.2 kDa (115).  Another study 

predicted a protein size of 52.2 kDa for the human D6D from the open reading frame

of the enzyme (105).  A band of this size was evident in all cells regardless of fatty 
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acid treatment (Figure 5-10).  D’Andrea et al. (2002) (95) also reported that Western 

blot analysis could not specifically detect the D6D protein in protein isolated from rat 

liver or brain and required immunoprecipitation of the isolated protein with both 

anti-rat D6D sera prior to Western blot analysis.  This suggests that a significant 

enrichment of D6D protein would be necessary before Western blot analysis with 

these antibodies.  The detection of multiple bands in the Western blot analysis of 

HepG2 whole cell protein lysates suggests immunoprecipitation of the whole cell 

protein lysates may help to resolve the specific band from the multiple bands.  The 

detection system used in the experiments described here (ECL Super Signal West 

Femto Kit, Pierce, Rockford, IL, USA) was apparently up to 1000 times more 

sensitive than the system used by D’Andrea et al. (2002) (95) (ECL Plus, GE 

Healthcare, Piscataway, NJ, USA), detecting several bands in the Western blot 

analysis of HepG2 cell protein lysates.  Given the apparent sensitivity of the 

detection system, the results suggest that the antibodies may have required further 

purification for use under these conditions. A positive control for the Western blot 

using recombinant protein would assist in determining the size of the D6D protein 

under these conditions.  In addition, pre-bleed sera to assess any non-specific binding 

of the anti-rat D6D antibody in the HepG2 preparations would help to identify D6D, 

although D’Andrea et al. (2002) (95) reported that no bands were detected with pre-

immune sera.  It is possible that the multiple bands observed in Figure 5-10 may be 

due to splice variants of D6D or post-translational modification of the protein 

isolated from HepG2 cells.  However, without the appropriate controls it is difficult 

to make any clear conclusions from this data.  Future work using these anti-rat D6D 

antibodies should assess the expression in immunoprecipitates of HepG2 whole cell 

lysates.  Although D6D mRNA expression was reduced by as much as 50%, the 

conversion of substrate fatty acids to their long chain metabolites was evident.  
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Further research is required to determine whether this relates to the level of D6D 

protein and its activity.

Dietary PUFA is reportedly a major regulator of D6D mRNA expression (88) which 

may influence the accumulation of LCPUFA in cell membranes.  The suppression of 

D6D mRNA abundance by PUFA has been described previously in human 

neuroblastoma cells (181) and HepG2 cells (107).  However, such studies did not 

correlate D6D mRNA expression with fatty acid composition.  Nara et al. (2002) 

(164) showed that the abundance of D6D mRNA was reduced by approximately 50% 

in HepG2 cells supplemented with AA, EPA and DHA for 24 h whereas OA had no 

effect.  The results presented here for D6D mRNA expression following 

supplementation with AA and EPA are in agreement with Nara et al. (2002) (164), 

however, the difference in the effect of OA may be due to their inclusion of insulin 

and dexamethasone, two hormones that influence the expression of PPAR (202)and 

indeed, D6D mRNA expression (203). The conditions under which cells are 

cultured, as well as the level of fatty acids, may modulate D6D mRNA abundance by 

affecting the transcription rate of the D6D gene or the stability of the mRNA. The 

mRNA expression of D6D following supplementation with ALA over 48 h suggests 

that the cell culture conditions may influence D6D mRNA expression as there was a 

significant change in expression between 24 and 48 h, the time at which the media 

was refreshed (Figure 5-9).  Following 24 h supplementation with ALA, the 

expression of D6D mRNA was less than 5% of control cells.  However, at 48 h, the 

expression of D6D mRNA was less than 70% of controls.  The change in D6D gene 

expression over the ALA-supplementation period suggests that a time course for 

each supplemented fatty acid may be required in identifying the maximum reduction 

in D6D mRNA expression in future studies.  
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Previous in vivo studies have demonstrated that dietary OA does not affect D6D 

mRNA expression (80;105;107;204), however the results present here indicate that 

not only do LA, ALA, AA, EPA suppress D6D mRNA abundance, but so to does 

OA, to similar levels as observed for PUFAs.  That being said, other mechanisms in 

vivo may influence the expression of D6D including the metabolic state of the 

animal, which was not a factor in in vitro studies.  For example, by examining the 

effect of one fatty acid on the expression of D6D mRNA, the diet is devoid of the 

essential fatty acids.  Comparisons between animals maintained on dietary PUFA 

with those fed OA or 18:0 as a source of dietary fat may be more representative of 

the effects of essential fatty acid deficiency on D6D mRNA expression rather than a 

direct effect of dietary fatty acids on this expression.  

Altered expression of D6D may also result due to mechanisms not directly related to 

fatty acid metabolism.  In rats supplemented with the PPARα agonist WY14643, the 

fatty acid oxidation enzymes, acyl CoA oxidase, L-bifunctional protein and 

cytochrome P450 4A1 were all significantly induced within 4 h of treatment, with 

maximum induction occurring at 28 h (205).  D6D mRNA abundance was not 

significantly elevated at 4 h and it was only after 28 h that significance was reached

(205).  The increased expression of D6D mRNA after 28 h suggests that its induction 

was secondary to the induction of the oxidation enzymes by WY1463 and may be 

compensatory.  Interestingly, the level of OA in liver phospholipids was elevated 

(205).  OA is synthesised de novo from the saturated fatty acids, palmitic acid (16:0) 

or 18:0, usually in essential fatty acid deficient states.  Moreover, PPAR agonists 

induce peroxisome proliferation in rodents (206).  The changes in fatty acid 

metabolism may also be attributable to the increased demand for fatty acids as 
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constituents of phospholipids in the expanding peroxisome population (114).  It is 

questionable whether the changes in the fatty acid composition of cell membranes is 

directly attributable to the increased mRNA expression of D6D by WY14643 but 

rather the increased demand for fatty acid oxidation as a result of PPAR activation.  

The effect of D6D mRNA expression on the fatty acid composition of cell 

membranes is still unclear.

The experimental conditions employed here to examine the effect of fatty acid 

supplementation on D6D mRNA expression in HepG2 cells may also alter the 

metabolic demands of the cells.  Cells maintained in serum-free media without fatty 

acid supplementation had a reduced amount of substrate that could be utilised as a 

source of energy.  The expression of D6D mRNA in ‘control’ cells may be induced 

in response to a reduction in energy.  Under these conditions, the HepG2 cells may 

have an increased oxidative capacity therefore, it would be useful to examine 

enzymes involved in oxidation concurrent with D6D expression.  

In vitro studies indicate that the mRNA expression of D6D is modulated by fatty 

acids to some extent.  The fatty acid composition of cell membranes may be 

influenced by various parameters and highlights the need for a holistic approach to 

examining D6D mRNA expression, to include the expression of oxidation enzymes, 

enzyme activity and fatty acid composition.  Further studies that examine the effect 

of D6D overexpression by transfection of a D6D expression vector, similar to that 

described by D’Andrea et al. (2002) (95), or the effect of knockdown of D6D mRNA 

by short interfering RNA, on the fatty acid composition of cell membranes may help 

in describing a relationship between the fatty acid composition and D6D expression.
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6 Fatty acid composition of HepG2 cells treated with SC-26196

6.1 INTRODUCTION

In addition to the competition between substrate fatty acids for D6D, the fatty acid 

composition of cell lipids may also be affected by the preferential use of substrate 

fatty acids for incorporation into cell phospholipids, peroxisomal β-oxidation and/or

conversion to LCPUFA (151;207). Intermediary fatty acids in the synthesis of DHA 

from n-3 fatty acid precursors do not appear in tissues in equal amounts, which may 

be due to the preferential entry of individual fatty acids into one of these pathways. 

In Chapter 4, the accumulation of DHA into HepG2 cells supplemented with 

increasing concentrations of DPA was curvilinear, yet the accumulation of its 

retroconversion product, EPA, was directly related to the concentration of DPA in 

the media, suggesting that peroxisomal β-oxidation of DPA to EPA may divert the 

conversion of DPA away from the synthesis DHA.  For example, in peroxisomes 

incubated with [3-14C] DPA, in the presence of microsomes and the acyl acceptor, 1-

acyl-GCP, the retroconversion product of DPA, EPA, was transport out of the 

peroxisomes for use in membrane lipid synthesis rather than for continued 

peroxisomal degradation (132).  Moreover, in cultured skin fibroblasts, 24:6n-3 is 

preferentially oxidised rather than acting as a substrate for incorporation into 

membrane lipids (133).  The relative entry of substrate fatty acids into phospholipid 

biosynthesis or peroxisomal β-oxidation will determine the availability of fatty acids 

for conversion to LCPUFA and represents a mechanism by which the fatty acid 

composition of cell membranes may be regulated.

This chapter aimed to examine the change in the accumulation of LCPUFA in 

HepG2 cells supplemented with DPA following treatment with the specific D6D 
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inhibitor 2,2-diphenyl-5-(4-(8)piperazine-1-yl)pentanenitrile (SC-26196).  SC-26196 

is a reputed highly selective inhibitor of D6D (208).  The selectivity of the inhibitor 

for D6D was assessed by examining the accumulation of LCPUFA in HepG2 cells 

supplemented with the immediate D6D fatty acid substrate, ALA, and the D5D fatty 

acid substrate, 20:3n-6.  In the mouse carrageenan paw oedema model of 

inflammation, SC-26196 reduced paw oedema by 50%, an effect directly linked to its 

ability to inhibit the conversion of LA to AA (208).  The use of SC-26196 allowed 

the elongation of DPA to 24:5n-3, and its retroconversion to EPA, to be examined 

without becoming a substrate for D6D.  This chapter describes the use of SC-26196 

to confirm the involvement of D6D in the conversion of fatty acids in HepG2 cells 

and the fatty acid compositional changes which occur in cell phospholipids as a 

result of D6D inhibition.  

6.2 MATERIALS AND METHODS

The materials and methods used were those described in Chapter 2, with the 

following changes.

6.2.1 Materials

SC-26196 was kindly donated by Pfizer Inc. (Groton, CT, USA) (208).  DMSO was 

from Sigma (St. Louis, MO, USA).

6.2.2 Cell Culture

HepG2 cells were cultured and seeded into 6 well plates as described in Section 

3.2.1.  After 72 h, the medium was removed and replaced with serum-free DMEM 

supplemented with 5 µg/ml ALA, DPA or 20:3n-6, bound to fatty acid-free BSA.  

Stock solutions of these fatty acids were prepared in ethanol at a concentration of 10 

mg/ml and diluted in serum-free medium to achieve a final concentration of 5 µg/ml.  
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As described in earlier chapters, the maximal accumulation of DHA in HepG2 cell 

phospholipids following supplementation with increasing concentrations of n-3 fatty 

acids occurred at 5 µg/ml.  Therefore, the effect of SC-26196 on the fatty acid 

composition of cells supplemented with 5 µg/ml 20:3n-6, ALA or DPA was 

examined.  In experiments using SC-26196, the medium was replaced at 72 h with 

either SC-26196, dissolved in DMSO, to yield a final concentration of 2 µM, or an 

equivalent volume of DMSO alone, in addition to 20:3n-6, ALA or DPA at 5 µg/ml.  

In human skin fibroblasts, 2 µM SC-26196 has been shown to  reduce the conversion 

of ALA to EPA, DPA and DHA by 80% (209), therefore the same concentration of 

SC-26196 was used here.  The media was refreshed after 24 h with the appropriate 

concentration of fatty acid bound to BSA with SC-26196 as appropriate.  Cells were 

harvested for fatty acid analysis following a total 48 h supplementation period.  

6.2.3 Cytotoxicity assay

Cytotoxicity was determined by measuring lactate dehydrogenase (LDH) release 

from cells using the CytoTox 96 Non-radioactive cytotoxicity assay kit (Promega, 

Madison, WI, USA).  This assay quantitatively measures LDH, a stable cytosolic 

enzyme that is released upon cell lysis by a coupled enzymatic reaction that converts 

a tetrazolium salt (INT) to a red formazan product.  The amount of colour formed is 

proportional to the number of lysed cells.  To assess the cytotoxicity of SC-26196, 

cells were seeded in 96-well plates at 0.04 × 106 cells / well in 100 µL growth 

medium.  After 72 h, the medium was removed and the cells were washed twice with 

PBS.  Cells in quadruplicate wells were incubated in serum-free DMEM 

supplemented with 5 µg/ml ALA or DPA, bound to essentially fatty acid-free BSA ±

SC-26196 or the appropriate controls.  The media was refreshed after 24 h as 
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described in Section 6.2.2.  At the end of fatty acid supplementation, 50 µL of the 

cell supernatant was transferred to a fresh 96 well enzymatic assay plate (Greiner Bio 

One, Frickenhausen, Germany) and processed according to the manufacturers 

instructions (Promega, Madison, WI, USA) The absorbance of the coloured 

formazan product was measured on an automatic microplate reader at an optical 

density of 490 ηm using Genesis-Lite software (Labsystems and Life Sciences 

International, Hampshire, UK).  The percent cytotoxicity was determined by dividing 

the absorbance of experimental cells by the maximum absorbance, multiplied by 100. 

6.2.3.1 Cell Viability and cytotoxicity

The viability and number of cells following treatment with SC-26196 was not 

significantly different to untreated cells, and supplementation with either ALA or 

DPA did not effect the number or viability of HepG2 cells (Figure 6-1A &B). There 

was no significant cytotoxicity associated with SC-26196 (Figure 6-2).  
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Figure 6-1.  Cell number (A) and viability (B) of HepG2 cells cultured in serum-free 

DMEM (SF) supplemented with α-linolenic acid (18:3n-3, ALA) or docosapentaenoic 

acid (22:5n-3, DPA) and treated with the ∆6 desaturase inhibitor, SC-26196.  

Viability was determined by trypan blue exclusion as described in Section 2.2.5.  

There were no significant differences (p > 0.05) in cell number or viability between 

groups using One-way ANOVA with Bonferroni post-hoc tests.
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Figure 6-2. Cytotoxicity of SC-26196 in HepG2 cells.  

HepG2 cells were cultured in serum-free DMEM (SF) supplemented with α-linolenic 

acid (18:3n-3, ALA) or docosapentaenoic acid (22:5n-3, DPA) and treated with the 

∆6 desaturase inhibitor, SC-26196.  Cytotoxicity of SC-26196 in HepG2 cells was 

determined by measuring lactate dehydrogenase (LDH) release from cells using the 

CytoTox 96 Non-radioactive cytotoxicity assay kit (Promega, Madison, WI, USA) 

as described in Section 6.2.3.  There were no significant differences (p > 0.05) in 

cytotoxicity between groups using One-way ANOVA with Bonferroni post-hoc tests.

6.2.4 Fatty acid analysis

Total lipids were extracted from cells following procedures described in Chapter 2.

6.2.5 Statistical analysis

Statistical analyses were performed on at least three separate replicates.  Independent 

Student-T tests were used to compare means following fatty acid supplementation, 

with or without SC-26196 treatment, for values that were normally distributed 

otherwise the Nonparametric Mann-Whitney U tests were used.  Statistical tests were 

performed using the SPSS Statistical Software Package Version 11.0 (SPSS Inc 
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Chicago, IL, USA).  Statistical significance was defined as p < 0.05.  Data are 

expressed as mean ± SE.

6.3 RESULTS

6.3.1 Validation of the action of SC-26196 

To confirm the selective action of SC-26196 in inhibiting D6D, the effect of SC-

26196 on the fatty acid composition of HepG2 cells supplemented with the D6D 

substrate, ALA, and the D5D substrate, 20:3n-6, respectively, was examined.  In 

untreated HepG2 cells supplemented with 5 µg/ml ALA, the major products of ALA 

metabolism were EPA and DHA (Figure 6-3).  Treatment of ALA-supplemented 

HepG2 cells with 2 µM SC-26196 reduced the level of EPA, DPA and DHA by 

92.87%, 62.41% and 39.53%, respectively.  A 4-fold increase in the accumulation of 

ALA (p < 0.05) in HepG2 cell phospholipids was observed (Figure 6-3).  There was 

also a significant reduction (p < 0.05) in the accumulation of 24:5n-3 and 24:6n-3 in 

ALA-supplemented cells treated with SC-26196.  ALA-supplemented cells treated 

with SC-26196, accumulated significantly higher (p < 0.05) quantities of the direct 

elongation product of ALA, 20:3n-3, which increased from 0.53 ± 0.13% total fatty 

acids in untreated ALA-supplemented cells to 1.58 ± 0.25% total fatty acids in 

treated cells.  The level of 20:3n-3 is usually present in trace amounts in HepG2 cells

supplemented with ALA due to the activity of D6D which converts ALA to 18:4n-3 

to continue through the desaturation-elongation pathway (Table 6-1).  In SC-26196 

treated cells this does not occur.  

As demonstrated in a previous chapter (see Chapter 3, Table 3-1) the level of 

saturated fatty acids in untreated HepG2 cell phospholipids increased and the level of 

monounsaturated fatty acids decreased in cells supplemented with increasing 



141

concentrations of ALA.  In contrast, the proportion of monounsaturated fatty acids in 

cell phospholipids increased significantly (p < 0.05), concomitant with a decrease in 

the level of saturated fatty acids in HepG2 cells treated with 2 µM SC-26196 and 

supplemented with ALA. This may indicate an up-regulation in the conversion of 

saturated fatty acids to monounsaturated fatty acids by stearoyl-CoA desaturase 

(SCD) when D6D is inhibited by SC-26196 (168;210).  The level of n-6 fatty acids 

in ALA-supplemented HepG2 cells was not affected by treatment with SC-26196.  

These results are summarised in Table 6-1.  Treatment of HepG2 cells with SC-

26196, without fatty acid supplementation, did not affect the fatty acid composition 

of cell phospholipids compared with HepG2 cells maintained in serum-free media 

(see appendix 2).
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Figure 6-3. The accumulation of α-linolenic acid (18:3n-3, ALA) and its metabolites 

in HepG2 cells supplemented with 5 µg/ml ALA alone or treated with the ∆6 

desaturase inhibitor, SC-26196.

HepG2 cells were cultured as described and supplemented with 5 µg/ml ALA alone 

(blue) or with SC-26196 (pink) for 48 h.

* Indicates means are significantly different (p < 0.05) from untreated HepG2 cells 

supplemented with 5 µg/ml ALA. 
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Table 6-1. Fatty acid composition of cell phospholipids of HepG2 cells 

supplemented with 5 µg/ml α-linolenic acid (18:3n-3, ALA) alone or treated with the 

∆6 desaturase inhibitor, SC-26196.

HepG2 cells were cultured as described and supplemented with 5 µg/ml ALA alone 

or with SC-26196 for 48 h.  Values marked with an asterisk are significantly different 

from untreated cells as determined by the Independent Student t-test (p < 0.05).  

Values are means ± SE.

5 µg/ml ALA 5 µg/ml ALA + 
2 µM SC-26196

Fatty acid % total fatty acids
Total Saturates 34.53 ± 0.23 30.23 ± 0.30*
18:1n-9 OA 13.39 ± 0.13 15.93 ± 0.36*

Total Monounsaturates 41.89 ± 0.85 47.12 ± 1.44*
20:3n-9 1.66 ± 0.83 1.44 ± 0.70

Total n-9 18.21 ± 0.88 20.52 ± 0.97
18:2n-6 LA 0.87 ± 0.04 1.05 ± 0.06
18:3n-6 0.10 ± 0.02 0.14 ± 0.01
20:3n-6 0.47 ± 0.02 0.48 ± 0.02
20:4n-6 AA 2.68 ± 0.08 2.98 ± 0.14
22:5n-6 DPA n-6 0.16 ± 0.01 0.17 ± 0.004

Total n-6 4.55 ± 0.26 5.19 ± 0.33
18:3n-3 ALA 1.95 ± 0.36 7.95 ± 0.73*
20:3n-3 0.53 ± 0.13 1.58 ± 0.25
20:5n-3 EPA 5.47 ± 0.31 0.39 ± 0.04*
22:5n-3 DPAn-3 1.41 ± 0.07 0.53 ± 0.04*
24:5n-3 0.43 ± 0.07 0.20 ± 0.03*
24:6n-3 0.61 ± 0.003 0.13 ± 0.004*
22:6n-3 DHA 4.84 ± 0.29 2.53 ± 0.14*

Total n-3 16.21 ± 1.04 14.61 ± 1.11
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6.3.1 Continued 

The addition of SC-26196 to cells supplemented with 20:3n-6 did not affect the 

accumulation of AA (20:4n-6), indicating that SC-26196 did not inhibit D5D and 

was specific for D6D (Figure 6-4).  These results are summarised in Table 6-2

Figure 6-4. The accumulation of 20:3n-6 and arachidonic acid (20:4n-6, AA) in 

HepG2 cells supplemented with 5 µg/ml 20:3n-6 alone or treated with the ∆6 

desaturase inhibitor, SC-26196.  

HepG2 cells were cultured as described and supplemented with 5 µg/ml 20:3n-6 

alone (blue) or with SC-26196 (pink) for 48 h.  There was no significant difference (p 

< 0.05) in the level of 20:3n-6 or its ∆5 desaturation product, AA, in supplemented 

HepG2 cells treated with SC-26196.
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Table 6-2. Fatty acid composition of cell phospholipids of HepG2 cells 

supplemented with 5 µg/ml 20:3n-6 alone or treated with the ∆6 desaturase inhibitor, 

SC-26196. 

HepG2 cells were cultured as described and supplemented with 5 µg/ml 20:3n-6 or 

with SC-26196 for 48 h.  Values marked with an asterisk are significantly different 

from untreated cells as determined using either the Mann Whitney U test for 

nonparametric data (†) or the Student’s T test for normally distributed data (‡) (p < 

0.05).

5 µg/ml 20:3n-6 5 µg/ml 20:3n-6 +
2 µM SC-26196

Fatty acid % total fatty acids
Total Saturates 34.18 ± 0.73 30.85 ± 0.69‡*
18:1n-9 13.39 ± 0.12 15.54 ± 0.31‡*

Total Monounsaturates 41.61 ±0.25 46.89 ± 1.04‡*
20:3n-9 3.66 ± 0.12 2.01 ± 0.02‡*

Total n-9 21.16 ± 0.10 20.57 ± 0.39‡

18:2n-6 0.68 ± 0.03 0.84 ± 0.04‡*
18:3n-6 0.087 ± 0.01 0.14 ± 0.01‡*
20:3n-6 4.66 ± 0.04 5.30 ± 0.76†

20:4n-6 8.80 ± 0.08 7.82 ± 0.15†

22:5n-6 0.66 ± 0.31 0.13 ± 0.05‡

Total n-6 15.24  ± 0.39 14.69 ± 0.70‡

18:3n-3
20:5n-3 0.060 ± 0.00 0.087 ± 0.00†

22:5n-3 0.28 ± 0.01 0.32 ± 0.06‡

24:5n-3 0.050 ± 0.00 0.15 ± 0.00†

24:6n-3 0.17 ± 0.01 0.12 ± 0.00†

22:6n-3 2.21 ± 0.05 2.26 ± 0.03‡

Total n-3 4.02 ± 0.03 4.33 ± 0.02‡*
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6.3.2 Effect of SC-26196 on DPA metabolism

Treatment of DPA-supplemented HepG2 cells with SC-26196 caused an increase in 

the level of DPA in cell phospholipids, increasing from 3.49 ± 0.31% total fatty acids 

in untreated cells to 6.2 ± 0.53% total fatty acids in treated cells (Figure 6-5).  The 

level of EPA increased marginally, although not significantly (p > 0.05), in treated 

HepG2 cells supplemented with DPA compared with untreated HepG2 cells (Table

6-3).  The level of 24:5n-3, the elongation product of DPA, increased significantly (p 

< 0.05) from 1.06 ± 0.32% total fatty acids in untreated cells supplemented with 

DPA to 3.28 ± 0.32% total fatty acids in supplemented cells treated with SC-26196.  

The level of post ∆6 desaturase products, 24:6n-3 and DHA, in cell phospholipids 

was significantly reduced (p < 0.05) in treated cells compared with untreated cells.  

The level of DHA in phospholipids was reduced from 6.98 ± 0.40% total fatty acids 

in untreated cells supplemented with DPA, to 2.59 ± 0.11% total fatty acids in 

supplemented cells treated with SC-26196.  These results are summarised in Table

6-3.
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Figure 6-5. The accumulation of docosapentaenoic acid (22:5n-3, DPA) and its 

metabolites in HepG2 cells supplemented with 5 µg/ml DPA alone or treated with

the ∆6 desaturase inhibitor, SC-26196.  

HepG2 cells were cultured as described and supplemented with 5 µg/ml DPA alone 

(blue) or with SC-26196 (pink) for 48 h.

* Indicates means are significantly different (p < 0.05) from untreated HepG2 cells 

supplemented with 5 µg/ml DPA. 
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Table 6-3. Fatty acid composition of cell phospholipids of HepG2 cells 

supplemented with 5 µg/ml docosapentaenoic acid (22:5n-3, DPA) alone or treated 

with the ∆6 desaturase inhibitor, SC-26196.  

HepG2 cells were cultured as described and supplemented with 5 µg/ml DPA alone 

or with SC-26196 for 48 h.  Values marked with an asterisk are significantly different 

from untreated cells as determined by the Independent Student t-test (p < 0.05).

5 µg/ml DPA 5 µg/ml DPA+ 
2 µM SC-26196

Fatty acid % total fatty acids
Total Saturates 33.51 ± 0.18 30.94 ± 0.26*
18:1n-9 OA 15.13 ± 0.17 15.99 ± 0.32

Total Monounsaturates 43.81 ± 0.67 45.82 ± 1.64
20:3n-9 1.67 ± 0.84 1.36 ± 0.66

Total n-9 20.22 ± 0.92 20.47 ± 0.86
18:2n-6 LA 0.87 ± 0.04 1.01 ± 0.11
18:3n-6 0.13 ± 0.01 0.14 ± 0.01
20:3n-6 0.51 ± 0.02 0.53 ± 0.03
20:4n-6 AA 2.66 ± 0.06 2.75 ± 0.12
22:5n-6 DPA n-6 0.16 ± 0.01 0.14 ± 0.004

Total n-6 4.61 ± 0.26 4.82 ± 0.36
18:3n-3 ALA 0.01 ± 0.01 0.02 ± 0.01
20:5n-3 EPA 1.63 ± 0.24 2.47 ± 0.52
22:5n-3 DPAn-3 3.49 ± 0.31 6.20 ± 0.53*
24:5n-3 1.06 ± 0.32 3.28 ± 0.32*
24:6n-3 0.97 ± 0.05 0.18 ± 0.004*
22:6n-3 DHA 6.98 ± 0.40 2.59 ± 0.11*

Total n-3 15.20 ± 1.02 15.91 ± 1.35
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6.4 DISCUSSION

The fatty acid composition of HepG2 cells following treatment with the specific 

D6D inhibitor, SC-26196, is consistent with the requirement of D6D in the 

conversion of ALA and DPA to n-3 LCPUFA in HepG2 cells.  The reduced 

accumulation of D6D products in both ALA- and DPA- supplemented HepG2 cells,

treated with SC-26196, is consistent with a large body of evidence indicating that the 

same D6D acts on ALA and 24:5n-3 (94;133).  The reduced accumulation of 24:6n-3 

from DPA, concomitant with a decrease in the level of DHA in cells treated with SC-

26196 indicates that 24:6n-3 is an intermediate in the biosynthesis of DHA as 

described in vitro (94;95) and in vivo (211).  Although SC-26196 has been used by 

others (209), this is the first study to demonstrate changes in membrane fatty acid 

composition, a net effect of conversion and incorporation, as a result of treatment 

with SC-26196 and demonstrates the integral role of D6D in influencing the fatty 

acid composition of cell membranes.  

Treatment of DPA- supplemented cells with SC-26196 marginally increased the 

accumulation of EPA in cell phospholipids.  However, the level of 24:5n-3 in cell 

phospholipids increased significantly with SC-26196-treatment, suggesting that DPA 

is preferentially elongated, towards the synthesis of DHA.  That is, the 

retroconversion of DPA to EPA does not appear to limit the accumulation of DHA.  

The comparatively low accumulation of 24 carbon fatty acids in HepG2 cell 

phospholipids suggests that its preferred fate is further elongation, then desaturation 

and finally oxidation to yield DHA.  This suggests that events post-D6D in the 

conversion of fatty acid may regulate the accumulation of DHA from n-3 fatty acid 

precursors but cannot exclude the importance of D6D in this process.
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In conclusion, the use of SC-26196 clearly demonstrates the absolute requirement for 

D6D in the synthesis of DHA from DPA and provides further evidence for the use of 

the HepG2 cell line as a model of fatty acid desaturation and elongation.  In addition, 

it was demonstrated that retroconversion of DPA to EPA may not be a major 

limitation in the synthesis of DHA from DPA.  The non-linear accumulation of DHA 

from DPA suggests that other steps involved in fatty acid conversion regulate the 

accumulation of DHA.
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7 Co-supplementation of HepG2 cells with DPA and potential 

competitive inhibitors of D6D; LA and DTA

7.1 INTRODUCTION

The involvement of numerous enzymes in the desaturation/elongation pathway 

suggests there are several steps that may regulate the conversion of substrate fatty 

acids to LCPUFA.  In Chapter 4 it was demonstrated that the accumulation of DHA 

reached a plateau following supplementation with increasing concentrations of DPA.  

The dose-dependent accumulation of the D6D precursor, 24:5n-3 and its product, 

24:6n-3, in phospholipids of cells supplemented with DPA suggests that the 

limitation was due to events following the ∆6 desaturation of 24:5n-3 rather than a 

limitation at D6D.  These events include peroxisomal β-oxidation, translocation of 

DHA out of the peroxisome and acylation of DHA into membrane lipids. The 

availability of fatty acids in the diacylglycerol pool for phospholipid biosynthesis 

may also contribute to the accumulation of DHA from DPA.

Partial β-oxidation in the peroxisome is the final step in the synthesis of DHA and 

involves several enzymatic reactions.  There are two complete sets of β-oxidation 

enzymes present in the peroxisome (99;212).  Straight chain acyl-CoA oxidase is 

responsible for the initial oxidation of very long chain fatty acyl-CoAs.  The enoyl-

CoA esters of straight chain fatty acids are then hydrated and subsequently 

dehydrogenated by L-bifunctional protein.  The last step of the β-oxidation process, 

the thiolytic cleavage, is performed by both sterol carrier protein X and the classic 3-

ketoacyl-CoA thiolase (99) (see Chapter One, Figure 1-5, for more detail).  
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Consequently, saturation of the enzymes involved in peroxisomal β-oxidation may 

also affect the accumulation of DHA from n-3 fatty acid precursors.

This chapter aimed to examine accumulation of DHA and other n-3 PUFA in HepG2 

cells co-supplemented with DPA and increasing amounts of LA.  LA is a substrate 

for D6D and is converted to AA and 22:5n-6.  Since LA is the preferred substrate 

over 24:5n-3 (95), it was hypothesised that supplementation of HepG2 cells with 

DPA and increasing amounts of LA would significantly reduce the accumulation of 

DHA. Insights into the role of D6D in affecting the accumulation of DHA from DPA 

was hoped to be gained by examining the fatty acid composition of HepG2 cells 

supplemented with DPA and increasing concentrations of LA.

DPA and DTA are substrates for peroxisomal β-oxidation (Figure 7-1).  It was 

hypothesised that increasing concentrations of DTA would reduce the accumulation 

of DHA in cells supplemented with DPA by utilising enzymes involved in β-

oxidation.  DTA is also a substrate of elongation to form 24:4n-6, which then 

becomes a substrate for D6D.  Therefore, competition between 24:4n-6 and 24:5n-3 

for D6D may also exist, in which case, the level of 24:6n-3, the ∆6 desaturation 

product of 24:5n-3, will decrease in cells supplemented with DPA with increasing 

concentrations of DTA (Figure 7-1).  Insights into the role of peroxisomal β-

oxidation in affecting the accumulation of DHA from DPA was hoped to be gained 

by examining the fatty acid composition of HepG2 cells supplemented with DPA and 

increasing concentrations of DTA. 
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Figure 7-1.  Entry of docosapentaenoic acid (22:5n-3, DPA) and docosatetraenoic 

acid (22:4n-6, DTA), or their respective metabolites, into the peroxisome to undergo 

partial β-oxidation.  

7.2 MATERIALS AND METHODS

The materials and methods used were those described in Chapter 2, with the 

following changes.

7.2.1 Cell Culture

HepG2 cells were cultured and seeded into 6 well plates as described in Section 

3.2.1.  After 72 h, the medium was removed and replaced with serum-free DMEM 

supplemented with 5 µg/ml DPA alone, or in addition to increasing amounts of LA 

(2.5-10 µg/ml) or DTA (2.5-10 µg/ml), bound to fatty acid-free BSA.  The reciprocal 

experiment was also performed.  In the reciprocal experiment, 72 h after seeding 

HepG2 cells, the medium was removed and replaced with serum-free DMEM 

supplemented with 5 µg/ml DTA alone, or in addition to increasing amounts of DPA 

(2.5-10 µg/ml), bound to fatty acid-free BSA.  Stock solutions of these fatty acids 

were prepared in ethanol at a concentration of 10 mg/ml and diluted in serum-free 
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medium to achieve the final desired concentration.  The media was refreshed after 24 

h with the appropriate concentration of fatty acid(s) bound to BSA.  After 48 h 

incubation with the respective fatty acids, cells were harvested for fatty acid analysis 

(See section 2.2.7).

7.2.2 Fatty acid analysis

Total lipids were extracted from cells following procedures described in Chapter 2.

7.2.3 Statistical analysis

Statistical analyses were performed on at least three independent experiments as 

described in Chapter 2. 

7.3 RESULTS

7.3.1 Co-supplementation of HepG2 cells with DPA and 

increasing concentrations of LA

The fatty acid composition of HepG2 cell phospholipids was examined following 

supplementation with DPA and increasing amounts of LA and was found to have no 

significant effect (p > 0.05) on the level of DHA in cell phospholipids (Figure 7-3).  

The level of EPA, the retroconversion product of DPA, in cell phospholipids was 

significantly reduced (p < 0.05) in LA co-supplemented HepG2 cells compared with 

control cells (DPA only) (Figure 7-3).  There was a significant dose-dependent 

increase in the level of LA in HepG2 cell phospholipids following supplementation 

with DPA and LA (Figure 7-2).  The level of AA in cell phospholipids was 

significantly increased (p < 0.05) in cells co-supplemented with DPA and 10 µg/ml 

LA (

Table 7-1).  The level of DPA in HepG2 cell phospholipids was unaffected (p > 0.05)

by co-supplementation with LA (Figure 7-3).  The level of monounsaturated fatty 
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acids in cell phospholipids was significantly decreased (p < 0.05), concurrent with a

significant increase (p < 0.05) in the level of LA in cells supplemented with DPA and 

co-supplemented with LA.  These results are summarised in 

Table 7-1.
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Figure 7-2.  The accumulation of linoleic acid (18:2n-6, LA) and arachidonic acid 

(20:4n-6, AA) in HepG2 cells supplemented with 5 µg/ml docosapentaenoic acid 

(22:5n-3, DPA) alone or with the addition of 2.5, 5 or 10 µg/ml LA.

HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  

Values are means ± SE of three independent experiments with three replicates in 

each experiment.  Values with different symbols are significantly different from each 

other (p < 0.05) for each fatty acid as determined by one-way ANOVA and 

Bonferroni post-hoc tests.
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Figure 7-3. The accumulation of eicosapentaenoic acid (20:5n-3, EPA), 

docosapentaenoic acid (22:5n-3, DPA) and docosahexaenoic acid (22:6n-3, DHA) in 

HepG2 cells supplemented with 5 µg/ml docosapentaenoic acid (22:5n-3, DPA) 

alone or with the addition of 2.5, 5 or 10 µg/ml linoleic acid (18:3n-3, LA).

HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  

Values are means ± SE of three independent experiments with three replicates in 

each experiment.  Values with different symbols are significantly different from each 

other (p < 0.05) for each fatty acid as determined by one-way ANOVA and 

Bonferroni post-hoc tests.
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5 µg/ml DPA* 5 µg/ml DPA + 
2.5 µg/ml LA

5 µg/ml DPA +
5 µg/ml LA

5 µg/ml DPA + 
10 µg/ml LA

Fatty acid % total fatty acids
Total Saturates 33.76 ± 0.61 a 33.42 ± 0.81 a 33.74 ± 1.07 a 34.79 ± 0.88 a

18:1n-9 OA 14.25 ± 0.38 a 13.90 ± 0.62 a 12.31 ± 0.78 ab 10.56 ± 0.82 b

Total Monounsaturates 42.89 ± 0.74 a 40.58 ± 1.27 a 36.68 ± 1.85 ab 31.70 ± 1.97 b

20:3n-9 2.57 ± 0.04 a 1.22 ± 0.67 a 1.09 ± 0.55 a 0.98 ± 0.49 a

Total n-9 21.45 ± 0.17 a 24.09 ± 2.94 a 21.40 ± 2.95 a 18.18 ± 2.57 a

18:2n-6 LA 0.89 ± 0.04 a 5.21 ± 0.63 b 9.09 ± 1.07 bc 12.70 ± 1.18 c

18:3n-6 0.11 ± 0.01 a 0.09 ± 0.04 a 0.16 ± 0.08 b 0.18 ± 0.09 b

20:3n-6 0.46 ± 0.02 a 0.56 ± 0.23 a 0.90 ± 0.39 a 1.26 ± 0.57 a

20:4n-6 AA 2.77 ± 0.23 a 2.39 ± 0.31 a 3.02 ± 0.30 a 4.56 ± 0.33 b

22:5n-6 0.15 ± 0.00 a 0.12 ± 0.10 a 0.12 ± 0.10 a 0.12 ± 0.11 a

Total n-6 4.45 ± 0.31 a 10.86 ± 0.12 b 15.74 ± 0.58 c 21.13 ± 1.10 d

18:3n-3 ALA 0.20 ± 0.19 a 0.11 ± 0.05 a 0.11 ± 0.06 a 0.12 ± 0.06 a

20:5n-3 EPA 1.73 ± 0.30 a 0.77 ± 0.14 b 0.57 ± 0.09 b 0.34 ± 0.03 b

22:5n-3 DPA 2.88 ± 0.26 a 2.25 ± 0.31 a 2.08 ± 0.32 a 1.98 ± 0.27 a

24:5n-3 0.85 ± 0.08 a 0.69 ± 0.15 a 0.66 ± 0.16 a 0.65 ± 0.12 a

24:6n-3 0.64 ± 0.02 a 0.73 ± 0.06 a 0.54 ± 0.11 a 0.54 ± 0.03 a

22:6n-3 DHA 6.53 ± 0.10 a 5.25 ± 0.68 a 5.01 ± 0.61 a 4.58 ± 0.50 a

Total n-3 13.86 ± 0.77 a 10.36 ± 1.46 a 9.51 ± 1.21 a 8.66 ± 1.00 a

Table 7-1. Fatty acid composition of cell phospholipids of HepG2 cells supplemented with 5 µg/ml docosapentaenoic acid (DPA) alone or with the 

addition of 2.5, 5 or 10 µg/ml linoleic acid (18:2n-6, LA).  HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  Values 

are means ± SE of three independent experiments with three replicates in each experiment.  Values with different superscripts are significantly 

different from each other (p < 0.05) as determined by One-Way ANOVA with Bonferroni post-hoc test. *Experiments performed concurrent with those 

described in Chapter 4.
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7.3.2 Co-supplementation of HepG2 cells with DPA and DTA

Co-supplementation of HepG2 cells with 5 µg/ml DPA and increasing concentrations 

of DTA significantly reduced (p < 0.05) the accumulation of DHA in cell 

phospholipids (Figure 7-4).  The level of EPA, the retroconversion product of DPA, 

in cell phospholipids was significantly reduced (p < 0.05) in co-supplemented 

HepG2 cells, decreasing from 0.91 ± 0.13% total fatty acids in cells supplemented 

with 5 µg/ml DPA to 0.28 ± 0.05% total fatty acid in cells supplemented with 5 

µg/ml DPA and 10 µg/ml DTA.  The level of DTA and AA in cell phospholipids was 

dose-dependent, increasing with the addition of DPA to the media (Figure 7-4).  The 

level of 24:4n-6 and 24:5n-6 in cell phospholipids was also linear, increasing with 

increasing concentrations of DTA in the media.  The level of the elongation product 

of DPA, 24:5n-3 and the ∆6 desaturation product, 24:6n-3 was not significantly 

affected (P > 0.05) by DTA supplementation.  These results are summarised in Table

7-2.
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Figure 7-4.  The accumulation of docosapentaenoic acid (22:5n-3, DPA) and 

docosatetraenoic acid (22:4n-6, DTA) and the β-oxidation products, 

eicosapentaenoic acid (20:5n-3, EPA), docosahexaenoic acid (22:6n-3, DHA) and 

arachidonic acid (20:4n-6, AA), in HepG2 cells supplemented with 5 µg/ml DPA or 

with the addition of 2.5, 5 or 10 µg/ml DTA.

HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  

Values are means ± SE of three independent experiments with three replicates in 

each experiment.
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Figure 7-5.  The accumulation of 24:5n-3, 24:6n-3, 24:4n-6 and 24:5n-6 in HepG2 

cells supplemented with 5 µg/ml docosapentaenoic acid (22:5n-3, DPA) or with the 

addition of 2.5, 5 or 10 µg/ml docosatetraenoic acid (22:4n-6, DTA).

HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  

Values are means ± SE of three independent experiments with three replicates in 

each experiment.
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Table 7-2.  Fatty acid composition of cell phospholipids of HepG2 cells supplemented with 5 µg/ml docosapentaenoic acid (22:5n-3, DPA) or with the 

addition of 2.5, 5 and 10 µg/ml docosatetraenoic acid (22:4n-6, DTA).  HepG2 cells were cultured as described and supplemented with fatty acids for 

48 h.  Values are means ± SE of three independent experiments with three replicates in each experiment.  Values with different superscripts are 

significantly different from each other (p < 0.05) as determined by One-Way ANOVA with Bonferroni post-hoc test. ND; not detected.

5 µg/ml DPA
5 µg/ml DPA + 
2.5 µg/ml DTA

5 µg/ml DPA + 
5 µg/ml DTA

5 µg/ml DPA + 
10 µg/ml DTA

Fatty acid % total fatty acids
Total Saturates 32.51 ± 0.72 a 34.23 ± 0.47 a 34.99 ± 0.67 a 36.05 ± 1.15 a

18:1n-9 OA 15.59 ± 0.45 a 14.74 ± 0.56 ab 13.63 ± 0.56 ab 12.31 ± 0.52 b

Total Monounsaturates 45.70 ± 0.56 a 42.12 ± 0.26 a 39.98 ± 0.76 b 36.70 ± 1.20 b

20:3n-9 1.19 ± 0.68 a 1.11 ± 0.61 a 1.04 ± 0.62 a 0.92 ± 0.54 a

Total n-9 27.38 ± 2.53 a 25.22 ± 2.35 a 23.73 ± 2.39 a 21.35 ± 2.32 a

18:2n-6 LA 0.77 ± 0.06 a 0.78 ± 0.06 a 0.81 ± 0.11 a 0.90 ± 0.16 a

18:3n-6 0.10 ± 0.02 a 0.10 ± 0.003 a 0.09 ± 0.012 a 0.09 ± 0.012 a

20:3n-6 0.18 ± 0.09 a 0.23 ± 0.13 a 0.25 ± 0.15 a 0.27 ± 0.15 a

20:4n-6 AA 1.82 ± 0.10 a 3.75 ± 0.19 b 5.50 ± 0.33 c 7.69 ± 0.52 d

22:4n-6 DTA 0.11 ± 0.04 a 1.50 ± 0.11 b 2.50 ± 0.31 b 4.06 ± 0.40 c

22:5n-6 0.34 ± 0.02 a 0.21 ± 0.09 a 0.31 ± 0.02 a 0.29 ± 0.08 a

24:4n-6 nd 0.25 ± 0.05 ab 0.56 ± 0.16 ab 0.99 ± 0.25 b

24:5n-6 nd 0.12 ± 0.02 ab 0.23 ± 0.03 bc 0.37 ± 0.04 c

Total n-6 5.55 ± 1.16 a 9.36 ± 0.78 ab 12.20 ± 0.72 bc 16.47 ± 0.89 c

18:3n-3 ALA 0.15 ± 0.005 a 0.17 ± 0.04 a 0.17 ± 0.03 a 0.17 ± 0.03 a

20:5n-3 EPA 0.91 ± 0.13 a 0.61 ± 0.08 ab 0.46 ± 0.06 b 0.28 ± 0.05 b

22:5n-3 DPA 2.65 ± 0.34 a 2.21 ± 0.27 a 2.23 ± 0.32 a 2.05 ± 0.20 a

24:5n-3 0.83 ± 0.18 a 0.79 ± 0.16 a 0.89 ± 0.25 a 0.75 ± 0.18 a

24:6n-3 0.88 ± 0.07 a 0.73 ± 0.09 a 0.55 ± 0.12 a 0.54 ± 0.06 a

22:6n-3 DHA 4.87 ± 0.27 a 4.23 ± 0.32 a 3.54 ± 0.39 ab 2.55 ± 0.27 b

Total n-3 10.83 ± 1.18 a 9.21 ± 1.00 a 8.28 ± 1.04 a 6.71 ± 0.70 a
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7.3.2 continued Co-supplementation of HepG2 cells with DPA and 

DTA 

The reciprocal experiment, in which cells were supplemented with 5 µg/ml DTA and 

increasing concentrations of DPA, was also performed.  There was a linear and 

significant increase in the level of DHA in HepG2 cell phospholipids in cells 

supplemented with DTA and increasing concentrations of DPA (Figure 7-6).  The 

level of DPA, and its retroconversion product, EPA, also increased dose-

dependently.  Surprisingly, the level of AA, the retroconversion product of DTA, 

increased significantly with the addition of DPA, although was not dependent on the 

dose of DPA (Figure 7-6).  The elongation product of DPA, 24:5n-3 and its 

subsequent ∆6 desaturation product, 24:6n-3, increased dose-dependently in HepG2 

cell phospholipids (Figure 7-7).  The level of 24:4n-6 and 24:5n-6 in cell 

phospholipids was significantly reduced in HepG2 cells supplemented with 5 µg/ml 

DPA and increasing concentrations of DPA.  The total level of saturated fatty acids 

in HepG2 cell phospholipids was significantly increased following supplementation 

with 5 µg/ml DTA and increasing concentrations of DPA.  The total level of 

monounsaturated fatty acids in cell phospholipids was significantly decreased (p < 

0.05) in HepG2 cells supplemented with 5 µg/ml DTA and increasing concentrations 

of DPA.  These results are summarised in 

Table 7-3.
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Figure 7-6. The accumulation of docosatetraenoic acid (22:4n-6, DTA) and 

docosapentaenoic acid (22:5n-3, DPA) and the β-oxidation products, arachidonic 

acid (20:4n-6, AA), eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic 

acid (22:6n-3, DHA) in HepG2 cells supplemented with 5 µg/ml DTA or with the 

addition of 2.5, 5 or 10 µg/ml DPA.

HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  

Values are means ± SE of three independent experiments with three replicates in 

each experiment.
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Figure 7-7.  The accumulation of 24:4n-6, 24:5n-6 and 24:5n-3, 24:6n-3 in HepG2 

cells supplemented with 5 µg/ml docosatetraenoic acid (22:4n-6, DTA) or with the 

addition of 2.5, 5 or 10 µg/ml docosapentaenoic acid (22:5n-3, DPA).

HepG2 cells were cultured as described and supplemented with fatty acids for 48 h.  

Values are means ± SE of three independent experiments with three replicates in 

each experiment.
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Table 7-3.  Fatty acid composition of cell phospholipids of HepG2 cells supplemented with 5 µg/ml docosatetraenoic acid (22:4n-6, DTA) or with the 

addition of 2.5, 5 and 10 µg/ml docosapentaenoic aicd (22:5n-3, DPA).  HepG2 cells were cultured as described and supplemented with fatty acids for 

48 h.  Values are means ± SE of three independent experiments with three replicates in each experiment.  Values with different superscripts are 

significantly different from each other (p < 0.05) as determined by One-Way ANOVA with Bonferroni post-hoc test.

5 µg/ml DTA
5 µg/ml DTA +
2.5 µg/ml DPA

5 µg/ml DTA +
5 µg/ml DPA

5 µg/ml DTA +
10 µg/ml DPA

Fatty acid % total fatty acids cell phospholipids
Total Saturates 34.75 ± 0.01 a 36.21 ± 0.06 b 36.81 ± 0.07 c 37.48 ± 0.10 d

18:1n-9 OA 16.44 ± 0.24 a 15.34 ± 0.01 b 14.32 ± 0.05 bc 13.38 ± 0.21 c

Total Monounsaturates 44.38 ± 0.67 a 41.12 ± 0.13 ab 38.46 ± 0.35 bc 36.32 ± 0.58 c

20:3n-9 2.71 ± 0.02 a 2.20 ± 0.01 b 2.04 ± 0.03 b 1.88 ± 0.04 c

Total n-9 23.97 ± 0.29 a 21.63 ± 0.05 b 20.14 ± 0.20 bc 18.79 ± 0.32 c

18:2n-6 LA 1.16 ± 0.17 a 0.92 ± 0.01 a 1.13 ± 0.23 a 1.07 ± 0.17 a

18:3n-6 0.10 ± 0.002 a 0.10 ± 0.000 a 0.11 ± 0.002 a 0.11 ± 0.002 a

20:3n-6 0.49 ± 0.01 a 0.59 ± 0.003 b 0.60 ± 0.01 b 0.61 ± 0.001 b

20:4n-6 AA 4.51 ± 0.09 a 5.84 ± 0.01 b 6.05 ± 0.16 b 5.63 ± 0.05 b

22:4n-6 DTA 1.78 ± 0.06 a 1.94 ± 0.02 a 1.84 ± 0.09 a 1.72 ± 0.003 a

22:5n-6 2.25 ± 0.05 a 1.73 ± 0.01 b 1.26 ± 0.06 c 0.80 ± 0.01 d

24:4n-6 0.28 ± 0.01 a 0.40 ± 0.01 b 0.38 ± 0.03 ab 0.34 ± 0.01 ab

24:5n-6 0.20 ± 0.003 a 0.18 ± 0.001 ab 0.14 ± 0.01 bc 0.11 ± 0.007 c

Total n-6 11.15 ± 0.14 a 12.01 ± 0.19 b 12.05 ± 0.07 b 10.64 ± 0.04 a

18:3n-3 ALA 0.01 ± 0.002 0.01 ± 0.001
20:5n-3 EPA 0.16 ± 0.02 a 0.29 ± 0.001 b 0.50 ± 0.01 c 1.19 ± 0.004 d

22:5n-3 DPA 0.31 ± 0.004 a 1.15 ± 0.01 b 1.67 ± 0.06 c 2.74 ± 0.003 d

24:5n-3 0.08 ± 0.004 a 0.41 ± 0.01 b 0.89 ± 0.02 c 1.60 ± 0.01 d

24:6n-3 0.19 ± 0.003 a 0.43 ± 0.002 b 0.45 ± 0.01 c 0.59 ± 0.01 d

22:6n-3 DHA 2.08 ± 0.01 a 3.25 ± 0.01 b 3.82 ± 0.07 b 4.47 ± 0.01 c

Total n-3 4.15 ± 0.23 a 6.50 ± 0.02 b 8.50 ± 0.08 c 11.58 ± 0.13 d
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7.4 DISCUSSION

This chapter examined the fatty acid composition of HepG2 cell phospholipids 

following co-supplementation with DPA and LA or DTA, respectively.  The lack of 

effect of increasing concentrations of LA on the accumulation of DHA from DPA 

suggests that competition between LA and 24:5n-3 for D6D may not be a key 

regulator in the conversion of n-3 fatty acid precursors to DHA.  Furthermore, the 

level of 24:6n-3, the immediate precursor of DHA, was not reduced following co-

supplementation with LA despite a greater affinity of D6D for LA over 24:5n-3 (95)

suggesting that other processes may limit the accumulation of DHA from DPA such 

as peroxisomal β-oxidation or acylation of fatty acids into cell phospholipids.

In contrast, there was a significant reduction in the accumulation of DHA from DPA 

with increasing concentrations of DTA, the n-6 homologue of DPA.  Co-

supplementation of HepG2 cells with 10 µg/ml DTA and 5 µg/ml DPA reduced the 

level of DHA in cell phospholipids by almost 50% compared with a 30% reduction 

in cells co-supplemented with 10 µg/ml LA.  That is, the effect of LA on the 

conversion of DPA to DHA appears to be weaker compared to DTA.  This may 

reflect the preferential incorporation of LA into cell phospholipids compared with 

DTA as demonstrated by the slower rates of esterification of 22-carbon PUFA 

compared with 18-carbon PUFA (96).  Alternatively, the reported changes in the 

fatty acid composition of cell phospholipids following co-supplementation may be 

indicative of fatty acid partitioning into triglyceride pools.  There is evidence to

suggest that AA and EPA compete for esterification into cellular phospholipids and 

that excess cellular fatty acids enter cellular lipid storage pools, predominantly 

triglycerides in vitro (213).  
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In cells supplemented with a fixed dose of DTA and increasing concentrations of 

DPA, the accumulation of AA, the retroconversion product of DTA, was surprisingly 

elevated.  This may indicate that the peroxisomal β-oxidation pathway has a 

preference for n-6 fatty acids over n-3 fatty acids, specifically DTA over DPA or the 

preferential acylation of fatty acids into cell lipids.  The preferential β-oxidation of n-

6 fatty acids over n-3 fatty acids has been demonstrated in human skin fibroblasts 

(214;215).  However, in isolated rat sertoli cells, the peroxisomal β-oxidation of 

labeled 24:5n-6 and 24:6n-3 did not show a difference between the n-6 and n-3 

families (216).  The substrate specificity of peroxisomal β-oxidation has been 

described in terms of substrate chain length with fatty acids with more than 20 

carbons long being substrates for this pathway, regardless of fatty acid class 

(85;99;217).  The increased accumulation of AA in DTA-supplemented cells with 

increasing concentrations of DPA may be indicative of the preferred elongation of 

DPA to 24:5n-3 which shunts DTA into the peroxisome.  The utilisation of the 

elongation and ∆6 desaturation enzymes by n-3 fatty acids may shunt DTA towards 

β-oxidation and spare the oxidation of n-3 fatty acids.

The changes in the fatty acid composition of HepG2 cells co-supplemented with 

DPA and DTA highlights peroxisomal β-oxidation as a possible regulator in the 

synthesis of DHA from fatty acid precursors.  Partial peroxisomal β-oxidation is the 

final step in the synthesis of DHA from n-3 fatty acid precursors (85;94;178).  The 

reduction in the accumulation of DHA in cells co-supplemented with DPA and DTA 

compared with DPA and LA indicates that peroxisomal β-oxidation may play a key 

regulatory role in the accumulation of DHA from DPA in addition to D6D.  The 

significant reduction in the accumulation of DHA from DPA when DTA was present 

suggests that competition for enzymes involved in peroxisomal β-oxidation may 
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affect the synthesis of DHA from n-3 fatty acid precursors. Additionally, DHA is a 

substrate for peroxisomal β-oxidation itself that may limit its accumulation in cell 

membranes.  

The importance of peroxisomal β-oxidation in the synthesis of DHA is underscored 

by the reduced levels of DHA in patients with peroxisomal biogenesis disorders such 

as Zellweger’s syndrome and other genetic diseases affecting peroxisomal β-

oxidation (99).  The involvement of peroxisomal β-oxidation enzymes in the 

synthesis of DHA is exemplified by the ability of PPAR agonists to induce the 

expression of these enzymes (206;218) and increase the level of DHA in tissues in 

vivo (219;220).  In this chapter, the fatty acid composition of HepG2 cell 

phospholipids was measured as a surrogate marker of peroxisomal β-oxidation.  

Further experiments which use labeled fatty acids and measure the concentration of 

fatty acid intermediates and labeled C02 would provide a direct measurement of β-

oxidation and may help in validating the model used here.  Future research should be 

directed towards understanding the regulatory role peroxisomal β-oxidation plays in 

the synthesis of DHA from n-3 fatty acid precursors.
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8 General discussion

This thesis reported on the use of an in vitro cell system to examine the accumulation 

of fatty acids following supplementation with individual fatty acids in order to 

identify possible regulatory steps in their conversion and subsequent accumulation 

into cell phospholipids.  Although the experiments presented in this thesis do not 

specifically address the enzymatic reactions involved in the desaturation/elongation 

pathway, they generate a number of interesting results.  This approach was applied in 

an attempt to model the accumulation of fatty acids in cell lipids that may occur in 

humans following dietary fatty acid intervention, and, in particular, the accumulation 

of DHA from n-3 fatty acid precursors.  Interpretation of human and animal dietary 

intervention studies is often complicated by the presence of numerous dietary fatty 

acids that compete for common enzymes in the desaturation/elongation pathway and 

affect fatty acid conversion.  Here, I have described changes in the fatty acid 

composition of cell phospholipids in response to supplementation with a single fatty 

acid in isolation from other competing fatty acid substrates.  The effect of n-6 fatty 

acids on the accumulation of n-3 fatty acids in HepG2 cell phospholipids was also 

examined in co-supplementation experiments.  

The experiments described herein highlight the exchange of fatty acids as 

constituents of phospholipids and the capacity for the cell membrane to incorporate 

particular fatty acids.  However, by measuring the fatty acid composition of cell 

lipids following fatty acid supplementation, the combined effect of several pathways,

including fatty acid conversion and phospholipid biosynthesis, may affect the 

measured outcome.  Yet these same pathways affect the accumulation of fatty acids 

into cell lipids in humans following dietary fatty acid supplementation and suggest 

that the cell system used here may provide a suitable model of fatty acid conversion 
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and accumulation in vivo.  β-oxidation, carbon recycling and the metabolic state

(including hormonal influences) will also affect the fatty acid composition of tissues 

in vivo and represents a major difference from in vitro fatty acid metabolism but does 

permit the investigation of the conversion and accumulation of fatty acids into cell 

lipids in isolation of such confounding influences as mentioned above.  

In Chapter 3, the congruency between the accumulation of n-3 and n-6 fatty acids in 

cell lipids in vitro with that described in vivo was demonstrated and supports the use 

of this HepG2 cell model. ALA-supplementation in both animals and humans has 

consistently shown a direct relationship between the level of EPA in tissues and 

plasma and the dietary intake of ALA.  However, ALA-supplementation in animals 

and humans has little or no effect on the level of DHA in tissues (6;7;136;139;141).  

Similarly, in HepG2 cell phospholipids, there was a non-linear relationship between 

the accumulation of DHA and the concentration of ALA in the media.  In the 

absence of competing fatty acid substrates, a limitation in the accumulation of DHA 

from ALA in HepG2 cell phospholipids was observed.  The use of D6D twice in the 

conversion of ALA to DHA implies that the competition between ALA and 24:5n-3 

may limit the accumulation of DHA in cell phospholipids.  By identifying and 

measuring the 24 carbon n-3 fatty acids, 24:5n-3 and 24:6n-3, further insights into 

the possible steps involved in regulating the accumulation of DHA from ALA were 

gained.

This thesis is one of the first studies to report the accumulation of 24:5n-3 and 24:6n-

3 in cell lipids.  The linear accumulation of 24:5n-3 in cell phospholipids and the 

curvilinear accumulation of 24:6n-3, which paralleled the accumulation of DHA,

suggests that competition between ALA and 24:5n-3 for D6D may be involved in 
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regulating the accumulation of DHA from ALA in vitro.  The pattern of 

accumulation of n-3 fatty acids in HepG2 cell phospholipids following 

supplementation with ALA suggests that, even in the absence of competing 

substrates, ALA may be primarily involved in regulating the conversion of ALA to

DHA and may not be a suitable supplement for elevating the level of DHA in tissues 

in vivo.

Competition between ALA and 24:5n-3 for D6D may provide one explanation for 

the poor accumulation of DHA following ALA-supplementation in vivo.  In addition, 

the preferential metabolic fate of ALA in vivo will also affect the availability of ALA 

in its conversion to DHA.  ALA is a substrate for β-oxidation in humans and is 

partitioned to this catabolic pathway more readily than palmitic, stearic and oleic 

acid (221).  The proportion of ingested labelled ALA used in β-oxidation can be 

estimated by measuring the appearance of labelled CO2 on breath.  Reports estimate 

that 15-33% of ingested ALA undergoes mitochondrial β-oxidation (31;32;151;222).  

Burdge and Calder (2005) (223) suggest that these values represent an approximate 

30% underestimate of the actual amount of ALA that is β-oxidised due to trapping of 

13CO2 in bicarbonate pools (224) and indicates that ingested ALA is used extensively 

in β-oxidation.  One possible explanation for the preferred use of ALA for β-

oxidation is the greater affinity of carnitine:palmitoyl transferase-1, the rate limiting 

enzyme in mitochondrial fatty acid β-oxidation, for ALA compared to other 

unsaturated fatty acids such as OA, and LA (225).  In addition to conversion to CO2, 

carbon in acetyl-CoA generated by fatty acid β-oxidation may also be recycled and 

used in de novo fatty acid synthesis.  The extent of partitioning of ALA towards β-

oxidation and carbon recycling may be important in regulating the availability of 
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ALA for conversion to DHA and provides another explanation for the poor 

accumulation of DHA from ALA observed in vivo.

In Chapter 4, EPA and DPA were identified as more efficient n-3 fatty acid 

precursors in elevating the content of DHA in HepG2 cell phospholipids compared 

with ALA.  However, in vivo, the level of DHA in plasma lipids was unaffected 

following supplementation with pure EPA (153;186-189), suggesting a greater level 

of regulation.  While the efficacy of EPA in elevating the level of DHA in humans 

has been examined previously (153;186-189), the potential role of DPA in elevating 

n-3 LCPUFA status has been largely ignored despite recent research which shows 

that DPA contributes almost 30% total n-3 LCPUFA in our diet (2).  Traditionally, 

fish oils have been used to increase the n-3 LCPUFA status of individuals, either by 

supplementing the diet with fish oil capsules or consuming foods enriched with 

microencapsulated fish oil, both of which rely heavily on a declining global fish 

supply.  Meat, poultry and game products contribute almost 50% of our intake of 

DPA (5) and may provide an alternative.  The enrichment of foods with DPA by 

supplementing livestock feeds with plant sources of ALA (226) may be an 

alternative to increase the n-3 LCPUFA status of the population, particularly as 

Australians consume greater quantities of meat or poultry compared with fish or 

seafood (2). Future studies should be directed towards examining the accumulation 

of DHA from increased dietary DPA

Direct supplementation of preformed DHA is currently the most effective way to 

increase the content of DHA in human tissues (154;186;188;189).  In a cross-study 

meta-regression analysis, Arterburn et al. (2006) (179) demonstrated that the level of 

DHA in plasma phospholipids increased in a dose-dependent, saturable manner in 
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response to dietary DHA, as was also suggested by Vidgren et al. (1997) (227).  

Similarly, in this thesis, the accumulation of DHA in HepG2 cell phospholipids 

following supplementation with increasing concentrations of preformed DHA,

reached a plateau and indicates the correlation between the accumulation of DHA in 

vitro with that in vivo. 

Peroxisomal β-oxidation may also play a regulatory role in the accumulation of DHA

in cell membranes from n-3 fatty acids.  The accumulation of DHA in cell 

phospholipids reached a plateau in cells supplemented with increasing concentration 

of EPA or DPA.  The linear accumulation of the D6D substrate, 24:5n-3, and the 

D6D product, 24:6n-3, suggests that the curvilinear accumulation of DHA in cells 

supplemented with EPA or DPA may not be due to saturation of D6D but rather

another regulatory step in the conversion of EPA and DPA to DHA.  Co-

supplementation of HepG2 cells with DPA and DTA suggests a role for peroxisomal 

β-oxidation in regulating the accumulation of DHA from n-3 fatty acids.  The 

accumulation of DHA in cells supplemented with DPA, and the accumulation of AA 

in cells supplemented with DTA, involves peroxisomal β-oxidation. There was a 

significant reduction in the accumulation of DHA from DPA when HepG2 cells were 

supplemented with increasing concentrations of DTA, the n-6 equivalent of DPA.  

Furthermore, the level of EPA was significantly reduced with the addition of 

increasing concentrations of DTA, concomitant with an increase in the level of AA 

and suggests that competition between DPA and DTA for enzymes involved in 

peroxisomal β-oxidation may limit the accumulation of DHA.

The potential for peroxisomal β-oxidation to influence the accumulation of 

LCPUFA, such as DHA, in tissues has been demonstrated in animals treated with 
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PPAR agonists, such as fibrates (114;219;220).  For example, treatment of rats with 

clofibrate caused an almost 2-fold increase in the level of DHA in cardiomyocytes 

compared with untreated rats (219).  The development of PPARα-null mice also 

indicates the role of PPAR in activating enzymes of peroxisomal β-oxidation in the 

synthesis of DHA.  In PPARα-null mice, fed diets containing soybean oil (54% LA 

and 8% ALA total fatty acids), the level of DHA that accumulated in liver 

phospholipids was significantly reduced compared with the wild-type (220).  

However, extrapolation of fatty acid metabolism between animals and humans in 

regards to the involvement of peroxisomal β-oxidation must be with caution due to 

differences in the relative expression of PPAR between species (228;229).  The 

human liver reportedly expresses PPAR at levels that are approximately an order of 

magnitude lower than rat liver (230).  

The human HepG2 cell line may be a useful tool in further investigations into the 

regulatory role of peroxisomal β-oxidation, however will always be limited by its 

transformed phenotype.  The protein and mRNA expression of PPAR in HepG2 cells 

is reportedly lower than that of normal human hepatocytes (230;231).  Therefore, 

such studies should consider transfecting HepG2 cells with a PPAR expression 

vector.  This would allow a thorough examination of the effects of synthetic 

(fibrates) and natural PPAR agonists (which include polyunsaturated, 

monounsaturated and saturated fatty acids (117;232)) on the conversion of substrate 

fatty acids and the accumulation of their long chain metabolites in cell lipids, 

particularly DHA.

Both D6D and peroxisomal β-oxidation are important regulatory steps governing the 

accumulation of DHA from n-3 fatty acid precursors and appear to have a concerted 
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role in modulating the fatty acid composition of cell membranes. In vitro models are 

advantageous in their ability to examine the accumulation of fatty acids from a single 

fatty acid supplement.  Clearly, the activity of enzymes involved in fatty acid 

conversion, as well as those enzymes involved in lipid biosynthesis, will be 

important determinants of membrane fatty acid composition, in addition to the 

intake/supplementation of fatty acids.  This thesis presents a strong case for the use 

of HepG2 cells in future experiments aimed at examining potential regulatory steps 

in the conversion of fatty acids.  The research presented in this thesis suggests that a 

greater understanding of the regulation of fatty acid synthesis may unlock 

mechanisms to elevate the level of n-3 LCPUFA in tissues without the need for 

direct supplementation.  Ultimately, a greater understanding of fatty acid synthesis 

will help in defining dietary approaches that will increase the n-3 LCPUFA status of 

animals and humans to provide more sustainable sources of n-3 LCPUFA.
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Appendix 1: Cell number and viability (Chapter 4)
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Appendix Figure 1-1.  Cell number and viability of HepG2 cells supplemented with 

increasing concentrations of docosapentaenoic acid (22:5n-3, DPA).

HepG2 cells were incubated for 48 h with increasing concentrations of DPA bound 

to BSA in serum-free DMEM.  Cell number was determined at the end of the 

supplementation period as described in Section 2.2.4.  Cell viability was determined 

by trypan blue exclusion as described in Section 2.2.5.
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Appendix Figure 1-2.  Cell number and viability of HepG2 cells supplemented with 

increasing concentrations of eicosapentaenoic acid (20:5n-3, EPA).

HepG2 cells were incubated for 48 h with increasing concentrations of EPA bound 

to BSA in serum-free DMEM.  Cell number was determined at the end of the 

supplementation period as described in Section 2.2.4.  Cell viability was determined 

by trypan blue exclusion as described in Section 2.2.5.
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Appendix Figure 1-3.  Cell number and viability of HepG2 cells supplemented with 

increasing concentrations of docosatetraenoic acid (22:4n-6, DTA).

HepG2 cells were incubated for 48 h with increasing concentrations of DTA bound 

to BSA in serum-free DMEM.  Cell number was determined at the end of the 

supplementation period as described in Section 2.2.4.  Cell viability was determined 

by trypan blue exclusion as described in Section 2.2.5.
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Appendix Figure 1-4.  Cell number and viability of HepG2 cells supplemented with 

increasing concentrations of docosahexaenoic acid (22:6n-3, DHA).

HepG2 cells were incubated for 48 h with increasing concentrations of DHA bound 

to BSA in serum-free DMEM.  Cell number was determined at the end of the 

supplementation period as described in Section 2.2.4.  Cell viability was determined 

by trypan blue exclusion as described in Section 2.2.5.
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Appendix Figure 1-5.  Cell number and viability of HepG2 cells supplemented with 

docosahexaenoic acid (22:6n-3, DHA) alone, or in addition to α-linolenic acid 

(18:3n-3, ALA), linoleic acid (18:2n-6, LA) or eicosapentaenoic acid (20:5n-3, EPA).

HepG2 cells were supplemented with fatty acids for 2 h.  Cell number was 

determined at the end of the supplementation period as described in Section 2.2.4.  

Cell viability was determined by trypan blue exclusion as described in Section 2.2.5.
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Appendix 2: Fatty acid composition of HepG2 cells treated with SC-

26196 (Chapter 6)

Serum free
Serum free + 

2 µM SC-26196
Fatty acid % total fatty acids
Total Saturates 28.67 ± 1.64 27.67 ± 1.47
18:1n-9 OA 18.23 ± 0.89 19.60 ± 1.20

Total Monounsaturates 55.76 ± 2.46 58.33 ± 1.62
20:3n-9 3.30 ± 1.63 1.52 ± 0.74

Total n-9 26.16 ± 1.22 25.28 ± 1.12
18:2n-6 LA 0.89 ± 0.07 0.93 ± 0.05
18:3n-6 0.13 ± 0.03 0.12 ± 0.01
20:3n-6 0.51 ± 0.03 0.51 ± 0.02
20:4n-6 AA 3.02 ± 0.09 3.00 ± 0.13
22:5n-6 DPAn-6 0.22 ± 0.02 0.20 ± 0.03

Total n-6 5.00 ± 0.31 5.25 ± 0.50
18:3n-3 ALA 0.05 ± 0.05
20:3n-3 0.04 ± 0.003 0.03 ± 0.03
20:5n-3 EPA 0.12 ± 0.03 0.15 ± 0.02
22:5n-3 DPA 0.37 ± 0.04 0.41 ± 0.05
24:5n-3 0.11 ± 0.04 0.16 ± 0.06
24:6n-3 0.22 ± 0.03 0.16 ± 0.06
22:6n-3 DHA 2.62 ± 0.12 2.61 ± 0.16

Total n-3 5.19 ± 0.27 5.32 ± 0.27

Appendix Figure 2-1.  Fatty acid composition of cell phospholipids of HepG2 cells 

maintained in serum-free medium or treated with the ∆6 desaturase inhibitor, SC-

26196.  Values are means ± SE.
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Appendix 3: Cell number and viability (Chapter 7)
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Appendix Figure 3-1.  Cell number and viability of HepG2 cells supplemented with 5 

µg/ml docosapentaenoic acid (22:5n-3, DPA) alone or with the addition of 2.5, 5 or 

10 µg/ml linoleic acid (18:2n-6, LA).  HepG2 cells were supplemented with fatty 

acids for 48 h. Cell number was determined at the end of the supplementation 

period as described in Section 2.2.4.  Cell viability was determined by trypan blue 

exclusion as described in Section 2.2.5.
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Appendix Figure 3-2.  Cell number and viability of HepG2 cells supplemented with 5 

µg/ml docosapentaenoic acid (22:5n-3, DPA) alone or with the addition of 2.5, 5 or 

10 µg/ml docosatetraenoic acid (22:4n-6, DTA).  HepG2 cells were supplemented 

with fatty acids for 48 h. Cell number was determined at the end of the 

supplementation period as described in Section 2.2.4.  Cell viability was determined 

by trypan blue exclusion as described in Section 2.2.5.
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Appendix Figure 3-3.  Cell number and viability of HepG2 cells supplemented with 5 

µg/ml docosatetraenoic acid (22:4n-6, DTA) alone or with the addition of 2.5, 5 or 10 

µg/ml docosapentaenoic acid (22:5n-3, DPA).  HepG2 cells were supplemented with 

fatty acids for 48 h. Cell number was determined at the end of the supplementation 

period as described in Section 2.2.4.  Cell viability was determined by trypan blue 

exclusion as described in Section 2.2.5.
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